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ABSTRACT

This paper deals with local sodium boiling in the downstream of a six-sub- .
channel blockage in an electrically heated LMFBR fuel subassembly mockup.

The first series of experiments were conducted to measure temperature dis-
tributions in the downstream of the blockage under non-beoiling conditions. The
measured temperature rise due to the blockage agreed fairly well with the calcula-

tion by the LOCK code.

When the experimental results are extrapolated to reactor

conditions, the temperature rise due to the six—subchannel blockage is estimated

to be less than 250°C.

The second series of experiments were performed to investigate local boiling

phenomena.

subchannels near the wrapper wall were still filled with subcooled liquid.

In the local boiling region, no flow instability was observed since the

In the

nearly bulk boiling region, however, considerable upstream voiding occurred and
then the inlet flow was reduced, leading to final dryout.

The boiling caused a considerable increase in acoustic noise intensity. The-
root-mean—-square (RMS) noise level of approximately 20 mbar obtained in the present
local boiling experiments with sodium is much higher than that (approximately 0.5

mbar) in the ordinary nucleate boiling experiments with water.

The peak observed

in the hertz ranges was due to the repetition of bubble formation and collapse.
In the kilohertz ranges, however, resonance peaks were superposed on a smooth curve

with a broad peak at approximately 7 kHz.

The boiling caused a considerable increase in outlet flow fluctuation. The

maximum RMS value of the fluctuation was 1.33 m/s.

The peak observed in the hertz

ranges was again due to the repetition of bubble formation and collapse.

The frequency (2.9 s™!

increase of the bubble size at its point of maximum development.

and 20.2 s'l) of bubble formation decreased with the

The product of

the bubble frequency and the equivalent diameter was found to be constant.

INTRODUCTION

Anomalous sodium boiling caused in
some accidents is an important problem
for safety considerations in the liquid
metal cooled fast breeder reactor
(IMFBR), since sodium boiling might lead
to fuel failure propagation, and finally
total core disruption. Experimental
studies have been carried out in this
connection, using the Sodium Boiling and
Fuel Failure Propagation Test Loops,
SIENA installed at the O-arai Engineer-
ing Center, Power Reactor and Nuclear
Fuel Development Corporation.

In the earlier bulk boiling experi-

ments under loss-of-flow conditionsll],
it was revealed that the voiding

pattern observed in the single-pin
geometry agreed fairly well with the
calculation by the NAIS-P2 code (single-
bubble slug-ejection model), whereas in
the seven-pin geometry, two-dimensional
voiding patterns were dominant. No
significant effects were observed of the
temperature ramp rate on the incipient-
boiling (IB) wall superheat. The pres-
sure rise at the initial vaporization
compared well with the vapor pressure
corresponding to the IB wall superheat.
The pressure pulse occurring at the
vapor collapse correlated reasonably

_1._
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well with the re-~entry velocity of the
liquid column and agreed well with

the prediction by sodium hammer analysis.
The residual liquid film thickness (0.05
mm and 0.45 mm) became thinner with
higher IB wall superheat.

In the single pin forced convection
boiling experiments 2], however, the
observed two-phase flow pattern was in
the sequence of bubbly flow, slug flow
and annular (mist) flow in sodium as in
the case of water. The spectra of
acoustic noise emitted with boiling did
not differ distinctly from that regist—
ered when boiling was not apparent.

When the noise was filtered to eliminate
its low-frequency components, the noise
intensity level associated with boiling
first increased sharply with rising heat
flux to attain a maximum value, then
decreased somewhat and remained constant
thereafter. The frequency (3.9 s7! and
9.3 s7!) of bubble formation decreased
with increasing bubble size at its

point of maximum development. The
product of the bubble frequency and the
equivalent diameter with the value of
77.8 mm/s (=280 m/h) stayed relatively
constant as suggested by Jakob[3] for
pool boiling with water.

The present experiments have been
conducted to investigate local sodium
boiling in the downstream of a local
flow blockage in a seven-pin bundle.
This paper gives the experimental results
of local boiling phenomena, with parti-
cular emphasis on the behavior of two-
phase flow pattern, the characteristics
of bolling acoustic noise and outlet
flow fluctuation and the frequency of
bubble formation. In additiomn, the
experimental results of temperature dis-
tributions in the downstream of the
blockage under non-~-boiling conditions
will be compared with the calculation by
the computer code LOCK. [4]

EXPERIMENTAL EQUIPMENT AND OPFRATING
PROCEDURES

Loop

A serles of experiments were carried
out in the Sodium Boiling and Fuel -
Failure Propagation Test Loops, SIENA at
PNC's O-arai Engineering Center. The
details of the STENA loops are described
in reference 1. Only a brief recapitula-
tion will be glven here,

The SIENA loops have three test
sections: T-1, for single-pin experi-
ments; T-2, for 7-pin experiments; and
T-3, for 19-pin or 37-pin experiments.

-upstream side of a grid spacer.

The main circulation pumg can provide
sodium flow up to 5x1073 m3/s. The
maximum power of 650 kW can be supplied
to the electrically heated pins.

Test Section

Figure 1 shows a sketch of the
locally blocked test section. 1In order
to simulate an LMFBR fuel subassembly,
an electrically heated seven-pin bundle
was centered in a hexagonal tube, 24 mm
flat-to-~flat distance inside. The heat-
er pins, which were specially made for
the present study by Sukegawa Electric
Co., Ltd., were 6.5 mm in diameter and
approximately half as long as the fuel
pins of the Japanese prototype LMFBR,
MONJU. The heater pins can be operated
at the maximum heat flux of 300 W/ cm? in
the flowing sodium of 900°C. The pitch-
to-diameter ratio (P/D) was 1.22. At
the distance of 350 mm from the start of
the heated section the six central sub-
channels were blocked by a 0.5 mm thick
stalnless steel plate welded om the
The
grid spacer, which consisted of seven
stainless steel tubes of 7.9 mm in
outer diameter and 5 mm in height, was
specially made for the present study.
The blockage and the grid spacer covered
42 % of the total flow area.

Ac-102

Ac-101

By-pass 1
Y AT TR

Ac : Accelsremeters  ps105 I
M : Microphonas
[y : Pressure F-105
transducers ] [
F ! EM fiowmseters T-101-1 _1—
T : Tnermocouples
T : Void t
v e fops | ovoT-14 e
; °\T-13 28
Grid spacer M-101 S El 25
SMT-12 E| 28
Hegter pin VoT-11 vl =
{65 mm 0.0} T-15, T-i5 SMIT-10 ~ S

T-55,T-56, F6T

Fig. 1 Locally blocked seven-pin bundle
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A compensating heater and a thermal
insulator were equipped on the outer
wall of the hexagonal tube to compensate
heat dissipation from the wall and to
keep the outer wall in an adiabatic con-
dition. The by-pass of the test section
simulated other subassembly channels
adjacent to the boiling subassembly.

The pin surface temperatures (T-11,
through T-65) were measured by many
chromel-almel thermocouples of 0.3 mm in
diameter, which were embedded in the
outer surface of each pin. Their hot
Junctions were located at the axial loca-
tions: 0 mm, 15 mm and 50 mm downstream
from the blockage. Thermocouples T-101-
1, through T-101-4 were welded on the
outside surface of the hexagonal tube to
measure the local tube temperatures.

The inlet and outlet temperatures were
measured by the thermocouples T-111 and
T-112, respectively. .

Potentlal-tap type void meters
(VoT-1, through VoT-14) werée used for
detecting the formation of wvapor bubbles
at boiling inception and their subse-
quent behavior. The sodium velocities
at the inlet and outlet were measured by
the electromagnetic flowmeters F-104 and
F-105, respectively. '

Three types of adcoustic transducers
were used in order to measure the boil-
ing acoustic noises. The first were
accelerometers Ac-101 and Ac-102
Kistler Model 815A5 mounted onto
waveguldes which were placed to the
expansion tank. Secondly strain-gauge
type pressure transducers Py-104 and
Pp-105 Shinkoh Model PR-5S8 and
PR-108 —— were provided at the inlet
and outlet of the test section to
measure the pressure changes in bolling
sodium. The third was a condenser type
microphone M-101 Sony Model ECM-21
which was set outside the test
section.

All the signals from these instru-
ments were recorded by analog data re—
corders as well as by a digltal data
acquistion system.

Operating Procedure

The experiments were performed in
the following manner. The oxygen con-
centration in sodium was controlled down
to 10 ppm with a purification system.
All the instruments were calibrated
before the experiments and checked period-
ically during experiments.

In the first series of experiments,
where temperature distributions were
measurad in the downstream of the block-
age under non-boiling conditilons, the

flow rate was set and the heater pins
were adjusted to a fixed power level.
Sufficient time was allowed for the test
section to reach steady-state conditions
prior to experiments. To verify the
consistency of the data, several runs
were repeated.
The non-boiling experiments were
conducted under the following conditions:
Flow velocity 0.27v5.00 m/s
Inlet temperature 261.5"374.6°C
Heat flux 3.8v63.1 W/cem?-
In the second series of experiments,
however, where local boiling phenomena
were investigated, the inlet temperature
and flow rate were held constant and the
heat flux was gradually increased up to
boiling inception. After boiling had
thus set in, the heat flux was further
increased step by step until dryout
occurred as it was confirmed that the
test section had not failed even under
the final dryout condition.
The boiling experiments were con-
ducted under the following conditions:
Flow velocity 0.40~ 2.52 mfs
Inlet temperature 463537 °C
Heat flux 54.27%270.1 W/cm?
Cover gas pressure 1.03+1.05 bars.

RESULTS AND DISCUSSIONS

. Temperature Distributions in the Down- |

stream of the Blockage under Non-Boiling

Conditions

Figure 2 shows a typical measured
longitudinal pin surface temperature
distribution in the downstream of the
blockage under a non—boiling condition.
The experimental results were compared
with the analytical results calculated
by the LOCK code, whose description is
given in reference 4. In this figure
the horizontal axis X is the distance
from the blockage, and the vertical axis
T-Tg(x=0) is the temperature difference
between the pin surface temperature and
the bulk coolant temperature at the
blockage section, It can be seen from
the figure that the temperature attains
a local peak on the surface of the
central pin at the blockage (X=0 mm) and
decreases with the distance from the
blockage. The temperature rise also
occurs on the surface of an outer pin
facing the hexagonal tube. This may be
attributed to the heat resistance effect
of the grid spacer covering the outer
pin surface.

Calculations by the LOCK code were
performed for the same conditions: flow

_3.._
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20 T - T
Flow velocity ot the blockage
8O section Ug =4,92 Ms -
Up=8.48 "Mz
70 Velocity 14,92 m/fs _
Heat flux i 54,8 Wem?
o Inlet temperatur. : 283.1 °C
& Bulk temperature at
R €0 the Hockage Tal =0) : 297.9°C 7]
3 @ |[Experiment 8=0T (A)
T @ B |Experiment 6=4/6T (B]
Z ol __|Calcutation by the LOCK | _|
e code
1 .
i Grid
1A
- Bl __ | ~Na
B ° : L —
= 304 (A7 \glockage/ |y .
@ 5] Thermocoupie
3
QE,- a0l 5] Blocked channel
g
',._
1C ® Unblocked ch |
oa \Unblocked chonne
Smm
o ! !
o] 50 100

Axigl distance from the blockage : X, mm

Fig. 2 Comparison of axial pin surface
temperature distribution in the down-
stream of the blockage observed in
the experiment with that calculated
by the LOCK code

velocity, 4.92 m/s (at the normal cross
section); heat flux, 54.8 W/ cm?; and
inlet temperature, 297.9°C. The para-
meter Up is the flow velocity in outer
gubchannels at the blockage section. )
Ug=4.92 m/s corresponds to zero increase
in flow velocity, and Up=8.48 m/s is the
flow velocity, with the increase of flow
veloecity at the blockage section taken
into account. The calculated curve for
Up=8.48 m/s agrees fairly well with the
measured temperature rise due to the
blockage.

Figure 3 shows the measured cir—
cumferential pin surface temperature
distribution at the blockage section.
The experimental results were again
compared with the LOCK code calculation.
The thermocouple arrangement to measure
the temperature of each pin surface is
shown in Fig. 3. The experimental
conditions were: flow velocity, 4.92
m/s; heat flux, 54.8 W/em?; and inlet
temperature, 297.9°C. This figure shows
that the temperature is nearly constant
in the blocked region (between O and 2/6
1) and decreases steeply in the unblocked
region (between 2/6 w and 7). The-cal-
eulation was conducted for Up=8,48 m/s

and agrees well with the measured tempera- followed by oscillationms.

L T T
Velocity : 4.92 M/s
Heat flux : 54.8 W/em?
| Inlet temperature :283.1 °C
Bulk temperature at

the blockage Tep-0y :297.9 °C

o @ |experiment X=0
s 60 __ [calutation by the LOCK code| -

- @ Up=6.48 mis

S 8
& 50 e—®
!
'—

401
7]
0
|
E 30 — Q N
2
o
&
£ 20 X: Axial distance )
E from blockage @
= Ug:Flow velocity at
10} blockage section
D a—
0 = Central pin = Outer pin 4+—— =
% 00 Y Y T

Circumferential location : 8, radian

Fig. 3 Comparison of circumferential
pin surface temperature distribution
at the blockage section observed in
the experiment with that calculated
by the LOCK code

If the experimental results are
extrapolated to the prototype reactor
conditions, in which the heat flux is
200 W/cem? and the flow velocity is 5 m/s,
the temperature rise due to the central
six~subchannel blockage is estimated to
be less than 250°C. 1In the estimation
by LOCK no increase in flow veloeity is
assumed at the blockage section, i.e. Up
is taken as 5 m/s in spite of a little
increase in flow velocity at the blockage
section in the fuel subassembly.

Two-Phase Flow Pattern

Incipient Boiling and Bubbly Flow
Figure 4(a) represents typical patterns
of inlet and outlet flow velocities,
inlet and outlet temperatures, pin sur-
face temperatures, void fractions, and
inlet and outlet pressure rises during
the incipient boilling and bubbly flow
regimes. The experimental conditions
were: inlet temperature, 502°C; the
inlet flow velocity, 0.96 m/s; and cover
gas pressure, 1.05 bars.

As can been seen in the figure, the
outlet flowmeter F-105 registers an
abrupt change upon boiling inception
These oscilla

ture distribution at the blockage section. tions indicate a repetition of bubble
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Fig. 4 Records of signals from flowmeters, thermocouples, void meters and
pressure transducers during steady-state boiling in a locally blocked
seven-pin bundle —— run No. 7(6)LB-214
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repetition of bubble formation and
collapse after bolling inception.

Slug Flow Figure 4(b) shows the
changes in the heat flux, flow veloci-
ties, temperatures, void fractions and
pressure rises after the establishment
of a slug flow. It is to be noted that
violent oscillations are recorded for the
outlet flow velocity (F-105), the void
fractions (VoT-6, VoT-7 and VoT-8), and
the inlet and outlet pressure rises (Py-
104 and Py—105 respectively), while the
inlet flow velocity (F-104) remains at
a nearly constant value. These violent
oscillations indicate that bubbles,
which repeatedly form and collapse, are
larger in this regime than in the bubbly
flow regime. :

_  The pin surface temperature (T-13)
fluctuates and attains the saturation
temperature of sodium. The other tem—.
peratures, except the inlet temperature
T-111, rise with Increasing heat flux,
but these temperatures are still bhelow
saturation, and the boiling continues
in a subcooled enviromment.

Annuylar Flow and Dryout  Figure '
4(c) shows the changes in the heat flux,
flow velocities,” temperatures, void
fractions and pressure rises under
annular flow and dryout conditions. 1In
the first half of this period covered,
the violent oscillations in the outlet
flow rate (F-105) established during
8lug flow settle down te a wavy pattern
of a fairly long period. This change is
brought about by the bubble collapse be-
ing slowed down, since the outlet tem—
perature (T-112) is nearly at the satura-
tion temperature of sodium, which begins
bulk boiling. The foregoing behavior
indicates an annular flow (or annular
mist flow) regime, in which saturated
sodium vapor or vapor mixed with liquid
sodium globules flows between films of
liquid sodium flowing along the wall
surface. During this period the pres-
sure are lower than in the slug flow
regime, in particular, no signals appear
in the inlet pressure transducer, Py-104.
The decreasing pressures can be attrib-
uted to the two factors: firstly the sub-
cooling decrease slows down the bubble
collapse rate and hence reduces the pres-
sure source, and secondly the large
amount of wvapor increases the pressure
absorption.

A further increase of the heat flux
up to 180.2 W/em? produces an alternate
mode in the outlet flow signals from
F-105. This change is due to the ejec-

tion of liquid films and/or liquid
globules, then to the succeeding gene-
ration of a large amount of vapor bub-
bles. This succeeding generation of
vapor then suppresses the inlet flow
rate, as revealed by the sharp valley in
the record of F-104. The rapid upstream
voiding occurs, which is indicated by
the rapid increase of void fractions. A
ripple pattern is superposed on the void-
meter signals. This ripple pattern,
which is similar to those in the outlet
flow velocity (F-105) and the outlet
pressure (Py-105), occurs at the time
when the disturbance waves of the liquid
film on the wall surface travel rapidly
in the annular mist flow. Im this period
the pin surface teémperatures (T-12 and
T~13) register a sharp rise, which im-
plies the occurrence of dryout of the
residual liquid film. The heater pins
being exposed to the danger of burnout,
the input power to the heater pins was
quickly shut off. The pin surface tem—
peratures, however, decrease slowly due
to the heat capacity of the heater pins.

Boiling Acoustic Noise

Among the varlous methods proposed
for early detection of local sodium boil-
ing, the measurement of acoustic noise
sipgnals associated with boiling pheno-
mena appears to be most promising.

Instrumentation System . Three
types of acoustic transducers were used
in the present experiments, as described
in the section on the experimental equip-
ment. The signals from these acoustic
transducers were then amplified and
recorded on an Ampex Model FR-1800L tape
recorder. The tape recordings of the
acoustic signals were analyzed using an
EMR Model 1510 real-time analyzer. An
NF Circuit Model M~172TA AC voltmeter

..was used for measuring thé‘acoustic

noise intensity, regulated by a
Multimetriecs Model AF-120 filter.

~ Acoustic Noise Iﬁténsity Figure 5
shows the effect of changes in heat flux
q on the Intensity ratio I/I, measured

. by the pressure transducer PN-105 during

a typical boiling run 7(6)LB-214, where
I is the noise intensity at a given heat
flux q, and I, the noise intensity in
the absence of boiling. It 1s seen that
the acoustic noise intensity first in-
creases with the rise in the heat flux,
and after attaining a maximum, decreases
somewhat to remain more or less constant
thereafter. This tendency 1s similar to
the previous single-pin experiments[zl.

—6— E
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Fig. 5 Effect of heat flux on intensity
of acoustic noise with boiling in a
locally blocked seven-pin bundle —
steady~state boiling run 7(6)LB-214

At the final rapid upstream voilding
which resulted in dryout, however, the
acoustic intensity again increases
sharply.

During the first stage of boiling,
preceding the attainment of maximum
noise intensity, the beiling is con-
sidered to be in a state of developing
nucleate boiling (mainly bubbly and slug
flows). In this state the acoustic
noise caused by the collapsing bubbles
increases with rising heat flux since
the liquid around the bubbles is yet so
highly subcooled that the bubbles col-
lapse completely although the bubbles
become larger with higher heat flux.

Fully developed boiling may be es-
tablished after the point of maximum
' noise intensity. The decreasing noise
intensity can be attributed to the two
factors. The first is the decrease in
subcooling, which slows down the bubble
collapse and so reduces the noise source.
Secondly, the increased amount of vapor
in the channel increases the acoustic
absorption.

The final noise increase resulting
from the rapid upstream voiding is due
to the liquid globules and/or liquid
films travelling rapidly in the annular
mist flow and colliding with the down-
stream liquid pool.

A gimilar effect of heat flux on
the acoustic noise intensity was meas-
ured by the other acoustic transducers.

The acoustic noise intensity
(approximately 20 mbar in the RMS value)

in the present local boiling of sodium
is much higher than that (approximately
0.5 mbar) obtained in the ordinary pool
boiling in water{5], The above observa-
tion indicates that the measurement of

acoustic noise signals associlated with
sodium boiling phenomena is promising

for early detection of local sodium boil-
ing in IMFBR fuel subassemblies.

Spectrum of Acoustic Noise TFigure
6(a) shows the frequency spectra of
acoustic noises measured by the pressure
transducer Py~105 during the bolling run
7(6)LB~214., It can be seen that the
boiling causes a considerable increase
in intensity at all frequencies. The
peak observed at the frequency of 19.6
Hz for the heat flux of 120.0 W/cm?, is
due to the repetition of bubble forma—-
tion and collapse. The peak at 4.4 Hz
for 146.7 W/cm® 1s also due to the same
repetition.

Figure 6(b) shows the frequency
spectra of acoustic nolses measured by

" the accelerometer A,~102 during the same

boiling run 7(6)LB-214. The frequency
range in this figure is higher than that
in the former Fig. 6{(a). The boiling
causes a considerable increase in inten-
sity at all frequencies, but the fre-
quency spectra do not change markedly
during bolling, from boiling inception
until dryout. Resonance peaks are super-
posed on a smooth curve with a broad
peak at approximately 7 kHz for all the
measurements.

Outlet Flow Fluctuation with Boiling

The boiling ‘causes an increase in
outlet flow fluctuations, as shown in
the former Fig.. 4. From this fact the
measurement of outlet flow fluctuation
signals with boiling appears to be
promising for the early detection of
local boiling.

Intensity of Flow Fluctuation
Figure 7 shows the effect of the heat
flux on the intensity of outlet flow
velocity fluctuation during the boiling
run 7(6)1B-214. In this figure the
fluctuation intensity is expressed in
root-mean-square values. It 1s seen
that the fluctuation intensity first in-
creases with rising heat fluxes, and
after attaining a maximum (1.33 m/s),

“then decreases. Upon the final rapid

. upstream voiding which resulted in dry-

out, however, the fluctuation intensity
again increases sharply. The heat flux
effect shown in this figure is similar
to that already shown in Fig. 5.

During the first stage, preceding
the attainment of maximum fluctuation
intensity, the boiling is considered to
be in a state of developing nucleate
boiling and no bubbles reach the posi-
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Fig. 6 Frequency spectra of acoustic noise with boiling in a locally
blocked seven-pin bundle —- steady-state boiling run 7(6)LB-214

tion of the outlet flowmeter. In this
state the flow fluctuation caused by the
repetition of bubble formation and
collapse increases with rising heat
fluxes, since the liquid around the
bubbles is yet so highly subcooled that
the bubbles collapse completely although
the bubbles become larger with higher
heat fluxes.

The decreasing fluctuation inten—
sity after the maximum can be attributed
to the decrease in subcooling, which
slows down the collapse of bubbles and
so reduces the flow fluctuation.

The final fluctuation increase
resulting from the rapid upstream void-
ing is due to the ejection of liquid
films and/or liquid globules, then to
the succeeding generation of a large
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Fig. 7 Effect of heat flux on root mean
square of outlet flow wvelocity
fluctuation with boiling in a locally
blocked seven-pin bundle —— steady-
state boiling run 7(6)LB-214

amount of vapor bubbles.

Spectrum of Flow Fluctuation
Figure 8 shows the frequency spectra of
outlet flow fluctuation during the same
boiling run 7(6)LB-214. The peak
observed at the frequency of 19.6 Hz
for the heat flux of 120.0 W/ cm?, is due
to the repetition of bubble formation
and collapse. The peak at 4.4 Hz for
146.7 W/ cm? is also due to the same
process.

Bubble Size and Frequency

The bubble size and the frequency
of bubble formation are important for
the estimation of dryout in local boil-
ing. But there are little data on
sodium boiling. This led the present
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Fig. 8 Frequency spectra of outlet flow
velocity fluctuation with boiling in
a locally blocked seven-pin bundle
~—— steady-state boiling run 7(6)LB-
214
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authors to carry out a study on sodium
to examine the bubble size and frequency
in subcooled boiling under forced con—
vection. In Fig. 9 the frequency, f is

plotted against the diameter d, of an
equivalent sphere having the same volume
as the bubble when it attained its
maximum size. In this figure are also
shown the earlier single-pin experi-
ments{2] and the pool boiling experi~
men%g with potassium by Bobrovich et

al.

The sodium bubble is considerably
larger than the water bubble, because of
the high liquid-to-vapor demnsity ratio
of sodium. It is considered that the
generation of a second bubble is in-
hibited by the pressure rise due to the
development of the first bubble in the
narrow space of the channel. This
justisfies the assumption that only one
bubble exists at one time, which permits
evaluation of the frequency of bubble
formation from the observed oscillations
of the outlet flowmeter records during
the period preceding the arrival of the
bubbles to the flowmeter position. On
the other hand, the volume of the bubble
may be evaluated by integrating the
increment of outlet flow rate between
the instant of bubble formation and
that of its attaining maximum volume.

From Fig. 9, it is seen that the
frequency decvreases with the increase of
the bubble diameter, and that this dia-
meter is a little influenced by flow
velocity. A broken-line curve can be
drawn, which roughly represents the
relation between the diameter and the
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Fig. 9 Relation between equivalent
diameter of bubble and frequency of
bubble formation for sodium boiling

frequency in the present seven—-pin
experiment. This relationship is
expressed by

f-dg =139 mm/s (=500 n/h).
This product value is higher than Fhat
of f+do=77-8 mm/s (=280 m/h) obtained

in the previous single-pin exper?m?nt,
and agrees well with the pool boiling

~ experiment for potassium by Bobrovich et

al. This fact can be attributed to the

.two-dimensional bubble growth and

collapse which was absent in the previous
single-pin geometry. The buh?le can
expand and collapse not only in the -
axial direction, but also in the radial
direction.

CONCLUSIONS

Experimental studies were carried
out on local sodium boiling in the down-
stream of a local flow blockage in a
seven~-pin electrically heated LMFBR fuel
subassembly mockup. In the first series
of experiments the temperature distribu-
tions in the downstream of the blockage
were measured under non-boiling condi-
tions. In the second series of experi-
ments, however, local boiling phenomena
were investigated, with particular
emphasis on the behavior of the two-
phase flow pattern, the characteristics
of boiling acoustic noise and outlet
flow fluctuation, and the relation
between the bubble size and the fre-
quency of bubble formation. '

Analyses of the results obtained
permit the following conclusions to be
drawn:

(1) In the non-boiling experiments the
hottest surface temperature of the
central pin was observed immediately
downstream from the blockage. The
measured temperature rise was in fairly
good agreement with the calculation by
the LOCK code. When the experimental
results with the LOCK code are extra-
polated to the prototype reactor condi-
tions, namely the heat flux of 200 W/cm?
and the flow velocity of 5 m/s, the tem—
perature rise due to a central six-
subchannel blockage will be less than
250°C.

(2) In the local boiling region, no
flow instability was observed since the
subchannels near the wrapper wall were
still filled with subcooled liquid.

.The pressure drop appeared to remain

constant. This is an important point to
be borne in mind in reactor safety
considerations, since local boiling of

__9__
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sodium will not necessarily always bring
about instability of flow. In the
nearly bulk boiling region, however,
considerable upstream voiding occurred
and then the inlet flow decreased. The
intet flow reversal occurred and re-
sulted in a final dryout.

{3) The boiling caused a considerable
increase in acoustic noise intensity.
The noise intensity with boiling first
increased with rising heat fluxes, and
after attaining a maximum, decreased
somewhat to remain comstant thereafter.
Upon the final upstream voiding which
resulted in the dryout condition,
however, the noise intensity again in-
creased sharply. The noise intensity of
approximately 20 mbar in the RMS5 value
obtained in the present sodium boiling
experiment is much higher than that of
approximately 0.5 mbar in the ordinary
pool boiling experiments with water.

The above observation indicates that the
measurement of acoustic nolse signals
associated with sodium boiling phenomena
is promising for early detection of local
sodium boiling in LMFBR fuel subassem-
blies.

The peak observed at.the low-
frequency hertz ranges was due to the
repetition of bubble formation and
collapse. In the high-frequency
kilohertz ranges, however, resonance
peaks were superposed on a smooth curve
with a broad peak at approximately 7
kH=z.

(4) The boiling caused an increase in
the outlet flow fluctuation, and the
maximum RMS value of the flow fluctua-
tion was 1.33 m/s. Therefore the
measurement of outlet flow fluctuation
signals appeared to be promising for
early detection of local sodium boiling
in IMFBR fuel subassemblies.

(5) The frequency of bubble formation
(2.9 s7! and 20.2 s~!) decreased with
the increase of the bubble size at its
point of maximum development. The pro-
duct of the bubble frequency and equi-
valent diameter obtalned in the present

seven~-pin experiment agreed fairly well
with the potassium pool boiling experi-
ments by Bobrovich et al., and can be

" expressed in the relationship of f.dg =

139 mm/s (=500 m/h), which is higher
than that of f.-dp=77.8 mm/s (=280 m/h)
obtained in the previous single-pin
experiment. ]

(6) Larger-scaled experiments both in
19-pin and 37-pin bundles are scheduled
for this year and next, and the pro-
pagation of local boiling to bulk boil-
ing will be investigated in detail,
since the present seven-pin experiments
were insufficient for this purpose.
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