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Abstract

The visible and near-infrared radiative properties of water containing polydisperse steam bubbles and core melt particles are analyzed.
The alternative approximate models of radiation heat transfer in the range of water semi-transparency are considered. A new approach
based on radiation balance equations for a large computational cell of size about several centimeters is suggested. This approach called
large-cell model takes into account not only water heating but also radiation heat transfer between the particles of different temperatures.
The latter is important for problems of fuel–coolant interaction in possible severe accident of light water nuclear reactors. The model
problems considered in the paper give estimates of nonlocal effects of thermal radiation and confirm the applicability of the large-cell
model at parameters typical for fuel–coolant interaction.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The so-called fuel–coolant interaction (FCI) problem
has been widely investigated during last two decades
because of possible severe accident of light-water nuclear
reactors. The complexity of different stages of interaction
of high-temperature core melt with water is one of the rea-
sons of the present-day state of the art when some impor-
tant physical processes have not been considered in details
yet [1]. The efforts of many researchers have been focused
on hydrodynamic simulation of melt jet breakup [2–4]
and specific problems of steam explosion [5–8]. At the same
time, the radiation heat transfer in the multiphase medium
containing polydisperse corium particles of temperature of
about 2500–3000 K was not a subject of detailed analysis.
The paper by Dinh et al. [9] was probably the first publica-
tion where the important role of radiation heat transfer has
been discussed. It was noted that a part of thermal radia-
0017-9310/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.ijheatmasstransfer.2007.01.021

* Tel./fax: +7 495 362 5590.
E-mail address: dombr@online.ru
tion emitted by particles can be absorbed far from the radi-
ation sources because of semi-transparency of water in the
short-wave range.

The general problem of radiation heat transfer between
corium particles and ambient water can be separated to the
following problems of different scale: thermal radiation
from a single particle through a steam mantle to ambient
water and the radiation heat transfer in a large-scale vol-
ume containing numerous corium particles and steam bub-
bles. One can show that solutions to these problems can be
incorporated in a general physical and computational
model as it was done for similar problems of radiation heat
transfer in other disperse systems [10]. The single-particle
problem has been analyzed in details in papers [11–13],
where the main attention was paid to significant contribu-
tion of electromagnetic wave effects in the case of very thin
steam layer. The effect of semi-transparency of nonisother-
mal oxide particles on their thermal radiation has been
studied in papers [14–16]. The resulting physical pictures
of particle solidification have been analyzed in recent
papers [17,18]. To the best of the author’s knowledge, the
first attempt to calculate radiation heat transfer in water
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Nomenclature

a particle radius
Bk Planck’s function
c heat capacity
c0 velocity of light
D radiation diffusion coefficient
fv volume fraction
F particle size distribution
h heat transfer coefficient
Ik spectral radiation intensity
l penetration depth of radiation
n index of refraction
q radiative flux
pk spectral radiation power
P integral radiation power
Qa efficiency factor of absorption
Qtr

s transport efficiency factor of scattering
r radial coordinate
~r vector coordinate
T temperature
x diffraction parameter

Greek symbols

a absorption coefficient
d thickness of steam layer, Dirac function
j index of absorption

k radiation wavelength
m relative volume fraction of small particles
q density
r scattering coefficient
s optical thickness
u function defined by Eq. (34)
n relative number of small particles
w coefficient of radiative cooling rate defined by

Eq. (30)
f; f0 coefficients defined by Eqs. (32) and (33)
~X unit vector of direction

Subscripts and superscripts

a absorption
b bubble
c corium
e external
s scattering, steam
tr transport
w water
d steam layer
k spectral
(1) semi-transparency range
(2) opacity range
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containing corium particles was made by Yuen [19]. It was
assumed that there is no radiation scattering in the med-
ium. The spectral radiative properties of the melt particles
of various temperatures and sizes were ignored in this
paper and all the particles were considered as the sources
of black-body radiation. The calculations of paper [19]
were based on the formal zonal method which seems to
be not a good choice for the problem considered.

The objective of the present paper is to develop a simple
model for radiation heat transfer calculation in water con-
taining numerous polydisperse corium particles of different
temperatures and polydisperse steam bubbles. The model
should be rather simple to be implemented in problem-ori-
ented CFD-codes for multiphase flow calculations.

The reasonable choice of the radiation model should be
based on spectral properties of water, steam bubbles and
corium particles in the visible and near infrared spectral
ranges. For this reason, we start our study from the analy-
sis of the main radiative characteristics of the multiphase
medium typical for FCI problems. We will have also in
mind that aluminum oxide (weakly absorbing in the visible
and near infrared [10]) can be used in model experiments as
a substance simulated corium [1].

It is clear that the simplest approach for the radiation
heat transfer should give only some additional relations
for heat exchange inside single computational cells. Such
radiation-balance approach suggested in the paper is called
large-cell model because it resembles a sub-grid scale model
in large-eddy simulation of turbulent flows [20].

2. Spectral radiative properties of the medium

Generally speaking, the relation between properties of
single particles and the corresponding characteristics of
ensembles of particles in a disperse medium is not simple
especially in the case of closely spaced or regularly posi-
tioned particles [21–24]. In this paper, we assume that all
the particles and bubbles are randomly placed in the vol-
ume (there is no any regular structure) and the distance
between neighboring particles is greater than their sizes.
It makes the traditional assumption of independent scatter-
ing to be justified: both absorption and scattering of
radiation by a single particle are the same as those deter-
mined in the absence of all the other particles.

We will not consider the detailed angular characteristics
of radiation scattered by particles and bubbles. Our analy-
sis is based on the so-called transport approximation when
scattering phase function is presented as a sum of isotropic
component and Dirac d-function in the forward direction
[10,25]. The transport approximation, which has been used
first in neutron transport theory [26], allows reducing the
radiative transfer problem to the form similar to that for
isotropic scattering but with transport scattering coefficient
rtr

k instead of rk. This procedure is known also as the
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Fig. 2. The characteristic propagation depth of collimated near-infrared
radiation in water.
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‘‘isotropic scaling” [27,28]. As a result, we have only two
spectral characteristics of the medium: absorption coefficient
ak and transport scattering coefficient rtr

k . The experience
of heat transfer calculations in disperse systems showed that
transport approximation is sufficiently accurate for calculat-
ing thermal radiation in many applications [10,29].

To suggest an adequate spectral model of radiation heat
transfer, one should take into account specific properties of
water in the visible and near infrared spectral ranges.

2.1. Optical constants of water

The optical constants of water in the most important
wavelength range from 0.5 to 5 lm are shown in Fig. 1.
The values of nw and jw are obtained by linear interpola-
tion of tabulated data from papers [30] (in the range of
0:5 6 k < 2 lm) and [31] (in the range of 2 6 k 6 5 lm).
One can see in Fig. 1 that water is transparent in a short-
wave range and there is a strong absorption band at the
wavelength k ¼ 3 lm. The spectral absorption coefficient
of water can be calculated as follows:

aw ¼ 4pjw=k ð1Þ

One can also introduce the characteristic penetration depth
of the collimated radiation in water: lk ¼ 1=aw. The spec-
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Fig. 1. Optical constants of water in the visible and near infrared.
tral dependence of lk in the most interesting intermediate
range 0:8 < k < 1:4 lm is illustrated in Fig. 2. One can
see that lk decreases from about 0.5 m at the visible range
boundary k ¼ 0:8 lm to lk ¼ 1 mm at the wavelength
k ¼ 1:38 lm. It makes reasonable to consider separately
the following conventional spectral regions:

– The short-wave semi-transparency range k < k� ¼ 1:2
lm, where lk > 10 mm. There is a considerable radiation
heat transfer between corium particles in this spectral
range because the distance between neighboring parti-
cles is usually less than 10 mm. One can use the tradi-
tional radiation transfer theory to calculate the volume
distribution of radiation power. Both absorption and
scattering of radiation by particles should be taken into
account [10].

– The opacity range k > k�, where lk < 10 mm. In this
range, one can neglect the radiation heat transfer
between the particles. The radiative transfer problem
degenerates because of strong absorption at distances
comparable with both particle sizes and distances
between the particles. One can assume that radiation
emitted by the particle in this spectral range is totally
absorbed in ambient water.

Of course, the above two-region scheme should be trea-
ted as a simple approach and the effect of conventional
value of the boundary wavelength k* may be a subject of
the further analysis.

In a multiphase flow typical for FCI problem, the
numerous steam bubbles and core melt particles have a sig-
nificant effect on radiative properties of the medium in the
range of water semi-transparency.

2.2. Absorption and scattering characteristics of water

containing bubbles and particles

It is known that absorption and scattering of radiation
by spherical particles of arbitrary size can be calculated
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by using the rigorous Mie theory [10,32,33]. In our case, all
the particles and bubbles are much greater than radiation
wavelength [2–4]. We will assume that thickness of concen-
tric steam layer (steam mantle) separating hot particles
from ambient water is also much greater than the wave-
length [9]. The latter enables us to use the geometrical
optics approximation for the analysis of the radiative prop-
erties of single particles. Remember that electromagnetic
wave effects observed at very small thickness of surface
steam layer are considered in details in papers [11–13].

The general expressions for absorption coefficient and
transport scattering coefficient of semi-transparent water
containing polydisperse spherical bubbles of radius ab

and corium particles of radius a are as follows [10,34]:

ak¼ akwþ0:75
f s

v

ab
30

Z 1

0

Qb
aa2

bF bðabÞdabþ0:75
f c

v

a30

Z 1

0

Qaa2F ðaÞda

ð2Þ

rtr
k ¼ 0:75

f b
v

ab
30

Z 1

0

Qb;tr
s a2

bF bðabÞdabþ0:75
f c

v

a30

Z 1

0

Qtr
s a2F ðaÞda

ð3Þ

where f s
v , f c

v are the local volume fractions of steam and
corium, Fb, F are the size distributions of bubbles and cor-
ium particles, Qa and Qtr

s are the efficiency factor of absorp-
tion and the transport efficiency factor of scattering, while
the parameter a30 can be computed from the following def-
inition of aij:

aij ¼
Z 1

0

aiF ðaÞda
�Z 1

0

ajF ðaÞda ð4Þ

The radiative properties of gas bubbles in an absorbing and
refracting medium have been recently studied by the author
[34]. The efficiency factor of absorption Qb

a and the trans-
port efficiency factor of scattering Qb;tr

s for spherical gas
bubbles embedded in a refracting and weakly absorbing
host medium with optical constants ne and je have been cal-
culated by using the Mie theory. The calculations were per-
formed in the range of index of refraction 1:2 6 ne 6 1:5 for
two values of the absorption index: je ¼ 10�4 and 10�3. It
was shown that the efficiency factors of large bubbles can
be approximated by the following simple asymptotic rela-
tions for diffraction parameter xb ¼ 2pab=k � 1 and opti-
cal thickness se ¼ 2jexb � 1:

Qb
a ¼ �8jexb=3; Qb;tr

s ¼ 0:9ðne � 1Þ ð5Þ

Equations (5) overestimate the absolute values of Qb
a and

Qb;tr
s by less than 5% in the range 20 < xb � 1=ð2jeÞ. The

resulting approximate expressions for the absorption coef-
ficient and transport scattering coefficient of water contain-
ing polydisperse steam bubbles are as follows [34]:

ak ¼ ð1� f s
v Þaw; rtr

k ¼ 0:675ðnw � 1Þ f s
v

ab
32

ð6Þ

where f s
v is the volume fraction of steam. It is important

that absorption does not depend on the bubble size distri-
bution and scattering does not depend on water absorption
index. The only parameter related to the bubbles which af-
fects the transport scattering coefficient of the medium is
the ratio of volume fraction of steam to the average radius
of bubbles: fv=ab

32. Note that these equations have been ver-
ified in paper [35] in the experimental study of radiative
properties of fused quartz containing gas bubbles.

Consider now absorption and scattering of radiation by
spherical corium particles in water. We assume that every
particle is surrounded by a concentric steam layer that sep-
arates the particle from ambient water. To make clear the
effect of steam layer on absorption and transport scattering
efficiency factors, consider some results of Mie theory cal-
culations for not so large particles. We will use the values
of optical constants typical for metal oxides (n ¼ 2;
0:01 6 j 6 0:5), the fixed value of diffraction parameter
of the particle x ¼ 2pa=k ¼ 50 and the variable parameter
xd ¼ 2pd=k. Following the papers [35–38], the generalized
Mie solution for two-layer spheres embedded in refracting
nonabsorbing medium has been used in the calculations.
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The index of refraction of water is assumed constant and
equal to nw ¼ 1:33. The results of calculations are pre-
sented in Fig. 3. One can see that variation of absorption
index of particle substance in the range from j ¼ 0:01 to
0.5 does not change the character of the curves QaðxdÞ
and Qtr

s ðxdÞ. The significant change of the steam layer effect
is observed in the intermediate range of 0:5 < xd < 2 with
transfer from the wave region xd � 1 to the region of geo-
metrical optics xd � 1. The asymptotic value of the absorp-
tion efficiency factor referred to the particle cross is as
follows:

Qa ¼ Q0
a=n2

w ð7Þ

where Q0
a is the absorption efficiency factor of the oxide

particle in vacuum. Note that this result agrees with the
earlier analysis [11–13]. In contrast to absorption, the trans-
port efficiency factor of scattering referred to the steam
bubble cross section increases with xd from a relatively
small value to the asymptotic value of Qtr

s for the steam
bubble without oxide particle:

Qtr
s ¼ 0:9ðnw � 1Þ ð8Þ

In this paper, the thickness of steam layer d is assumed
much less than the particle radius a. Therefore, the expres-
sion (8) can be used for the transport efficiency factor of
scattering referred to the particle radius.

To use Eq. (7), one needs the value of absorption effi-
ciency factor of the particle in vacuum Q0

a. Following
papers [17,18] one can assume that millimeter-size particles
of corium are opaque both in the visible and near infrared
spectral ranges. In this case, Q0

a ¼ ec, where ec is the spectral
hemispherical emissivity of bulk corium. The smaller cor-
ium particles as well as large particles of core melt
simulants (like aluminum oxide) are expected to be semi-
transparent [18]. For this reason, we consider the general
case of semi-transparent oxide particles. By analogy with
approximation suggested in paper [39], one can use the fol-
lowing simple expression:

Q0
a ¼ ec½1� expð�2acaÞ� ð9Þ

where ac is the spectral absorption coefficient of particle
substance. The resulting expression for absorption effi-
ciency factor of the particle in water can be obtained by
substitution of Eq. (9) into Eq. (7).

Let us discuss an applicability of monodisperse approx-
imation. Obviously, the absorption coefficient of polydis-
perse system does not depend on particle size distribution
when Qa is directly proportional to the particle radius a.
It is clear also that monodisperse model with average
radius a32 is adequate in the case of Qa ¼ const. The calcu-
lations showed that the same monodisperse model is rather
good for intermediate behavior of QaðaÞ given by exponen-
tial expression like Eq. (9) [10,40,41]. For this reason, the
monodisperse model with average radius a32 is employed
in this paper. The resulting equations for absorption and
scattering characteristics of semi-transparent water con-
taining steam bubbles and corium particles are as follows:
ak ¼ ð1� f s
v Þaw þ ac; ac ¼ 0:75

f c
v

a32

Q0
aða32Þ
n2

w

;

rtr
k ¼ 0:675ðnw � 1Þ f s

v

ab
32

þ f c
v

a32

� �
ð10Þ
2.3. Thermal radiation from hot particles

There are two principal difficulties in determination of
thermal radiation of polydisperse particles in FCI:

– The cooling rate of corium particles in water depends
strongly on the particle radius. As a result, the neighbor-
ing particles of different size may have quite different
temperatures.

– One can expect a considerable temperature difference
between the center and the surface of large particle
because of fast radiative cooling and very low thermal
conductivity of metal oxides [17,18].

We are going to take into account the first of these
effects in radiation heat transfer modeling. It means that
monodisperse model used in the above expression for
absorption coefficient of polydisperse corium particles is
insufficient for thermal radiation calculations. One should
take into account the partial absorption coefficients of all
the particle fractions to construct the source term in ther-
mal radiation calculations. As for radiation from noniso-
thermal particles, it has been studied in a set of previous
papers [14–18]. In this paper, the following simple relation
for spectral radiative flux from a unit surface of a single
particle of corium in water is employed:

q1
k ¼ Qan2

wpBkðT Þ ¼ Q0
apBkðT Þ ð11Þ

Eq. (11) is correct in the case of totally opaque particle
when one should put Q0

a ¼ ec and consider T as the particle
surface temperature. For semi-transparent particles, one
should use more general expression (9) for efficiency factor
of absorption and the temperature T can be approximately
treated as a volume averaged temperature of the particle
[17,18]. For simplicity, we will assume that particles of
the same size have the same temperature. In this case, ther-
mal radiation power generated by all the particles in a unit
volume of the medium can be written as follows:

pk ¼ 3
f c

v

a30

Z 1

0

q1
kðaÞa2F ðaÞda ð12Þ

or

pk ¼ 3
f c

v

a32

Q0
aða32ÞpBk ¼ 4acpn2

wBk;

Bk ¼
R1

0
Q0

aðaÞa2F ðaÞBk½T ðaÞ�da

Q0
aða32Þa20

ð13Þ

We have now all the necessary to formulate the radiation
heat transfer problem in water containing steam bubbles
and hot particles.
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3. The radiation heat transfer problem

By using the transport approximation for scattering
phase function, the radiative transfer equation (RTE) can
be written as follows [10,42]:

~XrIkð~r;~XÞ þ btr
k ð~rÞIkð~r;~XÞ ¼

rtr
k ð~rÞ
4p

Z
ð4pÞ

Ikð~r;~X0Þd~X0 þ
pkð~rÞ

4p

ð14Þ
where Ikð~r; ~XÞ is the spectral intensity of radiation at point
~r in direction ~X, btr

k ¼ ak þ rtr
k is the transport extinction

coefficient. Of course, thermal radiation of water is negligi-
ble and it is omitted in this equation. Integration of RTE
over all values of solid angle gives the radiation balance
equation:

r~qk ¼ pk ~rð Þ � akð~rÞI0
kð~rÞ ð15Þ

where qkð~rÞ is the local spectral radiative flux, I0
kð~rÞ is the

value proportional to the local radiation energy density
I0
kð~rÞ=c0:

~qkð~rÞ ¼
Z
ð4pÞ

Ikð~r; ~XÞ~Xd~X; I0
kð~rÞ ¼

Z
ð4pÞ

Ikð~r; ~XÞd~X ð16Þ

The simplest differential approximations, brought together
by the general term ‘‘diffusion approximation”, give the
following representation of the spectral radiative flux [10]:

~qk ¼ �Dkð~rÞrI0
k ð17Þ

and differ only by expressions for radiation diffusion coef-
ficient Dk. Sometimes the term ‘‘diffusion approximation”
is related only to the case when

Dk ¼ 1=ð3btr
k Þ ð18Þ

that corresponds to Eddington approximation, or P1

approximation of the method of spherical harmonics [10].
Note that Eqs. (17) and (18) can be derived by assumption
of a linear angular dependence of radiation intensity
[10,42]:

Ikð~r; ~XÞ ¼
1

4p
I0
kð~rÞ þ 3~X~qkð~rÞ

h i
ð19Þ

The latter assumption seems to be rather good for the
problem considered. Therefore, we will consider P1

approximation instead of the RTE. The resulting bound-
ary-value problem can be written as follows:

�rðDkrI0
kÞ ¼ pkð~rÞ � akI0

kð~rÞ ð20Þ
� DkrI0

k �~n ¼ I0
k=2 at the region boundary ð21Þ

The Marshak boundary condition (21) (~n is the external
normal to the boundary surface) is written here for the case
of zero external radiation and reflection from the boundary
surface [10]. After solving the problem (20) and (21) for
several wavelengths in the range of k1 < k < k�, one can
find the radiation power absorbed in water:
P wð~rÞ ¼ P 1ð Þ
w þ P 2ð Þ

w ;

P ð1Þw ð~rÞ ¼ ð1� f s
v Þ
Z k�

k1

awI0
kð~rÞdk; P ð2Þw ð~rÞ ¼

Z k2

k�

pkð~rÞdk

ð22Þ

where the components P ð1Þw , P ð2Þw correspond to the ranges of
water semi-transparency and opacity. One can assume that
P ð1Þw is spent on volume heating of water whereas P ð2Þw – only
for water evaporation near the hot particles. The resulting
thermal radiation flux from a unit surface of a single parti-
cle can be calculated as follows:

qcð~r; aÞ ¼ qð1Þc þ qð2Þc

qð1Þc ð~r; aÞ ¼
Z k�

k1

Q0
a pBk T ð~r; aÞ½ � � I0

kð~rÞ
4n2

w

� �
dk;

qð2Þc ð~r; aÞ ¼ p
Z k2

k�

Q0
aBk½T ð~r; aÞ�dk

ð23Þ

where qð1Þc , qð2Þc correspond to the conventional spectral
ranges of water semi-transparency and opacity. The total
radiative heat loss from corium particles

P cð~rÞ ¼ P ð1Þc þ P ð2Þw ;

P ð1Þc ð~rÞ ¼
Z k�

k1

fpkð~rÞ � acð~rÞI0
kð~rÞgdk ð24Þ

Note that P ð1Þc 6¼ P ð1Þw due to heat transfer by radiation in
semi-transparent medium:

P ð1Þc � P ð1Þw ¼
Z k�

k1

½pkð~rÞ � akI0
kð~rÞ�dk ð25Þ
4. The large-cell model based on balance equations

The complete solution to the radiation heat transfer
problem in a multiphase flow typical for fuel–coolant inter-
action is too complicated even in the case when P1 approx-
imation is employed. The main computational difficulty is
related with wide range of optical thickness of the medium
at different wavelengths. One should consider not only the
visible radiation when optical thickness of the medium is
determined by numerous particles but also the short-wave
part of the infrared range characterized by large absorption
coefficient of water. As a result, the numerical solution of
the boundary-value problem (20) and (21), generally speak-
ing, cannot be performed by using the same computational
mesh at all wavelengths.

The idea of the large-cell model is to take into account
the usual approach employed in multiphase flow calcula-
tions when the computational region is divided into large
cells of size about several centimeters with constant charac-
teristics of the medium in single cells. Eq. (20) can be solved
analytically in every element because of constant radiative
characteristics of the medium. After that, one can consider
the coupled algebraic equations for unknown coefficients of
boundary equations corresponding to the radiative transfer
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between the neighboring cells. In this paper, we consider
the simplest approach based on the assumption of negligi-
ble radiation heat transfer between the cells. An applicabil-
ity of the latter assumption will be estimated below. The
local radiative balance in every cell gives the following rela-
tion instead of the problem (20) and (21):

I0
k ¼ pk=ak ð26Þ

As a result, the general expressions (22)–(24) can be re-
placed by the following ones:

P w ¼ P c ¼ P ð1Þw þ P ð2Þw ; P ð1Þw ¼ ð1� f s
v Þ
Z k�

k1

aw

ak
pk dk;

P ð2Þw ¼
Z k2

k�

pk dk ð27Þ

qcðaÞ ¼ qð1Þc þ qð2Þc ð28Þ

qð1Þc ðaÞ ¼ p
Z k�

k1

Q0
afBk½T ðaÞ� �

ac

ak
Bkgdk;

qð2Þc ðaÞ ¼ p
Z k2

k�

Q0
aBk½T ðaÞ�dk ð29Þ

One can see that scattering of radiation by steam bubbles
and steam mantled corium particles has no effect on this
approximate solution and the total heat loss from particles
coincides with the heat absorbed in water. At the same
time, the large-cell model includes the radiation heat trans-
fer between the particles of different temperatures. In
Lagrangian modeling of motion and cooling of an isother-
mal particle of radius ai, the following energy equation is
usually employed:

qcai

3

dT i

dt
¼ �hðT i � T wÞ � wiecrT 4

i ð30Þ

It is assumed here that the particle is totally opaque and
optically gray (ec ¼ constÞ. Generally speaking, wi 6¼ 1
and the value of wi can be determined from the large-cell
model. By using the same assumption on optical properties
of corium particles, one can find:

wi ¼ 1� p

rT 4
i

Z k�

k1

ac

ak
Bk dk ð31Þ

One can see that wi < 1 for all particles. To clarify the
physical sense of coefficient w, consider the case of mono-
disperse corium particles when Bk ¼ BkðT Þ and Eq. (31)
can be written in the form:

w ¼ 1� f; f ¼ f0

Z k�

k1

ac

ak
BkðT Þdk

�Z k�

k1

BkðT Þdk ð32Þ

where f0ðT Þ is the part of blackbody radiation at tempera-
ture T in the range of water semi-transparency:

f0ðT Þ ¼
Z k�

k1

BkðT Þdk

�Z k2

k1

BkðT Þdk ð33Þ

Obviously, the coefficient w varies in the range between
1� f0 and 1, where the lower limit corresponds to high vol-
ume fraction of corium.
5. Comparison of diffusion and large-cell models for

typical problem parameters

In this section, we consider a one-dimensional axisym-
metric problem of radiation heat transfer in water contain-
ing polydisperse steam bubbles and steam mantled corium
particles. In our example problem, we use the following
similar profiles of the volume fractions of corium and
steam:

f c
v ðrÞ ¼ f s

v ðrÞ ¼ fv0uðrÞ; uðrÞ ¼ 1

1þ 5ðr=RÞ2
ð34Þ

The following fixed values of parameters are considered:
R ¼ 0:5 m, fv0 ¼ 0:5%. The function uðrÞ and its ‘‘cell”
approximation are shown in Fig. 4. The ordinates of the
cell approximation for the number of cells N ¼ 10 are cal-
culated as follows:

ui ¼
R riþ1

ri
uðrÞr drR riþ1

ri
r dr

¼ 1

5ð�r2
iþ1 � �r2

i Þ
ln

1þ 5�r2
iþ1

1þ 5�r2
i
;

�ri ¼
ri

R
¼ i� 1

N
i ¼ 1; 2; . . . ;N þ 1 ð35Þ

The average radius of bubbles is assumed to be equal
ab

32 ¼ 3 mm. All corium particles are assumed to be totally
opaque. The emissivity of bulk corium was assumed to be
independent of wavelength and temperature and equal to
ec ¼ 0:85 [43]. Because of complexity of the general prob-
lem, two variants of the example problem are considered
below: for monodisperse corium particles and model poly-
disperse corium characterized by different temperatures of
small and large particles.
5.1. Monodisperse corium particles

Consider the case of monodisperse corium particles
of radius a2 ¼ 2:5 mm and temperature T ¼ 3000 K. The
results of calculations based on P1 approximation are
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approximation.
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Fig. 7. Total radiative heat loss from corium particles (a) and radiation
power absorbed in water (b): 1 – P1 approximation, 2 – large-cell model, 3
– maximum estimate (36).
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presented in Figs. 5 and 6. One can see in Fig. 5 that there
is a considerable difference between the radiation power
emitted by corium particles in semi-transparency range
and the power absorbed in water. It is explained by consid-
erable radiative flux from the region in this spectral range
(see Fig. 6). The difference between the calculations for
smooth profile of the particle volume fraction and step-
wise profile typical for cell approximation of the flow
parameters is insignificant, especially for radiation power
absorbed in water and spectral radiative flux at the region
boundary. One can see in Fig. 6 that thermal radiation
from the multiphase medium can be observed only in the
visible range and the corresponding radiative heat loss is
negligible in the medium heat balance.

It follows from Eq. (28) that large-cell model gives the
only profile of radiation power. This profile is intermediate
between the profiles obtained for corium and water in P1
approximation. One can see in Fig. 7 that relative error
of the large-cell model in total radiation power is not large
(about 5–10%) because of decisive contribution of the
opacity range. It is important that this error can be esti-
mated by comparison of the large-cell solution with the
upper limit of radiative heat loss from corium particles

P max
w ¼

Z k2

k1

pk dk ð36Þ

The latter statement is illustrated by curve P max
w ðrÞ plotted

in Fig. 7.

5.2. Polydisperse corium particles

For simplicity, the following two-mode size distribution
of particles is considered:

F ðaÞ ¼ ndða� a1Þ þ ð1� nÞdða� a2Þ ð37Þ

with a1 ¼ 0:5 mm, a2 ¼ 3 mm, T ða1Þ ¼ T 1 ¼ 2000 K,
T ða2Þ ¼ T 2 ¼ 3000 K. Obviously,

aij ¼
nai

1 þ ð1� nÞai
2

naj
1 þ ð1� nÞaj

2

ð38Þ

Note that n is the relative number of small particles
whereas the more representative volume fraction of these
particles is given by m ¼ na3

1=a30. The effect of polydisperse
corium particles can be analyzed on the basis of large-cell
model. The local character of this model allows us to con-
sider a single cell of the medium. One can write the follow-
ing expressions for radiative cooling rate coefficients:

wiðnÞ ¼ 1� na2
1fðT 1ÞT 4

1 þ ð1� nÞa2
2fðT 2ÞT 4

2

a20T 4
i

i ¼ 1; 2

ð39Þ

Note that calculations showed the predominant role of vis-
ible radiation in direct heat transfer between the particles
of different temperatures. For this reason, it is sufficient



0.0 0.2 0.4 0.6 0.8 1.0
0.5

0.6

0.7

0.8

0.9

1.0

  1
  2

ψ

ν

Fig. 8. The coefficients of radiative cooling rate for corium particles of
two fractions as functions of relative volume fraction of small particles:
1� w1, for small particles; 2� w2, for large particles.

L. Dombrovsky / International Journal of Heat and Mass Transfer 50 (2007) 3401–3410 3409
to use the ‘‘red” boundary of the visible spectral range
ki ¼ 0:8 lm instead of k* and the Wien law [43] in approx-
imate calculations of function fðT Þ. The results of calcula-
tions presented in Fig. 8 showed that thermal radiation
from relatively hot large particles of corium in the visible
spectral range can lead to significant decrease in the radia-
tive cooling rate of small particles. This effect should be
taken into account in calculations of the fuel–coolant
interaction.
6. Conclusions

The visible and near-infrared radiative properties of
water containing polydisperse steam bubbles and core melt
particles are analyzed. Simple analytical expressions are
derived for absorption and scattering characteristics of
steam-mantled corium particles and steam bubbles in the
range of water semi-transparency.

The alternative approximate models of radiation heat
transfer in the range of water semi-transparency are sug-
gested. A more general model is based on P1 approxima-
tion for 3D radiative transfer in a refracting, absorbing,
scattering, and emitting multi-temperature medium. For
the same medium, a new approach based on radiation bal-
ance equations for a large computational cell of size about
several centimeters is developed. This approach called
large-cell model takes into account not only water heating
but also radiation heat transfer between the particles of dif-
ferent temperatures. The latter is important for FCI prob-
lems. An applicability of the large-cell model is analyzed
for example problem with physical parameters typical for
FCI characterized by not too high volume fraction of
steam. It is shown that error of the new model is usually
less than about 5–10% both in radiation heat loss from cor-
ium and local radiation power absorbed in water.

The calculations based on the large-cell-model show a
significant decrease in radiative cooling rate of small parti-
cles due to radiation of relatively hot large particles of cor-
ium in the visible spectral range. This effect should be taken
into account in calculations of the fuel–coolant interaction.

The model developed can be easily generalized to the
case of large volume fraction of steam when steam volumes
contain polydisperse corium particles and water droplets.
The resulting large-cell model can be considered for imple-
mentation in CFD codes oriented to FCI problems.
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