DE GRUYTER

Adv. Opt. Techn. 2019; 8(2): 129-134

Research Article

Frieder Reichenzer*, Stefan D6rr and Alois Herkommer

Transient simulation of laser beam propagation
through turbulent cutting gas flow

https://doi.org/10.1515/a0t-2018-0070
Received December 16, 2018; accepted February 22, 2019; previously
published online April 2, 2019

Abstract: For many laser machining applications, an assist
gas is required. However, for applications with high pres-
sure or temperature gradients, the density of the assist
gas is not homogeneous. Thus, the laser propagation is
influenced by the density properties within the turbulent
gas. In this article, an overview and example results of the
influence of a nozzle geometry on the light propagation in
two dimensions are presented.
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1 Introduction

In this study, we present a combination of fluid mechan-
ics and computational beam propagation as a method to
determine the effect of a fluid on a laser cutting process.
The focus of this article lies on the fast alterations of the
properties of a laser beam depending on the turbulent
flow field of the fluid through a nozzle. The propagation of
the laser light is dependent on the optical properties of the
medium it passes through. While it is possible to calculate
the light propagation rigorously via the Maxwell equa-
tions, it is often times not expedient because of the high
computational cost. In order to reduce this computational
effort, different schemes for calculating the influence of
the fluid on the beam propagation are possible, and the
generated information on these schemes varies extremely.
A more statistical approach is heavily used for aero-optics,
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which has a strong focus on the effects of flows around
turrets on the beam propagation between two airplanes
[1, 2]. For the optical evaluation of their fluid studies, the
most often used approach is the calculation of the optical
path difference for the system [3-5]. The far-field distor-
tions are calculated via ray tracing or fourier optics, start-
ing from the optical path difference disturbances [6-8].
Another field where the light-fluid interaction is inves-
tigated numerically is laser welding. For those applica-
tions, the multiphysics approach is used to model the
light-matter interaction and the energy deposited into the
matter from the absorbed laser light. The tools used range
from the modeling of the light via the radiative transfer
equation [9, 10] to coupling a ray tracing algorithm to an
advanced particle method [11].

Because of the recent activities in the use of simula-
tions in the optimization of laser cutting and the experi-
mental investigation of beam shaping and movement
during the laser cutting process [12-15], we would like
to show in this article that the influence of the assist gas
should not necessarily be neglected.

In order to estimate the effects of the cutting gas on
the laser light propagation, the presented study builds
upon the results of a prior investigation into the flow field
inside a two-dimensional (2D) representation of a laser
cutting nozzle [16]. Using the same geometry as in the
current study (Figure 1), it was shown via computational
fluid dynamic calculations and Schlieren experiments
that jet-driven oscillations occur at pressures used for
laser fusion cutting. It was shown that the behavior of the
flow field and the oscillation frequency is dependent on
the position and angles of the inlets relative to each other
and the geometry boundaries.

Because the oscillations occur without any feedback
loop inside a closed geometry, the results can be linked
to other studies where similar effects were studied experi-
mentally [17-21] and computationally [22-29] in a geom-
etry conceived by Raghu [30].

Here, we present an overview and example results of
the light propagation through the flow field inside a laser
nozzle which displays transient and turbulent behavior. For
the presented simulations, only the OpenSource software
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Figure 1: Nozzle design used in this study, with inlets to the
geometry symmetrical to the center line.

was used. For the fluidic simulations, the OpenSource
library OpenFoam was used, and the used beam propaga-
tion method (BPM) was implemented in Python.

2 Geometry

The geometry used in this study was derived from a typical
nozzle used for high-pressure laser machining applica-
tions, as illustrated in Figure 1. The geometry consists of a
rectangular area with two inlets, a converging nozzle and
an outflow region connecting to ambient conditions. The
light is focused and propagates from the top, where a lens
is sketched, through the geometry and through the nozzle
throat to the outlets. Assuming the light source and beam
propagation up to the lens are constant, the beam proper-
ties at the focal point are dependent on the focal length
of the lens. For laser fusion cutting applications, the focal
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point is generally positioned a few mm below the nozzle
throat. Therefore, the overall length of the geometry is
determined by the focal length of the lens used. In this
study, the length of the geometry is varied via the distance
between the inlets and the lens H.

3 Simulations

3.1 Fluid simulation

The optical properties of the medium are calculated based
on fluid simulations using the open source software
library OpenFoam, version 3.0.x, as described in [16].
Out of this library, the rhoCentralFoam, a two-step time-
splitting algorithm with a second-order upwind scheme
discretization, was used. With this solver, the compress-
ible and transient behavior was calculated with time
steps at the order of At=10~°s. To account for turbulence,
the k-w-SST model was employed. Because of its use in
the application, nitrogen, as a compressible and ideal
gas, is used as the fluid. As the initial condition, a fixed
total pressure is applied to the inlets. The outlets at the
sides and bottom of the outflow region are modeled with
a zero-gradient/fixed value boundary condition for the
outflow/inflow (Figure 1). A no-slip boundary condition
is applied to the walls using the respective wall functions
to calculate the turbulence parameters. The calculations
are conducted on an unstructured hex mesh created via
the application cartesian2DMesh by creativeFields.

3.2 Optical simulation

For the optical simulations, a BPM algorithm is imple-
mented in Python. The computations follow in general the
directions described by Schmidt [31]. For the BPM propa-
gation, the refractive index field is partitioned into several
equally sized slices in the direction of the propagation.
For each step, a phase term calculated from the refractive
index field is multiplied to the incoming lightfield. This
light field is then propagated via Fourier propagation to
the next slice. Starting from a ground mode Gaussian
beam distribution, the effects of flow field on the laser
propagation can be calculated. The refractive index for the
phase term is determined via the Gladstone-Dale formula:

n(x, y, ZFH(l_nO)W o

0



DE GRUYTER

with a reference refractive index n, for a reference density
p, (Figure 2). As the point of reference, standard condi-
tions (temperature 273 K, pressure 1013 hPa) were chosen
with a value of n —1=2.9x10 [32].

The BPM implementation used in this study requires
an equidistant mesh with 2" elements in the transversal
direction. Because of this, the unstructured data from the
fluid simulation are mapped onto a structured mesh with
linear interpolation. The resolution of this mesh is 1 um
in the transversal direction and 19 pm in the longitudinal
direction. For the input field, a collimated Gaussian beam
with a beam radius w,=5 mm is used at a wavelength
of 1.0 um. To this complex light field, a phase is applied
which leads to a focal point at 1 mm below the nozzle in
the longitudinal direction. The position X in the transver-
sal direction and radius w are calculated via the first and
second moments, respectively:

_ 1 T
X(z)=—— | x-I(x)dx
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The position of the beam waist is then calculated from
the minimum of w in the longitudinal direction. Because
this study is motivated by the potential effects on the laser
workpiece interaction, the beam radius and transversal
position are presented at the position of the beam waist
at standard conditions set at 1 mm below the nozzle. For
different distances between the inlets and the lens H, this
leads to a difference in the divergence angle and beam
waist radius o,

Density distribution

Refractive index distribution

Discretization
-

Figure 2: Density distribution, refractive index distribution and
discretization of refractive index distribution.
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4 Results

4.1 Behavior of fluid

In the presented geometry, as shown by [16], the behav-
ior of the flow field is dominated by the creation of vor-
tices driven by the jet flow. Dependent on the distance
between the inlet and the lens H, the flow field is in a
stationary state, displays symmetrical or asymmetrical
oscillation as shown in Figure 3 and is characterized by
the oscillation period T. Starting from a stationary state,
an increase in the value of H leads to symmetrical oscil-
lations (Figure 3A—C), and a decrease in the period time

C t=T/2

20 30
Velocity (ux2 + uyz)” 2 (m/s)

40 45

Figure 3: Oscillations of the simulated flow field for different values
of $H$. (A-C) Flow field for H=26.25 mm from numerical calculation
for one half oscillation period 7/2. (D—F) Flow field for H=45 mm
from numerical calculation for one half oscillation period 7/2.
Arrows indicate direction of flow along lines.
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T, an order of magnitude 10 ms. The symmetry refers to
the possibility of transferring between flow fields with
a temporal difference At=T/2 by mirroring them in the
transversal direction. At a certain value of H, the flow
fields at t=0 and t=T/2 (Figure 3D-F) display no mirror
symmetry above the inlets, making the oscillation asym-
metrical. The change from symmetrical to asymmetrical
oscillations by increasing the value of H is assumed to
be linked to a mechanism found in lid-driven cavities
[33]. After reaching the asymmetric oscillation state, T'is
independent of H. In this study, this behavior was cap-
tured by both the Schlieren experiments and the fluidic
simulations as presented in this article. While the simu-
lations captured the qualitative behavior correctly, they
result in a 2.4(4) larger period time. This is due to the 2D
character of the simulation as compared to the real 3D
geometry [24, 29].

4.2 Influence on light propagation

In order to study the effects of the flow field on the optical
propagation, we in the following concentrate on two
situations: H=18.75 mm, safely in the symmetrical flow
regime, and H=45 mm, deep in the asymmetric regime.
Same as for the flow field, the different oscillatory
states are present in the refractive index distribution,
calculated via Eq. (1). At the positions of the vortices,
the refractive index is smaller relative to its surround-
ings due to the decreased pressure and, therefore, the
density. At points where the flow of the gas jets inter-
sect, the points of impingement, the fluid is compressed
locally, which leads to a higher density and therefore an
increased refractive index in this area. For H=18.75 mm,
the position of the point of impingement changes the
high-n area from left at t=0 to right at t=T/2 symmetri-
cally in the transversal direction. At the most extreme
positions, the point of impingement is pushed outside of
the beam propagation path. Under the inlet jets toward
the downstream, the vortex/low-n area gets bigger and
is pushed into the light path. After that, it stays in the
light path and is pulled downstream toward the nozzle.
This leads to an oscillation of the beam displacement in
the transversal direction at the position of the workpiece
with an amplitude of 3 um and a period time of T=13 ms
(Figure 6, dotted line). The maximum beam displace-
ment relative to the beam radius is at around 27% with a
mean beam displacement of —0.1 um over one period T.
This is accompanied by an oscillating beam radius at the
position of the workpiece with an amplitude of 0.4 um.
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While the change in the oscillatory state leads to a sign
change in the beam displacement, its effects on the beam
radius are the same, leading to oscillations at half the
period time T.

In Figures 4 and 5, the asymmetry of the flow field
is apparent in the density field for H=45 mm as well.
In this case, the impingement point only moves out of
the light path when the area above the inlets includes
two counter-rotating similar-sized vortices. At t=T/2,
where the area above the inlet is filled with only one
vortex, the impingement point is still inside the beam
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Figure 4: Simulation of the refractive index for H=18.75 mm.
Dashed lines indicate beam radius.
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Figure 5: Simulation of the refractive index for H=45 mm. Dashed
lines indicate beam radius.

radius. As a result of this, the transverse position does
not oscillate around a position of zero beam displace-
ment but around a mean value of 0.6 um (see Figure 6A).
Because the size ratio of the two vortices above the inlet
changes between two full oscillations, the amplitude
varies over time with the maximum beam displacement
relative to the beam radius at 31%. While for the trans-
versal beam position a periodicity can still be found,
this breaks down for the beam radius at H=45 mm
(Figure 6B). Because of the change in size of the vorti-
ces above and below the inlets, the change of the beam
radius is random.

F. Reichenzer et al.: Transient simulation of laser beam propagation through turbulent cutting gas flow = 133

Displacement transv. (Lm)

0 T2 T 3T/2 2T
B T T
2t N
E
=
172}
B
Bt i
=) . ’ "
a RN RO
10} ) ©
| |
0 T2 T 3TR2 2T

Time (oscillations)

Figure 6: Time-dependent behavior of beam properties (at the
workpiece position). (A) Beam position in transversal direction at
the workpiece position. (B) Beam radius at the workpiece position.
Solid line: H=45 mm, dotted line: H=18.75 mm.

5 Discussion

By applying an optical simulation to the results of a fluid
simulation, the effects of the geometry on the beam prop-
erties can be made accessible. The results of this study in
2D indicate that the deviation of the beam position from
its initial position is significant at 30% relative to the beam
radius and non-negligible at small time scales, in this case
10-18 ms. For processes with integration times far grater
than the oscillation period and a flow field displaying
symmetrical oscillations, the beam movement could be
modeled statically with a slightly larger mean beam radius
rather than the instantaneous beam radius. For a nozzle
geometry displaying non-symmetric oscillations, this is
not possible. Because of the non-deterministic nature of
the asymmetry, the mean position on the workpiece can
change between two measurements. Therefore, a process,
which relies on the position of the beam, would have to
take the displacement into account. Additionally, the
asymmetry can break and change and switch sides during
a process. This leads to a modulation of the beam position
at time scales greater than the period time of the oscilla-
tions. As laser processes are more and more optimized
for speed and stability, effects due to the process gas will
have to be taken into account. This is especially true for
laser sources with high brilliance. Because smaller spot
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sizes on the workpiece are possible, changes in the beam
position become more pronounced. In general, the com-
bination of fluid simulations and optical simulations can,
thus, lead to process improvements for high-pressure and
high-precision applications.
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