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Abstract

Material cutting techniques with a focussed c/w CO_ laser Dbeam use a gas jet from a
nozzle to assist ejection of material from the cut kerf.

Traditional techniques use a circular tipped nozzle mounted coaxial with the focussing

beam. It is usual for these nozzles to be operated at low pressures (<100 kPa-gauge).
Higher pressures can give higher cutting speeds but this can be associated with lack of
reproducibility of cut gquality. One of the reasons for the unreliable behaviour is the

complex nature of the shock fronts and associated phenomena that can occur in a supersonic
gas jet impinging on a workpiece.

Shocks can result in a reduction of the stagnation pressure on the surface of the
workpiece. Experiments are described that dJemonstrate a strong correlation between the
local stagnation pressure and the maximum laser cutting speed. Measurements of this cutting
pressure and flow visualisation techniques have been used to investigate a number of nozzle
and workpiece geometries. The formation of a strong normal shock (the Mach shock disk, MSD)
in underexpanded cutting jets is found to impair cutting performance. Not only does a MSD
cause a significant reduction in the cutting pressure but it can also encourage the
formation of a stable stagnation bubble on the surface of the workpiece. It is suggested
that the adverse flow conditions in the bubble could impede cut debris removal.

Two new nozzle designs are described whereby the formation of a MSD and stagnation bubble
is prevented at normal operating pressures. Examples are given of nozzles which can exert
cutting pressures in excess of 500 kPa-gauge at damage resistant stand-off distances of 4 to
7mm. The flow characteristics of nozzle designs used by other investigators is reported.
These include the flat-tip nozzle, the tri-jet off-axis array and the ring or annular
nozzle.

Introduction

Laser cutting of sheet metal with a ¢/w CO_ laser is a complex physical process and the
number of variables that determine the glality of the end product should not be
underestimated 1. An important factor is the gas Jet that removes the debris and molten

material from the cut kerf.

Laser cutting can be performed by focussing the laser beam near the surface of the
workpiece with the simultaneous use of a coaxial or off-axis gas Jjet. A coaxial jet is
obtained from a nozzle which is concentric with the laser beam. Figure 1 shows a collection
of most commonly used coaxial nozzles.

Much data on laser cutting results using various nozzle
shapes, stand-off distances and pressures have been published
previously 2-9, put there appears to be little agreement on
methods for obtaining a consistently high quality cut. Most
authors report on cutting procedures in which the nozzle is
(a) Parallel (b} Conical  (c) Convergent positioned close to the workpiece (0.3-1.3mm) and with low
nozzle pressures (<300 kPa-g). Experiments using higher
nozzle pressures have indicated that a higher cutting speed
can be reached but this does not ensure process

repeatability.
A number of attempts have been made to develop
(e) Ring mathematical model of the laser cutting process 10.1l, "but

the simplifications and omissions result in a poor
approximation to the physical process.

é% é% It is felt that cut guality and process repeatability can

2 4 be associated with the gas Jjet pressure that is experienced

p = by the workpiece. The work described here was aimed at

(f) Flat tipped (g) Currenl non-cireular identification of the gas Jjet conditions that would give
reliable and high quality cutting performance from a given

laser system. A number of different nozzle geometries have

Figure 1. Commonly used been investigated by means ?g lgressure measurement and

coaxial nozzles. schlieren flow visualisation s
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Aerodynamic phenomena in jets from
coaxial nozzles

The most important aspect of any
nozzle 1is that the gas flow
emerging from it will be supersonic
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Figure 2. (a). Regular shock intersection at jet axis
(b). Schlieren photograph of a jet as in (a).

Figure 2a shows a schlieren photograph of the
supersonic jet from a circular nozzle with P /Pa=3‘
Formulae can be derived to calculate the nge%engtﬁ of the
periodic shock structure in such a jet +17. " The shock
structure is essentially caused by the sudden expansion of
the gas flow at the edge of the nozzle, resulting in a
conical shock which starts at the nozzle edge and which
can reflect many times on the jet boundary further
downstream (figure 2b). The pressure on the workpiece

(the cutting %ressure) is associated with the stagnation
pressure 1713 in the gas flow. It can be shown that

across a shock the stagnation pressure always decreases.
This effect is strongest across a normal shock where the
gas velocity always changes from supersonic to subsonic
values.

The cutting pressure can be measured with a pressure
transducer behind a pinhole in a metal disk simulating the
workpiece. The disk probe can be scanned along and
transverse to the jet axis (figure 3).

The interaction of the shocks with a workpiece result
in a cutting pressure that shows large variations as a
function of nozzle stand-off distance (figure 4). It is
reasonable to expect that these variations will influence
the cutting capability of the gas jet.

Several regions of high cutting pressure can be identified.

is referred to as zone A and lies very close to the nozzle tip,
The next high pressure region (zone B) lies further away from the nozzle
Other high pressure regions are too far away

damage by debris.

tip at a practical, damage resistant position.

for use with coaxial focussing optics with practical F-number.

350 kPa-g at a stand-off distance of 3mm can be reached in
nozzle stand-off.

which means
shocks is present in the jet.

that a structure of
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S

Figure 3. Measuring of cutting

pressure.

The first high pressure region
making it wvulnerable to

Cutting pressures of up to
zone B with larger tolerances in

ch i

0.25mm 0.75mm
005 Ak A

of regular shock

(figure 5).

. strong Mach shock disk
truncates the conical shock,
The physical phenomena leading to the

4 For higher nozzle pressure (Pp/Py>4) the structure
as depicted in figure 2 cannot exist anymore.
intersection at the jet axis, a

Instead

(MSD) normal to the gas flow
which has become curved

- AIR THROUGH 1.5mm # -
ioo NOZZLE AT 280 kPa-g

CUTTING PRESSURE (kPa-gauge)

0 2 4 6 8 10
STAND OFF (mm)

Figure 4. Cutting pressure from a
circular nozzle as a function of
nozzle stand-off.

formation of a MSD are complex and investigated by
others 18, The flow downstream of the MSD is
subsonic but the flow that has not crossed the MSD
can be supersonic (figure 5). The subsonic flow has
suffered a large drop in stagnation pressure which
would result in a low laser cutting pressure. Figure
6 shows the cutting pressure on a workpiece from a
jet with a MSD as a function of nozzle stand-off
distance, indicating the lack of periodic structure
in the jet and a consistantly low cutting pressure.
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Figure 5. (a). Mach reflection with MSD.

(b). Schlieren photograph of a jet with a MSD
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non-circular
visualisation techniques.

nozzle shapes
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This has resulted in the selection of three shapes (figure 9)
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Figure 6. Cutting pressure from a
jet with MSD as a function of nozzle
stand-off.
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Figure 7 shows the cutting pressure from a circular
nozzle as a function of both stand-off distance and nozzle
pressure. There 1is as transition point at a certain
combination of nozzle stand-off and nozzle pressure where
the cutting pressure shows a discontinuity as the shock
structure changes from zone B to a MSD. The location of
this transition point in coordinates of z and P_ is very
sensitive to minor damage or irregularities of the nozzle
tipl7. It is understandable that operators of laser
cutting equipment who are ignorant of this could
experience unexpected irreproduceability of their results.

Stagnation bubble induced by MSD

Other investigators have reported the existence of a
vortex ring or stagnation bubble in impinging jets with a
MsD 15,20,21,22  "A gtagnation bubble or vortex ring is a
stable, toroidal body of rotating gas located between the
MSD and the surface of the workpiece (figure 8). Minor
irregularities at the nozzle tip can break up the vortex
ring in separate stagnation bubbles. Visualisation of the
streamlines of the gas flow on the workpiece by means of a
grease streak method 1:13,13 suggest that a vortex ring
could result not only in ineffective debris removal but
also to plasma formation due to absorbtion of laser
radiation by trapped debris.

Non-circular nozzles

It was felt that by breaking the symmetry of a circular
nozzle the shock structure in the cutting jet could be
changed in such a way that it is impossible for a MSD to
appear even at high nozzle pressure. A large number of

been investigated by pressure measurement and flow

that give cutting pressures of 500-600kPa-g at a stand-off distance of 4.5-6.5mm (figure

10) .

lobes of the nozzle exits do not intrude with an F/6 focussed laser beam,

Figure 11 shows a schlieren photograph of a jet from a lobed nozzle.

Although the
it has been found

that an F/8 focussed beam gives a safer tolerance to misalignment.

Successful lobed nozzle
designs.
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Figure 9. Figure 10 . Figure 11 -

Schlieren photograph of
an impinging Jjet from a
lobed nozzle (zone B).

Cutting pressure from
star lobed nozzle.
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Figure 12. Ring nozzle. Figure 13. Cutting pressure from ring-nozzle.

Ring nozzle or annular nozzle (after Steen & Gabzydyl 23)

The authors have had the opportunity to examine a ring nozzle (figure le) that is being
developed at Imperial College of the University of London. Initial observations of this
nozzle exposed the ability of the flow through the annular nozzle to influence the local
ambient pressure around the central jet. In this way the cutting pressure distribution
exerted by the central jet can be modified. The ring nozzle and its cutting pressure
characteristics are shown in figures 12 and 13.

Coanda nozzle

The coanda nozzle also consists of a conventional (circular) nozzle surrounded by an
annular nozzle (figure 14). The outside of the central nozzle has a rounded contour so that
the gas on the streamlines that follow this contour (coanda effect) is given a velocity
component directed radially towards the centre of the inner jet. Because of this, the
central Jjet experiences a local ambient pressure P, which is higher than atmospheric,
resulting in a lower ratio P,;/P5 (P,jis the nozzle pressure in the central nozzle). This
has as a consequence that for a nozzle pressure of the central jet at which a MSD would
exist, there is still regular intersection of the shock from the nozzle edge (figure 3).
Figure 15 shows a schlieren photograph of an impinging jet from an early design coanda
nozzle and figure 16 shows the cutting pressure from a coanda nozzle with a more curved
inner nozzle contour.

Current coanda nozzles are capable of exerting a cutting pressure of 500 kPa-g at a
stand-off distance of 4-5mm, the nozzle pressure in the inner nozzle being 700 kPa-g and in
the outer 350 kPa. This makes it possible to use coanda nozzles with focussing optics to
F/4.

COANDA NOZZLE
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E 4 % &
B e—— = -:;s"ng
g 2 4 6 [ \"?Q‘S'
STAND-OFF Z (mm) 2
Figure 14. Coanda nozzle. Figure 15. Schlieren photograph Figure 16. Cutting pressure
of an impinging jet from a coanda from a coanda nozzle.

nozzle.



Tri-jet for mirror
focussing (after Sepold
& Rothe Y)

Very high power CO, laser beams (> 3kW) cannot be focused with a lens because the power

density imposes tod high a thermal distortion in the lens. Laser cutting with mirror
focusing can be performed

with one or more off-axis TRI-JET NOZZLE 40 U
nozzles. Symmetry with {for mibror:i

regard to cutting Fordesisiog) NOZZLE PRESSURE _6B0 kPa—g 4

direction requires a LASER
number of concentric
off-axis nozzles.

The mirror focussing
nozzle described here
consists of three circular

CUTTING PRESSURE (kPa-gauge)
2
o

=}

conical nozzles each at an 0 2 ' 6 i 10
angle of 600 with the ) ;e STAND OFF (mm)
horizontal (figure 17),

designed for a stand-off Figure 17. Tri-jet. Figure 18. Cutting pressure
distance of 3-4mm. from tri-jet.

Figure 18 shows the cutting pressure along the nozzle axis as a function of nozzle
stand-off. The intersecting jets are seen to exhibit a behaviour which differs from that
displayed by a single jet. There is an extended zone B but cutting pressures are limited to

200 kPa-g.
at—ti ozzle

The lobed nozzles wused in this
= investigation have flat tip of about 10mm
flat-tipped nozzle diameter. Cutting pressure scans at small
3 Nozzle pressure 380 kPa-g nozzle stand-off (typically 0.25mm) reveals
stand-off distance 0.25 mm some remarkable features which applies to
Average pressure -7.6 kPa-g flat tipped nozzles in general (figure 19).
The central area of the flow shows a positive
cutting pressure but as the flow moves
radially outwards this pressure drops to
values below atmospheric pressure. The total
pressure exerted by the jet on the workpiece
can Dbe obtained by numerically integrating
the cutting pressure over the whole of the
flow field. The nett force can be negative.

(8x8 mm® area)

% so This can be interpreted as suction towards
cutting the nozzle. These phenomena are inherent for
radially expanding supersonic flows 24 and
pressure 30 are exploited in other industrial
(psi-g) applications 25,
10
It is suggested here that flat tipped
o nozzles operated at supersonic pressures
(P,>140 kPa-g) can show adverse cutting
proper ief if the nozzle stand-off is
small 5:7:9, 1t is possible that molten
material from the cut which is still present
Figure 19. Cutting pressure profile of a after the positive pressure region of the
flat-topped nozzle at small stand-off nozzle has passed over it can be drawn back
distance. into the cut kerf.
tti ormance of onic jet
Cutting trials and tool setting technigues with circular and lobed nozzles have been
described elsewhere 1. Figure 20 shows an example of the cutting results with a 1.5mm
diameter circular nozzle at a stand-off of 3.5mm. Figure 21 shows results with a lobed

nozzle at a nozzle stand-off of 6.5mm.
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Figure 20. Cutting trials with a 1.5mm Figure 21. Cutting trials with a lobed
diameter circular nozzle (plane of pola- nozzle (plane of polarization parallel
rization parallel to cut). to cut).

Conclusions and discussion

Although it was not practical to guarantee a repeatable laser working point with on=-line
laser beam diagnostics, a number of important conclusions can be drawn from the experiments
described here:

* maximum cutting speed is positively

correlated to cutting pressure from
F circular and lobed nozzles;
7 = -g]100
||e= |3 | |v= fiy=600 kPa-g * with supersonic jets, there is
180 strongly non-linear relation between
% t 160 nozzle stand-off and cutting pressure;
(bar-g- 40 ¥ it is recommended to monitor cutting
B pressure as well as nozzle pressure as
lgg-g) 20 input variables of the cutting process;
o aiipnivl * with a circular nozzle, it is possible
to reach the same cutting pressure at
large nozzle stand-off (zone B) as with
conventional small stand-off (zone A),
but with larger tolerances in nozzle
Figure 22. Lobed nozzle stand-off tolerance. stand-off (figure 4);

* pon-circular nozzles and coanda nozzles are capable of much higher cutting pressures
(500-600 kPa—-g) at larger nozzle stand-off (4-6.5mm) than circular nozzles and show a
larger tolerance in zone B than in zone A (figure 22);

* maximum cutting speed in zone B with circular and lobed nozzles is the same as in zone A
(figures 20 and 21);

* many of the cuts with a lobed nozzle in zone B were nearly dross-free;
* no nozzle damage was observed from cuts in zone B with a lobed nozzle:

* the occurrence of a Mach shock disk with the possible formation of a vortex ring can be
associated with poor cutting performance;

* working in zone B of a lobed nozzle results in an improvement of repeatability;

* a coanda nozzle gives a cutting pressure profile very similar to that of a lobed nozzle
but at a slightly smaller stand-off distance (4-4mm).



A lobed nozzle offers advantages over a circular nozzle in a number of cutting
applications. However, the delicate lobed structure of the tip requires accurate alignment

of the laser beam with an F-number not less than 8. This is not a practical disadvantage
since the required alignment accuracy is not more stringent than the process tolerance
needed between the focus of the beam and a jet from a conventional nozzle. The high

pressure inside a lobed nozzle (>600 kPa-g) reqguires a focussing lens of sufficient
thickness.

A coanda nozzle has a zone B that lies closer to the nozzle than that of a lobed nozzle.
This makes it possible to use optics with an aperture as wide as F/4, this being the
F-number that gives the smallest possible spot size (for 10.6 pm radiation from a CO_ laser)

with conventional singlet lenses. Two separately adjustable supplies of compressed “gas may
be required to operate this nozzle.

An array of off-axis nozzles (tri-jet) can be used in mirror focussing applications. The
cutting pressure is, however, limited to 200 kPa-g.

It is possible that a number of reported 3,5-7,9 disappointing cutting performances with
high pressure nozzles are caused by inadvertent selection of the wrong nozzle stand-off
distance (i.e. in between zone A and zone B) or by the use of a flat tipped nozzle where

suction effects may occur.
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