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Abstract: Consistency in gas flow behavior under various operating conditions is expected for
uniform cutting performance in the thermal cutting process. The slope of the cut front in the kerf slot
of a sample cutting material varies with the operating condition which affects the gas flow pattern.
Therefore, how the nozzle exit diameter and the slope of the cut front effects gas flow behavior
has been studied using the Reynolds averaged Navier-Stokes (RANS) based k-w turbulence model.
Convergent-straight-type nozzles with exit diameters @yt of 1.5 mm, 2 mm and 2.5 mm were
used to study the flow patterns through the kerf slots of variable cut front slopes. The numerical
simulation results were then compared with the results obtained from the Schlieren experiments. In
addition, image processing was performed in the Schlieren images for clear visualization and precise
comparison of the numerical and experimental data. The results confirm that a nozzle with an exit
diameter of 2 mm shows a higher consistency in flow behavior in variable operating conditions.

Keywords: laser cutting; plasma arc cutting; nozzle flow; CFD; Schlieren method

1. Introduction

Thermal cutting is a process in which the heat of an electric arc, radiation energy or an
exothermic reaction is utilized to melt or oxidize a metal at an accelerated rate to achieve
a cut [1,2]. During the process, metal at the spot of the focused heat source melts and
is removed by a jet of the assisting gas through the cut being formed [2]. An important
parameter characterizing the cut quality is the size of the dross (resolidified material at
the rear surface) deposited on the cut surface, which is significantly affected by the gas
flow dynamics. The gas used in thermal cutting may be an inert gas (argon or helium),
a neutral gas (nitrogen), or an active gas (oxygen) [1]. The inert or neutral gas jet assists
cutting by exerting a mechanical force on the molten layer to eject the melts moving at the
cut front, whereas the jet of an active gas impinges upon the heated metal to generate heat
by chemical reaction in addition to the heat source.

The gas-assisted thermal cutting process has a wide applicability in industrial pro-
cesses such as welding, assembling, and riveting, and has serves as an integral part of
industries such as structural engineering, machine fabrication, energy equipment man-
ufacturing, construction, aerospace, ship building, nuclear power plants, batteries, and
automotive industries. Despite the widespread use of gas-assisted cutting, the process of
melt removal from the cut has yet to be adequately studied. The cut quality of material
degrades with the thickness of the sample and worsens when the thickness of the metal is
25 mm or greater. One major cause of this is a reduction in shear and pressure force on the
melt surface, acting from the gas on the melt and subsequent inadequate removal of the
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melts [3]. Nonetheless, the operating pressure for the gas-assisted cutting process is still
empirically determined.

High-pressure nozzle flow usually leads to the occurrence of a non-desirable aerody-
namic phenomena such as the presence of shock structures resulting in the deterioration of
the dynamic characteristics of the exit jet [4]. The complex nature of the shock structure,
associated with the high-speed gas jet impinging on a work piece, can lead to poor cutting
quality [5,6]. No reliable concepts of the mechanisms of the processes inside the kerf during
the cutting process have been proposed to date. Recording the processes under natural
conditions is impossible because the cut walls are not transparent, and the processes in-
volve high temperatures and reflected radiation [7]. Research under natural conditions is
confined to observations of particles leaving the cut channel and to inspecting the metal
surface after it has been affected by the heat source [3]. Due to these restrictions, physical
and mathematical modelling of the cutting processes is significantly important.

The gas dynamics of the thermal cutting process is the subject of research for many
authors. The shock-wave phenomena in gas-assisted thermal cutting has been studied by
many investigators, and in many cases [8—14] the structure of the shock wave has been
obtained by flow visualization technologies such as the shadow graph method [8-10]. The
authors in [11,12] proposed new nozzle designs based on the analysis of gas dynamics.
Tseng et al. [13] studied flow pattern and pressure variation of nozzles. They measured
depth and width of focus based on the flow visualization and reported that the depth of
focus is increased with the rise of exit Mach number whereas the width of focus increases
with the nozzle diameter.

Chen et al. [14] calculated and measured the mass flow rate, gas pressure distribution,
and shear stress in the cutting front of laser cutting. Their study includes a complete
description of the shock wave structure, and they showed that the generation of shock
waves during laser cutting is mainly affected by the ratio of the stagnation pressure at the
nozzle outlet to the ambient pressure. The authors in [15-17] investigated the interaction
of gas flows within the cut kerf to study the dynamic characteristics of the exit jet at
various stand-off distances during the laser cutting process. Darwish et al. [18] investigated
the effect of inlet stagnation pressure and nozzle geometry on the behavior of the gas
flow. They used a quasi-1-D gas dynamics theory to calculate the exact-design operating
conditions for three different supersonic nozzles. They then modeled the jet flow through
these nozzles numerically and verified them experimentally using Schlieren visualization.
They reported that the exit jet preserved its uniform distribution with parallel boundaries
and low divergence under the exact-design operating condition, unlike what was observed
for the other two conditions, especially for a nozzle with a small divergence angle. The
dynamic characteristics of the exit jet, from both conical and supersonic nozzles, have been
comprehensively reviewed in [8,9]. Man et al. [8] theoretically analyzed and visualized the
exit jet patterns in the free stream to illustrate how its dynamic characteristics are affected
by the type and size of the nozzle.

In the study by Cho et al. [19], the gas flow image was captured using a high-speed
camera with the Schlieren method. The images captured before and after gas injection
were used to obtain the image intensity by subtracting the former from the latter. Their
work revealed that the stronger the inlet pressure and the shorter the stand-off distance,
the higher the image intensity value and gas flow rate. The authors in [3] studied the flow
separation phenomena in the narrow channel as in the kerf channels obtained from the laser
cutting process. They conducted a numerical and experimental investigation on two types
of nozzles (sonic and supersonic) and examined the specific features originating in the flow
separation on a smooth surface in a narrow channel. They also proposed mechanisms for
controlling the separation.

Mai et al. [16] studied and simulated the exit jet from a straight nozzle on an inclined
substrate at various inclination angles. Their study revealed that the inclined substrate angle
had a significant effect on the exit jet pattern within the cut kerf and had a negative effect on
both the ability to remove molten materials and the cutting quality due to the steep pressure
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gradient at a higher inclined angle. Man et al. [9] performed an experimental investigation
with the shadow graph technique and demonstrated the effects of inlet stagnation pressure,
nozzle tip to work-piece stand-off distance, cut kerf width, and thickness of the workpiece
in relation to the behavior of the gas jet patterns inside a simulated kerf. Their findings
suggest that a high-speed jet increases the ability to remove dross and, consequently,
improves cutting quality.

In this study, we focus on numerically and experimentally analyzing gas flow dynam-
ics in the kerf slot. The parameters affecting gas flow behavior investigated in this study are
the kerf geometry (the varying slope of the cut front) and the nozzle exit diameter (Qeyit).
The slope of the cut front in the kerf slot changes with the variation in cutting speed. This
change in the slope of the cut front significantly affects the gas flow dynamics. Similarly,
the nozzle exit diameter affects the size and position of the shock structures formed during
high-pressure gas flow. These shock structures can deteriorate gas flow dynamics to a
great extent; therefore, the selection of an optimal nozzle exit diameter is necessary for a
high-quality thermal cut. This study aims to assess the gas flow characteristics inside a kerf
slot for variable kerf geometry and nozzle exit diameter and proposes an optimal nozzle
for a high-quality thermal cut.

2. Experimental Procedure
2.1. Nozzle and Cut Kerf Geometry

Nozzle geometry and the exit diameter significantly affect flow dynamics. Bernoulli’s
theorem states that a fluid’s total energy remains the same regardless of the internal
pressure and the velocity of the fluid. The theorem implies that the energy due to pressure,
potential energy, and kinetic energy in a fluid have a constant sum. Considering this, it can
be concluded that reducing the internal pressure of the fluid will cause a proportionate
increase in the velocity of the fluid, without the input of any additional energy. This is true
for incompressible flow and some compressible flows with Mach number 0.3 and below [20].
However, in compressible flow, reducing the internal pressure of the fluid contributes to
the increase in velocity, density, and temperature of the fluid which complicates analysis
of compressible flows [21]. The total internal pressure can be reduced by forcing the flow
through a nozzle, and thus increasing the kinetic energy of the flow. The variation in the
diameter of the nozzle exit results in the variation of the total internal pressure of the flow
which, in turn, changes the flow speed at the exit of the nozzle. However, the recurrence of
Mach shock disks should be considered when selecting the nozzle exit diameter during the
cutting process.

In this study, three conical nozzles with varying exit diameters were used to investigate
the flow behavior along cut kerfs. The flow inside the nozzle is considered to be irrotational,
isentropic, compressible, and subsonic. The nozzles used in this study consist of straight
walls with an exit angle of 0°, since they can easily be manufactured. The detailed geometry
of the nozzle and kerf are given in Figure 1.

4 mm R
Cut directior I | \_ 1 /

— «<—2.8mm
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|

‘ |
Pexit —> = —=i «—Offsetlength (logeer)
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— «— 24 mm

Figure 1. Detailed geometry of nozzle and kerf. (a) Nozzle. (b) Section view of kerf (perpendicular to
the cut direction). (c) Side view of the kerf (along the cut direction).
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During thermal cutting, the cut kerf shape is determined by various factors such as
cutting speed, the power of the heat source, sample thickness, etc. The thickness of the
cut sample used in this study was 30 mm. To investigate the gas flow dynamics inside
the cut kerf, the inclination of the cutting front was varied. The offset distance between
the end of the kerf channel on the top and bottom surface of the cut sample was varied to
produce various inclinations in the cutting front of the kerf slot. The kerf width on the top
and bottom surface was 2.8 mm and 2.4 mm, respectively.

2.2. Schlieren Method

For the Schlieren experiment, the kerf shapes were fabricated using clear glass plates
and 3D printed parts, as demonstrated in Figure 2a,b.

Fabrication of cut kerf shape for Schlieren

Concept of simulated cut kerf

Internal material

(a)

Figure 2. Kerf structure fabrication for the Schlieren experiment. (a) Conceptual model for simulated
kerf. (b) Fabricated kerf slot.

A Toepler’s Z-type Schlieren assembly with two concave mirrors was configured as
shown in Figure 3 for this experiment. A gas supply with compressed air was connected to
the nozzle. A constant pressure of 6 atm was maintained at the inlet of the nozzle for this
experiment and was derived from a plasma arc cutting process. For the Schlieren setup, a
120 W high-power white LED lamp was used as the light source which focuses through a
condenser lens and passes through a slit 2 mm in diameter. The concave mirrors used in
this setup were axially parabolic mirrors with a diameter of 200 mm, with a focal length of
2030 mm, and were made of Pyrex material coated with aluminum. The reflectance of the
mirror was more than 90%. For imaging, Photron’s FASTCAM mini UX100 camera was
used. No separate ND filter or band pass filter was used in the Schlieren configuration in
this study. A shutter speed (exposure time) of 1/25,600 sec and a frame rate of 1000 fps
were used to capture the images.

Gas
g—ﬁ supply

Mirror 1

Ethernet C} ‘ =
L
Knife Edge

Camera

Figure 3. Schematic diagram of Schlieren method.
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Schlieren Imaging

Careful measurement was performed when setting up the test material. Several
duplicate experiments were carried out for each case to minimize the error during the
schlieren method. The images captured during each experiment were compared to verify
the flow pattern captured during the experiments. The high-speed camera was used to
capture multiple images during gas flow. The flow became stable approximately after
150-200 milliseconds. The images after 200 milliseconds showed stable shock wave pattern
along the flow direction. Figure 4 shows the Schlieren images of stable flow pattern
captured during three different experiments using same process parameters. The gauge
pressure of the injected flow was 6 atm. The nozzle used for the experiments was of 2 mm
exit diameter (@exit). The similarity in the flow pattern and shockwave structures can be
used to validate the performance of the Schlieren method applied in this experiment.

(a) (b) (©

Figure 4. Schlieren images of gas flow inside fabricated cut kerf captured during three different
experiments using same process parameters (nozzle exit diameter (@eyjt) = 2mm; inlet gauge pressure
(P) = 6 Atm). (a) Experiment 1 (t = 493 ms), (b) Experiment 2 (t = 686 ms), and (c¢) Experiment 3
(t =889 ms).

3. Numerical Model

A numerical simulation was carried out using commercial Computational Fluid Dy-
namics (CFD) software ANSYS Fluent 19.0. A pressure-based iterative-coupled algorithm
was utilized for discretizing the convective transport terms. This algorithm solves the
momentum- and pressure-based continuity equations simultaneously. The full implicit
coupling is achieved through an implicit discretization of pressure gradient terms in the
momentum equations and an implicit discretization of the face mass flux, including pres-
sure dissipation terms. The gas flow inside the kerf slot is assumed to be at a steady state,
and compressible and turbulent. Therefore, in addition to the conservation equations, a
standard k—w turbulent model [22,23] based on turbulent kinetic energy (k) and specific
dissipation rate of turbulent kinetic energy (w) was used for solving turbulence in the flow.
This model was selected based on the study carried out by Balabel et al. [21] where they in-
vestigated a modified k—¢ turbulence model, a k—w turbulence model, and a Reynolds stress
model (RSM) over a wide range of nozzle pressure ratios to demonstrate their numerical
accuracy in predicting the turbulent gas flow in a rocket nozzle with a complex nozzle wall
geometry and found the k—w turbulence model outperformed all other turbulence models.
From their assessment they concluded that the k—¢ turbulence models perform well in most
of the cases related to a high-pressure gas flow; however, for the near wall flow problems,
the k—w turbulence model gives a better result. This study presents the gas flow analyses in
various cases with variable nozzles and cut kerf geometry. Table 1 shows the study cases
investigated in this work.
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Table 1. Simulation cases with different kerf and nozzle geometries.

Kerf Offset Length (1y¢¢set) Nozzle Exit Diameter (@yit)

Cases (mm) (mm)
Case 1 3 15
Case 2 3 2
Case 3 3 2.5
Case 4 6 15
Case 5 6 2
Case 6 6 2.5
Case7 9 15
Case 8 9 2
Case 9 9 2.5

3.1. Governing Equation

The governing equations in the numerical simulation involved conservation of mass,
momentum, and energy equations, and are given as follows:
Continuity equation:

V:(pu) =0 1)
Momentum equation:
V-(puu) = ~Vp+ V- [u(Va+ (Vo)") | + V-A(V-w)] 2)
Energy equation:
V[pu(e—i— ;uz)] =V (kVT) + V:[—pu+ 7] ©)

Additionally, the transport equations for the turbulent model consist of equations for
turbulent kinetic energy k and the specific dissipation rate w.
The turbulent kinetic energy equation:

V-(puk) = V-((;H—gt)Vk) + G — Y 4)
k
The specific dissipation rate equation:

V- (puw) = v((;w(’f)w;) 4 G — Yo 5)

w

Turbulent dynamic viscosity:

« Ok
= 6
o= (6)
The coefficient a* damps the turbulent viscosity causing a low-Reynolds number

correction. This is given by:
. « [y + Rer /Ry
— Tk 7
& DCOO<1+R€t/Rk ()

where af, = 1, a5 = %, Bi=0.072, Re; = ok and Ry =6.

W/

3.2. Computational Domain and Grid Generation

The numerical simulation was carried out for the computational domain, as shown in
Figure 5a. The buffer zone under the bottom surface of the cutting sample is partitioned for
a finer mesh. The gas flow behavior under the bottom surface can be used to understand
the melt removal quality during the cutting process. Therefore, the region under the bottom
surface near the kerf channel was finely meshed to capture gas flow dynamics with higher
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accuracy. The mesh size was chosen to be 0.3 mm at the inner wall of the nozzle and the
kerf channel. The partitioned region under the bottom surface was meshed with an element
size of 0.5 mm. The rest of the computational domain was meshed with a size of 3 mm. The
total number of mesh elements in all the cases ranged from 2,600,000 to 3,200,000. Figure 5b
shows the cross section of the mesh model.

Computational

domain Mesh

(a) (b)
Figure 5. CFD model. (a) Computational domain and (b) Mesh model.

Grid Independence

An insight into the sensitivity of the model with respect to various changes to the
model parameter values is necessary for a CFD model. Therefore, a grid independence
test was carried out on the mesh model. The element sizes of the walls inside the cut kerf
and the inner wall of the nozzles were changed from 0.50 mm to 0.10 mm, the elements
in the region at stand-off distance were altered from 0.10 mm to 0.01 mm, and the edges
of the kerf on the top surface were altered from 0.20 mm to 0.01 mm to obtain a mesh
model with various level of refinement. Each refinement level was maintained at a ratio
above 1.3, which is greater than the recommended refining ratio of 1.1 [24]. Altogether five
mesh models with cell numbers of 421,744, 786,368, 1,362,065, 1,938,360, and 2,555,681 were
prepared to carry out a grid independence test. Maximum velocity along the flow direction
was used to evaluate its dependency on the grid size. Figure 6 is the grid dependency
result carried out in the mesh model. The modelled meshes show stable results as the
cell number was increased above 786,368. Using a finer grid increases the computational
cost greatly. Therefore, the grids chosen are usually a compromise between accuracy and
computational time. However, in this study, the mesh size was reduced to a level where the
shock wave structures were modelled well. Therefore, a mesh model with fine grid at the
region of stand-off distance and cut kerf channel was used to accurately model the shock
wave structures in the flow.

650 2,555,681

Max Velocity (m/s)
2

0 10 20 30
Cell number (x 100,000)

Figure 6. Grid dependency of the maximum velocity of the flow.
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3.3. Boundary Conditions

The initial and boundary conditions were defined for velocity (u), pressure (p), tem-
perature (T), and turbulence variables at the inlet, outlets, and walls. The inlet and outlets
were modelled as pressure inlet and pressure outlets with a pressure value of 6 x 10° Pascal
(Pa) at the inlet and 0 Pascal (Pa) at the outlets. These are the gauge value taken from the
Schlieren experiment. The temperature was fixed to 25 °C at both the inlet and outlets. All
the walls were considered to be a stationary wall system and a no-slip boundary condition
was used. The boundary layers are shown with colored patches in Figure 7.

Walls

() (b) (c) (d)

Figure 7. Computational domain showing boundary layers. (a) Inlet, (b) Walls, (c) Outlets, and
(d) Symmetry.

ANSYS Fluent 19.0 was applied in the numerical modeling, and double precision
was used for solving the governing equations. The computations utilize a pressure-based
iterative-coupled algorithm for discretizing the convective transport terms. A compressible
form of the Navier-Stokes equation along with the standard k-omega (k-w) turbulence
model, discretized by the second order upwind for momentum, energy, and turbulence
equations, were used to simulate the phenomenon of the flow pattern along the cut kerf
slot and around the top and bottom surface of the cutting plate. The number of iterations
carried out in each case was 10,000.

4. Results and Discussion
4.1. Numerical Results

The effect of various nozzle sizes on the dynamic characteristics of gas flow through
the kerf channel was investigated by presenting the velocity and pressure distributions
for the flow. The flow distribution was analyzed through the cut kerf and over and under
the cutting plate. The velocity and pressure distribution in the three cut kerf models with
the three different nozzles were studied for gas flow behavior. The flow behavior was
examined along (a) the top surface of the cut sample and (b) the center plane parallel to the
flow direction. The velocity and pressure distribution were calculated along two sections
in the symmetry plane, as shown in Figure 8. The distribution curves for the velocity and
pressure were plotted along the lines Z1 and Z2 given in Figure 8. Line Z1 passes along
the nozzle axis and line Z2 is parallel to the inclination of the kerf at 0.5 mm offset from
the end of the kerf. In addition, the velocity map along the plane at a distance of 0.1 mm
from the top surface of the cut sample was assessed to investigate the flow deflection on
the top surface.
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Figure 8. Sections showing lines Z1 and Z2, where the flow field distribution was studied.

The effect of nozzle diameter and kerf geometry on the behavior of gas flow was
assessed through the pressure and velocity distribution along the kerf slot in the symmetry
plane for all the cases discussed in Section 3. Figure 9 shows the pressure distribution
along the symmetry plane of the computational domain. Similarly, Figure 10 represents
the velocity distribution. In addition to the flow distribution along the kerf slot, the flow
deflection along the top surface of the cutting sample was examined using a velocity map.
Figure 11 shows the velocity distribution along the top surface of the cutting sample.

The gas flow through all the nozzles showed an under-expansion flow. This behav-
ior is common for high-pressure flows in conical subsonic nozzles such as those being
investigated in this study. The flow distribution along the nozzle and kerf slot for all cases
showed uniformity and a good flow distribution. The pressure distribution along the flow
direction exhibited oscillation that dampened as the flow propagated further downstream.
The frequent oscillation inside the kerf slot near the top surface indicates the presence of
an oblique shock wave. Further downstream, the flow exhibits periodic oscillation that
dampens as the flow propagates away from the nozzle. This is due to the presence of shock
structures along the flow propagation direction, as observed in the Schlieren experiment.
The velocity field shows a similar oscillation in the flow indicating an interrelation between
the velocity and pressure field.
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Case 2
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Case 7

Case 8

Case 9
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Figure 9. Numerical simulation results for the pressure field along the symmetry plane.
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2.0 mm

2.5 mm

3 mm

Case 1

Case 3

Case 4
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Figure 10. Numerical simulation results for the velocity field along the symmetry plane.
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10&::“it 1.5 mm 2.0 mm 2.5 mm Velocity
650.0
3 mm l 585.0
520.0
Case 1 Case 2 Case 3 455.0
390.0
6mm r_1 325.0
260.0
Case 4 Case 5 Case 6 195.0
130.0
9 mm 65.0
. ~ 2o OO
Case 7 Case 8 Case 9 (mls)
Figure 11. Numerical simulation results for the velocity field along the top surface of the cutting sample.
4.1.1. Effect of Nozzle Exit Diameter on Gas Flow Characteristics
The numerical results for pressure distribution showed the presence of low- and
high-pressure regions along the flow propagation. The oscillation in the pressure profile
along the flow direction is due to the presence of shock wave structures, as observed in the
Schlieren experiment results. Figures 12-14 show the pressure distribution curve along the
Z1 and Z2 lines. The pressure distribution curves follow a sinusoidal wave pattern with
exponentially decaying amplitude as the flow progresses inside the kerf slot. The high- and
low-pressure regions are formed along the flow direction and are shown with the crest and
trough in the pressure curves.
g3 Inside nozzle Case ] § : .
= Case 2 S 07 Inside Case |
= e X kerf Case 2
x 6 Case 3 = 0.5 ase =
= & Case 3
- 4 Free 2 03
g 5 03
E ) stream 2 Freestream
© ~ 0l under kerf
A~ 2
L0 =R
= = -0.1
5 iy
- . . -0.3
05 0 ds 20 2 0 20 40 60 80 100 120
Position along line Z1 (mm) Position along line Z2 (mm)
(a) (b)

Figure 12. Pressure distribution curve for various nozzle configurations in kerf slot (Iyfee; = 3 mm):

(a) along line Z1 and (b) along line Z2.
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—_ (=3
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S . =

= Inside nozzle —Case 5 3 0.7 ‘

. : x Case 4
_x6 —Case 6 y 5
= ~ 05 —Case 5
& [ .

o 4 ~ —Case 6
=] 2 03
7 Free 5
g 2 stream 2 o Freestream
= \ & under kerf
2 \ & 15
g 0 \\L’T’ Z 01
2 -0.3
0 5 10 15 200 25 0 20 40 60 80 100 120
Position along line Z1 (mm) Position along line Z2 (mm)
(a) (b)
Figure 13. Pressure distribution curve for various nozzle configurations in kerf slot (Iyffset = 6 mm):
(a) along line Z1 and (b) along line Z2.
[=3

= —Case 7 g

= . - . 20.7 . —Case 7

g Inside nozzle Case 8 £0.7 Inside as

% 6 —Case 9 o —Case 8
— 0.5 Case 9
] o —Las
A <
> 4 S 03
5 Free = - )

2 stream G Freestream
S 5 0l under kerf
o ~
2000 2 -0.1

) 03

0 5 10 15 20 25 0 20 40 60 80 100 120
Position along line Z1 (mm) Position along line Z2 (mm)
(a) (b)

Figure 14. Pressure distribution curve for various nozzle configurations in kerf slot (Iyfset = 9 mm):
(a) along line Z1 and (b) along line Z2.

The pressure distribution curves along line Z1 in Figures 12, 13 and 14a exhibit a
gradual decline in flow pressure as the flow reaches the conical structure of nozzle. The
flow experiences a sudden expansion as it exits the nozzle and therefore further loss in
the flow pressure can be observed. A discontinuity in the flow pressure curve can be seen
at different positions depending on the nozzle exit diameter (@cyit), which indicates the
presence of a normal shock wave (Mach disk) structure in the flow. The normal shock wave
was observed farther from the nozzle tip as the exit diameter (@eit) of nozzle increased.

The pressure distribution curves along line Z2 showed high oscillation in the flow near
the top surface of the kerf slot. This is due to the presence of oblique shock waves. As the
flow propagated further downstream, the oblique shock wave grew weaker. Therefore, the
pressure curves in these region exhibited a smooth periodic oscillation which dampened
exponentially, as seen in Figures 12, 13 and 14b.

The flow from the nozzle with an exit diameter of 2.0 mm exhibited oscillation with
the lowest intensity near the top surface of kerf slot in comparison to the flow from the
other two nozzles. The high intensity oscillation near the top surface of kerf slot indicates
the presence of stronger oblique shock waves. Though both the nozzles with exit diameters
of 1.5 mm and 2.5 mm exhibited a high intensity of oscillation, the frequency of oscillation
was higher for 1.5 mm nozzle. This indicated the presence of oblique shock waves at a
closer distance in the flow through the 1.5 mm nozzle. In the cases with 2.5 mm nozzle,
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the under-expanded jet from the nozzle exit deflected greatly as the flow impinged on
the top surface of the kerf slot. The deflection in gas flow caused disruption in the flow
propagation inside kerf slot, generating additional shock wave structures. Hence, high
intensity oscillation was seen near the top surface of the cut kerf in the flow from the
2.5 mm nozzle.

As the flow propagated further downstream, a smooth periodic oscillation was seen
in the pressure curves. This indicates the absence of an oblique shock wave structure and
the presence of periodic high- and low-pressure regions along the direction of the flow.
The intensity and the distance between the smooth periodic oscillations was higher for the
nozzle with the larger exit diameter.

The velocity distribution resembles the pressure distribution in many ways. Figures 15-17
show the velocity distribution curves which show that the low-pressure region in the pres-
sure distribution map corresponds with the high velocity region in the velocity distribution
map and vice versa.

200 Free Case 1
"~ Inside nozzle stream 600 Case 2
600 # .
500 Case 3
= 500 ase | .
g Case Z 400
— 400 Case 2 &
B 300 | Case 3 2 300 1
2 3 I '
=200 ‘ - 200 Inside Freestream
> e
100 100 kerf under kerf
0 0
0 5 10 20 25 0 20 40 60 80 100 120
Position along line Z1 (mm) Position along line Z2 (mm)
(a) (b)
Figure 15. Velocity distribution curve for various nozzle configurations in kerf slot (lger = 3 mm):
(a) along line Z1 and (b) along line Z2.
700 Free —Case 4
stream 600 . ~
600 | —Case 5
O . -
Inside nozzle 300 —Case 6
500 &
@\ Case 4 = 400
g 400 - =
= —~Case 5 2 3
2300 L g 300
3 —Case 6 = 500 .
G 200 - c ]]':S'?e Freestream
100 100 er under kerf
0 0
0 5 10 20025 0 20 40 60 80 100 120
Position along line Z1 (mm) Position along line Z2 (mm)

C)

(b)

Figure 16. Velocity distribution curve for various nozzle configurations in kerf slot (lgset = 6 mm):
(a) along line Z1 and (b) along line Z2.
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Figure 17. Velocity distribution curve for various nozzle configurations in kerf slot (et = 9 mm):
(a) along line Z1 and (b) along line Z2.

Similar to the pressure curves, the velocity curves along the line Z1 given in
Figures 15, 16 and 17a showed discontinuity at the position where a Mach shock disk was
generated. The Mach shock disk behaves as a barrier and prevents the flow from passing
through. Therefore, a rapid drop in velocity behind the Mach shock disc was observed.
The gas tends to flow around the Mach shock disk and therefore high flow velocity can be
seen around the Mach disk in the velocity distribution map shown in Figure 10.

The velocity distribution curves along the line Z2 are shown in Figures 15, 16 and 17b.
The amplitude and wavelength in the velocity curves showed a similar pattern with those
of the pressure curves. The velocity curves along line Z2 in Figures 15, 16 and 17b show
that the flow from the 1.5 mm nozzles experienced a greater loss in velocity magnitude
as the flow propagated inside the kerf. The presence of a higher number of oblique shock
waves near the top surface of the kerf slot deteriorated the flow significantly.

Similarly in the 2.5 mm nozzle flow, the shock wave structures generated due to the
deflection of the flow on the top surface of the kerf slot affected the flow adversely. Thus, a
low velocity magnitude was measured under the bottom surface of the kerf slot.

For improved thermal cutting performance, the melt removal efficiency is expected
to be high; however, a highly deteriorated gas flow can reduce this efficiency. From the
velocity curves, it can be seen that the flow velocity at the lower surface of the cutting
sample is lowest for cases with a 1.5 mm @yt nozzle. The cases with a 2.5 mm and 2 mm
@exit Nozzle show similar performance in most of the cases. However, because of the highly
under-expanded flow in the cases with a 2.5 mm @it nozzle, the deflection along the top
surface is high in comparison to the other two nozzles.

In Figure 11, the deflection of gas flow along the top surface of the cutting sample can
be seen for all the cases assessed in this study. These figures show that the deflection is
high for nozzles with a larger exit diameter. The under-expanded gas exiting the nozzle
forms a stagnation point at the region where the free stream contacts the top surface. The
gas flow through a nozzle with a larger exit diameter shows a higher degree of expansion,
resulting a larger volume of gas contacting the top surface during the collision. Hence,
the flow along the top surface is deflected to a greater extent as the nozzle exit diameter
increases. Thus, considering the flow deflection rate along the top surface and the rate of
flow deterioration in the flow direction, the 2 mm @it nozzle shows better performance in
gas flow dynamics through the given kerf slots.

4.1.2. Effect of the Cut Front Slope (Variation in lyget) on Gas Flow Characteristics

The change in slope of the cut front in the kerf slot showed variations in gas flow
behavior. As the slope of the inclined cut front decreased (increase in lygset), @ damping
effect along the flow direction increased, resulting in a reduction of the flow velocity. The
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sets of cases 1,4 and 7; 2, 5 and 8; and 3, 6 and 9 represent cases with the same nozzle and
varying slopes of the cut front inside the kerf. The pressure and velocity distribution curve
along line Z2 is shown for these sets of cases in Figures 18 and 19, respectively.
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Figure 18. Pressure distribution curve along line Z2 for various kerf geometry: (a) cases 1, 4 and 7;
(b) cases 2,5 and 8; and (c) case 3, 6 and 9.

The pressure distribution curves in Figure 18a show the reduction in the amplitude
of the curve as the slope of the cut front is reduced (l et increased). The nozzle used in
these cases was of a 1.5 mm exit diameter. It can be noticed that the pressure distribution
curves show a high frequency of oscillation near the top surface in all the cases given in
Figure 18a. This phenomenon was observed because of the presence of a higher number of
oblique shock waves. The kerf with a lower cut front slope (longer ly¢t) experienced a
higher degree of damping effect. Therefore, the amplitude of the pressure curve in the kerf
with a low cut front slope dampened more rapidly.

In the cases shown in Figure 18b,c, the amplitude of the pressure distribution curve
increased with the decrease in cut front slope (increase in lyget). In cases with the highest
cut front slope (lyftset = 3 mm) given in Figure 18b,c (i.e., cases 2 in Figure 18b and case 3
in Figure 18c), the frequency of oscillation was higher in comparison to other cases. This
phenomenon is due to the presence of high oblique shock wave structures near the top
surface. Due to these shock wave structures, the flow experiences loss in pressure. On the
other hand, for the cases with lower cut front slope (higher le; distance), the pressure
curves show less oscillation near the top surface. Therefore, the pressure drop due to
shock wave structures is low in these cases. Hence, the pressure distribution curve shows a
smoother transition and the amplitude of the pressure curve increase with the decrease in
cut front slope (increase in lyggset)-



Processes 2022, 10, 1951

17 of 22

600 —CCase 1
Case 4
—~ 500 — Case 7
g 400
2 300 K
2 200 i Inside
9 Kerf Freestream
100 under kerf
0
0 20 40 60 80 100 120
(a) Position along line Z2 (mm)
600 Case 2 600 Case 3
500 —Case 5 500 —Case 6
2 —Case 8 2 —Case 9
g 400 g 400
2 300 2 300
2 200 Freestream ;5 200 | Inside Freestream
(] ()
> 100 under kerf > 100 kerf under kerf
0 ‘ 0
0 60 80 100 120 0 20 40 60 80 100 120
(b) Position along line Z2 (mm) (c) Position along line Z2 (mm)

Figure 19. Velocity distribution curve along line Z2 for various kerf geometry: (a) cases 1, 4 and 7;
(b) cases 2,5 and 8; and (c) case 3, 6 and 9.

The velocity curves shown in Figure 19a—c show a similar result. As the flow entered
the kerf slot, the kerf with a low cut front slope (high l,¢et) gained higher flow velocity. This
can be attributed to the reduced number of shock wave structures. As the flow propagated
further downstream in the kerf slot, the flow velocity reduced rapidly. This reduction in
flow velocity can be attributed to the drag force on gas flow applied by the inclination of
the cut front.

The high variation in flow velocity due to the change in the slope of the cut front can
reduce the melt removal efficiency as the cutting speed increases; therefore, the nozzle
showing consistent flow dynamics at variable operating conditions is preferable for the
cutting operation. From our studies in this work, a 2 mm @it nozzle shows a high degree
of consistency in flow dynamics at variable operating conditions.

4.2. Schlieren Measurement

A velocity field map, density gradient map, and numerical Schlieren image con-
structed from the numerical simulation results were used to compare the simulation and
experimental results. Figure 20 shows a side-by-side comparison between the simulation
and experimental results for all nine cases. The flow pattern obtained from the Schlieren
experiment, and the simulation results are closely correlated regarding the generation of
Mach shock disk and oblique shock wave structures. The numerical model was able to
simulate the gas flow with intricate details such as flow separations near the entrance
of the kerf slot and the tiny fluctuations in separated flows. The density gradient map
from simulation results shows a significant resemblance with the density gradient map
captured with Schlieren method. The jet structure under the kerf slot seen with Schlieren
experiment was similar with the results predicted by numerical simulation. The length of
the tail seen in the Schlieren experiment shows a high degree of similarities with the tail
length of the jet seen in density gradient map from the simulated results. A velocity map,
density gradient map and numerical Schlieren image from the Simulation results are given
in the first, second, and third column of Figure 20, respectively. The images captured from
Schlieren experiment are given in the last column of Figure 20.
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Figure 20. Flow behavior comparison between simulation results and experimental results.

The high degree of similarities between the simulation and experimental results can
be used to validate the simulation results. Thus, the results obtained from the simulation
can be used to further analyze the gas flow behavior to select an optimal nozzle geometry.

5. Conclusions

In this research, the effects of nozzle exit diameter (@.xit) and the slope of the cut
front (Lygeet distance) on the behavior of a gas-assisted thermal cutting flow inside the kerf
slot was investigated. Three nozzles with variable exit diameters were studied for gas
flow behavior inside cut kerf slots with variable cut front slopes. A total of nine cases
were assessed in this study. The gas flow dynamics for these cases have been numerically
simulated using Ansys FLUENT 19.0 employing a k—w turbulence model. The pressure and
velocity field along the flow path inside the kerf slot were analyzed. The predicted results
from the numerical simulations were compared with the actual flow patterns obtained
from the Schlieren method. Based on the results obtained, the following conclusions can
be drawn:

e  The simulation showed the generation of a high- and low-pressure region along the
flow direction, indicating the presence of a shock wave structures along the flow,
as seen in the Schlieren experiments. The position and intensity of the shock wave
structures were affected by the nozzle exit diameter. We found that the smaller the
nozzle exit diameter, the greater the frequency of the oblique shock wave structures.

e  As the flow propagated further downstream inside the kerf slot, the oblique shock
waves were weakened, and smooth harmonic oscillations were seen in the flow pres-
sure curve. The intensity of these oscillations was affected by the nozzle exit diameter.
The amplitude of the oscillations was shorter for the nozzles with narrow exit diameter.
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e  The velocity distribution curve showed similarities with the pressure distribution
curve. The low-pressure region had a high flow velocity and vice versa. The flow from
nozzles with a narrow exit diameter deteriorated to a greater extent. However, nozzles
with a wider exit experienced a higher deflection in flow along the top surface of the
kerf slot resulting in the deterioration of the flow velocity.

e  The slope of the cut front (1ot distance) inside the kerf slot affected the generation of
oblique shock wave structures along the flow direction. As the slope of the cut front
decreased, the generation of oblique shock wave structures reduced. The amplitude
of the pressure curve was observed to be lower for the cut front with a lower slope
(greater 1 et distance).

e  As the slope of the cut front decreased (increase in l ), the overall flow velocity
along the kerf slot was reduced for all three nozzle exit diameters. However, increase
in velocity was observed in the kerf slot near the top surface due to reduction in the
generation of oblique shock waves.

The flow analysis presented in this study gives an insight into the gas flow behavior
during the gas-assisted cutting process. The cut quality due to impinging effect of the
cut front inclination, at varying cutting speeds was assessed. The numerical results and
Schlieren visualization results are qualitatively in high agreement in terms of the shape and
the position of the shock wave structures inside the kerf slot, thereby further encouraging
the use of the proposed numerical model to accurately predict the flow behavior in gas-
assisted cutting methods.
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Nomenclature

Symbol Definition

0 Density [kg~m_3]

u,u Velocity [m-s~1]

1% Pressure [Pa]

U Dynamic viscosity [Pa-s]

Superscript T Matrix transformation

Bulk viscosity [Pa-s]

Identity tensor [N-m~2]

Internal (thermal) energy [J]
Thermal conductivity [Wm 1K1
Temperature [K]

N A~
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T Viscous stress tensor [N-m 2]

k Turbulent kinetic energy (TKE) []'kg_l]

O Turbulent Prandtl number for TKE [m?2-s~1]

Ut Turbulent dynamic viscosity [Pa-s]

w Specific dissipation rate of turbulent kinetic energy [s ']
Ow Turbulent Prandatl number for w [m2-s~1]

Gy, Gow Generation of k and w due to mean velocity gradients
Yy, Yo Dissipation of k and w due to turbulence

oy, Bi, R Empirical coefficients
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