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Liquid jets in surrounding air face capillary and shear forces which eventually disintegrate the jet into
droplets or spray. The instabilities developed in the flow inevitably break down an initial laminar (coherent)
jetinto a turbulent one. In the manufacturing process called grinding, one of the oldest approaches of shaping
metals and other materials, liquid coolant jets are frequently used. A non-coherent or turbulent jet has a
reduced flow rate due to cavitation, air entrapment and atomization of the fluid particles. The jet spread does
not allow the coolant jet to effectively breach the high-speed rotating air layer, created by entrainment of air
along the surface of rapidly rotating grinding wheel. The coherent, nearly columnal jet should be sufficiently
long to maintain its initial velocity to penetrate the layer of air rotating with the grinding wheel. Thus, in
many critical grinding applications, it is advised to use a coherent jet instead of a spray to eradicate defects
of ground surface. In this study, we present simulations of liquid jet flows to see how the jet develops and
breaks due to surface tension and shear forces. Creating an accurate model to predict liquid jet
characteristics, especially for high-speed applications such as grinding wheel cooling would require well-
resolving numerical grids and turbulence model selection. The problem being multi-phased with a density
ratio of coolant-to-air being order of 1000 adds to the computational complexity. The presented numerical
model and results are different compared to the previous simulations of liquid jets as the characteristics of
jet disintegration are explored under conditions that closely resemble a grinding cooling application. Finite
volume discretization of the flow domain and calculation of flow field characteristics were done by
commercial software ANSYS Mesh and ANSYS Fluent modules, respectively. The numerical calculation and
visualization of disintegration of free jet and the jet impinging into grinding wheel will be presented.

I. Nomenclature

A; = Area of finite volume cell face

D = Diameter of jet

fi = Body force

Ly = breakup length

P, = Pressure at neighbor cells

u; = velocity along different axis (i=index notation)
U = Average axial velocity of jet

V = Volume of the computational cell
We = Weber number

p = Density of liquid

) = Kinematic Viscosity

II. Introduction

Grinding is a process mainly used in the manufacturing industry to prepare surfaces on various workpieces using an
abrasive wheel. Grinding originated from primitive ages when contemporary humans rubbed stones together to shape
them into various tools. Grinding machines, also known as grinders, play a pivotal role in achieving precise
dimensions, surpassing the accuracy of other machining methods. The process extends beyond steel products to
include ceramics, bronze, copper, and more [1,2]. Despite its advantages, grinding generates significant heat, and
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efficient cooling becomes crucial to prevent adverse effects like oxidation and poor surface finish. An efficient cooling
system can improve performance by dissipating heat more quickly and delivering coolant more precisely. The coolant
also acts as a lubricating agent, and aids in removal of ‘chips’, ground metal powder from the workpiece. Grinding
burn or heat related surface defects [3] such as brittle ‘white layer formation’ can be minimized largely with the help
of an efficient cooling technique. Applying liquid coolant on the grinding wheel-workpiece interface as the wheel
removes metal at a high speed has been a widely used technique in manufacturing. However, the challenge lies in
making the coolant jet impinge precisely at the interface because of the high-speed rotation of the grinding wheel.
Many researchers have worked on this problem and there have been remarkable developments. Webster et al. [4]
showed that improvement in cooling efficiency can be achieved with a more coherent smooth streamed coolant jet.
Lopez Arraiza et al. [5] designed nozzles and found optimum cooling conditions. Additionally, the orientation of the
nozzle and coolant application was studied in [6,7].

When a liquid jet flows out of a nozzle, given that at the end of the nozzle exit it has kept its laminar property, will
interact with surrounding air which due to surface tension and capillary effects, inevitably change the jet homogeneity.
Eggers & Villermaux [8] discussed these effects in detail in their review of jet breakup phenomena. The term ‘laminar’
means a steady flow where fluid particles do not cross each other’s path and have zero vorticity. It is visible when the
flow is not rough and has a smooth stream. Turbulent flow on the other hand, has layers of fluid particles mixing and
crossing each other’s paths creating a visibly rough flow. When a laminar jet faces the capillary and shear forces acting
on its boundaries, the laminar or smooth flow will cease to exist, and transition to turbulence takes place. At this point
of the jet development, the jet is broken up into droplets of different shapes and sizes. During and after the transition,
the flow carries less amount of fluid volume per cross sectional area compared to its upstream location where the flow
remains laminar. Turbulence in the flow will make the jet look non-coherent or rough. Studies by Webster [9] found
that circular ‘coherent jets’ perform better in dissipating the heat from grinding surfaces. According to Rupe [10], if
the jet has a non-uniform velocity profile at the exit of the nozzle, even if it is in laminar regime, it will break down
easily; even an initially turbulent jet will go longer distances than an initially laminar jet without breaking up.
However, Debler and Yu [11] showed that jets with non-uniform velocity profiles are more stable than jets with
uniform velocity profiles, where being stable means an increased jet length until breakup. The present work is a
numerical approach of predicting jet behavior where we simulate the flow under conditions resembling grinding
cooling.

Prediction of free jet behavior using numerical based tools such as ANSYS FLUENT, OPENFOAM or other
commercial codes have been carried out previously by many authors [12-17]. Most of the prior research except Pan
and Suga [14] did not accommodate multiphase coolant and surrounding air flows having a density ratio of nearly
1000 in their calculations. Compared to many transition to turbulence problems like a Blasius boundary layer
separation at rigid wall, free multi-phase shear flows such as jets have not been modeled computationally to that extent.
The major reason for this can be attributed to the large spectra of length and time scales associated with a jet flow
which needs to be resolved by the finite volume grid, making the problem computationally expensive. Large-eddy
simulation (LES) has been used as a turbulence model by Xiao et al [13] where the variant of LES called Detached
Eddy Simulation (DES) has been introduced by Zhao [17]. Many of these authors [14,16,17] have used volume of
fluid (VOF) approach coupled with the ‘level set’ function. Further discussions on VOF and level set method are to
follow in later sections.

This study will attempt to shed light on the jet breakup lengths in different conditions such as jet speed, velocity
profile, and presence of downstream walls. At the first stage of the study, liquid jet breakup spreading in surrounding
still air has been considered. The commercial software ANSYS FLUENT has been used to carry out the numerical
simulations of the flow of liquid jet. Then we aim at finding out what differences a liquid jet shows in its behavior
during breakup when there is a solid surface downstream in which the jet is impinging. Although a simplistic
emulation, this is quite pertinent to grinding operations because the coolant jet in a real-world grinding machine will
have multiple obstacles standing downstream such as grinding wheel and workpiece. Used computational models
were validated with experimental data from literature and compared jet development and breakup in several different
set-ups. The jet breakup with a regular jet issued from a circular opening was compared with the popular Rouse nozzle
design [18]. We have also investigated the effect of a uniform velocity profile as opposed to a parabolic velocity
profile at the nozzle exit. As the research advances, we plan to focus on jet behavior with a coaxial flow of coolant to
explore new designs of nozzles.



III. Numerical Methods

A. Finite Volume Solver

The finite volume method (FVM) is a method for solving partial differential equations (PDE) describing
conservation laws including the Navier-Stokes equations. The FVM discretizes PDEs in the form of algebraic systems
of equations [19]. The physical variables of the flow such as velocity and pressure are approximated at discrete nodes
at centers of finite volumes within the problem domain. Volume integrals including divergence term are replaced by
surface integrals according to the divergence theorem [20].
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where, u= velocity, i= index notation for different axis, P= Pressure at cell center, V= Volume of cell.

The choice of solver of the above system of equations is important because it defines the computational time and
accuracy of solution. The SIMPLE and Coupled approaches [21,22] are two of the options that FLUENT offers. The
Semi Implicit Method for Pressure Linked Equation (SIMPLE) involves iterative steps to determine velocity and
pressure fields in computational fluid dynamics [21]. It adjusts the pressure field to ensure compliance with the
continuity equation, introducing a pressure correction equation. . Considering the computational time and better
convergence, the SIMPLE method was chosen as the primary solver for the calculations.

B. Turbulence Models:

Various Reynolds-Averaged Navier-Stokes (RANS) models have been developed as alternatives to Direct
Numerical Simulations (DNS) to predict flow behavior efficiently without requiring extensive computational
resources. Unlike DNS or Large Eddy Simulation (LES), RANS models focus on mean flow properties and use
turbulence closures for unresolved turbulence effects. Common RANS models include Reynolds Stress Model (RSM),
k-¢, and k- models, known for their computational efficiency and applicability in industrial aecrodynamics context.
However, RANS models have limitations in capturing highly complex and unsteady turbulent flows, which may be
better addressed by LES or DNS methods. In our computations, RANS models including Transition Shear Stress
Transport (SST) and k-¢ have been used. However, as the study advanced in validating and observing flow
visualizations for these different models, Detached Eddy Simulation (DES), with a 2" order discretization scheme for
volume fraction was used because it offered better accuracy. The k-¢ turbulence model is a computational approach
to address the Reynolds stresses that we find in a Reynolds Averaged Navier Stokes (RANS) equations using two
variables (k and €), where k denotes the turbulent kinetic energy and € denotes its dissipation rate.

Transition SST model is an extension of the family of two-equations models of turbulence where it has two
additional terms with two additional equations for y and Reg. The additional terms help to define the onset of
turbulence in the flow field. The term y denotes the turbulent intermittency where its non-zero value suggests existence
of turbulence in that part of the domain.

The DES model is a hybrid approach of both RANS and LES, where a sub-grid calculation model (LES) is activated
in finer grids in the separated flow region where RANS calculations are carried out in near wall or boundary layer
region [23, 24]. A ‘limiter’ is used to identify and differentiate the zones where RANS and LES will be computed.
Although the present study has grids which are uniform throughout the whole domain, more complicated domain, i.e.
with rotating grinding wheels where the freedom of having coarser grids in some areas will be beneficial. To improve
the accuracy of DES calculations, several shielding functions have been added to the ‘limiter’ which enables the code
to understand the onset of flow separation from its own solutions which essentially ‘delays’ the activation of LES to
a more accurate point. One of such modified models is called the Delayed DES [24]. The DES saves significant
computational time compared to LES while offering better accuracy than typical RANS approach. Details of
turbulence models can be found on Ansys FLUENT theory guide [25].

C. Volume of Fluid (VOF) & Level Set Method

Volume of Fluid [26] is a method to solve multiphase flow problems where a continuity equation for volume
fractions of participating fluids is solved throughout the whole domain. A primary phase is selected (in this study, it



is air) along with the secondary phase (water, as liquid coolant). The fraction of secondary phase is set as initial and
boundary conditions. This is a very useful method to predict free shear flows accurately.

The level set method, developed by Osher and Sethian [27] is a front tracking technique useful for multiphase flow
simulation when the interphase between phases is not constant and its location is not predictable before simulations.
The RANS equations are coupled with a scalar quantity ¢ that tracks the volume fraction of the secondary fluid in the
flow domain [28]. For example, if we are considering water flowing or issuing from a nozzle in an ambient air
environment, then the liquid water volume fraction will be tracked throughout the whole computational domain
enabling us to visualize the phase interface at every cell. In general, the value of ¢ is set in such a way that it yields a
negative value inside the secondary phase, and a positive value outside of the secondary phase encapsulated cells.
Therefore, it would yield a unit value at the interface of the two fluids.

D. Problem Setup

This section will outline the FVM grid generation, geometric domain, and setup of boundary conditions.
Domain and Numerical Grids: Multiple domains were set up, to visualize the liquid jet flow in different conditions.
Validation of turbulence model and primary jet breakup length analysis were carried out in an axisymmetric domain
of 4Dx100D (where D= 9mm is the nozzle exit diameter), see Figure 1a. To accommodate the downstream wall
impingement of the liquid jet flow, the domain size was changed to 10Dx177.78D. (Figure 1b). Similarly, a rotating
wheel of diameter 10D was set up at 0.8m (nearly 9D) downstream of the nozzle exit to observe the change in jet
breakup due to interaction with grinding wheel’s surrounding air layer. (Figure 1c¢)
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Figure 1: (a), (b), (c) represents the domains used in the calculations.
The grids were generated using ANSYS Mesh module. To start with, a rectangular grid size was selected having

10 grid layers across the liquid jet inlet (at nozzle exit) to capture the appropriate breakup regimes. We refined the
grids to be square shaped in later stages of our numerical modeling.
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Figure 2: (a) Regular Mesh (Rectangular, 20 grids across liquid inlet) and (b) Refined mesh for Rouse nozzle
(Square, 24 grids across nozzle exit)

IV. Results and Discussions

A. Validation of model

The study by Sallam et al. [29] has been adopted to validate our model of predicting jet breakup. The authors ran
experiments on circular liquid jets having different Weber numbers based on jet velocity density of jet material and
surface tension. They compiled prior results by Chen & Davis [30] and Grant & Middleman [31] where experiments
were carried out to define the liquid jet breakup length, developed the following formula to predict the breakup length
for liquid jet flow which has a Weber number less than 400:

L, = 5We%s (3)

where, L, = Breakup length, Weber number, We = %, U= Average axial velocity of jet, D = Diameter of jet,

p = Density of liquid. Our numerical simulations were run with different turbulence models including transition
SST, k-g, and DES with different grids and discretization approaches. The results were compared with both the
analytical prediction and experimental results from Pan & Suga [14].

In this research, the jet breakup length is defined as the axial distance from nozzle exit where the density on the
jet axis becomes less than 500 kg/m?, that is ~50% of initial jet density. The density of liquid water at the inlet is
~1000 kg/m>. The density of water and air mixture along the axis of the jet was plotted in different moments in time
and the average breakup length was determined, as the jet breakup occurs in different locations in different time
moments. Break-up lengths were observed with the Transition SST (4 equation), k-epsilon (2 equations) and DES
(Delayed) models of turbulence where the DES model with square shaped refined grids (similar to Figure 2b) gave
the highest accuracy compared to literature (Figure 3). In further visual investigation of the flow fields, comparing
experimental photos from [29] and computational flow field from [14], we observed that the visual shapes of jet
breakup resembled the most when the Delayed DES model was used.

B. Circular jet breakup:

Jet issued from a direct circular opening (not a nozzle with curved inside walls) having a range of average axial
velocities (0.447m/s to 1.788 m/s) were simulated and the flow-fields (colored by density), were obtained numerically.
Figure 4 shows the breakup of a jet having an average axial velocity 1.095 m/s (We= 150). The surface waves tend
to amplify to the point where the wave amplitude is almost equal to the diameter. The surface waves are
‘dilatational’[14] in nature and these waves are the primary factor for the jet breakup according to Rayleigh [32] and
Pan [14]. These types of instability and breakup observed here have been previously expressed as ‘Rayleigh’ type and
wind induced breakup by authors [8,14]. The jet’s movement direction has been set toward the direction of gravity.
In the present section, computations for circular jets, all of them with We <400, show surface waves and jet breakup
in similar manner.

D. Circular vs rectangular jets:

If the domain and boundary conditions are set in such a way that the jet has a rectangular cross section compared
to the circular one discussed above, a different breakup phenomenon is observed which is asymmetric unlike the
previous circular jet and much more ‘violent’ in nature (Figure 5).
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Figure 3: Validation of numerical model, where delayed DES is used.

Figure 4: Jet breakup for We=150 (average velocity 1.095 m/s). Snapshots at sub-figures a), b) and c) at t=1,2,
and 3 seconds.

Another distinction between the two in Figure 5(a & b) is their behavior in time. The circular jets have a proclivity
to maintain their maximum reached distance from the nozzle exit while the rectangular jet reduces in its length before
breakup by almost 50% and does not reach the length and shape of its first break up again. Therefore, in terms of
stability, circular jets are superior to rectangular jets. Pan and Suga [14] discussed multiple breakup regimes where
higher velocity jets for We>400, show a second wind induced breakup which is asymmetric and as opposed to the
flow fields shown in Figure 4, they are more likely to have shorter diameter of jet at the point of breakup. Therefore,
it can be assumed that in the current calculations, the rectangular jets show breakup properties like circular jets having
much higher velocity.



Figure 5: Breakup of a) circular jets vs b) rectangular jets in time (average axial speed= 1.788 m/s)
The fact that circular or round shaped jets have higher stability than non-circular jets have been discussed before
by Mi et al. [33]. The above results are consistent with their finding.

E. Jet breakup with uniform and non-uniform velocity profiles at nozzle exit

Many authors [9-11] addressed the needed velocity profile suitable for more stable jet development. As discussed
earlier, there are contradictory findings at that front. In present calculations, uniform and parabolic velocity profiles
were set as boundary conditions and difference in breakup lengths were observed.

Figure 6: Circular jet breakup with a uniform velocity profile at nozzle exit.

Simulations for circular jets in Figure 4 were carried out with a parabolic velocity profile at the nozzle exit,
that is, the liquid jet inlet of the domain. A fully developed laminar pipe flow yields parabolic type velocity profile
which is more resembling of the real-life operations because the liquid coolant is transferred to the nozzles with pipes
having significant length to diameter ratio. Figure 4 pictures are comparable to Figure 6, where a ‘uniform’ velocity
profile was set at the nozzle exit. With the same average axial velocity (U=1.095 m/s, We=150) in both cases, reduction
in breakup length was observed while using ‘uniform’ velocity profile. This result is compatible with Debler and Yu’s
[11] experimental results where they concluded that the non-uniformity of velocity profile at nozzle exit increases the
stability of the circular jet.

Table 1: Average breakup length variation with different velocity profiles at nozzle exit (U=1.095 m/s,
We=150)

Non-uniform (parabolic) profile Uniform profile

Average Breakup Length, L, (m) 0.40 0.30
Non dimensional average breakup Length, %” 45 33.33

F. Jet break-up with a rigid surface located downstream.
According to computations using the DES model in Figure 3, the average breakup length for a circular jet having
We=400 is 0.9m. Boundary conditions were set to observe if a wall, located approximately at the same downstream



distance as the breakup location from the nozzle exit, can affect the breakup in any significant way. It was observed
that (Figure 7a and 7b) the location of the breakup is pushed back by almost 1/3 of its length compared to case of
free jet without the presence of wall.

Rigid wall
a)
Rigid wall
b)

Figure 7: a) Jet flow with the presence of rigid surface a) at t=6s and b) at t=14s
. ey e S |

||||| e — AN | — o
- . ot
Tur- -
S 7 S 5

_— " ™ =

o Vi ‘L—""ﬁ-—..,__' o : f :
- : ‘\'\.—._,-._h_‘

Prsstizn 1m| Poaifen |m}
a) b)

Figure 8: Density plot along the axis of jet at a) t=6s, and b) t=14s

G. Jet break-up with a grinding wheel located downstream.

The process of disintegration of jets depends primarily on the interaction of the liquid and the surrounding air. In
the discussion above, the effects of jet break-up in still air were observed. In the case of surrounding air which is not
still rather moving along with a rotating grinding wheel can be visualized using the same turbulence models, grids,
and numerical schemes with some adjustments in the domain. The domain was set up according to Figure 1(c) to
accommodate the grinding wheel. Due to limitations of 2D domain, the problem was set up so that the liquid jet has a
rectangular cross section. Figure 9 shows the disintegration of a jet having an average axial velocity of 1.788 m/s
(same as Figure 5a and 5b). The wheel velocity is 445 rad/s counterclockwise.

Compared to the rectangular jet without the presence of the rotating wheel, it was observed that the maximum
unbroken length of the jet was increased in the presence of the wheel. It can be attributed to the wheel’s
counterclockwise rotation which drives the air away from the incoming jet and delays the breakup.




Figure 9: Jet breakup with the presence of rotating grinding wheel

H. Circular jet breakup from ‘Rouse’ nozzle

Renowned design from Rouse [ 18] is a popular nozzle which was used by Webster et al. [4] to analyze and develop
better nozzles for grinding industry in coolant delivery operations. Using the same domain that we used for validation
and analyzing jet breakup length (Figure 1a), the development of jet from a Rouse nozzle with same velocity was
compared with the jet breakup from simple orifice described in prior sections.
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Figure 10: Jet breakup for We=175 (average exit velocity 1.182 m/s), frames are 1s apart from each other.
a) Regular circular opening and b) Rouse [18] nozzle

The snapshots of the jet flow field (Figure 10) for the same axial velocity look similar and indicate no discernible
change of flow pattern. However, upon analysis of the average breakup length, it was found that for higher average
axial speed (1.778 m/s, We=400), the ‘Rouse’ nozzle produces jet that has lower average breakup length compared to
one found in Figure 3. Table 2 shows summary of jet properties calculated for different nozzles with same average
axial velocity. For lower speeds, i.e. We=175, as presented in Figure 10, the length of breakup is approximately the
same for both cases.

Table 2: Jet properties for different nozzles with We=400 (U= 1.778m/s)

Regular circular  Rouse nozzle Rectangular Rectangular opening with
opening 2-D opening grinding wheel downstream
Average Breakup 0.9 0.6 0.55 0.7
Length, L, (m) (approx.)
Non dimensional 100 66.67 61.12 77.78
average breakup
Length, %”




V. Conclusion

The numerical results and flow visualizations using ANSYSS Fluent accurately predicted the jet breakup, especially
for lower speed applications where the instability criteria are dictated by Rayleigh instability laws. The liquid jet
impingement on a rotating grinding wheel and the early breakup of jet with a downstream stationary rigid surface was
modeled. Distinctions between the breakup nature of round and rectangular jets have been captured by the validated
turbulence model. The key takeaway from this study includes the accurate prediction of circular jet breakup lengths
as functions of the Weber number and axial velocity. The effects of a non-uniform velocity profile to increase the
stability of a circular jet has been investigated by the developed numerical model and findings were confirmed by
published experiments.

The numerical analysis of jets, both round and rectangular, suggested that under conditions where surrounding
airflow is non-uniform, induced either by the motion of a grinding wheel or by a downstream impediment, the average
length of breakup is different (shorter with rigid wall and longer with grinding wheel) compared to that derived in
regular conditions of stationary air. The current progress in the computational modeling of jet development and its
accurate prediction can be a stepstone to open new opportunities of research where we can quantitively analyze a
liquid coolant jet performance impinging on a grinding wheel.
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