Arch. Mech., 50, 2, pp. 207-218, Warszawa 1998
FIFTY YEARS OF THE ARCHIVES OF MECHANICS

The gas flow through the laser-sustained plasmas

Z. SZYMANSKI (WARSZAWA)

MODELLING of the laser-sustained plasmas (LSP) in a forced convective flow is pre-
sented. The emphasis is put on the modelling of the flow through the region of
elevated temperature. Theoretical quasi-two-dimensional and full two-dimensional
models are compared. Two examples of such flow are considered. In the first, plasma
is maintained by cw CO; laser with output power of 2kW and burns in a stream of
argon at atmospheric pressure. The results show that quasi-2D model in which the
axial flow is given by the relation pu = gouo(e/ p0)"/%, where p and u are density
and velocity of the cold gas, fairly well describes the LSP. The second example is
the flow through the argon plasma at 1atm attached to the surface. In this case the
simplified formulae do not exist and hence only the results of the two-dimensional
model are presented. They are compared with the results of calculations made for
constant temperature T = 300 K. It has been found that the presence of the hot
region considerably increases the velocity near the surface.

1. Introduction

THE FLOW through the region of elevated temperature was recently studied by
several authors [1-5]. The interest in this problem is connected with the laser
machining: welding, cutting or cladding. In each of these processes the stream of
the shielding gas flows through the plasma that is induced by the laser radiation.
The plasma is either attached to the surface of the workpiece and burns in a
mixture of the shielding gas and ionized metal vapour, or is detached from the
surface and burns in the shielding gas. The first situation corresponds to a jet
impinging on a surface after flowing through the region of elevated temperature
(plasma). The second - to a jet flowing through the plasma free-burning in the
space. Both situations are considered in this paper.

The main difficulty in studying this problem theoretically lies in solving
the momentum equation. The most complete description of the laser-sustained
plasma (LSP) in a forced convective flow includes the equations of conservation
of mass, momentum, and energy [1, 5]. The first paper in which the full 2D
model was used to calculate laser-sustained argon plasma at 2atm was due to
JENG and KEEFER [1].

However, because of complexity of such a model, simpler models [2-4] can
be sometimes favoured. In this paper free-burning laser-sustained argon plasma
in a convective flow was studied using different models. The flow has been mod-
elled either in a simplified way or by solving the full set of equations, including
momentum equation. The comparison of the results shows the range of validity
of simplifying assumptions.
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2. Theoretical model

The flow velocity has a great influence on plasma parameters and intensity of
laser radiation needed to maintain a stationary plasma. The theoretical descrip-
tion of experimentally observed phenomena is, however, quite complicated. The
quasi-two-dimensional model [6] in which constant axial mass flux is assumed
and only energy equation is solved in two dimensions, seems to be realistic only
in the situation when plasma is bounded in the radial direction by walls (tube).
In the case of unbounded plasma such model overestimates the influence of the
flow, which is a result of pu = const.

This problem is not serious for small velocities, few centimeters per second,
which are characteristic for natural convection, because then the conduction term
is much bigger than the convection term and plays the decisive role. In the case
of forced convection, when inlet velocities can be of several meters per second, re-
liable results can only be expected from full two-dimensional model which solves
the momentum equation. The solution of full set of equations consisting of en-
ergy, momentum and continuity equation is, however, quite complex. Therefore,
in previous paper [4] instead of solving the full set of equations, we made cer-
tain assumption concerning the variation of the axial mass flux as a function of
plasma density.

When the flow penetrates a region of increasing temperature, its behavior is
similar to a flow past an obstacle. The pressure increases when approaching the
hot region, the velocity decreases and most of the streamlines bypass the region
of high temperature - only a relatively small part of them enter the hot region.
When entering the hot region, the velocity of the gas increases with increas-
ing temperature, due to a decrease of gas density, according to the continuity
equation.

It has been shown [2, 4] that in the case when the cross-section of a hot
plasma S}, is much smaller than the outer cross-section Sy which constitutes the
boundary, Sy > Sp, we have

(2.1) ou = 90“0‘/£-
20

Thus, when entering the low density region the mass flux is reduced by the factor
(g/gg)”?. At the other limit there is Sy = Sp and

(2.2) pu = const.
Having defined the axial component by Eq. (2.1) (or (2.2)), the radial velocity
component can be computed from the continuity equation. Equations (2.1) or

(2.2) together with the equations of conservation of mass and energy constitute
a quasi-2D model.
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In cylindrical symmetry the equations of conservation of mass, energy and
momentum have the form

do 1 0(erv) | d(ou)
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and the laser radiation transfer equation is given by

dp;

2.7 Soeq
(2.7) T

= —kiF;,

where u and v are axial and radial velocity components, respectively. h is specific
enthalpy h = h(r, z,t); the mass density p, the specific heat at constant pressure
¢p, the viscosity p [7], the effective thermal conductivity keg [7, 8], the radiation
loss function @ [9], and the absorption coefficient s (at 10.6 pm wavelength)
depend on h only. [; is the local laser intensity (evaluated from local laser power
P, I; = P;/m(r? —r%,)), and s; is the local distance along the laser ray path.

The use of the effective thermal conductivity keg is based on the assumption
that the part of radiation which is absorbed in the plasma can be represented as
an increase in thermal conductivity kyag + k = keg and included in the diffusion
term.

The absorption of the 10.6 pm radiation in a plasma is described by the ab-
sorption coefficient

hv
(2.8) K= p{{ e ngf + rcm] X [1 —~ EXP (——)},

kT
where the first bracket contains the absorption due to the electron-ion inverse
bremsstrahlung .-c;:{ and photorecombination rcg’ [10], and the absorption due to

the electron-atom inverse bremsstrahlung ., [11]. The second bracket contains
contribution of the stimulated emission.
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For small Mach numbers (say M < 0.3), the pressure changes are small
and we can assume that p and other thermodynamic quantities depend only
on the temperature. It has also been assumed that plasma is in local thermal
equilibrium (LTE). At the atmospheric pressure, the deviations from LTE are
small and plasma state should be fairly close to LTE.

The relevant properties of argon used for calculations are shown in Fig.1 in
terms of temperature.
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F1G. 1. Properties of argon used in the calculations in terms of temperature;
a) the density and visciosity, b) the effective and pure thermal conductivity,
c) the radiation power density, d) the absorption coefficient
(at 10.6 pm wavelength).

The equations were solved employing the control volume method described by
PATANKAR [12] and SIMPLEC algorithm [13]. In most cases a nonuniform grid
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with 40 radial by 80 axial mesh was used. Reasonable results can be obtained
already with a 20 x 40 grid. Asymptotically for large times the solution of the
above set of equations leads to the stationary solution which has been used in
this paper.

The laser beam was divided into 200 rays along the radial direction and the
path of each ray was traced according to geometrical optics. The laser intensity
distribution was assumed to be TEM.g; mode, and exact power was ascribed to
each elementary ray.

Geometrical ray tracing of the laser beam is justified for small values of the
f-number because the effect of diffraction can be neglected. In our calculations
the f-number, i.e. ratio of the focal length to the laser beam diameter f/D,
was ~ 8.8 and hence the spherical aberration was small. Then, the geometrical
optics, which does not take into account the diffraction effects, results in an
unrealistically small diameter of the laser beam at the focal plane and hence,
in an unrealistically high laser beam intensity in the focus spot. In this work
the focus spot diameter d; was assumed to be equal to dy = @ x f, where &
is the full angle divergence of the laser beam in rad, and f is the focal length
of the lens. As estimated from the measured divergence, dy was about 0.34 mm.
In numerical calculations the value of dy was taken into account assigning the
radius ¢ = dy/2 to the smallest computational cell. Consequently the highest
laser intensity at the focal plane was Iy = P/?rrf, where P was the total laser
power.

3. Results

3.1. Free-burning laser-sustained plasma

In the case of the free-burning laser-sustained plasma it has been assumed,
according to the situation met in practice, that the laser beam and the stream
of the shielding argon gas are directed vertically downwards. The boundary con-
ditions for the system of equations were as follows. We considered discharge
in infinite space but it was enough to put T' = T = 300K at a radial distance
r = 3cm. For r = 0 the condition of symmetry requires that v and d7'/9r vanish.
At the upstream boundary, a constant axial velocity v and uniform temperature
T = Tp were assigned. At the outflow boundary, dT/dz = 0 and d(pu)/dz =0
were assumed. The calculations were made for inlet velocity 5 and 2.5 m/s. The
f-number was 8.8.

The temperature distributions for inlet velocity 5m/s obtained from both
quasi-2D and full 2D theoretical models are shown in Fig. 2. The total absorption
of the laser radiation in the plasma amounts to 74% while the power reradiated by
the plasma is 850 W in the case of the full 2D model. The maximum temperature
is ~ 19500 K. The total absorption obtained from the quasi-2D model is similar
but the power reradiated by the plasma is only 680 W. Because the radiation
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power is a strong function of temperature, the larger radiating plasma volume
at high temperatures 7' > 15 kK encountered in the case of the full 2D model,
results in greater radiation power.
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F1G. 2. Temperature distribution in a free-burning plasma; a) quasi-2D model, b) full

2D model. Flow and laser beam direction from left to right. Quter isotherm 10000 K.

Isotherms interval 1000 K. Laser power 2000 W, inlet velocity 5 m/s. Laser focal plane
at z = 2.5cm.
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Fi1G. 3. Axial temperature in full 2D model and relative velocities
u = u(2D)/u(quasi-2D) = u/[uo(go/r)*/?]. Solid lines r = 0, dashed lines r = 1 mm.

Figure 3 shows the relative axial velocities urel =u2p /ttquasi-2D =/ [u0(00/ 0)'/?]
i.e., the ratio of the actual velocity calculated with the use of the full 2D model
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and velocity used in the quasi-2D model, for two different radii » = 0 and
r = 0.1 cm. The axial temperatures are taken from the full 2D model. The worst
agreement is just before the hot region. In the case of 2D model the velocity at
the axis (r = 0) drops to 0.2 of the inlet value. This is the reason why in the
case of the full 2D model, the hot plasma core is shifted upstream in comparison
to the quasi-2D model. In the region of high temperature, the actual velocity
and velocity used in quasi-2D model differ by the factor of 2. The overestima-
tion of the axial velocity by formula (2.1) results in more elongated temperature
distribution in the case of quasi-2D model.

The velocity vectors and mass flux density vectors in a free-burning plasma
are shown in Fig.4. The velocity increases in the hot region but only part of
axial mass flow enters the plasma core. The Reynolds number Re = puD/u is
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FiG. 4. Velocity vectors and mass flux density vectors in the free-burning plasma.
Laser beam direction from left to right. Outer isotherm 10000 K. Isotherms interval
1000 K. Laser power 2kW, inlet velocity 5m/s.
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~ 2000. It has been calculated using the velocity, the mass density and viscosity
ahead of the hot region (7' = 300K), and diameter of the hot core D defined by
the isotherm 7" = 10000 K.
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Fi1G. 5. Temperature distribution in a free-burning plasma — full 2D model. Flow and
laser beam direction from left to right. Outer isotherm 10000 K. Isotherms interval
1000 K. Laser power 2000 W, inlet velocity 2.5m/s. Laser focal plane at z = 2.5cm.,
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The temperature distribution in a free-burning plasma (full 2D model) for
inlet velocity 2.5 m/s is shown in Fig. 5. The decrease of the inlet velocity results
in a considerable shift of the plasma relative to the focal plane in the direction
of the laser beam. The total absorption of the laser radiation in the plasma
amounts to 80% while the power reradiated by the plasma is 1050 W. The
enhanced absorption and radiation power as compared to the results obtained
for greater inlet velocity are due to different temperature profiles in both cases.
The maximum temperature is ~ 17900 K and is lower than that in the case of
inlet velocity 5m/s.

3.2. Impinging jet

In the case of an impinging jet it has been assumed that the stream of the
shielding gas from a coaxial nozzle flows through the plasma plume attached
to the surface and impinges on the workpiece. We considered the flow between
two horizontal plates 1cm apart. Again both the laser beam and the stream of
the shielding argon gas are directed vertically downwards. They pass through
the round hole in the upper plate and impinge on the lower one. The diameter
of the hole is 6 mm. The boundary conditions were as follows. For r = 0 the
conditions of symmetry were the same as before. At the upstream boundary,
constant axial velocity u for » < 3mm and u = 0 for » > 3mm and uniform
temperature T = T}, = 300K were assigned. At the surface of the lower plate
both velocity components vanish. At the outflow boundary, 97'/dr = 0 and
d(prv)/0r = 0 were assumed. In this case the energy equation was not solved.
Instead, in accordance to experimental results it has been assumed that the
plasma temperature profile near the lower surface is Gaussian with the maximum
temperature of 16000 K. For comparison, the calculations were also made for
constant temperature 7 = 300 K. The calculations were made for inlet velocity
5 and 25m/s.
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Fi1G. 6. Temperature distribution, velocity vectors and mass flux density vectors in an
impinging jet. Outer isotherm 1000K. Isotherms interval 2000 K. Stream inlet at the
upper, left corner. Stream diameter at the inlet 6 mm, inlet velocity 5m/s.

The results showing the temperature distribution, velocity vectors and mass
flux density vectors for inlet velocity 5m/s are shown in Fig. 6. Similarly to the
case of the free-burning plasma, only part of axial mass flow enters the plasma
core. Figure 7 shows the axial velocity u(r = 0) profiles in terms of the axial
distance for two inlet velocities 5m/s and 25 m/s and two different temperature
profiles; Gaussian (dotted line Fig. 7a) and flat (T = 300 K).

It is worth noting that in the case of 25 m/s inlet velocity, the presence of the
hot region increases the velocity by the factor of 7 in comparison to the solution
for constant temperature u(7j,r, z) at the distance 0.1 cm from the surface. The
increase depends on the inlet velocity and amounts to only 3 in the case of
5m/s inlet velocity. In the case of the 25m/s inlet velocity the distribution of
the axial velocity is quite similar to the u = [u(Tp,r = 0,2) % (00/0)"?] where
Tp = 300K (Fig. 7b, dotted line). Such aproximation has been used in [14] where
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F1G. 7. Axial temperature and velocity profiles for two inlet velocities 5m/s and

25m/s. Solid lines: velocities calculated for the temperature profile shown in the

Fig. 7a. Dashed lines: velocities calculated for constant temperature Ty = 300 K.
Dotted lines: temperature (Fig. 7a), u = [u(To,r = 0,z) x (00/0)"/?] (Fig.7b).

the authors used analytical solution for u(Ty, r, z). However, for the inlet velocity
5m/s, similar aproximation differs from the exact value by the factor of 3. The
accuracy seems to depend on the Reynolds number and should be investigated
in more detail in the future.

4. Conclusions

Numerical modelling of laser-sustained plasma in forced convective flow has
been presented and two theoretical models, quasi-two-dimensional and full two-
dimensional, have been compared. The results show that in the case of free-
burning laser-sustained plasma, the simple formula in which the axial flow is
given by the relation pu = gouo(0/00)'/?, where gy and ug are the density and
velocity of the cold gas, gives rough estimation of the mass flow entering the
plasma. The quasi-2D model overestimates the axial velocity and as a result,
the plasma temperature profile is more elongated and shifted downstream in
comparison with full 2D model.

For inlet velocities of 5 and 2.5m/s, the absorption of the laser radiation
amounts to 74% — 80% of the laser beam power, respectively, i.e. about 1500 —
1600 W in the case of 2kW laser power. More than half of that, 850 — 1050 W is
reradiated by plasma. The plasma radiation covers broad range of wavelengths,
from the violet to far infrared. In the case of materials strongly reflecting laser
radiation, the heating of the surface by this radiation improves thermal coupling
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between the laser beam and a material. The shape of the plasma and its position
with respect to the focal plane of the laser beam are slightly different for two
models and the agreement with experimental data is better in the case of full 2D
model. However, the comparison with the plasma photographs shows that the
actual axial dimensions of the plasma are still about 25% smaller and at inlet ve-
locity 5m/s the real plasma front is shifted few mm downwards. The summation
of the plasma radiation over the plasma depth showed that 95% of the radiation
comes from within the isotherm of 11000 K and the dimension of this isotherm
was compared with the plasma photographs. The lack of complete agreement
betweem the experiment and theory is probably due to inaccuracies in the argon
thermodynamic data used for the calculations. Although we checked that the
calculations with the pure thermal conductivity did not change considerably the
plasma shape and position of the plasma front with respect to the focal plane
of the laser beam, still there could be other sources of errors like the radiation
function or the absorption coefficient. Finally the lack of thermal local equilib-
rium can also result in different temperature profiles. This possibility, however,
can only be checked by solving the two-temperature model.

The velocity distribution in the case of a jet impinging on the surface after
passing through the region of high temperature, as it is in the case of the laser
welding, has also been presented. In the case of the Gaussian temperature profile
with the maximum temperature of 16000 K near the surface and the inlet velocity
25m/s, the velocity increases by the factor of 7 at the distance 0.1 cm from the
surface. This increase depends on the inlet velocity and most probably also on
the temperature distribution near the surface. As the plasma plume influences
the thermal coupling between the laser beam and the workpiece, the problem is
interesting from the practical viewpoint and calls for further studies.
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