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Abstract

The main objective of this paper is to investigate the fluid flow behavior of liquid jets impinging on an isothermal
flat surface and characterization the hydraulic jump. In this regard, numerical simulations were performed on
2D axisymmetric jets using ANSYS Fluent v18.0 for a specific flow velocity equal to 2 m/s. Level set volume of
fluid (VOF) method with compressive scheme was implemented to track the free surface of the jet. The location
and height of the hydraulic jump have been determined and compared with the experimental data in order to
validate the model. The results show a maximum deviation of 4% for hydraulic jump location with the existing
results in literature. Velocity vector at the stagnation zone, pressure coefficient, axial and radial velocity of the
jet and turbulent kinetic energy of the fluid flow domain were then presented. Maximum static pressure was found
to be 2108.28 Pa at the stagnation point which decreases radially from that point. Both the radial and axial
velocity were found zero at the stagnation point.

Keywords: impinging jet, stationary surface, hydraulic Jump.

1. Introduction

Impingement of liquid jets is one of the most effective mechanism through which high rates of convective heat
and mass transfer can be achieved when a fluid jet strikes a solid surface. As the boundary layer is very thin and
flow velocity is high around the impingement region, heat can be dissipated very efficiently [1]. In different
industrial processes, impingement of liquid jets phenomenon is used such as cooling of electronic devices, piston
and turbine blades, sheet metal processing in manufacturing, generator coils, laser mirrors, glass tempering, drying
and freezing [2]. There are three configurations of impinging jets available such as free jet, submerged jet and
confined submerged jet. Free-surface jets use dense fluid in a lighter fluid (e.g. liquid in air), submerged jets offer
impingement of fluid in the same fluid medium (e.g. air in air) and confined submerged jets are similar to
submerged jet but allow confining the wall. In this regard, shape of the free surface jet is affected by the
gravitational force, surface tension and pressure forces. On the other hand, the forces are affected by the size,
shape and speed of the jet. In this paper, free surface liquid jets in stationary air will be considered.

Previous experimental and analytical treatises on this topic had collected a volume of information to understand
fundamental physics. Early efforts were primarily focused on the formation of hydraulic jump due to impingement
of a single jet onto a flat rigid surface. The flow pattern, formed due to impingement of liquid stream vertically
over the flat surface was outlined by Arakeri and Rao [3]. Avedisian and Zhao [2] carried out the effect of gravity
on the radius of the jump using drop tower. Bush and Aristoff [4] provided a shift in the radial location of the
jump over a surface when the surfactant is mixed with impinging water. Prince et al. [5] developed an analytical
model for the jJump with consideration of slip over the surface and identified a rise in the jump radius for a moving
impingement surface. On a similar note, researchers showed that impingement of oblique jet onto the solid flat
surface, in comparison to normal impact, exhibits an azimuthally asymmetric profile of hydraulic jump. Kibar et
al. [6] carried out an experiment to investigate the formation of the jump due to oblique impact on hydrophobic
and super-hydrophobic surfaces. Kate at al. [7] analyzed that the circular hydraulic jump changes its shape if the
jet inclination is changed through 90 degrees. Elliptical jumps would form if the jets inclination angle varied
between 0 to 90 degrees. Kasimov [8] considered the flow over a flat plate of finite radius and investigated the
fluid flow structure upstream and downstream of the jump. He used far-field boundary conditions involving the
effect of surface tension to determine the hydraulic jump location. Computational simulation of radially
asymmetric hydraulic jJumps and jump-jump interactions was observed by Singh and Das [9]. Cho et al. [10] also
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carried out a three-dimensional numerical study of impinging water jets in runout table to observe the flow
phenomena and cooling rate.

In recent days, Duchesne et al. [11] found that the Froud number is constant after the jump which is independent
of flow rate, viscosity and surface tension. Mohajer et al [12] found that the Froud number after the impingement
is constant and independent of flow rate though the inner Froud number changes due to surface tension of the
flowing fluid. They also investigated the maximum and minimum outer and inner Froud number theoretically and
found that the outer Froud number could be more than unity depending on surface tension. Choo and Kim [13]
experimentally observed that the dimensionless hydraulic jump radius does not depend on jet diameter when there
are constant impingement power phenomena. They also developed a relation for the hydraulic jump radius which
was a function of the impingement power only. Using water and ethylene glycol as the working fluid, Todkari
and Kate [14] investigated the circular hydraulic jump due to normal impingement both numerically and
experimentally. They forged a small hole in the impingement region to observed the flow phenomena of this
modified flow region.

The study of impinging jet and hydraulic jump has been a great concern among researchers over the years. In
comparison with the previous approach, numerical observation received a little concern. Previous numerical works
[10, 15-16] were solved by trial and error methods by assuming the location of free surface only. Present study is
carried out by using the volume of fluid method to capture the interface. This method is more robust than
previously used methods to track the free surface. As a result, highly accurate computation can be achieved. On
the other hand, surface tension phenomena are also included in this study which has not considered properly in
previous models.

2. Numerical Methodology

The equations govern the flow are steady incompressible conservations of mass and momentum. Analysis of
turbulent flow is usually performed by using Reynolds Averaged Navier-Stokes equation (RANS) model in
commercially available software package ANSYS Fluent v18. The main advantage of RANS model is that it takes
less computational time than the time accurate equations as well as large scale eddy simulation. The resulting
RANS equations for the problem are [17]:
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The Boussinesq hypothesis can be used to make a relationship between Reynolds stress term (p,i;) and the
mean velocity gradients which is as follows:
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Here u, is the viscosity for turbulence and k is turbulent Kinetic energy. For all our simulations, k-o based Shear-
Stress-Transport (SST) model [18] is used to solve turbulence as it provides good predictions boundary layer
simulation and of the onset and the amount of flow separation by the inclusion of transport effects into the
formulation of eddy viscosity. The k- models assume that the turbulence viscosity is related to the turbulence
kinetic energy by:

k
He=p— (4)
The k- models solve two equations as follows [19].
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Here p, is the production rate of turbulence.

The free surface flow in water jet impingement is captured by volume of fluid (VOF) method. It mainly finds
the control volumes that contain the interface depending on the value of volume fraction of liquid. If the value of
volume fraction is 0 then the cell contains no liquid, if the value is 1 then the cell is full of liquid and if the value
is between 0 to 1 then the interface is in that cell. For our simulations, implicit volume fraction parameters
formulation with Level -Set method is used to solve VOF equation [20]:

1.0 2 I )
0 [% +V: (“qpq‘?q) = Sa, T p=1(Mpq — Mgp)] )

210



1,4 is the transfer of mass from phase p to g, m,is the transfer of mass from phase g to p and Saqis the source

term and p,, is density for g phase. Along with the VOF method, the surface tension model is also used which
results in a source term in the conservation of momentum equation.

Figure 1 presents the 2-D axisymmetric geometry, where the axis of symmetry is taken as x axis and the flat
stationary plate is considered in y axis. A steady incompressible liquid jet with radius 1 mm impinging on a
stationary smooth surface at a volume flow rate Q is considered. The plate has a radius of 50 mm and is centered
on the impact point of the jet. The distance between the nozzle and the plate is 10 mm.
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Fig. 1. Geometry of the 2-D axisymmetric case.

Quadrilateral cell type was used for meshing and very fine uniform mesh was developed near the boundary to
obtain better accuracy. The number of meshed elements was 86400 and number of nodes was 87001 with
minimum orthogonal quality very close to 1, indicating a good mesh quality for the simulation. The liquid entering
into the computational domain through the inlet having uniform velocity 2 m/s. Pressure outlet is considered for
the outlet and no slip condition is applied for the solid surface or wall. For this case, taking y=8.90x10—4 Pa.s, g
=10 m/s, y =0.07 N/m, P = 101325 Pa and p = 1.225 kg/m3. For the simplification of the calculation, the flow
is assumed to be symmetric in the midplane.
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Fig. 2. Dependence of hydraulic jump location on flow rate (Froud Number).

In order to validate our present work, the results of numerical simulations for two different volume fraction
schemes, namely, ‘Compressive scheme’ and ‘Modified HRIC scheme’ are tested first in order to identify the best
performing scheme. In this regard, the location of the hydraulic jump for different flow rates (expressed in terms
of Froud number) obtained from the simulations is compared with the measurements of Dressaire et al. [21], as
shown in figure 2. According to the measurement, for Froud number 25.82, the hydraulic jump on the plate
occurred at 12.5 mm away from the stagnation point. Results found from the simulation show that, for
Compressive scheme, jump occurs at 13 mm and for Modified HRIC, jump occurs at 14.5 mm. The difference
between the experimental value and Compressive value is 3.84% and the value is 13.79% for Modified HRIC. As
such, compressive scheme is found to be better agreement with the experimental data. Thus, later investigations
were conducted using compressive scheme.
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3. Results and discussion

The free surface flow was simulated by using the VOF method and the interfaces between air and water for jet
velocity 2 m/s are shown in figure 3. It is clear from Figure 3 that the radius of hydraulic jump is 19.5 mm from
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Fig. 3. Shape of the interface for 2 m/s water jet velocity.
the impinging point. The liquid film thickness for jet velocity 2 m/s is 0.001 mm which is very thin. The highest

pressure occurs at the stagnation point which is just below the jet nozzle where the velocity also diminishes. Due
to this high pressure, the liquid spreads parallel to the flat surface.
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Fig. 4. Velocity vector plot at 2 m/s.

At the stagnation zone, most of the changes occur such as shear stress is created by the velocity gradient which
results in high heat and mass transfer according to Reynolds analogy. There is very thin boundary layer at the
stagnation zone which grows as the liquid moves parallel to the surface from the impinging point. The flow
characteristics due to jet impingement can be understood from figure 4 which shows the velocity vector plot at 2
m/s.
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Fig. 5. Contour of static pressure for nozzle velocity 2 m/s.

212



Figure 5 to figure 8 show different flow characteristics of impinging jet on a stationary surface. Figure 5 illustrates
the static pressure which reaches to a maximum value of 2108.28 Pa at the stagnation point and decreases close
to zero radially from the impinging point. Generally, the nonzero pressure region is known as stagnation region.
The change of pressure at stagnation zone is faster with larger variation of the jet inlet velocity which also narrow
the stagnation zone.

Axial Velocity (mixture)
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Fig. 7. Contour of axial velocity for nozzle velocity 2 m/s

The axial and radial velocity profile for nozzle exit velocity 2 m/s are shown in figure 7 and figure 8 respectively.
Both the axial and radial velocity are zero at the stagnation point which is an important characteristic of jet
impingement phenomenon. The radial velocity is equal to the nozzle exit velocity just beside the stagnation point
which decreases in radial direction.
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Fig. 8. Contour of radial velocity for nozzle velocity 2 m/s.

Turbulent kinetic energy predicted by the turbulence models is graphically represented in figure 9 at various
locations of the fluid flow domain for the nozzle to plate spacing H/D=5. At the stagnation point where r/D=0, the
k- models predicted the turbulent kinetic energy as 106 mm?/s2. This value increases sharply to 182 mm?/s? at a
small distance from the stagnation point. Then the turbulent kinetic energy decreases gradually and reaches
approximately to 0 at a distance 0.015 m from the impingement point. It remains zero for the rest of the fluid flow
domain.
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Fig. 9. Turbulent kinetic energy predicted by k- models at the various locations at 2 m/s jet velocity.
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4. Conclusion

In this study, numerical investigations were done on impinging jet on a stationary surface for 2 m/s jet velocity
and various jet characteristics were investigated by solving continuity and momentum equation using VOF
method. The effects of flow rate on hydraulic jump location are observed in order to validate the simulation and
found a close agreement with the experimental results. It has been observed that the liquid film thickness after the
impingement is very thin and increases markedly, attaining a maximum thickness representing the hydraulic jump
formation. Then the film thickness falls gradually at the downstream region of the hydraulic jump. The location
and height of hydraulic jump have been obtained and different characteristics of impinging jet such as pressure,
axial and radial velocity have analyzed. Turbulence modeling based on SST k- model has shown that the results
are quite good in comparison. In real practice, the plate is not stationary but a continuously moving object. Hence,
a study of two phase flow heat transfer with moving surface phenomenon can be introduced in future.
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