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Abstract

This article deals with the transport of a train of short-pulse radiation through a 2-D rectangular participating medium. The diffuse as
well as collimated incident short-pulse radiations are considered. Temporal profile at the boundary of incidence is a step function. The
pulse train consists of 1-4 pulses. The homogeneous participating medium is absorbing, and scattering. Both diffuse and collimated pulse
trains with pulse width of the order of a nano-second are considered. Transmittance and reflectance signals are analyzed for the effects of
the extinction coefficient and the scattering albedo. Heat flux distributions inside the medium are also studied. The finite volume method

is used to solve the problem.
© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

In recent times, developments of many new technologies
can be attributed micro- and nano-scale engineering. Some
applications of such technologies are micro-fabrication,
non-destructive testing, remote sensing and bio-medical
diagnostics [1,2]. In these, the spatial dimensions range
from O(10~° m) to O(10~° m) and the temporal dimensions
range from O(1 s) to O(10~'¥ ). The developments of these
technologies require a proper understanding of the spatial
and temporal distributions of various quantities.

Diagnosis using a very short-pulse thermal radiations is
one of non-invasive techniques being explored these days
to characterize optically participating tissues and turbid
media [2-36]. As far as imaging of the tumors in a living
tissue is concerned, short-pulse thermal radiation imaging
is believed to have advantages of economic viability, com-
pact set up and no side effect over established techniques
such as X-ray computed tomography, ultrasound and
MRI [22]. Apart from these, short-pulse thermal radiation
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finds applications in laser tissue welding [3-5], laser tissue
soldering [5,6,22], laser tissue ablation [6,22], photody-
namic therapy [22] and remote sensing [10,13,14], to name
a few.

A good amount of literature has been devoted to the
study of interaction of a short-pulse radiation with an opti-
cally participating medium. Both homogenecous [14-
23,26,27] and inhomogeneous [24] media have been consid-
ered [4,5,8-34]. Although most of the studies have focused
on a simple 1-D planar geometry [14,18,22,26-29,32-34],
some studies have also been reported for 2-D [17,20,21]
and 3-D Cartesian geometries [24,30]. In these studies, var-
ious numerical radiative transfer methods such as the
spherical harmonics method (Pn approximation), the dis-
crete ordinates method (DOM), the discrete transfer
method (DTM), the Monte Carlo method (MCM), the
radiation element method and the finite volume method
(FVM) have been employed, and mostly the analyses were
carried out for a single-pulse radiation.

Recently Muthukumaran and Mishra [32-34] have stud-
ied the interaction of a short-pulse radiation train with 1-D
homogeneous and inhomogeneous participating media.
They analyzed the problems with diffuse as well as colli-
mated (laser) radiations and considered both step as well
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Nomenclature

anisotropy factor

speed of light

incident radiation

heaviside function

intensity

blackbody intensity, ,;774

unit vectors in Xx, y-, z-directions, respectively

number of discrete directions

total number of pulses in a pulse train

scattering phase function

outward normal

heat flux

source term

geometric distance in the direction of the inten-

sity

temperature

time period of a pulse train

time

pulse-width

Y  physical dimensions of the medium in x- and y-
directions

X,y x- and y-coordinate directions

mE~mas s
=

Lo T Zi

e S NN

Greek symbols
p extinction coefficient
0 Dirac-delta function

Ka absorption coefficient

& emissivity

0 polar angle

o Stefan-Boltzmann constant = 5.67 x 10~ W/
m> K*

Oy scattering coefficient

Q direction (6, ¢)

AQ solid angle, sinf0dfd¢

w scattering albedo (= ‘;7)

¢ azimuthal angle

Subscripts

c collimated

d diffuse

E, W, N, S cast, west, north, south

P cell center

r reflectance

t transmittance

w wall/boundary

Superscripts

m index for the discrete direction
dimensionless quantity

as Gaussian temporal profiles of the incident pulses.
Unlike, a single-pulse, the pulse train was found to provide
additional information about the medium.

A 2-D geometry represents more realistic situation, but
on the other hand, it brings additional mathematical com-
plexities. Analyses of a short-pulse radiation in a 2-D rect-
angular geometry have been reported in [17,20,21]. In these
studies, the MCM, P-1 approximation and the DOM have
been used. These analyses were reported for a single-pulse
radiation.

The FVM, though an offshoot of the DOM, is computa-
tionally more expensive due to the integration of the direc-
tion cosine over the elemental solid angle. This integration
minimizes the ray effect and eliminates false scattering
which are the two main drawbacks of the DOM. Further
because of integration over control volumes and solid
angles, unlike other methods, the FVM is fully conserva-
tive and is thus well suited for a large class of problems
dealing with radiative transfer including transient radiative
transfer.

As far as the 2-D rectangular geometries are concerned,
so far no work has been focused on the study of the effect
of multiple pulses on transmittance and reflectance signals.
The present work is therefore aimed at the analysis of inter-
action of a short-pulse laser train in a 2-D rectangular par-
ticipating medium. To see the effects of different number of

pulses, the pulse train is assumed to be consisting of 1-4
pulses. Further to study the nature of the originating sig-
nals, both diffuse as well as collimated radiations are con-
sidered. The temporal profiles of these pulses are
considered to be a step function. The FVM is used to ana-
lyze the problem.

2. Formulation

We consider the south boundary of the 2-D rectangular
(Fig. la) absorbing, emitting and scattering participating
medium subjected to a pulse radiation. As shown in Figs.
2b and c, the pulse radiation at the south boundary can
either be diffuse or collimated. The temporal profile of
the pulse radiation is a step function (Fig. 1d). The pulse
train consists of 1-4 pulses. The pulse-width 1, of the inci-
dent radiation is of the order of 10~?s. The half-time per-
iod of the pulse train is taken the same as the pulse width ¢,
(Fig. 1d).

Since the radiation source at the south boundary is
available for a very short time, O(10™? s), although it trav-
els with the speed of light (¢ =3 x 10® m/s), its propaga-
tion in the medium is a transient phenomenon. The
radiation signals at any point in the medium including
the boundaries are thus short-lived and their magnitudes
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Fig. 1. (a) 2-D Geometry and the coordinate system under consideration; (b) south boundary subjected to a short-pulse diffuse radiation, (c) south
boundary subjected to a short-pulse collimated radiation; (d) temporal profile of a 4-pulse train.

are strong functions of time. In this situation, the radiative
transfer equation (RTE) is given by

1NoI oI Os / /
<E>6_t+a_s__ﬁ]+Kalb+E/4nlp(Q’Q)dQ (1)

where s is the geometric distance in the direction § =
(sin 0 cos ¢)i + (sin O'sin ¢)j + cos Ok, x, is the absorption
coefficient, f is the extinction coefficient, oy is the scattering
coefficient and p is the scattering phase function.

In the present work we have considered the south
boundary of the 2-D medium subjected to either diffuse
or collimated radiation. In the following pages, we provide
a formulation for the latter case which is more general. The
change in the formulation for the diffuse radiation is high-
lighted wherever it is necessary.

The transport of the collimated radiation in the medium
and its decay results in diffuse radiation. Thus within the
medium, the intensity 7 is composed of two components,
viz., the collimated intensity /. and the diffuse intensity /4.

I=1.+14 2)

The change of the collimated intensity /. in the medium
is governed by

ol
a = _ﬁ[c (3)

[\
c) Ot
From Egs. (1)—(3), we get

<%>%+%ﬁ[d+Sc+Sdﬁld+St 4)
where S, and Sy are the source terms resulting from the col-
limated and the diffuse components of radiation, respec-
tively. In Eq. (4), S;=S.+ Sq is the total source term.
The source term S, resulting from the collimated radiation
I, in terms of the incident radiation G, and heat flux ¢, for

a linear anisotropic phase function  p(Q,
Q')y=14+acosfOcosl’ is given by
o 4n
Se() :—S/ 1.(Q,0)p(Q, Q) d
4 Jo—o
= > [Ge(1) + acos Og (1) (5)

In Eq. (5), G. and ¢. are given by

Gc(t) :IC(Q,d),I) (6)
q.(t) =1.(0,,t) cos 0 (7)
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Fig. 2. Comparison of (a) transmittance ¢; (0.5,1.0,") for £ = 1, (b) reflectance ¢;(0.5,0.0,¢*) for £ = 1 and (c) transmittance g} (0.5,1.0,7*) for £ = 100

signals in a 2-D medium.

where

1.(0, ¢,1)
= le.max (0, @, 1) exp(—Pse) [H{B(ct — (N = 1)T, — 5c)}
—H{p(ct — (N — 1)T, — s.) — Pet,}]
X 6(0 = 0c) x 6(¢p — o) (8)

where in Eq. (8), I, max i1s the collimated intensity at the
south boundary, s, is the geometric distance in the direc-
tion (0., ¢.) of the collimated radiation, ¢ is the Dirac-delta
function and H is the Heaviside function.

If t* = Bet and t, = Pty are the dimensionless times, Eq.
(8) can be written as

1.(0,¢,t)
= Ie max (0, @, ") exp(—Psc) x [H{t" — (N — )T}, — Bsc}
—H{t'— fs. — (N — 1)T; — t:;}]
x 6(0 = 0c) x 6(¢ — o) 9)

where in Eq. (9), N is the number of pulses and T, = ficT),
is the dimensionless time period of the pulse train.

In Eq. (4), for the linear anisotropic phase function p(£2,
Q')=1+acosOcos@, the source term Sy in terms of inci-
dent radiation G4 and heat flux ¢4 resulting from the diffuse
radiation /Iy is given by

Os

Sd(l‘*) = Ka]b(t*) +4TE

[G4(t) + acos Ogy (1)) (10)
In Eq. (10), G4 and ¢4 are given by and numerically com-
puted from [35]

My M, n
A
Gult) ~ 30 S 1a(0F. o7 2sin o sin (S5 ) gy an)
=1 k=1
My My

qa(t) = > Y 1a(Ok, ¢, 1) sin 0] cos 0] sin AGF AP (12)
=1 k=1

where My and M are the number of discrete points consid-
ered over the complete span of the polar angle
(0 < 6 < m)and azimuthal angle (0 < ¢ < 2n), respectively.
Therefore, My x M, constitute the number of discrete
directions in which intensities are considered at any point.

For a boundary having temperature T, and emissivity
&w, the boundary intensity I4(ry,?") is given by and com-
puted from

* 8WO-T4 1 — &w ot R 7 mo ok
zd<rw,z>w—w+( )zzud,wwk, )
=1 k=1

Y Y

+ 1. w (07, 7, 1)) sin 0 cos 0} sin A} AgY'
(13)



2286 R. Muthukumaran, S.C. Mishral International Journal of Heat and Mass Transfer 51 (2008) 2282-2298

where in Eq. (13), the first and the second terms represent
emitted and reflected components of the boundary inten-
sity, respectively.

In terms of non-dimensional time ¢,
Eq. (4) for a discrete direction (
now written as

the RTE given in
07, ¢}) with index m is

ory oIy

ﬁat* +—+ﬁ]’" =Sy (14)

Using backward differencing scheme in time, Eq. (14)
becomes
1) 13— Ar) ag(r)

B At* Os™

+PIE() = S()  (15)

Eq. (15) is written in simplified form as

a]ln(t*)
Os™

where B = and C =

(1+At*) 1+At* .
Below we briefly present formulation and methodology

to solve Eq. (16) using the FVM. Details of this method

+ pIi(r") = BSY(t") + CI{ (¢t — Ar") (16)

[|Dr g, () +

A, () + (ST (e) + (55) 1 (¢

UG 6 () = 1§ w () ADY + [IF N (1)
B

= |- B e) + ST+

- Ifin, S (t*)]Any

%13{ (£ — AF)[dVAQ"  (21)

where A, and A4, are the areas of the x- and y-faces of he 2-
D control volume, respectively. In Eq. (21), I with suffixes
E, W, N and S designate east, west, north and south con-
trol surface average intensities, respectively. On the right-
hand side of Eq. (14), I/} and Sp are the volume averaged
intensity and source term at the cell centre ‘P’, respectively.
To reduce the number of unknowns in Eq. (21), in a
given direction, in a control volume, a relationship is
sought among surface average intensities and the volume
averaged intensity. The common practice in the FVM is
to use a diamond differencing scheme. For 2-D control vol-
umes considered in the present problem, thus we have:
I+ 18
m,="% 5 S _ d,E2 d, W (22)

From Egs. (21) and (22), a general expression of 7§ ,(¢*)in
terms of known surface average intensities and source
terms is written as [35]

At*)}

1”1 t* — -
arl®) |D2|A, + | DA, + (P4

specially for transient radiative transfer can be found in
Mishra et al. [25] and for a steady-state radiative transport
problems, the same can be found in Chai and Patankar [36]
and Mishra and Roy [35].

Resolving Eq. (16) in x- and y- Cartesian coordinate
directions and integrating over the elemental solid angle
AQ", we get

g (1) pyn, Wa (1)
B[ x by oy
= [BSY(r") + CIg(

D’"] + BN (E)
— AP)AQ" (17)

When the outward normal 7 is pointing towards one of the
positive coordinate directions, D} and D) are given by
Mishra and Roy [35]

m

A
D" = cos ¢" sin ( ;b ) [AO™ — cos 20" sin(AO™)] (18)

e om e [AD" " o "
D! =sin ¢" sin <T) [AO" — cos 20" sin(A0™)] (19)
For 7 pointing towards the negative coordinate directions,

signs of D" and D] are negative. In Eq. (17), A Q" is given
by

A 11
AQ" = 2sin 6" sin ( 20 )A(j)’” (20)

Integrating Eq. (17) over the 2-D control volume
(dV=dx x y x 1), we get

(23)

where in Eq. (23), x; and y; suffixes over [ are for the
intensities entering the control volume through x- and y-
faces, respectively.

2.1. Solution procedure

Temporal signals at the boundary of incidence and the
opposite boundary are termed as reflectance ¢;(,0,¢)
and transmittance g; (X, l,t*), respectively. These are the
two important signals normally analyzed and they are the
radiative fluxes at the respective boundaries because of
the radiative contributions from the medium. Further, heat
flux ¢*(£,%,r") distributions inside the medium also pro-
vide some useful information. For any dimensionless

timet*, in non-dimensional form, they are defined as
,0,¢
Reflectance: Q‘, 0, t) M (24)
qm (X 9 O t*)

qc()(vlvt)+qd()(717t)
qin()(aoat*)

Transmittance: ¢; (—, 1, )

(25)

xy t*) qC(X’Y’ )+qd(Xv);>t*)

Heat flux: q*()—(,Y " (}7 0 t*)

(26)

where ¢,,(5,0,¢) is the flux input to the medium through
the boundary of incidence (south boundary).
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The time marching and ray tracing procedures have
been adopted from Mishra et al. [25] and Mishra and
Roy [35] and the same are not repeated here.

3. Results and discussion
For grid independent, 50 x 50 equal size control vol-

umes were used and a maximum of 120 directions covering
the 4 solid angle were found enough for the ray-indepen-
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dent solutions. 1000 divisions of the total time * domain
were found sufficient for marching in the time dimension.
At every time step, the iteration was set to [SY" 4 p—
8P wpl <1.0x 107

“The code written in Turbo C++ was executed on a Xeon
300 dual processor 800 MHz computer. To study the com-
putational time, the CPU times were recorded for all the
cases. The CPU times for optically thin (f = 1.0) to thick
(f = 10.0) cases ranged from 55 s to 280 s, respectively.
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Fig. 3. Transmittance ¢;(0.5,1.0,¢*) signals and reflectance ¢;(0.5,0.0,*) signals for 1-4 pulses for three different values of extinction coefficient . The
south boundary subjected to diffuse radiation.
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3.1. Validation of results

First we validate the results of the present work for a
single-pulse with those available in the literature. For a
square medium ()7( = 1) subjected to a single laser (colli-
mated radiation) pulse, Figs. 2a and b show comparison
of the present results with those of Sakami et al. [21]
obtained using the DOM with high order upwind piecewise
parabolic interpolation scheme. In Fig. 2c and d, transmit-

tance results of the present 2-D code have been compared
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with those from Mishra et al. [25] and Muthukumaran
and Mishra [32] for the 1-D case. In the 2-D case, these
results are computed at (0.5,1.0) on the north boundary.
To compare the results of the 2-D code with that for 1-D
case with collimated radiation, for results in Fig. 2c, the
aspect ratio §: 100 was considered and the domain was
divided into 500 x 10 control volumes. With diffuse radia-
tion (Fig. 2d), the aspect ratio £ = 10 was found sufficient.
A higher value of % in case of collimated radiation is attrib-
uted to strong directional dependency.
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It is seen from Figs. 2a—d that in all the case, results of
the present work with single-pulse are in good agreement
with those available in the literature.

3.2. Results with 1-4 pulse train

In the following pages, we provide results for a square
medium (5 = 1) with its south boundary subjected to either
diffuse or collimated pulses. The pulse train is considered
consisting of 1-4 pulses.

With the south boundary subjected to a diffuse pulse,

Figs. 3a—f show transmittance ¢;(0.5,1.0,7) and reflec-
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tance ¢:(0.5,1.0,#) at the middle of the south and the
north boundaries, respectively. With scattering albedo
w = 1.0, for 1-4 pulses, these results are shown for three
values of the extinction coefficient f. It is seen from Figs.
3a—c that the magnitudes of the signals peak decrease with
increase in f. It is also observed that troughs that are pres-
ent in 2-4 pulses in Fig. 3a for § = 1.0, vanish for higher
values of f (Figs. 3b and c). Observations of Figs. 3a—c
show that the peaks of different pulse-trains are more
aligned for higher f and temporal spreads in the signals
are more spread for higher . A distinct difference in the
peak magnitudes of the signals for multiple pulses are
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curve indicates the distribution of the signal at n x 100th time step. Solid and dash lines are results for 1- and 4-pulse diffuse radiation.
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observed for f=5.0 and 10.0. Further, since radiation
takes 1" = Bct = BY to reach the opposite (north bound-
ary), with Y = 1.0, in Figs. 3a—c, the transmittance signals
start appearing at " = f.

For the corresponding cases, reflectance ¢(0.5,0.0,¢)
results are shown in Figs. 3d-f. Unlike transmit-
tanceg; (0.5, 1.0, ¢*), the peak magnitudes of the reflectance
¢:(0.5,0.0,7*) signals increase with increase in ff, and also
different crests and troughs are distinct for all values off.
Like transmittance ¢;(0.5,1.0,7*) (Fig. 3a), the reflectance
¢:(0.5,0.0,7) signals (Fig. 3d) do not last long for
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p=1.0, and for f=15.0 and 10.0, they last longer (Figs.
3e and f). However, their temporal spans are shorter than
the transmittance ¢;(0.5,1.0,¢) signals (Figs. 3b and c).
Since the south boundary starts getting radiation the time
the radiation enters the medium, the reflectance signals
are seen to start with r* = 0.0 (Figs. 3d—f).

Transmittance g:(0.5,1.0,¢*) and reflectance
g:(0.5,0.0,7*) results with collimated pulses are shown in
Figs. 4a—f. With scattering albedo v = 1.0, for 1-4 pulses,
these results are shown for three values of the extinction
coefficient f=1.0, 5.0 and 10.0. For f=1.0, trends of
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the two signals (Figs. 4a and d) are similar to that of diffuse
pulse train (Figs. 3a and d). For 1-3 pulses, the transmit-
tance signals with f = 5.0 have a distinct peak and a sharp
decline leading to another well distributed maxima
(Fig. 4b). The sharp peak is attributed to the arrival of
the collimated component of the incident radiation much
earlier than the diffuse radiations from the medium.
Though the troughs in the curves occur at the same time
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for 1-4 pulses (Fig. 4b), a large difference in their magni-
tude is observed. With =10.0 (Fig. 4c), unlike f=15.0
(Fig. 4b), distinct crests and troughs at an early stage are
not prominent. Like diffuse radiation (Fig. 3c), for
p =10.0, the signals are characterized by a single crest
for any number of pulses.

The reflectance ¢:(0.5,0.0,¢) results with f=1.0, 5.0
and 10.0 for 1-4 pulses are shown in Figs. 4c—f, respec-
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tively. Profiles of these signals are the same as that for the
diffuse pulse train (Figs. 3d—f) except for f = 5.0 and 10.0,
narrow crests and troughs are visible for a single and a 2-
pulse train.

In Figs. 5 and 6, for a single and a 4-pulse train, distri-
butions of transmittance ¢;(£,1.0,r) and reflectance
q;(%,0.0,¢") results along the boundaries, have been plot-
ted for diffuse and collimated radiations, respectively. With
w = 1.0, these distributions are shown for the extinction

R. Muthukumaran, S.C. Mishral International Journal of Heat and Mass Transfer 51 (2008) 2282-2298

coefficient § = 1.0, 5.0 and 10.0. For a given f, these distri-

butions are plotted at 6 time levels, viz.
+ =100, 200, 300, 400, 600 and 800.

It is seen from Figs. 5a and 6a that when the medium is
less participating (f = 1.0), the transmittance g; ()i(, 1.0, t*)
results for a single and a 4-pulse train almost coincide with
each other at all times. However, the reflectance
q:(%,0.0,7*) signals are more distinct at almost all times

for a single and a 4-pulse train. For = 5.0 and 10.0, the
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transmittance g; (f, 1.0, t*) signals at all time levels are well
separated. However, it is observed that for any value of f,
-+ =100 since the magnitudes of the sig-
nals are very small, they are not noticeable. This can be ver-
ified from Figs. 3a—c and 4a—c, where the time evolution of
the transmittance signals in the middle of the north bound-
ary (0.5, 1.0) have been plotted.
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It is observed from Figs. 5d and 6d that for = 1.0 at
F = 100, for both diffuse and collimated pulses, profiles
of the reflectance ¢; (£,0.0,7") signals coincide for both a
single and 4-pulse train. However, at A’, =300, the
q”;()i(,0.0,t*) is considerably higher for a 4-pulse train. At
later times, they are close with each other. For f=5.0

and 10.0, (Figs. 5S¢ and f and 6e and f), profiles of
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q;(£,0.0,¢") at the first two time levels are far too distinct
for a 4-pulse train. However, for a single-pulse, their mag-
nitudes are less. At later time levels, for both a single-pulse
and a 4-pulse train, results are close to each other.

Figs. 7-10 provide heat flux contours in the medium for a
single and a 4-pulse train. In each of these figures, the con-
tours are plotted at three time levels, viz At—; = 50,200 and
800. In these figures, results for a single-pulse are given in
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Figs. 7a—c, 8a—c, 9a—c and 10a—c, whereas the same for a
4-pulse train are given in Figs. 7d—f, 8d—f, 9d—f and 10d-f.
For w =1.0 and f = 1.0, heat flux contours are given in
Figs. 7 and 8 for diffuse and collimated pulses, respectively.
In Figs. 9 and 10, heat flux contours are presented for diffuse
and collimated pulses, respectively for o = 1.0 and = 10.0.

From Figs. 7a and 8a it is observed that for a single-
pulse, at - = 50, the negative heat flux ¢*(£,%, ") appears
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near the south boundary. It is to be noted that the negative
heat flux contributes towards the reflectance ¢ (£,0.0,¢)
signals. For a 4-pulse train, from Fig. 7d it is observed that
-+ = 50, like Fig. 7a, for a single-pulse, the radiation has
not reached the north boundary, but the positive heat flux
towards the north boundary is more prominent.

At = = 200, it is observed from Figs. 7b and e and 8b
and e that both negative and positive heat fluxes remain
in the medium for a single and a 4-pulse train. The region
of negative heat flux is observed to be more for a single-
pulse. Further it is observed that the peak magnitudes of
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the heat flux are still found inside the medium in the neigh-
borhood of the north boundary. But as time progresses
(£ = 800), the maximum magnitude of heat flux is found
to be concentrated around the middle of the south and the
north boundaries as seen in Figs. 7c and f. This observation
is substantiated with Figs. 5a and d.

A comparison of Figs. 7b and 8b show that the heat flux
concentration around the middle of the north boundary is
already established at - =200 in the case of collimated
single-pulse (Fig. 8b). Though the medium is low absorbing
(f = 1.0), in case of collimated radiation, since radiation is
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more directional than the diffuse, the heat packet is found
much earlier at the north boundary (Fig. 8b).

Heat flux contours in Figs. 9a and d for diffuse radiation
for a single-pulse and a 4-pulse train for f = 10.0 look sim-
ilar at A’—t = 50. A similar trend is also observed in Figs. 10a
and d for the collimated radiation.

At £ =200, a smooth distribution of heat flux varying
from a minimum near the boundaries to a maximum near
the geometric centre of the medium is seen from Figs. 9b
and e and 10b and e. The magnitude of the maximum is
much higher in the case of Figs. 9¢ and 10e due to more
energy contained with a 4-pulse train. The low gradient
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of heat flux inside the medium accounts for a longer life
of both the signals with = 10.0.

At £ =800, in Figs. 9c and 10c and f, the heat flux con-
centrations at the boundaries are widely distributed around
the middle of the north and the south boundaries. The
curves marked 8 in Figs. 5c and f and 6e and f are analo-
gous to this observation.

With extinction coefficient f = 1.0, for 1-4 pulse trains,
transmittance ¢;(0.5,1.0,#°) and reflectance ¢;(0.5,0.0, ")
signals for three different values of the scattering albedo
o are shown in Figs. 11 and 12 for diffuse and collimated
radiations, respectively. It is seen from these figures (Figs.
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11a—c and 12a—c) that when the scattering is less (w = 0.1),
transmittance ¢} (0.5, 1.0, ¢*) signals for a N-pulse train lasts
for a shorter duration, their peaks are flattened and magni-
tudes of the peaks are less. A comparison of reflectance
¢:(0.5,0.0,7) signals show, no visible effect of w on the
shape of the peaks and temporal spans for any pulse train.
Like transmittance, the magnitudes of the reflectance sig-
nals too are found to increase with increase in . A com-
parison of Figs. 11 and 12 shows that in case of
collimated radiation, the transmittance signals are the rep-
licas of the incidence square pulse but with a considerable
reduction in magnitude. Since the collimated radiation is
more directional, the shape of the transmittance signals
(Fig. 12a) for a lower value of f and a small value of w
is more or less like that of the incident pulses (Fig. 1d).
However, in case of diffuse radiation, the incident energy
is equally distributed in all directions, the signal profiles
are of diffuse nature.

4. Conclusions

Transport of a train of short-pulse radiation through a
2-D rectangular participating medium was studied. The
analysis was done by considering the south boundary of
the medium subjected to a short-pulse radiation. With
pulse width of the incident radiation of the order of a
nano-second, the problem considered both diffuse and col-
limated radiations. The temporal profile of the pulse radi-
ation was a step function and the pulse train consisted of
1-4 pulses. The homogeneous participating medium was
absorbing and scattering. The finite volume method was
used to analyze the problem. The transmittance and reflec-
tance signals were studied for the effects of the extinction
coefficient and the scattering albedo. Heat flux distribu-
tions inside the medium were also studied. With a single-
pulse, results of the present work were compared with
those available in the literature. The 1-D results from the
2-D code were also validated against 1-D results available
in the literature. In all the cases, very good comparisons
were obtained. Results with 1-4 pulses were found to have
significant effects of the extinction coefficient and scattering
albedo.
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