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Article Info ABSTRACT

The present paper consists of a numerical investigation carried out for
primary break up analysis of a vertical water jet. Many parameters
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The calculations have been performed using the CFD Code Fluent of
ANSYS, considering laminar and turbulent flow regimes. While

Keywords: turbulence was modelled using RNG k-& of RANS approach. The main
CFD results show that the jet evolves differently in the two considered
VOF nozzle geometries comparing the jet intact lengths, drop sizes and
Jet breakup distance between successive drops. It is observed that the turbulence
Drop size increases substantially the jet intact length and enables the jet breakup
Intact length at the lower part of the water column. For the conical nozzle case, the

jet instabilities grow quickly resulting a drop size in the same order of
the jet diameter and an intact length larger in comparison with the
circular nozzle case.

I. Introduction

Liquid jets of a free flow are considered naturally unstable. The growth instabilities are the main contributor to the
breakup of the jet into droplets of various sizes. This phenomenon is of a great interest in the industrial processes
and natural environment. The breakup process is fundamental in nuclear industry for the development of improved
injection system in PWR (Pressurized Water Reactor), drug fabrication, impression with ink-jet and pulverization
systems aircraft industry, such as turbojets and rocket motors combustion.

The most important studies are concentrated on the breakup behaviour under several factors effect, such as the
surface tension, aerodynamic interaction effects, liquid turbulence at the nozzle exit, velocity profile relaxation,
and the cavitation. It was important for scientists to understand and characterize the physical phenomena which
develop at the interface of the two fluids (jet liquid — surrounding gas), and which ensure the coalescence or
breakup of a liquid column. In fact, many studies have been carried out to treat different aspects of liquid jets
primary breakup phenomenon in still gases.

According to the bibliography, Rayleigh has showed that the jet breakup is a consequence of hydrodynamic
instabilities, liquid viscosity and gravity [01]. It was confirmed that the circular liquid jet is unstable and
disturbances are of a wavelength larger than the circumference, the breakup occurs downstream of the nozzle and
droplets formed have a size larger than the jet diameter. Sallam et al. [02] have performed an experimental
investigation, at standard conditions of temperature and pressure, focused on the liquid column surface. They have
defined the primary breakup, the fully dispersed flow regions and the liquid breakup properties, such as droplets
sizes and velocities. Ahmed et al. [03] have studied the effect of the velocity profile relaxation on the liquid jet
instability in laminar regime out of tubes. They have found a substantial evidence to indicate that the result of the
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velocity profile relaxation is similar to the result of relative motion between the jet and its ambient gas, the jet
velocity increases and the intact length increase simultaneously. Lebas et al. [04] have used a Direct Numerical
Simulation (DNS) for two-phase flows to predict the deformation of liquid jets primary breakup and atomization
with high Weber and Reynolds numbers. The model was tested with experimental data. The results have been
positively applied in the dense zone of the spray. Cinnella et al. [05] have carried out an important preliminary
study to understand the disassociation mechanism of non-axisymmetric free jets. The obtained results give a
significant reduction of the breakup length for the square jets. These phenomena seem related to the appearance
of a secondary flow, where its intensity develops with the jet speed and promotes its instability.

From this review, it was important to modelling the intact length because it defines the region where the primary
breakup is located and the fully dispersed multiphase flow region where should be appear. In addition, to define
the drops form, their size and velocity, various parameters should be taken into account including nozzle geometry
effects which lead to different velocity relaxation profiles and turbulence at the nozzle exit.

The present study provides a numerical simulation of free water jet surrounded by air. The calculations have
been performed using Volume of Fluid (VOF) method. This technic has an advantage of being conceptually simple,
reasonably accurate in the interface detection. The investigations allow the detection of the different breakup
modes according to different flow conditions. The effect of the main parameters, such as flow velocity, turbulence
and the nozzle shape for two form of nozzle geometries have been performed; the first one is a circular and the
second is conical.

Therefore, our goal is to demonstrate the sensitivity of the nozzle geometry characteristics on the liquid jet,
near field liquid jet characteristics, and flow behaviour to the differences in the change of ejection angles. This
work is focused towards the visualization of the water-jet profile behaviour after discharge into the surrounding
ambient still air from pressure nozzle, and to determine the breakup length. This study can identified the
dependence the atomization of the liquid jet with diverse criteria, such as:

- The disturbance of the surface flow caused by surface tension,
- The effect of the water forces, which favors the detachment of the flow from the nozzle walls,

- The generation of cavitation, inertia forces, and viscous forces which reduces the water jet intact length
..etc.

The numerical results have been compared against experimental data of Sallam et al. [02] and Shengyon et al.
[06]. It has shown that the fundamental parameter responsible of the disintegration of the water jet is the instability
caused by the surface tension. However, other parameters can modify the breakup process and the droplets size
distribution. These include aecrodynamic forces, velocity profile relaxation, and the turbulence intensity.
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Figure 1. Turbulent liquid jet device used in the experiment of Sallam et al. [02].
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1.  Mathematical modelling

11.L1. Momentum equations

The water jet breakup process was simulated basing on a mathematical model implemented in the CFD code Fluent
of Ansys. This model is based on Finite Volume method to solve the entire computational domain for an
incompressible Newtonian fluid in axisymmetric geometry. The momentum equation for computational domain is
written as:

V.U=0 (1)
28+ V.pU = —Vp + V.(uVU) + pg + F, )

Where, g and p are the gravity acceleration and pressure, respectively. The volume fraction ¢ of the primary phase,
(water in our case) has the following form:

% 4 UVp =0 3)
ot
Whereas @,;, is air volume fraction defined:

Pair =1—¢ 4)

In each control volume, the volume fraction of all phases sum to unity. The proprieties appearing in the transport
equation namely density o and the viscosity u of the mixture are defined by a linear weighing of both water and
air density and viscosity respectively, are deduced from equations 5 and 6:

P = pair(1— @)+ pyo %)
U= Uair(1 — @) + w0 (6)

In the developed method of Brackbill. [07], the continuum surface force (CSF) method replaces the requiring
to define the exact location of the free surface by converting the surface tension into an equivalent volume force.
It is coupled to momentum equations as an additional body force. This force acts only in a finite transition region
across the interface, which contains the interfacial and their immediate neighboring cells. It is determined by the
following expression:

_ Pw
Es‘v -0 %(Pair"‘l’w) kV(p (7)

Where o is the free surface tension. Vi and k are defined as the water volume fraction gradient and the air—water
interface curvature respectively.

- _ Ve
k=-Vn and n ol )

Although it is known that turbulence near interfaces separating two immiscible fluids can be strongly
anisotropic involving rapid and complex deformations, breaking, and merging. In this study, for the simplicity and
practical computing time, the standard k— turbulence model is adopted.

11.2. Turbulence modelling

The eddy viscosity is obtained by solving a set of turbulence transport equations. The two equations of k-¢ model
is a first-order model based on the turbulent viscosity assumption of Boussinesq. These models are based on an
assumption that corresponds to an arrangement between Reynolds stress tensor and mean strain tensor. For two-

26



Algerian Journal of Renewable Energy and Sustainable Development 4(1) 2022: 24-37, doi: 10.46657/ajresd.2022.4.1.3

equation models, the turbulent viscosity is expressed as function of two quantities such as kinetic energy k£ and
dissipation ¢ (Egs. 9 and 10) [8].

bk_ 2 2) Ok —e—
dc 6x]- (V + Oy 6x]- + Pk € D (9)
b _ 0 (4 ) 2 lp ek
at ~ ox; (V-i_aE 6x]] tcafi Tth Ceofa Tt+E
. . L . — oy
Where By is the production of turbulent kinetic energy given by: B, = —uju; a_x-l
j

The eddy viscosity v in k-¢ model is calculated by combining k and &;
vy = C,f k% /e (10)

Where C, is a constant, f, being the damping function. T; is a turbulence time scale. € is the modified isotropic
dissipation rate. D and F are near wall correction functions for k£ and &€ equations, respectively.

It’s noticed that there is no source term in the kinetic energy and the calculation is similar to a single-phase
turbulence calculation. The model constants in low Reynolds number are; C,=0.09, C.;= 1.44, C,,=1.92.

I11.  Numerical modelling and boundary conditions

In order to perform the numerical investigations, two configuations of different nozzle shapes have been
considered. In the first case, the nozzle shape is circular without contraction angle (a=0°), however, in the second
one, the nozzle has a conical shape with a contraction angle (o)) of 8°. The contraction angel (o) represent the angle
between the jet axis and the nozzle walls (Fig. 2).
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Figure 2. nozzles geometries used in the simulation.
(a) circular nozzle (0=0°), (b) conical nozzle (a=8°).

The considered geometry in the simulations is represented in Figure 3, it is a two dimensional configuration,
where the calculations domain was limited by different boundary conditions in order to predict the appropriate jet
behavior. At the inlet, a uniform velocity profile is considered, the injection velocity is imposed and water volume
fraction is set equal to 1. At the duct wall, no slip condition for the fluid was applied. The upper, lower and lateral
sections of the domain are modelled as a Pressure-Outlet boundary condition. As the computational domain is
reduced, a symmetry boundary condition is consequently used at symmetry planes.
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Figure 3. Schematic diagram of the computational domain and boundary conditions.

Therefore, to give reproducible results and to ensure mesh independence, comparative calculations were
conducted for different meshes to select the most suitable. This calculations were based on simulations carried out
with 08 (eight) different quadratic mesh grids in two dimensional rectangular domain. Figure (4) represents the
mean longitudinal velocity for the different considered grids, the grid sensitivity has tackled the axial grid
arrangement (Fig. 4a), and the radial grid arrangement (Fig. 4b). The results show that the grid 670x50 is the most
suitable for rest of the calculations.
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Figure 4. Axial and radial grid sensitivity, represented by the mean longitudinal velocity.

For the flow parametres and conditions are summarized in Table 1, where the vertical axisymmetric water jet
of a density p; is considered, it flows through the air phase at rest, leaving a circular nozzle diameter d; with a
velocity U;, which is considered variable according to the flow regime, laminar or turbulent. The injection velocity
imposed at the exit of each geometry nozzle. The interface was captured with algebraic VOF method. The semi-
implicit method for pressure linked equations (SIMPLE) algorithm is used to resolve the partial differential
equations [9], [10]. The global current number is less than 0.25 in all cases, and the calculations are made with
uniform time steps, which lead to residuals of all calculated variables less than 107,
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Table 1. Flow parametres characteristics.

Parameter Range
Liquid Water
Initial jet diameter (di) 0.5,1.9,4.8and 8.0 mm
Jet exit mean velocity (U;) 1to 25 m.s?
Liquid/gas density ratio (p./pg) 860
Jet exit Reynolds number (Re) 5000-200 000
Jet exit Weber number (We) 235-270
Normalized liquid jet length (Lc/d) 50-300

IVV. Results and discussions

The results presented in this work are obtained by the numerical simulation of a vertical water jet evolving in air
at rest. Two configurations with different nozzles shapes were chosen according to their contraction angle. The
investigations were concentered on the intact length evolution against jet velocity, the influence of nozzle shape
on the jet behaviour, the impact of velocity relaxation profile and turbulence on the jet breakup phenomenon. The
results were compared to the measurements of Sallam et al. [02] and Shengyon et al. [06].

IV.1. Water free jet morphology

The general form of a free water jet is designed from an intact length, which is the distance from the nozzle exit
to the first drop appeared, and the drops of diameter greater than the jet diameter. The jet intact length can be easily
identified from the nozzle exit until the first spike appearance (Fig. 5a, Point A). The obtained results by numerical
simulation show that, the VOF model reproduce correctly the free jet breakup phenomenon. According to
Figure 5(b), the water jet breakup has occurred from an intact length, estimated at 18 mm from the nozzle exit.
The formed droplets are larger than the jet diameter (=1.9d;). This corresponds to the first breakup called “Rayleigh
regime”, where the breakup has mainly occurred due to the surface tension force. A surface waves will be created
and amplified along the jet axis, reaching a sufficient amplitude then fevors the jet to breakups into drops.

For a better description, the volume fraction distribution of water phase along the jet axis is presented in Figure
5(b). The breakup of liquid jet takes place at the position where the water volume fraction is zero, and the drops
diameter is therefore represented by the points thickness.
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Figure 5. Free water jet phenomenology for a circular nozzle (¢=0°) and laminar flow.
(a) evolution of the water volume fraction on the jet axis.
(b) water jet breakup into drops by cfd-fluent simulation.

In Figure 6, a harmonic fluctuation of the jet velocity along the symmetry axis is shown. For laminar flow, the
water column is not disturbed before the breakup, the jet velocity is still constant (U=1.5m.s™!). The velocity
fluctuation along the symmetry axis represent the water droplet velocity and therefore the velocity of the jet after
breakup [11], [12], [13]. Although, in the VOF model the relative velocity in the interface between the air and
water is considered zero. This assumption did not affect the cells far from the considered interface.

2.50

2.254

2.004

1.754

1.50 1

1.254

Water jet velocity (m.s™)

1.00 4

0.75 T T T T T T
0.00 0.04 0.08 0.12 0.16 0.20 0.24

Axial distance (m)

Figure 6. Water jet velocity fluctuation along the water jet axis for laminar flow regime.

From velocity vectors in Fig. 7, water drops could be localised in the regions of high intensity. The figure also
describes the velocity evolution along the jet axis and around the water drops over the computational domain.
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Figure 7. Velocity vectors in the flow domain.

For a turbulent flow of Re=5030 and We=235, a comparison is performed between numerical results and
experimental data of Sallam et al. [2], Figure 8. Qualitatively, a good agreement is recorded in terms of droplets
size. However, some discrepancies are observed about the intact length. In fact, a nozzle length of L,,; = 10d; was
considered, it was chosen arbitrarily because the authors Sallam et al. [2] did not report the nozzle length used in
the experiment. This finding is attributed to the nozzle length affect, which affect the breakup process because the
development of the velocity profile along the jet nozzle length.
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Figure 8. Turbulent circular jets; d=1.9mm, Re=5030, We=235
a) experience of Sallam et al., (2002), b) VOF simulation.

IV.2. Intact jet length evolution

In order to study the jet intact length evolution, two geometries of circular nozzles were considered with different
diameters of 6.8mm and 8.4mm respectively. Some typical comparisons with the experimental data of Shengyon
et al. [6] are illustrated in Figure 9. The numerical results are in good agreement with the experience with an
average error of approximately 14% and 7% respectively. For both diameters, the jet intact length, in laminar flow,
increases while increasing velocity, then it decreases when the jet velocity exceeds a critical value (Fig. 9a). When
the flow reaches a fully turbulent regime, the intact length continue to increase with velocity without a remarqued
critical point (Fig. 9b).
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Figure 9. Intact jet length evolution as function of the jet velocity,
(a) di=6.8mm, (b) di=8.4 mm.

According to the experimental data, the low velocity (creeping mode) allow drop formation at the immediate
nozzle exit, this range of flow regime was not taken in consideration for this work. When the injection velocity
increases above (U=I m.s™), the intact length begins to appears (see Figure 9); this is the beginning of the second
region called “Rayleigh mode”. In this region, the intact length increases linearly with the flow velocity
(U= 1-1.5 m.s™"), which is independent of the velocity relaxation profile. Hence, the breakup is completely
controlled by capillary or surface tension force [14].

When the jet velocity increases from 2.5 to 7.5 m.s!, the intact length increases simultaneously then become
uniform. The surface tension force, which has a mitigating effect, tend to reestablish the original shape of the liquid
column after disturbance [15]. Hence, the conical nozzle shape (a=8°) modifies significantly the behavior of the
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jet, and the water column breakup can be distinguished further downward of nozzle causing an intact length, Lc,
more important (example, at U = 2 m.s” ), Lc = 124.14 mm), (Fig. 10). In the transition zone (U> 2 m.s™),
the intact length decreases with the jet velocity. The two regions (increase then decrease) are connected by
a “critical point”, which represent the critical velocity where the stability curve shows a maximum. The critical
point location depends strongly on the initial injections conditions [16] and changes with the nozzle length. Beyond
U= 4.5 m.s”!, the flow was considered turbulent, and the intact length increases again. The relative velocity

between these two phases favors the water column to breaks. After the second critical velocity, the intact length
decreases then starts to increase again (Fig. 10).
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Figure 10. Stability curve of a capillary circular nozzle (a=0°), and conical nozzle shape (0=38°).

For a better visualization of the free jet flow, the velocity streamlines evolution at the exit of the injection nozzle
gives a good illustration (Fig. 11). We can see that the water jet draws the surrounding air, initially at rest, while
the flow of air around the jet reduces the relative velocity between water and air phases.
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Figure 11. Streamlines evolution in the whole domain of the flow.

1V.3. Drops distribution
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The drops distribution for the two nozzle configurations are presented in Figure 12 and 13. Figures (12a) and (13a)
describes the laminar regime (U=1 m.s-1), where a uniform drops size was found at the exit equal to the double of
the jet diameter (dd =2di) [17]. These observations are similar to those observed in the first Rayleigh regime.
However, the distance between two successive droplets increases and becomes non-uniform when the jet moves
downward. Otherwise, the turbulent water jet in Figs. 12(b) and 13(b) is noticeably different; the intact jet length
is stretched and the distance between two successive droplets is not uniform. Consequently, different drops sizes
are observed along the jet axis. The growth of the intact jet length according to the intensity of turbulence is also
noticed in the experimental tests of Sallam et al. [2], and described by Ehsan and Ali. [18]. However, the small
waves existing on the turbulent jet surface affect the fragmentation of water column and the secondary breakup
regime could not be reproduced in the simulation. In this case, a large scale of the simulation (meso-scale
simulation) will be adopted.

=) 5]

(a) (b) N %

T T

: i
- 1
Figure 12. Jet breakup for circular Figure 13. Jet breakup for conical
nozzle shape (0°) nozzle shape (8°)
a) laminar jet, U=1 m.s, b) turbulent jet, U=20 m.s™.

IV.4. Velocity Profile Relaxation Influence

To investigate the effect of velocity profiles relaxation inside the capillary circular nozzle on the breakup process,
numerical simulations were performed for five (05) different lengths of nozzles ranging from 10 to 40 mm (Fig.
14). The calculations tests are performed at a relatively low jet velocity (U = 1.5 m.s™'). As results, the numerical
finding show that the intact length of the jet increases with increasing the nozzle length. This conclusion is
principally due to the internal jet flow behavior, and the development of the velocity profile inside the nozzle,
which affect significantly the breakup of water column. The rearrangement of the jet velocity profile downward
of the nozzle exit, and the flat profile explains the higher Lc values (Fig. 14).

Contrariwise, when the jet leaves the nozzle with a relatively parabolic profile, the intact length decreases
significantly with the nozzle length (50mm nozzle case). This modification in the profile, accompanied by the
energy redistribution, contributes significantly to the development of disturbances on the jet surface and the formed
ligaments fractionate under the aerodynamic instabilities forces. This fact explains the jet breakup occurred at a
short distance downward of the nozzle exit (Lc= 18.01 mm). In addition, no circulation zone has been observed
inside the tube. All these conclusions, are similar to the findings reported by Ghassemieh et al. [12] and Bode et
al. [19].
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Figure 14. Nozzle effect length on the breakup for low velocity injection value (U=1.5 m.s%).

For a conical nozzle shape (Fig. 15a), the velocity have a relatively parabolic profile inside the nozzle and the
flow patterns are substantially modified at the nozzle exit. Figure 15(b) illustrate how the downstream air is being
circulated between the water flow and the nozzle wall. As we indicated previously, the air is entrained in the water
flow direction, which generates a downward motion. Consequently, an upward motion of air was formed, this to
satisfy the mass conservation [20]. Such effect has not been observed in the capillary circular nozzle configuration.
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Figure 15. (a) Velocity profile evolution with radial distance (conical nozzle shape),
b) Standardized velocity vectors.

IV.5. Turbulence Effect on the Jet Breakup

The turbulence kinetic energy and the growth of disturbances are the main cause of the fragmentation of the liquid
jet column into droplets with different sizes [20], [21]. The development of the jet column surface remained
dominant and became the main contributor of spray formation. The turbulence kinetic energy is more concentrated
in the midline of the jet column (Fig. 16). In case of circular nozzle shape (Fig. 16a), the distortion of the liquid
surface by turbulent eddies gives sufficient turbulent energy to supply the surface tension and sufficient time for
drops formation. An intact length was clearly developed, and the droplets have a diameter greater than the nozzle
exit. This, correspond to the Rayleigh breakup regime. Thereafter, the drops take more time to develop and their

size growth progressively with increasing distance downstream of the nozzle exit [22], [23].

In the conical nozzle shape case (Fig. 16b), the downstream air close to the water surface was entrained by
the flow and a downward motion was obtained [24]. At the end of the column jet, the instabilities begin to
appear, the intact length is infinite and no droplets are formed yet.
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Figure 16. Iso-contour of turbulence Kinetic energy.
a) capillary circular nozzle shape, b) conical nozzle shape.

II1. Conclusion

In this work, a set of numerical simulations were performed using Volume Of Fluid (VOF) approach available in
the CFD Code Fluent. The main objective of the study is to analyses the breakup phenomenon of a liquid column
jet according to different parameters, such as nozzle geometry, flow pattern and velocity profile relaxation, which
affect directly the flow behavior. Two nozzle configurations were adopted in this work, considering laminar and
turbulent flow conditions; the first is circular and the second is conical.

The numerical results show that VOF model has qualitatively reproduces the first jet breakup mode, the size of
the drops obtained, is in compatibility with the experimental observations (Rayleigh mode). The gradual increase
in jet velocity causes the increase an intact length. These results draw the shape of free liquid jets stability curve
and describe the evolution of the intact jet length as function of velocity.

As observed in the experimental data presented in the literature, the introduction of turbulence in the flow
modifies the breakup mode compared to that observed in the laminar flow. A further disturbance in the liquid/gas
interface is observed.

Consequently, we can conclude that there are various factors that contributes to the breakup of the free water jet
in still surrounding air.

For future investigations, model improvements are needed to take into account the turbulence at the water-air
interface. For very high flow rates, the development of a more elaborate method that takes into account the relative
velocity between the two phases should be examined.
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