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Laser nonconduction limited heating situation results in cavity formation and vapor
front development above the cavity. As laser heating progresses, cavity wall recesses
towards the solid bulk while the vapor front expands into its ambient due to recoil
pressure generated at liquid-vapor interface in the cavity. To obtain velocity, tempera-
ture, and pressure fields in the evaporating front become challenging, since the process
involves with transient evaporation of the surface during the absorption of the laser
energy by the solid substrate. In the present study, phase change processes taking
place in the substrate material during a laser heating process are modeled using an
energy method and evaporating front behavior is modeled using the transient flow
equations. Since the problem is involved with the multi-physics, the numerical tech-
nique is introduced to solve the resulting governing equations. The water ambient is
assumed around the cavity in order to resemble the laser processing situation, particu-
larly for laser shock processing. It is found that for nanosecond pulses with high inten-
sity, the recession velocity of the surface reaches about 100 m/s at the symmetry axis
and the recoil pressure of in the order of 10 GPa is generated in the cavity as a result
of rapid evaporation. © 2008 American Institute of Chemical Engineers AIChE J, 54: 627—

638, 2008
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Introduction

Lasers are widely used in industry as a machine tool.
Proper selection of the laser and workpiece parameters is im-
portant to ascertain a good end product quality. Experimenta-
tion on parameter selection is timely and costly. To minimize
the experimental effort and increase the knowledge on the
physical processes taking place during laser machining,
model studies become fruitful. To achieve a realistic simula-
tion of the process, actual physical parameters as well as less
model simplifications are necessary. However, mass removal
via evaporation limits the realistic simulation situation, since
vapor state properties of metallic substrates are not known in
the open literature. Consequently, in model studies one of
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the approaches is to assume metal vapor properties in the
simulations and obtain the qualitative information on the
process.

Considerable research studies were carried out to explain
laser evaporative heating process. High intensity laser
induced evaporation and explosion of solid material were
investigated by Dabby and Paek.' They indicated that once
the temperature below the evaporated surface exceeds the
temperature at the surface, explosive removal of material
took place, which in turn led to high rate of mass removal
rate from the surface. High power laser interaction with solid
and formation of plasma were studied by Bech et al.? They
indicated the ambient gas composition had significant effect
on the plasma characteristics. Laser-induced plasma genera-
tion during pulsed irradiation of a laser beam was examined
by Lacroix et al.> They indicated the Nd:YAG beam absorp-
tion of plasma was weak. The modeling of laser induced
ablation of the solid surface due to laser irradiation pulse
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was carried out by Liu et al* They assumed isotropic expan-
sion of the vapor front and predicted the vapor jet expansion
into the ambient stagnant fluid. High power laser induced
interaction with the solid surface was considered by Semak
and Matsunawa.” They predicted the recoil pressure at the cav-
ity surface during the ablation process. A study on the evapo-
rating surface and vapor formation during laser irradiation
pulse was carried out by Szymanski et al.® They indicated that
the plumes above the cavity consisted of metal vapors diluted
by ambient gas. The phase change processes during laser heat-
ing process was formulated by Zhang and Faghri.” They pre-
dicted the depth of cavity and liquid zone. In addition, they
indicated that the conduction heat loss reduced significantly
with increasing liquid layer thickness. The gas-dynamics model
for laser ablation was considered by Gusarov et al® They used
an enthalpy method to predict the depth of evaporated region;
however, recoil pressure calculations were simplified via using
one-dimensional form of governing equations.

Material evaporated from the solid surface during the heat-
ing process, as ejected into its ambient, forms a jet emerging
from the cavity. Although the size of the cavity is consider-
ably small, jet velocity is very high due to high rate of mass
removal during the evaporation process. In this case, flow
field in the jet becomes turbulent and mixing of ambient
fluid, with the emerging jet, particularly in jet boundary
forms a complicated flow filed. This situation requires the
turbulence modeling and species transfer analysis for the
emerging jet. Consequently, turbulence affect and mixing of
the emerging jet become essential to accommodated in the
model study. Considerable studies were carried out to inves-
tigate unsteady turbulent jets. Spreading rate and penetration
depth of an unsteady turbulent jet were studied by Kouros
et al.’ They showed that spreading rate was independent of
jet velocity and spraying rate of unsteady jet is half of that
corresponding to the steady jet. The entrainment characteris-
tics of transient gas jets were examined by Abraham.'® He
indicated that the entrainment rate scaled linearly with axial
penetration and total mass entrained had a cubic dependence
on axial penetration of the gas jet. The influence of ambient
pressure on turbulent vertical jets and plumes was investi-
gated by Riopelle et al.'' They showed that slight variation
in ambient pressure distribution affected the jet and plume
developed significantly. Turbulent transient gas injection was
simulated by Ouellette and Hall.'* They used k-&¢ model to
account for the turbulence and indicated that k-¢ model could
correctly represent experimental data on jet penetration.

In the present study, vapor jet emerging from the laser
produced cavity and its expansion above the cavity are exam-
ined. The recession of the solid surface is formulated using
the energy method while a control volume approach is intro-
duced when solving transient flow equations for the jet
expansion. The k-¢ turbulence model is accommodated to
account for the turbulence. A stagnant water is assumed for
the expanding jet ambient.

Mathematical Analysis of Heating and
Transiently Developing Vapor Jet

Phase change process

When high intensity laser beam interacts with the solid
surface, solid heating and phase change processes take place.
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Figure 1. (a) Spatial distribution of laser pulse intensity at
the surface of the substrate material after 6 ns;
(b) temporal variation of laser pulse intensity.

Laser pulse intensity distribution resembling the actual laser
pulse.

To model such heating situation, energy equation for each
phase needs to be solved independently and they should be
coupled across the interfaces of the regions where two-phases
exist (mushy zones). The laser output power intensity distri-
bution at the workpiece is assumed to be a Gaussian and its
spot centre is at the centre of the co-ordinate system is con-
sidered (Figure la) while the temporal variation of laser
power intensity resembling the actual laser pulse is shown in
Figure 1b. This arrangement results in an axisymmetric heat-
ing of the substrate material.

In the initial stage, the conduction heating of the solid sub-
strate with convective boundary condition at the surface can
be considered. This is due to that the pulse duration is short
and the radiation losses from the surface are negligibly
smaller than the internal energy gain of the substrate material
during heating.l*%’14 Consequently, the heat transfer equation
for a solid phase heating due to a laser irradiation pulse with
a Gaussian intensity profile can be written as

psC,

OT ks O [ OT PT
,155—75< )ks + S, (1

Pl bl
or 072
where S, is the volumetric source term and it is,
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Figure 2. Temporal variation of laser pulse intensity.

A schematic view of the mushy zone.

2
So = 1,0(1 — r¢) exp(—dz) exp<—2—2>

I,, 0, ry and a are the laser peak power intensity, absorption
coefficient, reflectivity, and the Gaussian parameter, respec-
tively. Since the heating problem is transient, the initial con-
dition should be defined, i.e., initially it is assumed that the
substrate material is at a uniform temperature, which can be
specified. Therefore,

At time zero = ¢ = 0: T(r,z,0) = T, (specified)

Because of the short duration of laser pulse, insulated
boundary is assumed at the surface and at a distance consid-
erably away from the surface (at infinity). Since the heating
has no effect on the temperature rise at a depth of infinity
below the surface, temperature is assumed to be constant and
equals to the initial temperature of the substrate material in
this region. The boundary conditions, therefore, are

z at infinity = z=00:T(r,00,t) = T,(specified)
r at infinity = r=o00:T(oco,z,1t) = T,(specified)
oT(0,z,t
At symmetry axis = r=0: 9r©.50 _ 0
or
oT(r,0,t
At the surface = z=0: % =n(T(r,0,1) — T,)
zZ

where % is taken as 10 W/m’K due to natural convection
from the surface.'

It is assumed that the substrate material has single melting
and boiling temperatures. To accommodate the phase change
process, heat transfer equation for solid heating is modified
and an energy method can be used. Once the phase change
initiates, a mushy zone (partially solid and partially liquid or
partially liquid and partially vapor) can be generated across
the interface where the phase change occurs (Figure 2). Dur-
ing the phase change process, including the mushy zone,
temperature of the substrate material remains the same, but
its enthalpy changes in this region, which can be formulated
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after considering the energy balance in the mushy zone. Con-
sider a differential element in a substrate material (Figure 2),
which is in the mushy zone and let x,, be the mass fraction
of liquid present in the element, then the energy content
(AU) of the differential element with volume AV at melting
temperature T, can be written as

AU = pmAV |_Xm (Lm + Cpn (Tm - Tref))
+ eps(1 = X) (T — Trer) ] (2)

where,

My
Xp = ———
My + My

Tret, Xm, My, Mg are reference temperature for enthalpy,
quality of liquid, mass of liquid, and mass of solid in the
element, respectively. After assuming specific heat of melt

is the same as the solid at melting temperature
(cp, = ¢p, at T = Ty,), then Eq. 2 reduces to
AU = ppAV [xLan + Cpy (T — Trer) | 3
For per unit volume, it reduces to
AU
A== ik + (T~ T @
Differentiation with time yields
u OXm
— = PpLlm —— 5

since ¢p,, (Tm — Trer) = const.

Substituting Eq. 5 into Eq. 1 gives the energy equation
for the differential element subjected to a phase change
process

PmLmW—Tg == -5+ (6)

OxXm _ km O ( OT Lk T
or 972 ©

Equation 6 is applicable for the differential elements in the
mushy zone when temperature reaches melting temperature
of substrate material (T = T,,) and 0 < x,, < 1. Conse-
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Figure 3. A mesh used in the simulations for heat
transfer.
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quently, temperature of the cells with 0 < x,, < 1 is set to
melting temperature 7 = T,,,. When the value of x,, exhibit 1
(xm > 1), Eq. 6 is not applicable for the differential element
under consideration in the mushy zone. In this case, Eq. 1 is
used to determine the temperature rise in the liquid heating
with accommodating the liquid thermal properties in the
equation. Moreover, the liquid heating continues until the
boiling point is reached in the substrate material.

In the case of boiling of the substrate material, a new
mushy zone is created. In this case, Eq. 6 can be modified
for a differential element under going evaporation, i.e.

o, kO [ OT\  OT
Polo g = ;&(a)“‘"az 5o ™

Equation 7 is applicable for the range 7 = T, and 0 < x;, <
1 in the mushy zone (partially liquid partially vapor zone).
Consequently, temperature of the cells with 0 < x, < 1 is
set to boiling temperature (I = T},). It should be noted that
Xm 1s replaced with x;, in Eq. 5, which represents the fraction
of vapor phase in the differential element. The calculation of
Xp is the same as x,,, provided that latent heat of fusion is
replaced with latent heat of evaporation of the substrate ma-
terial in Eq. 5 in the later.

The boundary condition at the evaporating surface is intro-
duced in relation to Eq. 7. In this case, the temperature along
the evaporated surface is kept at boiling temperature of the
substrate material, i.e., the cells in the evaporated region are
kept at boiling temperature, i.e.

In the mushy zone, at z = z, = T(r, zp,, t) = T, where z,
represents the axial location at the evaporated surface.

Equations 6 and 7 enable us to determine the relative posi-
tion of solid-liquid and liquid-vapor interface in the substrate
material. Liquid-vapor interface determines the shape and
size of the cavity generated during evaporation process.

Transiently Developing Vapor Jet

The vapor jet emanating from the laser produced cavity is
modeled numerically using a control volume approach. The
laser produced cavity shape and its temporal development are
employed in the simulations. In this case, the time-varying
cavity shape, mass flux of the vapor and the temperature dis-
tribution at the cavity surface are the inputs for the simula-
tions. In order to model such flow situation, the fluid dynamic/
mass transfer model is accommodated in the analysis. In the
analysis the Reynolds Averaged Navier-Stokes equations com-
prising of the continuity equation, the radial and axial momen-
tum conservation equations and the energy conservation equa-
tion for an unsteady, incompressible, axisymmetric, turbulent
flow are considered. The Standard k-¢ turbulence model is
accommodated to account for the turbulence. Moreover, the
Species transport model is used to account for the mass trans-
fer of the vapor jet from the cavity into the stagnant water

Momentum Equations:
Radial momentum:

apV,) la(prv,%)Jra(pv,.vz)__@+2a v,
a 1 or oz or ror\" o

CO( VN OV Ve
0z Hett 0z 82 Hett 0z Hett 2

Axial momentum:

A(pV>) l@(p)‘VrVZ)_‘_a(szz)i_@ 10 av,
ot r or 9z 0z ror Hett” or
ad av, 10 av,
+2a (.“eff a2 >+ ar (:ueff oz ) (10)
where,
pC,K*

Heft = M+ f * = 1€y =10.09

Energy Equation:

ot roor 0z ror rheit or

—0—% (keff %) + [,1 88 < vapor (PD + Sc,) ayav;por)
o055
{ (rhalr< D + Sc,) 8;:")
+% <h (pD +5 ) a;;“)] (11)

where, E = Yuir Mair T Yyapor Avapor» after neglecting the con-
tribution of kinetic energy. Enthalpy of vapor and air are

9(pE) +18(1‘V,pE) N G(VZpE) 10 ( 87")

T

hvapor = / vaapordT = vaapor(T - Tref) (12)
Tret
r

hwater = / pralerdT - prater (T - Tref) (13)
Tret

In Eq. 11, the properties and parameters are

keff:k+kt:kt_cpﬂ and D = 2.88X105(m?/s) :

[

Sc;, =0.7: Pr, = 0.85 : Ty = 298.15K

Turbulence Kinetic Energy Equation, K:

ambient. It should be noted that all the unknown quantities are O(pK) + 10(prV.K) + OpV2K) = 1o <,u eff 871()
time-averaged since the RANS equations are being used. o rooor 9z ror\ox Or
Continuity Equation: n 0 (s OK _petPr (14)
0z \ og Oz
10(rV,) oV, 0 g
r o or or ® where,
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Rate of Dissipation Equation, €:

9(pe) N 10(prVye) n ApVe) 10 @ O
ot roor 0z  ror 81
O (et O¢ &
+§<0_£ E Cl PK Czp (15)
where,
b o) OV 2+ v, 2+ Vi\? ARz ?
K= Heit or or r or oz
and
ox=1, o¢,=13, C =144,
C, =192
Species Transport Equation:
a(vaapor) + la(rvrpyvapor) a(Vzpyvapor)
ot r or 0z

[l >*)

2] oo

U
TS
48
8
where Y = 1 — Yyapor-

Initial and Boundary Conditions:

Figure 10 shows the solution domain.

Symmetry Axis: (r = 0)

At the symmetry axis all the unknown quantities are con-
sidered to be maximum accept the r-direction velocity, which
is zero.

oV, oT 0K
2 0:V,(2,0 :0:—‘:::: ;—’ —0:
or 1= (2,0) Or 1= or 1=
% _ . Mapor|
e A =

Outflow: (At z = 0)

At the outflow boundary perpendicular to the z-axis the
normal derivatives of all the unknown quantities are consid-
ered to be zero accept the r-direction velocity, whose value
is zero as required from the continuity equation.

Outflow: (At r = rmax)

At the outflow boundary perpendicular to the r-axis the
normal derivatives of all the unknown quantities are consid-
ered to be zero accept the z-direction velocity, whose value
is zero as required from the continuity equation.

v, or 0K
Ve = 0: 2] g, \»_ .
(2 Fnax) Or |r=rma O |r=rmax T Oy |r=rmax
Oe| _ ayvapo, L —o
Br =rmax Cor r=rmax

Solid Wall: z = f(r, 1)

The surface of the substrate material including the cavity
wall acts like a wall in the solution domain and hence a no-
slip and no-temperature jump boundary conditions are
considered. At the cavity surface, the vapor mass fraction is
considered to be one whereas the water mass fraction is con-
sidered to be zero. In this case, the function f{r, ) defining
the cavity wall shape, as obtained from the heat transfer
analysis, can be presented in algebraic form, i.e.

Fr0) = [e((r/ArY = ra) +d((/Ar) -
where ¢ = ccs + ceo (/A1) + cey (1) Ar)?

ccp = 4.4499 X 1070 : ccy = —0.0026726 : cc3 =
and d = cds + cdy(t/Ar) + cdy (t/Ar)?
cd; = —1.7974 X 1077 : cdy = 0.00011187 : cd3 = 0.0062477
and rmax = crs + cra(t/Af) + cr3(t/ Ar)*

+ ery(t/ A1) + cri (1) Ar)*
crp = —2.5982 X 1077 : cry = 2.0455 X 107° :
cry = —0.00059955 : cry = 0.086871 : crs = 7.7763

riax)} (p1/py)Az

—0.15077

Az =32415%X10"% m
Ar=8.3333X10%m

The recession velocity of the cavity wall as obtained from
the previous section can be represented in the algebraic
form. In this case, the cavity size is limited with 0 < r <
rmax- Therefore, the recession velocity of the cavity along the
vertical direction is

nof
py Ot

af/or

Vo(f(r,0),r) = ——
1+ (8f /or)?

, 0<r <rpax

Moreover, out side of the cavity a stationary solid wall is
considered (Figure 4a). The recession velocity along the ver-
tical axis is, therefore

Vz(f(r,z),r) =0,

¥ > Imax

The recession velocity of the cavity along the radial direc-
tion is

BV or 0K
0 =0:V,(0,r) =0: 5[0 =0: 5|0 =0 of 1
882 aYvapor ) ' Vr (f(r7 [)7 I‘) /[jl ot 2 s 0 <7 < Fmax
=0 |2 =0 +(9f/0r)
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Figure 4. (a) Solution domain for an axisymmetric tran-
sient turbulent vapor jet emanating from the
cavity and emerging into initially stagnant
water; (b) a closed view of a moving mesh
used in the cavity during the simulations.

Outside of the cavity a stationary solid wall is considered
(Figure 4a). The recession velocity along the radial direction
is, therefore

Vl'(f(rv t): }’) =0,

r > Imax
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Temperature at the cavity wall is determined from the pre-
vious section and can be presented in algebraic form. In this
case, temperature at the cavity wall is the same as the boiling
temperature of the substrate material (7}), i.e.

T(f(r7t)ar):Tba 0 <r < rmax

T(f(r,1),r) =2834 exp(—btemp((r/Ar) — rmax)z) + 300,
7' > TFmax
btemp = ctemp(z/Ar)* + dtemp(z/Ar) + etemp
ctemp = 1.0370442955011 X 107%
dtemp = —3.39682806506743 X 107>

etemp = 0.0241815719639816

Turbulence kinetic energy and dissipation of the jet in the
cavity wall region is assumed to be constant and taken as

K(f(r,1),r) = 1(m/s)?
e(f(r,1),r) = 1(m/s)*
YVaPOF(f(rat)>t) =1,

Yvapor(f(r7 t)a }‘) = 07

0 <r < rmax

r > Fmax

Initial Conditions:

Initially, the ambient water is assumed as stagnant; there-
fore the z- and r-direction velocity components are zero. The
temperature is considered to be uniform and equal to 300 K
in water ambient. Initially, the vapor mass fraction is zero
whereas the water mass fraction is one throughout the
domain.

Viz,r) =0:V,(2,r) =0:T(z,r) =300 K : K(z,r) = 1

&(z,r) =1 : Yyapor(z,7) =0

Numerical Solution
Phase change process

Equation 1 is applicable to solid and liquid heating, Eq. 6
is applicable to mushy zone at solid-liquid interface and
Eq. 7 is applicable to mushy zone at liquid-vapor interface.
To discretize the governing equations, a finite difference
scheme 1is introduced. The details of the numerical scheme
are given in."> To compute the equations discretized for tem-
perature field and relative positions of solid-liquid and lig-
uid-vapor interface, an implicit scheme is used, i.e., using
the initial conditions, the temperature in the whole domain
is calculated for following time steps with the respective
conditions.

The calculation domain is divided into grids as shown in
Figure 3 and grid independence test is being performed for
different grid size and orientation. The grid size resulting

March 2008 Vol. 54, No. 3 AIChE Journal



Table 1. Thermal Properties of Steel Used in the Simulations

Ty (K) Ty (K) p (kg/m) Cp (/kg/K)

k (W/m/K) 5 (1/m) Ly, (J/kg) Ly (U/kg)

1811 3134 7860 420

63 6.17 X 10° 247,112 6,213,627

grid independent solution is used, which is 120 X 120 points.
A computer program based on implicit scheme is developed
to compute the temperature field.

The material properties and pulse intensity used in the
simulations are given Tables 1-3, respectively. It should be
noted that the laser pulse properties employed in the simula-
tions resemble the actual pulse used in the experiment
(Figure 1).

Transiently Developing Jet

A control volume approach is employed when discretizing
the governing equations and the discretization procedure is
given in Ref. 16. A staggered grid arrangement is used in
which the velocities are stored at a location midway between
the grid points, i.e., on the control volume faces. All other vari-
ables including pressure are calculated at the grid points. This
arrangement gives a convenient way of handling the pressure
linkages through the continuity equation and is known as semi-
implicit method for pressure-linked equations (SIMPLE) algo-
rithm. The details of this algorithm are given in Ref. 16.

The computer program used for the present simulation can
handle a nonuniform grid spacing. Along the radial direction,
fine uniform grid spacing is allocated at the inlet (in cavity
symmetry axis region) while gradually increasing spacing is
considered away from the inlet (in the cavity edge region).
Along the axial direction, again fine uniform grid spacing is
used inside and near the cavity while the grid spacing gradu-
ally increases away from the cavity. The number of grid
points in the radial direction is 300 while 215 grid points are
used in the axial direction. Since the problem is involved
with the moving boundary, the moving meshes are accom-
modated in the cavity to account for the cavity recession
with time. The solution domain is shown in Figure 4a while
the computational moving grid used in the cavity is shown in
Figure 4b for two times. The grid independence test result
for velocity is shown in Figure 5. It maybe observed that for
215 X 300, 265 X 300, 265 X 370, and 265 X 370 grid
points the results are almost in agreement.

Eight variables are computed at all grid points. These are
the two velocity components, local pressure, two turbulence
quantities, temperature, and two mass fractions.

Table 2. Properties of Water and Water-Vapor Used
in the Simulations

Results and Discussions

The formation of cavity due to high intensity laser irradia-
tion and the flow field due to jet emanating from a laser
produced cavity are considered. The cavity shape, velocity,
pressure, and temperature fields in the evaporating front are
predicted numerically. Since the cavity formation is transient,
a transient moving boundary problem is accommodated in
the analysis. Laser produced cavity is assumed to be formed
in the water ambient. This is the situation where the laser
induced shock processing being carried out. Consequently,
the vapor emanating from the cavity expands into the water
ambient. Since the thermophysical properties of the vapor
front are not known and the equation of state for laser pro-
duced vapor is not formulated, a density of vapor front is
assumed. In addition, due to unknown equation of state for
the vapor phase, the vapor front is assumed to be incompres-
sible. Moreover, as the cavity recesses with time, the vapor-
liquid front recesses with the same recession velocity of the
cavity towards the solid bulk. The selection of vapor front
density is made about 1/10 time of the liquid density."”

Figure 6 shows three-dimensional view of laser produced
cavity inside the substrate material for different heating peri-
ods while Figure 7 shows the cross-sectional view of the cav-
ity formed at different heating periods, i.e., the liquid-vapor
and solid-liquid mushy zones as well as liquid and solid
zones are shown. The cavity size gradually increases after
19.5 ns, and then it remains almost the same with progress-
ing time. This is because of the laser beam energy which
reduces gradually with time after 20 ns of the heating dura-
tion (Figure 1b). In the case of Figure 7, the mushy zone at
liquid-vapor interface is thicker than the mushy zone at
solid-liquid interface for all heating periods. This is because
of the latent heat of evaporation, which is considerably
higher than the latent heat of fusion (Table 1). Moreover, the
liquid layer thickness remains almost uniform along the ra-
dial direction in the early heating period (t = 6.54 ns). As
the heating period progresses, the liquid layer thickness
becomes large towards the edge of the cavity in the radial
direction, particularly for the heating period corresponding to
the high power intensity (10.92 ns < ¢t < 15.23 ns). In this
case, high power intensity in the region of the symmetry axis
enhances the evaporation rate and the liquid phase evaporates
at a high rate reducing the liquid layer thickness in this
region. Moreover, the thickness of the mushy zone at liquid-
vapor interface reduces significantly as the heating period
progresses. This indicates that in the region of the high

Water Water-Vapor

Density (kg/m>) 998.2 50,800 . . . .

Viscosity (ke/m/s) 0.001003 134 X 105 Table 3. Laser Pulse Intensity Used in the Simulations

Mass diffusivity (m%s) 2.88 X 107° Gaussian Nominal Pulse

Specific heat capacity (J/kg/K) 4182 2014 Peak Intensity (W/m?) Parameter (1/m) Length (ns)

Thermal conductivity (W/m/K) 0.6 0.0261

Molecular weight (kg/kg mol) 18.0152 18.015 8 X 10'%,9 X 10", 1 x 10" 120,000 24
AIChE Journal March 2008 Vol. 54, No. 3 Published on behalf of the AIChE DOI 10.1002/aic 633
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Figure 5. Grid independence test for velocity magni-
tude along the symmetry axis.

intensity, the size of the mushy zone at liquid-vapor interface
becomes small. It should be noted that the heating duration
is short (few nanoseconds) and the liquid layer thickness is
small (fraction of micrometer); therefore, liquid flow in the
cavity can be neglected and the effects of liquid motion on
the heat transfer characteristics are negligible in the cavity
during nanoseconds of heating duration.

Figure 8 shows the velocity contours in and around the cavity
for three heating periods. It should be noted that the evapora-
tion takes place after 1.8 ns from the laser pulse initiation. In
the early heating period (t = 6.54 ns), jet expansion is more
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Figure 6. Three-dimensional view of the cavity at two
different time durations.
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Figure 7. Cross-sectional view of cavity for two differ-
ent heating periods.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

pronounced in the axial direction provided that the cavity diam-
eter is small at cavity exit. The abrupt expansion of the jet into
the stagnant ambient results in flow disturbance around the jet
boundary. However, this expansion cannot generate a circula-
tion cell next to the jet boundary i.e., it is the ambient density,
which is high, suppressing the circulation cell next to the jet
boundary. Moreover, decay of radial momentum of the jet also
contributes the suppression of the circulation in this region. As
the heating period progresses, jet expansion in the radial direc-
tion enhances, particularly in the front region of the jet. This
can be observed from the velocity contour of 3.2 X 10% m/s.
Temporal extension of the velocity contour is more pronounced
in the radial direction when comparing the jet behavior at time
durations of 7.74 and 8.34 ns. In this case, jet produced from
the cavity remains almost at the same velocity. The high den-
sity fluid suppresses the axial velocity due to momentum con-
servation and radial velocity increases at the jet frontal region.
Figure 9 shows pressure contours in the jet for different
heating durations. In the early heating period (r = 6.54 ns),
pressure is build up in the cavity and the decay in radial mo-
mentum in the vicinity of the cavity results in high pressure
generation in this region. This is particularly true for late heat-
ing periods. Pressure in the cavity reaches extremely high
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Figure 8. Contour plots of velocity magnitude for different heating durations in region of cavity exit.
magnitude in the early heating period and as the heating pro- the center of high pressure region is formed towards the edge

gresses, jet production in the cavity enables the axial expansion of the cavity, axial expansion of the jet is not affected by this
of jet. This, in turn, lowers the pressure in the cavity. Although pressure center. It should be noted that the recession of the
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Figure 9. Contour plots of pressure for three different heating durations in the region of cavity exit.
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Figure 10. Pressure variation along the symmetry axis
for different heating durations.

cavity with time develops complex flow field in the cavity.
However, at the outer edge of the jet, the flow behavior is con-
trolled by the high density fluid surrounding the jet. The mag-
nitude of pressure in the cavity reaches as high as 10 GPa.
Figure 10 shows pressure variation along the symmetry
axis for different heating periods. The location of maximum
pressure along the symmetry axis occurs away from the cav-
ity wall. This is because of the recession of the cavity sur-
face with time, i.e., cavity wall recesses opposite to the jet
expansion creating the suction in the region of the cavity
wall. This, in turn, lowers the pressure in this region. How-
ever, in the early heating period the cavity recession is less
and the pressure builds up in the cavity. This results in ex-
cessive pressure generation in this region. This can also be
observed from Figure 11, in which maximum pressure along
the symmetry axis is shown. The radial expansion of the jet
in the jet frontal region reduces the pressure in the jet in this
region. Consequently, jet expansion in the radial direction
with progressing time results in decay of pressure in the jet.
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Figure 11. Location of maximum pressure at different
heating periods.
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gle pulse irradiation.

Figure 12 shows the cavity shape obtained from predic-
tions and the experiment. It should be noted that the laser
power intensity distribution (temporal and spatial) used in
the experiment was measured and employed in the simula-
tions. It can be observed that the cavity profile predicted
from the model agrees well with the experimental data. Fig-
ure 13 shows the recession velocity predicted and obtained
from the previous analytical formulation.'® The recession ve-
locity predicted and obtained from the previous analytical
formulation are in agreement. Moreover, some small discrep-
ancies between both results are due to the one-dimensional
consideration in the previous formulation. Consequently, the
radial heat diffusion, which was omitted in the analytical
solution, results in small changes in the recession velocity.

Conclusion

Laser heating of steel surface is considered and phase
change processes during the heating pulse are modeled. The ca-
vity formation and recession velocity of the solid surface are
predicted. A finite difference scheme is used to descritize
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Figure 13. Comparison of recession velocity obtained
from present predictions along the symme-
try axis and one-dimensional analytical
solution.®
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three-dimensional governing equations of heat transfer. The
predictions are compared with the experimental results. An
evaporating front jet emerging of a laser produced cavity is
considered and a numerical method employing a control vol-
ume is accommodated to predict the flow characteristics. A
moving mesh is employed to account for the transiently mov-
ing boundary problem due to cavity recession. Laser pulse
shape resembling the actual laser pulse used in the experi-
ment is accommodated in the simulations. It is found that the
size of mushy zone changes with time and space, provided
that the size of the cavity change becomes insignificant as
the heating period progresses further ¢+ > 19.5 ns, which is
due to the temporal variation of laser pulse heating. The
recession velocity of the evaporating surface is higher in the
region close to the symmetry axis than that corresponding to
the region close to the edge of the irradiated spot. The pre-
diction of cavity shape agrees well with the experimental
result.

The jet expansion in the axial direction is significant in
the early heating period and radial expansion, particularly in
the jet frontal area is evident as the heating period pro-
gresses. This is due to the ambient fluid above the cavity
exit, which has higher density than the jet, i.e., it suppresses
the axial extension of the jet particularly at long durations.
The recoil pressure developed in the cavity is considerably
high, particularly in the region close to the cavity edge;
however, as time progresses, it reduces in the vicinity of
the cavity due to cavity recession. The cavity profiles
predicted from the model and experiment are in a good
agreement.
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Notation

a: = Gaussian parameter (m)

A = area (mz)

a = Gaussian parameter (m)
C, = specific heat capacity (J/kg/K)

C = various empirical constants in turbulence model

cp123.45 = coefficients in the source term
D = species diffusion coefficient (mz/s), jet width (m)
F;=mass flux through the face ‘)’ (kg/s/m?)
F,.ns=mass flow rate through faces of the control volume (kg/s)
[f(r, 1) = cavity profile equation
h = convective heat transfer coefficient (W/mz/K); Sensible
enthalpy (J/kg)
I, = laser power intensity (W/m?)
J; = total flux (convection plus diffusion) across face j’ (kg/s/m2
X [])

K = turbulence kinetic energy (m%/s?)

k = thermal conductivity (W/m/K)

k. = turbulent thermal conductivity (W/m/K)

L =latent heat (J/kg)

Pr = Prandtl number

p = time-averaged pressure (Pa)

p' = fluctuating component of mixture pressure (Pa)

p’ = pressure correction (Pa)

r = distance along the radial direction (m)

r¢ = reflectance

S = source term (W/m>)
Sc¢ = Schmidt number
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T = temperature (K)

T = time-averaged temperature (K)
T' = fluctuating component of temperature (K)

t = time (s)
t,, = time at which melting starts in the solid phase (s)

tg = time at which solid-liquid mushy zone starts converting into

the liquid phase (s)

t, = time at which evaporation starts in the liquid phase (s)
U =energy content (J)

u = velocity component (m/s), z- direction velocity (m/s)

i = time-averaged velocity component (m/s), Time-averaged z-

direction velocity (m/s)

u' = fluctuating component of z-direction velocity (m/s)

ii' = z-direction velocity correction (m/s)
u* = guessed z-direction velocity (m/s)

¥ = volume (m®)

V = velocity (m/s)

v = r-direction velocity (m/s)

v = time-averaged r-direction velocity (m/s)

v = fluctuating component of - direction velocity (m/s)

V' = r-direction velocity correction (m/s)
v* = guessed z-direction velocity (m/s)

x = quality

Y =mass fraction in species transport model

Y = time-averaged mass fraction in species transport model
zc = depth of cavity (m)

z = distance along the radial direction (m)

Greek letters

8 = reciprocal of absorption depth (m™")

¢ =rate of dissipation (m2/s3)

I" = diffusion coefficient (kg/m/s)

1 =molecular viscosity coefficient (kg/m/s)

1, = turbulent viscosity coefficient (kg/m/s)

¢ = arbitrary variable
[¢] = unit of arbitrary variable ¢

p = density (kg/m3)

p = time-averaged density (kg/m®)

p' = fluctuating component of density (kg/m>)
o = turbulent Prandtl number for K

o, = turbulent Prandtl number for ¢

Subscripts

b = vapor-liquid mushy zone; boiling
eff = effective
1=liquid
max = maximum; maximum cavity radius
m = solid-liquid mushy zone; melting
o = initial value
p = time index
ref = reference
s = solid, surface
t = turbulent
v = vapor

Literature Cited

1. Dabby FW, Paek U. High-intensity laser-induced vaporization and
explosion of solid material. I[EEE J Quant Electron. 1972;QE-
8:106-111.

2. Beck M, Berger P, Hugel H. The effect of plasma formation on
beam focusing in deep penetration welding with CO, lasers. J Phys
D: Appl Phys. 1995;28:2430-2442.

3. Lacroix D, Jeandel G, Boudot C. Spectroscopic characterisation of
laser-induced plasma created during welding with a pulsed Nd:YAG
laser. J Appl Phys. 1997;81:6599-6606.

4. Liu CL, Leboeuf JN, Wood RF, Geobegan DB, Donato JM, Chen
KR, Puretzky AA. Computational modelling of physical processes
during laser ablation. Mater Sci Eng B. 1997;47:70-77.

DOI 10.1002/aic 637



10.

11.

12.

638

. Semak V, Matsunawa A. The role of recoil pressure in energy bal-

ance during laser material processing. J Phys D: Appl Phys.
1997;30:2541-2552.

. Szymanski Z, Kurzyna J, Kalita W. The spectroscopy of the plasma

plume induced during laser welding of stainless steel and titanium.
J Phys D: Appl Phys. 1997;30:3153-3162.

. Zhang Y, Faghri A. Vaporization, melting and heat conduction in the

laser drilling process. Int J Heat Mass Transfer. 1999;42:1775-1790.

. Gusarov AV, Gnedovets AG, Smurov I. Two-dimensional gas-

dynamic model of laser ablation in an ambient gas. Appl Surf
Sci.200;154/155:66-72.

. Kouros H, Medina R, Johari H. Spreading rate of an unsteady turbu-

lent Jet. ATAA J. 1993;31:1524-1526.

Abraham J. Entrainment characteristics of transient gas jets. Numer
Heat Transfer A. 1996;30:347-364.

Riopelle G, Stubley GD, Strong AB. Numerical study of the influ-
ence of the ambient pressure field on free plane turbulent vertical
jets and plumes. Numer Heat Transfer A. 1994;26:273-286.
Ouellette P, Hill PG. Turbulent transient gas injections. J Fluids
Eng. 2000;122:743-753.

. Shuja SZ, Yilbas BS, Budair MO. Modeling of laser heating of solid

substance including assisting gas impingement. Numer Heat Transfer
A. 1998;33:315-339.

. Blackwell FJ. Temperature profile in semi-infinite body with expo-

nential source and convective boundary conditions. ASME J Heat
Transfer. 1990;112:567-571.

. Naqavi IZ. Conduction and non-conduction limited laser heating

process—mathematical simulation. M.Sc. Thesis, Mechanical Engi-
neering, Department, KFUPM, 2001.

. Patankar SV. Numerical Heat Transfer. New York: McGraw-Hill,

1980.

. Yilbas BS, Davies R, Yilbas Z, Gorur A, Acar I. Surface line and

plug flow models governing laser produced vapor from metallic sur-
faces. Pramana J Phys. 1992;38:195-209.

. Kalyon M, Yilbas BS. Analytical solution for laser evaporative heat-

ing process: time exponentially decaying pulse case. J Phys D: Appl
Phys. 2001;34:3303-3311.

Manuscript received Mar. 9, 2007, revision received Sept. 29, 2007, and final
revision received Nov. 29, 2007.

DOI 10.1002/aic

Published on behalf of the AIChE

March 2008 Vol. 54, No. 3 AIChE Journal



