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a b s t r a c t

Turbulent jet discharges in subcooled water pools are essential for safety systems in nuclear power
plants, specifically in the pressure suppression pool of boiling water reactors and In-containment
Refueling Water Storage Tank of advanced pressurized water reactors. The gas and liquid flow in these
systems is investigated using multiphase flow analysis. This field has been extensively examined using a
combination of experiments, theoretical models, and Computational Fluid Dynamics (CFD) simulations.
ANSYS CFX offers two approaches to model multiphase flow behavior. The non-homogeneous Eulerian-
Eulerian Model has been used in this work; it computes global information and is more convenient to
study interpenetrated fluids. This study utilized the Large Eddy Simulation Model as the turbulence
model, as it is better suited for non-stationary and buoyant flows. The CFD results of this study were
validated with experimental data and theoretical results previously obtained. The figures of merit
dimensionless penetration length and the dimensionless buoyancy length show good agreement with
the experimental measurements. Correlations for these variables were obtained as a function of
dimensionless numbers to give generality using only initial boundary conditions. CFD numerical model
developed in this research has the capability to simulate the behavior of non-condensable gases dis-
charged in water.
© 2023 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The behavior of turbulent jets discharged in pools of subcooled
water is of great interest for many industrial applications. These
discharges can be of pure steam, pure non-condensable gases (NC)
or mixtures of non-condensable gases and steam. Nozzles, spargers
and injectors are commonly used as means of discharge. In the
nuclear industry, the behavior of these jets plays a crucial role in the
design of the safety systems incorporated into nuclear power
plants. Several types of Light Water Reactors use the Direct Contact
Condensation (DCC) mechanism by discharging the steam and NC
gases into large pools of subcooled water. In this way, the subcooled
pool absorbs the enthalpy excess liberated from the primary sys-
tem, contributing to their depressurization. The main objective of
DCC is to prevent containment pressurization and to enable pri-
mary system depressurization to allow the safety injection systems
C�ordova), dablade@upv.es
v.es (C. Berna), jlcobos@iqn.

riv�a).

by Elsevier Korea LLC. This is an
to act. This is a crucial part of the reactor safety design with the
ultimate goal of preventing the release of radioactive fission
products to the environment [1,2].

The Pressure Suppression Pool (PSP) of Boiling Water Reactors
(BWR) has a dual function. During normal operation, it condenses
steam injected through the multi-hole injection of the automatic
depressurization system (ADS) or through large diameter blow-
down pipes during Loss Of Coolant Accidents (LOCAs) [3]. Addi-
tionally, if the PSP is unable to perform its function, the lower
containment volume may result in its rapid pressurization and,
ultimately, its failure or venting to the atmosphere. Furthermore,
PSP acts as a source of water for the Emergency Core Cooling Sys-
tem (ECCS), containment spray, and as a scrubber to clean up
radioactive aerosols in the event of a core damage accident [4].

The In-Containment Refueling Water Storage Tank (IRWST) of
Advanced Pressurized Water Reactors (APWRs) of Westinghouse
performs similar functions as the PSP in the BWRs [5]. Upon acti-
vation of the Pilot-Operated Safety Relief Valve (POSRV), the water,
air, and steam in the Safety Depressurization/Vent System (SDVS)
discharge line are released sequentially into the IRWST [6]. The pool
design must consider the thermohydraulic behavior of these
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discharges (i.e., penetration and buoyancy lengths of the jet, exis-
tence of stratification, etc.).

In fluid mechanics, the flow of more than one fluid phase in a
system is known as multiphase flow. In the case of a gas discharge
in water, the type of multiphase flow is gas-liquid flow. Engineers
and scientists use different approaches to study multiphase flow,
including experiments, and analytical and computational tools. In
recent years, the Computational Fluid Dynamics technique (CFD),
validated by available experimental data, has also been used to
simulate the multiphase flow and heat transfer characteristics
produced when discharging steam/NC jets in subcooled water
pools. Numerous researchers have extensively addressed this area
of research through experiments, theoretical models and CFD
simulations, which has expanded the existing databases [7].

In the experimental part, horizontal, vertical, and even inclined
gas jet discharges have been investigated. Within the horizontal
jets there are pure jets (non-buoyant jets) and buoyant jets. When
dealing with pure non-buoyant jets, the density of the jet fluid and
the surrounding ambient fluid become quite similar once the jet
fluid has condensed. As a result, only the momentum force would
be present. Buoyant jets occur when a low-density fluid is dis-
charged at high velocity (significant momentum) through an orifice
into a higher-density fluid. Initially, the momentum force (jet)
dominates, but as it loses kinetic energy due to friction with the
surrounding liquid and momentum transfer by condensation, the
buoyancy force (plume) will dominate [8,9].

Upon leaving the nozzle, several regions can be distinguished in
the buoyant jets. These regions include a jet-like region, a transition
region from jet to plume, a plume-like region, a two-phase turbu-
lent zone of gas dispersed in the liquid (dispersion zone), and a
liquid recirculation zone (recirculating zone) [8]. Additionally,
sloshing waves are formed at the free surface when the gas flow
rate is sufficiently high [10,11]. The jet region is dominated by the
remaining initial momentum, where the jet behaves as a contin-
uum and does not disintegrate into rising bubbles until it moves far
away from the nozzle. The transition region is characterized by a
flow in which momentum and buoyancy forces are present with a
similar contribution. Finally, there is the plume region, where
mainly the buoyancy force dominates, and the bubbles break up
and follow the direction dictated by buoyancy effects [8].

To characterize the behavior of the air jets, the characteristic
lengths or measurements that define the jet geometry are used.
Among the most studied parameters are the jet penetration length
(the maximum distance the jet reaches measured from the center
of the nozzle), the buoyancy length (distance from the end of the
penetration length to the maximum penetration point of the jet)
and expansion angle (angle measured from nozzle exit to the jet
centerline to maximum width). These parameters depend on the
characteristics of the nozzle, the fluid discharged and the pool.
Numerous experimental techniques have been employed to
determine these variables. These techniques range from intrusive
methods like electro-resistive or optical probes submerged inwater
[12,13] to non-intrusive methods such as direct visualization using
Charge-Coupled Device (CCD) cameras and (solid-state) illumina-
tion systems [8,14e16]. As the technologies available to researchers
have improved, analyses have become more detailed and mea-
surement methods have improved in accuracy. Data from experi-
mental investigations have allowed the validation of models and
empirical parameters in integral models.

Many researchers have used the direct visualization technique
to determine these parameters in their experiments. They have
developed correlations to define them empirically, usually based on
a modified Froude number or a modified jet force number (function
of the pressure ahead of the nozzle and nozzle throat diameter)
[8,17e20]. This technique has also been used to study the
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penetration length and condensation oscillation of steam jets
immersed in subcooled water, obtaining correlations that allow
calculating this length dimensionless [21e25].

One of the main results obtained so far is that the difference
between the densities of the discharged fluid and the medium fa-
cilitates the jet to be less stable [26]. In addition, Hoefele and Bri-
macombe [18] showed that the penetration distance and flow
regimes were strongly related to the Froude number and the ratio
of fluid densities. While Engh and Nilmani [27] indicated that vis-
cosity could retard the gas flow velocity. The results of Dai et al. [28]
show that high-velocity jets discharged in stagnant water can
induce pressure pulsations at the nozzle outlet. In turn, Shi et al.
[29] posit that these supersonic air jets can cause large flow oscil-
lations, which may be strongly linked to shock waves manifested in
the gas phase. Several studies have indicated that in the air jet, the
transition from the bubbling to the jet regime occurs at a critical
Weber number of 2, regardless of the nozzle diameter [30].

Multiphase flow simulations using CFD codes remains as a
challenging task due to the complex physics involved. The CFD code
ANSYS CFX is a software tool mainly used by engineers, faculties,
and researchers to understand and predict the behavior of fluids in
various applications. It utilizes computational fluid dynamics (CFD)
techniques to simulate fluid flow, turbulence, and heat transfer
through a system or device. This software is often used in aero-
space, automotive, and chemical engineering industries to design
and improve products, processes, and systems, reduce develop-
ment costs, and increase product reliability and safety [31,32].

ANSYS CFX has various features and capabilities for analyzing
fluid flow problems. This software can be used to study a wide
range of issues involving the flow of gases and/or liquids, heat
transfer, and fluid-structure interactions. It offers a range of
advanced turbulence models and heat transfer capabilities. It also
includes post-processing and visualization tools to help the users to
interpret and analyze the simulation results. ANSYS CFX includes a
variety of multiphase models to simulate multiple fluid flows,
bubbles, droplets, solid particles, and free surface flows. Two ap-
proaches, Eulerian-Eulerian Model and Lagrangian Particle
Tracking are available for multiphase flow modelling in CFX. When
the interest is focused on determining the trajectories of particles,
droplets, and bubbles, it is advisable to use Lagrangian Particle
Tracking, which performs the calculations by tracking particles. On
the other hand, when the focus of the simulation is obtaining global
information instead of the individual behavior of particles, droplets,
or bubbles, it is preferable to use the Eulerian-Eulerian Model,
which interprets the phase volume fractions as continuous func-
tions of space and time [31,32].

The Eulerian-Eulerian Model employs two techniques: the
interpenetrated continuum method and the weighted phase aver-
aging. In the interpenetrated continuum method, the phases share
the same volume and penetrate each other in space. In contrast, in
the weighted phase averaging, the amount of the dispersed phase
contained in each cell is quantified as a function of its volume
fraction, and the interface structure is not available after averaging.
Most multiphase flows are calculated as interpenetrated fluids in
which the flow fields must be predicted for all fluids in the entire
flow region [31].

The homogeneous turbulence equations for solving multiphase
flows are the same as those for single-phase flows, except that the
density and viscosity of the mixture are used. First, additional
equations are included for the volume fraction of each fluid, i.e., the
volume fraction occupied by that fluid when considered an inter-
penetrated continuum. Second, other terms are included in the
transport equations for each phase to model interphase transfers,
such as entrainment, heat, and mass transfer [31].

The usual approach when simulating turbulent flows is to use
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the Reynolds Averaged Navier-Stokes equations (RANS). Within
these, the most commonly used is the k-epsilon because this is a
two-equation model that offers a good compromise between nu-
merical effort and computational accuracy. Therefore, many re-
searchers have used the k-epsilon model to solve their
computational models [33e39]. Another appropriate approach is
Large Eddy Simulation (LES) model, as shown by Li et al. [40].
Within this model, the time-dependent equations are solved for
turbulent motion assuming that the eddies of a length scale smaller
than a given size are not resolved and their effect is modelled by
their average behavior. This approach is equivalent to filtering the
Navier-Stokes equations according to the spatial discretization of
the simulation. Although calculations using the LES turbulence
model require higher computational cost, its results are muchmore
accurate for unsteady and buoyant flows with large unsteady re-
gions. A work comparing both models (k-e and LES) with experi-
mental results using Particle Image Velocimetry (PIV) was
developed by Dahikar et al. [41]. It showed a better agreement
between the LES model and the experiments.

Due to the high complexity of the phenomena present in these
floating jets, experimental studies and numerical simulations are
still necessary to understand the behavior of gas jets discharged in
subcooled water. This research presents the numerical validation of
the experimental study performed by Harby et al. [8,9]. A deep
comparison has been done for air discharges through different
nozzle sizes and air mass flow rates in an aqueous medium. ANSYS
CFX code has been employed for the simulations following the
Eulerian-Eulerian multiphase flow approach.

In order to carry out the mentioned objectives, the study has
been organized as follows: in section 2, a brief description of the
experimental research previously carried out by other researchers
and which will be the one to validate the computational model
developed in this work will be made; the methodology used to
perform the numerical model using ANSYS CFX is analyzed in
section 3; the spatial discretization and the independence of the
mesh results have been described in section 4; the main results of
the simulations performed are presented in section 5; section 6
shows the validation of the developed computational model with
experimental and theoretical results. While section 7 is devoted to
exposing the main conclusions and their discussion.

2. Reference experimental study

The results presented in this paper were validated through ex-
periments conducted at the Thermal-Hydraulic and Nuclear Engi-
neering Research Laboratory of the Institute for Energy Engineering
at the Polytechnic University of Valencia in Spain. These experi-
ments were performed as part of a doctoral thesis, and the findings
were subsequently published in two separate articles [8,9].

Fig. 1 shows the flow diagram of the experimental facility. It
consists of an air compressed circuit linked to a rectangular stain-
less steel water tank (1000 x 400 � 750 mm). The sidewalls of the
tank are transparent to enable flow visualization and optical
measurements. To ensure a stable gas pressure and storage during
experiments, a 0.1 m3 gas tank was placed before the water pool.
Additionally, the discharge was carried out horizontally using four
straight stainless-steel tubes (nozzles) with inside diameters of 2, 3,
4, and 5 mm at a submergence depth of 200 mm above the tank
bottom [9].

Tomaintain a constantmass flow rate to the nozzle, the pressure
regulator valve was used in conjunction with the gas tank. A
perforated flat plate was placed over the free surface of the water
tank to regulate hydrodynamic pressure and to minimize surface
waves. To examine the jet parameters, including penetration length
and the interface between the jet and water ambient, a high-speed
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camera (CCD) and an illumination system were utilized. The Nikon
AF Nikkor 50 mm f 1.8d lens-equipped CCD camera was used to
capture shadowgraph images illuminated by six 500 W halogen
lamps of a white-light lamp bank. The camera, computer, and
illumination system formed the basis of the flow visualization
technique [8,9].

Two flow rotameters from Key Instruments (series FR 4500),
operating in parallel, were utilized to measure the mass flow rate.
These rotameters had ranges of 4e50 l/min and 30e300 l/min. The
pressures and temperatures were registered using Druck 1400-PTX
pressure transducers (accurate to ±0.15%) and K-type thermocou-
ples (accurate to±0.1 �C), respectively. Tominimize errors, different
transducers and thermocouples were utilized to measure multiple
temperature and pressure ranges. A National Instruments data
acquisition system (model 6259 16-bit) and LABVIEW software
were employed to monitor and control the different readings
collected from the thermocouples and pressure transducers [9].

In order to obtain the parameters of the jet in the momentum
region,15,600 images were recorded at a 1.2 kHz sampling rate over
a 13 s period for each experiment. For the buoyant region analysis,
9000 images were recorded at a 1 kHz sampling rate over a 9s
period for each experiment. Under different initial conditions, the
digital images were collected, saved, and examined to extract the
interface position to measure the two-dimensional jet trajectories.
A MATLAB script was used for image post-processing in a stepwise
manner to obtain the perimeter of the jet and to measure the
lengths by counting pixels numbers [9].

3. Numerical modelling with ANSYS CFX

3.1. Numerical model development

A three-dimensional two-phase model has been developed us-
ing the finite volume formulation. The geometry of the model
consists of a rectangular tank with dimensions 1000 x
400 � 600 mm. The water level was considered at 500 mm, which
would be the free surface between the water and the ambient air.
The nozzle was located on one side of the tank, which would be the
air inlet condition in the domain.

The Eulerian-Eulerian approach has been chosen using the
method of interpenetrating continua. Both water and air have been
simulated as continuum fluids, defining air as an ideal gas. Gravity
effects have been considered, and the buoyancy model chosen is
the Density Difference for both fluids. The multiphase model was
considered non-homogeneous, and the Free Surface Model was
considered to observe the free surface behavior betweenwater and
air at the exit of the pool. As there is no heat transfer, the Isothermal
option at ambient temperature was used. For the turbulence
approach, the homogeneous LES Dynamic model was used. The
governing equations for this model are described below (Section
3.2-3.5).

3.2. Non-homogeneous multiphase model

A non-homogeneous multiphase model is a mathematical
model used to describe the flow of multiple phases in a system. In
inhomogeneous multiphase flows, the velocity fields are resolved
separately, whereas all fluids share the pressure field. The fluids
interact via interphase transfer terms. A system of partial differ-
ential equations (PDEs) describes the conservation of mass, mo-
mentum, and energy in a non-homogeneous multiphase model,
which characterizes the flowof the distinct phases. These PDEsmay
be solved using numerical techniques, such as the Finite Element
Method (FEM) or Finite Volume Method (FVM). In non-
homogeneous models, the interphase transfer of momentum,



Fig. 1. Schematic diagram of the experimental facility for discharge jets in stagnant water based on experiments of Harby et al. [8].
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energy and mass depends directly on the contact surface area be-
tween the two phases, i.e., the interfacial area per unit volume
between phase a and phase b, known as the interfacial area density
(Aab). The interfacial area density will be calculated depending on
the chosen multiphase model. The Mixture Model was selected in
this case since it is a straightforward model that treats both phases
symmetrically. Therefore Aab is calculated by Equation (1) [31]:

Aab ¼
rarb
dab

(1)

Where ra and rb are the volume fractions for the a and b phases,
respectively. The interfacial length scale is denoted as dab, is
defined as the distance between two phases at the interface. This
parameter can be determined by considering factors such as flow
close to walls and turbulence models [31]. A value of dab ¼ 1mm
was used in this work, as it provides a suitable representation of the
small-size entrained air bubbles observed in experimental research
studies, such as the reference papers by Harby et al. [8,9]. Never-
theless, it is important to acknowledge that this variable is not
directly indicative of bubble size, as the Mixture Model does not
incorporate bubble size as an input parameter. Instead, the gas
phase is considered by incorporating relevant physical properties
through the void fraction.

A key advantage of using a non-homogeneous multiphase
model is its ability to simulate complex multiphase flow systems,
incorporating variations in the properties of the different phases
within the system. However, no-homogeneous models can bemore
computationally intensive than homogeneous models, assuming
that the properties of the different phases are constant throughout
the system.
3.3. Momentum equation

The momentum equations are solved for each phase indepen-
dently as a function of the volume fraction. The volume fraction ra
weights the multiphase momentum equation and contains two
additional terms. Equation (2) shows the multiphase momentum
equation for Np phases for phase a.
3757
v

vt
ðraraUaÞþV � ðraraUa⨂UaÞ¼ � raVpa þV

�
�
rama

�
VUa þ ½VUa�T

��
þ

XNp

b¼1

�
GabUb �GbaUa

1
Aþ SMa þMa

(2)

The term (GabUb � GbaUa) represents the momentum transfer
induced by interphase mass transfer terms Gab and Gba. Ma rep-
resents the total interfacial force acting on the a phase due to the
presence of other phases. When there are only two phases (a and
b), the interfacial forces are equal and opposite, so the net inter-
facial forces sum to zero. The total interfacial force can be due to
several independent physical effects. The total interfacial force can
be affected by several factors, including interphase drag force (D),
lift force (D), lubrication force (LUB), virtual mass force (VM), tur-
bulence dispersion force (TD) and solid pressure force (S). As pre-
viously mentioned, Mixture Model corresponds to the approach
employed to calculate the interfacial terms. This model treats both
phases symmetrically and requires both phases to be continuous.
Fluid properties are calculated as volume-averaged mixtures. The
termMab

D (equation (3)) represents the drag force per unit volume
exerted by phase b on phase a.

Mab
D ¼CDrabAab

��Ub �Ua

���Ub �Ua
�

(3)

Being Aab the interfacial area per unit volume described in
section 3.2 and CD the drag coefficient defined by its commonly
used value of 0.44. Other forces for bubble behavior are not
employed, given that the focus of this study does not revolve
around bubble hydrodynamics or interfacial heat transfer. How-
ever, drag forces, which effectively capture the velocity gradient,
have been taken into account as they assume a dominant role in
establishing connections with macroscopic behavior and jet
penetration.
3.4. Continuity equation

The mass continuity equation describes the mass flow
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relationship of mass entering and leaving a control volume and its
internal mass change. Equation (4) shows the continuity equation
for the a phase for a multiphase flow with Np phases.

v

vt
ðraraÞþV � ðraraUaÞ¼ SMSa þ

XNp

b¼1

Gab (4)

The term SMSa describes the user-specifiedmass sources and the
term Gab represents the mass flux per unit volume from the
b-phase to the a-phase; this term is only used if the mass transfer
occurs between phases.

3.5. Turbulence equation

Turbulence is a complex, chaotic motion of fluids characterized
by irregular fluctuations in velocity, pressure, and temperature. One
common approach to understanding turbulence is to use the
Navier-Stokes equations directly with small time steps ad small
sizes of the grid in a way known as direct numerical simulation
(DNS) that is very time consuming, so for most practical problems,
this approach cannot be used. There are several ways to modify the
Navier-Stokes equations to account for the effects of turbulence in a
simpler way. One of the most widely use approaches is the
Reynolds-Averaged Navier-Stokes (RANS) equations, which involve
averaging the Navier-Stokes equations over time and space to
smooth out the turbulence fluctuations. Other approaches to
modeling turbulence include large-eddy simulation (LES), Direct
Numerical Simulation (DNS), and Scale-Resolving Simulation (SRS).
Each of these approaches has its own strengths and limitations, and
researcher often use a combination of techniques to study different
aspects of turbulent flows.

In this work, the LES Dynamic model developed by Germano
et al. [42] and Lilly [43] was used to model turbulence. The Sma-
gorinsky model's limitations are overcome by this dynamic model,
which utilizes information from the resolved turbulent velocity
field to evaluate subgrid-scale (SGS) model coefficients. The model
coefficient is no longer a constant and is automatically adjusted
based on the flow type. The model is based on an algebraic identity
that relates the subgrid-scale stresses at two different filter widths.
The smaller filter width is determined by the mesh size, while an
explicit filtering procedure is necessary for the larger filter width.
Since the filter operates on unstructured meshes, a volume-
weighted average of variables from the centers of neighboring el-
ements to the corresponding vertex is employed. Due to requiring
explicit filtering it consumes more computational time than an
algebraic model such as the WALE or Smagorinsky models.

The eddy viscosity is obtained using the coefficient Cd, which
was extracted from the filtering procedure carried out by Lilly
(1992) using a least square approach to minimize the error. Then,
the SGS viscosity mSGS can be calculated using Equation (5) [31].

mSGS ¼ rCdD
2��Sij

�� (5)

Where r is the mean density, D is the grid filter scale (proportional

to the grid size), Sij ¼
�
vui
vxj

þvuj

vxi

�
=2 is the magnitude of large-scale

strain-rate tensor, and ui is the large-scale velocity.

3.6. Boundary conditions and initialization

The simulation was performed for different nozzle diameters,
from 2 mm to 5 mm. Several mass flow rates were defined for each
one of the nozzle diameters simulated. These mass flow rates were
defined as an inlet condition with a volume fraction of 1 for air. An
opening at 500mm from the bottomwas configured at 0 Pa relative
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pressure, where only air could enter. All other boundaries were
defined as no slip wall.

For the initialization of the model a relative pressure depending
on both height and axial direction was used. The nozzle zone was
set with an air volume fraction equal to 1 and with the relative
pressure depending on the case studied. In the tank zone two
volume fractions and two pressures were defined, one for water
and the other one for air above the free surface. Initially, the water
inside the rectangular tank is considered to be at stagnant.

3.7. Solution method

To obtain accurate and reliable results, it is important to follow
CFD best practices. The most general guidelines for CFD simulation
are clearly define simulation objectives, mesh selection, verify mesh
quality, conduct sensitivity tests, validate results, and report the
mesh used. Before starting the simulations, the objectives and ex-
pected results were defined, so it was decided to develop a three-
dimensional two-phase model with the finite volume formulation
using the commercial software ANSYS CFX 2022 R1. As the mesh is
one of the most important components of CFD simulation, a mesh
was selected that had the appropriate density and captured the
important characteristics of the flow. The geometric model was
discretized using an unstructured tetrahedral mesh which in
dependence on the model and mesh quality varied from
120,000e480,000 nodes. Also, it is important to verify mesh quality
by checking orthogonality, aspect ratio, and skewness. To ensure
mesh independence, it is important to conduct sensitivity test on the
mesh. If the results do not significantly changewith increasingmesh
density the mesh can be considered independent (Section 4) [44].

Transients of 6 s were performed in order to stabilize the flow
and the transient statistics were saved for the last 2 s of each
simulation, which is the same time interval that was recorded
during the experiments. The time step used for all simulations was
5 � 10�4 s and these simulations were considered to have
converged when the sum of the residuals was less than 10�4. A
High-Resolution Advection Scheme and a Seconder Order Back-
ward Euler Transient Schemewere used, which is a dynamic model
between upward first order and second order [31,32]. A computer
with an Intel(R) Xeon(R) processor at 2.10 GHz processor speed, 16
cores and 64 GB of RAM was used to perform all the calculations.
After performing the simulation, it is important to validate the
results, i.e., compare the simulation results with experimental data
to ensure that they are accurate and reliable (Section 6).

4. Spatial discretization and mesh independence

The geometry was meshed using Meshing 2022 R1 software
using non-structural (tetrahedral) meshes. Before solving all cal-
culations, a mesh independence study was developed. This study
was performed with the nozzle diameter of 4 mm and mass flow
rate of 0.0124 kg/s for three meshes: a coarse mesh, a medium
mesh, and a fine mesh, being the total number of nodes for each
121932, 243681 and 463156 respectively. The details of each of
these meshes are shown in Table 1.

The mesh density at the nozzle inlet is relatively large with
respect to other regions of the domain. The mesh quality was
determined using the parameters Skewness, Orthogonal Quality
and Aspect Ratio taking into account the values defined in the
ANSYS Meshing Manual. Skewness is one of the main measures of
quality for a mesh, it determines how close to the ideal (equilateral
or equiangular, value of 0) a face or a cell is, while a value of 1
(worse) indicates a completely degenerate cell. The Orthogonal
Quality is the opposite that Skewness, the range is between
0 (worst) and 1 (best). Orthogonal Quality is the angular deviation



Table 1
Details of different meshes analyzed.

Coarse Medium Fine

Total number of nodes 121932 243681 463156
Total number of elements 665114 1361403 2643056
Turbulence model LES Dynamic LES Dynamic LES Dynamic
Average Orthogonal Quality 0.78 0.79 0.8
Average Aspect Ratio 1.8 1.8 1.8
Average Skewness 0.21 0.21 0.2
Time step 6 ms 6 ms 6 ms
Mesh Type No-Structural No-Structural No-Structural
Calculation time 20h 40min 1d 20h 40min 3d 15h 15min
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of the vector placed at the center of the cell face, with respect to the
vector joining the neighboring cell nodes. Aspect Ratio is the rela-
tion of the longest edge to the shortest edge. The ideal value is 1, in
ANSYS CFX the values are best below 10 for some solvers and the
acceptable range would be around 100, even in some cases below
1000 [45].

As can be seen in Fig. 2, the three mesh types have the same
trend, but in the case of the medium mesh and the fine mesh the
most similar distributions are shown. The percentage error be-
tween the fine and medium mesh was 3%, while between the fine
and coarse mesh was 13%.

Therefore, the medium mesh was selected as the final mesh to
perform all simulations to decrease the computational time (Fig. 3).
Using themediummesh ensures that the results are not sensitive to
the size or shape of the mesh, because the results of the CFD
simulation are only as accurate as the mesh used to represent the
fluid flow.
5. Results and discussion

In the following section the results of the simulation are pre-
sented. The aim of this study is to investigate the behavior of jet
discharges into stagnant water. Table 2 shows the matrix of simu-
lations performed for the four nozzle diameters (d2, d3, d4, d5,
whose subscript refers to the inner size of each of the nozzle in
mm) and different air mass flow rates. A total of 15 simulations
were carried out, not counting those performed for the mesh in-
dependence. The figure of merit that will allow to analyze the
behavior of jet discharges is the air volumetric fraction, which will
provide the zones where the air is located.

The Froude number is the ratio between the inertial and buoy-
ancy forces of the jet. When the Froude number increases, the
initial jet momentum becomes more dominant, and when the
Froude number is small, the jet quickly becomes a plume. The
Fig. 2. Mesh independence test developed wi
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Froude number is one of the primary dimensionless parameters
that governs the flow. Some authors define the Froude number for a
jet using Equation (6) and this same definitionwas used to calculate
the Froude number in this work.

Fr0 ¼
u0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

g
�
Dr

�
rg
�
dN

q (6)

Where u0 is the initial jet velocity at the nozzle exit, g is the gravity
acceleration, Dr=rg is the ratio between the difference of densities
(liquid and gas) and the gas density, and dN is the nozzle diameter.

In addition to the Froude number, other important dimension-
less numbers are the Reynolds number and Mach number. The
Reynolds number is a measure of the relation of inertia forces to
viscous forces in a fluid, Equation (7) shows this relationship. It is
used to characterize fluid flow in different situations and to
determine whether the flow is laminar or turbulent. The Mach
number is a dimensionless measure of the jet velocity relative to
the speed of sound in the medium, defined by Equation (8).

Re¼ rgu0dN
mg

(7)

Mach¼u0
us

(8)

where mg is the gas dynamic viscosity and us ¼
ffiffiffiffiffiffiffi
gRT
M

q
is the speed of

sound in the medium.
5.1. Jet air behavior

When pure air is discharged into subcooled water, the jet mo-
tion is mainly influenced by two forces. Inertia forces, due to the
velocity and properties of the air at discharge conditions, and
buoyancy forces, mainly related to the difference in densities be-
tween the jet air and the pool water. The inertia forces become
smaller as the jet develops (as the air moves away from the nozzle)
and the buoyancy forces remain constant producing an upward
momentum per unit volume

R
Dr g dt. Initially the inertial forces

are much larger than the buoyancy forces. This causes that in the
initial discharge zone the jet moves following the trajectorymarked
by the nozzle. As the jet advances in the pool it slows down and the
buoyancy force causes it to curve as the momentum in the axial
direction is no longer predominant.

Air discharge through nozzles shows a characteristic evolution
of pressures and velocities as it develops with respect to position.
th nozzle of 4 mm and _m ¼ 0:0124 kg=s.



Fig. 3. Details of the spatial discretization of the geometric model.

Table 2
Summary of initial conditions of simulations.

Test _m ðkg =hÞ u0 (m/s) r0 (kg/m3) Fr0 Re ðx 105Þ Mach

d2 1 13.32 337 3.86 136.13 1.42 1.11
2 10.44 272 3.66 117.42 1.09 0.96
3 7.20 268 2.56 92.80 0.75 0.78

d3 4 26.64 356 3.04 107.59 1.78 1.03
5 20.16 313 2.63 90.66 1.35 0.95
6 15.12 264 2.31 75.43 1.00 0.76
7 12.24 248 1.99 65.30 0.81 0.71

d4 8 44.64 351 2.88 90.52 2.21 1.01
9 33.84 315 2.42 76.94 1.67 0.91
10 20.88 243 1.93 56.31 1.03 0.70
11 18.36 217 1.89 51.02 0.90 0.62

d5 12 94.32 357 3.75 97.29 3.66 1.03
13 64.08 297 3.09 78.40 2.51 0.85
14 42.84 230 2.66 61.67 1.67 0.67
15 31.32 213 2.11 49.79 1.22 0.62

Fig. 4. Axial thermodynamic parameter inside the nozzle and at the nozzle outlet.
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To reveal the flow behavior of the air flow at the nozzle and just
after the nozzle exit when it expands, the axial distribution of both
velocity and pressure has been plotted in Fig. 4. The air volume
fraction is also plotted (in a top view, i.e., in a horizontal plane XZ at
the nozzle height) to give an idea of the location and behavior of the
air in this zone. As can be seen, the velocity increases along the
nozzle until it reaches the maximum point and begins to decrease
drastically until it becomes zero, i.e., the momentum force is no
longer present, and the jet starts to bend in upward direction, and
the buoyancy force becomes more important. The opposite occurs
with the pressure which starts to decrease along the nozzle as it
approaches the nozzle outlet and just after it goes drastically to
zero.

The simulations carried out have a duration of 6 s, but the first
4 s are considered to reach stable conditions. To visualize the
development of the jet, Fig. 5 shows the average air volume fraction
during the last 2 s. At this point, the ANSYS simulation conditions
are stabilized. The four tests of the 4 mm nozzle have been taken to
exemplify the behavior. As can be seen the penetration length and
width of the plume rise with the flow rate increase. In Fig. 5a, it can
be seen that in addition to having the greatest plumewidth and the
greatest jet penetration, there is greater water motion on the free
3760
surface caused by the higher flow rate. The opposite occurs in
Fig. 5d, where the jet penetration is lower, the plume width is
smaller and the water movement on the free surface is much
smaller.

Another notable feature of these discharges is the pulsating
condition of the jet. Fig. 6 shows four snapshots of the jet behavior
for Fr0 ¼ 91 (test 8) spaced 50 ms from each other. The air jet is not
continuous throughout its trajectory until it leaves the free surface.
Instead, it breaks up as it moves towards the free surface, and the
figure also shows that it occurs periodically, situation which makes
advisable to perform a Fast Fourier Transform (FFT) to check if there
is a dominant frequency in this phenomenon.

Fig. 7 shows the power spectral density (PSD) from the FFT
analysis of plume width at a height of 0.25 m from the nozzle
centerline. The processing was performed for all nozzle diameters
and all flow rates to see the jet shape's periodicity, obtaining the
dominant frequency in each simulation case. The breakup fre-
quencies both in Fig. 6 and 7c (Fr0 ¼ 91s), occur approximately
every 0.1 s, i.e., with a frequency of 10 Hz.

Almost all simulations exhibit similar trend with slight differ-
ences on their dominant frequency. In addition, in almost all cases,



Fig. 5. Contour of Average Air Volume Fraction in 2 s for different mass flows rates.

Fig. 6. Air volume fraction for Fr0 ¼ 91 at different times.
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several harmonics of smaller magnitude appear approximately
every 10 Hz of the dominant frequency. For the smallest nozzle
diameters (Fig. 7a), the value of the frequency magnitude is much
smaller than in the other nozzle diameters, so probably the domi-
nant frequency is less important than in the other simulations. In
other words, the jet remains more of a continuum until the air exits
the free surface. In addition, there is a slight trend showing how the
dominant frequencies become smaller with higher Froude number
values. This pattern is respected in all cases except for the test with
the highest Froude number for the 2mmnozzle. On the other hand,
it is also observed that the frequency decreases for larger nozzle
sizes.
5.2. Jet penetration length

One of the objectives of this work is to study the behavior of the
jet penetration length and its dependence on the initial conditions
of the discharge, both geometric and flow/pressure. A way to
observemore clearly the behavior of the jet penetration length is by
obtaining the axial distribution of air volume fraction along the
centerline of the nozzle. Table 3 shows the average values,
maximum, minimum and deviation of the moment length for each
of the simulations developed over the time in which the statistical
analysis was performed. To estimate the penetration length, the
area under the curve of volume fractions versus distance was
calculated (Table 3) using trapezoidal numerical integration. The
resulting value for the penetration length (Lm) was obtained for
each of the cases analyzed.
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As can be seen in Table 3, for all nozzle diameters the largest
momentum length corresponds to the largest discharged air flow
rate. Table 3 also includes a column with the standard deviation of
the penetration length over the 2-s statistics. This variable allows to
get a better understanding on the instantaneous variation of the jet
penetration. The standard deviation of the momentum length in-
creases for higher nozzle diameters although the largest one is
3.7 mm for the case of diameter 4 and higher flowrate. Generally,
the momentum length variation increases with the nozzle diam-
eter but only in absolute values (this does not happen if we use
relative values). All instantaneous values fall 95% of the timewithin
a range of no more than ±6.4%, except for test 12, where this range
rises to ±9.5%.

A comparison between the CFD predictions and the experi-
mental results obtained by Harby et al. [8] was carried out. Fig. 8
shows the comparison (simulation and experimental) of the gas
jet penetration length for different mass flow rates and nozzle di-
ameters, where the subscripts E and S are the results of the
experiment and simulation respectively for each of the diameters.
Both in the simulation and the experiment, it is observed that the
penetration length increases with the flow rate. On the other hand,
with a similar flow rate, longer lengths are obtained with smaller
diameter nozzles. As a general trend, the simulations performed
with ANSYS CFX slightly underestimate the momentum length
measured in the experimental reference case [8]. The trend lines for
each of the nozzle diameters are also presented and are observed to
be increasing. Except for some case with the smaller nozzles, the
tests arewithin the error bands of the experimental measurements.



Fig. 7. Frequency spectrum of plume width at a height of 0.25 m from the nozzle, a) dN ¼ 2 mm, b) dN ¼ 3 mm, c) dN ¼ 4 mm, d) dN ¼ 5 mm.

Table 3
Average values of momentum length obtained in the simulations.

Test Lm (mm) Max (mm) Min (mm) s (mm)

d2 1 64.6 66.4 62.4 1.2
2 58.7 60.4 56.4 0.8
3 49.3 48.9 49.6 0.2

d3 4 89.4 92.6 86.6 1.5
5 77.5 78.5 76.5 1.0
6 68.6 70.5 68.5 0.5
7 58.5 60.4 56.4 1.1

d4 8 116.2 122.8 110.7 3.7
9 94.2 98.7 92.6 1.6
10 79.3 84.6 76.5 2.5
11 69.8 74.5 66.4 2.1

d5 12 146.7 173.2 136.9 7.0
13 129.4 138.9 122.8 3.5
14 103.2 108.7 100.7 2.2
15 87.6 90.6 84.6 1.8

Fig. 8. Comparison of penetration length at different mass flow rates between CFD and
experimental results.
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5.3. Jet buoyancy length

The buoyancy length was also obtained from the evolution of
the void fraction. In this case, a line has been placed at a height of
0.25 m above the nozzle. This height is chosen because it is
considered that the jet is sufficiently developed so that only
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buoyancy forces act and the trajectory is essentially vertical. In
addition, it is sufficiently below the free surface so that no distor-
tions appear. On this line, starting from the end opposite the nozzle,



Fig. 9. Comparison of buoyancy length at different mass flow rates between CFD and
experimental results.
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the point at which the air appears is obtained to determine the
position of the interface. The total horizontal length of the jet will
be delimited between the nozzle and this point. The value of Lm
must be subtracted from the total length calculated to obtain Lb.

Table 4 shows the average values, maximum, minimum and
standard deviation of the buoyancy length for each of the simula-
tions developed over the time in which the statistical analysis was
performed. As shown in the table, there is a significant oscillation of
the buoyancy length during the analyzed period. Unlike the mo-
mentum length, the buoyancy range is much more susceptible to
variation due to the accumulation of air in bubbles during ascent.
Therefore, by analyzing the instantaneous behavior of this variable,
it is possible to identify the appearance of air clusters that move
intermittently following the reasoning observed in Fig. 6. For the 2
and 3 mm nozzles, the instantaneous values are 95% of the time
within a range between 20% and 30%, but for the larger nozzles this
value is even exceeded. The variation of the buoyancy length be-
comes more evident as the nozzle diameter increases, and the
maximumvalue of the standard deviation is observed in the largest
diameter (5 mm), which represents a value slightly below 40% of
the mean value. A particular case is observed in Test 8 where the
minimum instantaneous value of the buoyancy length is close to
zero. In this case a particularly isolated air cluster is observed,
leading to a very low value for that specific moment. Nevertheless,
the standard deviation shows that it is not a trend but an outlier.

The buoyancy length indicates the maximum distance reached
horizontally from the nozzle. This length is bounded from the point
at which the momentum length is delimited to the distance at
which the envelope shows a vertical projection. Fig. 9 shows the
comparison of the behavior of buoyancy length as a function of
mass flow rate for both the simulation results and the experimental
results reported by Harby et al. [8]. The subscripts E and S are the
results of the experiment and simulation respectively for each of
the diameters. The trend lines for each of the nozzle diameters are
also presented and are observed to be increasing, which is because,
as the air mass flow increases, the expansion that exists will in-
crease the distance at which this jet will penetrate and, in turn, the
buoyancy distance will be greater. There is a noteworthy over-
estimation in the length obtained for the tests of the larger nozzles
with higher air flow. Given the clear trend obtained in the simu-
lations performed and the irregularity presented in the results of
this variable in the reference experiments [8], it can be assessed the
possibility that there were some limitations in the process of
obtaining the buoyancy length in the mentioned experiment.
Table 4
Average values of buoyancy length obtained in the simulations.

Test Lb (mm) Max (mm) Min (mm) s (mm)

d2 1 85.6 106.7 60.4 13.8
2 74.3 84.6 52.3 10.7
3 59.4 66.4 56.4 1.8

d3 4 128.8 157.0 86.6 21.4
5 111.4 136.9 74.5 19.6
6 85.7 108.7 48.3 14.0
7 74.5 90.6 44.3 8.4

d4 8 164.6 232.2 0.7 46.0
9 136.0 175.5 72.1 25.6
10 90.1 161.1 28.2 18.4
11 69.9 114.8 30.2 21.5

d5 12 208.5 370.5 66.4 80.0
13 161.1 256.7 29.2 55.1
14 141.7 192.6 73.2 34.6
15 115.6 147.0 68.5 25.2
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5.4. Correlations for the penetration and buoyancy lengths

From the results of the simulations performed a best-fit corre-
lation is obtained using dimensionless numbers such as Froude,
Reynolds and Mach numbers. After analyzing the performance in
predicting penetration length of the different dimensionless
number involved in the phenomenon, a correlation that depends
on both Fr0 and Mach is proposed. In order to analyze this depen-
dence, the penetration length has been normalized with a char-
acteristic length (LQ ), defined as the square root of the nominal

nozzle area (
ffiffiffiffiffiffi
AN

p
). Fig. 10 illustrates the normalized jet penetration

length obtained from Equation (9) ðLm =LQ predictedÞ versus the
one obtained in the simulations (Lm=LQ simulated) for each of the
nozzle diameters.

The data follow a quasi-power relationship and can be repre-
sented by Equation (9), with a coefficient of determination of
R2 ¼ 0.915. As can be seen from the exponents to which Fr0 and
Mach are raised in Equation (9), the momentum length have a
direct dependence with both dimensionless numbers, with the
Mach number having the greatest influence.
Fig. 10. Normalized momentum lengths (simulated) in function of normalized mo-
mentum lengths (predicted) with Equation (9).



Fig. 12. Comparison of normalized penetration length (predicted) and normalized
penetration length (simulated).
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Lm
LQ

¼5:92*Fr0
0:39Mach0:62 (9)

The same procedure has been followed to correlate the buoy-
ancy length with dimensionless numbers. In this case a better
correlation of the data with Froude and Reynolds numbers was
obtained. Fig. 11 shows the normalized buoyancy length
ðLb =LQ predictedÞ, obtained from Equation (10), versus the one
obtained in the simulations (Lb=LQ simulated) for each of the nozzle
diameters.

As well as with the normalized buoyancy length the data follow
a quasi-power relationship, with a coefficient of determination of
R2 ¼ 0.922. The dimensionless length of the momentum has a
direct dependence on the dimensionless numbers Fr0 and Re.In this
case, the Froude number has a greater influence.

Lb
.
LQ ¼ 0:12*Fr0

0:68Re0:23 (10)

As can be seen in both Figs. 10 and 11, both lengths are related to
the Froude number. Both correlations obtained have an R2 greater
than 0.9, so it can be determined that there is a good linear rela-
tionship. On the other hand, the dimensionless numbers used
indicate that these lengths have a strong dependence on inertial
forces.

6. CFD model validation

Another purpose of this study is to validate the developedmodel
with the experimental results presented by Harby et al. [8,9]. The
simulation starts at time 0 s, so that the first 4 s of simulation are
necessary for the discharge to be stabilized. All calculated param-
eters are the result of a statistical analysis of the following 2 s of
simulation.

6.1. Normalized penetration length validation

To validate the developed computational model, the CFD results
of gas jet momentum length for different mass flow rates and
nozzle diameters were compared with the experimental results.
Furthermore, this validation would corroborate that this model
allows to simulate the behavior of non-condensable gas jets dis-
charged in subcooled water. Fig. 12 shows the comparison of the
dimensionless penetration length obtained in the simulation
Fig. 11. Normalized buoyancy lengths (simulated) in function of normalized buoyancy
lengths (predicted) with Equation (10).
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versus those obtained in the reference experiments [8].
The simulations show satisfactory results in terms of obtaining

the momentum length. Many of the values are within the 5% error
band and themaximum error obtained between both results is 18%,
which is considered acceptable results that allow using this model
and simulating different flow rates and diameters. As can be seen,
the results of the simulation underpredicted the experiments re-
sults for the dimensionless penetration length. It should be
considered that this aspect may be due to multiple factors. The
values may have been slightly shifted by aspects related to the
numerical diffusion of the simulation or due to a systematic error of
the experimental process, having created an increase in the length
of the results. It should be taken into account that results are being
compared between two methodologies, where the proper process
of obtaining measurements for experiments is different from that
of simulations.
6.2. Normalized buoyancy length validation

Fig. 13 shows the comparison of the normalized buoyancy
length obtained in the simulations versus the normalized buoyancy
Fig. 13. Comparison of normalized buoyancy length (predicted) and normalized
buoyancy length (simulated).
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length obtained by Harby et al. [8]. As can be seen, there is more
dispersion of the simulation results with respect to the experi-
mental results for the dimensionless buoyancy length. In this case,
it is logical that a greater dispersion appears because this length
depends on the maximum distance reached by the jet and the
momentum length. These two quantities are variable throughout a
simulation (in the case of the momentum length there is depen-
dence on the position of the interface along the horizontal pro-
jection of the jet and on the position of the nozzle itself, but the
latter is a fixed position). Also, as for themomentum length, there is
a tendency between experimental measurements and simulates,
but in this case to overestimate rather than underestimate the re-
sults. The higher flow rate tests for larger nozzles tend to show
more of this phenomenon, which may indicate some systematic
error in capturing the measurements. As is the case for moment
length, there may be several causes for this overestimation,
attributable both to the code and/or to experimentation.
6.3. Jet centerline validation

Fig. 14 shows a comparison of the results obtained from
experimentally measured jet trajectories by Harby et al. [9], those
calculated theoretically with a model also proposed in that paper
and the results obtained from simulations performed in the current
study with the ANSYS CFX code. The Froude number has a signifi-
cant influence on the trajectory of the jet, as can be seen in Fig. 14.
Increasing the Froude number increases the horizontal distance at
which the jet is located.

Overall, in the 3 cases (experiment, theoretical model and CFD
Fig. 14. Comparison of centerline jet trajectories
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simulations) the trajectories are quite similar. Harby's model and
the correlations obtained with the ANSYS CFX code show very
similar trajectories, even large overlaps can be appreciated. It is
worth noting the similarity in the cases of the 2 and 5 mm nozzles
(Fig. 14a and d). The curves of the simulations follow a trajectory
faithful to that of the Harby's model over the entire horizontal
distance range. For the cases of the 3 and 4 mm nozzles (Fig. 14b
and c) some accuracy is lost at positions closer to the nozzle. It is
also noticeable that the CFD model tends to underestimate the
results for low Froude number in some cases, such as for the 4 mm
nozzle inner diameter (Fig. 14c). Another noteworthy finding is the
good trajectory capture in the simulations for larger vertical dis-
tances. The horizontal distances are very similar between the
simulations, the theoretical model and the experimental mea-
surements when the jet trajectory reaches some height. In contrast,
it can be seen that the largest mismatches occur generally at low
altitudes, and it can be interpreted that the simulations tend to
curve the jet in an area closer to the nozzle.
7. Conclusions

This paper shows the results obtained from a 3D model devel-
oped using CFD codes, specifically ANSYS CFX software, of air dis-
charges in a pool with subcooled water. Different nozzle diameters
and air mass flows were analyzed. The results obtained were vali-
dated with those experimental reported by Harby et al. [8,9],
obtaining a good agreement between both. The investigations
presented in this paper focus on the jet behavior characterized by
penetration length and buoyancy length. The main conclusions
for experimental, theorical and numerical.
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obtained are as follows:

(1) The air reaches a greater penetration length as its flow rate
increases while also increasing the cross section over which
it extends. So that each flow rate as it move away from the
centerline decreases the fraction of air until it becomes zero,
while also increasing the area occupied by this in its cross-
section (more or less circular) as we move away from the
nozzle.

(2) A correlation of dimensionless penetration length as a
function of Froude number and Mach number was obtained
and this dependence follows a power distribution with a
coefficient of determination of R2 ¼ 0.915, which means that
it fits very well.

(3) A correlation of dimensionless buoyancy length as a function
of Froude number and Reynolds number was obtained and
this dependence follows a power distribution with a coeffi-
cient of determination of R2 ¼ 0.922.

(4) An FFT analysis of the plumewidth at a height of 0.25 m from
the nozzle was performed, where it was obtained that the
breakup frequency occurs for most of the simulations at or
around 10 Hz. For the smaller diameters cases this dominant
frequency was less important than in the rest of the
simulations.

(5) The results obtained in these simulations were validated
with those reported in the experiments performed by Harby
et al. [9],it was observed that the CFD results underestimated
the experimental results for the dimensionless momentum
length but most of the results were found to be within the
band of 5%. While for the buoyancy length, the results from
the CFD deviated more from the experimental results, with
half of them falling within a 10% band of error.

(6) The jet trajectory has a strong dependence on inertial forces.
Increasing the Froude number increases the horizontal dis-
tance at which the jet is located, which is in agreement with
both the experimental and theoretical results previously
obtained by Harby et al. [9].

(7) Based on the results of the simulation, it can be concluded
that the CFD numerical model used in this work can be used
to simulate the behavior of non-condensable gases dis-
charged in water.
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