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ARTICLE INFO ABSTRACT

Keywords: This study investigates the mixing behavior of turbulent offset dense jets discharged into co- and counter-
Co-flow flowing ambient currents under varying confinement ratios. A comprehensive experimental campaign using
Coun‘ter-ﬂow planar laser-induced fluorescence (PLIF) was conducted for two densimetric Froude numbers, supported by
Confinement Reynolds-averaged numerical simulations. The experiments reveal that co-flow produces smoother centerline
;E;];l;lne:;e decay trends and more asymptotic behavior, whereas counter-flow often triggers low-frequency oscillations,
Jet enhanced lateral spreading, and delayed decay. Confinement plays a central role: at small confinement ratios,

the counter-flow jet forms persistent recirculation zones, suppressing flapping motions and reducing dilution;
at larger confinement ratios, counter-flow promotes stronger unsteadiness and faster decay at sufficiently
high current Froude number. Proper orthogonal decomposition (POD) was employed to examine the large-
scale dynamics and revealed that counter-flow scenarios exhibit pronounced low-frequency flapping behavior,
whose strength and spatial extent depend strongly on confinement. Numerical predictions captured the general
trajectory and recirculation patterns but consistently over-predicted dilution, especially at higher current
Froude number values. The combined results provide new insight into offset jets released into non-stagnant

coastal environments.

1. Introduction

Jet flows are generally classified as free or bounded, depending
on the proximity of the jet to confining boundaries. A free jet occurs
when the surrounding boundaries are sufficiently distant from the jet
outlet, allowing the flow to develop without obstruction. In contrast,
bounded jets arise when the jet interacts with a nearby parallel surface.
Bounded jets can be further categorized into three types based on their
interaction with the containment wall: (a) an impinging jet, where the
jet is directed perpendicularly toward the boundary (e.g., [1,2]); (b) a
wall jet, where the fluid is discharged tangentially along the surface
(e.g., [3,41); and (c) an offset jet, which emerges when a jet discharges
into a medium above a horizontal solid boundary, remaining parallel
to the jet axis but positioned at a certain offset distance from the wall
(e.g., [5-8]).

The flow dynamics of an offset jet are inherently complex and
play a critical role in numerous engineering applications. For instance,
offset jets significantly influence the performance of burners, boilers,
gas turbine combustion chambers, and fuel injection systems, where
their behavior dictates mixing efficiency, combustion stability, and heat
transfer characteristics [9-11]. From an environmental fluid mechanics
perspective, offset jets serve as an effective means of discharge [12,13].
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Although inclined jets (e.g., [14-19]) are frequently employed to en-
hance mixing efficiency in discharge jet flows due to their extended
trajectory, the offset discharge of jets remains highly relevant. This
preference is primarily driven by practical considerations, including
simplified construction, lower implementation costs, and the physical
constraints of shallow water environments, where inclined configu-
rations may be less feasible [20-22]. When analyzed in the context
of receiving ambient, offset jets can be classified on the basis of the
nature of the ambient flow. They may occur in stagnant, co-flow,
counter-flow, or cross-flow conditions, depending on whether the jet
is discharged into a quiescent or moving ambient environment. The
classification is determined by the alignment between the jet and the
surrounding flow, where a co-flow scenario arises when the jet moves in
the same direction as the background current (e.g., [23,24]), a counter-
flow occurs when the jet opposes the ambient flow (e.g., [25,26]),
and a cross-flow condition refers to cases where the jet interacts with
an ambient flow that is perpendicular to its axis, (e.g., [27-29]). In
shallow estuarine or coastal regions, the periodic reversal or oscillation
of tidal currents effectively creates alternating co-flow and counter-flow
conditions that influence jet mixing and entrainment [30-33].

In addition to the aforementioned classification, the density differ-
ence between the jet and the surrounding ambient fluid also plays
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a crucial role in shaping the evolutionary behavior of the jet. This
influence is primarily governed by buoyancy effects, which categorize
jets into buoyant and non-buoyant types. Buoyant jets, in particular,
are further classified according to the relative density difference, com-
monly referred to as positively buoyant (e.g., [34]1), negatively buoyant
(e.g., [35]), or dense jets (e.g., [36-38]), depending on whether the jet
fluid is lighter or heavier than the ambient medium. In a negatively
buoyant jet, the buoyancy opposes the momentum [35,39]. In a dense
jet, however, it suffices for the jet to have a heavier density, compared
to the receiving ambient, no matter what direction has the buoyancy
force against the momentum (e.g., offset and inclined dense jets).

The offset ratio H,/D defined as the ratio of the vertical distance
between the jet exit center and the adjacent wall H, to the nozzle diam-
eter D, plays a significant role in governing the dynamics and mixing
behavior of round turbulent offset jets. As the offset ratio increases, the
flow exhibits characteristics more akin to a free jet, whereas a decrease
in the offset ratio results in behavior that increasingly resembles a
wall jet [4,5,13]. Furthermore, when a dense offset jet is discharged
into a non-stagnant ambient environment, the flow dynamics become
even more complex due to the additional influence of the background
current. The present study aims to highlight the interplay between the
offset ratio, density difference, and ambient flow conditions in shaping
the behavior of round offset dense jets.

Early studies on offset jets have explored various critical aspects,
including reattachment length, Reynolds number effects, wall static
pressure distribution, mean velocity fields, and turbulence intensities
(e.g., [40-42]). Early investigations predominantly focused on two-
dimensional (2D) plane offset jets, as seen in studies such as [43-47].
These works provided experimental data on static pressure distribu-
tions, mean velocity profiles, and turbulence statistics, using tech-
niques like Pitot tubes, hot-wire anemometry, laser Doppler anemom-
etry (LDA), and particle image velocimetry (PIV) to characterize jet
behavior and interactions with the wall. There are several studies that
report on the heat transfer characteristics of offset jets (e.g., [48-50]).

Leaving the focus on three-dimensional (3D) offset jets, in an early
study, [51], and more recently [4,52], investigated 3D cases. In their
comprehensive study, [4] investigated the influence of the offset ratio
and Reynolds number on the structure of turbulent offset jets. Using
PIV, their findings revealed that in the early stages of flow devel-
opment, both the Reynolds number and the offset ratio significantly
impact the decay of the maximum mean velocity and the growth of the
shear layer. However, at larger downstream distances, the decay and
spread rates become nearly independent of the offset ratio. Further-
more, as previously reported by [53], the lateral and vertical profiles
of the streamwise mean velocity in offset jets exhibit self-similarity
and appear independent of orifice geometry. However, the Reynolds
stresses do not follow the same self-similar trend and may be influenced
by the initial conditions [4].

In recent years, a limited number of experimental studies have
addressed the behavior of turbulent offset dense jets with confinement
effects. In contrast, the literature features a more extensive body of re-
search focused on horizontal positively buoyant jets, particularly under
conditions of bottom and surface confinement (e.g., [54-60]). Notably,
the two-component studies by [6,20], the investigation by [61], and
the four-component studies by [62-65] directly address the topic of
turbulent horizontal dense jets. These studies employ simultaneous
PIV and planar laser induced fluorescence (PLIF) techniques, and they
were conducted under stagnant condition. Recently, [66] conducted an
experimental investigation of offset jets under both free and confined
configurations, exploring a range of offset ratios from H,,/D = 3 to 20.
Their study provided data on the mean and turbulent characteristics
of the scalar concentration field over large downstream distances. For
the case with H,/D = 3, the self-similarity of the mean concentration
profiles was confirmed. However, the root-mean-square (RMS) of con-
centration fluctuations did not exhibit self-similarity and continued to
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evolve down to 70 x D downstream from the impingement point. In the
current study, scenarios were conducted in non-stagnant conditions.

The dynamic of the background ambient to which the jet is released
into add to the complexity, as mentioned before. With regard to jet
in co-flow scenarios, there are numerous studies in the past. The self-
similarity of the mean velocity and concentration, as an important
subject, were investigated from decades ago (e.g., [67-70]). Among
these studies, there were reports on the Reynolds stresses not showing
the self-similarity [67,68], an observation that was further confirmed
by [70]. To predict the spreading and mixing characteristics of an
axisymmetric turbulent jet in a co-flow, [71] conducted experimental
scenarios using LIF and LDA to present a Lagrangian-based integral
model. Inclined dense jets in co-flow were investigated in [23]. They
investigated the mixing and transport of the resulting density current
after the 60° dense jet impinges on a horizontal bottom boundary,
focusing on the influence of cross-flow Froude number, U,F, with
U, = % as the ambient to jet velocity ratio and F (Eq. (2)) as the
densimetric Froude number on flow regimes including bifurcation and
upstream intrusion. 45° inclined dense jets in co-flow were experi-
mentally investigated using LIF in [72]. Authors found that the jets
exhibited two mixing regimes. A dense-jet-dominated regime at low
co-flow conditions and a co-flow-dominated regime at higher current
speeds. [73] conducted a related study on 45° inclined dense jets in
co- and counter-flow conditions over a wider range of velocity ratios,
with U,F spanning from -3 to 3. Their results indicated that UzxF =
1 represents a critical threshold separating jet-dominated cases from
those dominated by the ambient flow. [8] performed an experimental
and numerical (using Reynolds Stress Models) study on offset dense
jets in stagnant and co-flow conditions. Scenarios were consisting of
different velocity ratios in a broad range of R (= U;/U,), R = 1,
and R = o, and H,/D = 5.3 and 7.8, as varying confinement
ratios. A recent study by [74] investigated inclined dense jets in more
realistic coastal environments by incorporating wave-induced motions
using both experimental data and CFD modeling. Their results showed
that wave action introduces oscillatory behavior near the jet source,
enhancing entrainment and significantly increasing dilution compared
to stagnant conditions, while also modifying the jet trajectory and
spreading characteristics. Furthermore, the interaction between wave-
induced shear and jet momentum was found to alter the flow geometry
and accelerate pollutant dispersion.

More recently, [75] experimentally investigated how varying lev-
els of background turbulence in a co-flow affect a turbulent non-
buoyant jet’s behavior regarding velocity, spread, and mixing at dif-
ferent Reynolds numbers. [13] studied the dynamics of round turbulent
offset jets with offset ratios of 2, 4, and 6, released into both a quiescent
environment and a co-flowing stream. The researchers used an acoustic
Doppler velocimeter to measure the velocity field in a water flume.
The results indicate that the spreading and decay rates decrease in the
presence of co-flow, indicating that the external flow restricts the jet’s
growth and development. This effect is more pronounced at smaller
offset ratios.

Although free turbulent round jets are among the most extensively
studied flows, round jets in counter-flow configurations have received
comparatively limited attention in the literature [76]. In a counter-flow
jet configuration, the jet is discharged directly against an opposing uni-
form stream. The jet-to-counter-flow velocity ratio, defined asa = - =
1/U, governs the stability of the resulting flow. When a < 1.4, the inter-
action gives rise to periodic, symmetric vortex shedding [77]. However,
when this threshold is exceeded — particularly at high Reynolds num-
bers — the flow transitions into a chaotic and seemingly unstable
regime [76]. [76] conducted a literature review on jets in counter-flow
configurations, identifying key parameters that influence jet behavior.
Among the most significant factors are the jet penetration length,
boundary conditions and confinement, and the large-scale dynamics of
the flow. The jet penetration length x, defined as the distance from the
jet exit to the stagnation point where the jet momentum is balanced by
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the opposing flow, has been classically described by [78] through the
relation x,/D = k - a, where k is an empirical constant. Subsequent
studies by [26,79-82] extended this analysis by exploring both the
streamwise and spanwise (radial) penetration behaviors of non-buoyant
jets in counter-flow conditions. [83] experimentally investigated the
turbulent structure of round jets in counter-flow using acoustic Doppler
velocimetry (ADV) to obtain time-resolved velocity measurements of
the flow field. The study showed that counter-flow conditions acceler-
ate axial velocity decay while reducing entrainment mechanisms. [84]
performed a numerical parametric investigation of turbulent round jets
in counter-flow using a Reynolds Stress Model to assess the influence
of velocity ratio, Reynolds number, and jet inclination. Their results
confirmed a linear relationship between penetration length and velocity
ratio within low momentum flux regimes, while showing that Reynolds
number effects become negligible beyond critical thresholds.

The role of confinement in influencing jet penetration in counter-
flow was further highlighted in the context of wall jets, where studies
such as [85,86] demonstrated that confinement leads to increased
penetration lengths compared to unconfined counterparts. More re-
cently, [87] conducted experimental investigations into the turbulent
statistics of both free and offset jets in counter-flow environments.
Their findings indicated that the offset and free jets exhibited similar
global behavior, yet when compared to a free jet discharging into
a quiescent ambient, both configurations showed elevated axial and
radial turbulence intensities, which contributed to enhanced dilution.

Another important phenomenon observed in counter-flow jets is the
presence of low-frequency oscillatory behavior. Using two-dimensional
Proper orthogonal decomposition (POD), [88] identified that, at « =
3.4, the jet exhibited two dominant modes as axial and radial. This
was later expanded upon by [89], who revealed that what appeared
as two-dimensional flapping behavior was, in fact, three-dimensional in
nature, pointing to the complex spatial dynamics of jets in counter-flow.

The present study investigates the mixing behavior of offset dense
jets under both co-flow and counter-flow conditions using PLIF tech-
nique. As highlighted in the preceding literature review, previous inves-
tigations have largely focused on offset jets in stagnant environments
(whether buoyant, dense, or non-buoyant) or on non-buoyant and
positively buoyant jets exposed to co-flow or counter-flow, often with
or without confinement. This study aims, for the first time, to bridge
that gap by examining how the superposition of offset geometry and
ambient flow directionality influences the dilution of discharged mass
as dense jets in non-stagnant environments that resembles the coastal
waters conditions. This novel experimental program was further sup-
ported by non-dimensional numerical simulation approach in order to
represent a more detailed analysis of the mixing mechanisms.

The rest of the paper is organized as follows. Section 2 describes the
experimental methodology. Section 3 presents the numerical modeling
approach. Section 4 discusses the main results, with primary emphasis
on mixing characteristics and bulk flow parameters. Sections 5 and 6
are devoted to a detailed investigation of the counter-flow instability
and POD analysis, respectively. Section 7 evaluates the performance of
the numerical model and discusses the main sources of experimental
and numerical uncertainties. Finally, Section 8 summarizes the main
findings and conclusions of the study. Additional material is provided
in the appendices, and supplementary material accompanies this paper.

2. Experimental method
2.1. Experimental scenarios

A schematic representation of an offset dense jet in counter-flow
configurations is provided in Fig. 1. The jet is discharged horizontally,
parallel to the bottom boundary, with its behavior governed by the
interplay of momentum and buoyancy forces. These forces are charac-
terized by two non-dimensional parameters: the jet Reynolds number,
defined as

Re=—% (€8]
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and the densimetric Froude number, given by

F=— @
Ve'D

where U; is the jet exit velocity, D is the nozzle diameter, and v is

the kinematic viscosity of water. The term g’ represents the reduced

gravity, calculated as

g &)
Pa

where p; and p, are the densities of the jet and ambient fluid (p; > p,),
respectively. The offset height, the vertical distance from the bottom
boundary to the centerline of the jet nozzle, is denoted by H,, as
seen in Fig. 1. The coordinate system used in this study is defined
such that the streamwise direction aligns with the x-axis, the vertical
(gravitational) direction corresponds to the y-axis, and the spanwise
direction is along the z-axis.

Applying dimensional analysis to offset jets in a flowing ambient, it
becomes evident that the interaction between the ambient current and
the turbulent dense jet influences the jet dynamics through a combined
non-dimensional parameter denoted as U, F. Here, the velocity ratio is
defined as U, = U,/U; = 1/a. Therefore:

UF=—2= @
/&b

where U; disappear and U,F can be considered as current Froude

number [23]. In addition to the interaction between the ambient and jet

momentum and buoyancy, the offset distance can also be incorporated

into the analysis through dimensional parameterization, commonly

expressed as the offset ratio H,/D.

To design the experimental scenarios, the key non-dimensional
parameters, Reynolds number Re, Froude number F, current Froude
number U,.F, and offset ratio H,/D, must be defined. Prior studies
provide guidance for selecting U, F values. For vertical and 60° inclined
dense jets in cross-flow, [90] reported 1.35 < U,F < 5, while [91]
extended this range up to U.F = 8 using high current speeds. [92]
explored 0 < U,F < 10.6 and distinguished weak cross-flow for
U.F < 0.7 and strong cross-flow for U,F > 0.7 based on changes
in jet trajectory. According to [27], U.F > 1 represents a fairly
strong cross-flow, and at U,.F = 2, the jet fails to reach the bottom
boundary. In co-flowing conditions, [23] identified U.F = 0.8 as the
threshold beyond which upstream intrusion ceases, classifying it as a
strong co-flow regime. Based on these findings, the present study selects
U.F =0.25,0.5,1,1.25 to span both weak and fairly strong regimes. The
selected values of the U, F are also consistent with field-scale conditions
reported in the literature. For instance, [93] considered a range of
U.F = 0.2-1.6, corresponding to ambient velocities representative of
coastal discharge environments and real outfall systems, as previously
documented by [94]. For counter-flow scenarios, [77] reported a crit-
ical velocity ratio a ~ 1.4, above which low-frequency instabilities
arise in round jets due to the opposing uniform ambient flow. In the
case of a dense jet, however, this parameter is more appropriately
expressed through U, F, since buoyancy (via the densimetric Froude
number F) alters the jet trajectory and can suppress or delay the onset
of such instabilities. This behavior was clearly demonstrated in [95],
who examined positively buoyant jets over a range of densiemetric
Froude numbers F = 2.5,5,7.5, 18 and jet-to-counter-flow velocity ratios
a = 2.5,5,7.5,18. In the present experiments, cases with U.F > 1
consistently exhibited global, low-frequency oscillatory behavior, as
discussed in detail in Section 5. Consequently, the selected range of cur-
rent Froude numbers U, F is expected to cover a range of counter-flow
mixing and instability patterns.

The Reynolds number was fixed at Re = 2400, representing a
value above minimum threshold of Re ~ 2000 required to ensure
the transition to turbulence immediately downstream of the nozzle
exit [96,97]. The selected Reynolds number ensures fully turbulent
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Fig. 1. Schematic view of an offset dense jet in flowing current (counter-flow).

Table 1
Summary of experimental scenarios.
H,/D F U.F Flow direction Re Total no. of scenarios
2.5 15 0.25, 0.5, 1, 1.25 Co-flow/Counter-flow 2400 8
2.5 30 0.25, 0.5, 1, 1.25 Co-flow/Counter-flow 2400 8
5 15 0.25, 0.5, 1, 1.25 Co-flow/Counter-flow 2400 8
5 30 0.25, 0.5, 1, 1.25 Co-flow/Counter-flow 2400 8
10 15 0.25, 0.5, 1, 1.25 Co-flow/Counter-flow 2400 8
10 30 0.25, 0.5, 1, 1.25 Co-flow/Counter-flow 2400 8

conditions while maintaining relatively low discharge rates. This was
particularly important for the present study, which involved an ex-
tensive experimental program comprising 48 scenarios, as it allowed
the total volume of saline solution required to be minimized without
compromising the turbulent mixing behavior.

For the densimetric Froude number, two values were selected: F =
15 and 30. These choices maintain a moderate density difference of
ﬂ(%) = 1.17 and 0.29, respectively, which lie within the acceptable
rpgnge for dense jet discharges (e.g., [93,98-101]). Additionally, higher
Froude numbers help elongate the initial trajectory, minimizing the
proximity of the jet to the nozzle exit and enhancing flow development.

For the offset ratio parameter H,/D, three values were selected:
Hy/D = 25, 5, and 10. [66] demonstrated that for H,/D > 10,
the effects of confinement become negligible. Therefore, the chosen
values were intentionally kept below this threshold. Considering four
U,F values, two Froude numbers F = 15 and 30, and both co-flow
and counter-flow configurations, a total of 48 co-and-counter flow
experimental scenarios were designed. These scenarios are summarized
in Table 1.

2.2. Experimental setup

The experimental campaign was carried out at the Hydraulics Lab-
oratory of the University of Cagliari, Italy. The setup featured a glass
flume, measuring 8 m in length, 0.4 m in width, and 0.5 m in depth,
which facilitated clear visual access to the flow. The potential influence
of side-wall confinement was minimized by the relatively large flume
width compared with the nozzle diameter. In the present setup, B/D =~
66.7 (with D = 6 mm and B as the nozzle diameter and the flume width,
respectively), corresponding to a lateral distance of approximately 33D
from the jet centerline to each side wall. Based on established jet
spreading relations (e.g., [96]), the characteristic concentration edge
(C/C,, = 1/e) grows approximately as b, ~ 0.135x, implying that the

lateral extent of the jet remains well within the central region of the
flume over the measurement domain. The observed concentration fields
remained symmetric about the centerline, with no indication of lateral
distortion or interaction with the side boundaries. A reservoir tank,
situated adjacent to the flume, provided the water supply. The flow
rate entering the flume was controlled via a ball valve installed near
the upstream tank, while the flow head was adjusted using a movable
weir positioned at the downstream end. The nozzle was centrally
positioned along the width of the flume. To accommodate both co-
flow and counter-flow scenarios, two configurations were constructed.
In the co-flow setup, the final streamwise segment of the nozzle was
reversed, enabling the jet to discharge in the same direction as the
ambient flow (see Fig. 1). The nozzle is axisymmetric, and therefore
no directional bias in the exit conditions is expected. The observed jet
structure was consistent with that of a well-developed turbulent round
jet, exhibiting a top-hat-like core in the near field and Gaussian distri-
bution downstream, indicating that the exit flow characteristics were
not affected by the configuration. The scalar profiles near the end of
the jet core (x* = 6) are presented in Section 4.3. The Froude numbers
were deliberately chosen high enough to ensure that any disturbance
generated by the spanwise extension of the pipe would not interfere
with the jet’s development in either flow condition. A constant-head
tank was positioned elevated above the nozzle to ensure a steady
and consistent flow rate at the nozzle exit. By maintaining a constant
Reynolds number throughout the experiments, flow rate variability was
minimized, thereby reducing experimental uncertainty. This setup also
served to isolate the effects of Reynolds number, allowing the results
to reflect changes due solely to other governing parameters. The flow
rate at the nozzle was measured using an Omega variable area flow
meter, which operates based on the principles of buoyancy and flow
displacement. Additionally, two solenoid valves were employed: one
dedicated to fixing and maintaining the flow rate, and the other used
for controlling the initiation and termination of the flow during the
experiments.
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Control of the ambient velocity U, for each scenario was achieved
by regulating the head over a rectangular weir (Eq. (22)) installed at
the downstream end of the flume, well away from the nozzle location.
Prior to each experiment, the head over the weir was adjusted to set
the desired flow rate. This procedure, together with the jet flow-rate
readings obtained from a variable-area flow meter to provide for jet
velocity U;, constituted the primary sources of uncertainty associated
with the imposed jet and ambient flow rate. The uncertainties and
sources of experimental error associated with the measurements are
discussed in more detail in Section 7.

2.3. Flow visualization

The PLIF technique was utilized to capture the two-dimensional
concentration distribution within the jet flow. To quantify the concen-
tration field, TiO, was utilized as a scattering tracer. The total mass of
TiO, added to the source tank was less than 5 g, maintaining an initial
concentration (C, = 0.1-0.25 g/L) well within the linear optical regime
for TiO, nanoparticles [102]. At these dilute concentrations, the system
operates in the independent scattering regime, where the total scattered
light intensity recorded by the camera (gray-scale values) is directly
proportional to the number of nanoparticles in the measurement vol-
ume. This approach ensures that secondary scattering and extinction
effects (i.e., attenuation of the laser sheet) are negligible, which would
otherwise introduce non-linearity in denser suspensions. Furthermore,
unlike fluorescent dyes such as Rhodamine 6G, TiO, is a physically
stable mineral that does not exhibit photobleaching or thermal degrada-
tion. Consequently, the normalized intensity //1,,, provides a robust
and linear proxy for the non-dimensional concentration C/C, across
all experimental scenarios. Moreover, using the light intensity at the
nozzle exit as the reference value to normalize the local concentration,
a concentration reduction is measured rather than the concentration.
For this reason, no direct calibration of PLIF values against known salt
concentrations was needed [29,103,104].

A diode-pumped solid-state (DPSS) green laser with an output of 5
W and a wavelength of 532 nm was used to illuminate the dye. The
resulting light was captured by a high-speed CCD camera (Mikrotron
EoSens 4CXP CoaXPress). The camera featured a resolution of 2336
x 1728 pixels and recorded images at a Mono 8-bit grayscale depth,
providing 256 levels from black to white. An exposure time of 1/2000
s was used, and image acquisition was conducted continuously. Prior
to each recording sequence, one hundred background images were ac-
quired, averaged during post-processing, and subsequently subtracted
from every recorded frame. All abnormal luminosity regions (caused
by the nozzle, bubbles, etc.) were removed via the background image
subtraction, which also removes possible non-uniformity in the light
distribution.

For each experimental scenario, over 5000 images were captured
at an acquisition frequency of 25 Hz to ensure a statistically reliable
time-averaged scalar field. In the counter-flow configurations, this high
frame count was particularly crucial for capturing the unsteady dy-
namics associated with the flapping behavior of the jet. These dynamic
features and their implications are discussed in Section 5.

3. Numerical method

Numerical simulations were conducted to replicate and compare
each experimental scenario with its corresponding computational
model. Given the large number of test cases, the Reynolds-Averaged
Navier-Stokes (RANS) approach was chosen as the preferred numerical
method.
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3.1. RANS equations

The conservation of mass and momentum equations, commonly
known as the Navier-Stokes (NS) equations, for incompressible fluid
flow can be expressed as:

V-u=0 5)
a—u+u~Vu=—le+vV2u+g 6)
ot p

where u is the velocity vector, ¢ is time, p is the fluid density, p
is pressure, v is the kinematic viscosity, and g is the gravitational
acceleration vector representing the body source term.

The transport equation for a scalar C can be written as:

(Z—f+u~VC:DmV2C )
where D,, is the mass diffusivity.

To model turbulent flows using Reynolds decomposition, an instanta-
neous variable @ (velocity, pressure, concentration, etc.) is expressed
as the sum of the average or mean value, @, and fluctuation around

that mean, ¢’ [105]:
D=0+ ¢ 8

Applying the Reynolds decomposition to the conservation of mass (5),
NS (6), and the scalar transport (7) equations, one may derive the RANS
equations for momentum and scalar:

M g Vi=- VWiV . g ©
ot P
Z—fvaE:DvaE-V-W 10)

where u is the averaged velocity vector, p is the averaged pressure, C
is the averaged scalar (e.g., mass concentration), and «’«/ and u'c’ are
the Reynolds stress tensor and Reynolds flux vector, respectively.

3.2. Non-dimensional equations

From a physical and engineering perspective, formulating the di-
mensionless form of the governing equations offers significant benefits.
It provides immediate insight into the dominant physical phenom-
ena, and consequently, assumptions that can reduce the full model to
its most essential components [106]. Non-dimensionalization also be-
comes particularly valuable when numerous simulations or parametric
studies are required. While RANS models already provide a relatively
computationally efficient framework, a dimensionless formulation fur-
ther streamlines the analysis by allowing parameter variations to be
represented solely through key non-dimensional groups (e.g., F, Re,
U.F, etc.).

To derive the non-dimensional form of the governing equations, a
set of appropriate dimensionless variables, denoted by asterisks, are
introduced. These are based on characteristic reference scales: length
D, inertial time scale D/U;, reference velocity U, and reference scalar
C;. The pressure is scaled by the dynamic pressure pU/.z, and the body
force by U/.2 /D. Accordingly, the resulting dimensionless variables are
defined:

tu;
=Xt Lo L & 1
D U, D i c

By substituting these dimensionless variables into Egs. (6), (7), (9), and
(10), the corresponding non-dimensional forms of the NS and scalar
transport equations are obtained as follows:

ou™ «
+u
ar*

acr 1
+u*-VC* = ——V2C* 13
or* “ ReSc a3

SVt ==V VR 12

=8
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(Zl:* +E* . Vi* = —Vﬁ* + évzﬂ* —V - + %g* (14)

—

%%JFE*'VE*:RS VC -V (15)
eSc

where Sc¢ is molecular Schmidt number and defined as:

Sc=— (16)

To address the closure problem inherent in the RANS and Reynolds-
averaged scalar transport equations, it is required to model the Reyn-
olds stress tensor «'u’, and Reynolds flux vector u'¢’-with * removed
for ease of notation. A variety of turbulence modeling approaches have
been developed for this purpose. In the present study, to model the
Reynolds stress tensor, the k — w Shear Stress Transport (SST) model
introduced by [107] was employed. The Shear Stress Transport (SST)
formulation combines the advantages of both k—w [108] and k—¢ [109]
turbulence models. Near the wall, the k — w formulation allows for ac-
curate resolution of the boundary layer, making the model suitable for
low-Reynolds number flows without the need for additional damping
functions. This enables the SST model to be applied all the way down to
the wall, including the viscous sub-layer. In the free-stream region, the
formulation transitions to a k — ¢ model behavior, avoiding sensitivity
to freestream turbulence levels and improving performance in external
flow simulations [107].

Finally, for modeling the Reynolds scalar flux vector, the stan-
dard gradient diffusion hypothesis (SGDH) as the most commonly
used eddy-viscosity-based approach was employed. SGDH assumes that
the turbulent scalar flux is proportional to the gradient of the mean
scalar field. Applying SGDH to the Reynolds scalar flux vector in its
dimensionless form yields:

W __ % oC a7
Sc, 0x;

where Sc, is the turbulent Schmidt number defined as:

Se, =~ as)

t D[

Here, v, represents the eddy viscosity, obtained as part of the solution
to the closure problem through the eddy-viscosity model introduced
earlier, the k — @ SST model. D, is turbulent diffusivity. In this study,
the molecular Schmidt number Sc¢ and the turbulent Schmidt number

Sc, were taken as 700 and 0.7, respectively [110,111].
3.3. Numerical setup

3.3.1. Computational domain and grid

All numerical simulations were performed using the non-dimens-
ional form of the governing equations, as introduced in Section 3.2
using OpenFOAM.! Accordingly, the computational domain was con-
structed in non-dimensional units, with all spatial dimensions normal-
ized by the jet nozzle diameter D. This scaling ensures consistency with
the dimensionless analysis and facilitates generalized interpretation of
the results.

The domain geometry was designed to replicate the essential fea-
tures of the experimental setup in Section 2.2, with domain lengths
extended sufficiently in the streamwise —200 < x* < 200, vertical
—H,/D < y* < 50, and spanwise —40 < z* < 40 directions to elim-
inate artificial boundary effects in streamwise direction and aligning
approximately with dimensions of the flume in vertical and spanwise
directions. The nozzle was modeled at an offset height of H,/D = 2.5, 5,
or 10, depending on the scenario. Fig. A.1 shows the descritized domain
using hexahedral elements for a case with H,/D = 10 for a co-flow sce-
nario. A structured mesh was built in Gmsh? to discretize the domain,

1 https://www.openfoam.com/
2 https://gmsh.info/
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with local refinement near the jet exit, buoyancy direction, and regions
of expected high gradients in velocity and scalar fields. To ensure cost-
effective mesh independence, a limited number of representative cases
were selected from various flow scenarios. These cases were compared
based on the jet trajectory geometry, concentration decay, and y*
which serve as reliable indicators of both vertical and horizontal flow
development under different mesh resolutions. The mesh independence
study is discussed in Appendix A.1 with more details.

3.3.2. Boundary condition

The boundary conditions were defined as follows: a no-slip con-
dition was applied at the bottom, side walls, and nozzle surfaces,
while a zero-gradient condition was imposed at the top boundary.
In co-flow scenarios, the downstream boundary served as the zero-
gradient, and the upstream boundary was defined as an inlet with a
prescribed velocity profile. This configuration was reversed for counter-
flow scenarios. At the nozzle inlet, all scenarios were initialized with
an estimated fully developed turbulent velocity profile for a circular
pipe [6]:

u; = 1.14(1 = 2|r/ D'/ 19

where r is the radial distance from the pipe centerline, and the line-
averaged velocity across the pipe diameter u; = /_[;/22 u(r)dr = 0.997,
approximates unity in the non-dimensional framework. For scalar con-
centration, zero-gradient conditions were assigned to all boundaries
except the jet inlet, where a uniform top-hat profile with unit con-
centration was prescribed. The numerical simulations leveraged the
non-dimensional framework, allowing boundary velocity profiles to
be updated based solely on the bottom confinement and the jet-to-
ambient velocity ratio. For co-flow scenarios, the upstream boundary
condition was prescribed using a power-law turbulent open channel
velocity profile as follows [112].

Uy = ref((y + hO)/h)I/7 (20)

where u, denotes the streamwise velocity component, A is the distance
from the nozzle center to the bottom (equal to the offset ratio H,/D in
the non-dimensional formulation), and # is the total depth. The refer-
ence velocity U, , was estimated as the average flow velocity using

(9]
Uref = E (21)
where Q is the discharge over a rectangular weir, calculated by:
0= %ch\/ngW 22)

Here, L is the channel width, C; = 0.6 is the discharge coefficient for
a sharp-crested weir, and H is the head over the weir. For consistency
with the non-dimensional framework, U,,, was normalized with the jet
inlet velocity. For counter-flow scenarios, the same velocity profile was
applied at the downstream boundary, with u, reversed in direction.

3.3.3. Numerical method and solvers

The numerical simulations were conducted using the open-source
finite volume software OpenFOAM. A RANS approach was adopted
to model turbulence, specifically using the kK — @ (SST) model for
its robustness in capturing near-wall effects and free-stream transi-
tions. The governing equations for momentum and scalar transport
were formulated in non-dimensional form, as previously described.
These non-dimensional equations were implemented within Open-
FOAM by modifying existing solvers (pimpleFoam) to reflect the scaled
variables and eliminate dependency on physical units. Both the ve-
locity field and the scalar concentration equations were solved using
these non-dimensional forms. Spatial discretization was performed
using second-order accurate schemes for both convective and diffusive
terms. Temporal discretization employed the second-order backward
scheme. Second-order temporal and spatial discretization schemes were
employed to minimize numerical diffusion and improve the accuracy.


https://www.openfoam.com/
https://gmsh.info/
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Fig. 2. Counter-flow scenarios for H,/D = 10.0 and F = 15. Counter lines represent iso-concentration values of 0.5, 0.4, 0.3, 0.2, 0.1, 0.05, 0.02, and 0.01.

4. Results and discussion

This section begins by examining the concentration fields obtained
from both experimental observations and numerical simulations, with
a focus on the bulk mixing behavior of the dense jet. The discussion
then unfolds to explore the effects of flow configuration (co-flow and
counter-flow), confinement through the offset ratio H,/D, and the
influence of the densimetric Froude number F. Finally, the performance
of the numerical model is evaluated, with particular attention to its
ability to replicate the observed jet dynamics and scalar transport. It
is noted, however, that the absence of experimental velocity measure-
ments limits the extent to which a comprehensive validation of the
numerical component can be performed.

4.1. General observations

Figs. 2 and 3 present the experimental results for the offset con-
figuration Hy/D = 10 and F = 15 under counter-flow and co-flow
conditions, respectively. Colored iso-concentration lines depict the nor-
malized concentration fields for the different U.F values at this offset
ratio. As U, F increases, the influence of the ambient co- or counter-
flow becomes more evident. In counter-flow cases, the ambient effects
first become visible downstream as shown in Fig. 2 for U, F = 0.25 and
0.5. With increasing current Froude number, the jet is pushed back
toward the nozzle and its penetration distance decreases. However,
because the counter-flow is not very strong, the mean field does not
exhibit a full flow reversal. It is also worth noting that for U,F = 1.00
and 1.25 the jet undergoes large-scale oscillations in both the vertical
and spanwise directions, marking a three dimensional oscillations, as
discussed in Section 5. These oscillation led to an apparent truncation
of the mean trajectory at those values of U, F. In contrast, the co-flow
cases exhibit an elongated trajectory as U,F increases. As indicated
by the iso-lines in Fig. 3, larger U,F values correspond to delayed
mixing in the near-nozzle region. The difference between the mixing
behaviors of the co-and counter-flow scenarios are discussed in terms
of bulk mixing parameters (i.e., centerline decay) and modal analysis
in Sections 4.2 and 6, respectively.

The effects of the Froude number on the flow patterns in counter-
flow scenarios are shown in Fig. 4, for cases with H,/D = 10.0.
Across all U, F values, the higher Froude number results in elongated
trajectories, which reflects the increased dominance of jet momentum
over buoyancy, as expected. These differences are most pronounced at
lower U,.F, where the F = 30 cases exhibit deeper penetration and
weaker upstream effects due to confrontation with the counter-flow,

compared to their F = 15 counterparts. As U, F increases, the influence
of the opposing current becomes more important, and the distinction
between the two Froude numbers decreases in the downstream region.
At U, F = 1.25, both cases display strong interaction with the counter-
flow, though the F = 30 scenarios maintain a broader jet footprint and
reduced curvature near the nozzle.

Changing the offset ratio further alters the flow pattern and, conse-
quently, the mixing behavior. This is evident in Fig. 5. A decrease in
the offset ratio reduces the degree to which the jet is pushed upstream
under counter-flow conditions, as well as the severity of its oscillatory
motion (as discussed in Section 5). This occurs because the lower
offset places the jet closer to the bottom boundary, where confinement
suppresses vertical motion. The out-of-plane mixing is also influenced
by this confinement, shifting farther downstream compared with the
cases with a larger offset ratio. Experimental videos illustrating the
flow dynamics discussed in this study are provided as supplementary
material.

In the following sections, the numerical model results are included
in several figures. However, the detailed evaluation of the numerical
performance is provided separately in Section 7.

4.2. Mixing

All numerical and experimental scenarios results on the centerline
concentration decay are categorized based on their confinement ratios
H,/D inFigs. 6 and 7 for H,/D = 2.5, and Figs. 8 and 9 for H,/D = 5.0,
and Figs. 10 and 11 for H,/D = 10.0. One should note that, in all figures
throughout the following sections, CN and CO refer to counter-flow
and co-flow conditions, respectively. For a clearer separation between
cases, the flow regimes are divided into regions before and after the
normalized distance reaches the value of F. The length scale x*/F can
be used to approximate the distance over which the jet momentum
remains dominant. Beyond this point, ambient effects such as buoyancy
or the background current become increasingly important. [113]. The
use of x*/F is mathematically equivalent to scaling the downstream
distance by the jet-to-plume length scale /,,. For a circular dense jet, /,,
is analytically shown to be proportional to D - F [114,115]. Therefore,
the normalized coordinate x*/F represents the physical ratio x/I,,
(within a constant factor of = 0.94). Across all three confinement ratios,
the cases with F = 30 generally lie below their F = 15 counterparts
in the initial region where x/D < F. Two scenarios with F = 30,
namely U,F = 1.00 at H,/D = 2.5 in counter-flow and U,F = 1.25
at Hy/D = 10.0 in co-flow, were excluded from the figures due to
experimental issues that resulted in reduced data quality and lack of
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Fig. 4. Froude number effects on the flow patterns in cases with different U, F values and H,/D = 10.0 in counter-flow scenarios. —: F = 30 and —: F = 15.

This figure contains supplementary materials.

Fig. 5. Counter-flow scenarios for H,/D = 2.5 and F = 15. Counter lines represent iso-concentration values of 0.5, 0.4, 0.3, 0.2, 0.1, 0.05, 0.02, and 0.01.

repeatability. These cases are therefore not considered representative
of the underlying flow behavior and are omitted to preserve clarity and
consistency in the presented results.

In the region where x* < F (Figs. 6, 8, and 10), after the con-
centration decays collapse based on the Froude-number regime, both
co-flow and counter-flow cases become increasingly influenced by the

current Froude number U, F and the confinement ratio H,/D. For the
lowest confinement ratio, H,/D = 2.5, the co-flow cases consistently
exhibit a faster centerline decay across all U, F values. As the confine-
ment decreases, the influence of U,F becomes more pronounced. For
H,/D = 5.0 and 10.0, the highest current Froude number U,F = 1.25
leads to counter-flow cases decaying more rapidly than their co-flow



S. Tahmooresi et al.

International Journal of Heat and Mass Transfer 270 (2026) 129203

Hy/D =25— UrF =0.25
LO0P Frp e
v -
0.75 R, 50
S b=
‘gﬁﬁ) “ééé&
- -H-- CO, F=15 (num) T
0.25 --¥-- CN, 5 (num)
-H-- CO, F=30 (num)
0.00 - CN, F=30 (num)
m Hy/D =25~ UrF =10 Hy/D =25— UrF =125
’ oo\ g g Yo
0.75 [} \\m A i:::v::bﬁ Y -
< O [ N
- v v q
%0,50 g Qg0 4 s v E g vy v D‘V@:vzﬁz_zﬁ_v vV v
SB[ - ~s8dgn -
BtgLlg- - =t - =
0250 0 o Fois (o) =R EEngRgaLy SRGEG R G EE 06 0]
VvV CN, F=15 (exp)
0.00 0 CO, F=30 (exp)
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

z*/F

z*/F

Fig. 6. Centerline concentration decay in all experimental and numerical scenarios for H,/D = 2.5 and x* < F. Legends are identical for all panels and are split
for clarity. p» turbulent horizontal dense jet in stagnant ambient with H,/D = 3.0 [66].

0.8] “B €O, F=15 (mm) Hy/D =25~ UrF =025
--¥-- CN, F=15 (num)
|| B CO, F=30 (num)
0.61 - N, F=30 (num)
4

Eicaa-aa- AR
WV v

€0, F=15 (exp)
CN, F=15
€O, F=30
CN, F=30

Hy/D=25— UrF =05

exp)

(
(
(exp)
(

<Oo<no

exp)

Pl T OO

EEEEDDDDDDD

g

Hy/D=25- UrF =125

7vvvvvvvvv

v v
v

v
AKX R =z
B ﬁ'&--— QEHE;

Fig. 7. Centerline concentration decay in all experimental and numerical scenarios for H,/D = 2.5 and x* > F. Legends are identical for all panels and are split
for clarity. p» turbulent horizontal dense jet in stagnant ambient with H;/D = 3.0 [66].

counterparts. In the least confined configuration, H0/D = 10.0 and for
F = 15, the counter-flow scenarios generally show a faster decay than
the corresponding co-flow cases in almost all U, F values. For F = 30,
this behavior is observed only when U, F > 1.0.

In the downstream region where x* > F (Figs. 7, 9, 11), as x*
increases, the influence of the densimetric Froude number diminishes,
while the role of the current Froude number U,F becomes more evi-
dent. In the most confined configuration, H,/D = 2.5, the counter-flow
cases with U, F > 1.0 exhibit the smallest decay rates. Under this regime
(characterized by strong confinement and strong ambient-flow effects),
the jet develops a recirculation zone and becomes unstable. This results
in a less decayed centerline concentration, compared to the co-flow
scenarios. This behavior is especially evident for the F = 15 scenarios
at this confinement ratio.

As the confinement weakens (i.e. with increasing H,/D), the rel-
ative influence of the counter-flow strengthens, and these cases tran-
sition to showing faster decay than their co-flow counterparts. While

the co-flow cases maintain nearly uniform decay rates across U, F,
the counter-flow scenarios increasingly favor the less confined con-
figurations, with higher U,F producing noticeably faster decay. This
behavior, which is accompanied by an out of plane oscillation, is
examined in greater detail in Section 5.

Figs. 12 and 13 compare the co-flow and counter-flow conditions
under different values of U,F and confinement ratios H,/D. The
datasets in each panel are colored by their confinement ratio. The
reference curves are from non-buoyant free [96] and wall jets [3]. In
general, the co-flow cases exhibit a more asymptotic decay pattern,
whereas the counter-flow cases show a sharper decline and stronger
sensitivity to the confinement. For both flow conditions, the decay
curves were divided into three regions, namely plateau, transitional,
and tail, based on their behavior at each value of U,F. Similar three-
segment fittings were performed for the cases with F 30. The
resulting decay coefficients for all scenarios expressed using C/C,
a-x*" are shown in Figs. 12 and 13. These data are further summarized
in Table 2.
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The extracted decay coefficients reveal three distinct behavioral
classes. The plateau region is essentially universal across all config-
urations, with exponents restricted to » = 0.16-0.26. In contrast,
the transitional zone exhibits clear regime dependence, forming three
clusters: mild decay (b = 0.60-0.67) dominated by co-flow jets, mod-
erate decay (b = 0.67-0.72) occurring across both flow types, and
strong decay (b = 0.75-0.80) characteristic of counter-flow jets with
large U, F. In the far-field tail, the solutions collapse again into two
families: a moderate-decay group (b = 0.50-0.63), mainly from F = 30
counter-flow and low-U,F cases, and a strong-decay group (b = 0.68-
0.80), comprising most F = 15 co-flow and high-U,F counter-flow
configurations.

Finally, Fig. 14 presents all experimental scenarios, colored by flow
type and grouped across the three confinement ratios. This figure marks
the global behavior of the jets under different co-flow and counter-flow
conditions. For F = 15, the counter-flow cases increasingly dominate
their co-flow counterparts as confinement intensifies. This effect is
clearly visible when comparing the top-left and bottom-left panels. A

10

similar trend appears for F = 30, although it becomes pronounced
only at higher U, F values. The figure also shows that for denser jets
(i.e., F = 15), mixing improves under weaker confinement and larger
current Froude numbers. In co-flow, the dilution develops in a more
monotonic manner. Conversely, counter-flow becomes increasingly ad-
verse to mixing in confined configurations (H,/D = 2.5 and 5.0 here).
From a practical perspective, these results indicate that ambient flow
direction and confinement can significantly alter dilution performance
in marine outfalls. Configurations that promote controlled interaction
with ambient currents may enhance mixing, while excessive confine-
ment or unfavorable alignment with the flow may reduce dilution
efficiency.

4.3. Cross-sectional profiles
Figs. 15, 16, and 17 present the cross-sectional profiles of the

normalized mass concentration at several downstream locations before
and after impingement.
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Table 2
Unified classification of decay exponents (b) and corresponding x*-ranges for the plateau, transitional, and tail segments.
Segment Class Xx* range b-range Interpretation
Plateau P 0-5 0.16-0.26 Universal weak decay; nearly flat profile,
insensitive to F, U,F, or flow type.
Transitional T1 5-15 0.60-0.67 Mild decay; mostly CO and CN at F = 30,
marking early-stage mixing growth.
T2 5-15 0.67-0.72 Intermediate decay; mixed CO/CN regimes,
associated with moderate U, F.
T3 5-15 0.75-0.80 Strong decay; CN dominated at F = 15,
Tail C1 15-60 0.50-0.63 Moderate far-field decay; CN dominated,
especially at F = 30.
C2 15-60 0.68-0.80 Strong far-field decay; persistent current effects,

typical of high U,F.

For the case Hy/D = 2.5 and U,.F = 1.25, in Fig. 15, the strong across all cross-sections. The proximity of the wall restricts vertical
confinement plays a dominant role in shaping the overall flow structure
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development, thereby moderating the differences between co-flow and
counter-flow configurations. Nevertheless, the influence of counter-
flow is still evident. In the pre-impingement region, particularly at
x* = 6, the counter-flow profiles exhibit a wider distribution compared
to the co-flow case, which remains close to the Gaussian shape. This

15. Data is colorized based on Hy/D. [ - -1: 6.97x7' [3]; [ - ‘I

indicates that the opposing ambient flow introduces asymmetry and en-
hanced spreading, although its development is limited by confinement.
After impingement, the distinction between the two cases becomes
more noticebale. The co-flow profiles tend to align with wall jet-like
behavior, whereas the counter-flow profiles deviate from the wall jet
similarity and appear more flattened. This behavior is attributed to

12
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Fig. 13. Experimental and numerical scenarios under four different counter-flow conditions and F = 15. Data is colorized based on H,/D. [ - -]: 6.97x7! [3];
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the combined effects of confinement and counter-flow, where the wall
attached dense layer interacts with the opposing ambient flow above it,
resulting in a broader vertical structure. In Fig. 16, with a larger offset
H,/D = 5.0 but the same U,F = 1.25, the counter-flow profiles again
fail to collapse onto wall jet similarity curves, suggesting that with
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increased confinement ratio, the counter-flow imprint is more signif-
icant. Meanwhile, the co-flow profiles continue to follow the Gaussian
form across all measured sections. Finally, in Fig. 17, for the case with
minimal confinement (H,/D = 10) and weaker current velocity (U,F =
0.50), the counter-flow influence is substantially diminished. Here,
the profiles for both co- and counter-flow scenarios converge more
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Fig. 14. Experimental co- and counter-flow scenarios in all configurations. © co-flow; A counter-flow.

closely and demonstrate improved agreement with canonical similarity
distributions, with the reduced influence of reverse flow direction. This
behavior is governed by the combined effects of the confinement ratio
H,/D, the current Froude number U, F, and the downstream evolution
of the jet. The weak confinement (H,/D = 10) allows the flow to
expand with minimal wall interference, while the moderate ambient
forcing (U.F = 0.50) is insufficient to sustain strong counter-flow-
induced asymmetry. Consequently, both flow configurations approach

a density current structure.
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5. Counter-flow instabilities

It is well established that jets issued into counter-flow conditions
exhibit enhanced mixing compared to their co-flow counterparts [77,
88,116]. This improvement is primarily attributed to the presence of
low-frequency oscillations, which induce off-axis motion and contribute
to greater lateral dispersion [77,80,81]. As a result, statistical mean
flow variables and their fluctuations tend to spread more significantly
across different realizations, spatial locations, and temporal averaging
intervals.
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Early insights into the flow dynamics of jets in counter-flow were
provided by [88], who applied POD to experimental velocity data
and identified two dominant modes of axial and radial oscillation
at a velocity ratio of « = 3.4. Their findings were later supported
by [117], who observed similar frequency peaks in the power spectra
of the concentration field’s centroid position. [82] applied POD to
experimental data from jet discharged into counter flow at « = 4, 10,
and 20, while in the present study are « = 12, 15, 20, and 30.

The following section focuses on dense jets discharged into counter-
flow scenarios, with particular attention to the characteristic flapping
behavior and its influence on mixing efficiency. Two representative
current Froude numbers are examined: U, F = 0.25, and 1.25.

Fig. 18 shows the least-confined configuration (H,/D = 10), where
the counter-flow jet exhibits a pronounced flapping motion charac-
terized by large-scale vertical and lateral oscillations of the jet core.
The instantaneous fields reveal alternating upward and downward
deflections and a highly unsteady, irregular mixing envelope that forms
and decays over time. This behavior reflects the susceptibility of an un-
confined dense jet in counter-flow to global instabilities, which amplify
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when the ambient momentum opposes the jet but is not constrained by
nearby boundaries.

In contrast, in the most-confined case (H,/D = 2.5) as shown
in Fig. 19, the bottom boundary suppresses the development of such
global oscillations. The jet remains attached to the lower wall for most
of its evolution, and the counter-flow interaction produces a more
stable recirculation region that forms farther downstream. The mix-
ing structure becomes vertically compact, and the large-scale flapping
observed in the unconfined case does not develop. This demonstrates
that confinement effectively damps the jet’s natural instability modes,
altering both the trajectory and the mixing pattern.

To quantify the flapping behavior observed in counter-flow sce-
narios, six representative cases were selected. These include the two
extreme current Froude numbers, U.F = 025 and U,F = 1.25,
combined with the smallest, medium, and largest confinement ratios,
H,/D =25, 5, and 10 to evaluate the interplay between counter-flow
strength and confinement on jet dynamics. The flapping behavior of the
jet in counter-flow was quantified by evaluating the root mean square
(RMS) of the centerline displacement amplitude at various streamwise
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locations x*:

23

(24)

This metric provides a direct measure of the extent of off-axis mo-
tion, with higher RMS values indicating stronger vertical deviations
and increased unsteadiness. Fig. 20 presents the distribution of RMS

16

amplitudes along the jet axis for the selected cases. As seen from the
figure, the case with H,/D = 10 and U, F = 1.25, stands out, compared
to the rest of the scenarios. Comes after that, is the case with H,/D =5
and the same current Froude number. It is interesting to note how
the confinement can curb the flapping behavior as the case with the
Hy/D = 2.5 and U,F = 1.25, does not show a very distinct variation
from their counterpart with the weakest current Froude number U, F =
0.25.

The interaction between confinement and counter-flow dynamics
was further investigated through spectral analysis of the centerline
displacement time series. This analysis, are presented in detail in Ap-
pendix A.2. Notably, for counter-flow scenarios with low confinement
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Fig. 19. General flow behavior in a counter-flow scenario with F =15, U,F = 1.25, and H,/D = 2.5 illustrating characteristic flapping and mixing development.
t % in each panel represents the non-dimensional time progress.This figure contains supplementary materials.
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(Hy/D = 10), a dominant low-frequency peak was observed in the
power spectral density (PSD), indicating the presence of quasi-periodic
flapping motion. This behavior aligns with the enhanced jet spreading
and mixing observed in the time-averaged concentration fields.

In contrast, strongly confined counter-flow cases (H,/D = 2.5) ex-
hibited broader PSD distributions with energy spread over multiple low
frequencies. This suggests intermittent flapping and mode switching,
likely driven by intensified wall interactions. For co-flow scenarios,
the spectral content shifted to higher frequencies, with patterns consis-
tent with convective instabilities such as vortex shedding, particularly
under weak confinement. For a complete discussion of the spectral
analysis and corresponding plots on the counter-flow jet oscillation, see
Appendix A.2.

These observations suggest that large-scale instabilities, such as flap-
ping in counter-flow conditions, may play a beneficial role in enhancing
mixing in environmental discharge systems. However, their sensitivity
to confinement highlights the importance of diffuser placement in
controlling both stability and dilution performance.

The counter-flow instability causes the jet to oscillate in a fully
three-dimensional flapping motion [89,117]. In a two-dimensional
measurement, however, only the in-plane evolution of the flow, includ-
ing the lateral flapping and the oscillatory behavior, can be captured.
Consequently, the jet development on the central plane does not
represent the complete picture of mixing, especially as the current
Froude number U, F increases and three-dimensional motions intensify.
To examine the redistribution of scalar mass occurring outside the
measurement plane, the planar scalar mass integral is defined as

y:jax * * £
C(x*,y")dy".
-

min

M(x*) = (25)

Tracking M along the streamwise direction and its derivative d M /dx*
provides a convenient means to infer the net scalar gain or loss within
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the measurement plane. When d M /dx* > 0, the plane accumulates
scalar mass downstream. If d M /dx* ~ 0, the scalar content remains
nearly constant. Conversely, d M /dx* < 0 indicates a net loss of
scalar from the plane, either through vertical entrainment or spanwise
dispersion driven by three-dimensional motions.

Fig. 21 (left) presents d M /dx* for the strongest and weakest counter-
flow conditions, U,F = 1.25 and 0.25, respectively, across the three
confinement ratios H,/D = 2.5, 5.0, and 10.0. As seen, the two cases
with U.F 1.25 and Hy/D 2.5 and 10.0 exhibit the largest
oscillations of mass loss and gain compared with the other cases.
For the most confined case H,/D = 2.5, a pronounced decrease in
dM /dx* occurs within x* ~ 22-33 before gradually returning toward
equilibrium near x* 60. This behavior suggests that the in- and
out-of-plane mass exchange is shifted further downstream, consistent
with the POD mode analysis (Fig. 27) that reveals a persistent spatial
mode extending well beyond the nozzle region. The combined effects
of wall proximity and opposing momentum appear to delay the onset
of cross-plane motion until a downstream distance.

In contrast, the case with identical U,F = 1.25 but weaker confine-
ment, Hy/D = 10, displays a comparable pattern that occurs earlier
along x*, reflecting freer jet expansion and earlier onset of three-
dimensional instability. Cases with U.F = 0.25 exhibit much smaller
variations in dM /dx*, as the counter-flow forcing is insufficient to
trigger pronounced oscillations. These weaker current cases also reach
a quasi-steady condition with d M /dx* ~ 0 sooner than their high-U,.F
counterparts. The case with Hy/D = 10.0 and U,F = 0.25 still shows
mild in-out-of-plane exchange but at a far lower intensity, illustrating
the combined influence of counter-flow instability and confinement on
three-dimensional mixing.

Classical integral measures such as the displacement and momen-
tum thickness [118] characterize shear layer development by inte-
grating normalized velocity profiles over the transverse direction. The
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displacement thickness,

© U
5% = 1—— ) dy,

represents the thickness of a uniform flow at velocity U, that car-
ries the same mass flow deficit as the actual boundary layer. The
momentum thickness,

©
9:/ L<1_2> .
0 Uoo Uoo

is an inertia-weighted analogue that quantifies the effective thickness
of the region responsible for momentum transport. In both cases, a non-
uniform profile is replaced by an equivalent uniform slab whose width
provides an integral measure of the layer’s development.

Following this established framework, one can define the parameter

-

as an integral scalar thickness. The quantity y represents the width of
a uniform concentration layer of unit value that contains the same in-
plane scalar mass as the true distribution. Unlike geometric measures
such as the half-width or mean scalar profile thickness [119], y in-
corporates the entire scalar profile and is therefore sensitive both to
lateral spreading within the measurement plane and to out of plane
scalar export associated with three-dimensional flapping in counter-
flow scenarios.

Fig. 21(right) shows the evolution of y(x*) for counter-flow cases
with strongest and weakest current Froude number U, F. In a stagnant
or weak co-flow configuration for a non-buoyant jet, y would increase
monotonically with downstream distance, analogous to the continuous
growth of displacement thickness in canonical shear flows. In contrast,
all counter-flow cases exhibit a non-monotonic behavior: y initially
increases as the scalar layer spreads within the measurement plane,
and subsequently decreases once scalar mass is transported out of the
plane by the onset of three-dimensional flapping. The location of this
increase-decrease transition depends strongly on both the confinement
ratio H,/D and the current Froude number U, F. The strongly confined
case (Hy/D = 2.5, U.F = 1.25) maintains an increasing y up to
x* =~ 30, indicating delayed destabilization due to wall suppression
of counter-flow flapping. Once confinement effects weakens, y drops
sharply. This reveals rapid scalar export from the measurement plane.
Under weaker confinement (H,/D = 10 at the same U, F), the rise and
subsequent decline in y occur much earlier which is consistent with
earlier transition to three-dimensional instability. Cases with lower U, F
exhibit same variations in y, but in a different pace.

(26)

27)

M(x*)
C,,(x*)

C(x*,y")
C,,(x*)

x(x*) = dy”, (28)

6. POD analysis

Proper orthogonal decomposition (POD) is a modal-decomposition
technique that extracts the most energetic coherent structures from an
ensemble of instantaneous velocity or scalar fields. It is particularly
effective for turbulent flows, as it identifies orthogonal (independent)

10.0; [J U,F = 1.25— Hy/D = 5.0; A U,F = 1.25 — Hy/D = 2.5;» U,F = 0.25 - H,/D =
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10.0; W

spatial modes and their associated temporal coefficients which repre-
sent dominant dynamics in the system (e.g., [76,120]). In this study,
the snapshot method, in which a series of instantaneous fields are
collected was used. The mean field is subtracted, and the resulting
fluctuating fields are assembled into a correlation (or covariance) ma-
trix. The eigenvectors of that matrix yield spatial POD modes and
their eigenvalues quantify the captured variance (energy) in each mode
(e.g.,[121,122]).

The snapshot POD method, introduced by [121], is suited for an-
alyzing large datasets with high spatial resolution and comparatively
fewer time instances. In this formulation, the scalar concentration field
c(x,t) is decomposed into a mean component and a fluctuating part:

c(x,1) = &(x) + ¢’ (x.,1) (29)

where ¢(x) is the time-averaged scalar concentration field, and ¢/(x, 1)
is the fluctuation.

Let c‘.’ (x) denote the ith snapshot of the fluctuation field, and assume
N available snapshots. The snapshot method constructs an N x N
correlation matrix:

C;; = (c/(x), c;(x)) = / ct.’(x)c;.(x) dx (30)
Q
Solving the eigenvalue problem,
Ca® = 3,a® (€20)]

yields the eigenvalues 4, (mode energy) and eigenvectors a¥). The
corresponding POD modes are then constructed as linear combinations
of the original snapshots:

RO Z ae(x) (32)
k i=1
Each fluctuating field can thus be reconstructed as:
N
dx.0 =) aP 0P ) (33)

k=1

where a¥(r) are the time coefficients projecting the snapshots onto
the spatial modes. These coefficients can be further analyzed in the
frequency domain (e.g., via FFT) to identify dominant behavior.

Figs. 22 and 23 present the first six POD modes for the counter-
flow and co-flow cases with U, F = 1.25 and H,/D = 10.0, respectively.
From Fig. 22, in the counter-flow scenario, the Mode 1 reveals a strong
anti-symmetric structure pair, indicative of a flapping instability that
deflects the jet centerline. The lower lobe appears more pronounced
than the upper one, due to the downward deflection tendency of
the dense jet. Mode 2 closely resembles Mode 1 but appears shifted,
which together with Mode 1 captures the oscillatory dynamics of the
jet flapping. Modes 3 and 6 are more spatially compact, suggesting
smaller-scale vortical activity associated with shear layer instabilities.
Mode 4 exhibits a broader structure with large-scale features on both
sides of the jet. Finally, Mode 5 shows minimal spatial gradients, which
can be attributed to background long time fluctuations unrelated to
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Fig. 22. First six spatial modes of a counter-flow scenario with U,F = 1.25 and H,/D = 10.0.

specific coherent structures. It should be noted that the interpretation is
not based solely on the spatial structure of the POD modes. It is further
supported by the spectral analysis presented in Appendix A.3

The spatial modes from the co-flow case, shown in Fig. 23, exhibit
different characteristics. Mode 1 presents two broad, vertical lobes on
either side of the jet, suggesting a slow vertical displacement of the
entire jet column rather than a coherent periodic flapping. Mode 2
marks the onset of alternating structures above and below the jet, which
resemble convective streaks that propagate downstream. These patterns
are aligned with shear layer dynamics as suggested by [123] that POD
modes in pair indicative of convected coherent structures. Modes 3 and
4 also display alternating signs and spatial distributions reminiscent
of Mode 1, further reinforcing the presence of large-scale vertical
deviations rather than sharp, periodic motion. Modes 5 and 6 exhibit
finer-scale alternating spatial structures compared to the lower-order
modes, with a larger number of lobes along the shear layer. Despite
this visual similarity, the temporal characteristics of these modes differ
markedly. As shown by the PSD analysis in Appendix A.3, Mode 5 is
associated with a very low dominant frequency, indicating that it does
not represent a convective shear layer instability but rather a slowly
varying or quasi-stationary structure. In contrast, Mode 6 combines
finer spatial scales with a higher dominant temporal frequency, making
it a stronger candidate for capturing convective type instabilities within
the shear layer.

To further evaluate the dynamical behavior of each POD temporal
mode a, (1), spectral characteristics were extracted using power spectral
density (PSD) analysis. Full methodological details and metric defini-
tions are provided in Appendix A.3. In the counter-flow configuration,
the first two modes exhibit dominant low-frequency content, capturing
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the large-scale flapping motion of the jet column with strong coherence
and energy localization. These modes form a characteristic global os-
cillation. In contrast, the corresponding modes in the co-flow scenario
display lower coherence and broader spectral content, suggesting a
suppression of flapping and the redistribution of energy across less
organized dynamics.

Higher-order modes further highlight differences between the two
flow regimes. In the counter-flow, intermediate modes exhibit nar-
rowband higher-frequency components linked to shear layer insta-
bilities. Meanwhile, in the co-flow case, these modes become more
dispersed, dominated by weaker, broadband features, or in some in-
stances, shifted to even higher frequencies associated with small-scale
periodic behavior.

These spectral distinctions reinforce that counter-flow encourages
large-scale, low-frequency jet oscillations, while co-flow promotes spa-
tially and temporally localized dynamics, driven by more stable shear
layer development.

Because the snapshot correlation matrix C;; is constructed from
inner products of the fluctuating scalar fields (Eq. (30)), its eigenvalues
quantify the variance (or fluctuation energy) associated with each
orthogonal direction in snapshot space. Consequently, the POD modes
are optimally ranked in decreasing energy, making them particularly
suitable for reduced order representation [122].

Fig. 24 compares the cumulative modal energy for the counter- and
co-flow cases. In the counter-flow configuration, the first two modes
alone contribute approximately 45% of the total fluctuating energy,
and the first 50 modes reach nearly 75%. This sharp concentration of
energy in a few leading modes is consistent with the strong, coherent
global oscillation imposed by the opposing ambient flow. In contrast,
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Fig. 23. First six spatial modes of a co-flow scenario with U,F =125 and H,/D = 10.0.

the co-flow case exhibits a much more gradual accumulation of modal
energy. The first 50 modes account for only about 35% of the total.
The broader energy distribution reflects weaker global organization of
the scalar field. Co-flow conditions disperse energy across a wider set
of spatial structures.

The quantitative distribution of modal energy is summarized in
Table 3. In the counter-flow case, a significant portion of the total
energy is concentrated in the leading modes, with the first two modes
capturing approximately 45% of the total energy and fewer than 50
modes accounting for nearly 80%. This indicates that the flow dynamics
are dominated by a small number of coherent structures, consistent
with the large-scale flapping motion observed in the instantaneous
fields and POD modes. In contrast, the co-flow case exhibits a much
more distributed energy spectrum, where the first two modes account
for only about 6% of the total energy, and several hundred modes are
required to capture the majority of the flow energy. This reflects a
more gradual energy cascade across modes, indicating that the flow
is governed by a broader range of smaller-scale structures rather than
a few dominant coherent motions. These results demonstrate that the
counter-flow configuration is characterized by energetically dominant
large-scale instabilities, whereas the co-flow case exhibits a more dif-
fuse and distributed turbulent structure. Consequently, the primary
flow dynamics in counter-flow can be effectively represented using a
limited number of modes, while a significantly larger number of modes
is required to reconstruct the co-flow dynamics.
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POD-based reconstruction is a powerful means of assessing how
efficiently dominant coherent structures represent the instantaneous
dynamics of a flow. By rebuilding snapshots using a truncated set
of modes, one can quantify the extent to which organized motions
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Table 3
Energy content of POD modes for the counter-flow (CN)
and co-flow (CO) cases at Fr = 15, U,F = 1.25, and

H,/D = 10.

Metric CN (&(0]
Mode 1 energy [%] 28.14 4.02
Modes 1-2 energy [%] 44.61 6.27
Modes 1-5 energy [%] 55.67 11.86
Modes 1-10 energy [%] 63.63 17.39
Modes 1-50 energy [%] 79.18 40.50
Modes 1-100 energy [%] 85.02 53.17
Modes 1-200 energy [%] 89.95 66.01
Modes for 50% energy 4 85
Modes for 75% energy 32 329
Modes for 90% energy 202 831
Modes for 95% energy 483 1217

govern scalar transport. Here, reconstructed concentration fields were
generated for both counter-flow and co-flow cases at Hy/D = 10.0,
U,F = 1.25, using 5, 50, and 200 number of modes (N,,,,.,). The results
are shown for counter-flow and co-flow in Figs. 25 and 26, respectively.
In the counter-flow scenario (Fig. 25), the reconstruction with only
five modes already reproduces the principal large-scale dipolar struc-
ture, including the characteristic upward high-concentration lobe and
the complementary low-concentration feature beneath. This indicates
that a small number of modes captures much of the scalar variance
with the dominance of global flapping motion. Adding more modes
progressively reveals intermediate scale entrainment and shear layer
contributions, while 200 modes replicate the fine scale instantaneous
field more accurately.
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In the co-flow as shown in Fig. 26, the truncated reconstructions
behave differently. With few modes, much of the jet structure is lost,
and only weak localized features remain. Even at 50 modes, the struc-
ture remains fragmented, and only with 200 modes the reconstruction
approaches the instantaneous field. These results demonstrate that
counter-flow dynamics are governed by a strong global mode. Thus,
low-order reconstructions to retain key features is applicable. Co-flow
dynamics, however, lack a dominant large-scale signature, requiring
many more modes to approximate the instantaneous state. This is in
consistence with the previously discussed eigenvalues associated wih
the POD modes as shown in Fig. 24.

To assess how proximity to the bed alters counter-flow behavior,
POD-based reconstructions were performed for the case with identical
current Froude number U,F = 1.25 but smallest confinement ratio
of Hy/D = 2.5. As seen from Fig. 27, similar to the low-confined
configuration, the first few modes capture the dominant flapping mo-
tion. However, the resulting large-scale structure remains more strongly
constrained to the near bed region, and the associated mixing is concen-
trated within a thinner jet envelope. Increasing the number of modes
progressively restores small-scale shear layer structures but the near-
wall confinement remains evident. These results indicate that reducing
H,/D suppresses the vertical flapping of the counter-flow jet and
enhances wall affected organization.

7. Evaluation of numerical modeling and sources of errors
7.1. Evaluation of numerical modeling

A systematic comparison between the numerical predictions and
their experimental counterparts was performed using the centerline
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Fig. 26. Reconstructed concentration field using 5, 50, and 200 modes in comparison with the original instantaneous at the same realization. Co-flow scenario:
U,F =1.25, H,/D = 10.0. Mean field is subtracted. This figure contains supplementary materials.

Fig. 27.
scenario: U, F = 1.25, H,/D = 2.5. Mean field is subtracted.

concentration decay across all confinement ratios, current Froude num-
bers, and both flow configurations (Figs. 6, 7, 8, 9, 10, and 11). The
numerical model successfully reproduces the global trends of the decay
process, including the relative ordering of co-flow and counter-flow
cases, the influence of U,F, and the transition between the plateau,
transitional, and tail regions (as described in Table 2). In particular,
in the upstream region (x* < F), where the jet momentum dominates,
the agreement between numerical and experimental results is generally
good across all configurations.

Despite this agreement in trends, the simulations consistently ex-
hibit a faster decay of centerline concentration compared to the ex-
periments. This discrepancy becomes more evident in the downstream
region (x* > F), where ambient effects and flow instabilities play a
more significant role. The overprediction of decay is especially evi-
dent in cases with higher current Froude numbers (U, F) and weaker
confinement, where counter-flow conditions induce strong unsteadiness
and three-dimensional mixing. In these scenarios, the numerical model
predicts a more rapid dilution than observed experimentally, suggesting
an overestimation of turbulent mixing and scalar diffusivity.

The discrepancy is further amplified in the least confined con-
figurations (H,/D = 10.0), where the experimental data indicate a
more gradual decay and partial persistence of concentration in the far
field. In contrast, the numerical results exhibit a more monotonic and
continuous decay, failing to capture the influence of large-scale coher-
ent structures associated with counter-flow instabilities. Conversely, in
strongly confined cases (H,/D = 2.5), the experiments reveal reduced
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Reconstructed concentration field using 5, 50, and 200 modes in comparison with the original instantaneous at the same realization. Counter-flow

decay rates and, in some cases, plateau-like behavior due to the forma-
tion of recirculation zones and stabilization due to the wall proximity.
The numerical model does not fully reproduce this behavior, instead
continuing to predict progressive dilution downstream. A quantitative
assessment of the centerline concentration decay was performed using
the root-mean-square error (RMSE) and bias between numerical and
experimental data, evaluated separately in the upstream (x*/F < 1)
and downstream (x*/F > 1) regions (Table 4). The RMSE is defined as

N
1 2
RMSE = 4| — z (Cexpi = Coumyi) - (34)
i=1
and the bias is defined as
|
Bias = — 3" (Corp = Coum) (35)
i=1

where C,,, and C,,, denote the experimental and numerical centerline
concentrations, respectively, and N is the number of points used in
the comparison. A positive bias indicates that the numerical model
underpredicts the concentration (i.e. over-predicts dilution), whereas a
negative bias indicates that the model over-predicts the concentration.

In the upstream region, the numerical results show moderate agree-
ment with the experimental data, with RMSE values typically in the
range of 0.05-0.15 and no consistent bias trend. In contrast, the down-
stream region exhibits systematically larger discrepancies, particularly
in counter-flow cases and at higher U, F, as explained before. The RMSE
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Fig. 28. Streamlines on the central x—y plane of the numerical cases with U,F = 1.25, F =15 in H,/D = 2.5 (top), and H,/D = 10.0, bottom. Both scenarios in

counter-flow condition.

increases up to ~ 0.20, and the bias is predominantly positive, indicat-
ing a consistent overprediction of concentration decay by the numerical
model. This behavior is more pronounced for weaker confinement
(H,/D = 10), where large-scale flapping and instability-driven mixing
dominate the flow dynamics.

Lastly, the use of the standard gradient diffusion hypothesis (SGDH)
for scalar transport in the RANS framework inherently links the pre-
dicted mixing to the choice of the turbulent Schmidt number Sc¢,. In
the present study, a value of S¢, = 0.7 was adopted, consistent with
commonly recommended values for turbulent round jets [124]. Increas-
ing Sc¢, would reduce the modeled turbulent diffusivity and therefore
decrease the overprediction of the concentration. However, numerical
experiments performed during this study indicated that larger Sc,
values, while capable of lowering the dilution, adversely affect the
accuracy of the jet trajectory and its geometrical evolution.

Fig. 28 shows the streamline fields extracted from the numerical
model for two cases with U,F = 1.25 and different confinement ratios
(Hy/D = 10, 2.5). The results confirm that the RANS solver can
qualitatively capture the global counter-flow behaviors in terms of the
location of the primary recirculation zone, and the interaction between
the jet and the opposing current.

A one-to-one comparison between all numerical and experimental
cases for F = 15 is presented in supplementary materials.

7.2. Sources of errors

Several factors contribute to the uncertainties and errors in the
experimental measurements. It should be noted that The experimental
dataset does not include direct velocity measurements. As a result, any
mismatch in the predicted entrainment or jet—current interaction is
reflected in the scalar field.

The jet flow rate was controlled using an Omega rotameter (model
FL46300), with a manufacturer-specified accuracy of +5%. Since the
instrument was operated with a saline solution denser than the calibra-
tion fluid, it was independently calibrated against a reference flowme-
ter (Transonic 400-series with TS410 tubing module), with additional
verification through volumetric measurements. A calibration curve was
established to relate the measured and actual flow rates. Furthermore,
a single jet flow rate was maintained throughout all experiments, and
the control valve was not adjusted once the desired flow condition was
reached, ensuring consistent inlet conditions. The ambient velocity U,
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was determined from the discharge measured using a rectangular weir,
which depends on the estimation of the discharge coefficient C,, the
weir width L, and the head over the weir H. The uncertainty in U,
was estimated to be between 1.0% and 4%, based on comparison with
velocity profiles measured using particle image velocimetry (PIV) in
the same facility by [125]. Overall, the uncertainty in the experimental
conditions is primarily associated with the estimation of the ambient
velocity and, to a lesser extent, the jet flow rate.

8. Conclusion

This study presented an experimental and numerical investigation
of offset dense jets under co-flow and counter-flow conditions across
a range of confinement ratios. The key findings are summarized as
follows:

» Ambient flow direction fundamentally alters the mixing behav-
ior. Co-flow promotes smooth and monotonic dilution with rel-
atively stable centerline trajectories, whereas counter-flow in-
duces strong unsteadiness and low-frequency oscillatory behavior,
particularly under weak confinement.

Confinement modulates the development of instabilities and mix-
ing. At strong confinement (H,/D = 2.5), the counter-flow jet
forms a recirculation zone that suppresses flapping, delays lateral
spreading, and reduces downstream dilution. In contrast, weak
confinement (H,/D = 10) allows the development of large-scale
oscillations that enhance entrainment and accelerate centerline
decay.

The POD analysis reveals a fundamental difference in flow organi-
zation between counter-flow and co-flow conditions. In counter-
flow, a significant portion of the flow energy is concentrated in
the leading modes, indicating that the dynamics are governed by
a small number of large-scale coherent structures associated with
flapping motion. In contrast, the co-flow cases exhibit a more
distributed energy spectrum, with energy spread across higher-
order modes, reflecting weaker coherence and a more gradual
mixing process.

Instability-driven oscillations in counter-flow enhance entrain-
ment and three-dimensional scalar transport, leading to faster
dilution under weak confinement. Conversely, strong confinement
suppresses these mechanisms and delays mixing, resulting in
reduced dilution efficiency.
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Quantitative error metrics for the centerline concentration decay. RMSE and bias are reported for upstream (x*/F < 1) and downstream

(x*/F > 1) regions.

H,/D U.F Flow F RMSE (up) Bias (up) RMSE (down) Bias (down)
2.5 0.25 CN 15.0 0.079 0.042 0.056 0.016
2.5 0.25 CN 30.0 0.167 0.121 0.088 0.075
2.5 0.25 Cco 15.0 0.102 —0.056 0.098 0.063
2.5 0.25 Cco 30.0 0.077 0.048 0.109 -0.09
2.5 0.5 CN 15.0 0.124 0.089 0.088 0.076
2.5 0.5 CN 30.0 0.103 0.074 0.03 —0.004
2.5 0.5 Cco 15.0 0.104 -0.072 0.073 0.036
2.5 0.5 Cco 30.0 0.083 0.034 0.066 —-0.032
2.5 1.0 CN 15.0 0.097 0.01 0.165 0.144
2.5 1.0 co 15.0 0.082 —0.044 0.083 0.071
2.5 1.0 Cco 30.0 0.059 -0.011 0.066 -0.05
2.5 1.25 CN 15.0 0.116 0.074 0.213 0.058
2.5 1.25 CN 30.0 0.152 0.084 0.107 0.059
2.5 1.25 Cco 15.0 0.156 -0.136 0.047 0.003
2.5 1.25 Cco 30.0 0.069 —-0.028 0.062 —-0.053
5.0 0.25 CN 15.0 0.084 0.022 0.062 0.048
5.0 0.25 CN 30.0 0.115 0.068 0.088 0.067
5.0 0.25 Cco 15.0 0.074 0.018 0.083 0.033
5.0 0.25 co 30.0 0.167 0.132 0.063 0.034
5.0 0.5 CN 15.0 0.09 0.035 0.061 0.031
5.0 0.5 CN 30.0 0.1 0.044 0.079 0.057
5.0 0.5 CcOo 15.0 0.079 -0.05 0.076 0.062
5.0 0.5 Cco 30.0 0.124 -0.104 0.104 -0.101
5.0 1.0 CN 15.0 0.099 0.042 0.203 0.178
5.0 1.0 CN 30.0 0.154 0.122 0.14 0.128
5.0 1.0 co 15.0 0.103 -0.077 0.058 0.052
5.0 1.0 Cco 30.0 0.122 0.107 0.046 -0.036
5.0 1.25 CN 15.0 0.036 -0.016 0.104 0.015
5.0 1.25 CN 30.0 0.111 0.049 0.114 0.064
5.0 1.25 Cco 15.0 0.084 -0.039 0.051 0.046
5.0 1.25 Cco 30.0 0.127 0.083 0.054 0.034
10.0 0.25 CN 15.0 0.083 0.014 0.148 0.138
10.0 0.25 CN 30.0 0.11 0.063 0.107 0.101
10.0 0.25 Cco 15.0 0.148 0.1 0.131 0.082
10.0 0.25 co 30.0 0.051 —0.016 0.074 —0.069
10.0 0.5 CN 15.0 0.094 —-0.088 0.052 0.033
10.0 0.5 CN 30.0 0.122 0.082 0.116 0.11
10.0 0.5 CcO 15.0 0.095 —0.053 0.077 0.07
10.0 0.5 Cco 30.0 0.06 0.04 0.044 -0.011
10.0 1.0 CN 15.0 0.101 -0.073 0.104 0.021
10.0 1.0 CN 30.0 0.068 0.033 0.093 0.075
10.0 1.0 co 15.0 0.112 —0.084 0.042 0.024
10.0 1.0 Cco 30.0 0.109 0.063 0.069 0.052
10.0 1.25 CN 15.0 0.191 0.17 0.108 0.017
10.0 1.25 CN 30.0 0.063 0.02 0.072 —0.038
10.0 1.25 Cco 15.0 0.096 0.042 0.121 0.1

» The numerical simulations reproduced the overall flow structure,
including trajectory, curvature, and interaction with the ambient
current, as confirmed by streamline comparisons. However, the
model systematically over-predicts dilution, particularly at higher
U, F, due to limitations in scalar transport modeling.

The observed differences between numerical and experimental re-
sults are primarily attributed to the sensitivity of scalar transport
to the turbulent Schmidt number in the SGDH model, the absence
of experimental velocity data for calibration, and uncertainties in
the experimental conditions.

From an engineering perspective, the results highlight the im-
portance of accounting for ambient flow direction, confinement,
and buoyancy in the design of marine outfalls. Counter-flow
conditions combined with weak confinement can enhance mixing
through instability-driven mechanisms, whereas strong confine-
ment may suppress these effects and delay dilution.
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Mesh configurations (M1-M3) used in the mesh-independence analysis for U, F = 1.25 and H,/D = 2.5, 5, 10. The region of
interest (ROI) is defined as —10 < x* <40, —H,/D < y* < 10, and —10 < z* < 10.

Mesh ROI Spacing (dx,dy,dz)

ROI Grading (x, y, z) Outer Y,Z Grading

M1 (Medium)
M2 (Coarse)

(D/4, D/4, D/4)
(D/2, D/4, D/4)
dx=D/4,

J D/8, —H,/D<y/D<0,
y=
D/4, 0<y/D <10,

dz=D/4

M3 (Fine)

(1, 1, 1.025)
(1, 1, 1.025)

1.15
1.15

11,1 1.15
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Appendix A

A.1. Mesh independency study

Table 5 summarizes the three meshes (M1-M3) used in the mesh-
independence analysis. The refinement strategies differ only within the
region of interest (ROI), defined as —10 < x* < 40, —H,/D < y* < 10,
and —10 < z* < 10, which encloses the near-field dynamics of the
dense jet and the region where momentum, buoyancy, and recirculation
interact most strongly (Fig. A.1). Mesh M1 represents the medium
resolution and employs uniform spacing of D/4 in all three directions
with a mild spanwise stretching (grading of 1.025 in the z direction).
Mesh M2 is coarser in the streamwise direction (dx = D/2) while
maintaining the same vertical and spanwise spacings as M1, resulting in
reduced resolution primarily along the jet axis. Mesh M3 provides the
finest resolution, incorporating an increased vertical refinement near
the bottom wall (dy = D/8 for —Hy,/D < y/D < 0), where shear
production and densimetric effects are most important, and uniform
spacing above the jet centerline. Outside the ROIL all meshes use
identical grading in the vertical and spanwise directions (grading factor
1.15). The streamwise mesh outside the ROI transitions smoothly from
D/2 to 2D. All three meshes were constructed to satisfy the requirement
y+ < 10-11 on solid boundaries, to be compatible with OpenFOAM wall
function implementations for wall treatment in nutLowReWallFunction,
kLowReWallfunction, and omegaWallFunction. Mesh-independence was
evaluated for the most demanding condition, U.F = 1.25, for all
confinement ratios (Hy/D = 2.5, 5, 10) and for both co-flow and
counter-flow configurations.

Fig. A.2 present sample results from the three investigated meshes
for centerline trajectory y*, the concentration decay C,,/C,, and the
wall normal resolution y* for cases with H,/D = 10.0 and 2.5. The
median mesh M1 and the fine mesh M3 show very similar performance
in predicting the trajectory. For the concentration decay, only marginal
difference are observed among the meshes for the cases shown. All
three meshes maintain y* < 10 — 11. Considering these results across
both flow types and all confinement ratios, and for the current Froude
number U,F = 1.25, the medium mesh M1 was selected for the
remaining 48 numerical scenarios.

A.2. Frequency domain analysis of the centerline displacement

To quantify the dominant oscillation frequencies of the jet flapping
motion, the temporal variation of the jet centerline position y’(r) was
analyzed in the frequency domain. The power spectral density (PSD)
of the signal was computed using the fast Fourier transform (FFT),
expressed as
EN U el fy

PSD(f) = (36)

<
N7,
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where f is the frequency in Hertz, f, is the sampling frequency, and
N is the number of the temporal samples. The PSD represents the
distribution of the variance (energy) of the signal as a function of
frequency. PSDs were computed for the centerline displacement signals
at selected non-dimensional streamwise stations x*. To facilitate cross-
section comparison within each case, spectra were normalized by their
global peak:

PSD(f)

PSD=—>""17
max(PSD(f))
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The interplay between confinement and counter-flow dynamics was
further examined through spectral analysis of the centerline position
time series, where jet mixing and evolution are commonly assessed.
By applying FFT to the time-domain data of vertical displacements at
multiple streamwise positions, the frequency content of the jet motion
was extracted. The resulting power spectral density (PSD) quantifies
how the variance (energy) of the signal is distributed over frequency.
This offers insights into dominant oscillatory behaviors.

Fig. A.3 presents normalized PSDs for four selected cases with
Hy/D = 10 and 2.5, under both co- and counter-flow conditions at
U.F = 1.25. In the counter-flow case with low confinement (H,/D =
10), a dominant low-frequency peak emerges at approximately f
0.1-0.3 Hz, particularly prominent from x* = 8 to 16, indicating a
quasi-periodic flapping behavior. The narrow bandwidth of this peak
suggests a coherent instability mechanism, likely related to shear layer
development. Notably, this corresponds with the location of maximum
concentration decay observed in the average concentration field. The
weak confinement in this case allows the shear layer to evolve relatively
unimpeded.

Conversely, the counter-flow case with strong confinement (H,/D =
2.5) exhibits a broader spectrum, with energy distributed across mul-
tiple low-frequency peaks ranging from f = 0.2 to 1.0 Hz. Here,
confinement restricts vertical motion and amplifies interactions with
the wall and background flow, dispersing the energy across a range
of modes. This spectral signature is consistent with intermittent flap-
ping and potential mode switching between wall-driven and shear
layer-dominated dynamics.

In contrast, co-flow scenarios exhibit distinct spectral characteris-
tics. At low confinement (H,,/D = 10), higher frequency peaks emerge,
typically in the range of f = 1.0-1.5 Hz, often accompanied by multiple
harmonics. These indicate convective instabilities associated with peri-
odic vortex shedding or pairing events, rather than large-scale flapping.
The co-flow case with higher confinement (H,/D = 2.5) shows irregular
harmonic amplitudes, suggesting disruption of coherent structures due
to the proximity of the wall.

A.3. Frequency domain analysis of POD modes

To quantify the spectral behavior of POD temporal coefficients a, (1),
their PSD were computed using FFT. From the PSDs, the following
metrics were extracted:
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Fig. A.1. Mesh overview in y — z plane. The three-dimensional mesh grids were built by extruding the y — z plane in backward (-200D) and forward (+200D)

directions with various progression rates.

() Band energy fraction. Let fg,, be the dominant frequency corre-
sponding to the maximum of P, (f). The band energy fraction represents
the fraction of the total spectral energy that is contained within a
narrow frequency band Af centered at fy,.:

fd0m+Af

P.(Hdf
Saom—ASf

fmax
/0 P(Hdf

(Ti) Quality factor. The quality factor (or sharpness of the spectral peak)
quantifies the coherence of the dominant oscillation. The full width
at half maximum (FWHM) of the dominant peak is defined as the
frequency interval between f; and fy such that P.(f;) = P.(fr) =
%P,c( f4om)- The quality factor is then given by

Mband = (38)

f dom

fR=J1

(Iii) Prominence. The prominence describes how strongly the dominant

spectral peak stands out relative to the surrounding broadband back-

ground. Let Py = P(f4om) denote the amplitude of the dominant peak,

and let P,, represent a background level, defined here as the median

spectral power outside the +4f neighborhood of f,,,,. The prominence

is expressed as
Ppk

B Pbg'

OrwHMm = 39

(40)

From Fig. A.4 and Table 6, for the counter-flow case, Modes 1-2
exhibit nearly identical frequencies (fy,, ~ 0.14 Hz) with very high
band energy fractions (0.96 and 0.93) and moderate sharpness (Q ~ 5.5
and 3.7). These two modes form a pair representing the global flapping
motion of the jet column. In contrast, in the co-flow case, the first two
modes show much lower dominant frequencies (fg,,, ~ 0.012-0.40 Hz)
with smaller Q values (Q ~ 1-16) and reduced band energy fractions
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(0.78 and 0.59), indicating that the co-flow redistributes energy toward
broader, less coherent motions.

Mode 3 in the counter-flow case shows a higher-frequency nar-
rowband component (fy,, ~ 0.24 Hz, O ~ 9.5, band fraction 0.66),
characteristic of coherent shear layer oscillations. The co-flow coun-
terpart exhibits a lower f4,, ~ 0.025 Hz and a broad peak (Q ~ 1.0,
band fraction 0.71), suggesting slow modulations or residual unsteady
motion rather than a distinct convective tone. Mode 4 in both cases
lies near fy,, ~ 0.01-0.11 Hz, with O ~ 4-1 and comparable energy
fractions (0.62-0.50), representing low-frequency meandering or am-
plitude modulation of the main structure. Mode 5 remains broadband
and weakly coherent in both flows (fy,, =~ 0.05 Hz, O ~ 1.3-0.5),
capturing slow drift or long-time intermittency. Finally, Mode 6 in the
counter-flow exhibits a higher-frequency narrowband response (fy,, &
0.36 Hz, O =~ 9.7, band 0.46), associated with organized shear layer
activity or vortex pairing, whereas in the co-flow it shifts to fy,, =~
0.86 Hz with a very high O ~ 34.5, implying enhanced small-scale
periodicity induced by the stabilizing ambient flow.

Higher-order modes further highlight differences between the two
flow regimes. In the counter-flow, intermediate modes exhibit nar-
rowband higher-frequency components linked to shear layer insta-
bilities. Meanwhile, in the co-flow case, these modes become more
dispersed, dominated by weaker, broadband features, or in some in-
stances, shifted to even higher frequencies associated with small-scale
periodic behavior.

It can be concluded that the counter-flow configuration concentrates
most of its energy in the low-frequency, large-scale flapping doublet,
while the co-flow condition weakens these global oscillations and pro-
motes higher-frequency, spatially localized shear layer dynamics with
sharper spectral signatures (see Table 7).

Appendix B. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.ijheatmasstransfer.2026.129203.
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Fig. A.2. Mesh performance across three meshes M1 — M3. Top-left: trajectory for H,/D = 10 in counter-flow; Top-right: Concentration decay for H,/D = 10 in
co-flow; Bottom-left: y* for H,/D = 2.5 in counter-flow; Bottom-right: y* for H,/D = 2.5 in co-flow.
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Fig. A.4. PSD analysis of the first six modes in counter flow (left) and co-flow (right) scenarios with U,F = 1.25, H,/D = 10.0, F = 15.

Table 6
Counter-flow: POD spectral metrics for modes 1-50 (F = 15 - U,F = 125 —
H,/D = 10).
Mode Saom [Hz] Band energy fraction OFwHM Prominence
1 0.14 x 10° 0.96 x 10° 5.50 x 10° 6.95 x 10*
2 0.14x10° 0.93 x 10° 3.67 x 10° 6.18 x 10*
3 0.24 x 10° 0.66 x 10° 9.50 x 10° 6.09 x 10°
4 0.11 x 10° 0.51 x 10° 4.50 x 10° 1.61 x 10*
5  0.05x10° 0.68 x 10° 1.33x 10° 3.02 x 10*
6 0.36 x 10° 0.46 x 10° 9.67 x 10° 4.85 % 10°
7 0.05 x 10° 0.41 x 10° 1.33x 10° 6.83 x 10°
8 0.04 x 10° 0.68 x 10° 1.50 x 10° 1.31x 10*
9 0.65 x 10° 0.31x 10° 17.33 x 10° 9.65 x 107
10 041x10° 0.28 x 10° 16.50 x 10° 1.56 x 10°
11 0.24 x 10° 0.37 x 10° 6.33 % 10° 1.96 x 10°
12 0.04 x 10° 0.21 x 10° 1.00 x 10° 1.01 x 10°
13 0.24 x 10° 0.39 x 10° 4.75 x 100 2.03 x 10°
14 0.25 x 10° 0.38 x 10° 10.00 x 10° 7.61 x 10%
15 0.25 x 10° 0.29 x 10° 6.67 x 10° 4.62 x 10*
16 0.07 x 10° 0.22 x 10° 2.00 x 10° 4.72 x 10*
17 0.19 x 10° 0.36 x 10° 5.00 x 10° 7.61 x 107
18 0.25 x 10° 0.20 x 10° 10.00 x 10° 8.29 x 10!
19 0.32x 10° 0.35x 10° 13.00 x 10° 1.09 x 10°
20 0.70 x 10° 0.25 x 10° 28.00 x 10° 1.04 x 10°
21 0.52 x 10° 0.24 x 10° 10.50 x 10° 2.10 x 10?
22 0.17 x 10° 0.33 x 10° 4.67 % 10° 233 x 10?
23 0.22 x 10° 0.25 x 10° 4.50 x 10° 7.54 % 10!
24 0.11 x 10° 0.26 x 10° 4.50 x 10° 2.35x 107
25 0.26 x 10° 0.22 x 10° 7.00 x 10° 9.06 x 10!
26 0.02 x 10° 0.16 x 10° 1.00 x 10° 1.11 x 10?
27 0.51 % 10° 0.25 x 10° 20.50 x 10° 3.19 x 10?
28 0.01 x 10° 0.21 x 10° 1.00 x 10° 1.75 x 10*
29 0.17x10° 0.31 % 10° 2.80 x 10° 2.28 x 10
30 0.19 x 10° 0.27 x 10° 7.50 x 10° 1.66 x 10%
31 0.25 x 10° 0.23 x 10° 6.67 x 10° 5.05 x 10!
32 0.29 x 10° 0.21 x 10° 7.67 x 10° 1.12 x 107
33 0.67x10° 0.16 x 10° 7.71 x 10° 4.87 x 10!
34 0.30 x 10° 0.13 x 10° 8.00 x 10° 3.87x 10!
35 0.09 x 10° 0.18 x 10° 1.75 x 10° 9.55x 10!
36 0.36 x 10° 0.29 x 10° 9.67 x 10° 2.21 x 107
37 0.01x10° 0.09 x 10° 1.00 x 10° 5.93 x 10!
38 0.56 x 10° 0.17 x 10° 22.50 x 10° 2.58 x 10?
39 0.37 x 10° 0.23 x 10° 10.00 x 10° 1.24 x 10%
40 0.02 x 10° 0.12 x 10° 1.00 x 10° 6.46 x 10!
41 0.01 x 10° 0.17 x 10° 1.00 x 10° 1.63 x 10?
42 0.70 x 10° 0.14 x 10° 28.00 x 10° 5.41x 10!
43 0.97 x 10° 0.13 x 10° 39.00 x 10° 6.29 x 10!
44 0.06 x 10° 0.16 x 10° 0.71 x 10° 1.47 x 10*
45 0.36 x 10° 0.22 x 10° 9.67 x 10° 6.06 x 10!
46 0.07 x 10° 0.25 x 10° 2.00 x 10° 1.79 x 10?
47 1.26 x 10° 0.13x 10° 50.50 x 10° 8.90 x 10!
48 0.55 x 10° 0.18 x 10° 22.00 x 10° 6.30 x 10!
49 0.01 x 10° 0.12 x 10° 0.50 x 10° 4.55x% 10!
50 0.27 x 10° 0.14 x 10° 11.00 x 10° 6.69 x 10!
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Table 7
Co-flow: POD spectral metrics for modes 1-50 (F = 15—-U,F = 1.25— H,/D = 10).
Mode  f4, [Hzl ~ Band energy fraction [ Prominence

0.01 x 10° 0.78 x 10° 1.00 x 10° 1.55x 10*

2 0.40 x 10° 0.59 x 10° 16.00 x 10° 2.78 x 10°
3 0.02 x 10° 0.71 x 10° 1.00 x 10° 1.11 x 10°
4 0.01 x 10° 0.62 x 10° 1.00 x 10° 1.93 x 10°
5  001x10° 0.25 x 10° 0.50 x 10° 4.97 x 10°
6 0.86 x 10° 0.42 x 10° 34.50 x 10° 7.75 x 10°
7 2.10 x 10° 0.24 x 10° 33.60 x 10° 9.79 x 10*
8 2.34 % 10° 0.23 x 10° 46.75 x 10° 1.56 x 10°
9 0.94 x 10° 0.25 x 10° 25.00 x 10° 1.62 x 10°
10 4.05 % 10° 0.14 x 10° 162.00 x 10° 1.76 x 10?
11 2.46 x 10° 0.11 x 10° 49.25 % 10° 1.70 x 10?
12 1.51 x 100 0.16 x 10° 40.33 x 10° 5.59 x 10?
13 0.31 x 10° 0.29 x 10° 8.33 x 10° 2.09 x 10°
14 0.32 x 10° 0.23 x 10° 8.67 x 10° 4.51 x 10*
15 2.46 x 10° 0.17 x 10° 65.67 x 10° 1.45 % 10%
16 2.67 x 10° 0.13 x 10° 71.33 x 10° 8.41 x 10!
17 1.80 x 10° 0.08 x 10° 48.00 x 10° 2.64 x 10!
18 1.50 x 10° 0.15x 10° 40.00 x 10° 9.72 x 10!
19 0.24 x 10° 0.27 x 10° 4.75 x 10° 2.11 x 10?
20 0.32 x 10° 0.15x 10° 5.20 x 10° 1.11 x 10?
21 6.82x10° 0.06 x 10° 182.00 x 10° 1.76 x 10!
22 6.82 x 10° 0.07 x 10° 182.00 x 10° 1.79 x 10!
23 1.49 x 10° 0.14 x 10° 23.80 x 10° 7.08 x 10!
24 1.32x 10° 0.04 x 10° 3533 x 10° 1.52 x 10!
25 4.50 x 10° 0.09 x 10° 120.00 x 10° 2.52x 10!
26 1.49 x 10° 0.12 x 10° 39.67 x 10° 5.00 x 10!
27 0.26 x 10° 0.16 x 10° 10.50 x 10° 9.73 x 10!
28 0.35x 10° 0.16 x 10° 9.33 x 10° 1.58 x 10?
29 1.51 x 10° 0.04 x 10° 60.50 x 10° 8.48 x 10°
30 0.05 x 10° 0.03 x 10° 1.33x 10° 1.12 x 10!
31 4.37x 100 0.06 x 10° 175.00 x 10° 2.12x 10!
32 4.37 % 10° 0.07 x 10° 175.00 x 10° 2.78 x 10!
33 0.81 x 10° 0.13 x 10° 32.50 x 10° 4.37x 10!
34 0.06 x 10° 0.07 x 10° 1.67 x 10° 3.51x 10!
35 2.96 x 10° 0.06 x 10° 79.00 x 10° 1.65 x 10!
36 1.51x10° 0.11 x 10° 60.50 x 10° 6.63 x 10!
37 1.50 x 10° 0.05 x 10° 60.00 x 10° 1.38 x 10!
38 8.42 x 10° 0.04 x 10° 224.67 x 10° 1.46 x 10!
39 4.37 % 10° 0.05 x 10° 116.67 x 10° 1.56 x 10!
40 0.10 x 10° 0.12 x 10° 2.67 x 10° 5.71x 10!
41 3.15x 10° 0.09 x 10° 84.00 x 10° 1.90 x 10!
42 0.10 x 10° 0.06 x 10° 2.67 x 10° 1.95x 10!
43 4.25x 100 0.07 x 10° 85.00 x 10° 1.22x 10!
44 3.19x10° 0.12 % 10° 127.50 x 10° 3.15x 10!
45 3.91 x 10° 0.05 x 10° 104.33 x 10° 2.56 x 10!
46 4.70 x 10° 0.06 x 10° 125.33 x 10° 3.92 x 10!
47 4.39 x 10° 0.05 x 10° 117.00 x 10° 1.04 x 10!
48 0.35x 10° 0.11 x 10° 7.00 x 10° 3.67 x 10!
49 3.91 x 10° 0.08 x 10° 156.50 x 10° 4.14 x 10!
50 1.36 x 10° 0.09 x 10° 27.25 x 10° 2.30 x 10!

Data availability [10] E. Vishnuvardhanarao, Manab Kumar Das, Conjugate heat transfer study of

The experimental data and the in-house developed post-processing
code are available upon request from the corresponding author.
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