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Gas Jet–Workpiece Interactions
in Laser Machining
Laser machining efficiency and quality are closely related to gas pressure, nozzle g
etry, and standoff distance. Modeling studies of laser machining rarely incorporate
effects in part because of the complex structure and turbulent nature of jet flow. In
paper, the interaction of a supersonic, turbulent axisymmetric jet with the workpiec
studied. Numerical simulations are carried out using an explicit, coupled solution a
rithm with solution-based mesh adaptation. The model is able to make quantitative
dictions of the pressure, mass flow rate as well as shear force at the machining
Effect of gas pressure and nozzle standoff distance on structure of the supersonic
pattern is studied. Experiments are carried out to study the effect of processing pa
eters such as gas pressure and standoff distance. The measured results are found to
and hence validate the simulations. The interaction of the oblique incident shock wit
normal standoff shock is found to contribute to a large reduction in the total pressu
the machining front and when the nozzle pressure is increased beyond a certain
The associated reduction in flow rate, fluctuations of pressure gradient and shear for
the machining front could lower the material removal capability of the gas jet and p
sibly result in a poorer surface finish. The laser cutting experiments show that the v
tion of cut quality are affected by shock structures and can be represented by the
flow rate.@S1087-1357~00!01702-0#
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1 Introduction
The assist gas plays an important role in laser machining

provides a mechanical force to eject the melt from the cut z
and cools the cut zone by forced convection. Inefficient remo
of the molten layer can lead to deterioration in cut quality. Wh
the gas is reactive, it also delivers additional exothermic energ
assist in machining. Hence the efficiency and overall quality
laser machining is strongly dependent on the interaction of the
jet with the workpiece.

The role of oxygen pressure in laser cutting of steels was s
ied experimentally by Ivarson et al.@1#. They found that there are
two optimum pressure ranges where the cut quality is good.
merical calculations of the three-dimensional turbulent oxygen
by O’Neill and Steen@2# showed that entrainment of impuritie
occurs inside the cut kerf and this can have detrimental effect
oxidation and cutting capability. The use of an off-axis nozzle
tandem with a coaxial nozzle was investigated by Chryssolo
and Choi@3#, and the use of a single off-axis nozzle was stud
experimentally by Brandt and Settles@4#. Other supersonic nozzle
configurations have also been considered to improve the effec
gas jet@5–8#. A comprehensive review of the gas jet effects w
presented by Fieret et al.@9#, in which a Mach shock was found t
reduce the stagnation pressure at the workpiece and to enco
the formation of a stagnation bubble on the surface of the wo
piece. There is however little theoretical work to systematica
study the effects of a gas jet and process parameters suc
nozzle position and gas pressure.

In industrial practice, nozzles are positioned close to the wo
piece and nozzle pressures are chosen within a certain range
a convergent nozzle, the flow downstream of the nozzle exit
comes supersonic if the upstream total reservoir pressur
greater than 1.89 bar@9#, a condition common to laser machinin
In other words, the jet is underexpanded if the total pressure
ceeds 1.89 times the ambient pressure. The ratio between th
exit and ambient static pressures is called the underexpansio
tio. Downstream of the nozzle exit, oblique shock cells a
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formed. Their intensity and interaction with the standoff shock
the workpiece surface depends on the nozzle pressure and
nozzle standoff distance. This interaction to an extent determ
the effects of the gas jet inside the cut kerf.

Turbulent underexpanded free jets and their impingement o
plate have been extensively studied because of their wide rang
applications. Experimental and analytical studies have exam
the shock behavior of free jets. At underexpansion ratios belo
to 4 ~referred to as ‘‘moderately underexpanded jets’’! pressure
equilibrium is achieved through a series of repetitive obliq
shock cells, which eventually decay into a conventional consta
pressure jet~Fig. 1a!. For underexpansion ratios greater than 3
~referred to as ‘‘highly underexpanded’’!, however, the first shock
cells contain normal shock waves or a Mach disk@10,11# and the
location of the Mach disk can be analytically predicted@12#. The
normal impingement of an underexpanded jet onto a flat p
located within the first few shock cells leads to the formation o
well-defined standoff shock upstream off the plate. Across
standoff shock, the jet suddenly decelerates to subsonic flow
is then deflected by the plate@13#. A sonic line divides the jet on
the plate surface into two regions: one is a shock layer above
stagnant point and the other is a wall jet region which consists
compression/expansion waves that originate from the upper
of the sonic line~Fig. 1b!. Their detailed structure was studied b
Gummer and Hunt@14# and Carling and Hunt@13#. They report
that in some cases underneath the Mach disk, a vortex ring
stagnation bubble may form. This could be a result of the int
action of the jet shock with the normal standoff shock@15# or a
result of the weak shock waves~due to nozzle imperfections!
interacting with the standoff shock@16#. The stagnation bubble
may lead to ineffective debris removal and along with absorpt
of laser radiation may lead to plasma formation@17#. Since most
laser machining operates at a total pressure between 3 to 5 ba
in the range of moderately underexpanded jets to the onse
highly underexpanded jet, the above described findings are he
in understanding the flow structure present in laser machining

The current effort aims at examining the gas jet effects by c
rying out numerical simulations and experiments for a geome
that closely mimics the real machining case. The effects of p
cessing parameters such as gas pressure and nozzle stando
tances on cut quality are examined. Simulations are first valida

e
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Fig. 1 Schematic of underexanded „a… free jet and „b… impinging jet
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against several well documented free jet and impinging jet ca
for which experimental data exists. The validity of the simulati
results is further supported by the experimental investigation.

2 Numerical Simulations

2.1 Assumptions. In order to make the problem amenab
to analysis while addressing the main goals of the paper, the
lowing assumptions are made:

A conical convergent nozzle is assumed to deliver a gas jet
normally impinges onto a workpiece plate with a through ho
concentric with the nozzle~Fig. 2!. The through hole diameterd is
assumed to be smaller than the exit diameter of nozzleD. The
assumption of a through hole that is concentric with the noz
makes the problem axisymmetric, thus reducing the dimensio
ity of the problem. Axisymmetric studies have significance n
only because they correspond to the laser drilling case, but
cause they also reveal the generic behavior of the gas flow
stream of the machining front. This flow behavior is expected
be relatively independent of the actual cut geometry.

The thermal interactions of the laser and the possibly reac
gas with workpiece material including melting and vaporizati
are not considered. In other words, the hole diameter is prescr
unlike a real machining process where the size of the hole or
would be determined by the operating conditions. The gas fl
structure and the mass flow rate through the hole are prima
determined by the total pressure upstream of the hole, which
turn is determined by the interaction between the nozzle, wo
piece and gas flow.

Fig. 2 Schematic of computational domain for simulations
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2.2 Governing Equations. The flow is assumed to be gov
erned by the steady compressible Reynolds-Averaged Nav
Stokes ~RANS! equations. A two-equation turbulence mod
based on the Renormalization Groupk-« ~RNG! theory is utilized
@18#. In axisymmetric coordinates the RANS equations can
written as

]~F2Fv!

]x
1

]~G2Gv!

]r
50. (1)

In the above form (F,G) and (Fv ,Gv) represent the inviscid and
viscous flux terms respectively.

F5rF ru
ru21p

ruv
~re1p!u

G , G5rF rv
ruv

rv21p
~re1p!v

G ,

Fv5rF 0
txx

txr

utxx1vtxr

G , Gv5rF 0
txr

t rr

ut rx1vt rr

G , (2)

whereu, v are gas velocity inx and r direction.r is the density
and p is the static pressure. The stress terms in axisymme
coordinates are

txx5mF2
]u

]x
2

2

3 S 1

r

]

]r
~rv !1

]u

]xD G ,
t rr 5mF2

]v
]r

2
2

3 S 1

r

]

]r
~rv !1

]u

]xD G , (3)

txr5t rx5mF]u

]r
1

]v
]xG ,

where txx and t rr are normal stress, andt rx and txr are shear
stress. The effective viscositym is composed of the molecula
viscositymm and the turbulent viscositym t , i.e.m5mm1m t , and
is assumed to be:

m5mmF11ACm

mm

k

A«
G 2

. (4)

The model constantCm is derived analytically by the RNG theor
and is 0.0845. In order to obtainm andm t , a two-equation turbu-
lence model~RNG! for turbulent kinetic energy~k! and energy
dissipation~«! is applied. The density and the total internal ener
~e! assuming ideal gas behavior are
Transactions of the ASME



d
n

n
t

m
p
o

k
y
t
m
w
o

e

a

fl
s
h

tion
en-
uld

A

fed
s set.
alled

on
t

ke it
is
10

c-

ain
y of

an-
ent

gas
ea-
m-
ent

in
e
onic
The
least
for

ys
e5
p

r~g21!
1

1

2
~u21v2!, and r5

p

RT
, (5)

whereg is the specific heat ration.
The equations and relationships outlined in the section prov

a set of equations with the primary variables ofr, p, u, v, k and«.
A commercial computational fluid dynamic~CFD! code,
RAMPANT is used to solve these equations.

2.3 Numerical Scheme. The flow solver is an unstructure
finite-volume code with the capability of adaptive grid refineme
The solver uses a semi-discrete finite-volume formulation, res
ing in a consistent approximation to the conservation laws in
tegral form

E
S
@~F2Fv!dr2~G2Gv!dx#50. (6)

The spatially discretized form of these equations is obtained
subdividing the physical domain into small cells and applyi
integral equations to each cell. The discrete, inviscid flux vec
~F andG in Eq. ~6!! are evaluated by flux difference splitting@19#.
The discretized equations are obtained by integrating the gov
ing equations over each finite volume. Integration to steady s
is carried out using a multi-stage Runge-Kutta scheme with m
tigrid convergence acceleration.

Nonequilibrium wall functions are used for near wall treatme
in conjunction with the RNG turbulence model. Nonequilibriu
wall functions extend the applicability of the wall function a
proach by including the effects of pressure gradient and str
nonequilibrium and hence are suitable for jet impingement. U
structured triangular grids were generated so that for the w
adjacent cells, the cell dimension is about 30y1 in wall units.
Herey1 is defined asy15ruty/m, whereut is the local friction
velocity andy the physical distance away from the wall. Solutio
based grid refinements are carried out to the unstructured m
wherever there are large gradients in the solution variables.

2.4 Boundary Conditions. Since the delivery nozzle is a
convergent type and the flow at the nozzle exit is always cho
for pressures of interest, our computational domain boundar
located at the nozzle exit plane. The flow at the nozzle exi
assumed to be uniform and at sonic conditions. Whereas this
cause some inaccuracies particularly close to the nozzle lip, it
not influence the flow characteristic downstream. Sonic conditi
are enforced at the nozzle lip by specifying the total pressure
total temperature according to one-dimensional isentropic fl
relations:

p0

ps
5F11

g21

2
M2Gg/g21

, (7)

T0

T
511

g21

2
M2, (8)

where the Mach numberM is set to unity.p0 and T0 are static
pressure and temperature respectively. At inlet boundaries th
tal pressure, static pressure, total temperature and the flow d
tion are imposed. At the subsonic outlet boundary, the static p
sure is specified whereas the remaining flow properties
extrapolated. No-slip wall and symmetry boundary conditions
applied at the plate and the centerline respectively.

3 Model Experimental Setup
The experimental setup was designed to measure the mass

rate through a predrilled hole in the workpiece with variation
total nozzle pressure and standoff distance. While the mass
rate through the cut kerf may not be of concern in itself for la
machining, it is directly related to the total pressure at the mac
ing front which in turn is an important factor in determining th
material removal capability of the gas jet. The measurement of
Journal of Manufacturing Science and Engineering
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mass flow rate also provides a convenient and viable verifica
of the simulation results. Considering the small physical dim
sion of the actual laser kerf, field measurement of the flow wo
be very difficult.

A schematic of the experimental setup is shown in Fig. 3.
commercial sonic~converging-only! nozzle with a nozzle diam-
eterD of 1.35 mm is used. Compressed air from a gas tank is
into the nozzle through a gas inlet where a pressure gauge wa
The gas pressure can be adjusted through a regulator inst
upstream of the gas inlet. The gas exiting the nozzle impinges
plate~or workpiece! with a predrilled hole in it. The impingemen
plate is 1.5 mm thick with two through holes~with diameters
0.508 mm or 0.711 mm!. The nozzle flowṁn is in part deflected
by the plate. The remaining flow, through hole flowṁh enters the
hole. The small hole diameter and the high gas speeds ma
difficult to measure the through flow. Hence a collection box
placed directly underneath to collect the flow and direct it to a
mm measurement nozzle~area Am578.5 mm2! at considerably
lower flow speed. The impingement plate along with the colle
tion box are placed on a precisionx-y table to allow alignment of
the hole with the delivery nozzle. A micrometer is used to obt
a precise measurement of the stand-off distance. The velocit
the gas leaving the measurement nozzle (Vm) is then measured
using a hot-film anemometer~TSI 8350!. The hot-film probe is
placed directly underneath the measurement nozzle exit by
other positioning system for accurate centering. The measurem
nozzle contour guarantees that the velocity profile of the
stream is nearly uniform. The density of the gas leaving the m
surement nozzlerm is assumed to be that of an ideal gas at a
bient conditions. The mass flow rate through the measurem
nozzle (rmAmVm) and hence the through hole flowṁh is
obtained.

The hot-film anemometer was calibrated using a pitot tube
the 40 mm3230 mm test section of a wind tunnel. The pitot tub
pressure was obtained with the assistance of a Barocell electr
pressure gauge calibrated to 0.2 inches of water per unit volt.
output was measured using a data acquisition card on PC. A
square linear fit line was used to obtain the numerical values
the velocities read from the hot-film velocimeter.

Since the flow at the throat of the delivery nozzle is alwa
choked, it is possible to relate the upstream total pressurept to the
mass flow rate from the nozzleṁn . The following relationship
holds at the sonic nozzle exit

Fig. 3 Schematic of experimental setup
AUGUST 2000, Vol. 122 Õ 431
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ṁn5cDAptF S 2

RTD S g

g11D S 2

g11D 2/g21G1/2

, (9)

wherept5Pe1Pa . Pe is the total gauge pressure at the noz
exit, Pa is the ambient pressure andA is area at the nozzle exit
The total pressure thus can be obtained by knowing the m
flow rate from the sonic nozzle. In the above relationship,
mass flow rate is corrected for viscous losses using a no
discharge coefficientcD . The coefficientcD is estimated to be
0.988 based on nozzle-throat Reynolds number for the no
used here@20#.

The same experimental apparatus was used to measure the
flow rate from the sonic nozzle. The collection box however w
raised to let the delivery nozzle lip stick into the box and the g
was sealed to prevent leakage. Thus the mass flow rate from
sonic nozzle can be obtained in the same manner as desc
before.

The experimental uncertainties in the measurement qua
ties are either due to uncertainties in the primary measurem
or a composite uncertainty due to several measurements.
uncertainty analysis follows the standard experimental met
@21#. The estimated uncertainties are listed in the followi
table:

Quantity Am rm Vm ṁh or ṁn

Uncertainty 63% 62% 66% 67%

Quantity T A cD H Pe

Uncertainty 62% 63% 60.3% 60.5% 68%

4 Code Validation Studies
To validate the CFD solver, two complex test cases for wh

reliable experimental data exists were used. These test cases
related to ascertain the ability of the solver to capture both f
and impinging jet behavior of the flow of interest.

In Test Case 1, a supersonic moderately underexpanded je
hausting into otherwise stagnant air was examined. The unde
pansion ratio (Pj /Pa) was 1.45, and the exit Mach numberM j
was 2. For the case of moderate underexpansion, as the gas l
the nozzle exit, it goes through a Prandtl-Meyer expansion to
ambient pressure at the jet boundary. The expansion waves
reflected as compression waves at the jet boundary. These
pression waves coalesce to form an incident shock wave.
incident shock wave meets at the symmetry centerline, whe
reflects to form a reflected wave. The oblique reflected wav

Fig. 4 Comparison of computed and measured streamwise
pressure variation along a free jet axis for MjÄ2.0 and Pj ÕPa
Ä1.45
432 Õ Vol. 122, AUGUST 2000
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again reflected from the free jet boundary as expansion wa
The repetition of this process produces a well-known diamo
wave pattern~Fig. 1a!. For a quantitative comparison, the me
surements of the streamwise pressure variation along the
centerline by Seiner & Norum@22# are shown in Fig. 4 along
with our computations. The agreement is quite good for the fi
few cells indicating that the compressibility effects and the dam
ing of wave strength due to turbulent dissipation are prope
modeled.

In Test Case 2, a supersonic jet impinging normally on a
plate ~M j51.0, Pj /Pa53.0, H/D52.5! was examined. Among
other things the streamwise density variation along the jet a
was measured. When a plate is placed in the path of a supers
jet, a stagnation region is formed at some distance away from
solid surface. A normal shock forms off the plate allowing g
flow to decelerate to subsonic values. The pressure rises to a
ambient pressure in the subsonic region~Fig. 1b!. Computed
streamwise density variation along jet axis is compared with
measurements of Iwamoto@23# ~Fig. 5!. The agreement indicate
that CFD solver is able to capture the structure of the incident
the normal shock in the case of jet impingement. The RNG mo
however, is not accurate in predicting the flow behavior very clo
to the stagnation point. This is probably responsible for the div
gence between predicted values and experimental data in th
gion close to impinging plate.

5 Mass Flow Rate Experimental Results
The objective of the experimental part of this study was

determine the effects of hole diameterd, standoff distanceH
and total pressurept on the hole through flowṁh . Two sets of
measurements were carried out. For Group 1 experiments,
total gauge pressure at nozzle exitPe was varied continuously
between 120 kPa and 490 kPa ford50.711 and 0.508 mm and fo
standoff distanceH51.0, 1.5 and 2.0 mm. For Group 2 exper
ments however, three distinct values ofPe were chosen andH
was varied continuously from 0 to 3.5 mm ford50.711 and 0.508
mm. The above described conditions are summarized in the
lowing table:

d ~mm! H ~mm! Pe (kPa)

Group 1 0.711 0.508 1.0 1.5 2.0 Varied from 120 to 49
Group 2 0.711 0.508 Varied from 0 to 3.5 125 243 363

The measuredṁh data are shown in Fig. 6a and Fig. 6b
for Group 1 experiments. ForH51.0 mm, ṁh is found to mono-

Fig. 5 Comparison of computed and measured streamwise
density variation along an impinging jet axis for MjÄ1.0,
Pj ÕPaÄ3.0 and HÕDÄ2.5
Transactions of the ASME
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tonically and linearly increase withPe . For H52.0 mm however,
ṁh first increases with total pressure until it reaches a local m
mum atPe5240 kPa ford50.711 mm andPe5225 kPa ford
50.508 mm, respectively. The mass flow rate then reduces e
as total pressure increases, until it reaches a local minimum
begins to increase again. ForH51.5 mm, ṁh behavior lies in-
between those forH51 and 2 mm, and the local maximum an
minimum are not evident. Theṁh profiles for the two different
hole sizes are qualitatively similar, indicating that hole diame
may not be an important factor for the study of flow behavior,
long as the hole diameterd is much smaller than the nozzle diam
eterD. Since one would expectṁh to monotonically increase with
Pe , the unusual behavior forH52.0 mm implies that a change i
shock structure can have a significant effect on flow behav
This will be further explained in conjunction with simulation re
sults later.

Figures 7a and 7b show the measuredṁh data for Group 2
experiments. AtPe values of 125 kPa and 243 kPa,ṁh is rela-
tively unaltered with changes inH, indicating that the flow struc-
ture remains unchanged along the centerline. However, fo
higherPe value of 363 kPa,ṁh reduces continuously until a criti
cal standoff distance,Hcritical of about 3 mm is reached. AtHcritical
a small increase in standoff distance results in a large jump inṁh .
Beyond this pointṁh continues to decrease with increasingH.
The critical point is accompanied with strong shock noises he
during the experiments. This behavior is essentially repeated f
hole size ofd50.508 mm.

Fig. 6 „a… Measured through-hole mass flow rate with
total gauge pressure for dÄ0.711 mm. „b… Measured
through-hole mass flow rate with total gauge pressure for d
Ä0.508 mm.
Journal of Manufacturing Science and Engineering
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6 Simulation Results
Flow behavior within the hole as well asṁh are essentially

determined by the total gas pressure immediately upstream o
hole. This pressure is nearly equal to the total pressure do
stream of the normal standoff shock. It is desirable to minim
the total pressure loss through the normal shock. This can
achieved by changing the shock structure, as will be shown by
simulation results. The simulations were carried out over the co
putational domain shown in Fig. 2 for the same operating press
conditions as the experiments.

The velocity field across the hole is integrated to obtain a co
puted value ofṁh . The variations of the computed and measur
ṁh with Pe are shown in Fig. 8. The computed results follow t
trends in the experimental results closely and capture the l
maximum/minimum inṁh for H52 mm. The experimental un
certainties in the measurements are shown as error bars in F
The variation in the computed and measuredṁh with H is shown
in Fig. 9 with uncertainties reflected in Fig. 8.

To further understand the particular phenomena seen in Fig
contours of static pressure at two different nozzle pressure le
for H52 mm andd50.711 mm are shown in Fig. 10. The obliqu
and the normal standoff shocks are similar to those of a gas
impinging on a flat plate. At the lowerPe of 207 kPa in Fig. 10a,
the oblique shock has a larger deflection angle as expected
the theory of oblique shock waves@9#. The incident shock waves
meet at the centerline and are reflected prior to interacting w
the normal standoff shock. In this case, the total pressure decr

Fig. 7 „a… Measured through-hole mass flow rate vs. nozzle
standoff distance for dÄ0.711 mm. „b… Measured through-hole
mass flow rate vs. nozzle standoff distance for dÄ0.508 mm.
AUGUST 2000, Vol. 122 Õ 433
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downstream of the normal standoff shock is not large. At a hig
Pe of 276 kPa in Fig. 10b, the incident shock waves have
smaller deflection angle thus preventing them to meet and re
before interacting with the normal standoff shock. In this case,
total pressure decreases dramatically downstream of the no
standoff shock.

As Abbett @12# points out, a normal shock is formed due to
strong compression process when the flow traverses from
sonic to supersonic region. The strength of the normal shoc
related to the extent of the compression. Regular reflection of
oblique shock from the axis may result in a static pressure
large enough so that additional compression is not significan
this case, the normal shock is weak. On the contrary, if the
lique shock directly interacts with the normal shock, significa
compression is needed in order to establish the pressure nece
for the subsonic region. In that case, the normal shock is m
stronger. The corresponding total pressure loss as flow crosse
normal shock is large if the shock strength is high, and sma
low.

It is not surprising that the total pressure at which the incid
shock waves meet the centerline~about 225 kPa! and touch the
standoff shock corresponds to the a local maximum in Fig. 8
H52 mm. Beyond that critical point, the mass flow rate decrea
in spite of increasing gas pressure because of the total pres

Fig. 8 Computed and measured through-hole mass flow rate
for dÄ0.711 mm

Fig. 9 Computed and measured through-hole mass flow rate
for dÄ0.711 mm
434 Õ Vol. 122, AUGUST 2000
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loss. The reason that the decrease is gradual instead of a su
drop at a singlePe is due to the expansion of the normal stando
shock once the oblique shock directly interacts with the stand
shock, resulting in decreased shock strength. A slight increas
the nozzle pressure will increase the standoff shock strength
the loss of the total pressure. Thus the total pressure after stan
shock will decrease until the nozzle pressure is high enough
offset the pressure loss. For the case of smallH ~e.g., 1 mm!, the
oblique shock always interacts with the standoff shock direc
and therefore the total pressure after the standoff shock incre
with the nozzle pressure and the through-hole mass flow rate
ways increases with the nozzle pressure.

The aforementioned explanation is confirmed by the ax
variation of total pressure shown in Fig. 11 for different nozz
pressures. The total pressure loss at higher nozzle pressures
large that in fact the total pressure downstream of the stand
shock for aPe of 276 kPa is less than that for a lowerPe of 258
kPa. The loss increases even further withPe so that the total
pressure downstream of the standoff shock forPe5345 kPa is
nearly the same as that forPe of 276 kPa.

Figures 12a and 12b show the contours of static pressure, fo
H52 and 3.25 mm, corresponding to two standoff distances
fore and after the jump inṁh seen in Fig. 10 withPe of 363 kPa.
In Fig. 12a (H52.0 mm), the incident shock interacts with th
normal standoff shock directly. For low values ofH, the through-
hole mass flow rate decreases as the standoff distance increas
long as the incident shock directly meets the standoff shock. Ho
ever, when the standoff distance reaches a point where the
dent shock waves first meet at the centerline before they refl

Fig. 10 „a… Contour of static pressure for PeÄ207 kPa „d
Ä0.711 mm, HÄ2 mm …. „b… Contour of static pressure for Pe
Ä276 kPa „dÄ0.711 mm, HÄ2 mm ….
Transactions of the ASME
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and interact with the normal shock, the loss of total pressure
greatly reduced, which results in a jump of the through-hole m
flow rate ~Fig. 12b!.

In most laser machining cases, the nozzle standoff distanc
chosen to be 0.5 mm—1.5 mm, thus the incident shock will
ways interact with the standoff shock directly. However, th
study reveals that some favorable operating conditions do exis

Fig. 11 Computed variation of total pressure along the center-
line for HÄ2.0 mm and dÄ0.711 mm

Fig. 12 „a… Contour of static pressure for HÄ2 mm „dÄ0.711
mm, PeÄ363 KPa…. „b… Contour of static pressure for HÄ3.25
mm „dÄ0.711 mm, PeÄ363 KPa….
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large nozzle standoff distances within a certain range of the no
pressure. In those situations, the reflected shock is produced
interacts with the standoff shock, which has a higher total press
downstream of the standoff shock. The nozzle pressure shoul
chosen to avoid direct contact between the incident shock and
standoff shock for large nozzle standoff distances.

The low total pressure after the standoff shock is associa
with fluctuations of the pressure gradient and shear stress
side the hole. Figures 13 and 14 show the static pressure grad
and the shear force inside the hole for four different conditio
Large fluctuations in the pressure gradient and the shear fo
for Pe5276 kPa andH52 mm corresponds to a characterist
behavior of that shown in Fig. 10b, where the incident shock
has direct contact with the normal standoff shock. Since
pressure gradient and the shear force are two driving force
melt removal, the fluctuation has detrimental effects on the
moval capability of the gas jet, which often results in poorer c
quality.

7 Laser Cutting Experimental Results
As pointed out previously, the mass flow rate associated w

the shock structure is primarily determined by the interactio
between nozzle, workpiece and gas flow. It is expected that
laser cut quality is affected by the change of shock structure w
varying gas pressure and standoff, as it was numerically predic
To verify the gas jet effects in laser cut quality, cutting expe
ments of lasers were performed. Unlike the idealized axisymm
ric case, the linear cut kerf of laser cutting renders the probl

Fig. 13 Static pressure gradient inside hole

Fig. 14 Shear force inside hole
AUGUST 2000, Vol. 122 Õ 435
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Fig. 15 Profilometer measurements of cut surface with different gas pressure at 2.0 mm standoff
„incomplete cuts at PeÄ323 kPa, PeÄ363 kPa…
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three-dimensional. However, since the geometric size of the
width is much smaller than the nozzle diameter, one would exp
that the basic shock behavior of the real cutting is similar to t
of the axisymmetric case.

Experiments were carried out under the same conditions of
mass flow rate experiments. Cold-rolled mild steel of 1.6 m
thickness was cut using a PRC-1500 CO2 laser system operated i
CW and TEM00 mode. In Group-1 experiments, oxygen was us
for cutting, H was fixed at 2.0 mm andPe was varied from 122
kPa to 403 kPa. In Group-2 experiments, air was used as assis
for cutting, Pe was fixed at 363 kPa andH was varied. The ex-
perimental conditions are as follows:

Power Cutting Speed H Pe

Group-1 200 W 37 mm/s 2.0 mm varies
Group-2 800 W 37 mm/s varies 363 kP

To compare cut quality distinctively, the laser power and cutt
speed were adjusted so that some samples were barely cut th
or not through.

In Group-1 experiments, the samples were not cut through
Pe5323 kPa, 363 kPa. To quantify the surface roughness, m
surements were taken using a profilometer along a line 0.2
from the bottom. The profilometer traces at different gas press
levels are shown in Fig. 15. As seen, the surface finish has r
22, AUGUST 2000
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tively higher roughness atPe5122 kPa. The roughness decreas
to a minimum value atPe5283 kPa. The incomplete cases
Pe5323 kPa andPe5363 kPa can be reasonably considered
highest roughness. The surface roughness again decreasesPe
5403 kPa. The fluctuation of cut surface quality with the g
pressure under fixed standoff distance thus matches the fluctu
pattern of mass flow rate.

In Group-2 experiments, large amount of dross was fou
clinging to the bottom edge of the cut kerf because air was use
assist gas. Figure 16 shows the dross attachment on cut e
Dross was observed atH51.0 mm. The amount of dross increas
for H51.5 mm. Cuts were incomplete atH52.0 and 2.5 mm
which is equivalent to extremely severe dross attachment.
dross attachment then suddenly decreases to a minimum am
at H53.0 mm, and it increases slightly atH53.5 mm. The sud-
den decrease of the dross corresponds to the jump of the m
flow rate as described in the previous sections. The variation
dross attachment as varying standoff distance thus follow
same pattern as that of the mass flow rate.

The laser cutting experiments show that the cut quality
roughness and dross attachment are directly influenced by s
structure as presented by variation of mass through rate.
similarity of cut quality variation with variation of gas pressu
and standoff distance to those of the mass flow rate in axisymm
Transactions of the ASME
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ric case indicate that the basic shock structures of real cut
cases are similar to those of axisymmetric cases. Although
effects of melt flow are not taken into account when the sh
structures are predicted in the numerical simulation, the cut
periments show that the variation of cut quality conforms th
association with shock structure and gas removal capability
predicted.

8 Conclusions
The interaction of a gas jet with the workpiece in laser mach

ing is investigated by systematically studying the influence of
processing parameters on the shock structure of the gas flow.
numerical simulation of a transonic, turbulent jet impinging on
plate~workpiece! with a hole concentric with the jet is presente
revealing the effects of gas pressure and nozzle standoff dist
on shock structure. Experimental measurements of the mass
rate through the hole under conditions corresponding to thos
the simulation were carried out. Experimental data are found
match the simulation results. It is found that certain favora
operating conditions exist under which the oblique incident sh
waves merges on the centerline and reflect before interacting
the normal standoff shock. In those cases, the total pressure
across the standoff shock is less and a high total pressure rem
at the machining front. The direct interaction of the incide
waves and the normal standoff shock results in a large reduc
of the total pressure across the standoff shock, conditions u
vorable to laser machining. In addition, the pressure gradient
shear force fluctuate at the machining front, reducing the remo
capability of the gas jet and resulting in a poorer surface fin

Fig. 16 Dross attachment on cut surface with different stand-
off „incomplete cuts for HÄ2.0 and 2.5 mm …
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The experimental results of laser cutting confirm that the cut qu
ity including roughness and dross are affected by the shock st
ture and removal capability as predicted.
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Nomenclature

A 5 are of delivery nozzle exit
Am 5 area of measurement nozzle exit

B 5 slot width ~Test Case 1!
cD 5 nozzle discharge coefficient
Cm 5 a constant in relationship betweenm andk/A« ~Eq. ~4!!

d 5 hole diameter
D 5 nozzle exit diameter
e 5 internal energy
F 5 vector ofx-directed fluxes

Fv 5 viscous flux
G 5 vector of r-directed fluxes

Gv 5 viscous flux
H 5 standoff distance
k 5 turbulent kinetic energy

ṁ 5 mass flow rate
M 5 Mach number

M j 5 exit Mach number
p 5 static pressure

pt 5 total pressure
Pe 5 total gauge pressure at delivery nozzle exit
Pa 5 ambient pressure
Pj 5 static pressure at delivery nozzle exit~Test Case 1 and

2!
R 5 universal gas constant
t 5 time

T 5 temperature
T0 5 stagnation temperature

u,v 5 velocities inx and r directions
ut 5 friction velocity

Vm 5 velocity at the measurement nozzle exit
x 5 axial coordinate
y 5 distance normal to the wall

y1 5 distance normal to the wall in wall units
r 5 density

rm 5 density at measurement nozzle exit
g 5 specific heat ratio
m 5 effective viscosity

mm 5 molecular viscosity
m t 5 turbulent viscosity
t 5 shear stress
« 5 kinetic energy dissipation

Subscripts for ṁ

n 5 delivery nozzle
h 5 hole
j 5 jet
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