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Abstract— A simple model of radiant heat transfer through the cover gas in a sodium-cooled fast reactor is
presented. The cover gas medium is assumed to consist of a cloud of sodium droplets suspended in a
transparent gas. The radiative properties of the droplet cloud—absorption and scattering efficiencies and
scattering phase function—are calculated using the Mie theory of electromagnetic scattering with optical
properties predicted by the classical electron theory of metals. Radiative transfer through the cover gas is
calculated rigorously using the discrete ordinate method and compared with the results obtained by the
isotropic scaling and Eddington approximations. Numerical results of the model are presented and used to
estimate the effect of droplet scattering on heat transfer through the fast reactor cover gas.

1. INTRODUCTION

PRELIMINARY calculations by Clement and Hawtin [1]
of heat and mass transfer through the cover gas in a
sodium-cooled fast reactor suggest that thermal
radiation is the dominant mechanism for heat transfer
from the pool to the roof. In analysing the radiative
transfer, Clement and Hawtin assumed the cover gas
medium to be transparent. However, theoretical [1]
and experimental [2] studies have shown that sodium
vapour condenses in the cover gas cavity with the
formation of a cloud of sodium droplets suspended in
the cover gas. When the droplets are present in a
significant concentration then consideration must be
given to the effect of radiation scattering and
absorption. The purpose of this work is to examine the
influence of the droplet cloud on radiative heat transfer
through the cover gas.

In the present work, the analysis of Clement and
Hawtin is extended to incorporate the interaction of
radiation with a cloud of sodium droplets suspended in
the cover gas. The physical model of the cover gas cavity
is described briefly in Section 2. The calculation of the
radiative properties of the cloud of sodium droplets is
presented in Section 3. The analysis of heat and mass
transfer through the cover gas is given in Section 4 with
details of the radiant heat transfer calculation in
Section 5. Finally, the effect of the droplet cloud on heat
transfer through the fast reactor cover gas is estimated
in Section 6.

2. PHYSICAL MODEL AND ASSUMPTIONS

Following Clement and Hawtin [1], the cover gas
cavity is modelled as an infinite planar medium
bounded by two horizontal plane surfaces. The plane
surfaces, representing the sodium pool and the roof of
the vessel, are at prescribed temperatures, the lower
surface (sodium pool) being at the higher temperature.

The cover gas medium consists of a cloud of small

sodium droplets suspended in an inert gas (argon)
saturated with sodium vapour. The mass fraction of
sodium vapour in the gas/vapour mixture is small
(<107 ?)and the properties of the mixture are taken to
be those of the inert gas. The sodium droplets typically
have diameters less than 20 ym [ 2] and are presumed to
be at the same temperature as the surrounding gas and
distributed uniformly throughout the cover gas cavity.
The limited data on sodium aerosols [2, 3] suggest that
the droplet mass fraction is small (<107 1).

The buoyancy-driven flow within the cavity is
turbulent (Rayleigh number about 2 x 10°) and the
medium is presumed to be at uniform temperature,
although in practice there will be large temperature
gradients in narrow thermal boundary layers near the
pool and the roof The existence of a uniform-
temperature core region is supported by experimental
[4,5] and theoretical [6] investigations of thermal
convection in horizontal layers of air heated from
below, and also fluid layers heated volumetrically [7].
The volumetrically heated layer is pertinent to the
present investigation because condensation of sodium
vapour generates heat within the cover gas medium. At
the above mentioned Rayleigh number, the thermal
boundary layer occupies less than 19 of the width of the
heated layer [4]. Measured fluid velocities [8] are
consistent with a turbulent structure in which the
dominant eddies extend across the full width of the
layer. Estimated vertical flow velocities in the cover gas
cavity (~ 1 m s~ ') are high enough to hold the sodium
droplets in suspension against the settling force of
gravity.

The transfer of heat from the pool to the roof by
natural convection, evaporation and condensation is
expressed simply as the product of a heat-transfer
coefficient and an enthalpy difference. The analogy
between heat and mass transfer is invoked to estimate
the mass fluxes of sodium vapour due to evaporation
and condensation. The heat-transfer coefficient is
assumed to be the same as that in the absence of mass
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expansion coefficient, equation (22)
velocity of light in vacuo, 3x 108 ms™
mass concentration [kg m ™3]

specific heat [J kg™ K]

droplet cloud-to-surface configuration
factor

electron charge, 1.6 x 107'° C
specific enthalpy [J kg™ ']

total radiation intensity [W m~2 sr™ 1]
blackbody spectral intensity
[Wm™3sr™ 1]

imaginary part of complex refractive
index

absorption coefficient [m™1]
scattering coefficient [m™ "]

latent heat [J kg™ ']

mass fraction [kg kg™ 1]

complex refractive index

electron mass, 9.11 x 10731 kg

real part of complex refractive index
droplet size distribution [m %]
number density of droplets in cloud
fm™?]

N, number density of conduction electrons
[m~3]

phase function

Legendre polynomial of degree n

g  heat flux [Wm~™?%]

@ efficiency factor

r radius of droplet [m]

r mean geometric radius [m]

73, Sauter mean radius [m]

SS  surface-to-surface configuration factor
T  temperature [K]

X distance [m].
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NOMENCLATURE

Greek symbols
o heat-transfer coefficient [kgm™?s™ ']}
¥ damping frequency [rad s ']
£ emissivity of surface
g, permittivity constant in vacuo,
884x10" ¥ Fm~!
A wavelength [m]
4 direction cosine
le  cosine of scattering angle
{tipy asymmetry
v frequency [rad s™!]
ps droplet density [kgm™*]
o, electrical conductivity [~ m™!]
o Stefan-Boltzmann constant,
567x1078Wm 2 K™*
standard geometric deviation
T optical depth
1o  optical thickness
w  single-scatter albedo.

Subscripts
a  absorption
con convection
d  droplet
g gas
r radius
rad radiation
§ scattering
A spectral

12} surface 1{2).

Superscript
*  scaled (to isotropic).

transfer. These assumptions are justified because the
mass flux of vapour is small (<10 " *kgm™?s™ '), and
consequently the boundary layers which provide the
principal resistance to heat transfer, are not
significantly perturbed. Heat and mass transfer by
natural convection, evaporation and condensation is
discussed indepth elsewhere [ 1, 97, A detailed model for
these processes, such as that presented in ref. [ 1], is not
warranted in the present investigation where the
emphasis is on heat transfer by radiation.

The sodium covered surfaces bounding the medium
are assumed to be radiatively grey and to emit and
reflect radiation diffusely. The inert gas and sodium
vapour in the medium are transparent, while the
sodium droplets absorb, emit and anisotropically
scatter thermal radiation. The absorption and emission
of radiation by metals such as sodium is small and
therefore the process of heat transfer by radiation is not
strongly coupled to the other heat transfer processes.

3. RADIATIVE PROPERTIES OF SODIUM
DROPLET CLOUD

3.1. Optical constants

The response of a material to an applied
electromagnetic field, such as infrared radiation, can be
described by the optical constants n and k which are the
real and imaginary parts of the complex refractive index
m (=n—ik), respectively. For alkali metals such as
sodium, the classical electron theory of metals yields the
following dispersion equations relating the optical
constants at frequencies in the infrared to the electronic
properties of the material [10]

N.é?
I A S 1
" ome(v? +7%) @
N.e%y
Ink = — 67 2
T rma (P ) @

where N, is the number of conduction electrons per unit
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volume, e and m, are the electronic charge and mass,
respectively, &, is the permittivity constant in vacuo, y is
a damping frequency and v is the angular frequency of
the radiation (related to the wavelength in vacuo, 4, by
v=2nc/l). The damping frequency is assumed to be
independent of v and is obtained from the observed
zero-frequency (direct-current) electrical conductivity
0o as
2
y = e G

MGy

Typical values of the electronic properties (N, and o) of
sodium at room temperature are [11]

N,=25x10* m~3
0o =21x107Q ' m™ 1L

Figure 1 shows the calculated infrared optical con-
stants of sodium at temperatures of 290, 670 and 870K,
the last two of which are typical of the temperatures
encountered in the fast reactor cover gas cavity. The
variation of n and k with temperature results from the
temperature dependence of N_. (proportional to
density) and o,,. At the high temperatures sodium is in
the liquid state (melting point 371 K). The results
indicate that both n and k increase significantly with
increasing wavelength, a feature which is characteristic
of metals. In the near infrared (A ~ 1 um), kis more than
an order of magnitude greater than n, while in the far
infrared (4 = 20 um), n and k asymptotically approach
the same value. Also shown in Fig. 1 are measurements

OPTICAL CONSTANT

4 Ives and Briggs
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F1G. 1. Optical constants for sodium. The data are for a
temperature of 290 K : A, Ives and Briggs [12]; O, Hodgson
[13]; +, Althoff and Hertz [14].
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[12-14] of the optical constants at room temperature.
For the range of wavelengths of interest in the present
study, namely 2-20 um, the calculated and measured
values of » and k are in good agreement. The
discrepancy between the calculated and measured
values of n at wavelengths between 2.5 and 10 um is
attributable to a systematic error in the experimental
data: Althoffand Hertz [ 14] report that their measured
optical constants are imprecise due to impurities in the
surface of the sodium sample and that the value of g,
inferred from the data is in error by 30%. The
discrepancy at low wavelengths is expected because the
classical electron theory of metals is known to break
down at wavelengths in the visible region.

The success of the classical electron theory of metals
in calculating the infrared optical constants of sodium
at room temperature suggests that the predictions at
the higher temperatures should be reliable.

3.2. Radiative properties for a single droplet

The efficiencies for absorption and scattering of
radiation by aspherical droplet with complex refractive
index m can be calculated from the Mie equations [15].
Here, the absorption and scattering efficiencies are
denoted by Q, , ,and Q, , ,, respectively, where 4 is the
wavelength of the incident radiation in the medium
surrounding the droplet and r is the radius of the
droplet. The angular distribution of the scattered
radiation, which can also be calculated from the Mie
equations, is described by the scattering phase function,
denoted here by p, ,(¢o) Where y, is the cosine of the
scattering angle. The Mie equations and associated
computational methods are given in detail elsewhere
[15, 16].

3.3. Radiative properties for a cloud of droplets

For a cloud of spherical droplets in which the
individual droplets are well separated the absorption
and scattering coefficients and the phase function are
obtained as the sum of the individual droplet
contributions. Thus, for a cloud with droplet size
distribution function n(r), the scattering coefficient is
given by

Ks.). = f n(r)anQs.l,r dr' (4)
(o]
This expression can be rewritten as
30,.,C
K, = 22sC ©
4pq4Ts,

where C is the mass concentration of droplets in the
cloud, p, is the droplet density, 5, (= {r?>/{r?>}is the
Sauter mean radius for the droplet distributionand Q, ;
is the cloud scattering efficiency given by

n(r)rrQ, ;, dr

n(r)ynr? dr
0

0.1 = —TT—— (6)
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Similarly, the absorption coefficient, K, ,, and cloud
absorption efficiency, Q, ,, are given by equations (4)-
(6) with the subscript ‘s’ replaced by ‘a’. The cloud phase
function is given by

o

1
p}.(l“O) == n(r)ners,i..rp).,r(/'lO) dl’. (7)

Ks.). 0

The asymmetry, or forwardness of scatter, {yg>;, 1s
defined as

l 1
SHora =3 J 1 Pa(koito dito. @)
The sparse experimental data relevant to sodium
droplet clouds in the fast reactor suggest that the
droplets have radii in the range 0.5-10 um [2] and that,
toafirstapproximation, the cloud has alog-normal size
distribution [3]. Thus, the droplet size distribution
function is taken to be

N (e
= m € In o, 9

where N is the number density of droplets in the cloud,
r is the mean geometric radius and ¢, is the standard
geometric deviation.

Six typicalsize distributions, the parameters of which
are given in Table 1, have been examined. The six
distributions were chosen so that most of the droplets
have radii within the observed range. The maximum
value of o, (=2.0) corresponds to about a 30-fold range
of radius. Furthermore, the parameters were chosen so
that several of the distributions have the same Sauter
mean radius (75,) but differ in all other respects.

Figure 2 shows the calculated efficiencies for
absorption and scattering of radiation by the six
sodium droplet clouds at a temperature of 770 K. As
expected, the cloud efficiencies are relatively smooth
functions of wavelength and do not exhibit the
oscillations characteristic of single droplet efficiencies.
It can be seen that the efficiency factors for droplet
clouds having the same Sauter mean radius are very
similar. This feature of cloud efficiencies—that the
mean efficiencies for polydispersions depend primarily
on the Sauter mean size and only weakly on the detailed
shape of the size distribution function—has also been
reported for dielectric spheres [ 17, 18]. It is convenient
to characterize the cloud properties in terms of the
mean droplet size parameter for the cloud, defined as

n(r)

Table 1. Size parameters and total radiative properties for the
six typical droplet clouds

Property 1 2 3 4 S 6
ry (um) 1.18 138 205 1.62 240 356
o, 150 176 150 200 176 1.50
T3, (um) 1.78 309 309 537 537 537
® 0965 0968 0969 0971 0971 0972
<y 0.231 0333 0353 0400 0420 0440
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Fi1G.2. Efficiencies and asymmetry of sodium droplet clouds at
a temperature of 770 K.

2niy,/A. When the size parameter is greater than
unity, the cloud efficiencies are relatively constant—
approximately 0.07 and 2.0 for absorption and
scattering, respectively. Conversely, when the size
parameter is less than unity, the absorption and
scattering efficiencies decrease with decreasing size
parameter, and are approximately proportional to the
first and fourth powers of the size parameter,
respectively.

Also shown in Fig. 2 is the asymmetry for each of the
six cloud functions. Once again, it can be seen that the
asymmetries for clouds having the same Sauter mean
radius are similar. The scattered radiation is forward or
backward directed ({u,); greater or less than zero)
depending upon whether the size parameter is greater
or less than unity.

The efficiencies and asymmetry are essentially
independent of the droplet temperature within the
range 670-870 K, due to the weak dependence of m on
temperature as shown in Fig. 1.

The absorption and scattering coefficients for the
droplet cloud are obtained from the cloud efficiencies
using equation (5). Because the cloud efficiencies are
primarily dependent on the Sauter mean radius of the
droplet cloud, it follows from equation (5) that, for a
cloud with a given mass concentration of droplets, the
absorption and scattering coefficients are also
primarily dependent on the Sauter mean radius.
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3.4. Total radiative properties

The analysis of radiant heat transfer is greatly
simplified by using wavelength-averaged, or total,
radiative properties. For the range of temperatures
encountered in the fast reactor cover gas cavity (670
870K),95%, of the thermal radiation lies at wavelengths
in the range 2-20 um with the maximum in the spectral
distribution at about 4 um. From Fig. 2 it is clear that
within this range of wavelengths the variation of the
efficiencies with wavelength is not large.

The wavelength-averaged scattering efficiency is
defined by

J‘ Qs,}.lb.). dj‘
Jo__ (10)

f Iy i
0

where I, ; is the black-body spectral intensity at the
source temperature of the radiation. The wavelength-
averaged absorption efficiency, Q,, is defined by the
same equation with the subscript ‘s’ replaced by ‘a’.

For the six sodium droplet clouds, the wavelength-
averaged efficiencies calculated according to equation
(10) are essentially independent of the radiation source
temperature within the range 670-870 K. Furthermore,
the total cloud efficiencies calculated according to
equation (10) are only weakly dependent on both the
shape of the size distribution and the mean radius of
the droplets in the cloud. The average values of the
efficiencies for the six clouds are

0, = 0.068 +0.005
Q, = 2.08+0.08.

Thesingle-scatter atbedo, w (= Q,/(Q, + Q,)), calculated
from the individual values of the efficiencies is

@ = 0.968 +0.003.

Q=

The wavelength-averaged absorption and scattering
coefficients, K, and K, are obtained from Q, and Q,
using expressions similar to that given by equation (5).

The asymmetry of the wavelength-averaged phase
function defined by

o«

Pa(t0)Qs.1 b, d’
plpo) = =— (11)
o]

I, di
[}

is also essentially independent of source temperature,
and increases slowly with increasing Sauter mean
radius of the droplet cloud. For all six droplet clouds
the scattering is forward directed ((u,)» greater than
Zero).

The total radiative properties for the six sodium
droplet clouds are summarized in Table 1.

4. HEAT TRANSFER IN CAVITY

With the assumptions given in Section 2 above, the
net heat flux at the roof of the cavity (surface 2) due to

HMT 27/11~3
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convection and condensation is given by

ql,con = a2(hg - hz) (12)

where o is the heat-transfer coefficient (based on
enthalpy difference) and h is the specific enthalpy
(sensible plus latent heat) of the gas—vapour mixture
defined by

T
h=j C,dT+Lm (13)

where C,, is the specific heat of the gas—vapour mixture,
Lis thelatent heat of evaporation of sodium and mis the
mass fraction of sodium vapour in the mixture. The
subscripts g and 2 denote values at the temperature of
the medium and surface 2, respectively. The mass
fraction of sodium vapour in the mixture is taken as the
saturation mass fraction at the temperature of the
mixture. Use of the composite variable h, rather than
separate variables T and m, enables heat transfer by
convection and condensation to be described by a
single equation. Furthermore, the composite variable h
obeys a conservation equation of exactly the same form
as that governing heat transfer in a non-condensing
environment [197], and therefore the heat-transfer
coefficient o can be estimated from Nusselt number
correlations for turbulent convective heat transfer in
the absence of condensation. It is implicit in the present
formulation of heat and mass transfer that the Lewis
number of the mixture is unity. For sodium/argon
mixtures with a low mass fraction of sodium vapour the
Lewis number does not deviate significantly from unity
[9].

The net radiation heat flux at the roof surface can be
written as [20]

Garaa = S18,0(T$— T3 +DS,a(Ts—T% (14)

where o is the Stefan-Boltzmann constant, T is the
temperature—subscripted 1, 2 and d for the lower
surface (pool), upper surface (roof) and droplet-laden

medium, respectively—and S;S, and DS, are
configuration factors for radiative transfer from surface
1 to surface 2 and from the droplet-laden medium to
surface 2, respectively. In the terminology of Hottel and

Sarofim [20], §,S, and DS, are total exchange areas
per unit area of the bounding surfaces. It is implicit in
the formulation of equation (14) that wavelength-
averaged radiative properties are employed in the
calculation of the configuration factors.

The total heat flux at the roof, obtained by summing
the contributions due to natural convection, conden-
sation and radiation, is given by

g2 = 5,5,0(Tt— T4+ DS,6(T$ — T4+ ay(hy—hy).
(15)

The expression for the total heat flux at the roof
contains the unknown temperature of the medium.
This may be eliminated by combining equation (15)
with the equation obtained by formulating a heat
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balance on the gas—vapour—droplet medium, namely
DS, 0(T4~T$)+DS,0(T4— T4 +ay(hy—hy)
+ay(h,—hy) =0 (16)

where the small sensible heat transfer associated with
droplet deposition at the bounding surfaces is
neglected. The heat-transfer coefficients at the two
surfaces cannot be very different because the mass flux
of sodium vapour at each surface is small and does not
perturb the turbulent boundary layer significantly.
Therefore, the coefficients o, and «, are presumed to be
the same and denoted by a. The configuration factors
DS, and DS, are the same because the two surfaces
have the same emissivity, both being coated with
sodium. Combining equations (15) and (16) gives

2 = (5,8, +4DS,)a(T4 — T +halh, —hy). (17)

The determination of the configuration factors for
radiative transfer is described in the next section.

5. CONFIGURATION FACTORS FOR RADIATION

5.1. Radiative transfer equation

The equation for radiative transfer in a planar
medium which absorbs, emits and scatters anisotropi-
cally can be written as [21]

oT*

ol
ua—(r,u)H(r,.u) =(1-w)
T i1

1
+ %wj Pl )z, ) dp' (18)
-1
where I(t,u) is the total (wavelength-integrated)
intensity at optical depth t in the u direction. Here the
optical depth coordinate is defined as

T={(K,+KJ)x (19)

where x is the geometric distance from surface |
measured normal to the surface, and K, and K| are the
total absorption and scattering coefficients of the
medium. The optical thickness of the medium is
denoted by t,. The single-scatter albedo, «, is defined
by

K

= . 20
=K IK. (20)

Azimuthal symmetry is assumed and p is the cosine of
the polar angle measured from the positive x-direction.
The scattering phase function is given by its Legendre
expansion as

Py =1+ Y a,P. (P (k) 1)
n=1

where P,(u)is the Legendre polynomial of degree n, and
the expansion coefficients a, are given by

2n+1 (!
=" J‘ P(o) Prlpto) dpto. (22)
-1
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Boundary conditions for the transfer equation,
appropriate to diffuse emission and reflection of
radiation, areimposed at the bounding surfaces located
at T = 0 (surface 1) and 7, (surface 2).

The configuration factors are obtained from the net
radiative flux, defined by

q(t) = 2n J 11 I{z, ) dp (23)
evaluated for the following specific conditions
$,S, = ql(zy) for conditions
cTt=1, T,=T=0 (24
BS_; = ¢(1q) for conditions
T,=T,=0, aT*=1. (25

The combination of configuration factors in the
expression for the total heat flux at surface 2 [equation
(17)] is given by

S,S, +1DS, = g(z,) for conditions

6T=1, ¢T*=05 T,=0. (26)

5.2. Solution of transfer equation

Theintegro-differential transfer equation (18) may be
solved numerically by the well-known discrete-
ordinate, or quadrature, method [21]. The application
of the method in a plane-parallel geometry is described
indetail by Love and Grosh [22]. In the present work, a
double Gaussian quadrature of order 10 (DS,,) was
used for the angle integrations. The spatial integration
was performed using standard finite-difference tech-
niques. The final solution of the coupled equations for
the intensity field was obtained iteratively, with a
convergence criterion of 1073% change between two
consecutive iterations. The coefficients in the series
expansion of the phase function were calculated by
numerical integration of equation (22). The series
expansion of the phase function was truncated after N
significant terms, with the criterion ay,; < 1072 For
the six cloud phase functions examined in this work the
value of N was typically less than 80.

5.3. Approximate solution of transfer equation

5.3.1. Isotropic scaling. The calculation of angle-
integrated quantities, such as the net radiative heat flux,
does not require precise detail in the scattering phase
function. Consequently, when only angle-integrated
quantities are of interest, the problem of forward-
directed anisotropic scattering can be greatly simplified
by approximating the exact phase function by the sum
of a forward delta function and an isotropic scattering
function [23]. The strength of the delta function is
chosen to ensure the correct asymmetry [24], which is
related to the coefficient a, in the series expansion of the
exact phase function by (> = a,/3. With this
approximation, the anisotropic scattering problem is
scaled to isotropic with the optical depth, single-scatter
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albedo and phase function transformed according to

* = (1 —wppd)r (27)
@* = o1 =< pe) (1 — o)) (28)
pHu ) =1 (29

where the starred quantities refer to the isotropic
problem. The isotropic scattering problem is amenable
to a range of powerful analytic techniques [21, 25].

The scaling equations (27)-(29) ensure that the
isotropic and anisotropic problems have the same
solution in the optically thick limit. Furthermore, in the
optically thin limit, the heat flux is determined
principally by the absorbing/emitting properties of the
medium and is not influenced significantly by
scattering. Therefore, the scaled isotropic problem can
be expected to yield radiative heat fluxes with good
precision for all optical thicknesses.

5.3.2. Eddington approximation. In the Eddington
approximation [26, 27], the radiative intensity I(r, y) is
assumed to be linearly anisotropic. When this
approximation is introduced into the radiative transfer
equation (18), all terms with n > 2 in the in-scatter
integral vanish due to the orthogonality properties of
the Legendre polynomials, and thus the full anisotropic
scattering problem is effectively reduced to one of
linearly anisotropic scattering with phase function
1+a,uy’. Furthermore, the resulting linearly aniso-
tropic scattering problem is scaled exactly using the
transformations given by equations (27)-(29).

The Eddington approximation enables simple
closed-form expressions to be obtained for the
configuration factors. Of particular interest is the
combination of configuration factors in equation (26),
which is given by

— 2 3
S8, +1iDS, = [(8 — 1) + —\é

tanh ((,/3/2)/(1 —w*)®) |
x o ] . (30)

5.4. Numerical results

The configuration factors have been computed, as
described in Section 5.2, for the six droplet clouds with
optical thicknesses up to 20 and surface emissivity of
0.1, and compared with the results for isotropic scaling
and the Eddington approximation. For the individual

configuration factors, S5, and DS,, the isotropic and
Eddington approximations deviate from the ‘exact’
resultbyupto 1 and 15%, respectively. These deviations
would be significant were it not for the fact that they
arise only when the configuration factor is extremely

small—at large optical thickness in the case of §, S, and
small optical thickness in the case of DS,. In practice,
the significant configuration factor is (S, S, + 1 DS,) for
which the isotropic and Eddington approximations
deviate from the ‘exact’ result by less than 0.04 and
0.5%, respectively.
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The comparison clearly demonstrates that the
significant configuration factor for radiative heat
transfer through the sodium droplet cloud can be
computed with good precision using either the
isotropic or the Eddington approximation. In practice,
the difference between the numerical results obtained
using the two approximations is insignificant. The
Eddington approximation has the advantage of
yielding a very simple closed-form expression for the
configuration factor and for this reason it is used in the
present work.

6. APPLICATION OF RESULTS TO FAST
REACTOR

For the purposes of illustration, consider heat
transfer in a cover gas cavity 2m wide. The cover gas is
argon. The following conditions and physical
properties are used

T, =870 K
T, =670 K
e=0.1

C,=525Jkg ' K?
L=42MJ kg™

3

pg =830 kgm™
m = exp{10.5—12550/T)
o=0007 kgm™2s" 1

The physical properties of sodium were obtained from
Sittig [11] and the heat-transfer coefficient was
estimated using the Nusselt number correlation for
turbulent convective heat transfer between infinite
horizontal planes [28]. The limited data on sodium
aerosols [2, 3] suggest that the aerosol loading (ratio of
aerosol to vapour density) is in the range 0.1-10,
corresponding to droplet mass concentrations in the
range 3x 10743 x 1072 kg m 3. The corresponding
range of optical thicknesses, calculated using the
radiative properties derived in Section 3, is 0.6-60 for
size distribution 1 and 0.2-20 for size distributions 4-6.

The heat transfer to the roof of the cover gas cavity is
calculated from equation (17) with the configuration
factor computed from equation (30).

When the cover gas is clear (no sodium droplets in
suspension) the total heat flux at the roofis 1.8 kW m 2
to which radiation contributes 63% and convec-
tion/condensation the remaining 37%.

When the cover gas contains sodium droplets in
suspension the total heat flux to the roof is reduced.
Figure 3 shows the ratio of the total heat fluxes with and
without droplets (that is, the factor by which the total
heat flux is reduced due to droplets) as (a) a function of
the optical thickness of the droplet cloud, and (b) a
function of the mass concentration of droplets in the
cloud. The two curves shown in Fig. 3(a) are the
extremes for the six droplet clouds. The relatively small
spread in the curves indicates that variations in the
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FiG. 3. Ratio of heat fluxes through cover gas with and without
droplets in suspension as a function of (a) optical thickness, (b)
droplet concentration.

radiative properties of the sodium droplet cloud—
albedo and asymmetry—do not sigificantly influence
the heat flux. The curves in Fig. 3(b) show the influence
of mean droplet size on the heat flux and indicate that,
for a fixed mass concentration of droplets, the reduction
in the total heat flux is greatest for the cloud with the
smallest mean droplet size. It can be seen that the heat
flux is reduced by at most 119, due to the presence of the
sodium droplets, even when the optical thickness of the
droplet cloud becomes large. Only for optical
thicknesses greater than about 2— aerosol loadings
greater than about 1 in a cavity of width 2m—is there
any appreciable effect of the droplets on heat transfer
through the cover gas to the roof.

That the droplets have only a relatively small effect
on heat transfer through the cover gas is due to the
assumption of a well-mixed, uniform-temperature
droplet cloud. Without mixing due to the turbulent
convective flow within the cavity, the temperature
distribution through the droplet cloud would approach
the local-radiative-equilibrium distribution and the
radiative heat transfer would be significantly reduced.

To confirm the assumption of uniform temperature
in the presence of radiation, the temperature
distribution through the medium was calculated from
the energy equation for simultaneous turbulent
convection and radiation. Turbulent convection was
calculated using an eddy heat transport model with
prescribed local eddy diffusivity for enthalpy [7] and
radiation was calculated using a low order discrete
ordinate method (DS,). The calculated temperature
distributions were consistent with the assumption of a
uniform temperature core with narrow (optically thin)
boundary layers.

J. S. TRUELOVE

7. CONCLUSIONS

The infrared optical constants of sodium predicted
using the classical electron theory of metals are in good
agreement with the measured data. The radiative
properties—absorption and scattering efficiencies and
asymmetry—for a polydisperse cloud of sodium
droplets depend primarily on the Sauter mean size and
only weakly on the shape of the size distribution.

For conditions typical of those encountered in the
fast reactor cover gas cavity, the cloud efficiencies for
absorption and scattering are essentially independent
of wavelength and total (wavelength-averaged)
radiative properties can be used in the analysis of
radiative heat transfer. The total cloud efficiencies for
absorption and scattering are 0.07 and 2.1, respectively,
and the single-scatter albedo is 0.97. The total
scattering is forward directed and the asymmetry
increases slowly with increasing Sauter mean size and is
typically in the range 0.2-0.5.

The radiative heat flux through a uniform-
temperature cloud of sodium droplets bounded by
infinite parallel planes can be calculated with good
precision using isotropic scaling and the Eddington
approximation. A detailed knowledge of the scattering
phase function is not required: the asymmetry is
sufficient.

The presence of sodium droplets suspended in the
cover gasinafast reactor isestimated to reduce the total
heat flux through the cover gas by less than 109%.
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TRANSFERT THERMIQUE RADIATIF A TRAVERS UNE COUVERTURE GAZEUSE
D’UN REACTEUR RAPIDE REFROIDI AU SODIUM

Résumé—On présente un modéle simple du transfert thermique radiatif a travers la couverture gazeuse d’un
réacteur rapide refroidi au sodium. Cette couverture gazeuse est imaginée comme un nuage de gouttelettes de
sodium en suspension dans un gaz transparent. Les propriétés radiatives, absorption du nuage de gouttelettes,
diffusion, et la fonction de phase de diffusion, sont calculées en utilisant la théorie de Mie de la diffusion
¢lectromagnétique avec des propriétés optiques calculées par la théorie électronique classique des métaux. Le
transfert radiatif 4 travers le gaz est calculé rigoureusement en utilisant la méthode de I'ordonnée discréte et
comparé avec les résultats obtenus par 'approximation d’Eddington. Des données numériques du modéle
sont présentées et utilisées pour estimer leffet de la diffusion par les gouttelettes sur le transfert thermique a
travers la couverture gazeuse d’un réacteur rapide.

STRAHLUNGSWARMETRANSPORT DURCH DAS SCHUTZGAS EINES
NATRIUMGEKUHLTEN SCHNELLEN REAKTORS

Zusammenfassung—Es wird ein einfaches Modell des Strahlungswérmetransports durch das Schutzgas eines
natriumgekiihlten schnellen Reaktors beschrieben. Das Schutzgasmedium wird als eine Wolke von Natrium-
Tropfchen, suspendiert in einem transparenten Gas, angenommen. Die Strahlungseigenschaften der
Tropfchenwolke—Absorption Streuungswirkungsgrad und Streuungsphasenfunktion—werden unter
Anwendung der Mie-Theorie der elektromagnetischen Streuung berechnet, wobei die optischen
Eigenschaften nach der klassischen Elektronentheorie der Metalle ermittelt werden. Der Strahlungstransport
durch das Schutzgas wird streng nach der Methode der diskreten Ordinaten berechnet und mit den
Ergebnissen verglichen, die aus den Approximationen der isotropen Skalierung und nach Eddington erhalten
wurden. Die numerischen Ergebnisse des Modells werden dargestellt, um damit den EinfluBl der Streuung der
Tropfchen auf die Warmeiibertragung durch das Schutzgas des schnellen Reaktors beurteilen zu kénnen.

JYUUCTbIA NEPEHOC TEIMJIA YEPE3 'A30BYIO OBOJIOYKY B BbICTPOM
PEAKTOPE C HATPHUEBbBIM OXNAXAEHWUEM

Annoraumus—IIpestoxeHa npocras MoOJAENb JIYyUHCTOrO IE€PEHOCA Teilyd 4epes ra3oByr 00010uKy
B OBICTPOM pEaKTOpE C HATPHEBbIM OXJuvkaeHueM. [lpeanonaraercs, 410 ra3oBas cpea COCTOMI
13 obmaka karelb HATPHSA, B3BEILEHHBIX B IPO3pauHOM raie. JIyuHcTbie XapakTepHCTHKH OOaka —
KOI(p(PHLHEH T NOTJIOWEHHS W PACCEAHHA M DYHKLUHA Da3bl PaCCERHHS—PACCYHTBHIBAKOTCA 110 TEOPUH
Mu 18 S1eKTPOMAFHHTHOIO PACCEAHHS € MCIOJb30BAHMEM OIITHUYECKHX CBOMNCTB, KOTOpbIE Olpe-
AeJIAIOTCA 110 KJIACCHYECKON HJIEKTPOHHOH TEOPHH MeETaioB. METONOM AMCKPETHBLIX OpPAMHA1
IIPOBEIEH TOYHBIA paCHeT JIYYHCTOrO [EPEHOCA HePe3 [a30BYH 000:104KY M A4dHO CpPaBHEHME C
pe3yibTdTaMH, TIOTYy4E€HHBIMH METOIOM H30TPOIHOIO 10J00MS U ILIMHI TOHOBCKHX dlllPOKCUMALIMA.
[MpeactaBiieHbl YUCJeHHBIE DPE3YJIbTATBHI PACHETH 110 OIUCAHHOH MOJIEIH U C HX [IOMOIUBIO JdHd
OLEHKa BJIMAHMS PACCESHHA Hid KAILIAX HA IEPEHOC TEILTA YePes ra30Bylo 000JI0UKY peukTopa.



