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ABSTRACT

Orifice jet through a small opening or orifice into a surrounding fluid exhibits intricate fluid dynamics, encompassing the interaction of the
jet with the fluid. Although the dynamics of simple jets has been extensively studied, there are still unresolved issues that need to be
addressed. In this study, we experimentally investigated the characteristics of non-buoyant jets emerging from a sharp-edged orifice located
in the wall of a pipe with a constant flow rate. Specifically, we examined how the ratio between the variable jet flow rate to the constant pipe
flow rate upstream of the orifice influences not only the jet trajectory but (for the first time to the authors’ knowledge) also the jet velocity-
related features. Particle image velocimetry measurements were performed to explore the velocity fields in the near and intermediate regions
of the jet and data were analyzed in terms of fields of time-averaged velocity components, turbulent intensities, Reynolds shear stresses, vor-
ticity, and Q-criterion. The transversal velocity profiles were shown and their Gaussianity investigated via skewness and kurtosis. Thus,
second-order statistics of turbulence of the velocity fluctuations were carried out. Moreover, a spectral analysis was performed after the
Taylor hypothesis verification was proved and a net scale separation was guaranteed to develop the inertial sub-range. The influence of vari-
able jet flow rate and the constant pipe flow rate on the jet behavior is shown and, in particular, how, as this parameter decreases, the jet
moves away from the typical axisymmetric features of a round simple jet. In addition, the spectra analysis is used to identify the jet potential
core and the large-scale organization zones, highlighting the effect of variable jet flow rate and the constant pipe flow rate on the extension of
the potential core region and on the mixing layer.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0256087

I. INTRODUCTION

Orifice jet is a fascinating hydraulic phenomenon involving fluid
flow through a small opening or orifice into a surrounding fluid. This
simple configuration exhibits intricate fluid dynamics, encompassing
the interaction of the jet with the surrounding fluid, the formation of
vortices and secondary flows, and the propagation of the jet into the
environment. Owing to the various engineering applications, orifice
jets have a crucial importance. A relevant application is the discharge
of wastewater into the sea, or other receiving bodies, through sub-
merged jets issuing from ports in the wall of pressurized pipes, where
the ports can be made in the form of sharp-edged1 or thin-walled orifi-
ces.2 A multi-port diffuser configuration is often employed (see, e.g.,
French,3 Hosseini et al.,4 Masria et al.5) and, in this case, the flow rate
upstream of a jet is larger than the one downstream of it. The multi-
port jet diffuser configuration is also employed for the disinfection
processes, via a chlorine solution, in wastewater treatment plants.6

Moreover, high-pressure water jets are also used to circulate water

through the fish tanks to maintain the water quality and keep the fish
healthy.7 The same technique is employed in seaweed farms to main-
tain the water quality and optimize the growth of the seaweed.8

Additionally, other cases have driven to study the wall pipe jet as the
accidental spillage generated from damage in the pipeline wall, that
can be assumed as a leak from an orifice.9–12 Previous examples are
only a few uses of orifice jets into a surrounding fluid in the environ-
mental field. These applications may forecast a simple geometric
scheme compound of a pressurized pipe, in which a fluid flows and
leaks out of lateral wall openings (circular orifices). However, to the
best of the authors’ knowledge, the previous research types have not
been focused on the characterization of the features of the jet issuing
from the orifice, in particular when the jet to pipe flow rate is varied, as
in the case of multiport diffusers.

The mixing layer generated by a jet flow is a complex phenome-
non due to the involved length scales: namely, the initial shear layer
momentum thickness and jet diameter, in which the former is
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considerably smaller than the last.13 Instabilities are observed at the
axisymmetric jet edge, owing to lobes raising as proof of a ring-like
vortex. This promotes the mixing of the large-scale coherent structures
present at the jet edge, pushing it into the jet core vortex in a breaking-
down process up to the appearance of fine-grained turbulent struc-
tures. Hussain14 asserts that a well-organized mixing layer becomes
turbulent as the diameter Reynolds Number (ReD) increases. The jet
coherent structures (JCSs) (e.g., vortex ring) are born inside the mixing
layer and connect laminar/turbulent fluid mass with phase-correlated
vorticity, that are responsible for heat and momentum transport; these
JCSs have a size comparable to the transverse dimension of the shear
flow. Large-scale organization in the near-orifice region (y=D < 5,
where y is the distance, along the jet, from the orifice, and D the orifice
diameter) was observed at a high Reynolds number by Brown and
Roshko15 and Yule,16 whereas Cantwell17 discussed the evidence that
turbulent boundary layers at high Reynolds numbers are also orga-
nized into large scales. As suggested by Dimotakis et al.,18 the large-
scale organization may suggest revising models for turbulent transport
mechanisms based on turbulent fluxes proportional to local gradients
of mean quantities. Corrsin and Kistler19 pointed out that such models
assume that local fluctuations are much smaller than the transverse
extent of the region of turbulent jet flow. Thus, the interest in turbulent
scales analysis is still actual, especially in real-world conditions as this
work would treat. According to Limbourg and Nedi�c,20 jets produce
an intricate train of vortices as well as vortex rings as a function of the
nozzle geometry case. The evolution of the jet coherent structure (JCS)
due to the interaction with the surrounding fluid and sustainability in
the downstream direction depends on orifice shape, fluid nature,
Reynolds number, and Strouhal number.21 Thus, the near field is pri-
marily governed by the ratio of the nozzle diameter D to the initial
momentum thickness, by the Reynolds number, and, then, by the
incoming level of turbulence.22 Close to the jet limb, the axisymmetric
vortical structures (vortex ring) developed as a result of Kelvin-
Helmholtz instability due to the inflectional instability of the shear
layer.23–25 A further crucial parameter is the Strouhal number (StD)
based on diameter (D) and jet bulk (or efflux) velocity (Ub). Low-
frequency instability was first observed by Crow and Champagne24 in
the near-orifice region (y=D ¼ 4) for StD � 0:3, whereas Gutmark
and Ho26 observed instabilities into a range of StD � 0:3� 0:6 for dif-
ferent initial conditions. Mullyadzhanov et al.22 found that, for a high
Reynolds number, no characteristics of high-frequency were observed
in the near field of a jet coming out from a fully developed pipe flow.
On the contrary, inside the shear layers, wide peaks in the power spec-
trum low-frequency range (StD � 0:14) were observed, which could
correspond to large coherent structures (helical waves) entering with
the pipe flow and not connected to the Kelvin–Helmholtz instability.

Owing to the complexity of the coherent structures’ motion and
their scale interactions,16 a statistical approach is suggested. Namely,
spectral analysis of velocities correlation functions could show charac-
teristic frequencies or wavenumber and wavelength of the most ener-
getic structures. The structures in a round jet can be explored by
techniques such as two-point correlation to support the content that
characteristic structures are present in the turbulent orifice jet flow
field.27 Being sure to respect all the prescriptions needed to perform
the spectral analysis in the frequency domain for time-depending sig-
nals, the energy cascade suggested before by the breaking-down pro-
cess may show some characteristics forecasted by the well-known

turbulent laws.28 In cases of net scale separations, ensured by high
enough Reynolds number and a certain distance from the orifice to
allow the development of turbulence inside the jet flow, a �5/3-like
law could be shown.

Although a sort of convergence about the large-scale presence in
the nozzle jet as well as the orifice jet in the boundary layer is achieved,
there are still doubts about the nature of these coherent structures and
their interaction with the smaller scales induced by velocity fluctua-
tions. Many studies are focused on close-to-laminar inflow, consisting
of a uniform flow in the pipe center and a thin boundary layer near the
pipe wall. Generally, the pipe ends with an orifice plate or even a noz-
zle from which the jet developed,29 whereas less attention was paid to
the orifice jet coming out from the lateral pipe wall. As pointed out at
the beginning of the introduction, many applications involve an orifice
made (or generated by a fracture) in a pipe wall, in which a fluid is
flowing. To investigate such a real-world situation, an experimental
campaign in the laboratory was performed, where different ratios
between the variable jet flow rate and the constant pipe flow rate (rQ)
were set and maintained constant during each test. As a consequence,
the main targets of the present work are to investigate the influence of
rQ on the jet behavior, in terms of spatial fields of time-averaged veloc-
ity components, turbulent intensities and Reynolds shear stresses, as
well as on the jet symmetry and trajectory, and on the jet potential
core and large-scale organization zones. Particle image velocimetry
(PIV) measurements were performed to explore the velocity fields in
the near and intermediate regions of the jet and data were analyzed in
terms of fields of time-averaged velocity components, turbulent inten-
sities, Reynolds shear stresses, vorticity, and Q-criterion. The transver-
sal velocity profiles were shown and their Gaussianity investigated via
skewness and kurtosis. To the best of the authors’ knowledge, the influ-
ence of rQ on the turbulent features of the jets has not been investi-
gated yet.

The paper is organized as follows. In Sec. II, the experimental
setup, measurements, and procedure are presented. Section IIA shows
the experimental campaign, where, for four tests, a simple jet coming
out from a circular sharp-edged orifice made in the wall of a circular
pipe was considered. Into the pipe, a constant discharge was flowing,
whereas the orifice jet was released into a still fluid with the same den-
sity. In Sec. III, a two-dimensional (2D) time-resolving PIV data set
was used to capture the flow field in the axisymmetric section. Velocity
fields were used to perform low-order moments analysis obtaining
mean velocity maps and turbulent stresses maps (Sec. III A). In Sec.
III B, the so-called frozen-in Taylor hypothesis verification was carried
out to identify the zones where the Fourier transform can be per-
formed. In addition, in Sec. III C, the Kolmogorov-like law was verified
in a certain range of frequencies, in order to observe a cascade of
energy at different points in the sampled domain. The spectral analysis
was used to identify the characteristics of length scales in the core of
the orifice jet as well as at the jet edge. Finally, in Sec. IV, conclusions
and remarks are presented.

II. EXPERIMENTAL SETUP

In this work, an experimental campaign was carried out at the
Department of Civil-Environmental Engineering and Architecture
(DICAAR) of the University of Cagliari, Italy. The main target of the
designed laboratory setup was to generate a circular sharp-edged ori-
fice jet, issuing from the lateral wall of a pipe where a fluid is flowing.
The fluid flowing inside the pipe is water, as well as the fluid the jet is
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released into, so the conditions were the ones of a simple jet, as
defined, among the others, by Fisher et al.30 The test facility, shown in
Fig. 1, consisted of a closed continuous hydrodynamic circuit with a
first tank to guarantee constant upstream head, discharging through a
sharp-edged orifice into a second constant downstream head tank.
This tank is made with transparent Perspex walls and is 2.0m long,
1.0m wide, and 1.0m high, with a volume of 2.0m3. The fluid is then
recirculated to the first tank through a pump. The tank walls were
made with transparent Perspex to have optical access to the flow and
to perform non-intrusive image-analysis velocity measurements.

The orifice is placed on a Perspex pipe of constant inside diame-
ter Dp ¼ 64:0 mm with divergent and convergent sections at its

upstream and downstream ends, respectively, to connect to a flexible
pipe with an inside diameter Dt ¼ 25:4 mm. The Perspex pipe con-
tains the sharp-edged orifice of diameter D ¼ 8:0 mm, positioned
between these two sections. The sharp-edged orifice has been achieved
by filing the pipe wall until a thickness of 1.0mm was reached: by this
way, the ratio of the orifice port thickness to its diameter is lower than
0.5 and can be defined, according to Nemlioglu and Yilmaz,2 as a thin-
walled sharp-edged port.

As shown in Fig. 1(c), the orifice is located at a distance L1
¼ 9:4Dp from the upstream section, where the divergent section
increases the pipe diameter from Dt to Dp, and L2 ¼ 1:6Dp from the
downstream section of the pipe, where the convergent section returns

FIG. 1. (a), sketch of the experimental facility; (b), schematic of the experimental measurement setup, with the camera, laser, and the acquisition system; (c) zoom of the pipe
with the divergent part, the orifice and the convergent part, light sheet, and reference frame.
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the pipe diameter to Dt (with an angle less than 17�). The lengths L1
and L2 refer to the axial distances from the orifice to the respective
ends of the Perspex tube. So, a constant flow rate Q reaches the diver-
gent section, where the upstream pipe ends and expands toward the
Plexiglas pipe. Then, a part of the flow Qj passes from the orifice and
causes the jet, while the remaining flow Qp pursues in the pipe toward
the convergent section. In accordance with Eaton et al.,31 to minimize
the flow separation at the tested backward step Reynolds number, the
divergent length was Lt ¼ 2:9D with a wall slope of � 6�. For the
same reasons, the convergent part of the pipe was Lc ¼ 0:78D long
and with a wall inclination of � 20�. In addition, the distance L1 from
the divergent to the orifice is large enough to ensure the flow reattach-
ment in the case of a sudden expansion (see, e.g., Eaton et al.31) and,
consequently, even more so in the present case of a gradual expansion
through a divergent reach.

The two upstream and downstream bends have a curvature (the
ratio of the curvature radius Rc to the diameter Dt) of around 0.66,
and the distance from the end of the upstream bend to the orifice is
around 31Dt . This distance is the maximum we can set to place the
pipe along the short side, avoiding eventual impinging phenomena
(risk of interactions with the frontal wall). In curved pipes, the flow dif-
fers from that in straight pipes owing to the presence of a secondary
motion characterized by a pair of symmetric, counter-rotating vortices.
The intensity of this secondary flow can be quantified using the Dean
number (De), which is defined as32

De ¼ Re

ffiffiffiffiffiffiffi
Dt

2Rc

r
: (1)

De in the present work is� 1570.
Smyk et al.,32 in agreement with Nippert,33 observed in their

numerical simulations that a complete stabilization of the flow can
appear (for similar Re and De in the present work) at a distance greater
than 40Dt . Even so, some observations must be taken into consider-
ations. Nevertheless, Ferreira et al.,34 studying this phenomenon in
similar condition, found that swirls and velocity oscillations are largely
reduced already at 16Dt .

A sharp-edged orifice was selected for two key reasons. First, pre-
vious studies35,36 on simple jets have demonstrated that jets released
from a sharp-edged orifice exhibit higher mixing efficiency than those
emitted from other configurations, such as long pipes, sudden expan-
sions, or smooth contraction nozzles. Second, sharp-edged orifice jets
are widely used across various practical applications (see, e.g., Mi
et al.37). To balance the system, two valves were placed upstream and
downstream of the Perspex pipe with the orifice and maneuvered to
set the discharge inside the pipe and consequently regulate the flow
rate of the jet: the upstream valve was used only before the experimen-
tal campaign, to obtain the desired constant flow rate Q, while the
downstream valve was adjusted before each run to obtain the desired
jet flow rate Qj.

A. Experimental campaign and conditions

The experimental campaign includes four laboratory tests, all
using the same pipe configuration. In each test, all the features such as
the pipe diameter, converging and diverging sections, pipe position
within the tank, and orifice diameter remain equal. The four tests differ
from each other for the different jet flow rates, while the pipe flow

before the orifice was kept constant. Tests conditions are reported in
Table I, whereDp and D are the pipe and orifice diameter, respectively;
Q represents the flow rate in the pipe upstream of the orifice; Qp is the
passing discharge; and Qj ¼ Q� Qp is the jet discharge [see Fig. 1(c)],
from which we can define the jet flow ratio rQ ¼ Qj=Q. U and Uj are
the velocities in the pipe and flowing out from the jet, respectively;
finally, the pipe Reynolds number Re ¼ UDp=� and jet Reynolds
number Rej ¼ UjD=� are calculated by considering the kinematic vis-
cosity � ¼ 1:0 � 10�6 for water at 20 �C.

Test00 can be considered as the reference test, where the down-
stream valve is completely closed and all the flow running into the
pipe is ejected from the orifice, i.e., rQ ¼ 1. In the remaining tests, the
downstream valve was progressively opened to obtain the rQ value in
Table I. Furthermore, details about the test condition will be given in
the following Sec. IIA 1.

1. Measurement instruments and procedure

A Transonic 400-series flowmeter coupled with a TS410 tubing
module was employed to measure the discharge in the final portion of
the facility, after the convergent part of the pipe. At the beginning of
each test, Q was measured in the absence of any jet by closing the ori-
fice, while Qp was measured once the orifice was opened, and finally,
Qj was derived.

The velocity flow field of the free jet was investigated using the
PIV, a non-intrusive optical technique widely employed for fluid flow
analysis. A comprehensive overview is provided in Raffel et al.38 The
PIV setup used in this work is shown on Fig. 1(b). The PIV frame, in
Fig. 1(c), was oriented to have the pipe axis coincident with the x axis
and the related velocity component was named u, whereas the perpen-
dicular y axis is in the direction of the v spanwise velocity component.

The imaging system used for PIV analysis consisted of a laser to
illuminate the investigation area and a high-frequency camera, inte-
grated with an inline acquisition system. The horizontal laser sheet
was generated by a diode-pumped solid-state (DPSS) continuous green
laser, that emits a beam with a wavelength of 532 nm, with a cylindrical
lens placed in front of it. The system consisted of an MGL-W532A-
10W laser head, coupled with a PSU-W-LED power supply, by CNI
(Changchun New Industries optoelectronics technology Co., Ltd.),
able to produce an adjustable laser beam up to 10 000 mW. As the
camera acquisition frequency increased (see below), the exposure time

TABLE I. Test conditions.

Test00 Test01 Test02 Test03

Dp (m) 0.064 0.064 0.064 0.064
D (m) 0.008 0.008 0.008 0.008
Q (m3/s) 9:07 � 10�5 9:07 � 10�5 9:07 � 10�5 9:07 � 10�5

Qp (m
3/s) 0:00 � 10�4 3:52 � 10�5 4:70 � 10�5 8:59 � 10�5

Qj (m
3/s) 9:07 � 10�5 5:55 � 10�5 4:37 � 10�5 4:81 � 10�6

rQ 1.000 0.612 0.482 0.053
U (m/s) 2:82 � 10�2 2:82 � 10�2 2:82 � 10�2 2:82 � 10�2

Uj (m/s) 1:80 � 100 1:10 � 100 8:69 � 10�1 9:56 � 10�2

Re 1:80 � 103 1:80 � 103 1:80 � 103 1:80 � 103
Rej 1:44 � 104 8:83 � 103 6:95 � 103 7:65 � 102

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 37, 035139 (2025); doi: 10.1063/5.0256087 37, 035139-4

Published under an exclusive license by AIP Publishing

 10 M
arch 2025 15:07:08

pubs.aip.org/aip/phf


was consequently reduced and the laser power was increased to ensure
the recording of particles bright enough to allow the PIV measure-
ments. The laser sheet illuminates pine pollen non-buoyant particles
(with mean diameter of 20mm), uniformly dispersed into both the
tanks before the experiments, as in Badas et al.39 In addition, particles
motion in turbulent flow confirms a high-frequency response and suf-
ficient capacity to trace the flow up to the desired sampling frequen-
cies. A CMOS (Complementary Metal-Oxide-Semiconductor)
Mikrotron EoSens 4CXP CoaXPress camera, with a spatial resolution
of 2336� 1728 pixel2 and a Mono8 bit resolution (i.e., 256 grayscale
levels), was used to capture the scattered light from the particles. The
camera can record images with the full resolution at a maximum
acquisition frequency of 563Hz, while reducing the image size the
acquisition frequency can be higher than 1 kHz. In the present tests,
the acquisition frequency was increased from 400Hz for Test03 to
560Hz for Test02, 650Hz for Test01 and 800Hz for Test00, while the
image size was reduced from 2336� 1728 pixel2 for Test03 and Test02
down to 2336� 1478 pixel2 for Test01 and to 2336� 1228 pixel2 for
Test00. In the latter, the camera was also rotated horizontally of 90�

with respect to the other three tests, in order to have the longest image
side in the jet direction, as the jet is almost perpendicular to the pipe
axis. Moreover, the camera position started from a first attempt posi-
tion and was adjusted for each test, after some preliminary recordings,
to optimize it with respect to the jet behavior and the acquisition
parameters. As a portion of the pipe had to be included in the recorded
images to have a physical reference to measure the pixel/mm ratio on
each test, this portion of the pipe was then deleted, as no velocity data
could be found there. For these reasons, the regions of interest are dif-
ferent for the four tests. The acquired images were stored inline during
the experiments on a storage system. Both the camera parameters and
the storage system were controlled by an acquisition system. For each
test, the measurement plane is placed in the middle of the pipe and, so,
of the orifice, which is placed along the jet central axis.

Although Uzol and Camci40 deemed reliable turbulence statistics
by using 1000 samples, the used datasets for each test encompass
20 000 image samples. The data were processed using the
DynamicStudio software provided by DANTEC. The particle images
were divided into an equally spaced grid of 16� 16 pixel2, with an
adaptive interrogation window with a minimum size of 16� 16 pixel2,

an a maximum one of 128� 128 pixel2, with a minimum of 50% over-
lap, to calculate spatial correlation and generate velocity vectors.

In this work, according to Fig. 2, the time-averaging process was
used to decompose the time-dependet generic function (or signal)
f ðx; y; tÞ ¼ f þ f 0, where f represents the time-averaged value of the
global function f, whereas f 0 is its time-depending fluctuation
component.

According to the technical literature,41,42 the experimental uncer-
tainties of velocity components (eu0 and ev0 ), RMS fluctuations
(eu0ðRMSÞ and ev0 ðRMSÞ) and Reynolds shear stress (eu0v0 ) have been eval-
uated and are presented in Table II. Note that all the uncertainties are
normalized by using Uj. r0u and r0v represent the normalized levels of
velocity fluctuations for u’ and v’, respectively, whereas R2

uv denotes the
cross correlation coefficient between u’ and v’. Finally, N refers to the
number of samples.

Finally, the spatial resolution of the PIV measurements was com-
pared with the Kolmogorov length scale, g ¼ ð�3=eÞ1=4, where e is the
viscous dissipation, defined as e ¼ 15�ð@v=@yÞ2, @v=@y representing
the gradient of the velocity fluctuation. In all tests, the Kolmogorov
length scale was smaller than the spatial resolution, implying that the
dissipation range was not fully resolved. Nevertheless, the present reso-
lution was sufficient to capture a significant portion of the inertial sub-
range, as illustrated in Secs. III B and III C.

III. RESULTS AND DISCUSSION

The subsequent paragraphs present the time-averaged measure-
ments of velocity and stresses. These measurements are crucial for
understanding the dynamics of the jets. These results are useful to
identify regions of turbulence and assess the efficiency of fluid trans-
port mechanisms. Similarly, time-averaged stress measurements pro-
vide valuable information on the distribution of forces. Furthermore,
in this paragraph, we perform the Taylor hypothesis validation, which
is preliminary to the spectral analysis used for computing the charac-
teristics scales dominating these types of jets.

A. Time-averaged low-order moments

We explore the characteristics of the jet, throughout both time-
averaged velocity components, u parallel to the pipe axis and v

FIG. 2. Time-averaging process of a
generic sampled variable f ðx; y; tÞ, where
for each interrogation window (fixed x and
y), the averaging process was carried out
in the time (t) ranging into the sampling
time.
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perpendicular to it. Note that in the following figures the x and y coor-
dinates were made dimensionless by the orifice diameter.

In Fig. 3, v=Uj (left column) and the u=Uj (right column) velocity
maps are shown for the four tests. Note that for v=Uj we consider posi-
tive the velocity going up to down, whereas for u=Uj we take positive
the velocity moving according to the pipe flow direction (right to left).

Figure 3(a) shows that, in Test00 and Test01, positive u velocities
(toward the orifice center) are visible for y=D < 1:5, whereas a velocity
inversion can be seen for y=D > 1:5. This behavior is in accordance
with the straight behavior observed in Gori et al.43 for comparable Rej
numbers, even if in Test01 the jet is not perfectly straight. Nevertheless,
the u map shows a slight asymmetry, in the near region, with respect
to the jet centerline, probably since the flow does not approach the ori-
fice perpendicularly. So, the jet with rQ ¼ 1 (Test00), as expected in the
case of a round simple jet, follows a straight trajectory perpendicular to
the orifice plate and a symmetric behavior, both for v=Uj and u=Uj.
However, when rQ decreases, from 0.612, in Fig. 3(c) (Test01), to
0.053, in Fig. 3(g) (Test03), a different behavior arises: the more rQ
decreases, the more the jet trajectory tends to form an angle with the
direction perpendicular to the orifice plate and to lose its symmetry. In
addition, the decrease in rQ also biases the distribution of the u=Uj,
with the positive components (the ones with the same direction of the
flow inside the pipe) tending to prevail over the negative ones, which
explain the inclined direction of the jet. In Test02 and Test03, the u
component of velocity becomes greater as rQ decreases. Finally, small
negative values of u in Test02 are visible in the jet portion where
enlargement is recognizable (at the left side of the orifice for smaller
y=D), whereas in Test03 a weak negative u area is located adjacent to
the downstream limb of the orifice and a second negative u area is evi-
dent between 10 > y=D > 5 and �10 < x=D < �7 (not visible,
owing to the color scale limit). The almost complete absence of the
negative u zone in the right side maps (i.e., where x=D > 0) suggests
that it is responsible for the one-side jet divergence and the inclination
of the jet with respect to the orifice perpendicular direction.

In addition, as expected, in all the tests, v is approximately equal
to the efflux velocity near the orifice, with a subsequent decay as mov-
ing away. Test00 and Test01 results are consistent with the Gori et al.43

findings, that show an almost constant velocity profile up to y=D ¼ 7
for similar Rej. The constant velocity profile is reduced at about y=D
¼ 2 in Test02 and y=D ¼ 1 in Test03, which are considered the
lengths of the potential core.43

In summary, in Test00 and Test01, the ones with the highest rQ,
an almost canonical straight and axisymmetric jet behavior occurs,
with the jet diverging almost specularly with respect to the office center

(x=D ¼ 0). A slightly inclined jet was observed in Test02 for a reduced
distance y=D < 0:5, whereas the jet deviated from the orifice perpen-
dicular direction for y=D > 0:5. Finally, in Test03, the jet at the orifice
limb and no straight neither axisymmetric jet behavior was observed.
Hence, we can speculate that the jet is laterally spread, owing to jet-
edge instabilities induced by the velocity gradient between the jet and
the surrounding fluid, as rQ decreases. This can be due to the velocity
inside the pipe that interacts asymmetrically with the orifice limb as rQ
diminishes. To corroborate this speculation more investigations are
required, involving also the velocity inside the pipe.

Following Gori et al.,43 the zone of flow establishment, in which
the velocity on the centerline is comparable to the efflux velocity, can
be observed in Test00 for y=D < 4:2 and in Test01 for y=D < 2:0,
where the jet is laterally confined (constant width). The zone of estab-
lished flow takes place in the range y=D > 4 in Test00 and y=D > 2 in
Test01, where the jets spread out and the regions of mixing fluid
develop up to reach the core of the jets. In Test02 and Test03, the
establishment zone is not visible, as it can be influenced by the asym-
metrical interaction of the jet flow with the orifice limb, promoting dif-
ferent mixing processes with respect to the case in which the efflux is
almost perpendicular to the orifice.

Figure 4 shows the normalized velocity magnitude (uþ ¼ u=Uj)
superimposed with time-averaged streamlines. The velocity magnitude
is defined as u ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ v2

p
.

The streamline topology revealed a straight behavior in the core
of the jet for all the tests, suggesting that the fluid velocity direction is
uniform throughout the field. This implies that the fluid particles
move along straight and parallel trajectories, without any change in
direction, before they expand radially. In particular, in Test00 and
Test01, the streamlines remain parallel to the jet direction for
y=D < 7, whereas in Test02 and Test03 they are parallel for y=D < 2
and then, according with rQ, decreases. Although the velocity magni-
tude varies with the distance from the orifice, the direction remains
preserved within the aforementioned ranges. In addition, the stream-
line topology at the jet edge, confirms the suction of surrounding still
water due to flow acceleration in the near-field region, as discussed
above. Finally, the streamline parallelism does not necessarily imply
the absence of vorticity that is expected where velocity gradient is
observed and then the streamline thickening.

Additional insights on the mean flow are obtained with profiles
of the time-averaged resultant velocity (ur ) normalized with Uj, taken
along an inclined coordinate (n) following the jet centerline at distan-
ces n=D ¼ 1, 3, 5, 7, and 9, as shown in Fig. 5. Note that the coordinate
n represents the distance from the orifice along the resultant velocity

TABLE II. Uncertainty analysis.

Test00 Test01 Test02 Test03

eu0 ¼ r
0
u= Uj=

ffiffiffiffi
N

p� �
1:34 � 10�3 8:62 � 10�4 9:25 � 10�4 1:33 � 10�3

eu0 ¼ r
0
v= Uj=

ffiffiffiffi
N

p� �
1:65 � 10�3 1:18 � 10�3 1:21 � 10�3 1:55 � 10�3

eu0 ðRMSÞ ¼ r
0
u=ðUj=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðN � 1Þp Þ 9:47 � 10�4 4:17 � 10�4 6:54 � 10�4 9:41 � 10�4

ev0 ðRMSÞ ¼ r
0
v=ðUj=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðN � 1Þp Þ 1:16 � 10�3 8:37 � 10�4 8:61 � 10�4 1:10 � 10�3

eu0v0 ¼ r
0
ur

0
v=ðU2

j =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið1þ R2

uvÞ=ðN � 1Þp Þ 4:76 � 10�4 3:56 � 10�4 3:25 � 10�4 4:37 � 10�4
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direction in the near region of the orifice efflux and at the center of the
orifice itself.

The ur profiles exhibit distinct features modulated by the rQ ratio.
The condition rQ ¼ 1:000 shows canonical axisymmetrical profiles
from the vicinity of the orifice up to the explored distance.44–46 As the
ratio rQ ¼ 0:612, rQ ¼ 0:482 decreases a non-symmetrical saddle-
backed profile is shown for the closer profile position n=D ¼ 1. In
contrast, in Test03 (rQ ¼ 0:053), the closer profile is characterized by a
thin single-peak compared to the other tests. This behavior can be
ascribed to the development of a non-symmetrical shear layer due to
the wall shear inside the pipe. A further interesting point is the dis-
placement of the velocity distributions peak for the furthest distances
from the orifice in tests with the lowest rQ ratios, consistently with the
findings of Ferrari et al.47

According to Ghaem-Maghami and Johari,45 ur profiles can be fit-
ted by a Gaussian distribution. Here, Skewness (Sk) was used to measure
the lack of symmetry and Kurtosis (Ku) to analyze heavy or light-tailed
relative to a normal distribution. In Fig. 6(a), for all the tests, closer to the
orifice Sk approach the value of 1 suggests that the velocity profiles are
skewed to the downstream side of the orifice. Moving away, to the orifice
position Sk decays according to the rQ ratio. Test00 and Test01, which
are the most similar to the canonical jet behavior, tend to approach the
neutral value of skewness suggesting a normal organization of the veloc-
ity profile (Sk < 0:5) further away from the orifice (n=D � 7).

Test02 and Test03 show positive values of Sk closer to the orifice
and negative values for further away positions, suggesting a displace-
ment of the velocity profile from the downstream side to the upstream
side (according to the pipe flow direction). This behavior is traduced

FIG. 3. Time-averaged velocity maps. In the left column, v=Uj are shown; (a) Test00 (rQ ¼ 1:000), (c) Test01 (rQ ¼ 0:612), (e) Test02 (rQ ¼ 0:482), and (g) Test03
(rQ ¼ 0:053). In the right column, u=Uj maps are shown; (b) Test00, (d) Test01, (f) Test02, and (h) Test03. Black vertical lines represent the orifice central axis.
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in a double curvature of the jet along the jet direction for the jet having
the lowest rQ ratios. Finally, Fig. 6(b) shows Ku distribution providing
insight into how edge velocities of the jet behave relative to the mean
velocity. For all the tests, Ku is slightly smaller than 3 along the
explored n=D range, which means that there is a tendency to platy-
kurtic distributions instead of a normal distribution used to predict the
velocity issuing from an orifice made in the lateral wall of a pressurized
pipe. In particular, tests with a high ratio of rQ (Test00 and Test01)
show a Ku distribution with a downward concavity and a decrease in
Ku as n=D increases. In contrast, an opposite behavior was observed in

tests with lower rQ (Test02 and Test03). This fact suggests that, in
Tests02 and Test03, the interaction of the jet with the downstream lip
of the orifice promotes a non-axisymmetric mixing with the surround-
ing still water decreasing the similitude with a normal distribution of
the jet down to n=D � 4–5, and then, an increase in Ku is observed
for further away distance, probably ascribed to the momentum redis-
tribution along r=D. We underline that more investigations are needed
to shed light on this fact, suggesting future lines of research (both
experimental and numerical).

FIG. 4. Normalized velocity magnitude superimposed to time-averaged streamlines
represented by the black lines. (a) Test00, (b) Test01, (c) Test02, and (d) Test03.

FIG. 5. Time-averaged resultant velocity profiles at different positions from the ori-
fice along the jet direction. (a) Test00, (b) Test01, (c) Test02, and (d) Test03.
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In Fig. 7, the normalized turbulence intensity perpendicular to
the orifice (v02=U2

j , left column) and parallel to it (u02=U2
j , right col-

umn) are shown for all the tests. Note that the prime symbol refers to
fluctuation and the overbar to the time-averaged quantities.

The v02=U2
j maps reveal a turbulent zone in the proximity of the

orifice limb for Test00 and Test01. These high-turbulent zones are
large according to the Rej magnitude. The low turbulent intensity visi-
ble in the core of the jets, inside the near-field region, is due to the

FIG. 6. Skewness (panel a) and Kurtosis
(panel b) tests for the time-averaged
resultant velocity profiles along the dimen-
sionless coordinate n=D.

FIG. 7. Normalized turbulence intensities maps v 02=U2
j are shown in the left column; (a) Test00 (rQ ¼ 1:000), (c) Test01 (rQ ¼ 0:612), (e) Test02 (rQ ¼ 0:482), and (g) Test03

(rQ ¼ 0:053). Normalized turbulence intensities map u02=U2
j are shown in the right column; (b) Test00, (d) Test01, (f) Test02, and (h) Test03. Black vertical lines represent the

orifice central axis.
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large-scale formation, as also suggested by Ball et al.29 In Test02, simi-
larly to Test00 and Test01, a large-scale formation zone is observable
for a reduced distance (y=D < 2:5); after that, an annular mixing
region can be observed for y=D > 6. Finally, in Test03, no jet core
region associated with low v02 value is visible, as the asymmetrical
interaction of jet flow with respect to the orifice limb promotes an
increase in v02 closer to the orifice, that survives down to y=D � 5,
and a subsequent decay of the turbulent intensity can be observed for
y=D > 5. In the near region of Test00 and Test01, the high intensity of
u02 suggests, also, a suction effect, namely, the annular mixing region

surrounding the core of the jet promotes the vortex roll-up, that pene-
trates the core of the jet; consequently, u02 and v02 show comparable
intensity level. This process is consistent with the model proposed in
the literature.29 Finally, u02 decreases as the potential core end and the
mixing layer develop. It is worthwhile to note that, even in Test00, the
u02 distribution is never perfectly symmetric, with higher values on the
left orifice limb (opposite to the flow motion inside the pipe), which
highlights that, even in the case of Test00 with rQ¼1, the jet cannot be
considered perfectly symmetric. In Test02 the vortex roll-up effect,
described above, is reduced since u02 and v02 show different intensities,
suggesting elongated coherent structures inside the jet radial edge. In
Test03 the annular mixing layer completely disappears and no annular
turbulent intensity can be observed.

In Fig. 8, the normalized shear stress maps are shown for all the
tests.

The u0v0=U2
j results in Test00 and Test01 are similar, once again,

to a perpendicular jet issuing from the orifice plane. As expected, elon-
gated tails of antisymmetric shear stress are shown with respect to the
centerline.45 Following the observation of Xu et al.,46 the highest values
are located along the half-radius of the orifice, reaching their maxi-
mum (absolute) values at y=D > 8 in Test00 and y=D > 4 in Test01,
according to the Rej decrease, whereas the shear stress is almost zero
along the centerline. In Test02, the shear stress is thrown in the pipe
flow direction observing asymmetric positive and negative shear stress
tails. This trend is magnified in Test03, where no negative shear stress
was observed.

Similar to Ali and Tariq,48 vorticity and Q-criterion distributions
are shown for all the tests. In particular, Fig. 9 shows the normalized
vorticity (xþ ¼ xD=Uj) superimposed to velocity direction repre-
sented by arrows, and the normalized Qþ ¼ QD2=U2

j superimposed

to time-averaged streamlines. The out-of-plane vorticity is defined as
x ¼ @v=@x � @u=@y, and the normalized Q-criterion is defined as
Q ¼ 0:5ðjjXjj2 � jjSjj2Þ ¼ �0:5½@u@y @v@x�.

Figures 9(a), 9(c), 9(e), and 9(g) show the out-of-plane xþ distri-
bution that, as anticipated, identifies the vorticity where a velocity gra-
dient is present, namely, at the jet edge with the highest value located
at the orifice proximity. Blue and red areas identify the presence of
anticlockwise and clockwise vortices, respectively, which are the track
of annular instabilities (vortex roll-up) observed on the literature.29,49

As expected, owing to the direct proportionality between shear stress
and vorticity, high vorticity regions correspond to regions of significant
shear stress by Batchelor.50 Hence, the observed symmetry in shear
stress of Test00 and Test01 is also observed here. Moreover, the
losses of symmetry in the shear stress distribution as rQ decrease
were observed also in the vorticity distribution. Figures 9(b), 9(d),
9(f), and 9(h) show the normalized Qþ. Positive value of Qþ is
associated with regions of strong rotation, whereas negative Qþ

denotes region of dominant shear strain as observed in all the tests.
In fact, Qþ < 0 is located in annular regions in the orifice proxim-
ity where velocity gradient as well as vorticity are dominant. The
overlap between xþ and Qþ distributions, due to the roll-up
entrainment of fluid from the surrounding flow, propagates down-
stream, as demonstrated by Anghan et al.49 Their findings suggest
that the vortex ring originates at the orifice lip, as also discussed
above. This view aligns with the observations from Test00 and
Test01, where the jet direction remains nearly perpendicular to the

FIG. 8. Normalized shear stress maps u0 v 0 =U2
j . (a) Test00 (rQ ¼ 1:000), (b)

Test01 (rQ ¼ 0:612), (c) Test02 (rQ ¼ 0:482), and (d) Test03 (rQ ¼ 0:053). Black
vertical lines represent the orifice central axis.
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orifice plane. However, in Test02 and Test03, the progressive devia-
tion from perpendicularity between the efflux jet direction and the
orifice plane, along with the interaction between the jet and the
downstream lip of the orifice, promotes non-axisymmetric mixing.
This process disrupts vortex roll-up formation and leads to the Qþ

value approaching zero.

B. Taylor hypothesis verification

The second-order statistics of turbulence are analyzed by the cor-
relation function and the power spectra of the velocity fluctuations, by
considering the validity of the Taylor hypothesis, that can be defined

as vðx; yÞ 	 rvðx;yÞ with rvðx;yÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v02ðx; yÞ

q
. Namely, local stream-

wise velocity should be much larger than the variance of the velocity
fluctuations. Thus, the following analyses are confined to the areas in
which the Taylor hypothesis is respected in the tests: namely, inside
the jet and close to the jet edges. In addition, to determine whether a
net scale separation between the larger (energy-containing) scales and
the smaller dissipative scales exists, we calculated the Taylor microscale

as kT � Re�1=2
j D, which is related to the inertial subrange, and the

FIG. 9. Normalized vorticity superimposed to velocity direction represented by arrows. (a) Test00, (c) Test01, (e) Test02, and (g) Test03. Normalized Q-criterion superimposed
to time-averaged streamlines. (b) Test00, (d) to Test01, (f) to Test02, and (h) Test03.

TABLE III. Taylor hypothesis verification.

Test00 Test01 Test02 Test03

kT (m) 3:53 � 10�5 4:52 � 10�5 5:09 � 10�5 1:54 � 10�4

kK (m) 4:20 � 10�9 8:09 � 10�9 1:11 � 10�8 2:11 � 10�7
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Kolmogorov dissipation scale kK � Re�3=2
j D, that approximates the

size of the smallest eddies51 (see Table III).
In turbulent flows, when considering a time-averaged velocity for

a specific point, the flow autocorrelation function can be defined as

Cðx; y; sÞ ¼ v0ðx; y; tÞv0ðx; y; t þ sÞ. Using the Taylor hypothesis, the
lag time can be converted into space increments as Cðx; y; sÞ
! Cðx; y; rÞ, where r ¼ jvjs. Hence, the correlation length, which
approximates the size of the biggest eddies, can be defined as follows:

kC ¼ 1
Cðx; y; 0Þ

ðrmax

0
Cðx; y; rÞdr; (2)

where rmax represents the maximum space increment corresponding
to a value of the autocorrelation function equal to the noise level.

Finally, we can compare the Taylor microscale with the energy-
containing scale kC . Note that, in the present study, the diameter of the
orifice provides the characteristic size. In Fig. 10, the quantity kC=kT is
shown along the centerline of the jets. In all the tests, a net scale sepa-
ration is present, with more than one order of magnitude.

Although this analysis is a rough test of the scale separation, it is
preparatory to the spectral analysis and to the expectation of the iner-
tial subrange observation.

C. Spectral analysis

Analyzing turbulence through second-order statistics involves
studying the correlation function and spectral density of velocity fluc-
tuations. Through the spectral analysis, we gathered significant insights
into turbulence dynamics and calculated these statistics throughout
the jet centerline. As introduced in the previous sections, the interac-
tion between the orifice limb and the jet flow leads to the birth of the
mixing layer and to an increase in turbulence moving away from the
orifice itself, reaching a maximum value and a subsequent decrease as
the jet loses energy. This process induces large-scale motion organiza-
tion, and thus, energy-containing scales are born into the jet core in
the near region. Afterward, these vortices break down in smaller scales
down to eddies dimensions that drop in the dissipation range where
energy is converted into heat. This aspect is marginally studied in sim-
ple jet cases and little is known about the cascade of energy in the con-
figuration presented in this study. To prove the existence of the inertial
subrange and a sign of the Richardson cascade52 existence, we per-
formed the spectral analysis of the autocorrelation functions of the
velocity fluctuations. The spectral densities were computed as follows.

The autocorrelation functions Cðx; y; sÞ were calculated and the
Fourier transform was applied to it and tapered with a Hann window,
leading to the spectral density in the frequency domain. Finally, this
procedure was used to compute the spectra at different streamwise
locations along the jet centerline. Fellouah et al.44 demonstrated a
dependence of v � velocity spectra on Rej to develop the Kolmogorov
inertial subrange. These authors fixed a limit of Rej > 3 � 104 to
observe the inertial subrange. In Test00 and Test01, Rej is closer than
the limit suggest by Fellouah et al.;44 nevertheless, in Test02, which
shows a Rej lower than the above limit, the inertial subrange is visible
in certain positions. The spectral density is depicted in Fig. 11 for dif-
ferent locations (multiples of the orifice diameter) along the jet

FIG. 10. Integral length scale and Taylor microscale comparison along the jet cen-
terline. Black bullets refer to Test00, blue squares to Test01, red triangles to Test02,
and green diamonds to Test03.

FIG. 11. Spectral density of Cðx; sÞ. (a) Test00 (rQ ¼ 1:000), (c) Test01
(rQ ¼ 0:612), (e) Test02 (rQ ¼ 0:482), and (g) Test03 (rQ ¼ 0:053). Dashed lines
represent the Kolmogorov scaling law.
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centerline. Note that the frequency domain was converted in the non-
dimensional Strouhal frequency, defined as StD ¼ fD=Uj.

As a first observation, in Figs. 11(a)–11(c) left panels (near posi-
tion to the orifice in Test00, Test01, and Test02, respectively), for
r=D ¼ 1, 3, and 5, no clear Kolmogorov scaling law can be observed.
This is consistent with Figs. 7(a), 7(c), and 7(e), where the presence of
large-scale organization area in positions closer to the orifice was
hypothesized. A net energy injection is recognizable at StD ¼ 0:2–0:5,
which corresponds to a dimension approximately equal to 5 times the
orifice diameter, as also observed by Burattini et al.53 The energy injec-
tion in the near region is in accordance with the finding of Fellouah
et al.,44 who observed the same peaks in tests with comparable Rej and
in the same r=D positions, where the increased energy content sug-
gested the formation of coherent structures. In addition, the presence
of an energy peak in the spectra at StD � 0:5, observed near the orifice,
which tends to diminish as Rej increases, is consistent with the obser-
vations of Anghan et al.49 They attributed this spectral peak to the roll-
up frequency. Moving away from the potential core region and once
the mixing layer is completely developed, spectra show a Kolmogorov-
like scaling law. As shown by Ferraro et al.,54 a slight flat slope on the
spectra can be attributed to the presence of large energy-containing
structures, that can be anisotropic. This is not surprising, given the
shear nature of such jets. In Test03, the absence of the potential core
and then the large-scale organization region in the near-field region
[see Figs. 7(g) and 7(h)] is also reflected at the position closest to the
orifice [Fig. 11(d)]. Namely, the absence of a jet potential core region,
probably destroyed by the jet interaction with the limbs orifice, does
not allow large-scale organization. Thus, in Test03, the mixing layer is
expected owing to the closest positions to the orifice. This speculation
is supported by the Kolmogorov-like scaling law of the spectra at
r=D < 5.

IV. CONCLUSIONS

Although the dynamics of circular simple jets has been exten-
sively studied, there are still unresolved issues that need to be
addressed with the support of theory and tests. Even if the studied con-
figuration has practical implications in many engineering fields such as
the dispersion of pollutants in marine environments, aquaculture feed-
ing strategy, and so on, it was marginally studied.

In particular, most of the investigations on this topic assume the
jet to be axisymmetric and perpendicular to the pipe axis, very few
focus on the inclination of the trajectory and no one, to the best of the
authors’ knowledge, investigated the influence of rQ on the velocity-
related features of the jets. As a consequence, in the present work, we
have investigated experimentally, in a laboratory of Hydraulics, the
effect of rQ on the features of four jets issuing from a sharp-edged ori-
fice, made in the wall of the pipe, with four different rQ (i.e., jet veloci-
ties). Hence, a reference test (Test00), where rQ ¼ 1 (i.e., the entire
flow discharges in the pipe exits from the orifice) was performed.
Then, Test00 was compared with the remaining three tests where a
certain flow passed over the orifice section (that is, where rQ
decreased).

PIV measurements have allowed exploring the velocity fields in
the near and intermediate regions of the jet, contributing to update the
literature state of the art related to submerged turbulent free jets. Data
have been presented in terms of temporally averaged velocity fields
turbulent intensities, Reynolds shear stresses, vorticity, and Q-
criterion. The transversal velocity profiles were shown and their

Gaussianity investigated via skewness and kurtosis. Furthermore, a
spectral analysis was performed.

The macroscopic analysis of the experimental results reveals fea-
tures that are in agreement with previous studies for the reference test
(Test00) and the ones with the highest tested rQ (Test01) where a close
behavior similar to the canonical simple jet was observed, whereas the
remaining tests (with the lowest tested rQ) progressively forsake such
characteristics. The effect of the rQ parameter was demonstrated not
only along the direction perpendicular to the jet, but also along the jet
direction which is more inclined as rQ decreases. In addition, as rQ
decreases, the velocity-related features move over from the canonical
velocity fields and profiles, as well as the turbulence intensities and the
Reynolds shear stress distributions. In particular, the extension of the
potential core region decreases as rQ diminishes until no core region
was observed in Test03. On the contrary, the mixing layer develops as
close to the orifice as the rQ becomes greater. Taylor hypothesis verifi-
cation was preparatory to the second-order statistics of turbulence,
analyzed by the correlation function and the power spectra of the
velocity fluctuations. The Taylor hypothesis was verified only along
the central axis inside the jet. Spectral analysis revealed that, inside the
potential core, no inertial subrange was observed, probably owing to
the large-scale organization suggested in the cited literature. Finally,
the behavior of the spectra in Test03 showed an inertial subrange also
for r=D < 5, in agreement with the turbulent intensities maps, where
no potential core region was detected. Finally, we highlight the limita-
tions to this study. To avoid interaction of the jet with the frontal wall,
the distance after the upstream bend was large enough to significantly
reduce the secondary flow but not to completely remove it, even if, at
the tested Re and De, the secondary flow is stable and the statistically
irrelevant. As a consequence, the flow conditions inside the pipe can
be considered as constant upstream the jet. Moreover, only one pipe
flow rate has been investigated in the present work. We have planned
future investigations with different flow rates and measuring the flow
features also in vertical planes.
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