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Abstract

In the present study, laser heating process including the assisting gas jet is investigated numerically. Three-dimensional heating with
assisting gas flow situation is modelled. Steel is employed in the simulations and air jet, as an assisting gas, is introduced impinging onto the
workpiece surface coaxially with the laser beam. A numerical method using a control volume approach is introduced to solve continuity,
momentum and energy equations in the fluid (air) side, while energy equation allowing conduction and phase change processes is solved
in the solid region. The flow field is determined by solving the Navier—Stokes equation for compressible flow, and the turbulence effects
are accounted for by the Reynolds stress turbulence (RSTM) model.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction (z/D) of approximately 6. The effect of ambient air entrain-
ment into a heated impinging jet on the heat transfer from a
Laser machining of engineering materials requires deep flat plate surface was investigated by Baughn €tdl.They
investigation into laser—workpiece interaction mechanism, indicated that it was possible to use heat transfer data for the
which is generally complicated and depends on the laser andheated jet, if the effectiveness was known and the local heat
workpiece properties. In laser processing, an assisting gadransfer coefficient was defined in terms of the adiabatic wall
jetis introduced coaxially with the laser beam. Assisting gas temperature. The local heat transfer coefficient distribution
has two fold effects: (i) it shields the surface from the high on a square heat source due to a normally impinging ax-
temperature reactions and (ii) enhances the heating procesgssymmetric, confined, and submerged liquid jet was studied
through exothermic reactions. In the former case, assistingby Morris et al.[5]. They indicated that the predicted heat
gasisinertsuch as argon while it is oxygen for the later case.transfer coefficients were in good agreement with the exper-
The heat transfer characteristics of a surface due to im-imental results. Turbulent planar jet impinging onto a slot
pinging jet were investigated extensively to explore the phys- was studied by Tchavdard@] using Chorin’s random vor-
ical processes involved. A comprehensive review on heat tex method. He showed that the impinging vortex rebounds
transfer under impinging jets was carried out by Polat et al. from the solid wall and a secondary vortex was ejected
[1]. They indicated that prediction of flow, heat, and mass from the viscous layer. The characteristics of turbulent sub-
transfer under a single, semi-confined turbulent jet might be merged axisymmetric incompressible jets impinging on a
employed as a good test for new turbulence models. A review flat plate and flowing into axisymmetric cavity were studied
of heat transfer data for single circular jet impingement was by Amano and Brandf7]. They showed that the velocity
presented by Jambunathan eff2]. They suggested that the profile and the turbulence intensity at the nozzle exit affected
Nusselt number was independent of nozzle-to-plate spacingthe magnitude of the maximum skin friction on the wall.
up to a value of 12 nozzle diameters at radii greater than noz- Inthe present study, laser heating process including the as-
zle diameters from the stagnation point. Heat transfer mea-sisting gas jet is investigated numerically. Two-dimensional
surements from a surface with uniform heat flux and an im- axisymmetric heating with assisting gas flow situation is
pinging jet were studied by Baughn and Shim|3]. They modelled. Steel is employed in the simulations and air jet,
showed that the maximum stagnation point heat transfer oc-as an assisting gas, is introduced impinging onto the work-
curred for ratio of wall to nozzle spacing to nozzle diameter piece surface coaxially with the laser beam. A numerical
method using a control volume approach is introduced to
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The flow field is determined by solving the Navier—Stokes e the continuity equation is

equation for compressible flow, and the turbulence effects

are accounted for by the Reynolds stress turbulence (RSTM) —

model. Gaussian profile is assumed for the spatial distribu-

tion of the laser output power intensity while time dependent e the momentum equation is

profile resembling the laser output pulse is introduced in the 5

computation for the non-conduction laser heating process. — (pU;U;)

The thermal properties of the substance and assisting gas jet i

are considered as constant. Although the hole geometryis _ & | 3 W; n L7 p— 5
an s PUU j (2

(pU) =0 1)

o8]

Xi

developed transiently during the laser heating process, the ox;  Ox;
simplification of the problem is considered in the analysis. In

this case, simulations are repeated for different cavity cone
angles while keeping the wall temperature of the hole con-
stant at about melting temperature of the substrate material.

In order to account for the turbulence, Reynolds stress
model is employed. The mathematical details of the turbu-
lence model is given ifB].

2.2. Flow boundary conditions
2. Mathematical modelling
Four boundary conditions are considered in accordance

In the process industry, the impinging jet conditions are ith the geometric arrangement of the problem as shown in
mainly steady; consequently, a steady flow conditions are rig. 1: they are as follows:

considered in the analysis. The compressibility effect and

variable properties are accommodated as well as temperatur@ Solid wall No slip condition is assumed at the solid wall
dependent thermal conductivity and specific heat are taken @nd the boundary condition for the velocity at the solid
into account for the solid substance. The jet impinging onto ~ Wall is zero.

the conical cavity with constant wall temperature (1500K) ® Inlet cond?tionsThe boundary conditions for temperature
situation is simulated for two jet velocities and four cavity ~ @nd velocity need to be introduced at inlet. The values of
depths. The geometric arrangement of the jet and the cavity kande are not known at the inlet, but can be determined

in the solid substrate are shown fiig. 1 while two cavity from turbulent kinetid9]. _

depths are considered, i.e. 0.5 and 1 mm. ¢ Outlet condition The flow is considered to be extended
over along domain; therefore, the boundary condition (un-

2.1. Flow equations bounded boundarieBjg. 1) for any variablep is d¢/dx; =

0, wherex; is the normal direction at outlet.
The governing flow and energy equations for the axisym- e Symmetry axisAt the symmetry axis, the radial deriva-
metric impinging jet can be written in the Cartesian tensor  tive of the variables is set to zero, excdpt= vu = vh

notation as = wh.
Tmpinging
gaslet Solid boundary
0.5 mm radius 1.5 mm outer radius
4 Unbounded air
0.0000 —~
C E
- Solid gas interf; 3
g Solid pas interface Z
0.0010 [ Olid gas infetiace Gas Side ?é
E : z
E L =)
=~ 00020 |-
w B
) r E
z e - i Solid Side
= o000 [~ E Cavity wall at 1500 K
o " E 2
a M ow i
= [ = =
< I 4 =
S oo | E 2
< ¥ g
0.0050 ;
0.0060 ; *

Convective boundary A

|\<.|I...I||.\I|..I|||\I

0.000 0.002 0.004 0.006 0.008 0.010

RADIAL DISTANCE (mm)

Fig. 1. A schematic view of the solution domain.
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2.3. Solid boundary conditions Impinging
air jet . Solid boundary
0.5 mm radius | 5 mm outer radius

Two constant temperature boundaries are considered. First oo ! . Unbounded air
one is in the radial direction far away from the symmetry
axis constant temperatufigmp (300K) is defined (bound-
ary A in Fig. 1). The constant temperature boundary con-
dition is set at different locations in the radial directions at
boundary A and no significant effect @f = constant was
observed on the temperature and flow field in the stagna-
tion region. Therefore, this boundary condition is set for ra- 00050
dial distance 0.010 m from the symmetry axis. The second
constant temperature boundary is set at the cavity wall (as
shown inFig. 1) T = constant (1500 K).

Boundary A

2.4. Solid fluid interface conditions

0.0100

The coupling of conduction within the solid and convec-
tion within the fluid, termed conjugation, is required for the
present analysis at the solid fluid interface. The appropriate
boundary conditions are continuity of heat flux and temper-
ature and are termed boundary conditions of the fourth kind,
i-€. Tweoig = Twgas @NAKsolid(dTwegiq/9X) = kgas(dTwgas/ 0X)
and no radiation losses from the solid surface is assumed. St

Unbounded air

AXIAL DISTANCE (m)

3. Numerical method and computation

A control volume approach is employed when discretiz-
ing the governing equations. The discretization procedure o200 il i
is given in[10]. The problem of determining the pressure Liiiity ., , Unboundedair
and satisfying continuity may be overcome by adjusting the 0,000 0,004 0.006 0008 0010
pressure field so as to satisfy continuity. A staggered grid RADIAL DISTANCE (m)
arrangement is used in which the velocities are stored at a
location midway between the grid points, i.e. on the con-
trol volume faces. All other variables including pressure are
calculated at the grid points. This arrangement gives a con-
venient way of handling the pressure linkages through the 4. Results and discussion
continuity equation and is known as semi-implicit method
for pressure-linked equations (SIMPLE) algorithm. The de-  Jetimpingement onto a conical cavity is investigated. The
tails of this algorithm is given ifl11]. cavity wall is set to the elevated temperature. This enables

The computer program used for the present simulation canus to examine the influence of the thermodynamic pressure
handle a non-uniform grid spacing. In each direction fine on the flow and heat transfer characteristics, A numerical
grid spacing near the gas jet impinging point and the hole solution employing a control volume approach is introduced
is allocated while gradually increased spacing for locations when solving the governing equations of flow and heat trans-
away from the hole is considered. Elsewhere the grid spacingfer. The simulations are repeated for four cavity depths and
is adjusted to maintain a constant ratio of any of two adjacent two assisting gas jet velocities.
spacing. The grid generated in the present study is shown Fig. 3a shows the dimensionless velocity magnitude
in Fig. 2 The number of grid planes used normal to the  (V/V;) along the symmetry axisx{D and r/D = 0) is
andx directions are 90 and 70, respectively, thus making a shown for two different cavity depths. Velocity magnitude
total of 6300 grid points. The grid independence tests were reduces along the symmetry axis. The region where the ve-
conducted and it was observed that for-0010 grid points, locity magnitude approaches zero indicates the stagnation
the predictions were in excellent agreement with the results region in the cavity. The influence of high thermodynamic
of 90 x 70 grid points, i.e., the difference in predictions is pressure on the flow in the cavity behind the stagnation
less than 0.1%. Six variables are computed at all grid points; region is not considerable, since the velocity magnitude
these are: the two velocity components, the local pressureresulted from elevated and room temperature cavity wall
the two turbulence quantities and the temperature. cases are similar. This can be seen fréig. 3b in which

Fig. 2. Grid used in the simulations.
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Fig. 3. (a) Dimensionless velocity magnitude along the symmetry axis. (b) Velocity magnitude along the symmetry axis for the cavity Idepth of
and two cavity wall temperatures.
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Fig. 4. Dimensionless temperature profiles along the symmetry axis inside oD

the cavity for different cavity depths and two jet velocities. ) o o
Fig. 5. The Nusselt number variation in the radial direction.

velocity magnitude is shown for the cavity depthiof = 1 5. Conclusions
and two cavity wall temperatures. It is evident that the high

wall temperature reduces the velocity magnitude along the  Jet impingement onto a conical cavity with elevated wall
symmetry axis in the cavity provided that the location of temperature is considered. A numerical scheme using a con-
stagnation region does not change. trol volume approach is employed to solve governing equa-
Fig. 4 shows the dimensionless temperature profiles tions of flow and heat transfer. The Reynolds stress turbu-
along the symmetry axis inside the cavity for different |ence modelis accommodated to account for the turbulence.
cavity depths and two jet velocities. Temperature profiles The simulations were repeated for four cavity depths and
rises sharply along the symmetry axis to reach the cav- two impinging jet velocities. It is found that the stagnation
ity wall temperature for cavity deptk0.5 (L* < 0.5). region moves into the cavity as the depth increases. The in-
As the cavity depth increases, temperature rise becomesiuence of cavity depth on the flow field, which is generated
gradual behind the stagnation region. The gradual rise of pehind the stagnation region in the cavity is considerable.

temperature is because of the cavity flow generated in thisThe specific conclusions derived from the present work can
region. Since the flow is not totally stagnant in this region, pe listed as follows:

temperature of the fluid rises gradually as the distance _ _ -
increases from the stagnation region towards the cavity- 1. Velocity magnitude reduces sharply for shallow cavities

end. and the flow behind the stagnation region is developed in

Fig. 5 shows the Nusselt number variation in the radial ~ the cavity. The influence of the cavity wall temperature on
direction. It should be noted thafD = O represents the the flow behind the stagnation region is not considerable
symmetry axis while/D = 1 corresponds to the cavity exit along the symmetry axis.

in the radial direction. The Nusselt number attains consid- 2. Temperature profiles decays gradually in the cavity for
erably low values at the cavity-end. This is because of the ~ deep cavities. This is because of the development of the
development of almost stagnation zone in this region. Asthe ~ flow behind the stagnation region in the cavity.

distance increases in the radial direction, Nusselt number in-3. The Nusselt number increases gradually in the radial di-
creases sharply. This is more pronounced for deep cavities. rection towards the cavity exit for deep cavities. The in-
The influence of the stagnation region formed in the cav-  fluence of the flow behind the stagnation region on the
ity on the Nusselt number is not clearly observed from the ~ Nusselt number is more pronounced for high jet velocity
curves due to logarithmic plot. (100 m/s).
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