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ABSTRACT

An experimental investigation had been conducted to examine
radiative properties of a sodium mist-filled cover gas in a
reactor vessel of an LMFBR. Extinction coefficient for a
sodium mist layer 0.5 m in thickness was measured under the
varied concentration of sodium mist, using a black body as an
incident energy source. The results obtained show that its
value is about 1 - 2 [g/m^]"I and the attenuation of radiant
energy through the mist layer is considerably large.

On the other hand, Mie theory was applied to a single par-
ticle of sodium mist so as to determine its radiative proper-
ties. The results show that the mean particle diameter is
about about 3 ^ 4 um in consideration of the experimental data.

1. INTRODUCTION

Information on radiative heat transfer in the cover gas
space between the sodium pool and the reactor roof is
needed to design the shield plug of an LMFBR. The evapora-
tion of sodium takes place continuously from the hot sodium
pool to the cover-gas space, and the evaporated sodium
forms sodium mist under moderate temperature. Thus, the
cover-gas space is filled with sodium vapor/mist
(mist-filled space) under the operating condition of the
reactor. Accordingly, in order to estimate the amount of
heat transmission through the cover-gas space it is
necessary to understand an aspect of absorption, scattering
and emission in the sodium mist-filled space. At present,
information about radiative properties is not available.

In this study the attenuation characteristics of the
sodium mist layer were examined experimentally using a
black body as an incident energy source. Furthermore, Mie
theory was introduced to obtain the radiative proper-
ties for a single mist particle.
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2. EXPERIMENTAL APPARATUS AND PROCEDURE

Fig. 1 shows an experimental apparatus. As known from
the figure, it is composed of two parts, a vessel (T) and a
test section (5) . The vessel is connected to a sodium
loop, equipped with a purification system. The sodium in
the vessel is conducted to the test section through a small
pipe, and then is heated until the certain fluid tem-
perature is attained.

Fig. 2 shows the details of the test section for
measuring attenuation characteristics in mist-filled cover-
gas space. It consists of a sodium pot (2) , an immersion
heater @ , a sodium charge line (5) , shutters Q) , a
filter® , cooling fins (9), and Nacl glasses (IT) . The
filter was used for measuring sodium mist concentration in
a cover-gas space. The mist concentration was determined
from the amount of sodium trapped in the filter and the
volume of cover-gas passed through the filter. In the
figure, the radiation flux emitted from a black body
impinges on the mist-filled space, 0.5 m in axial length,
from the left hand side and leaves from the right hand
side.

Fig. 3 shows a schematic diagram for measuring atte-
nuation characteristics in the mist-filled space, using a
black body as an incident energy source. It is composed of
a black body (T) , shutters Q)i a test section (4) , optical
filters (7) , a monochrometor (9) , a detector (Q) , ampli-
fiers (Q) 1 © an<3 a recorder <Q . The measurements of
attenuation characteristics were tried through four stages,
varing the mist concentration of cover-gas space and the
temperature of black body, respectively, as known from
Fig. 4. That is, (a) black body energy through the mist-
free space is measured, (b) radiation energy emitted from
the walls of test section is measured, (c) black body
energy through the mist-filled space is measured, (d)
radiation energy emitted from the mist-filled space and the
walls of test section is measured. Then, attenuation ratio
a can be determined using these values. In order to exa-
mine the wavelength dependence, the attenuation ratio was
measured for three kinds of optical bandpass filters, X =
2.5^ 8.5 pin, 5 ^ 8. 5 JJ m, and 7.5 ^ 15 pi.

Fig. 5 shows the axial temperature distributions in the
cover-gas space of the test section. They are almost flat
over the wide axial distance except for the neibourhood of
both side walls.
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Fig. 6 shows the plots of the mist concentration
against the sodium pool temperature. Previous data
obtained using different types of test vessels are also
included in the figure. The mist formation is closely
related to the temperature difference between the sodium
pool and the roof of the vessel. The data indicated in the
figure were obtained under different temperature conditions,
Thus, the data are fairly scattered.

3. RESULTS

3.1 EXTINCTION COEFFICIENT

The method for measuring the attenuation ratio for the
mist-filled space is depicted in Fig. 4. As described in
the preceding section, the test section is kept at first
under the mist-free condition, to measure the radiation
energy 1^ emitted from a black body throuqh the test sec-
tion and the background radiation energy Ig. The net
radiation energy Io emitted from the black body to reach a
detector is

To = Ib " zg

Likewise, the net radiation energy I transmitted to the
detector through the mist-filled space is

I = (I5 - Ig) mist

Then, the attenuation ratio a is given

a = 1- I/IO (1)

The attenuation ratio a, calculated using equation (1)
is plotted against the mist concentration C in Fig. 7.
This relation is shown for three cases different in the
temperature of the black body. Eacb figure shows the
wavelength dependence. As known from the figures, a
increases gradually with increasing mist concentration
until a=l. The radiation energy emitted from the black
body does not reach the detector over the certain mist
concentration.

As the black body radiation passes through a layer
with certain mist concentration, its intensity is reduced
by absorption and scattering, if energy emitted from the
mist is negligible. The intensity I of black body
radiation transmitted through the mist-filled layer takes
the form,

I = Io exp (-ßx) (2)
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where 3 is extinction coefficient and X thickness of the
layer. Using equations (1) and (2), a is given by

a = 1- exp (-ßx) (3)

On the other hand, attenuation ratio a and mist con-
centration C have the relationship shown in Fig. 7.
Then, equation (3) may be written

a = 1- exp (-Sccx) (3')

In this study, the measurements for the attenuation ratio
were carried out only at X = 0.5 m. The values of ß c for
X = 0.5m were determined from the relationships between
attenuation ratio a and mist concentration C, shown in
Fig. 7. ßc was chosen such a value as the equation (31)
fitted well the data points obtained from experiments.
The results are shown in Table 1. The values are given
for three wavelength regions. These show that 3C has
slightly small value for higher wavelength region.

3.2 MIE THEORY FOR A SINGLE MIST PARTICLE

Applying Maxwell electromagnetic equations to a
spherical particle, Mie derived a scattering theory. When
the radiation impinges on a single particle, the intensity
10 of radiation scattered in the direction of angle e from
the incident direction is given by

X2 (4)

where, X is the wavelength and R the distance from the
particle, i- and i~ are given by equations

(a)

(b)

When the scattering particles are considerably small
in diameter d than the wavelength of incident radiation
(d<<X), equation (4) reduces to simple form,

+cos 28)
(5)
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Where a _is the particle radius and m complex refractive
indiexr m = n - k. In equation (5), the intensity I9 is
propotional to the inverse fourth power of the wavelength
of the incident radiation. This is called Rayleigh scat-
tering. In this case, the effect of scattering is
neglected in comparision with the absorption and the
calculation becomes very easy.

Radiative properties such as scattering, extinction
and absorption coefficients are defined. Integrating
equation (4), the scattering cross section ZSp for a
single particle is expressed by

IT/2 ?

^sp=2/0
/ I "

CO

s
1=1

|aA I
21 +

(6)

Likewise, the extinction cross section is

Eep = X. Im E (-1) (al-p£)
1=1

(7)

where Im is imaginary part.
Then, the absorption cross section is given by

(8)

When equations (6), (7) and (8), described above are
divided by the volume of particle, they are called scat-
tering, extinction and absorption coefficients, respec-
tively. These are

Ks?

Kep

Kap

sa

4Tta3/3

4ira3/3

=1.5 X S Q /d x 10

47ra3/3

-6

= 1.5Xpn /d x 10
-6

ep

•= 1 .5Xan/d x 10
-6

(9)

where, XSp, Xep, Xap and d are efficiency factors of
scattering, extinction, absorption and diameter of par-
ticle, respectively.
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On the other hand, the ratio

is called scattering albedo. If absorption, scattering
and emission are all of significance, this value becomes
important. Namely, when fi<<l, the effect of scattering is
neglected, and the absorption and emission should be taken
into account. On the contrary, when ti = 1, the scattering
plays an important role.

There is another radiative property, called phase
function P(6). P (6) is expressed by

P(8) = i l O l (11)

For calculating radiative properties described above,
it is needed to know particle diameter of sodium mist,
wavelength of incident radiation and optical constant. In
this study, optical constants n, k for sodium mist were
calculated using this relation,

n 2-k 2 = L-o_ 47rT
2 2

T
nk = a £

(1+OJ T )«il

where n is the refractive index and k the absorpotion
coefficient. n and k in equation (12) have this relation

m = n - ik

where i = /-I.

The radiative properties were calculated for a single
particle of sodium mist, using these optical constants for
sodium mist. An example of these results is shown in
Figs. 8 and 9. These figures show that the effect of
scattering becomes more prominent as the diameter of par-
ticle is more than about 3 um. The experimental results
are also included in Fig. 8. These were calculated using
the experimental data. The comparison of these results
with the analytical ones shows that the diameter of sodium
mist may be about 3 <\J 4 p .
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4. CONCLUDING REMARKS

The radiative properties of sodium mist have been exa-
mined experimentally and analytically. In the experiments,
extinction coefficients in three wavelength regions were
obtained for the incident radiation emitted from a black
body. These experimental results showed that the sodium
mist layer 0.5 m in thickness had the strong effect on the
transmission of incident radiation. On the other hand,
such radiative properties as absorption, scattering and
extinction coefficients were calculated, using Mie theory
for a single spherical particle of sodium mist.

From these experimental and analytical results, the
particle diameter of sodium mist was estimated to be about
3 ii 4 iji. These results show that it is needed for the
calculation of radiative heat transfer to take into con-
sideration the effect of scattering.
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Vessel
Sodium inlet nozzle
Sodium outlet nozzle
Liquid sodium surface
Test section
Tube for radiant
energy measurement
Sodium charge line
Sodium overflow line
Gas nozzle

Fig. 1 Experimental apparatus

— 8 0 -

Unit: mm

Fig. 2 Details of test section for measuring
the attenuation characteristics

(J) : Test section
(2) '• Sodium pot
(|)'. Liquid sodium surface
(4) '. Immersion heater
(5): Sodium charge line
(|) '• Sodium overflow line
(7): Shutter

Filter
Cooling fin
Cooling duct
NaCI window
Thermocouples

(8)

IÖ)

12
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Cooling air ^
(T)'. Black body simulator
;D : Temperature controller
(3): Shutter
(4) : Test section
(D: Mask
•J*.: Chopper
(7!: Opitical filter
(i) : Slit
'?>: Monochrometor
10): Detector
l l): Pre-<-amplifier
\~Z '. Lock—in—amplifier
13): Recorder

Rg. 3 Systematic diagram for measuring attenuation characteristics

Black body Test section Detecter

(a)

lo=lb-l<

(c)

('b)mist

(d)

1 - l / lo

(lg)mi*

l = (lb-lg)m,st

Fig. 4 Method for measuring attenuation ratio
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Sodium mist concentration, C (g/m3)

.' Black body temp.:800"C
> Optical filter No.
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Fig. 7 Relationship between attenuation ratio and sodium mist
concentration

5 / 4 - 1 I



Absorption coefficient, kap (/J m 1)

Scattering coefficient, ksp (// m"')

03

co &
O D)

Q- cr.

3 3

£2.
O

TJ
D)

a.
2.'

ß)

CD"

1—1—1 1 1 1 1 1 1 1—1—1 1 1

/

y

Ja*

O

1
1
11

1 1 r

Q.
II

U

o

3

~i—i i i i [ 1 1—

?

8.ium

3
in'

ro"
3
*P
t o

C5
ro

Extinction coefficient. Kep (// m~')

f

T—:—i I i i i

O



Temperature of
black body CO

300

530

800

Table 1 Extinction

Range of
wavelength (//m)

2.5-8.5
5 -8.5
7.5-15

2.5-8.5
5 -8.5
7.5-15

2.5-8.5
5 -8.5
7.5-15

coefficient

Extinction coefficient
ßc (mVg)

1.92
1.87
1.55

2.22
1.99
1.36

! 1.80
1.50
1.35

Sodium mist temp.:200"C

5 10
Wavelength, X (ju m)

Fig. 9 Scattering albedo for single particle of
sodium mist
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