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NUMERICAL ANALYSIS OF THE PROCESSES
OF HEATING AND CONVECTIVE EVAPORATION
OF METAL IN PULSE LASER TREATMENT
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Mathematical model of the processes of heating, melting and evaporation of metal under the effect of a focused laser
beam is suggested. The model allows describing thermal processes in the bulk of metal and gas-dynamic processes in a
metal vapour flow occurring in laser treatment by using pulse lasers. Numerical analysis was conducted to study the
processes of heating and convective evaporation of metal with a millisecond pulse of the Nd:YAG-laser beam affecting

a low-carbon steel sample.
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Investigation of physical processes occurring in inter-
action of the high-intensity laser beam with a material
plays an important role in development of new tech-
nologies for laser welding and treatment of different
materials, and first of all the metallic ones [1—4]. Of
special interest for upgrading of such technologies as
microwelding, engraving, drilling, etc. is investiga-
tion into the processes of interaction of the focused
pulse and pulse-periodic laser beams with metals [5—
8]. Such processes include absorption of the laser beam
by metal, its heating, melting and subsequent evapo-
ration accompanied by scattering of the metal vapour
into a surrounding gas (convective evaporation mode).
Normally, analysis of convective evaporation of metal
to determine quantitative characteristics of the evapo-
ration process (density, temperature and velocity of
scattering of the vapour) is performed by using a model
suggested by C. Knight [9]. This model is based on
the assumptions that the vapour flow is unidimen-
sional and stationary. However, both of the above
assumptions are known to be invalid in a case of high-
rate heating of metal with a focused pulse laser beam,
as upon reaching boiling temperature T}, the melt sur-
face at the heat spot centre continues heating up to
the temperatures that are much in excess of T}, and
the vapour flowing from the heat spot experiences
side unloading, this causing violation of the unidi-
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Figure 1. Scheme of heating of metal plate by laser beam: 7 —
plate; 2 — heat spot; 3 — laser beam axis

© 1.V. KRIVTSUN, L.L. SEMYONOV and V.F. DEMCHENKO, 2010

2

mensional flow pattern assumed in study [9]. The
present study is aimed at analysis of applicability of
different models describing convective evaporation of
metal under the conditions of heating of a metal plate
with the focused pulse laser beam (ionisation of vapour
and formation of laser plasma being ignored).

Consider the process of heating of a metal plate
with single pulse of the focused laser beam. Assuming
the spatial distribution of the radiation intensity to
be symmetric about the beam axis, formulate the
mathematical model of heating of the plate in the
axisymmetric statement. Introduce the cylindrical co-
ordinate system as shown in Figure 1. Assume that
radiation intensity I is distributed uniformly over the
heat spot with radius Ry and remains constant during
the pulse. Radiation intensity I is determined through
total energy W of the pulse, its duration Tt and cross
section area of the beam on the plate surface, S =
= 1P}, as follows: Iy = W/ (1S).

The volumetric character of absorption of laser
radiation can be ignored for the majority of metals.
Then the thermal effect by the laser beam on a metal
sample can be assumed to be a surface heat source
distributed over the plate surface with density g(7):

o) {A(TS)IO at 7 <Ry,

~ 10 at 7> R,, M

where A(T) is the coefficient of absorption of laser
radiation, which depends upon the temperature on the
metal surface, T,(7).

Write down the equation of thermal conductivity
of a sample in the following form:

or 1o, or) af, or
Chp(T) —=——|rT) — |+ — | MT) —},
O 5 rar[r()ar]+az[()azJ ©
0<r<R, 0<z<L, t>0,

where C(T), p(T) and AMT) are, respectively, the
effective heat capacity of metal (allowing for the la-
tent melting heat), density and coefficient of thermal
conductivity.

Write down the boundary conditions for equation
(2) in the following form:
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T(r, L, t)=T(R, z, t) = T;
(3)

—7\,(T ) a_T = — —
s 9z lz=0 qd = Grc ~ qe-

Here ¢,(T,) = eo(T? — T8 + (T, — Ty) are the
losses of heat for radiation and heat exchange between
the surface and environment; € is the emissivity factor
of the metal surface; o is the Stefan—Boltzmann con-
stant; o is the heat exchange coefficient; T is the
ambient temperature; q.(Ts) = kg,,(Ts) is the specific
heat flow carried away by the vapour from the melt
surface; x is the specific vaporization heat; ¢,,(T) =
= pu is the specific mass flow of the vapour; p and
u are, respectively, the density and velocity of the
metal vapour near the evaporating surface.

To close problems (2) and (3), it is necessary to
use the model of convective evaporation of metal,
allowing calculation of velocity # and density p.
Within the framework of the Knight’s model, struc-
ture of the unidimensional subsonic flow of the vapour
can be described as follows (Figure 2): the shock wave
propagates via an ambient gas, followed by a contact
discontinuity that is a contact region between the
ambient gas and expanding metal vapour.

The Knudsen layer with thickness of an order of
several lengths of the free path exists near the evapo-
rating metal surface, outside which (in the gas-dy-
namic flow region) the equilibrium is established on
translational degrees of freedom of the vapour parti-
cles. Study [9] suggests the following dependencies
relating density p and temperature T of the vapour at
the Knudsen layer boundary to saturated vapour den-
sity ps and evaporating surface temperature T:

— 2 »)
T1=[\/1+n(—7_1ﬂ] —Hy_1ﬁ], (4)
Y 2

2 +1 Y+ 12
p_ \/Z[ i+~ e erfe (m) = ﬁ] +
Ps 2 Vn.
7 (5)
T 2
AL [1 —~r me" erfc (m)].
2T

Here m = u/N2RT =y/2M; R is the gas con-
stant; y= 5 /3 is the adiabatic exponent of the vapour,
which is assumed to be a monatomic ideal gas; and
M is the Mach number at the Knudsen layer boundary.

Pressure of the saturated vapour can be found from
the Clausius—Clayperon equation, and density — from
the equation of state of the ideal gas, p = pRT. Velocity
u and pressure p are related to density pg and pressure in
the ambient gas through the shock wave relationship [9]

P =Py
VE oy + 1)+ poty = 1)

u=

(6)

One non-linear equation for determination of ve-
locity u can be derived from relationships (4) through
(6) (the possibility of using conjugate model (2)—(6)
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Figure 2. Scheme of unidimensional scattering of vapour [9]: 1 —
Knudsen layer; 2 — contact discontinuity; 3 — shock wave

is limited by the Knight assumption of the stationary
character of the vapour flow).

Consider the problem of non-stationary gas dy-
namics of the metal vapour by keeping, as earlier, to
the assumption of a unidimensional flow pattern. Let
Oz’ be the axis of the cylindrical coordinate system,
which is directed normal to the plate surface towards
the vapour phase. At a high Reynolds number (veloc-
ity of scattering of the vapour is of an order of 500—
700 m /s), the Euler equation can be used to describe
gas-dynamics of the vapour-gas mixture:

W _F_
o Tor =Y

Z e [0, H], (7)
where U = (p,,, p, pu, E); F = (pu, pu, pu’* + p);
(E + p)u); p, u and p are the density, velocity and
pressure of the mixture, respectively; p,, is the density
of the metal vapour; E = pe + pu’ /2 is the energy of
the mixture; ande=p /p (y—1) is the internal energy.

Integrate equation (7) with respect to the follow-
ing boundary and initial conditions:

U
=0, t>0, 8
oz '7=H ®)
0, t) — pos
u(or t) = Up t Por p( ) Po y

[P, Oy + 1) + po.(y — D]
2 p Y PolY (9)

p.(0, ) =p(0, t), p0)=p©O, ORT, t=0;
p(Z, 0) = py, u(z’, 0) =0, p(z, 0) = p, 10

pm(Z’, O) = O,

where po. = p(+0, t); p+o = p(+0, ¢) and u.g = u(+0, t).

Density p and temperature T at 2 = 0 and £ > 0
are determined from conditions (4) and (5), assuming
that p=p, T =T, and u = u(0, t).

The Peacemen—Rachford method [10] with local
non-linearity iterations in difference analogue of the
condition of local energy balance on the plate surface
was used to find numerical solution for problem (2)
and (3). The problem of non-stationary gas dynamics
(7) through (10) was solved by the Godunov method
of the second order of accuracy [11].

Consider heating of the low-carbon steel plate with
single pulse of the focused laser beam having the fol-
lowing parameters: Iy = 5-106 W /cm?, 1 =1 ms, and
Ry = 0.1 mm. This corresponds, e.g. to characteristic
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Figure 3. Temperature dependence of coefficient of absorption of
Nd:YAG-laser radiation on low-carbon steel sample

operating parameters of the pulse Nd:YAG laser,
which is part of the welding, cutting and deep en-
graving unit [12]. The following values were chosen
for plate thickness L and calculation domain radius
R (see Figure 1): L =1 mm and R = 2 mm. Thermal-
physical properties of low-carbon steel were taken
from study [13], and corresponding temperature de-
pendence of the coefficient of absorption of laser ra-
diation was calculated from the data of studies [ 14—16]
(Figure 3). Iron was used as an evaporating material,
and air under normal conditions was used as an at-
mospheric gas.

Let us conduct comparative analysis of solution of
the self-consistent problem of heating (1) through (3)
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Figure 4. Dynamics of variations in metal temperature at the heat
spot centre (@) and mass flow from the melt surface (b): 1 —

non-stationary model; 2 — stationary model
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and convective evaporation of metal for two models
of gas-dynamics of the vapour: stationary [9] and non-
stationary (4), (5) and (7) through (10) for a case of
heating of the plate with a laser radiation pulse. The
calculation results are shown in Figures 4 and 5 (the
time in Figures 4, b and 5 is counted out from the
beginning of evaporation). At the chosen parameters of
the laser pulse, temperature at the centre of the heat
spot reaches the boiling point during 7 us (Figure 4, @),
and it continues growing to 3800 °C for approximately
80 s, after which it remains almost constant up to the
end of the pulse. In a mode of stabilisation of the metal
surface temperature, due to laser heating the heat flow
is compensated for by the losses of heat for evaporation
and, partially, by the radiant heat exchange between
the surface and environment.

By the time moment (with respect to the beginning
of evaporation) when the metal surface temperature
stops varying with time, the shock wave has moved
to a distance that is much in excess of the characteristic
size of domain of the gas-dynamic problem solution
(e.g. diameter of the heat spot), and no longer affects
kinetics of the process of evaporation of metal from
the melt surface. If the time during which the molten
metal surface reaches the stationary value of tempera-
ture tends to zero (infinitely high heating rate), the
gas-dynamic characteristics of the flow (velocity and
pressure) correspond to the Knight model. In spite of
the fact that in the non-stationary model of convective
evaporation these characteristics differ from the
Knight idealised flow scheme (see Figure 5), the val-
ues of the specific mass flow of the vapour at the
Knudsen layer boundary calculated from the station-
ary and non-stationary evaporation models almost co-
incide (see Figure 4, b). This is explained by the fact
that the time during which the surface reaches the
stationary value of temperature (see Figure 4, a) is
much shorter than the characteristic time of setting
of the gas-dynamic processes. Therefore, it might be
expected that a more substantial difference in struc-
ture of the flow and, accordingly, in value of the
specific mass flow, g,,(¢), will occur with decrease in
the heating rate.

To illustrate the last statement, consider heating
of the plate with laser radiation of lower intensity
Iy =7-10° W /cm?. In contrast to the above heating
conditions, differences between the stationary and
non-stationary evaporation models at low heating
rates become more substantial in terms of the thermal
problem solution (Figure 6). Therefore, at lower heat-
ing rates it is necessary to allow for the non-stationary
character of the gas-dynamic processes.

The above models are valid for evaporation of metal
with a developed liquid surface (with unlimited flat
surface). In evaporation from the heat spot of a small
diameter, as is the case of the focused laser beam
affecting the surface, the assumption of a unidimen-
sional structure of the gas-dynamic flow is violated.
To study the effect of side scattering of the vapour,
consider the two-dimensional problem of gas dynamics
for a vapour-gas mixture in the axisymmetric state-
ment. The Euler equations in the cylindrical coordi-
nate system (7, z’) have the following form:
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Figure 5. Distribution of velocity of vapour (@) and gas-dynamic
pressure (b) in vapour phase at ¢t = 6.7-10 " s: 1, 2 — same as in
Figure 4
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Here U = (py, p, pu, po, E); f=(pu, pu, pu, (E +
+ pw); F = (pyu, pu, pu + p, puo, (E + pu); G =
= (po, po, puv, pv’ + p, (E + p)v); u and v are the
axial and radial components of the velocity vector,
respectively; E = pe + (pu® + po*) /2 is the mixture
energy; and e = p /p(y—1).

Integrate equation (11) in a domain shown in Fi-
gure 7.

Boundaries I’y and I's are the external boundaries
of the flow region, I'5 is the symmetry axis, and T is
the metal surface outside the evaporation spot. The
Knudsen layer on the surface of the liquid metal pool
is modelled by a rectangular protrusion with bounda-
ries T'y and Ty. The boundary condition similar to (9)
is set at boundary T'y. Tangential component of the
velocity vector at this boundary is redefined from the
flow region by the characteristic relationships. The
non-flow boundary condition is set on the metal sur-
face, symmetry condition is set on the flow axis, and
non-reflection boundary conditions are set at external
boundaries I'; and I's. The initial conditions are set to
be as follows: p = pg, u =0, v =0, p = py, and py =
= 0, where py and py are the pressure and density of
the atmospheric gas.

The formulated problem of two-dimensional gas
dynamics was solved by the Godunov method of the
second order of accuracy (TVD scheme). Sizes of the
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Figure5 6. Tirrzlc variations of mass flow of vapour at I, =
=710 W /cm™: 1, 2 — same as in Figure 4

calculation domain were chosen to be as follows:
length of boundary T'y was 0.015 cm, and Knudsen
layer width ', was assumed to be 0.006 cm (proceeding
from the estimation of mean length of the free path
in the atmospheric gas and metal vapours immediately
over the melt). Sizes of external boundaries I's and I'g
of the calculation domain were assumed to be equal
to 6Ly. Air under normal conditions was assumed to
be the ambient gas, and temperature of the evaporating
metal surface was assumed to be constant and equal
to 4000 °C.

The calculation results are shown in Figures 8 and
9. The qualitatively different flow pattern takes place
in a case of side unloading of the vapour flow. Velocity
at the Knudsen layer boundary does not reach the
stationary value (like in the unidimensional case), but
monotonously grows until the Mach number becomes
equal to one (Figure 8, b). After that a stationary
compression shock forms in the vapour flow region
with a contact discontinuity propagating behind it at
a constant velocity. The compression shock forms be-
cause pressure in a region between the Knudsen layer
boundary and ambient gas becomes lower than the
atmospheric one (region of decreased pressure in Fi-
gure 8, a). The shock wave at the time moment under
consideration is at a distance of 0.075 cm from the
Knudsen layer boundary, the decreased pressure re-
gion and compression shock being at a distance of
0.05 cm. Such flow pattern was fixed in [5] in inves-
tigation of the impact on metal by the pulse laser
beam. It should be noted that the similar structure of
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Figure 7. Scheme of calculation domain to solve two-dimensional
equations of gas dynamics: / — Knudsen layer; 2 — gas-dynamic
region
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Figure 9. Distribution of pressure along the symmetry axis at ¢ =
= 410" s (a) and time dependence of the maximal value of Mach
number at the Knudsen layer boundary (b)

the flow occurs also in the case of a supersonic outflow
of gas from the nozzle in a mode of underexpansion.

Consider the non-stationary conditions of heating
of metal with the laser beam. The time of reaching
the stationary temperature value by the surface is ap-
proximately three orders of magnitude longer than
the time during which the Mach number at the Knud-
sen layer boundary becomes equal to one. Therefore,
in the case of side unloading of the vapour the problem
of metal heating with the laser beam can be solved
with a sufficiently good approximation by assuming
the Mach number at the Knudsen layer boundary to
be equal to one. In this case, the mass flow can be
found from relationships (4) and (5) without solving
the gas dynamic problem.
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It should be noted in conclusion that such charac-
teristics as the thermal state of metal, density of the
mass flow of the metal vapour, its scattering velocity,
losses of heat for evaporation and pressure of the vapour
recoil reaction, which are important in terms of techno-
logical applications, are determined not only by the
conditions of metal heating, but also by the gas-dynamic
processes occurring in the vapour phase. In a general
case, the self-consistent model describing thermal proc-
esses in the bulk of metal and processes of heat and mass
transfer in the Knudsen layer, as well as gas-dynamic
processes in the vapour flow should be used to model
the situation under consideration.
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