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Abstract—Steady state and transient laser melting problems are numerically simulated. Enthalpy form-
ulation is used for solving the energy equation and momentum equations are solved only in the liquid
domain by the SIMPLE algorithm. Using a Gaussian distribution of input heat flux, a wide range of
studies are performed for steel and aluminium by varying the beam power density and the beam radius.
The pool shape and the surface tension driven flow field are found to be quite different in nature for steel
and aluminium. The streamline plots show the existence of two contra-rotating cells in the molten pool
the size and strength of which are found to be strongly dependent on the material property, i.e. the Prandtl
number.

1. INTRODUCTION

THE sTUDY of laser-material interaction has been one
of the important fields of research recently. Laser
surface treatments are capable of producing new
properties and new materials due to the associated
rapid heating and cooling rates which are of the order
of millions of degrees per second. Improved properties
like greater resistance to wear and corrosion can be
produced through laser surface treatment. New
materials (e.g. quasi crystals) have been developed
using laser surface heating.

It has been pointed out by many researchers [1-5]
that fluid flow plays an important role during laser
melting and solidification. Mehrabian er al. [1]
reported the relationship between microstructure and
fluid flow pattern with an aluminium-copper alloy
under laser melting and solidification with a beam
density of 10'° W m~2 From the study of micro-
structure, they observed a circular convection pattern
just below the melt. Structural analysis revealed that
vigorous convection occurred in the middle of the
melt.

Anthony and Cline [2] carried out the first quan-
titative analysis and proposed that the flow in the
molten pool is created by the surface tension gradient.
Srinivasan and Basu [3] have recently shown the neg-
ligible effect of the buoyancy force in the laser melted
pool. Anthony and Cline [2], however, presented a
one-dimensional study and, as a result, the flow field
is not coupled to the heat transfer.

Chan ez al. [4) proposed the first numerical model of

transient laser melting with fluid flow. Unfortunately
they neglected the solid/liquid interface energy bal-
ance since wrong values of latent heat of fusion were
employed. Their analysis is thus based on an assump-
tion which is not physically correct. However, they
presented quantitative effects of different process par-
ameters, such as beam power density, radius and
material, on the pool shape, surface temperature and
cooling rate. In their subsequent work, Chan et al. [5]
analysed the steady state laser melting problem within
the power range of 10’-10° W m~2, They found that
the scanning velocity plays an insignificant role
because of the higher magnitude of the surface tension
velocity. Later, this fact was also proved by Srinivasan
and Basu [3]. Chan et al. [6] analysed laser melting at
different cross-sections along the laser scan direction.
Recently, Basu and Srinivasan [7] presented a detailed
analysis of the flow pattern in the laser melted pool
through a steady state analysis. They assumed a top-
hat heat flux distribution and used the vorticity—
strecam function method for solving the momentum
equation in the molten region. They have shown that
the flow pattern is characterized by the existence of
two contra-rotating cells. The effect of these cells
on the total heat transfer is presented and the role
of secondary cells in controiling the pool shape is
analysed.

In all the previous studies [4-7], the effect of beam
power, beam radius and material on the flow field
and heat transfer have not been studied. Moreover,
transient flow development during laser melting has
not yet been reported.
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NOMENCLATURE
a finite difference coefficients Greek symbols
B;  boundary heating factor, ¢"r,C,/kA « thermal diffusivity [m?s~)
C  convective coefficient &y convergence criterion
C, specificheat [JTkg='K™!] 6 non-dimensional temperature
d diffusion coefficient A latent heat of fusion [J kg~')
H  enthalpy [J kg~ ] #  dynamic viscosity (kg m~'s~"]
H, enthalpy of saturated solid [J kg~ '] v kinematic viscosity [m?s~"')
AH non-dimensional latent heat content p density [kg m )
K thermal conductivity [Wm~' K~ ] 1 non-dimensional time
Ma Marangoni number, Ugry/a ¢ non-dimensional enthalpy
p pressure [N m~? Y non-dimensional stream function
Pr  Prandt] number, v/« Q non-dimensional vorticity.
heat flux
¢’  power density of the beam [W m~7]
r radial coordinate [m] Subscripts
ro  radius of the beam {m] 1 liquid
Fmax Maximum width of the molten pool m  melting point
R residue of the finite difference equation nb  neighbouring points
R, surface tension Reynolds number, Ugr,/v P control volume under computation
Ste  Stefan number, C,(T,,—T,)/A s solid
T  temperature [K] oo ambient.
¢ time (s]
U  surface tension reference velocity,
((da/dT) - D/(Cpi* 1) Superscripts
v,  radial velocity [ms~"'] * dimensional value
v,  axial velocity [ms~] n new time level
z axial coordinate [m). o old time level.

In this paper, a detailed steady state analysis of
flow field and heat transfer is presented under varying
beam characteristics and materials. The flow devel-
opment in the molten pool is studied through transient
analysis. The study is performed using momentum
equations in primitive varigbles that are solved by the
SIMPLE algorithm.

2. DEFINITION OF THE PROBLEM

The problem is physically defined as follows (see
Fig. 1).

A laser beam of constant power with Gaussian heat
flux distribution strikes the surface of an opaque
material. All of the incident radiation is assumed to
be absorbed by the material. The heat absorbed
develops a molten pool. The flow in the molten pool
is produced due to the surface tension gradient. The
latter is produced as a result of the surface tem-
perature gradient. The surface tension gradient acts
as a shear stress at the free surface and, in turn, drives
the flow. The problem is to determine the flow pattern,
isotherms and isobars in the melt, the pool shape and
the free surface velocity field and the temperature
distributions at the free surface under varying beam
characteristics and for different materials at steady

state. The flow development is also studied to analyse
the formation and interactions between the contra-
rotating cells in the molten pool.

The following assumptions are made for the present
model.

(1) The heat conduction and fluid flow are primarily
in the r and z directions. Conduction and convection
in the angular direction are neglected due to the sym-
metry.

(2) All the properties of the material except the
surface tension are independent of temperature.

(3) The free surface of the melt is flat [7).

(4) The laser beam is stationary {3, 5].

(5) The flow in the melt is laminar. The conditions
for onset of turbulence for surface tension driven flow
in the cavity are not known and hence the flow is
assumed to be laminar.

(6) The buoyancy force is of negligible order of
magnitude [3].

(7) The top surface outside the beam is adiabatic.

(8) The heat flux at the boundary represents the net
heat input to the material.

It may be noted that assumptions 3 and 8 may have
to be revised in future as surface rippling phenomena
have been observed in laser applications [2] and
materials can have emissivity of less than unity [8].
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Fi1G. 1. Physical problem of laser melting along with the geometry.

3. MATHEMATICAL FORMULATION

The two-dimensional transient equations of
momentum and energy transport and continuity in
the r—z plane, when non-dimensionalized with the
following variables, i.e.

Ty o, GI=-T),
r—ro, V_UR, p—puzr 0= p) ’
da.l
H—H, oy, k* 4T "
¢_ /.u 3 t—r(2)9 k—kl‘y UR CPI.”’
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Ra_ vy Ma o s Bf- klj.
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yield the following set of coupled equations:
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The corresponding boundary conditions are as
follows:

00 ov,

atr=0; E=5—r—=v’=0; Osng (5)
atr=w; 0= -—Ste; 0<z<D 6)
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The pool shape, the flow and temperature dis-
tributions are thus governed by By, Pr, R, and Ste. As
such, the equations are solved for given input values
of B, Ste, Pr and R (or Ma = R, Pr). The selected
values of D and W used for computation, which
represent infinity as shown in Fig. 1, are 6.5 and 6.0,
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respectively, after comparing with the results of higher
computational domain, i.e. D =7.5 and W =17.0.
After obtaining the converged solution (both steady
state and transient), the stream function distribution
is extracted from v, and v, via the stream function
equation which is of the following form :

1 oy 19y
6z<r 6z)+6r(r or )+rQ 0 ®

1dv, 1 6v

where
19

The stream function has a constant value (say zero)
along all boundaries.

4. NUMERICAL DETAILS

Following the notation of Patankar [9], the finite
difference equations of the energy and momentum
equations are as follows:

energy
AP +aplh =Y dp0%+Y Copdhs+Source
where

r,Ar,Az,

zcnb aP"-"zdnb;

momentum

(@3 +ap)¥p = Y (duy + Cos) Vs + Source

1

(12)
where

-rpAr’AZp.
P7 Ma-At’

In equations (11) and (12), 4, d and C are coefficients
that affect diffusion (i.e. d) and convection (i.e. C).

The momentum equations, along with the con-
tinuity equation, are solved by the SIMPLE algorithm
[9] in the staggered grid arrangement. The finite
difference equations are solved by the Gauss~Seidal
method. The energy equation is also solved by the
Gauss-Seidal method, maintaining the proper
enthalpy and temperature relationships. The fol-
lowing generalized (6—¢) relationship [10], which is
valid in all three regions, i.e. solid, phase change and
liquid, is used during computation:

. (¢—2|¢|)+(¢—1+2|1—¢|).

4.1. Grids

The steady state results are obtained with 26 x 26
grids, whereas 38 x 38 grids are used to study the
transient flow development. Variable grids are used
with very fine grids under the beam where high tem-
perature gradients exist. A typical grid distribution is
shown in Fig. 2.

ap = z (dnb + Cnb)'

(13)
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4.2. Treatment of solid/liquid boundary

Momentum equations are solved in the liquid con-
trol volumes only. The velocity in the two phase con-
trol volume, i.e. the control volume that contains the
interface, is assumed to be of negligible order of mag-
nitude. The liquid control volumes are identified on
the basis of the latent heat content. Let AH’ represent
the latent heat content of a control volume, then the
velocity components of this control volume are set to
zero, if

AHL < A,
AH, is calculated in the following way:
(AHY ;. +AHY )

]
forv,, AHY = 70
for v AH, = AH,p+AH N
» - 2.0

where suffices E and N represent control volumes to
the east and north of P, respectively.

Once the liquid control volumes are identified on
the basis of the latent heat content (AH%), the pressure
correction boundary condition is applied in the fol-
lowing manner.

If AHL.,>1 and AHYe <i; df =00.
If AHb,>1 and AHLy <i; df =0.0.
If AHpp24 and AHLy\ <i; df =00.
If AH,p,>1 and AHYs<i; df =00.

The solution of the momentum equation is therefore
based on an approximated solid/liquid interface and
this is shown in Fig. 2.

4.3. Convergence criteria
Convergence of both steady state and transient
solutions is checked based on the following criteria.
(i) Fractional change criterion.

Wn+|_wn
PW" Fl<e; e=10"2
P

where Wis any variable ; v,, v., ¢ and ‘n’ is the iteration
level for both the steady state and transient solutions.

(ii) Residual error criterion. For momentum equa-
tions the residue error, Ry, of the finite difference
equations is checked as follows:

|RPImlx s g, &= 10—7
where R, is given as

Rp =Y (dop + Cyp)Vay — (a3 + ap)v5 + Source.

For the energy equation, the ‘global residual norm’ is
minimized and the criterion for checking is defined as
follows [11]:

IRI™

TR <y 7y = 0.05 for steady state equation

= (.2 for transient equation
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F1G. 2. Non-uniform grid distribution used for computation along with the approximation of interface.

where || R}}, the Euclidean norm of the residues, is

defined as
1/2
MRII=[ > (Rp)’] .
for all P

o and m represent the first iteration and current iter-
ation levels, respectively.

For steady state calculations, the overall heat bal-
ance criterion is also used to check the convergence.
This criterion is defined as follows:

I:Qin - Qoutlinmface

Qoutlinwrfaee

]ss; e =0.01.

For steady state runs, the converged solution is first
obtained for the beam of lower power and this solu-
tion is subsequently used as the guessed solution for
the beams of higher power. This methodology is fol-
lowed to save computer time. For a typical steady
state run for low power cases, the CPU time is around
20 min on the ELXSI 6400 system. The number of
iterations is around 3500 with the following relaxation
parameters that were found to be necessary :

Wenergy = Dmomentum = 04 and Wp. corr = 0.6.

5. RESULTS AND DISCUSSION

5.1. Validation of the computer code

In order to validate the computer code, an exper-
iment reported by Sekhar [12] has been simulated. The
experiment was carried out on a 10 kW electron beam
machine. The beam diameter is 1.0 mm and the
material is Al-4.5% Cu. The heat flux profile is top-
hat. The melt depth and width were measured after
solidification through the micrographs. During
numerical simulation, the electromagnetic force is
neglected and thereby the flow is assumed to be driven
by surface tension only. This assumption is based on
the paper of Kou and Sun [13] where they have shown
that the velocity field with a surface tension gradient
during electron beam welding is always one order
higher than that with electromagnetic force.

Table 1 shows the non-dimensional parameters for
the numerical simulation. Table 2 shows the exper-
imental and numerical melt depths and widths under
various conditions. It can be seen that numerical and
experimental results are in good agreement except for
the case of the lowest beam power. The reason for this
deviation may be due to the error in measuring pool
depths and widths of very small dimensions. Elec-



1154

Table 1. Property values of Al-4.5% Cu and
process parameters

To =821.0K

i =395x10°Jkg~!
K =1008Wm-'K"!
K, =[80.6Wm~'K"!
P =2700.0kgm~3
C., =924Jkg'K-
C, =882Jkg 'K

u =10"3kgm's~!

do/dT = —035x10"2kgs™'°C!
Process parameters

ro =0.5mm
R, = 201 960.0
Ma = 1851.0
Ste = 1.2117
Pr = 0.009

Table 2. Numerical and experimental predictions of the melt
depth and width after electron beam heating of diameter

1.0 mm
Width (r3../ro) Depth (z%,./r0)
gx10
(Wm-%)  Exp. Num. Exp.  Num.
243 0.476 0.587 0.292 0.098
3.12 0.820 0.885 0.35 0.260
3.97 0.940 0.988 0.402 0.396
4.10 1.000 1.040 0.460 0477
5.00 1.154 1.157 0.528 0.796
5.60 1.200 1.220 1.000 0.906

tromagnetic force may also be of the same order as
surface tension for the pool of small dimension.

5.2. Steady state study

5.2.1. Flow pattern and heat transfer. (i) Steel (r, =
2.0 mm, Ste=3.2516, Pr=0.078, R, =23040.0,
Ma = 1806.0). Figures 3(a)-(c) show the isotherm
and streamline plots for B, = 28.94, 43.41 and 54.27.
These heating factors correspond to power densities
of 4x10% 6.0x10® and 7.5x 10®° W m~2, respec-
tively. The streamline plots show the existence
of two contra-rotating cells, one at the top of the
pool, the primary cell (clockwise rotation), and
another at the bottom of the pool, the secondary cell
(anticlockwise rotation). From the stream function
values, it can be seen that the strength of the primary
circulation increases as the power of the beam
increases. These results can be explained as follows.
Since the surface temperature gradient increases with
increasing power, the strength of the primary cell
increases due to the higher convection generating
force, i.e. the surface tension gradient. Consequently,
the primary convection, i.e. the heat transfer due to
the primary cell, also increases and the pool shape
becomes shallower due to enhanced radial heat trans-
fer. With the increase of primary convection, which
results in the shallow nature of the pool, the secondary
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cell decreases in size and strength with increasing
power. For steel which is of higher Pr (=0.078), the
secondary circulation decreases with the increase of
the beam power. Recently, Basu and Srinivasan (7]
also observed the same phenomenon for steel.

The effect of convection on the total heat transfer
can be clearly seen from the isotherm plots (Figs. 3
5). Depending upon the flow pattern the isotherms
are distorted from the pure conduction isotherms. The
extent of distortion is dependent on the strength of
the contra-rotating cells. The primary cell stretches the
isotherms away from the line of symmetry while the
isotherms move downward near the line of symmetry
due to the secondary cells. For the cases of higher
beam power, the primary convection is the dominant
mode of heat transfer and, as a result, the isotherms
are flat in nature.

(i) Aluminium (ro=2.0 mm, Sre=1.6732,
Pr=0.01, R, =701000.0, Ma = 6912.0). Figures
4(a)—(c) show the isotherm and streamlines for B, =
20.0, 30.0 and 37.47, which correspond to power
densities of 4.0 x 108, 6.0 x 10® and 7.5 x 10* W m~2,
respectively. The streamline plots show the existence
of two contra-rotating cells, as in the case of steel. The
strength of the primary cell increases with the power
of the beam, but its size does not follow the same
trend. The size of the primary cell increases until
g=060x10> W m~? and decreases after that to
occupy a small region at the top of the pool for
g=7.5x10® W m~2 Similarly the size and the
strength of the secondary cell decrease until
g=06.0x10®> W m~? and then increase for higher
power. Because of the lower Pr value (=0.01) the
effect of primary convection is smaller, which allows
formation of a deeper pool and thereby secondary
cells are of higher size and strength. Because of the
low Pr value, primary convection at high power can-
not form a shallow pool and the primary cell of high
strength induces a strong secondary cell. The sec-
ondary cells, in turn, make the pool deeper due to
enhanced heat transfer near the line of symmetry.
The isotherm plots show a strong influence of the
secondary cell on the total heat transfer; the shift of
isotherms is considerable near the line of symmetry.
Because of the dominant nature of both primary and
secondary convections, the distortion of isotherms is
more than that for steels.

5.2.2. Pressure distributions. Figure 5 shows the
isobars in the molten pool for steel with ¢ = 6.0 x 10*
and 7.5x10® W m~2 respectively. The interesting
feature of these results is the near uniform pressure
field in the steady state molten pool for ¢ = 6.0 x 10*
W m~2 (B; = 28.94). Because of the small domain of
the molten pool and no body forces (i.e. buoyancy),
the flow is fully controlled by the shear force at the
boundary resulting from the surface tension gradient.
This results in the uniform pressure field for the lower
power case. For ¢ = 7.5x10®* W m~2? (B, = 54.27),
there is a pressure gradient when the pool size is larger.
The pressure field of aluminium with ¢ = 6.0x 10
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F1G. 3. Isotherm and streamline plots in a steady state molten pool of steel for B; = 28.94 (a), B; = 43.41
(b) and B; = 54.27 ().
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F1G. 4. Isotherm and streamline plots in a steady state molten pool of aluminium for B; = 20.0 (a), B; = 30.0
(b) and B; = 37.5 (¢).



Steady state and transient laser melting problems—I

3.55
NO. VALUEx 10°
1 --168.00
3.1]t 2 —-167.50
3---167.00
4 --166-50
5 -—166.00

{ MAXM. NORM. PRESSURE = 168.3x10 )

1157

3.55
1
i NO. VALUE x 10%
H . x 10
" 1o 44.00
3t 2 —- 43.00
3 42.00
bem- 41.00
§ - 4,0.00

(MAXM. NORM. PRESSURE = §5.0x10%)

FiG. 5. Isobars in a steady state molten pool for steel with a laser (radius of 2 mm) of power
6.0x 10* Wm~? (a) and 7.5 x 10* W m~2 (b).

and 7.5x 10®* W m~2 also shows the same trend, i.c.
a near uniform pressure field for the lower power case
and a nominal pressure gradient for the higher one
(see Fig. 6). This result is very important from the
point of view of the solution of momentum equations.
It may be possible to drop the pressure gradient terms
from the momentum equations for certain cases and
thereby the solution of momentum equations (in con-
servative form) will be easier, i.e. no need of staggered
grid and pressure correction equation.

5.2.3. Surface temperature and velocity distribution.
Figures 7(a) and (b) show the surface temperature
and velocity distribution for steel and aluminium,
respectively. The maximum temperature occurs at the
centre of the beam (r = 0) and decreases away from
the beam. The maximum surface temperature gradient
occurs at the edge of the beam (r = 1) because of the

3:55

H

NO. VALUE x 10
s . 1—--080
1 2---0.70
3---0.60
4 —=0.50
$~--=-0:40
6—-0.30

{ MAX. NORM.PRESSURE = 0.90x10° )

change in the boundary heat transfer. The surface
temperature gradient is therefore higher for beams of
higher power. Since the surface tension gradient is the
driving force of the fluid flow, the maximum velocity
will occur in the region near the edge of the beam,
where the maximum temperature gradient exists. This
fact can be clearly seen from the surface velocity dis-
tributions for all cases. The maximum velocity with a
higher powered beam is always higher than that of a
lower powered beam because of the higher surface
tension gradient. The dimensional values of the
maximum velocity for all the cases are as follows.

Steel

g=40x10*Wm~=2, py,=051ms"';
g=75x1*Wm=2, p,=079ms".

3.55
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FiG. 6. Isobars in a steady state molten pool for aluminium with a laser (radius of 2 mm) of power
6.0x10° Wm™2 (a) and 7.5x 10* W m~2 (b).
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Fi1G. 7. Top surface temperature and velocity distribution in a steady state molten pool of steel (a) and
aluminium (b).
Aluminium Interesting results are obtained on the interaction
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g=175x10Wm™% o =242ms™"

The scanning velocity of the laser varies between 0.02
and 0.05 m s~' [5). Hence, the surface tension vel-
ocities in the laser melted pool are considerably higher
than the scanning velocity, which results in a negligible
effect of the scanning velocity on the flow field, as
reported by Chan et al. (5] and Srinivasan and Basu

{3).

5.3. Transient study of flow development

5.3.1. Steel. Figures 8(a)-(d) show the transient
streamlines for a beam of power 4.0 x 10° Wm~? and
radius 2.0 mm. Because of the higher Pr (=0.078)
and Ste (=3.2516) values, the primary convection
modifies the pool shape faster, i.e. it is shallow in
nature, and thereby does not allow the secondary cell
to grow.

of primary and secondary cells at high beam power,
ie. g=7.5%10® W m~2 Figures 9(a)—(f) show the
streamlines at different times. The initial development
is similar to that of the low power case (g = 4.0 x 10°
W m~2, Figs. 9(a)—(c)) in size and strength (Figs. 9(c),
(d)), and it increases again until time t = 4.8. The
secondary cell shrinks from 7 = 1.83 to 2.5 due to
the dominant primary convection. In the subsequent
times, the interface moves further down near the line
of symmetry due to high B; (i.e. input heat flux) and
Ste values, and thus allows the secondary cell to grow
again. The effect of primary convection is again
observed when the secondary cell reduces in size at
time 7 = 6.6 (Fig. 9(f)). Though the primary cell
grows steadily, the growth of the secondary cell fluc-
tuations in nature due to the varying nature of the
pool shape resulting from the combined heat transfer
processes—conduction, primary convection and sec-
ondary convection. Finally, the primary convection
dominates and a shallow pool forms at steady state.
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FiG. 8. Transient streamlines and pool shape for steel with ¢ = 4.0x 10* Wm~? and ry = 2.0 mm.

Note that 7 = 6.6 corresponds to a near steady state
flow distribution (see Fig. 3(c)).

5.3.2. Aluminium. Figures 10(a)-(f) show the
streamlines at different times with a beam power of
40x10* W m~? and a radius of 2.0 mm. At small
time, i.e. T = 0.09 (Fig. 10(a)), there is no secondary
cell because of the shallow nature of the pool. At
1 = 0.31, the secondary cell is already formed (Fig.
10(b)). The flow also develops as can be seen from the
maximum value of the stream function. At subsequent
times, ¢ = 0.72 and 1.05 (Figs. 10(c), (d)) and t = 1.45
and 1.65 (Figs. 10(e), (f)), the secondary cell increases
in both size and strength. At 7 = 1.45 and 1.65, the
secondary cell occupies almost half of the molten pool.
The secondary cell forms due to the combined heat
transfer and fluid flow during melting : fluid flow con-
trols the heat transfer, heat transfer changes the
molten pool and the shape of the pool influences the
flow pattern. Primary convection tends to form a shal-
low pool while the secondary cell makes the pool
deeper. The rate at which the shape of the pool
changes is dependent on the Stefan number. In the
present case of low Pr (=0.01) and Ste (=1.6732)
values, the secondary cell grows due to the inability
of primary convection to modify the shape shallow
(i.e. low Pr) and quickly (i.e. low Ste).

Figures 11(a)-(e) show the streamlines at different

times for a beam power of 7.5x10* W m~? and a
radius of 2.0 mm. The development of the flow field
is similar to that of the low powered beam, i.e.
g = 4.0x 10* W m~% The noticeable difference is the
rate of growth of the secondary cell which develops
faster. Due to the strong primary circulation and slow
rate of change of the pool in the radial direction to
form a shallow pool, the secondary cell grows faster.
The secondary convection thus increases and the pool
shape becomes deeper : Fig. 11(¢), which is near steady
state, shows a deep pool (see Fig. 4(c)).

6. CONCLUSIONS

The conclusions of this work can be summarized as
follows.

(i) The flow field in the laser melted pool consists
of two contra-rotating cells : primary and secondary.

(ii) The fluid flow plays an important role on the
total heat transfer during laser melting. The distortion
of the isotherm from pure conduction isotherms
shows the dominance of convective heat transfer.

(iii) The pool shape is shallow in nature for steel
while a deeper pool forms for aluminium.

(iv) Under steady state, the secondary cell shrinks
with increase in power for steel. For aluminium, the
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F1G. 9. Transient streamlines and pool shape for steel with ¢ = 7.5 x 10* W m~? and ry = 2.0 mm.
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FIG. 10. Transient streamlines and pool shape for aluminium with ¢ = 4.0 x 10° W m~2 and r, = 2.0 mm.
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FiG. 11. Transient streamlines and pool shape for aluminium with ¢ = 7.5x 10* Wm™2and r, = 2.0 mm.

secondary cell shrinks until 6.0x 10®° W m~2 and
increases with further higher power.

(v) The pressure field is uniform for pools of smaller
size when g < 6.0x10® W m~2 This result will be
useful in reducing the complexity of the flow calcu-
lation, since it may be possible to drop the pressure
gradient term from the momentum equation for
beams of power lower than 6.0 x 103 W m~2

(vi) The maximum velocity occurs near the edge of
the beam where the surface temperature gradient is
maximum. The velocities are found to be considerably
greater than the typical scanning velocities.

(vii) The rate of growth of the secondary cell is
faster for aluminium than for steel. This is because of
the low Pr and Ste values of aluminium which lead
to slower interface movement and a deeper pool.
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(viii) The growth of the secondary cell is faster for
steel, with a beam power of 7.5x10* W m~2 and a
radius of 2 mm, and fluctuates with time.
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ETUDE NUMERIQUE DES PROBLEMES PERMANENTS OU VARIABLES DE FUSION
LASER—I. CARACTERISTIQUES DU CHAMP D’ECOULEMENT ET DU
TRANSFERT THERMIQUE

Résumé—On simule numériquement les problémes permanents ou variables de fusion laser. On utilise la
formulation enthalpique pour résoudre I’équation d’énergie et les équations de quantité de mouvement
sont résolues seulement dans le domaine liquide par I’algorithme SIMPLE. A partir d’une distribution
gaussienne de flux de chaleur incident, on conduit un large domaine d'étude pour I'acier et I'aluminium en
faisant varier la puissance et le rayon du faisceau. La forme du bain et le champ d’écoulement piloté par
la tension interfaciale sont complétement différents entre I'acier et I'aluminium. Ii existe dans le bain deux
cellules contra-rotatives dont la taille et I'intensité dépendent fortement des propriétés du matériau, dont
le nombre de Prandtl.

NUMERISCHE UNTERSUCHUNG VON STATIONKREN UND INSTATIONAREN
LASERGEHEIZTEN SCHMELZVORGANGEN—I. STROMUNGSFELD UND
WARMEUBERGANG

Zusammenfassung—Stationdre und instationire lasergeheizte Schmelzvorginge werden numerisch unter-
sucht. Die Energieerhaltungsgleichung wird mit der Enthalpie als abhingiger Variablen gelSst. Die Impuls-
erhaltungsgleichungen werden ausschlieBlich in der Schmelze mit dem SIMPLE-Algorithmus gelGst. Unter
Verwendung einer GauBverteilung fiir die aufgeprigte Wirmestromdichte werden eine grofle Anzahl von
Untersuchungen fir Stahl und Aluminium durchgefiihrt, indem Strahileistungsdichte und Radius variiert
werden. Die Formen der Schmelzzone und die durch Oberflichenspannung induzierten Strémungsfelder
sind fir Stahl und Aluminium recht unterschiedlich. Die Stromlinienbilder zeigen die Existenz zweier
gegensinnig rotierender Konvektionszellen in der Schmelze, deren GroBe und Starke ausgeprigt von den
Materialeigenschaften, d.h. von der Prandtl-Zahl, abhidngen.

YHUCJIEHHOE HCCIEQOBAHHUE CTALUIHOHAPHbBIX U HECTALITMOHAPHBIX 3AJAY
JIASEPHOY IJIABKU—I1. XAPAKTEPHCTHUKH TTOJIA TEYEHUS U TEIJIONEPEHOCA

Amoramms—UYnCcICHHO MOACTHPYIOTCS 3aa4H CTALUAOHAPHOIO M HECTAUMOHAPHOrO JIA3CPHOTO IUIABJC-
HHA. [ins pellicHHS YPaBHCHHS COXPAHCHHN JHCPrHH HCTIONb3yercs GOpMyIHpOBXA 3HTANBLIHH, B TO
BpeMs XaX YPaBHCHHA COXPaHCHHR HMITY/IbCa PELIAIOTCA ¢ nMpHMeHeHneM anropatma SIMPLE Tomsko
Zuis rnaaxoit o6nactu. Ha octose aycconcxoro pacnipesneneHus NoABOANMOro TEIUIOBOro NOTOKA NpH-
BC/ICH DAl HCCNCAOBAHHH MK CNY4aCB CTAMH M AMOMHMHHA MOCPCACTBOM BAPLHPOBAHHA MJIOTHOCTH
MOLIHOCTH Jy4a K cro paguyca. Haliaeso, ¥1o dopma peaepsyapa # HHAYIHPOBAHHOE NOBEPXHOCTHLIM
HATAXKCHHEM NOJIC TEYCHHR MMCIOT COBCPIUCHHO PA3IHYHBIA XapakTep AAX CTANH ¥ AN ATIOMHHHS.
Tpadrxn nuuKE TOX2 NOXA3WBAIOT HATHYHE ABYX AYCCK, BPAIUAIOUINXCA B MPOTHBOMOJOXHBEIX HAIDAB-
Nennsx B o6beMe paciiapa, pa3Mep H HHTCHCHBHOCTb BPAlliCHHA KOTOPHIX CYUICCTBCHHO 32BHCAT OT
ceoiicTBa MaTepHana, T.¢. oT wacha [Tpanaras.



