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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 ceils 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 
ofmillions 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 et 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 et 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  107-109 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- 
stream 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 controlling 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 
Br boundary heating factor, q".roCpJklg 
C convective coefficient 
Cp specific heat [J kg-  ' K -  i] 
d diffusion coefficient 
H enthalpy [J kg-  ~] 
H, enthalpy of saturated solid [J kg-  ~] 
AH non-dimensional latent heat content 
K thermal conductivity [W m -  i K -  i] 
Ma Marangoni number, Uaro/~ 
p pressure [N m -  2] 
Pr Prandtl number, v/~ 
Q heat flux 
q" power density of  the beam [W m -  2] 
r radial coordinate [m] 
ro radius of  the beam [m] 
rm~ maximum width of the molten pool 
R residue of the finite difference equation 
/L surface tension Reynolds number, Uaro/v 
Ste Stefan number, Cp(Tm-- T®)/~ 
T temperature [K] 
t time [s] 
U surface tension reference velocity, 

((de/dT) • A)/(C,, " F) 
v, radial velocity [m s -  t] 
v= axial velocity [m s -  a] 
z axial coordinate [m]. 

Greek symbols 
a thermal diffusivity [m z s -  '] 
8, 7 convergence criterion 
0 non-dimensional temperature 
,1. latent heat of  fusion [J kg-  ~] 
/t dynamic viscosity [kg m -  ~ s-  '] 
v kinematic viscosity [m 2 s-  ~] 
p density [kg m -  ~] 
T non-dimensional time 

non-dimensional enthalpy 
~, non-dimensional stream function 
f~ non-dimensional vorticity. 

Subscripts 
1 liquid 
m melting point 
nb neighbouring points 
P control volume under computation 
s solid 
oo ambient. 

Superscripts 
* dimensional value 
n new time level 
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 ma te r i a l  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. 

(!) 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 fiat [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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FiG. !. 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. 

r* v* p *  C A T - T . ) .  
r = - - ;  v=~-:R; P ffipU~; 0ffi 

r0 ~. ' 

da 
H -  H, t~, k* ~ "  '~ 

ep = ;~ ; ~ = 7o ; k = k , .  U,, ffi Up,. 

R~ = URr°', Maf f i  Uar°', Bf = q"r°Cp! 
v ~l k,2 

and SW = Cp'(T '~-  T~)  
1 

yield the following set of  coupled equations : 

energy equation 

l (kraO'  a/" (l) 

r-momentum equation 

1 ~v,  1 0  2 a 
-~a O--z + -r ~r (rvr ) + ~z (vrv:) 

z-momentum equation 

1 c3vz I c3 c3 2 
Ma ~ + -  - - - -  r~r(rV,  v . . )+~z(Vz)  

c~p l F' ~ (rOm,~ 0 (ov.' l ' 
Or/+ kT;n 

continuity equation 

1 c~ ~v.. 
r ~r (re,)+ ~ ffi 0. (4) 

The corresponding boundary conditions are as 
follows: 

a0 av~ 
a t r f f i 0 ;  - ~ r = T r  = v , = 0 ;  O<~z<~D (5) 

a t r = w ;  O = - S t e ;  O<~z<~D (6) 

a t z = 0 ;  O = - Ste ; O <~ r <~ W (7) 

a tz  ffi D; 

az = Bf exp ( -  2r~) ; O <~ r <~ 1 

= 0 ;  1 ~ < r ~ <  W . 

~v, ~0 
~z = ~r '  V" = O; O <<. r <~ rma, 

(8) 

The pool shape, the flow and temperature dis- 
tributions are thus governed by Bf, Pr, Ro and Ste. As 
such, the equations are solved for given input values 
of Bf, Ste, Pr and R (or M a  ffi R," Pr). The selected 
values of  D and W used for computation, which 
represent infinity as shown in Fig. l, 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 ffi 7.0. 
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: 

~-~z) + ~r ( !  ~--~$r) + rf~ : 0 (9) 

where 

1 Or, I Or, 
n = (10) 

r Oz r Oz." 

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 

~ + a,O~ = ~ ~ o ~  + 5". c . ~  + Source 

where 

"" C reAreAze ~ = 2 . . b +  ~ ; a , = ~ ' . d . b ;  (11)  

momentum 

(a°e+ae)~ = ~ (d~+C~b)v~b+Source (12) 

where 

aO e = r l, Ar eAZ e . 
g a "  A~ ' ae = ~. (d~b + C,b). 

In equations (I 1) and (12), a, 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-Scidal method, maintaining the proper 
enthalpy and temperature relationships. The fol- 
lowing generalized (0-~) relationship [10], which is 
valid in all three regions, i.e. solid, phase change and 
liquid, is used during computation: 

0 --- (O 2 ' O ' - - )  + (-~-- 1 "~ ' -- Ol ) . (13, 

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. 

4.2. Treatment o f  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 

AH~. < ,k 

AH~, is calculated in the following way: 

for v,, AH~ -- (AH~.e+AH~.E) 
2.0 

for v,, AH~ -- (AH~,.e +AH~,.r~) 
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~e), the pressure 
correction boundary condition is applied in the fol- 
lowing manner. 

If AH~.e >t A and AH~,.s < ~.; d[~" = 0.0. 

If AH~,.e >/~. and AH~o.w < ;.; d~ = 0.0. 

If An~,e>/A and AH~,.N<i.; d~=0 .0 .  

If AH~,e 1> ). and AH~,.s < ~;.; d~" -- 0.0. 

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. 

IwT 
' - ~  

W~, < e ;  e = 1 0  -~ 

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, Re, of  the finite difference 
equations is checked as follows: 

IRelm,x ~< e; t--- 10 -7 

where Re is given as 

Re = ~ (d,b + C . b ) ~ - -  ( a ~ + a e ) ~ + S o u r c e .  

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

IIRII m 
- -  ~< y ~ = 0.05 for steady state equation IIRII o 

= 0.2 for transient equation 
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FIG. 2. Non-uniform grid distribution used for computation along with the approximation of interface. 

where II R[I, the Euclidean norm of the residues, is 
defined as 

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 : 

[ Qin "- Qoutlintcrra~.l 
Qoutliatcrrao= / ~ e; 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 rain on the ELXSI 6400 system. The number of 
iterations is around 3500 with the following relaxation 
parameters that were found to be necessary: 

03ene rgy  = 0 3  . . . .  tu rn  = 0.4 and c~r,.¢o, -- 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 AI-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- 
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Table 1. Property values of AI-4.5% Cu and 
process parameters 

7". = 821 .0  K 
A = 3.95 x l0 s J kg- t 
KI = 100.8W m-I K -I  
K, = 180.6Wm-' K -I  
p = 2700.0 kg m- s 
C~ =924J kg-i K -i 
Cpl = 882Jkg-I K -M 
/~ -- lO-J kg m - I  s-I  
d¢/dT = - 0 . 3 5 x l O - S k g s  - I ° C - '  

Process parameters 
re = 0.5 mm 
R, -- 201960.0 
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 (r~,]ro) Depth (z,~m/ro) 
q x l0 s 

(W m -2) Exp. Num. Exp. Num. 

2.43 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 0.477 
5.00 1.154 I. 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 (re = 
2.0 ram, Ste = 3.2516, Pr = 0.078, R~ =- 23 040.0, 
Ma = 1806.0). Figures 3(a)-(c) show the isotherm 
and streamline plots for Bf =- 28.94, 43.41 and 54.27. 
These heating factors correspond to power densities 
of  4 × ! 0  s, 6 .0×10 s and 7.5× l0 s W m -z, 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 ceil, 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 

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. 

(ii) Aluminium ( r0=2 .0  ram, S t e =  1.6732, 
Pr = 0.01, R, = 701 000.0, M a  = 6912.0). Figures 
4(a)-(c) show the isotherm and streamlines for Bf = 
20.0, 30.0 and 37.47, which correspond to power 
densities of  4.0 x 108, 6.0x l0 s and 7.5x l0 s 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 
q ffi 6.0×10 s W m -2 and decreases after that to 
occupy a small region at the top of the pool for 
q - - 7 . 5 x 1 0  s W m -2. Similarly the size and the 
strength of the secondary cell decrease until 
q = 6.0x l0 s W m -z 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 q = 6.0 x l0 s 
and 7.5x l0 s W m -2, respectively. The interesting 
feature of these results is the near uniform pressure 
field in the steady state molten pool for q -- 6.0 × 108 
W m - z  (Bf = 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  q = 7.5× i0 s W m -2 (Br=  54.27), 
there is a pressure gradient when the pool size is larger. 
The pressure field of aluminium with q -- 6.0× l0 s 
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FIG. 3. Isotherm and streamline plots in a steady state molten pool o f  steel for B¢ ffi 28.94 (a), Be ffi 43.41 
(b) and  BT ffi 54.27 (c). 
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6.0 x l0 s W m- z (a) and 7.5 x l0 s W m- -' (b). 

and 7.5 x l0 s W m -z  also shows the same trend, i.e. 
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 

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 

q = 4 . 0 x l 0 8 W m  -z,  v,=O.51ms-~; 

q = 7 . S x l 0 S W m  -2, v , = 0 . 7 9 m s  -~. 

z ,  3 . 5 5  

i 

k 

NO. VALUE x 105 
1 - - -  0 .a0  
2 - - - 0 . 7 0  
3 - - - O . S O  
/. - - - 0 . 5 0  
S - - - 0  ./ ,0 
6 - - - 0 . 3 0  

( MAX. NORM.PRESSURE - "  0.90 x 10 "S) 

3.55 J $ 3  • 2&  

,W)))  ) " 1fl/ ln, 

I 

VALUE x 10/. 
~. I 1 - ~  0 .70  

3.1 2 - - - -  0 .60  
3 m .  0 .50  
/. - - - -0. / .0 
S . . . .  0 .30  
6 . . . .  0 .20  

(MAX. NORM. PRESSURE' -"  0.75x10"/.) 

FIG. 6. Isobars in a steady state molten pool for aluminium with a laser (radius of 2 ram) of power 
6.0x l0 s W m -z (a) and 7.5 x 10 s W m -z (b). 
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FIG. 7. Top surface temperature and velocity distribution in a steady state molten pool of steel (a) and 
aluminium (b). 

Aluminium 

q = 4 . 0 x l 0 S W m  -2, v , = 2 . 1 2 m s - I ;  

q = 7 . S x l 0 8 W m  -2, v , = 2 . 4 2 m s  - I .  

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 Chane t  al. [5] and Srinivasan and Basu 
[31. 

5.3. Transient study of flow development 
5.3.1. Steel. Figures 8(a)-(d) show the transient 

streamlines for a beam ofpower  4.0 x l0 s W m -  ' 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. 

Interesting results are obtained on the interaction 
of primary and secondary cells at high beam power, 
i.e. q -- 7.5 x 108 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 (q = 4.0 x 108 
W m -  2, Figs. 9(a)-(c)) in size and strength (Figs. 9(c), 
(d)), and it increases again until time z - -4 .8 .  The 
secondary cell shrinks from z = 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 Br (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 ¢ = 6.6 (Fig. 9(0). 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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Flo. 8. Transient streamlines and pool shape for steel with q ~ 4.0 x l0 s W m -2 and r0 = 2.0 ram. 

Note that r = 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  
4.0x l0 s W m -2 and a radius of  2.0 mm. At small 
time, i.e. r = 0.09 (Fig. 10(a)), there is no secondary 
cell because of the shallow nature of  the pool. At 

= 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 z = 1.45 
and 1.65 (Figs. 10(e), (f)), the secondary cell increases 
in both size and strength. At z = 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 (=  !.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 7.5x 10 8 W m -2 and a 
radius of 2.0 ram. The development of the flow field 
is similar to that of the low powered beam, i.e. 
q = 4.0 x 10 8 W m -z. 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 (e), 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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FIG. 11. Transient streamlines and pool shape for aluminium with q ffi 7.5 x l0 s W m -2 and re = 2.0 mm. 

secondary cell shrinks until 6 .0x l0 s W m -2 and 
increases with further higher power. 

(v) The pressure field is uniform for pools of  smaller 
size when q < 6 . 0 ×  10 s W m-=. This result will he 
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 l0 s 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  7.5 x 10 s W m -2  and a 
radius of  2 a m ,  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 

R6sum6--On simule num6riquement ies probl6mes permanents ou variables de fusion laser. On utilise la 
formulation enthalpique pour r6soudre l'6quation d'6nergie et les 6quations de quantit6 de mouvement 
sont r6solues 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'6tude pour racier et I'aluminium en 
faisant varier la puissance et le rayon du faiseeau. La forme du bain et le champ d'6coulement pilot6 par 
la tension interfaciale sont compl6tement diff6rents entre racier et raluminium. I1 existe dans le bain deux 
cellules contra-rotatives dont la taille et rintensit6 d6pendent fortement des propri6t6s du mat6riau, dont 

le nombre de Prandtl. 

NUMERISCHE UNTERSUCHUNG VON STATION~REN UND INSTATION,g, REN 
LASERGEHEIZTEN SCHMELZVORG,g, NGEN--L STROMUNGSFELD UND 

W,~RMEOBERGANG 

Zusammenfassung--Station,~re und instationf.re lasergeheizte SchmelzvorgSnge werden numerisch unter- 
sucht. Die Energiecrhaltungsgleichung wird mit der Enthalpie als abhSngiger Variablen gel6st. Die Impuls- 
erhaltungsgieichungen werden aussehlieBlich in der Schmelze mit dem SIMPLE-Algorithmus gel6st. Unter 
Verwendung einer Gaul3verteilung ffir die aufgeprfigte W.~rmestromdichte werden eine g r o ~  Anzahl yon 
Untersuchungen ffir Stahl und Aluminium durchgef'fihrt, indem Strahlleistungsdichte und Radius variiert 
werden. Die Formen der Schmelzzone und die dutch Oberflfichenspannung induzierten Str6mungsfelder 
sind f'fir Stahl und Aluminium recht unterschiedUch. Die Stromlinienbilder zeigen die Existenz zweier 
gegensinnig rotierender Konvektionszellen in der Schmelze, deren G r 6 ~  und St~rke ausgeprS.gt yon den 

Materialeigcnschaften, d.h. yon der Prandtl-Zahl, abhS.ngen. 

HHC.r[EHHOE HCCJIE~OBAHHE CTAUHOHAPHblX H HECTAUHOHAPHMX ~ t I  
YlA3EPHOI~/ FI~IABKH~I, XAPAKTEPHCTHKH FiO~Ifl TEHEHH~I H TEFI.rlOFIEPEHOCA 

)-moTuml--qnc~enuo MoaeampyloTCS ~UtaqH cratmonapnoro H xecrauJouapnoro aa3cpsoro nna~e-  
nan. ~ a  pemenna ypanuenua coxpasesaa ~uepnm xcnonb3yeTea ~opMy~mponu 3n~urbmm, m TO 
npeMa zax ypaanenxa coxpa~emla m~y.~,ca p~uatOTCa c np~4enesxeM a.rn'opm's4a SIMPLE TOnbXo 
~tna rna~toR o6~acTn. Ha ocsose FayceoBczoro pacnpe~teJ~Hml noasoanMoro ~nno lo ro  noToxa npn- 
se~en p ~  xocJ~e~o~annA ~tna cnyqa¢,, craJm x amoM~m~m nocpencrsoM mapbapomuma n~o'moc~ 
MoumocT~ ~yqa x ero paa~ayca. HaAaeso, ~ro ~X)pMa lX'x~nyapa s mutym~mumoe nom.-pxuocrm, aa 
naTaxcmleM none 1~qenHa nMemT cosepmemlo p ~ u R  x a p a ~  v Ann cra.w n ~ a.~oMnmm. 
['pa~Hlol nilHnit ToKa noza31,~]~lOT xa~x~t~e Asyx a ~ z ,  B[~,~a~OUIHXCS a npoT~l;ono.no~lx sailpaB- 
nem~ax n oG"~Me pacnnasa, pa3~,,,~p x xn '~u~c~axoc~ - ,pau~nxa rOTOp~X cymec'r~e~mo 3anxcs'r OT 

cno~c'rBa Ma' I~HaJls ,  T.e. OT qHCJla ['Ip~uITJ~M. 


