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RADIAL HEAT CONDUCTION IN LASER HEATING
OF MATERIAL SLABS

INTRODUCTION

It is well known that intense laser beams can heat materials fo high temperatures in
short times and easily induce melting and vaporization, The incident flux intensity and
material properties determine the physical processes involved in the interaction, with the
processes becoming more complex as the intensity increases. At relatively low intensities
(2 103 W/cm?) the beam induces heating and melting, whereas at the other extreme (>10°
W/cm?) vaporization and ionization occur (see reference), In field applications of laser-
induced heating, atmospheric effects and long propagation paths will restrict operation to
heating and melting. Therefore, the coupling of the incident energy to the material will
be a critical problem,

In theoretically treating the problem of laser heating of a material, the coordinate
system for analysis is usually chosen for mathematical expediency, In particular, it is
tempting to use a one-dimensional approach which ignores geometry and inhomogeneous
heating but allows a high degree of sophistication in the analysis. However, such an
approach implies heat conduction in only one direction and irradiation of infinite slabs
by beams of infinite diameters. If the objects being irradiated are flat and of the same
or smaller size as the beam diameter, or if the beam intensity is sufficiently high to
cause very rapid heating, the one-dimensional approach may give meaningful results,
However, in realistic applications this is generally not the case, and radial heat conduction
and geometric corrections must be considered,

To quantify the cases in which radial conduction is important, this report investigates
the heating of metal slabs by laser beams of finite diameters, A two-dimensional approach
is taken which assumes cylindrical symmetry, and the method of finite differences is -
used fo determine temperature profiles in the slabs as a function of time and incident flux
intensity, The times necessary to induce melting at the front surface of the slabs are
obtained in the two-dimensional approach and compared with the times obtained in the
one-dimensional approach. This gives a direct indication of the importance of radial
econduction,

ANALYSIS

The heat conduction equation for cylindrical symmetry is

a (’E’ﬁ . ?ﬁ) (1)
t ax?  2y2
where
K = EE = diffusion coefficient,
£ = density,

c = specific heat, and
k =thermal conductivity,
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For laser heating at the front surface, the boundary condition is

aT
ka = - aP, (2)
where
P = incident power per unit area
and

o = absorptance,

I the slab is divided into N + 1 square sections of dimension h_ = hy, the above equa-
tions become, in finite-difference form,

T(x, v, t +h) = % Tx+h, vy, )+ T{x-h, 3 1) {3)
+T{x, y + hy, £y + T(x, y ~ hy, t}}
and
af
T{X, ¥ t) = -i: hx + T(x + hx, ¥, t), {4}
where
212 _
h2 = hZ = dch,. {5)

These equations were programmed and compufations made run for the irradiation of
aluminum and stainless-steel plates, Other materials could have been easily studied, but
it was felt that these two were representative. In all cases it was assumed that the plates
were ingulated at the back surfaces and at the fromt surfaces outside the beam diameter,
This condition could easily be relaxed by assuming a heat loss due to convection or radia-~
tion, Although the edges of the plates were assumed to be insulated, the plate diameters
were made sufficiently large to absorb the radiaily conducted heat., The program is listed
in the Appendix,

RESULTS AND SUMMARY

The resulis are summarized in the figures, An exhaustive set of cases could have
been run, but it was felt that those treated define the regions in which a one-dimensional
analysis is not sufficient fo predict times to reach melting, R is alsc felt that this report
shows the utility of the finite-differences method in freating realistic problems, Only
stight modifications of the program would be necessary to accommodate Gaussian beam
profiles {or superposition of such) and heat losses due to convection or radiation at the
material surfaces, Also, by using interpolation schemes at the surfaces, the finite~
differences method can accommodate curved surfaces and any analytic or step variation
with temperature of the material parameters,
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APPENDIX

PROGRAM RADCOND

NDIMENSTON T(89200+2)

FORMAT (154 3ES+ 215+ 2ES+E10¢2ES)

FORMAT (IS 42F Te39F5a1 92 59F 501 0F642eF10.1eFTe19FT7,3///)
FORMAT(E15.67(20F8))

FORMAT (10 ¢/})

FORMAT (20F5) .

READ 704 NeDsCAPsAMBoLMAXsMMAX s APTsALPHAJPOW ¢ TMy
TFIEOF 46011014102

PRINT 71sNeDeCAP+AMRsLMAXoMMAX s APT v ALPHASPOWs TMa
UX = N/(N+1) § HY = HX & HT = HX#HX/CAP/4.

J1 =1 % J2 =50 %1 51

no 8 M=) MMAX

nO & ) =2,LMAX

T(LeMyT) = AMB

L o= Lmay

N0 10 M=) «MMAX

TL*1eMel)Y = Tl eMsI)

M = MMAX

NG 15 L=2.1 MAX

TILeMel oI} = TlLoMal)

| = 2

ND 29 M= 4MMAX

R 2 (M=]l)eHY

TF{APT=R) 22423423

TiLwletdeIy = T{LoMsI)

GO To 25

TILoMaT) = ALPHARPOWSHX/C+T{L+1vMy])
T(LoMaTol) = T(ELoMy1}

CONT TaNIE

M=)

DO 30 | =3 .LMAX

TlloMaToly = (TUL+Y1sMaTI4T(LmloMeY)+2,%T(Ls2s1)) /4,
N0 &0 M=2 . MMAX

R = (Mal)#MY

TF(APT=R)32,34,34

LS = »

G0 TO 3%

I.§S = 1

N0 36 1,=LSsEMAX :

TILoMe 741} = (TLL+LoMaT)}+T(LmloMoTI*T(LoMelo I} +TILaM=11)) 24,
CONTIMIE )

NO 45 M= MMAX

N0 45 (=2, MAX

T(LaMeT) = TH(LsMyT+]1)
TF(TMaT (2413 1)) A04AN50
TFIJ2a 1) EN 60455

J1 = J1e+]

Gn To 7

TIME = J28HT

JP2 = P85

J1 2 14}

PRINT 72¢TTMEs ({T{2eMy1)} oM=L aMMaXy10)
PRINT 74y (T{TsMs1)eM=1eMMAX,10)
IFITMaTIZ2, 1, 103100410047

PRINT 73
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Fig. 1 - A 2024-aluminum disk 0,635 cm thick and 25 ¢m
in radius is irradiated by a 30-kW beam having a radius
of 1 cm. The temperature is shown as a function of time
and the distance from the center of the beam. The solid
curves are for the front-surface temperatures inthe two-
dimensional {2-D} analysis, as are the dotted curves for
the back-surface temperature, and the dash-dot curves
are for the front.gurface temperatures in the one-
dimensional {1-D} analysis, The time for the front sur-
face to reach melting in the two-dimensional analysis is
denoted t,{2-D) whereas for the one-dimensional
analysis it is t,(1-D). Io this case it is noted thatt
{2-D)/ t,{1-D} = 2.69; that is, it took over two 2nd one
half times longer to reach melting inthe two-dimensional
analysis than in the one-dimensional analysis. Also, the
effects of inhomogeneous heating can be seen, and the
material remains at ambient temperature {20°C} beyond
10 em.
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Fig. 2 - A 304-stainless-steel disk with identical
dimensions as for the aluminum disk of Fig, 1 is
irradiated by a 1,5-kW beam with a radius of 1 em.
The notation of this figure is the same as for
Fig. 1. In this case it took two and one quarter
times longer to reach melting in the two-
dimensional analysis than in the one-dimensional
analysgis. Again, the effects of inhomogeneoua
heating can be seen, and the material remains at
ambient temperature (20°C) beyond 10 cm.
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Fig, 3 - A 2024-aluminum digk 0.635 cm thick and 25 ¢m inradins
ie irradiated with beams of various powers and radii, The ratios
of the two-dimensional-analysis times to reach melting to the one~
dimensional-analysis times are plotted as a function of beam power
and radius, The curves go asymptotically to 1, with the ratio still
about 1.2 at powers ag high as 150 kW, Alse, below 50 kW the
ratios increase rapidly.
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Fig. 4 - Withthe same notation as for Fig. 3, a 304~stainless-
steel disk with identical dimensions as for the aluminum
disk is irradiated with beams of various powers and radii.
Again the curves go asymptotically to 1, and the ratios in-
crease rapidly below 3 kW,




