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EXPERTMENTAL STUDY OF HEAT TRANSFER THROUGH COVER GAS IN IMFBR
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* FBR Safety Section, Oarai Engineering Center, PNC

** FBR Development Project, PNC

ABSTRACT

Experimental investigations were performed on the combined radiation and natural convection

hest transfer through the cover gas space over the sodium pool.

The amount of heat transmitted

from the hot sodium tc the cold wall throue's che zas space filled with sodiunm aist was measured.
The thermophysical properties such as the chermal emissivities of liquid sodium and mist~deposited
stainless steel and the radiative characteristics of mist-filled space were also measured using

especially devised zoparatus.

The amount cf heat transmitted through the space, weasured by exper—

iments, was compared with the analytical results based on the measured thermophyaical properties.
The agreement was comparatively good between the experiment and analysi-~.

INTRODUCTION

1. The accurate knowledge on the heat transfer
to the shield plug through the cover gas is re-
quired for the thermal design of LMFBR reactor
vessel. During the reacter operation, sodium
mist is formed in the cover gas space enclosed
with hot sodium pool and surrounding cold walls.
The generated sodium mist drifts in the space
and attaches to the lower surface of the shield
plug and the vessel walls., These mist behavior
complicate the heat transfer through the cover
gas space.

2. The heat transfer uider these conditicns is
closely related to radiation, natural convec-
tiou, vaporization, condensation and conduction.
The amount of heat transwmitted is mainly due to
radiation and natural convection,

3. A number of studies were conducted on this
subject. Many of them are associated with heat
transfer from hot water to cold walls (ref. 1,
2). Only few have been performed for sodium
(ref. 3).

4. The present study aims at deriving a simple
calculation method to estimate the amount of
heat transaitted through the space, Experiments
were conducted for the two cases, “mist-free”
and “thick-mist®, Furthermore, thermophysical
properties were measured such as the emis~
sivities of liquid sodium and mist-deposited
stainless steel and the radiative character-
iotics of wmist-filled space. These are used
to calculate the heat flux by cadiation and
condensation analytically.

THERMAL EMISSIVITIES

$. The thermal emissivities of pure liquid
sodivm and stainless steel surfaces facing the
mist-filled space were measured by comparicg
the radiation energy ewitted from them with
that from a black=body.

6. Liquid <odium. The emissivity of pure

liquid sodium ey, was messured precisely in
an inert gas atmosphere. The detalles of the
weagsurement are already reported in ref. 4.

7. The measured total emissivity of liquid
sodium €y, 1s shown in Fig. 1. The figure
shows that ¢y, i8 approximately 0.05 in the
temperature range from 180 to 500°C,

8. The measured value of monochrowatic emic~
sivity was alwost constant in the wavelength
range from 2 to 15 pm. The liquid sodiux is
considered as the gray-body.

9., Mist—deposited stainliess steel Tho mist
deposits are chemically changed easily by very
snall amount of impurities in the cover gas.

The emissivity of uist-deposited stainless
steel ¢, might changes considerably by the
chemical etate of the deposite. In the expesi-

went, it is rather hard tc keep the specimen
surface under the ssme mist-deposited conditien
as the stainless steel structures facing the
sodium pool in the operating LMFBR.

10. Type-304 gtainless steel plates (&.5cm x
4.5cm) were used as the specimen for mist de-
position. The specimen was {(nstalled in the
cover gas space of the test vessel as shown in
Fig. 6. After the surface had been ccvered
with mist deposits, the specimen was pulled out
to the eaissivity measuring port. The environ-
wental gas in the port was freely exchanged with
the cover gas in the vessel. Thua, the mist
deposits on specimen was maintained under the
almost sames condition as in the vessel.

11. The mist-deposited surface of the specimen
in the port is shown in Fig. 2. The surface of
the specimen was almost covered with sodium
droplets. The examples of the monochromatic
eniosivities of the mist-depozited stainless
steel are shown in Fig. 3.

12. The eaisaivity €, vas eotimated to be 0.03
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to 0.17. The former value corresponds to pure
sodium and the latter %o the stainless steel,
respectively. BHowever, the deposits were easi-
1y contaminated when it smg left in the port
vithout deposition of fresh mist, In such a
case, the exissivity might become greater than
0.5.

RADIATIVE CHARACTERISTICS OF MIST-FILLED SPACE

13. The radiative chzracteristics of mist~
filled space depend on the mist concentration
in the space. The attenuation of radiation
energy through the spaie was measured varing
the mist concentration.

14, Mist concentration., A sintered stainless
steel filter was set into the cover gas space
of the test vessel. A certain volume of the
gas was passed through the filter, where the
mist was trapped. The mist trap efficiency of
the filter had been reported to be greater than
98% (ref. 5).

15. In Fig. 4, the mist concentration C are
plotted against the temperature difference AT
between the sodium suriace Ty, and the upper
wall of the cover gas Tp.

AT = Ty, ~ Ty

As the design value of Ty, in the reactor ves-
sel vas 529°C for the Japanese prototype LMFBR
"Monju”, many experiments were conducted at
this temperature. The measured conce: .ratioms
scattered from 10 to 25 g/m” for T, at 530°C
and AT exceeding 130°C. We called this case as
the “thick-mist”. The mean value of 18 g/m3
was used a8 the representative one for the
thick-mist case.

16. The concentration decreased steeply for AT
lower than 80°C. It became smaller than the
saturated vapor concentration at the sodiua
pool surface 1if AT was lower than 50°C. It
meaned that little mist was formed under (his
condition. Another test showed that the st
formation could be neglected at Ty, lower :han
250°C regardless of the AT. It was also coo-
firmed by yisual observations through a window.
These cases were called as the “mist-~free®,

17. Extinction coefficient of radiation energy.

The method to measure the sttenuation ratio of
the radiation energy is explained in Fig. 5.
At first, the test chamber was kapt under the
mist—free, to measure the radiaticn cnergy from
the black-body through the chamber Ip, and the
background ra¢iation energy Ig. The net fnci~
dent energy to the detector emitted from the
black-body X, vas calculated by

=1y -Ig

Likewise, the energy d:fference I was also
seasured through he wist-filled chamber.

I=(Ig - Ig)aiat
The value of 1 gives the energy having passed

through the mist—filled space. The attenuation
ratio a was given by

I, ~ I 1

& = —— -l -—

L L

The teasurements were carried out varying the
wist concentration for the game thickness of
the migt~filled layer.

ceees (1}

18. The extinction coefficient K in a scatter-
iog and ubgorbing layer is defined by

I = 1, =xp(~KX)
K= Kg + Ky

vhers X is the thickness >f the layer and Ky
and K, are the scattering and absorption coef-
ficients, respectively. Using eq. (1) and (2),
a is written as

seses (2)

Qw1 - exp(-KX) = I - exp(~- KE.CX)
S &)

where K. is the mass extinction coefficient.

i9. The value of K. was determined by the
least squares method using measured wvalue of
a for different mist concentratfons C. The
tegults are given in Table !, where K. is 1.8
(al/g) at the black-body temperature of 530°C.
Then, K is given as 32(1/m) for the thick-mist
case.

HEAT TRANSFER THROUGH COVER GAS SPACE
Experimental equipment and procedure

20. The stainless steel vesasel (60cm I1.D.)
shown in Fig. 6 was used for heat transfer ex-
periment. The vessel was connected to a sodium
loop and the sodium flow rate to the vessel was
0 to 2 t/min. The cold-trap temperature of the
loop had been kept at 150°C.

2l1. Thermal insulators (30cm thick) and gusrd
heaters were attached to the outer side of the
vessel to prevent heat losses from the vessel
wall. The teaperature of the sodium surface
in the vessel Ty, wss regulated by inserted
heaters. The temperature of the upper wall
of the cover gas space Ty, was controlled by
heaters and thermsl insulators placed upon the
roof of the vessel.

22, The thermocourlea located at the two radial
positions were moved vertically by the traverse
device to measure the temperature distributions
in the gas space,

23. The total heat flux through the gas space
Q¢ w88 measured at the heat flux mesauring
section, which waes alsc used as the roof of
the vessel. The measuring section was composed
of a astainless sgteel plate (4cm thick) and
a helivm gas layer (0.5cm thick) above it.
Twanty—one thermocouples, in total, were =st=-
tached at the lower and upper surfaces of the
plate and the upper wall over the heliim gas
layer. The ctotal heat flux was calculated
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from the temperature difference between the
two surfaces of the plate. The experimental
conditions are gshown in Table 2.

Analytical considerations
24, Migt-free case. The condemsation heat
transfer may be neglected for miet—free cases
becauge the evaporation rates gre small. The
totsl heat flux gp is expressed by the swm of
heat flux cf natural convection g, and radis-
tion qQp.

Gt = 9n * q¢ eeees (&)
25. The sodium pool surfsace and the upper wall
of the cover gas can be considered to form par—
allel plates with an insulated side wall. The
radiation heat flux qp 1s calculated by eq- (%)
using the measured valves of ey, and ey.

o(Thy = Tihe)
9 ™
I 1 1-F
{— + — = 1)+
ENa Ey 1+F 5

vhere o is the Stefan-Boltzmann's constant and
F is the configuratfon factor of the parallel
plates.

26. The natural convection heat flux q, is ob-
tained from memsured total heat flux qp, using
eq., 4 and q, calculated by eq. (5).

27. The Musselt number between upper and lower
surtaces of the space N, and the Rayleigh number
Ry are defined by eq. (6). The value of g,
was used to calculate the Nusselt number.

98 gBu3aT
N, - —— Ry » ——— ceeee (6)
AAT, av

where A is the thermal conductivity, g 1is the
gravitational ascceleration, 8 is the coefficl-
ent of thermal expansion, a is the thermal
diffusivity, v the kinematic viscosity, and H
the height of the cover gas space, The thermo-
physical properties are evaluated at the tem-
perature of the core reglon of the cover gas.

28. Thick-mist Came.

29, Condensation and natural convection heat
transfer: Condensation heat flux q. is express-
ed by the products of latent heat L and vapor
mass flux @my,, evaporating from the pool sur-
face. Since the Lewis number of sodium vapor
is about wnity, @y, 1is given by eq. (7).

oD 4m A Am

l‘ln. - Sh = Sh venenr ()
2 G

where iz the specific heat, 2 is the charac~

teristic length, Sh is the Sherwood number and
An is the difference of mass fraction between
the sodium surface and the core region of the
cover gas. The HNusselt number N, is defined
by eq. (8), for the thermal boundary layer near
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the sodium surface without mist formatiom.

G 2
eeses (8)

A(Tyg = Tg)

shere Ig is the temperature of the core regloa.
As described later, Tg was approximately the
mean value of Tg, and Tpy. Therefore (Ths — Tg?)
is nearly egual to AT/2. From these relations,
qc is given by eq. (9).

2LAm Sh
CpaT  MNyg

30. The core regi-n of the cover gas was filled
wvith sodium mist. It was assumed that the
critical super saturation wodel could be applied
for the mist formation. The vapor pressure in
the core region was then evaluated to be criti-
cal super saturation. The evaporation surface
was asgsumed to be at the raturaled vaper pres-
sure. Under these assumptions, the fa in eq.
(9) is expressed as follows

Gc = Liigg = q ceene (9

fm = mgae(THa) = ScBaar(Te)

vhere mggr{T) 1o the mass fraction of saturated
vapor at temperature T and Sc is the critical
supersaturation ratio. The value of Sc was
calculated by the theory of Rosuner (ref. 6).
The ratio (Sh/N,,) for mist formation was as-
sumed 2.0 based on the work of Xumada (ref. 7).

3i. As also described later, the behavior of
natural convection is changed little by mist
formation, q, derived from eq. (6) can be ap-
plied in this case., Substituting g, into eq.
(9), the sum of q, and q. 18 given by

qn + q¢ = haT
ANy, 4LAm

he — (14
H CpoT

) caees (10)

vhere N, vas calculated by Dropkin's correlation
shown in Fig. 8.

32. Radiation heat transfer: The optical
thickness of the cover gas space k, is given by

k =Kd

In this experiment, H was 0.l4 or C.27 m and K
was approximately 32(1/m), then k became 4.5 or
3.6, The Jdiffusion approximation can be ap-
plied for radiation heat transfer under such
conditions. The radistion heat flux qp for
infinite parallel plates are given by,

o, -

Qr =
3 1 1
kb (— + —= ~ 1)
4 cNa ew

XN (ll)

33. Total heat flux: Assuming that each heat
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transfer is independent, the total heat flux qr
is given by

9t = qQn + q9¢ + g wseas (12)
Dividing eq. (12) by cr'I.';:,3 and letting © =
Tpw/Tna give the nondimensional total heat
flux,

9 1- e*
Thy 3 1 1
—k+{— + — -1
ENa Ew
4N(i - &)
+ ceens (13)
k
vhere N denotes the ratio of convection to
radiation.
hK
N=
3
MNA

The first term in the right hand side of eq.
(13) corresponds to radiation, and the second
term the sum of natural convection and conden~
sation heat flux, respectively.

Experimental Results.

34. Temperature distributions. Tempetratute
distribution in the gas space indicates the
behavior of natural convection. Vertical tem-
perature distributions rpre plotted in Fig. 7,
for mist-free and thick-mist cases. Similar
distributions were formed for both cases, there
being a nearlv isothermal core region with the
thermal boundary layers close to the upper and
lover surfaces. The temperature of the core
region was approximately the mean value of
upper and lower surface temperatures. The dis~
tribution is typical of an enclosed fluid layer
between horizontal parallel plates hested from
below., It was confirmed that the behavior of
natural convection was changed lirtle by
wist formation.

35. Mist-free Case, The measured values of

qp are plotted according to the relationships
derived from the analytical considerations.

The results are shown in Fig. 8, with corre-
lation equations. These correlations are
generally used for the natural convection
heat transfer in an enclosed fluild layer. The
experimental results agree well with the cor-
relations,

36. Thick-mist Case. The value of q,/oTh, was
calculated for the measured data of qe - The
results are shown in Fig. 9 with the analytical
ones. The enalytical regults is expreased by
the band where N and k varies 0.063 to 0.17 &nd
4.5 to 8.6 respectively, according to the exper-—
imental conditions.

37, The analyeis showed the same tendency
with the experimental results. But it gave a
little higher value Than the measured one.

The difference might be caused by the value
of S¢, (Sh/Ny;) or K adopted for the analysis.
Furthermore, the interaction among the heat
transfer mechanisms described before might have
infloenced the total heat flux. However, the
analysis is practical and useful to calculste
the amount of heat transmitted under the cou~
plicated condition like this, in comparatively
good accuracy.

CONCLUSIONS

38. The heat transfer in the cover gas space
over the sodium pool surface was studied exper—
imentally.

39. The emissivity of the pure liquid sodium
was approximately 0.05. The emissivity of the
mist-deposited stainless steel ranged from
0.05 to 0.17 when it was faced directly to the
pool surface of sodium and continually exposed
to the mist-filled space. But it varied con-
siderably with the chemical change of the
deposits when the fresh mist was not deposited
continuously.

40. The mist concentration and the extinction
toefficient of the radistion energy in the cover
gas were measured. The diffusion approximation
could be applied to the radiation heat tregnsfer
under the thick-mist conditiou.

41. There was a close similality between the
temperature distributions under mist-free and
thick-mist conditfons. It was concluded that
the behavior of natural convection differed
little by mist formation.

42. The measured heat flux agreed well with
the gum of the radiation and the natural con-
vection heat flux under the mist-free case.
However, the heat transfer mechanism was com—
plicated by mist formation. The simple method
was propostd to calculate the total heat flux
through the space. The method was baged on
(1) the critical supersaturation model for mist
formation, {2) natural coavecticnh heat transfer
in the horirontal fluid layer and (3) diffusion
approximation for radiation heat transfer.
The method predicted the total heat flux in
comparatively good agreement with the experi-
mental results.
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Table 1. Extinction Coefficient .f
Mist-filled Space

Temperature of Wavelength Ko
Black body (°C) (um) (=2/g)

2.5 ~ B.5 1.92

300 5.0 ~ 8.5 1.87

7.5~ 15 1.55

aver age 1.78

2.5 ~ B.5 2.22

530 3.0 ~ 8.5 1.99

7.5~ 15 1.36

average 1.83

2.5~ 8.5 1.80

800 5.0 ~ 8.5 1.50

7.5~ 15 1.35

Average 1.48

Table 2. Experipmental Conditions

Mist-free case

Thickmist case

Temp. of sodium
surface Ty, (°C)

Temp. of upper
wall of cover
gas space Ty, (°C)
Cover gas

Beight of cover
gss space H{cm)

Pressure of cover
gas P (Pa)

Sodium flcw rate
(cad/s)

Teamy. of Cold
Trap(°C)

250

106 ~ 140

Argon or Herium

530 ~ 580

240 ~ 480

Argon

14 ~ 27

11x16% ~ 14x10%

0~ 30

150

in
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