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Abstract

Laser repetitive pulse heating is one of the research fields in laser heating of engineering surfaces. The effect of assisting
gas jet on the laser heating process is usually omitted in the previous studies. The present study examines the gas jet
assisted laser repetitive pulse heating of steel surfaces. The flow and temperature fields are predicted numerically using
the control volume approach. The two-dimensional axisymmetric heat conduction equation is solved for the solid
substance, while continuity, momentum, energy and equation of state are considered for the impinging air, which is
introduced coaxially with the laser beam and orthogonal to the workpiece surface as the assisting gas. The low Reynolds
number k—& model is used to account for the turbulence in the flow field. The solid and gas properties are considered as
variable. The study is extended to include three pulse types and two gas jet velocities. It is found that the thermal
integration for the repetitive pulses of high cooling periods is unlikely and the effect of gas jet velocity is not substantial
on the resulting solid side temperature profiles. © 1998 Published by Elsevier Science Ltd. All rights reserved.

Nomenclature u*  wall-friction velocity
a constant in Gaussian function U arbitrary velocity

b constant in equation (10) V' radial velocity

¢, specific heat capacity W axial velocity

C,, C,, C, coefficient in the k—¢ turbulence model x arbitrary direction

D diameter of the nozzle (1 mm)

fi» fo, f, coeflicient in the low Reynolds number, k—¢
model

f(¢) time variation of pulse shape

G rate of generation of k

I, peak power intensity

k turbulent kinetic energy

K thermal conductivity

p pressure

rdistance in the radial direction

Re Reynolds number

S unsteady spatially varying source defined in equation
(13)

S, source term for variable ¢

t time

T temperature

@ average inlet velocity

* Corresponding author. Tel. : 00966 3 8606458 ; fax : 00966 3
8602949 ; e-mail shuja@ccse.kfupm.edu.sa

z, distance to the nearest wall
z distance in the axial direction
z* dimensionless axial distance = pzu™*/u.

Greek symbols

0 absorption coefficient

¢ energy dissipation

A a fraction of @ typically 0.03

u variable dynamic viscosity (function of temperature
for laminar)

v variable kinematic viscosity ( function of temperature
for laminar)

p density (function of temperature and pressure for
gas)

¢ variable Prandtl number (function of temperature)
¢ arbitrary variable

® viscous dissipation.

Subscripts

amb ambient

e effective, e.g. u. = u+u,
i,j arbitrary direction
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t turbulent
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1. Introduction

The use of lasers in industry has initiated the devel-
opment of several model calculations of both spatial and
temporal temperature profiles in laser heated solids. Ana-
lytical and numerical solution have been proposed for
treating the ensuing heat flow under a variety of sim-
plifying assumptions and approximations. However, they
are part of a continuous effort to produce reliable pre-
dictions of those temperature distributions which are of
capital importance for in-depth analysis and improve-
ment of the processes. The practical applications of high
power lasers are machining, welding and surface treat-
ment of engineering parts. The surface treatment appli-
cation of lasers depends on the laser’s ability to produce
structures which may not be possible with conventional
methods, relying on such laser attributes as narrow heat-
affected zone, treatment of inaccessible locations, pre-
cision of operation and low cost of operation.

Heat transfer mechanisms initiating the laser heating
of surfaces have been carried out by many researchers
[1-3]. Their studies were limited to solid or liquid phase
heating; in which case, the influence of assisting gas jet
on the process was neglected. Osawa et al. [4] studied the
effect of laser heat treatment on intergranular corrosion
of austenitic stainless steel, while thermal analysis for
laser surface hardening of steel was conducted by Toyal
and Mukherjee [5]. The closed form solution for con-
duction limited laser heating was accomplished by Yilbas
[6]. He indicated that the thermal integration of the
pulsed heating was possible for the pulse repetition rate
of about 1 kHz. However, the analysis was limited to one
dimensional and the assisting gas effect during the heating
operation was omitted. The laser heating of the surfaces,
is, in general, a gas assisted process; in which case, the
function of this assisting gas is either to protect the sur-
face against the oxidizing environment or to cool down
the surface for improved hardness [7]. Consequently,
when modeling the repetitive pulse laser heating of the
engineering surfaces, assisted gas effect should be con-
sidered. The turbulent assisting gas jet impinging orthog-
onally onto a plane surface produces a stagnation point
flow. The overall heat-or mass-transfer performance of
jet impingement configuration has been examined by a
considerable number of researchers [8, 9]. Analytical
solutions for the flame impingement heat transfer were
reviewed by Baukal and Gebhart [10] while an alternative
formulation for the stagnation point flow was carried out
by Abid and Speziale [11]. They used the standard k—¢
model to account for the turbulence in stagnation point
flow. They indicated that the solution was not visible and

vortex stretching effects in the turbulent dissipation rate
equation should be considered. Strahle et al. [12] intro-
duced two equation models for variable density stag-
nation point flow. They concluded that the two equation
models were applicable for low Reynolds number flows.

In order to investigate the effect of gas impingement
on the laser heating process, the present study is con-
ducted in which the two-dimensional axisymmetric
repetitive pulse laser heating of a steel surface is
considered. Air is introduced as an assisting gas
impinging coaxially with the laser beam and orthogonal
to the workpiece surface. The transient two-dimensional
axisymmetric heat transfer equation is solved numerically
to compute the temperature profiles in the solid while
continuity, momentum, energy and equation of state are
considered to predict the flow field in the gas side. Low
Reynolds number k—¢ model is introduced to account for
the turbulence. The solid and gas properties are con-
sidered as variable to simulate the process more realisti-
cally. The study is extended to include two gas jet vel-
ocities and three repetitive pulse types.

2. The mathematical model
2.1. Flow equations in physical space

Figure 1(a) shows the schematic view of the nozzle
and the workpiece. To predict the flow field due to jet
impingement, it is necessary to solve the unsteady two-
dimensional axisymmetric form of the continuity and the
time-averaged Navier—Stokes equations. In the Cartesian
Tensor system, the continuity and momentum equations
are:

dp 0

L T pU)Y=0 1
5 T o 00 M
and

0 0 op 0 ou;

G PUIF S WUU) = — 20 [(mu) Ox,:|

2
where p,, is the eddy viscosity, which has to be specified
by a turbulence model. The partial differential equation
governing the transport of thermal energy has the form:

ar @ _ 0 [(m m\OT
ot + Ox; U1 = 0x; |:<‘71 - 0> 5)6,-} (3)

Turbulence equations :

The turbulent viscosity, u,, can be defined using the two-
equation k—¢ model of turbulence [13], i.e.:

:ul = C“pkz/g (4)

where C, is an empirical constant and k is the turbulence
kinetic energy which is given by
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Fig. 1(a). Schematic view of gas jet impingement onto laser heated spot. (b) Successive pulses used in the analysis.
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0 0 o[ /n ok
—(pk)+ - (pUik) =*[<fl+u> }rG—ps (5)
ot 0x;

ox; | \oy 0x;

similarly ¢ is the energy dissipation which is given by the
following differential equation

0 0 o[/ O¢
a(ﬂg) + R(PU,-E) = [((Z +H> axJ

+ i(c, G—Cype)  (6)

G represents the rate of generation of turbulent kinetic
energy and pe is its destruction rate. G is given by

oU,  oU\aU,
G = |:<5x, + 8x[> (?x,:|' ™

The model contains six empirical constants which are
assigned the following values:

C, C, (&%

Ok O

0.09 1.44 1.92 1.00 1.00

The k—¢ model is only applicable in the regions where
the flow is entirely turbulent, and close to the solid walls
viscous effects become dominant; in this case, such a
model does not lead to acceptable predictions. Conse-
quently, corrections in the k—¢ may be needed. In the light
of the previous study [12], the low Reynolds number k—¢
model is considered to account for the turbulence. The
Lam-Bremhorst low-Reynolds number extension to the
k—e model employs a transport equation for the total
dissipation rate [14]. It differs from the standard high-
Reynolds number model in that the empirical coefficients
C,, C; and C, are multiplied, respectively, by the func-
tions:

20.5
_ (1 _ ,—0.0165Re\2
0.05\’
1= 1+ s
n=1+(%)

fr=1—e"

where Re, = zn\/l;/vl and Re, = k?/ev,; and z, is the dis-
tance to the nearest wall. For high-turbulence Reynolds
numbers, Re, or Re,, the functions f,, f; and f, multiplying
the three constants tend to unity.

2.2. Boundary conditions for low-Reynolds number model

Laminar boundary conditions are set for the mean-
flow variables, and the boundary conditions k = 0 and
(de/dz) = 0 are applied at the wall. Since the low-Rey-
nolds number extension does not employ wall functions,
and the flow field needs to be meshed into the laminar
sublayer and down to the wall, the computer storage and

run-time requirements for this approach are much greater
than those of the wall-function approach. In general the
grid employed normal to the main direction needs to be
distributed so as to give a high concentration of grid cells
near the wall, with the wall-adjacent node positioned at
z" =(pzu*/p) = 1.0 or even less.

Inlet conditions:
U, = specified and T = constant. 8)

Values of k and ¢ are not known at the inlet but, some
reasonable assumptions can be made. The kinetic energy
of turbulence is estimated according to some fraction of
the square of the average inlet velocity :

k = Ja* ©)
where i is the average inlet velocity and 4 is a fraction.
The dissipation is calculated according to the equation

k3/‘2

where D is the inlet diameter. The values 2 = 0.03 and
b = 0.005 are commonly used and may vary slightly in
the literature [15].

Outlet :

It is considered that the flow extends over a sufficiently
long domain so that it is fully developed at the exit
section. Thus for any variable ¢ the condition is

d¢
5. =0 (11)

where x is the arbitrary outlet direction.
Symmetry axis:

Here the radial derivative of the variables is set to zero,
ie.:
%=0 and V' = 0. (12)
Solid—fluid interface :

The temperature at solid—gas interface is considered as
the same, i.e.:
0T,

Wsolid gas
gas

(
T and  Kq

Wsolid Weas

0z 0z

2.3. Governing equation for the unsteady heat conduction

For the laser heated solid plate, the heat conduction in
a stationary medium is considered in circumstances in
which the temperature 7' may vary with time ¢. Therefore,
the equation yields a modified form of equation (3) with
an addition of a laser heat source term. Thus:
0 0 oT
—(c,pT) =—| K S. 13
o@D =7, [ é’x,-:| * (13)
It should be noted that S is the unsteady spatially
varying mathematical representation of the laser output
power intensity distribution and is considered as
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Gaussian with 1/e points equal to 0.375 mm i.e. the radius
of the laser heated spot, from the centre of the beam.
Thus:
I, r? .
S= exp| —— oexp(—9d-2)f(¢) (14)
a

2na

where (I,//2na)exp[— (r*/a*)] is the intensity dis-
tribution across the surface, exp(—J * z) is the absorption
function and, f(¢) is the function which represents the
time variation of the pulse shape.

Pulse heating :

The consecutive pulses consist of a series of same inten-
sity pulses having the same pulse length (1.5 ms) but
different cooling periods (repetition rates). The pulse
lengths and intensities are given in Table 1. The repetitive
pulse heating profile employed is not rectangular shape
but have a rise and decay durations as shown in Fig. 1(b).
The pulse rise and decay durations are kept constant for
all the repetitive pulses for simplicity.

Boundary conditions for the governing energy equation
in the solid :

Convection with a constant coefficient for still air is
considered at the z = 2 mm thickness of boundary for
the plate. At the interface continuity of temperature
between the solid and the gas is enforced ; far away from
the laser source constant temperature 7 = T,,, is
assumed.

2.4. Variable properties

The density of air was considered to vary according to
the ideal gas law depending on the local pressure and
temperature while the specific heat capacity and thermal
conductivity for both air and chromium steel were con-
sidered to be a function of temperature only. The depen-
dence of properties on temperature and pressure are given
in [16].

2.5. General form of the differential equations

The set of partial differential conservation equations
governing the flow field are compactly represented by

Table 1
Pulse properties for the three types of pulses used in the simu-
lation

Heating Cooling Repetition Peak power
Pulse  time time rate density
type  (ms) (ms) (pulsess™)  (Wm™)
1 1.5 0.75 0.444 3x10'
2 1.5 1.5 0.333 3x10'
3 1.5 2.25 0.267 3x10%

Table 2

Conservation equations corresponding to equation (15):
S =(I,/</2na) exp [— (r*|a*)]d exp(— b * 2)f() provided that S'is
the external source term in the solid part. However, for details

of the momentum source terms S,,., refer to Versteeg and
Malalasekera [14]

Conservation of ¢ r, Sy

Mass 1 0 0

Radial momentum Vv e —(Op/or)+ Sy
Axial momentum w e —(0p|0z) + Sy,
Turbulent KE k Leo/O G—pe
Dissipation rate & /O, (e/k)(C,G — C,pe)
Thermal energy T H/or d+S

the following elliptic partial differential equation and the
accompanying Table 2, which lists the dependent vari-
ables and the associated definitions of I, and S, [14].

0

X

0 o0,
E(P¢/)+ i <pUi¢/'_rd> (b,) =Sy, (15)

v
; 0x;

3. Calculation of the field variables
3.1. The numerical technique

The particular practice that is chosen here for the deri-
vation of the discretization equations is the Control Vol-
ume approach. The calculation domain is divided into
subdomains or control volumes such that there is one
control volume around a grid point. The differential
equation is integrated over the control volume to yield the
discretization equation. Thus, the discretization equation
represents the same conservation principle over a finite
region as the differential equation does over an infini-
tesimal region. The control-volume approach can be
regraded as a special case of the method of weighted
residuals, in which the weighting function is chosen to be
unity over a control volume and zero everywhere else.
The main reasons for choosing the control-volume for-
mulation are its simplicity and easy physical interpret-
ation. The formulation has also been shown, for a limited
set of test problems, to be more accurate than the Galer-
kin method, which is a more popular weighted-residual
technique [17]. The discretization process is not given
here due to lengthy arguments, but refer to [14].

The grid used in the present calculations has 38 x 70
mesh points (Fig. 2), provided that the grid independent
test is satisfied, which is shown in Fig. (3).

3.2. The calculation procedure for the flow field

If the pressure field which appears as a major part of
the source term, for the momentum equations is known,
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Fig. 2. View of the grid generated. (a) The solution domain with the computational grid. (b) A closeup view of the grid showing the
laser irradiated spot.
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Fig. 3. The results of grid independence tests.

then the equation, which is written for each grid node,
yields a closed set of algebraic equations, but there is no
guarantee that the resultant velocity field would satisfy
the continuity relation. The two problems of determining
the pressure and satisfying continuity are overcome by
adjusting the pressure field so as to satisfy continuity. 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 variables
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 the SIMPLE (Semi-Implicit Method for
Pressure-Linked Equations) algorithm. This method is
an iterative process to steady-state convergence. The
details of this algorithm are found in [18].

3.3. The calculation procedure for heat conduction in the
solid

The governing equation for heat conduction in solid
[equation (13)] can be written in the general equation
(15) form. Thus the discretization procedure leads to
algebraic equations of the form similar to flow equations
with temperature 7 replacing the general variable. No
special calculation procedure is required to solve this
equation since the energy equation is a stand alone inde-
pendent equation. Although special care is taken to incor-

porate the spatially and time varying source, i.e. equation

(14).

4. Validation of numerical simulations

To validate the numerical predictions, the previous
experimental findings [19, 20] are used. In this case, a
Reynolds number of 20 000 and a nozzle-to-plate spacing
of two jet diameters are considered.

The present predictions and the experimental findings
for a radial velocity ratio is shown in Fig. 4. The pre-
diction agrees well with the experimental finding close to
the stagnation region. As the radial distance (r) increases,
small deviations between both results may be observed.
This may be due to that the Lam—Bremhorst wall-damp-
ing functions which may slightly over predict the radial
velocity developed away from the stagnation region.

Figure 5 shows the dimensionless mean velocity pro-
files with axial distance (z) for theoretical prediction and
experimental finding. The low-Reynolds number k—¢
model prediction agrees well with the experimental find-
ing. Therefore, the wall correction introduced in the low-
Reynolds number k—¢ model well defines the mean vel-
ocity near the stagnation region.

When considering Figs 4 and 5, it may be observed
that low-Reynolds number k— model predictions agree
considerably with the experimental findings in the stag-
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Fig. 5. Normalized mean velocity vs. axial distance. Experimental is Cooper et al. [19].

nation region. The laser spot size considered in the
present study is almost within the stagnation region.
Therefore, the discrepancies between the predictions and
the experimental results in the far field of the flow have
negligible effect on the laser induced heating process.

5. Results and discussions
The results obtained from the laser pulsative heating

under the influence of assisting gas jet is presented as
follows :

Figures 6 and 7 shows the temporal variation of surface
and inside temperatures at different cooling periods for
gas jet velocities of 10 m s™! and 100 m s~'. The tem-
perature profiles oscillate as the laser pulse repeats. The
temperature builds up at the surface and inside the sub-
stance as the repetition rate increases (cooling period
reduces), i.e. mean temperature profile shows an increas-
ing trend at low cooling period. Almost identical tem-
perature profiles resulted at a cooling period of 2.25 ms.
However, the differences in peak to valley of temperature
profiles appear to be considerable. Consequently, the
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Fig. 6. Variation of temperature with time at various depths for the three types of pulses used in the simulation: radial location is
0.0125 mm from the centre of the jet and gas jet velocity is 10 m s,
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thermal integration appears to be impossible at the sur-
face as well as at some depth below the surface. As the
depth from the surface increases further, such as 0.154
mm, the temperature integration becomes visible at high
cooling periods. In this case, the temperature profiles
show either increasing trend or a small magnitude oscil-
lation. The maximum value of temperature attained at
this depth is of the order of 600 K, which may have
a little influence on the metallurgical properties of the
substance [21]. On the other hand, high amplitude oscil-
lation in temperature in the surface vicinity may also
result in high cycle thermal fatigue, which effects the
mechanical and metallurgical properties of the substrate
after the laser treatment. When comparing Figs 6 and 7,
the influence of the gas jet velocity appear to be insig-
nificant on the temperature profiles. This may be due to
that the laser heated area is considerably small and the
convection and diffusion processes which take place
between the heated substrate surface and the gas jet are
not substantiated due to the considerably low duration
of pulsation.

Figures 8 and 9 shows the temporal variation of tem-
perature profiles obtained at different depths in the solid
and the radial location of 0.3625 mm from the irradiated
spot centre for three pulse types and two gas jet velocities.
Temperature profiles have an increasing trend for all the
pulse types. The values of the temperature at these radial
locations are considerably lower than those cor-
responding to irradiated spot centre. As the distance
increases from the solid surface, the temperature attains
lower values, and the temperature trend appears to be
increasing for all the pulse types. In this case, even at
certain depths below the surface the attainment of ther-
mal equilibrium (isothermal heating) becomes unlikely.
As indicated earlier the thermal integration at a depth
below the irradiated spot centre is likely, but at some
radial location at the same depth the thermal integration
becomes unlikely. Consequently, overall view is that the
thermal integration across the irradiated spot appears to
be unlikely.

Figure 10 shows the temperature distribution in the
axial direction at the consecutive pulse ends and at a
radial location of 0.0125 mm away from the irradiated
spot centre for three repetitive pulse types and 10 m/s gas
jet velocity. The temperature in the solid rises con-
siderably and the gap between the temperatures cor-
responding to heating and cooling cycles reduces as the
cooling period reduces. The temperature decay is high
after the completion of the first pulse, however, it reduces
as consecutive pulses progress. This may indicate that the
internal energy gain in the surface vicinity is considerably
higher at the end of the first pulse and the temperature
rises inside the solid substance as the pulse repetition
progresses due to conduction. On the other hand, as the
cooling period increases, the temperature gradient in the
solid after the consecutive pulses becomes almost the

same as that resulted from the first pulse. In addition, the
gap between the temperatures due to heating and cooling
cycles reduces. The peak to valley temperature difference
is very high; in this case, the thermal integration inside
the solid substrate is less likely for this particular cooling
period. The temperature decay in the gas side close to
solid surface appears to be almost linear provided that
higher the surface temperature results in higher the tem-
perature gradient in the surface region. In the case of a
cooling cycle, temperature gradient in the gas side is low.
This indicates that the gas in the surface vicinity is not
effected significantly from the heat diffusion generated
due to the previously heated surface, i.e. a high pressure
region is developed in this region, which in turn results
in radial flow, therefore, convective cooling of the surface
accelerates and the heated gas is swept away.

Figure 11 shows the axial temperature distribution at
the pulse ends and a radial position of 0.3625 mm away
from the irradiated spot centre for three repetitive pulse
types and 10 m s~ gas jet velocity. In the heating cycle,
the temperature increases slightly as the cooling period
between the pulses decreases. The gap between the tem-
perature is almost the same for all the pulse types. In
addition, the gap between the temperatures resulted due
to heating and cooling cycles is not considerable. There-
fore, the thermal integration in this region becomes likely
i.e. the pulse types have no significant influence on the
resulting temperature profiles. In the gas side the tem-
perature somewhere beyond the surface vicinity reaches
maximum value and becomes higher than the surface
temperature. This may be due to one or all of the fol-
lowing facts: (i) In the surface vicinity radial flow
developed sweeps the heated gas away in this region at a
faster rate than the neighboring region, and (ii) the heated
gas which has been swept away from the irradiated spot
centre may mix with the impinging gas in the boundary
layer next to the surface vicinity. Therefore, the heat
accumulated in this region may not be diffused at a fast
rate, which in turn results in the temperature rise in this
region. This argument is true for all the pulse types
employed. In addition, the temperature decays rapidly as
the axial distance increases further away from the surface.
In this case low temperature gas jet purges the hot gas
further downstream in the radial direction.

Figure 12 shows the temperature variation in the axial
direction at a radial location of 0.0125 mm from the
irradiated spot centre and at the pulse ends of three pulse
types for 100 m s™' gas jet velocity. The temperature
profiles developed in the solid substrate is almost the
same as those obtained for 10 m s~'. Consequently, the
effect of gas jet velocity on the resulting temperature
profiles is not considerable. Temperature decays more
faster than that occurs for 10 m s~' gas jet velocity. In
this case, the pressure developed in the stagnation region
rises considerably, which in turn further accelerates the
radial flow. In addition, high velocity gas jet suppresses
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the stagnation region further close to the solid surface,
therefore, next to the surface vicinity the cool gas jet
dominates, resulting in low temperature attainment in
this region.

Figure 13 shows the axial temperature distribution at
the end of the pulses and a radial location of 0.3625 mm
away from the irradiated spot centre for three pulse types
and 100 m s~! gas jet velocity. The temperature profiles
in the solid side appear to be similar to those obtained
for 10 m s~ ' gas jet velocity. In the gas side, temperature
profiles in the axial direction decays at a considerably
fast rate. This may again be due to the development of
the radial flow.

Figure 14 shows the radial pressure distribution for
two gas jet velocities and two cooling period ratios. The
radial pressure gradually builds towards the workpiece
surface for 10 m s~' gas jet velocity and the pressure
variation in the radial direction is not substantiated,
which in turn results in the low radial velocity attainment
in this region. The influence of cooling period on the
radial pressure contours is not significant. Alternatively,
when comparing Figs 14a and b, the radial pressure vari-
ation for 100 m s~' gas jet velocity is considerable ; in
this case, the radial flow due to pressure difference is
substantial.

6. Conclusions

The conclusions derived from the present study may
be listed as follows:

(1) The repetitive pulse with low cooling period results
in increasing rate of peak to valley temperature
difference. In this case, the temperature integration
inside and at the surface of the workpiece is unlikely.
However, for the repetitive pulses having long
cooling period results in identical temperature pro-
files being developed at the surface and inside the
solid material, and, the peak to valley temperature
difference is considerable.

(2) As the radial distance increases from the irradiated
spot centre, the amplitude of the temperature oscil-
lation reduces. This may be due to the spatial power
intensity distribution, of the laser beam, which is
considered as Gaussian.

(3) The amplitude of the temperature distribution
decreases considerably as the distance from the sur-
face increases. This is especially true for the repetitive
pulses with moderate cooling period. In this case, the
thermal integration may become likely. However,
none of any of the repetitive pulse types used in the
present study results in thermal integration at the
workpiece surface.

(4) The gas side temperature also oscillates similar to
that occurs at the solid surface. As the radial distance

increases the gas side temperature at some distance
away from the surface attains high values. This may
be due to radial flow of the fluid in the surface
vicinity, which in turn accelerates the mixing of the
heated gas in the surface vicinity with the impinging
gas jet.

(5) The impinging gas jet velocity has almost no effect
on the solid side temperatures. However, it has a
great influence on the development of the gas side
temperature. In this case, rapid decay of the gas side
temperature occurs in the surface vicinity for high
gas jet velocity.

(6) The influence of cooling period ratio on the resulting
velocity and pressure fields is negligible. Therefore,
the flow thermal properties may not be effected by
the heat transfer from the irradiated spot. In
addition, the radial flow is substantiated, due to the
high radial pressure gradient attainment, for high gas
jet velocity.
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