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Abstract

Heat transfer by thermal radiation from a hot spherical particle to ambient water through the concentric vapor
shell is analyzed by the use of different theoretical models. In the case of the vapor layer thickness A comparable
with the radiation wavelength, the wave effects are taken into account. For greater values of A, the problem
solution is derived by combination of the Mie theory for the particle emissivity, the Fresnel’s equations for radiation
reflection/refraction on the vapor—water interface, and the radiation transfer equation for calculation of heat
absorption profiles in water. A justified approximate description of the radiation heat transfer between corium melt
particles and boiling water, as applied to vapor explosion analysis in the case of nuclear reactor severe accident, is
proposed. Numerical examples illustrate effects of the particle size and the vapor shell thickness. © 2000 Elsevier

Science Ltd. All rights reserved.
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1. Introduction

Theoretical investigation of the core melt interaction
with ambient water in the case of nuclear reactor
severe accident is a very important up-to-date problem
[1]. At the same time, the existing physical models of
the thermal interaction of small single droplet of the
melt with boiling water donot take into account heat
transfer by thermal radiation which may be consider-
able due to very high temperature of the melt (~3000
K) [1,2]. Note that in the case of experimental simu-
lation of vapor explosion, which is often performed at
a low temperature and in the presence of other sub-
stances, one must likewise analyze the differences
between the simulated and full-scale conditions of radi-
ation heat transfer.

Because of the inertia of liquid, the vapor envelope

of a hot particle is subjected to high-frequency oscil-
lation and, in some cases, it may collapse, which
leads to a small-scale vapor explosion. In doing so,
the vapor shell thickness at different stages of the
process may range from several to hundreds of
microns [2]. Obviously, the radiative flux is less sensi-
tive to the variation of the shell thickness than the
heat flux due to thermal conductivity of vapor. As a
result, thermal radiation effects the average intensity
of heat transfer from a particle to liquid and has a
damping effect on the oscillation of the vapor envel-
ope of the particle. The wide range of variation of
the vapor shell thickness necessitates the development
of a rather general theoretical description of the radi-
ation transfer.

The objective of this paper is to present theoretical
models for calculating the radiative heat flux from a
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Nomenclature

a particle radius

ax, bk, ¢k, dr mathematical functions, Eq. (3)

B Planck’s function
i=v-1

K coefficient, Eq. (19)

m complex index of refraction

n index of refraction

P specific absorbed power

q specific radiative flux

0 dimensionless integral  absorption
function, Eq. (12)

0. absorption efficiency factor

r radial coordinate

ro particle radius

Ar distance from the vapor—water inter-
face

R Fresnel’s reflection coefficient

s distance along the ray

T temperature

Upe, Vi mathematical functions, Eq. (3)

w dimensionless absorption function,
Eq. (9)

X diffraction parameter of the particle

y diffraction parameter of the cavity

z complex variable, Eq. (4)

Greek symbols

%y Prs Ck mathematical functions, Eq. (4)

y relative radius of the vapor—water
interface

0 relative thickness of the vapor layer

A thickness of the vapor layer

& effective emissivity

K index of absorption

A radiation wavelength

u angular variable, Eqs. (8) and (9)

2 absorption coefficient

P mathematical function, Eq. (4)

Vi Ck Riccati—Bessel functions

Subscripts

1,2 options

e external

i interface

k order of mathematical functions

m black-body radiation maximum

A spectral dependent

* limiting value

hot particle through the vapor shell and also the distri-
bution of the absorbed radiation power in surrounding
water. The following special physical features of the
problem are taken into account:

e the geometrical optics approximation is incorrect for
small thickness of the vapor layer A, in the case of
A~ A (/4 is the characteristic wavelength of the ther-
mal radiation) the wave effects take place;

e because of the specific spectral dependence of the
water absorption index, the short-wave infrared
radiation penetrates deep into water whereas the
long-wave radiation is absorbed in very thin
water layer near the vapor—water interface.

The physical models being treated and the mathematics
employed are fairly general. At the same time, the per-
formed numerical analysis is restricted with respect to
the optical properties of the materials: the interaction
between molten oxide particles and water is treated,
which is of most interest as regards the safety of
nuclear reactors.

Having in mind that calculation of the radiation
heat transfer is only one part of a general multiphase
flow model, special attention is given to approximate
computational procedures.

2. General wave solution for radiative flux

We consider a single spherical particle of radius r
in a concentric cavity of radius r;. The particle and
water in the volume r; < r < oo are isothermal, their
temperatures are equal to Ty and T, (7y > T.) corre-
spondingly, complex indices of refraction, m = n — ix
and m. = n. — ike. The specific spectral radiative flux
on the particle surface is defined as follows:

4; = e[ Bi(To) — Bi(T)] 1)

where the function ¢,(x, y, m, m.) is the spectral emis-
sivity of the system “particle—cavity”, the diffraction
parameter of the particle and that of the cavity are
defined as usually:

x =2nry/A y =2nri/A 2)
The general solution to the problem under consider-
ation at arbitrary values of parameters may be derived
by use of the fluctuation—dissipation theorem [3]. Simi-
lar solutions for narrow clearance and layered struc-
tures are employed in radiation heat transfer
calculations in microscale electronics when the wave
effects prove very significant [4,5]. For a single spheri-
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cal particle in a concentric cavity, the analytical sol-
ution for the spectral emissivity &; was derived in
papers [6,7]. This solution may be written using the
notations of the Mie theory [8] in the following form:

7 &
X k=1

Im[moy (mx) |Im[ e i (mey) |
laxux — b /ux + axbrvel?

N Im[n7* o (mx) | Im[m} . (mey) |

|mecity — mdy Jug — crdivi|? @)
ar = moy (mx) — oy (x)
bic = mefi(mey) — o (v)
e = moy(x) — o (mx)
dic = meo(y) — Br(mey)
i = Y ()Y ()
Ve = Y ()@r(x) = i (X)@r ()
Here
u(2) = Y (@)/Wi(2), (@) = L(2)/ G (2), W

Le(2) = Yi(2) +ipy(2)

Vi, (i are the Riccati—Bessel functions.

Note that in the special case of nonabsorbing med-
ium (k. = 0), the known solution for radiation absorp-
tion by a two-layer spherical particle in vacuum [8,9]
may be used and the spectral emissivity is calculated as
follows:

&) = ”3,“/2 0. %)

where y =ri/ro = y/x, Q, is the efficiency factor of
absorption for a two-layer particle, which consists of
the kernel with the diffraction parameter x’ = n.x and
the complex refractive index m’ = m/n. and of the
nonabsorbing shell with the diffraction parameter x” =
n.y and the index of refraction n” = 1/n, [10]. One can
see that in the absence of the vapor layer between the
pdrticle and water (y = 1), the value of ¢; proves to be
n2 times greater than the value s,) for the same par-
tlcle in vacuum.

3. Solution for large thickness of vapor layer

3.1. Radiative flux and heat absorption profile

In the case of large thickness of the vapor shell (in
comparison with the wavelength), the particle emissiv-
ity does not depend on the optical constants of water.
Note that in the case of m. =1, y =1 one can derive
from the general equation (3), the following relation
for spectral emissivity of a single particle [11,12]:

m([may (mx) |

£ — 2k+1
KR Z “ |10 { 1B1.(x) — moy (mx)|?

Im[m*o(k(mx)] } ©)

Imp(x) — ey (mx)|?

The quantity derived by Eq. (6) is nothing but the
absorption efficiency factor Q,(x,m) for a single
spherical particle in the Mie theory [11].

The spectral emissivity of the system particle-water
in the case of negligible wave effects may be calculated
by the regular formula

1
&) = -

/e + (1740 1) 12
()

™

where varepsilon ¢’ is the hemispherical emissivity of
the water surface. The latter value is determined using
the Fresnel equations for unpolarized radiation [13]:

1
O =202 | (1= RooJudn, = 1= 1,
15
1 — Ilte 2 e — 2
[EERE
2 \utnes Nelt +§

L—n3(1 - p2)

®)

Note that 1 — s(;) « 1, and therefore one can use the
approximate equality ¢, ze(io) even for not so large
values of y.

From the known value of the spectral radiative flux
on the particle surface, one can calculate the radial
profile of heat absorption in surrounding water. In
doing so, one must keep in mind that radiation inten-
sity in the region r > r; is not isotropic, but the radi-
ation is concentrated in a solid angle, whose
magnitude depends on the geometric parameter y and
on the index of refraction n.. Having in mind that
reflection of the thermal radiation from the vapor—
water interface is small, the heat absorption profile
may be characterized by the following dimensionless
function:
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|
W(r) = J exp[ — Zas(r, p)] du,  Zo = 4mice/2

My

2
"= 1—(%), s=pr—JR-r(l=2).  ©
€

(2, is the spectral absorption coefficient of water) and
the specific power of absorbed radiation is determined
by integration over the spectrum:

P(r)=2 J:o nZZaq; Wi(r) da (10)

Note that the following energy balance equation takes
place:

J‘ P(r)r2 dr = qr(z), q= Jo q; dA (11)

where ¢ is the integral radiative flux on the particle
surface, and it is convenient to use the dimensionless
function, which characterizes a part of the integral
radiative flux absorbed in the spherical water layer

(Vi, V):

o) = 1 [ P(ryr* dr (12)
q

")
ro Jn

4. Optical properties of substances

A review of the literature failed to yield the spectral

optical constants n(4), x(4) not only for the core melt
but also for molten pure UO,. The only approximation
for uranium oxide has been proposed in paper [14]:
index of refraction n = 2.3 (independent of wavelength)
and the Rosseland averaged absorption coefficient
>, =750 cm™! for the temperature interval from 3138
to 3760 K. The quantity %, is related to the index of
absorption used in the present paper by the following
equation:

{o¢]
4nJ 8I?;T) dA
— 0 ~
Xy = J-oo iaB}(T) ¥ "'4nkm/j~m (13)

0o K oT

where one can assume 4, = 1.1 um for estimating the
average absorption index k,. It is important that the
value of x,,~4 x 10™* from Eq. (13) is typical for
metal oxides in the near infrared.

In this paper, we also use the constant value of n =
2.3. To determine the role of this parameter some ad-
ditional calculations were performed for variable n(1)
as that for aluminum oxide at 3000 K [9]. Two options
are treated for the oxide index of absorption, namely,
option 1 with a pronounced region of semitranspar-
ency in the near infrared (as for molten Al,O3) and
option 2 with stronger absorption. The corresponding
relations are [9]:

K1 = K2 — 0.0061/(2% + 1)
(14)
Ky = 0.002(0.0622 + 0.7+ 1)

where A is expressed in microns. A difference between
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Fig. 1. The spectral absorption indexes of oxide (a) and water (b), as used in the calculations; 1, 2 — numbers of options.
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Fig. 2. The spectral emissivity of a particle in a concentric cavity at the wavelength 2 = 1 pm for different values of the diffraction
parameter: (a) x = 5, (b) x = 10, (¢c) x = 50, (d) x = 100; 1, 2 — numbers of options for the oxide absorption index. Dots at

0 = 0 and horizontal asymptotes — Mie theory calculations.

computational results for k = x; and k = x, should be for spectral range 0.2 < 4 <7 um (see Fig. 1, option
considered as an effect of uncertainty in the absorption 1). It should be noted that radiation absorption
index data. depends significantly on the water purity. Effect of

Optical constants of pure water in the infrared are possible contamination of water (option 2) is charac-

obtained by interpolation of the experimental data [15] terized by a higher absorption index x; = x; 4+ 1074,
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Fig. 3. The spectral emissivity of a particle in a concentric cavity at the wavelength 1 = 3 pum for different values of the diffraction

parameter: (a) x = 20, (b) x = 50; A — exact solution with the wave effects, B — approximation (15) based on the Mie solution
for a single particle; 1, 2 — numbers of options for the oxide absorption index.
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Fig. 4. The spectral emissivity of oxide particle of radius 20 um for different values of the absorption index ((a) option 1, (b) option
2) for a varying relative thickness of the vapor shell: 1 — 6 =0.001,2 — 6 =0.01,3 — 6 =0.02,4 — 6 =0.05,5— 6 =0.1.
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Fig. 5. The evaluation of accuracy of approximate solutions for the spectral emissivity of an oxide particle of radius ryp = 20 um

with the relative thickness of the vapor shell 6 = 0.1: (a) exact solution, (b), (c) calculations by approximate relation (7) with

determined by the Mie theory (b) or by formula (16).
5. Results of calculations

5.1. Spectral emissivity

Numerical data on spectral emissivity of the system
“particle-concentric cavity” obtained by account for
wave effects are presented in Figs. 2 and 3 in the form
of ¢,(0) correlations, where 6 =y — 1 is the relative
thickness of the vapor shell. The value of ¢; is weakly
dependent on the water absorption index. Therefore,
only the results for option 1 (pure water) are given.
One can see in Fig. 2 that the emissivity, generally
speaking, is a complex nonmonotonic function of the
vapor shell thickness, although two limiting cases of
zero shell (6 =0) and solitary particle (d—o00) are
described by the Mie theory. As a rule, the value of ¢,
increases with the particle radius. This effect is more
pronounced for weakly absorbing oxide (option 1).
For comparably large particles (x>50) dependencies
£;(9) are more simple and one can use the following
exponential approximation:

g = e(ll) — (agl) — 830))[1 — exp( — x)]

(15)

in the limit 0 =

85?) = Qa(x, m), 8511) = ngQa(nex, m/ne)

. 0
The asymptotic value of ¢, :sg)

(0)
&)

y— 1> 1/x corresponds to a single particle in vac-
uum, whereas the value ¢; = s(;) when 6 =0 is deter-
mined as that for the particle immersed in the
reflecting but nonabsorbing medium. One can see in
Fig. 3 that the results of calculation by formula (15)
are in good agreement with the exact solution includ-
ing the wave effects.

Some more complete presentation of the spectral
emissivity is given in Fig. 4 where two groups of
curves, i.e. those with an approximately constant emis-
sivity and those with a pronounced minimum in the
short-wave region, correspond to different options of
the spectral dependence of the oxide absorption index.
One can also see that degeneration of the general sol-
ution is not uniform over the spectrum.

The calculations by Eq. (15) or (7) may be simplified
even further if we employ the following approximate
relation instead of the Mie theory [9]:

4n

(n+1)7
+ Siex(n — 1)° exp[ —x(n— 1)/5]

0. = [1 —exp(— 5kx)]

(16)

Eq. (16) has been earlier verified only in the interval
1.5<n<2, 0.002<k<0.02 [9]. Nevertheless, the com-
putational results presented in Fig. 5 confirm a fairly
high accuracy of this approximation in the whole spec-
tral range.
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Fig. 6. The local specific absorbed power P and absorbed part of the total radiative flux Q for oxide particles of radius ryp = 10 pm
(a) and 50 um (b). Particle temperature 7y = 3000 K, index of absorption — option 2; 1, 2 — numbers of options for the absorp-

tion index of water.

5.2. Profiles of absorbed power

The numerical results on absorption of the particle
thermal radiation in surrounding water are presented
in Fig. 6 in the form of dependences of the specific
absorbed power P and the integral absorption function
QO on the distance to the vapor—water interface Ar =
r—r;. The calculations are performed for a relatively

strongly absorbing oxide (option 2). One can see that
the values of P for Ar < 0.01 mm are approximately
the same for pure and contaminated water. It is
explained by only the long-wave absorption in the thin
surface layer of water. The initial parts of these curves
for particles of different radius and for different values
of 7y are similar to one another. This result becomes
apparent from the following relations for W; = W,(r;)
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Fig. 7. The specific integral radiative flux on the particle surface ¢ and the specific absorbed power on the water surface P; for
oxide particles of radius rp = 10 pm (a) and 50 um (b): 1 — n = 2.3 (uranium oxide), 2 — n(4) as for molten aluminum oxide [9].
The particle temperature 7y = 3000 K, the absorption indexes are those of option 2.

and P; = P(ry):

/ 1
VVIZI_ 1—1/(‘yne)2zm, "/22 (17)

A [*° 1,
Pir~— —q; dA 18
72 Jo 7 & (18)

One can see that P; does not depend on n. and it is
inversely proportional to y?. The increase in P; by a
factor of almost two as the particle radius increases
from 10 to 50 pm (see Fig. 6) is attributed to the re-
spective increase in the particle emissivity.

Approximate equation (18) explains the very weak
dependence of function Q(Ar) on the geometrical par-
ameters g,y and on the index of refraction n.. Note
that curves for y=2 and y=5 in Fig. 6 coincide
within the line thickness. At the same time, the data in
Fig. 6 point to a considerable difference between the
options corresponding to pure and contaminated
water. In the former option, half the integral radiative
flux is absorbed in a water layer of thickness Arx2
mm, and in the latter option it is absorbed in a water
layer of thickness Arx~0.3 mm. Note that, quantitat-
ively, the obtained result depends on the oxide absorp-
tion index x. In the case of small x (option 1)
calculations give Ar = 0.5-0.8 mm for pure water and
0.20-0.25 mm for contaminated water (the lower
values correspond to g = 10 um and the higher ones
to ro = 50 pm).

One can readily see that the calculated curves Q(Ar)

are adequately approximated by the function:
0 =1—exp(— KAr) 19)

where the coefficient K is proportional to some average
absorption coefficient for water. For semitransparent
particles (xx < 1) [12], this coefficient depends further
on the oxide absorption index. From the practical
standpoint, it is important that the correlation Q(Ar)
needs no recalculation as the vapor shell thickness var-
ies in the course of interaction between a particle and
surrounding water.

6. Approximate radiation transfer model for particle
cooling calculations

The radiation heat transfer model should be con-
sidered as a part of a general computational model
including all modes of thermal and hydrodynamic
interaction of the core melt particles with boiling
water. For this reason, one needs the most simpli-
fied approximate algorithm both for the integral
radiative flux and for the radiation absorption in
water.

As mentioned above, the thickness of the water
layer in which a certain part of the integral radiative
flux is absorbed depends weakly on the vapor shell
thickness which may vary rapidly (and nonmonotoni-
cally) during the interaction between a droplet of cor-
ium melt and water [2]. Therefore, only the values of ¢
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and P; should be recalculated at every time step. The
spectral value ¢, can be calculated by means of ap-
proximate equations (15) and (16) for the spectral
emissivity. The specific integral radiative flux and the
power absorbed in a thin surface layer of water are
then determined by Egs. (12) and (19). An example of
such calculation is illustrated in Fig. 7. One can see the
effect of particle radius: for larger particles the values
q, P; are greater. The wave effects are significant only
at very small vapor layer thickness: A < 1 um. Never-
theless, approximately twofold increase in ¢ and P;
may be considerable on the initial (hydrodynamic)
stage of the particle-water interaction [2]. Fig. 7 shows
only insignificant influence of the oxide index of refrac-
tion. It will be recalled that there is another aspect of
the same problem with a much more pronounced effect
of refractive index: the radiation of comparably large
semitransparent nonisothermal particles [12,16].

7. Conclusions

Computational models of different complexity levels
have been treated for the radiation heat transfer from
a hot spherical particle to surrounding water through
the concentric vapor shell of arbitrary thickness. The
most general solution includes the wave effects, which
are considerable for the vapor layer thickness of the
order of the radiation wavelength. For a much greater
distance between the particle and the water surface,
the solution of the problem is derived by combination
of the Mie theory for the particle emissivity, the Fres-
nel’s equations for the radiation reflection/refraction
on the vapor—water interface, and the radiation trans-
fer equation for calculation of the heat absorption pro-
files in water. In all instances, the problem is solved as
spectral, with subsequent integration over the spec-
trum.

Numerical study of the problem for uranium oxide
particles in water made it possible to propose approxi-
mate relations of the known accuracy both for the
integral radiative flux (including wave effects) and for
the heat absorption in water. The residual error of the
radiative flux calculations for particles of radius less
then 50 um is caused by significant uncertainty of the
core melt index of absorption in the near infrared
range. It is also important that calculated value of the
absorbing layer thickness of water strongly depends on
water purity. As a result, the accuracy of the radiation
heat transfer calculations is mainly determined by re-

liability of the experimental data on the near-infrared
absorption index of the core melt and also of the pro-
cess water.
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