
Proceedings of 
2001 ASME International Mechanical Engineering Congress and Exposition 

November 11-16, 2001, New York, NY 

Put Paper Number Here 

TRANSIENT RADIATION ELEMENT METHOD FOR THREE-DIMENSIONAL 
SCATTERING, ABSORBING, AND EMITTING MEDIA 

Zhixiong Guo 
Department of Mechanical and Aerospace 

Engineering 
Rutgers, The State University of New Jersey 

98 Brett Road, Piscataway, NJ 08854 

Sunil Kumar 
Department of Mechanical, Aerospace, and 

Manufacturing Engineering 
Polytechnic University 

333 Jay St., Brooklyn, NY 11201 

Shigenao Maruyama 
Institute of Fluid Science 

Tohoku University 
Sendai 980-8577, Japan 

Proceedings of 
2001 ASME International Mechanical Engineering Congress and Exposition 

November 11-16, 2001, New York, NY 

IMECE2001/HTD-24265
 

ABSTRACT 
In this study transient radiative heat transfer is investigated 

in scattering, absorbing, and emitting media. The radiation 
element method is formulated for the first time to solve the 
transient radiative transfer equation in 3-D geometries. The 
sensitivity and accuracy of the method are examined. A good 
agreement of temporal transmittance predicted by the present 
method and Monte Carlo method is found. The characteristics 
of transient analysis are investigated via various problems of 
radiative transfer in inhomogeneous cubes. It is found that the 
transmitted signals are strongly affected by the inhomogeneous 
properties of the media through which the radiation has passed. 
In the position where the radiation travels a larger optical 
thickness, the broadening of the transmitted pulse width is 
more obvious and the magnitude of the transmittance is smaller. 

INTRODUCTION 
In the analysis of thermal radiation, the time-derivative 

term in the radiative transfer equation is usually negligible even 
if the boundary conditions and/or the sources that are 
responsible for the radiative intensity vary with time (Siegel, 
1998). Such a neglecting does not result in any practical errors 
for most traditional engineering applications because the 
imposed temporal variations at the boundaries are relatively 
slow when compared with the time scale associated with the 
propagation of radiation in the system at the speed of light. 
However, transient radiative heat transfer that accounts for 
radiation propagation speed is very important in small time 
scale systems such as in ultrashort pulsed laser transport 
(Kumar and Mitra, 1999) and in problems involving very large 
physical domain (Balsara, 1999). The short pulse laser systems 
are rapidly being deployed in a variety of nascent applications, 
such as laser material processing of microstructures (Tien et al., 
1997), optical tomography (Yamada, 1995), laser tissue 
welding (Poppas et al., 2000) and ablation (Pettit and 
Sauerbrey, 1993), measurement of optical properties (Prahl et 
al., 1993), and remote sensing (Walker and McLean, 1999). In 
the simulation of short pulse laser radiation transport in such 
systems, the neglect of radiation propagation effect could lead 
to considerable errors. 

Several numerical models have been developed to simulate 
transient radiation transport through absorbing-scattering turbid 
media such as biological tissues. Previously, researchers in the 
biomedical field broadly used the transient diffusion equation 
of angle-independent photon flux (Flock et al., 1989; Yamada, 
1995). Experiments have shown that such diffusion based 
approximation is only accurate for very thick samples, and it 
fails to match experimental data for thin and intermediate 
samples (Yoo et al., 1990). Further, it is inaccurate in the 
regions near laser incident spot and near surface even for thick 
samples (Richards-Kortum and Sevick-Muraca, 1996). In the 
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solution of the complete transient radiative transfer equation, 
Kumar et al. (1996) employed the P1 model for 1-D parallel 
systems. The Laplace transform (Skocypec and Buckius, 1982) 
and adding-doubling methods (Prahl et al., 1993; Rackmil and 
Buckius, 1983) have also been introduced in the solution of  1- 
D transient radiative transfer. Mitra and Kumar (1999) 
compared the various transient models for 1-D problems. Guo 
and Kumar (2001a) developed transient radiation element 
method for plane-parallel media of scattering, absorbing, and 
emitting and with collimated and/or diffuse irradiations. Mitra 
et al. (1997) considered 2-D transient radiative transfer using 
the Pi model. More recently, Wu and Wu (2000) developed an 
integral equation formulation for transient radiative transfer for 
1- and 2-D problems. Guo and Kumar (2001b) used the widely 
applied discrete ordinates method for the solution of  time- 
dependent radiative transfer equation in 2-D rectangular 
geometries. The Monte Carlo (MC) method is also widely used 
in the simulation of short pulse laser radiation transport (Flock 
et al., 1989; Hasegawa et al., 1991; Guo et al., 2000). 

The feasibility of applying various models to complex 3-D 
configurations is of  major concern in practical applications. 
The MC method is feasible for arbitrary shapes. However, 
when optically thick media, such as living tissue, are 
considered, the MC method suffers from severe statistical 
errors due to finite samplings. Moreover, its drawback of 
longer CPU time limits it from the clinical use in imaging 
reconstruction. The radiation element method (REM) with ray 
tracing model was initially developed to deal with surface 
radiation problems with arbitrary shapes (Maruyama, 1993; 
Guo et al., 1997). It was further extended to analyze radiative 
heat transfer in participating media including nongray and 
inhomogeneous properties (Maruyama and Aihara, 1997; Guo 
and Maruyama, 2000). In this method, the configuration is 
handled by various radiation elements consisting of numerous 
polygons and polyhedrons so that arbitrary shapes can be easily 
handled. New concepts of  absorption view factor and diffusely 
scattering view factor are introduced, and their values are 
obtained via ray tracing method. The analysis of  radiative 
transfer is based on the net radiation method commonly used in 
surface radiation transfer. The method has been successful 
applied to radiative transfer in arbitrary 3-D configurations, 
such as in boilers (Guo and Maruyama, 2000) and Czochralski 
crystal growth furnaces (Maruyama, 1993; Guo et al., 1997). 

In this study, the REM has been extended to solve transient 
radiative transfer in scattering, absorbing, and emitting media 
in 3-D geometries with inhomogeneous properties. To assess 
the accuracy of  the method, comparisons have been performed 
between the MC simulation and the transient REM (TREM) 
calculation. The influences of radiation element size, number of  
ray emission bundles, and time step size are examined. The 
characteristics of transient analysis are investigated via various 
problems of radiative transfer in inhomogeneous cubes. 
NOMENCLATURE 
A R = effective radiation area 

c = speed of  light 
Eb = blackbody emissive power 

F.. A _ j _  = absorption view factor from element i to j  
F,J diffusely scattering view factor 

G = incident radiation 
I = radiation intensity 

/o = diffuse radiant intensity 
N = number of  radiation elements 

Qr = heat transfer rate of  emissive power 
Qj = heat transfer rate of diffuse radiosity 
Qx = net heat transfer rate of radiative heat generation 
S, 7 = path length between element from element i to j  

t = time 
t* = dimensionless time 
T = temperature 

x,y,z = coordinates 
At = time step 

Ax = element thickness 
6 = emissivity, -- 1-.(2 

= scattering phase function 
tr = Stefan-Boltzmann constant 

O'a = absorption coefficient 
<re = extinction coefficient 
o's = scattering coefficient 
/2 = albedo of  a volume element or diffuse reflectivity of 

a surface element 
co = scattering albedo or solid angle 

l $ § 

Figure 1. Attenuation of a ray in an element along direction ~. 

MATHEMATICAL FORMULATIONS 
Considering a ray passing through a radiation element of  

participating medium as shown in Fig. 1, the radiation intensity 
I at r in the direction ~ can be formulated as (Modest, 1993): 
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dI( r , l , t )  
(~a +Cs) I ( r ,§ , t )+CaIb(r ,~ , t )  

ds (1) 

+-~n $4 I(r ,§ ' , t  ) • (~'--~§)do 

The first term on the left hand side is the total derivative term, 
in which both changes of intensity with location in space and 
time are included. To simplify the problem, the following 
assumptions are introduced: (1) the temperature, heat 
generation rate and refractive index in each element are 
constant and uniform; (2) scattering in each element is 
isotropic, and the scaling technique is employed for anisotropic 
scattering; (3) the scattering radiation distributes uniformly 
over the element. The third term on the right hand side of Eq. 
(1) is then approximated as 

(~s [. I(r,~',t) ~(§'-->§)do~ = c ~  ~ I(r,§',t)dc0 = (~slD(r,§,t) 
"~ 4x 

(2) 
where/o is the averaged diffuse radiant intensity. Introducing 
the extinction coefficient ere and scattering albedo co, Eq. (1) is 
rewritten as 

dI(r,§,t)  [_ i ( r ,~ , t )+( l_O) ib ( r ,§ , t )+o iD]  (3) 
T = t ~  e 

If we define f~=o~ for a volume element containing 

participating medium, and f~ = pd for a surface element, a 

generalized form of the radiant energy for element i can be 
obtained by integrating Eq. (3) as: 

Qd.i(r,t) = [(1-~)Ib.i(r,t)+ ~ I  ? ]x SAi(g, [1- exp(-~eidS')~to3dA 

(4) 
in which, a further assumption is made, i.e., the flight time of 
emission and scattering inside one element is negligible. 
However, the flight times of photons between various elements 
are to be incorporated. Whenever a surface element is 

encountered, ~ CSe~dS' >> 1. 

To simplify the integration in Eq. (4), we define an 
effective radiation area AiR as 

AR : l ~Ai(g) [1- exp(-  ~ e i d S '  ) b~dA 
It (5) 

1 (~)[1 P( ~o: dS')~ 
7~ ~ i 

where an averaged thickness of the radiation element in the 
direction § is introduced as 

- V / A(§) (6) 

in which, V and A(~ ) are the volume and area projected onto 
the surface normal to ~, respectively. It is worth noting that Ai R
is identical to the surface area for a surface element in which 
the reverse side is not incorporated. 

The generalized form of radiant energy rate leaving the ith 
element is finally written as 

Q,, i ( t )  - Ai R [~iEb,i(t) + ~i Gi( l ) ]  (7) 
where c i = 1 - f~i,  E b , i  = 7~Ib , i ,  and G i = n i p .  The net rate of 

radiative heat generation can be derived from the radiation heat 
balance on the radiation element as 

Qx,i (t) = AiR si lEo, i (t) - G i (t)] (8) 

The expression of emissive power QT,i of the radiation 

element is 

Qr,i (t) = Ai R F, i E b ,  i ( t )  . (9) 

The expression of irradiation energy Q6,i is 

QG,i = Ai R Gi • (1 O) 
If a system is consisted of N volume and surface elements, 

Eqs. (7) and (8) can be rewritten as 
N 

QJ,i (t) = QT,i (t) + Y~ FjDQj,j (t O. ) 
j=l i = 1,2, ,N 

N ' . . . . . .  

QX,i (t) = QT,i (t) - Z FAiQJ, j  (t O" ) 
j = l  

(II) 
in which, the absorption view factor F..A and diffuse scattering Id 

F D view factor u are introduced. If  the radiative properties of 
the media are not functions of medium temperature, the view 
factors are not functions of time and are identical to steady state 
definitions (Guo and Maruyama, 2000). 

Special attention should be paid to t O. in Eq. (11). It is given 
as the time instant t subtracted by the averaged flight time of 
rays between elements i and j ,  i.e, 

Sij 
t/j = t - - -  (12) 

c 

where S,~ is the distance between elements i andj. 

The heat flux of a surface element or the heat flux 
divergence of a volume element is calculated by 

qx,i = Q x , i / ~  (13) 
in which, V~=Ai for a surface element. 

NUMERICAL SCHEME 
The radiation elements consisted of numerous polygons 

and polyhedrons (see Maruyama and Aihara, 1997) and can be 
produced by applying general pre- and post-processor packages 
for the finite element analysis, e.g., the CAE software 
PATRAN. The radiation elements used in the present study are 
composed of arbitrary triangles, quadrilaterals, tetrahedrons, 
wedges, and hexahedrons. The view factors are calculated 
using the ray-tracing method. The procedure of ray tracing for 
transient radiative analysis is the same as in steady state 
analysis (Maruyama and Aihara, 1997; Guo and Maruyama, 
2000). If  the temporal variation of medium temperature and 
optical properties were comparable to the system radiation 
propagation time scale, the view factors would be functions of 
time and the procedure of obtaining the view factors would 
become more complicated. For the purpose application to 
biomedical imaging using ultrafast laser, however, the laser 
pulse duration is usually shorter than both the thermal 
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relaxation time and the system propagation time, and the laser 
is monochromatic. Thus, the medium can be assumed to be 
cold and the properties of the medium are assumed to be time- 
independent. 

In the steady state analysis, a matrix operation (Maruyama, 
1993) is generally used for the solution of  steady state Eq. (11), 
but it is time-consuming since the CPU time is proportional to 
N 3, in which N is the number of radiation elements. For 
transient analysis, Eq. (11) can be solved by the explicit method 
when the temperature field is given. First, the view factors are 
obtained between various elements. Second, the average 
distance between various elements and the light flight time 
from one element to another are calculated. Third, the time- 
dependent emissive power of  each element starting from t = 0 
is calculated. Then, the radiation energy rate and heat 
generation rate for each element are calculated using Eq. (11) 
with the advance of  time in a time step of  At. Finally, the time- 
dependent heat flux of  a surface element or the divergence of
heat flux of a volume element is obtained by calculating Eq. 
(13). When the explicit method (or iterative method for steady 
state) is employed, the required CPU time is reduced 
dramatically since it is now proportional to N 2. 

Because the present TREM is based on the integral 
formulation of  radiative transfer equation, the method is not so 
sensitive to the division of  numerical grids and the selection of
time step as with differential methods such as discrete ordinates 
method (Guo and Kumar, 2001b) or P1 method (Mitra et al, 
1997). The sensitivity of  TREM against the ray emission 
number, the divisions of elements and time step will be 
examined in next section. 

Comparing with the steady state radiation element method, 
the transient solution requires the computations of flight time 
between different elements, and all the quantities, such as Qr,i, 

QJ,i, and Qx,i ,  are time-dependent. Moreover, additional care 

must be paid to the time relationships in Eq. (11). 

RESULTS AND DISCUSSION 
The TREM method is applied to a cube with a unity side

length and that contains inhomogeneous media. The
distribution of  the inhomogeneous nature is represented by the
variation of the optical thickness in the media and is given by x(x,y,z)=a(1 Ix-0"51/I1 

0 ,  ,14, 

The walls are cold and black. The cube is subject to a unity
blackbody emissive power instantaneously assigned to the hot
media and/or subject to a hot irradiation at the wall at z = 0. 
The surface heat flux and divergence of beat flux are evaluated
as a function of time. Four cases are selected for the present
study (see Table 1): El ,  purely absorbing-emitting media (co = 
0); E2, absorbing, emitting and isotropically scattering media
(co-- 0.9); E3, purely scattering, one hot wall and five cold
walls; E4, large optical thickness and highly scattering media.
Since we adopt dimensionless units for length and optical
thickness, dimensionless time is also adopted and defined as 
t* = ct / L ,  in which L is the side length. 

Table 1. Conditions in various calculation cases. 

CASE co (a, b) in 
Eq. (14) 

E1 0 (0.9, 0.1) 

E2 0.9 (0.9, 0.1) 

E3 1.0 (0, 1.0) 

E4 0.99 (10.0, 1.0) 

Boundary Conditions 

Hot media/6 cold walls 

Hot media / 6 cold walls 

Cold media / 1 hot wall 

Cold media / 1 hot wall 

First, the accuracy of  the present method is verified by 
comparison against the published MC results for steady state 
radiative transfer. Figure 2 shows the predicted divergences of  
radiative heat flux along a centerline (v = z = 0.5) and surface 
radiative heat fluxes at one cold wall for different time instants 
in case El. It is seen that, as time advances, the surface heat 
fluxes increase, while the divergences of heat flux decline. 
However, they all converge to the results at steady state as 
predicted by MC method (Hsu and Farmer, 1997). Good 
agreements are found between the TREM and MC method at 
steady state. 

The predicted divergences of radiative heat flux along a 
centerline (v = z = 0.5) and surface radiative heat fluxes at one 
cold wall for case E2 are illustrated in Fig. 3. Again good 
agreements for steady-state values are found between the 
TREM and MC method. 

The temporal profiles of  the radiative heat flux at the 
center of one cold wall are inspected in Fig. 4 for case E2 
against various values of  time step. It is seen that, as time 
proceeds, the heat flux increases and gradually reaches a 
constant value. Observing the temporal signals for various sizes 
of time step, it is seen that the differences between different 

. . . . . . . . .  , . . . . . . . . .  0.3 
Unit cube / t* = 0.1 t 

3.5 Case E1 / - . . . . . . .  t~ = 0.3 _] 
• ./ ........ t = 0.5 ~ 

/ , y  - -  t . :  2.0 J 0.2 =_ 

/ '  t "5 at y=z=0.5/~ ~ 

8 8 ....... " - . .  o.1 
1.5 t~ 

- : Stead, y.Mont.e ,Ca.do~ i ~ - T ,  
0.5 0 

0 0.5 1.0 

X 

Figure 2. Profiles of  divergence of  radiative heat flux along a 
centerline (y = z = 0.5) and surface radiative heat flux at one 
cold wall at different times for case El.  
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0.03 
. . . . . . . . .  6 . . . . . . . . .  

Unit cube , ~  . 
0.35 Case E2 / Steady Monte Carlo 

x (0=0.9 j _ -r 

0.25 "-. c 

8 "- ~ 8 

a~ 0.01 
0.15 o 

- -  t *  = 2 . 0  
0.05 . . . . . . . . .  t . . . . . . . . .  0 

0.5 1.0 
x 

Figure 3. Profiles of  divergence of radiative heat flux along a 
centerline (y = z = 0.5) and surface radiative heat flux at one 
cold wall at different times for case E2. 

' '  t ,  , , i , . , i  , , , I , . . t , ,  , I , , , i  , , ,  

Unit cube 
--~x 0.02 Case E2 ~ . . . . .  

c o  = 0.9 ,~/ / /  

° / /  . . . . . .   t.=0,0 
> 

./.,. - - - -  = 0o o 
~5 f - -  At* = 0.!0 ,~ 0.01 / . . . . . . . . .  

....................  t.=OOl 
~ d '  
I-- J Cubic grid: 9x9x.9 

, , ~  A x * = A y *  = Az* = 1/9 
0 = ,  i J t t l , ,  J i , , , i  , , ,  i , , ,  i , , ,  i , , , 

0 0.4 0.8 1.2 1.6 
t* = ct/L 

Figure 4. Effect of time-step size on temporal profile of 
surface heat flux. 

time steps are not very appreciable. This is because the TREM 
is based on the integral formulation rather than on the finite 
differencing scheme as in transient discrete ordinates method 
(TDOM), so that the influence of  time step is not a severe 
problem. This finding is consistent with that as in I-D study 
(Guo and Kumar, 2001a). The temporal variation of results in 
Fig. 4 is not very smooth and has some step-like variations. 
This is because the time step in the TREM is relatively coarse. 
It is usually selected in the range that is comparable to the 
radiation propagation time in an element (At - Ax/c).  This can 
reduce significantly CPU time in calculations. Comparing with 
the TDOM (Guo and Kumar, 2001b), the CPU time used by 
TREM is one or two orders of  magnitude smaller. Of course, it 
is also much faster than the MC runs. In a typical TREM run, 
the CPU time for a 3D problem with 1000 radiation elements is 
within 5 minutes when a PC with one Intel Pentium III 500 
' '  i , , ,  ~ , ,  , i , , ,  i , .  , ~  , ,  , i  , , , i , ,  , 

Unit cube ~ ' = ' - " = - "  =':=;'=:: 
=x 0.02 Case E2 _ . . ~  
,--~ co = 0.9 . /  

"~ .../ Cubic grid: 
"~- ..,"/ ................. 7X7X7 -o 0.01 

...~ . . . . . . . .  9x9x9 
,~ . . . .  13x13x13 

. /  - -  19x19x19 
t - -  

t -  / a t t h e  center of cold wall 

0 0.4 0.8 1.2 1.6 
t* = ct/L 

Figure 5. Effect of  radiation element grid. 

0.2 

o c 
t~  
"5 0.15 
el) 
Q )  

~ o.1 

c 

E 0.05 
t -  

F- 

. . . .  i . . . .  i . . . .  i . . . .  i . . . .  

)nit cube Reflectance 
Case E3 , , ~  . . . . . . . . .  .-.'..'. ".'.'.'. ".'.-.-. 

at wall center, ~ ~ : ~ . . . - . -  

.,~, /,"; Ray Number 
. . . . . . . . .  4743 

/ ;  t - -  2141 
/ '~ " . . . . . . .  1221 

/ t . . . .  561 

0.5 1 1.5 2 2.5 
t* = ct/L 

Figure 6. Effect of  ray emission bundles. 

MHz Xeon processor is employed. This is of practical 
significance for clinic purpose for biomedical imaging 
reconstruction. 

The effect of radiation element grid is examined in Fig. 5, 
where transient radiative heat fluxes at the center of one cold 
wall are plotted. Four cubic grids are selected for comparison. 
The temporal radiative heat flux is not sensitive to the size of 
the element grid. This characteristic of the TREM is very 
similar to that of conventional finite element method. The 
examinations of  time step and grid size are important since the 
flight times of  emission and scattering in an element are 
assumed to be negligible in Eq. (4). Such an assumption does 
not bring severe errors from the study of  Figs. 4 and 5. 

The effect of  the number of  ray emission bundles on the 
predictions of temporal profiles of transmittance and 
reflectance is demonstrated in Fig. 6. Five values of ray 
emission bundles are chosen for comparison. The accuracy of 
5 Copyright © 200 lby ASME 



 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
 
 

 

 

 

the method heavily depends on the calculations of view factors,
which consequently count on the ray emission model and ray
tracing. Generally, the larger is the ray emission number, the
higher is the accuracy of computation. When the number of ray
emission bundles for each element is over 1221, it is seen from
Fig. 6 that the accuracy is reliable. In most of  the present
calculations, the number of ray emission is 2141. 

The TREM calculation is compared with the transient MC
prediction in Fig. 7 for case E3. In Fig. 7, the hot wall is
assumed to be subject to an on-off square pulse with
dimensionless pulse width t*p = 0.5, and the temporal
transmittance is used for comparison. The prediction of TREM
matches well the MC simulation in the whole transient domain.
Particularly, both the MC and TREM predict that the
transmittance rises at time t* = 1. That means the false wave
propagation resulted from the numerical diffusion associated
with the differential method, such as the discrete ordinate
method (Guo and Kumar, 2001c), does not occur in the
integral-based TREM method. 

The temporal profiles of  divergence of heat flux at various
locations for very thick media are shown in Fig. 8 for case E4.
The values of locations and corresponding local extinction
coefficient are also disclosed in the figure. It is seen that at the
three different locations with z = 0.5, the transmittances rise at
the same time instant. However, since the x positions are
different for the three locations, the extinction coefficients are
different. At the cube center of  (0.5, 0.5, 0.5), the extinction
coefficient is the largest and so is the absorption coefficient.
Thus, the value of  the transmittance at the center is larger than
those at other positions. For the position of  (0.71, 0.24, 0.29), 
the transmittance rises earlier than those at other places. It has a
sudden rise. However, the value of transmittance at long time
stage there is even lower than that at the center even though
that position is near to the hot surface. This implies that the
accumulated energy at the position with larger absorption
coefficient is usually larger than those at other places. This
might be useful in the study of thermal radiation therapy in
biomedical areas. 

The temporal transmittance distributions at various output
surface (z = 1) locations are displayed in Fig. 9 for case E4. If
the medium were homogeneous, we could expect a larger
transmittance at the surface center, i.e., at position (0.5, 0.5) as 
we studied previously. However, the current cube contains 
inhomogeneous media as specified in Eq. (14), i.e., the 
extinction coefficient at the center of  the cube is the largest and 
the value decreases as the position recedes from the center.
Thus, it is seen that the transmittance at the output surface 
center (0.5, 0.5) is the smallest. As the surface position recedes
from the wall center, the transmittance increases and rises fast. 
The largest value in Fig. 9 is observed at the position (0.763, 
0.763). Further receding the position from the center results in 
a decrease of transmittance at long time stage because of
surface effect. 

The transmittances at various locations for case E4 against 
a square laser pulse irradiation are plotted in Fig. 10. The 
dimensionless pulse width is tp = 0.5. Duhamel's 

superposition theorem is used here and the results are 
integrated from the results in Fig. 9 where a unit continuous 
irradiation was adopted. Based on the results of the temporal 
response against a unit continuous irradiation, we can integrate 
the temporal response of  any types of input pulse by the use of 
Duhamel's rule. This can save much calculation effort and CPU 
time. From Fig. 10, it is seen that the transmitted pulses are 
different at various positions. At the position (0.5, 0.5), the 
broadening of pulse is much larger than those at other places 
because the transmitted radiation there passes through a larger 
optical thickness. The inhomogeneous property of the cube is 
embodied from the transmitted pulse signals. 

c-  
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.=_ 
E 
t -  

I -  

0.12 

0.08 

0.04 

0 . . . .  

0.5 

. . . .  i . . . . . . . .  i . . . .  i . . . .  

Unit cube . , ,  Input Square Pulse 
Case E3 / /  t~ =0 .5  

f 
. . . . . . . .  TREM 

1 .5  2 2 .5  3 

t* = ct /L 

Figure 7. Comparison of temporal transmittance between the 
MC and TREM predictions. 
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Local extinction coefficient .--  . . . . . . . . . . . . . . . . .  

and Location (x, y, z) , - " "  11 at (0.5, 0.5, 0.5) 

Unit cube 
i 

0.04 Case E4 ., 
co = 0.99 , ' ae7  6.79 at (0.71, 0.5, 0.5) 

/ 

. 2.59 at (0.71, 0.24, 0.29) 

/ /  . . . . . . . . . . . .  
- ~ . . . . .  2.59 at (0.92, 0.5, 0.5) 

, / , ~ , ,  , ,  . . . .  , . . . . . . . . . . . . . .  0 
0 0.5 1 1.5 2 2.5 

t* = ct/L 

0.02 

Figure 8. Temporal profiles of divergence of heat flux at 
various locations in inhomogeneous media for case E4. 
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Figure 9. Temporal transmittance distributions at various output
surface (z = 1) locations for a unit continuous irradiation. 
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SUMMARY 
The transient radiation element method is developed fo

the first time to study transient radiative transfer incorporating
radiation propagation effect in 3-D scattering, absorbing, and
emitting media with inhomogeneous properties. The accuracy
of the present method is verified by comparison against the
Monte Carlo simulation. Good agreements are found between
the MC and TREM methods. It is found that the current method
is not sensitive to the division of radiation element and the size
of time step. The optimal time step is close to the elemen
radiation propagation time, i.e., At - Ax/c. The CPU time used
in the TREM is much shorter than those by TDOM and MC
methods. No false wave propagation phenomenon occurs in the 
TREM method. 

The study of transient radiation transport in an 
inhomogeneous cube reveals that the transmitted signals are 
strongly affected by the properties of the media through which 
the light has passed. In the position where the light travels a 
larger optical thickness, the broadening of the transmitted pulse 
width is more obvious and the magnitude of the transmittance 
is smaller. It is also found that the accumulated energy at the 
location with larger absorption coefficient is larger even in the 
case in which the position of the larger absorption coefficient is 
located far away from the incident radiation surface as 
compared with the position of smaller absorption coefficient. 
Duhamel's superposition law can be applied to obtain the 
pulsed irradiation responses based on the data of continuous 
irradation. 
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