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ABSTRACT

Sodium temperature noise was measured at the exist of simulated,
fast-reactor fuel subassemblies in the Fuel Failure Mockup (FFM) to
determine the feasibility of using temperature noise monitors to
detect flow blockages in fast reactors. Also, acoustic noise was
weasured to derermine whether sodiuh boiling in the FFM could be
datected acoustically and whether noncondensable gas eantrained in
the sodium coolant would affect the sensitivity of the acoustic
noise detection system. Information from these studies would be
applied to the design of safety systems for operatlng liquid-metal
fast breeder reactors (LMFBRs).
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We determined that the statistjical properties of temperature
noise are dependent on the shape of|temperature profiles across the
subassemblies, aand that a blockage upstream of a thermocouple that
increases the gradieant of the profile near the blockage will also
increase the temperature noise at the thermocouple. ' Amplitude
probability analysis of temperature’noise shows a skewed amplitude
density function about the mean temperature that varies with the’
location of the thermocouple with respect to the blockage location.

}
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We concluded that sodium boiligg in the FFM could be detected
acoustically. However, eatrained néncondensable gas in the sodium
= coolant at void fractions greater than 0.4% attenuated the acoustic
signals sufficiently that boiling was not detected. At a void frac~
tion of 0.1%, boiling was indicated|only by the two acousltic
detectors closest to the boiling site.

-
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INTRODUCTION

The Failed Fuel Mockup (¥F) [1], is a sodium flow facility which simulates
,the hydravlic characteristics of a fast reactor fuel subassembly. In the mea-
"suraments reported here, the facility was used to investigate a method of
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x;hﬁih‘92deCecting a coolant channel blockage by measurir: and analyzing the exit sodium |
;temperature noise [2] and a method of detacting sodium subcooled nucleate boiliag

by detecting [3,4] and analyzing acousti¢ noise. .

. Temperature noise measurad at the exit of both blocked and unblocked test
bundles was characterized using various Roise signal descriptors such as power
spectral demsity (PSD), amplitude probabllity density (APD), and root mean sqQuare
J(RMS). Previous work [5] indicated that'a blockage in the coolant channels of an
.M~ 1oLMFBR operating at power might be detected by measuring the change in the tem—
"I L~t peratufe noise at the coolant channel ouflét. ~The Toise, cadsed by turbulent
mixing of the sodium flowing from the coglant channels at different temperatures,
had been observed to depend on the sodiuf flow and heat flux [6]. RKecently, sowe;

gtypes of blockages in water test section H

were identified by measurement of the

sskewness factor of the APD of rod-bundle|exit tewperature noise {[7]. This work

s
iin the FFM extended these previous investigations to include partially blocked,
laocked bundles used in the previous

Eimulated fuel bundles, as well as the u
work.

.

The main objectives of the work in acoustic detection of sodium boiling wer
twofold: to compare the amplitude of the¢ signal from the acoustic sensors cause
by boiling with the amplitude of the background noise sources in the FFM, and to
determine the effects of an entrained, n¢ncondensable gas (argon) on the detec~
tion system. These objectives were accomplished during flow-reduction-to-boilin
lgexperiments in the FFM which were performed to measure the transieat temperature

throughout the bundle to the start of boiling and to generate an acoustie signal
for tests of the boiling detection syste;. The production and movemeat of sodi
voids in these simulated fuel bundles were not typical of that expected in an
LMFBR, because the facility was not designed for this purpose [8].

v
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DESCRIPTION OF THE FFM FACILITY

The FFM is a facility for simulating fuel subassemblies, using electric
cartridge heaters, so that their configuration, power density, pressure, spe-
cific flow, and temperature would be typical of subassemblies for the Fast Test
Reactor (FTR) [1]. The simulated subassemblies for these tests were 19-rod
bundles with a heated length approximately one-~half that of the core fuel de-
signed for the FTR. Each simulated fuel{rod, 0.58 cm OD, within a subassembly
was wrapped with 0.l4-cm-0D wire spacers|pitched 30.5~cm. The bundle of 19 rods
‘1was enclosed, and the bundle was cooled by a closed-loop, circulating-sodium -
system with a 420-kW air-cooled radiator|heat dump. A variable speed pump and
throttle valves controlled the sodium flpw. Power to the individual rods could

be varied from 0 to 24.5 kW per rod.

It

%% During later tests, a system was added for injecting small amounts of argon)-
‘jato the sodium stream at the inlet of the test section [9,10] to simulate en-
‘trained argon cover gas or fission gas escaping from a leak in the fuel cladding
[}

NOISE ANALYSIS -

.
e

EXIT TEMPERA

fSources and Interpretation of Temperatu

Temperature fluctuations in a fluiﬁ are caused by turbulent mixing of .

“ various portions of the fluid which are lat different temperatures. The ampli- |_

. tude of temperature fluctuations detected by a thermocouple immersed in the
fluid depends on the lateral temperature gradient across the bundle, the degree

of mixing or turbulence, and the location and response time of the thermocouple.

Noise
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R RS PUTRNN A blockage in the rod bundle could jacc@ase the [Copatatire TIGCLLATIONS ;
dowastreaw because it would cause an incfease in the lateral temperature gradient!

he bundle could also cause an lncreased |

However, a skewed power distributlon in ¢
cause temperature noise similar to that

_lateral temperature gradient which could
caused by a blockage. ;

{Lﬂt in the viciaity of the thecmocouple :

cun be deduced [rom the distribution of dmplitudes of the fluctuations in ths
st .,thermucouple signal about the neun temperatyre. 1If the Eluctuations are pre-~
.Y 5T doalnacsly-tessehan e mean (nepgatlive),~the thermocouple: i3 located-at-or near
a maxioum ia the fluid temperature gradidat. Conversely, predominately above che-
mean (positive) amplitudes indlicate a thdrmocouple position near a wiaiowa in the,
gradient. The skew of the amplitude prohability density (APD) Function distri- '
cbutjon is a measure of asymmetry about the mean value. The APD of a Gaessian
““noise signal is symmetric about the meanj its skew value is zero. The APD forwmed
Kram a signal with pradominately positive or negative amplitude values is asym~ (
metric with respect to the mean; the ske} valuas are positive or nagative, H

Ohlmer and Schwalwm concluded that the location and slize of a
¢ the skew value of the APD Function of

hermocouple location downstream from th

The existence of a temperature grad

s
’

.
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jrespectively.
blockaga in a bundle can be inferred fro

‘“Ehe tempevature fluctuations at a fixed §
laxit of a rod bundle {71.

!
ocation of Blockages and Thermocouples for Noise Measviemancs

= Two partially blocked and one unblo¢ked bundle were tested. In bundle 3A }-
the central slx chaonels were blocked byia non~heat-ganerating, stainless-steel
plate, 0.64 cm thick which was hrazed tojthe center rod (Fig. 1). The blockage
as 38.1 cm downstream from the start of{the 53.3 cm heated length. Chromel-
Alumel thermocouples were positioned at the nominal cinters of flow channels at
the buadle exit, 7.6 cm 0f unheated rodjbefore the exit. The thermocouple time }.
constant of +150 msec allowed analysis of temperature fluctuatfions From € tro

vl Hz,

2

25 Ia bundle SR (Fig. 2) an edge blockage was located 10.2 cm downstream from
“*ithe start of the 45.7 ca heated length. The blockage, covering about one-third |._
of the flow cross-sectional area, was displaced 0. 036 cm from the channel wall.
The exit thermocouples were 3.2 cm dowhstrean of the blockage. The same
ibundle was also tested in an unblocked cf nfiguration (labeled bundie 5C).

R

tﬁData Acquigition and Processiag

The thermocouple signals were amplified and recorded in analog form. Back-

.ground noise was measured with the bundlp heaters off and the test loop at an

- .isothermal condition. Three types of analyses were performed on the thermo~
couple signals: power spectral density (PSD), root-mean-squar: (RMS), and "

.amplitude probability demsity (APD).
i

§Resu1cs and Discussion

=, The PSD of the signals obtained with and without the edge blockage (bundles|_
'5A and 5C, respectively) are shown in Fx s. 3 and 4. The wmagnitude of the PSD
‘1ncreased significantly at both thermoco tple locations when the flow was blocked
‘because the lateral temperature profile Was distorted (Figs. 5 and 6). The !
_profile of the mean temperatuve at the ekic of the unblocked bundle was much
:—.Elatter; there was only n2°C variation betwaen thermocouples EC11l and EC38.
However, there was an ~20°C variation in temperature between these same thermo-~ |
couples when the blockage was present. '(EC39 was located adjacent to the test
section wall. The 0.036-cm gap between the blockage plate and the wall may have

allowed cooler sodium to bypass into this region.)
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QTR alopa ‘of the PSD in uablocked buddie 5¢ (Fig. 4) at freouenclies below

4{
rll'_

0.5 tiz loplies that there are two mechanisos of tempecatuce ncwse:  tucbulent
nixing and an unknewn wmechanisa. Measucgd background and extraneous nolse in rhe‘

ssignal were negligible. The teopecature (gradient in the wicinity of thoruucouplu’_

EC1l9 (Fig. 5), was approximately zero, wlilch Indicates that there was little
driving force for tempecature noise due fo turbulent mixiug. [In the abieace ol
nlxing, the obuerved PSO of the teuperatare fluctuations has o [requency depen-
dence given by

(D) »-'"%‘lf .

Nishihava {11] observed this effect, and he attributed it to bulk temperature
fluctuations typlcal of laalnar flow. ThHe flow in the FFM, however, was turbu-

.:1lent at a velocity a 7 m/sec, having a Beynolds nuwber of ~30,000. The source
of this noise in the FFM is unknown.

. Root~mean-square analysis of noise sigoals coduces a PSD or an APD function
to a single nusbar that represents the digree of noise in the signal. Others (5]
v have shown exparimeatally that the root-gean-aquare noiss varies iaversely with
" flow and increases with 1ncrcas£ns heat Elux. The results from bundles 5B and
5C at a heat Flux of 71 W/ca? for thermodouple ECO% (Fig. 7) compare well with
those in ref. 5 for both blocked and uanbjocked flow. The RMS tempuwrature fluc-
uation was greater at all the flow velocities tested wvhen tha flow was blocked.

The results Erom other tharmocouples jin buadle 5 (Table I), confirm pravious
observations. However, the RMS noise at|a heat flux of 85 W/cm? and a flow
veloclty of 2.8 m/sec was greater in the lunblocked bundle than in the blocked
buadle. This latter result is due to the locations of the thermocouples.

g,Bcntley {S] has stated that thermocoupleg should be far downstream from a bundle
exit to assure that local turbulence at the bundle exit does not mask the tem-
ba:atuzc nofise of interest. The FFM exig thermocouples vere at the exit of the
bundlu {there was a 7.6-co unheated length, as shown in Fig. 2). The ilaconsis-
cenclcs in the RMS vesults shown in Table I may have besn dus to the local tew~

ssperature profile and turbulance in the wake zone at the ends of the rods; i.e.,
"the thermocouples may not have been pluced sutficiently far downstream of the
bundle exit to produce reliable results for blockage detection. (Thermocouple
locatloas wvere selected to obtain steadyéatate data for the FFM projecc.)

t
. The skew values of the APD functionsjat each therwmoccuple position, the RMS
values, and the lateral tecperature profile for centrally blocked bundle 3A are
shown ia Fig. 8. From a comparison of the skev values obtained with thermo-
icouples located downstream from the blockage with the skew values obtained with
thermocouples similarly located in the uablocked region, it is appareat that the
s-Skew values are sensitive to the location of the thermocouples with respect to
“"the lateral tewpsrature profila. For example, therwocouple ECl7 2n the unblocked—
flow area indicates the loves: mean temperature (369.9°C) and a small positive
skew (0.082), but ECO3 behind the blockage indicates a higher mean temperature
(392.6°C) and z negative skew (-0.239). {In addition, although the skew values
,of the APD functions for ECO6 and ECOJ (in syrmetric locations) are both nega-
““tive, the magnitude of the skew ig +5 tines larger for ECO03. Also, the APD of
EC16 has a larger positive skew than that of either ECl7 or EC08. Neither resule
is understood. The results from bundles|5B and 5C (Figs. 5 and 6) are similacly
‘inconsistent. In the blocked bundle (5B), ti.: skew values vary from -0.919 to
zl 271 for the two thermocouples located nearest the center of the bundle exit -
“" (ECOL and EC04), but the model of ref. 7. ,predicts a positive skew of 0.5 to }
for an edge blockage like that in bundle 5B. 0Our results in the FFM indicate
that the skew value is strongly dependeat on both the lateral and the axiai locad
tion of the thermocouple.

- —



e tae —— L R ‘
BRI ST o (Y Y71 B0 G T }
R4S of Exit Sodium Tewperature |Fluctuatlon in FFM Buadle 5 ’
. With and Without 4c Edge Bluckage
font Flow neke ! s se
Flus Velocity Pryiv e lumpe'rgll;ure Fl.uc:ugl;;gns c) wn '
(/ca?) (afsec) ECO1 EC c EC20 :
.- | o e e i
SO T T U Bladked Bundle 5K - 3
6 7.2 0.194 0.176 0.115 0.161
85 5.5 0.710 0.242 0.222 0.239 :
85 2.8 L300 0.172 0.149 0.289 !
7t 7.2 0.1438 0.082 0.135 0.142 |
71 5.5 0.161 0.102 0.160 0.149
.o 2.8 0.334 0.299 0.333 0.315
: Uabloched Hundle 5C
-
=89 7.2 0.031 0.038 0.035 0.031
85 5.5 0.088 0.052 0.041 0.036
85 2.8 0.894 0.222 0.318 G.322
7L 7.2 0.060 0.031 0.026 0.025
Y, 7 $.5 0.069 0.042 0.028 0.030
17 2.8 0.324 0.098 0.091 0.148 I~
FThesa results are based on a 53-mln datd record and an 8-Hz analysis bandwidth,
vhich ylelds an estimated uvacertainty off $0.3%.

From examination of the overall rangq of temperature values foc the APD

functions, the veasuced amplitude of the itemperature fluctuations is always less

than ~2°C, evan though the poteatial amplitude is 22°C (bundle 5B, Fig. 6). We

,,believe that this result substantiates the hypothesis that the thermocouples wer

f"”‘}.'uea:«n.ll:i.ag predoainately local temperature fluctuations in the wake zone of the

undle rods and that bulk mixiung in this region was ingsufficieat to cause more

ithan a ninor effect. We propose that thé relationship between skew and thermo~
fouple position be studied in future FiMexperiments.

t‘;onclustcns and Recowsmendations

{
H From PSD analysis, we conclude that the magnitude of the temperature noise

is dependeat on the degree of mixing andjon the shape of the lateral temperacure

.profile. The frequancy content depends ln the degree of mixing and oa the ther-~

Qimocoupla tioe responsa. A blockage of the type investigated increases the tem~ }--
perature gradient at a givea thermocouple location and increases the noise
measured at that location, if adequate wixing occurs.

! The degree of asymmetry, or skew, ofi:he APD function is strongly dependent

Zon the locaticn of the thermocouple withirespect to the lateral temperature -
profile. Little bulk mixing of the sodiym occurred at the thermocouple

locations.

.. Future studies in the FFM should determine the optimum locatlons for thermo-
** couples in subassembly exits to monitor ?he temperature fluctuations for blockagq~
detection. Our reason for this recommendation is thak, on the one haad, {f the
thermocoup® s were located farther downstream from the exit than those used in

this studw, the analysis techniques might give a more coasistent result for
blockage dstection. On the other hand, the high thermal conductivity of sodiua,

h would tend to reduce dowastreum tewperature [luctuations, would have to be i
- AR R S AR
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. 2mzuscconsidered. Thus, a movabiéuthetm555hplﬁ'wake asseubly whose axial position
could be varied would be required.

=< These recommended tests would aid LMEBR design eungineers to better locate
thermocouple positioas for subassewbly mdnitoring for blockage detection, 1f .
early detection of blockages is required {for safe reactor operation. ;

DETECTION OF SODIUM BOLLING

T

. In subcooled nucleate boiling, vapor jpubbles are formed at nucleation sites
on a heated surface. These bubbles becoge larger until they break free of the
surface and enter a regioan of liquid where the temperature is below the boiling
.sPoint; there they condense and collapse. | The detection of the acoustic pressure
“pulse emitted by a collapsing bubble formed the basis for detection of boiling
by acoustic means in the FFM experiments

i Eight acoustic sensors were used in the FFM tests: four model LC-10 and two
..odel LC-6 (Celasco Industries, Costa Meda, California) hydrophones, all with
Tlead zirconate-titanate sensing elementsj and two model HT-9 sodium-immersible |~

seasors [12]), with lithium niobate sensirng elements, developed by Argonne

National Laboratory (ANL) to operate ia dodium to 650°C. The results from the

odium-immersible sensors in the FFM experiments are reported in ref. 13. The
locations of the sensors in the test sectioan are shown in Figs. 1 and 2. The
J‘Eydrophoncs were mountad in stainless steel cups on 0.95~cm-0D, 30-cm-long,
tainless steel stubs welded to the test |section housing at four locations. The
cups were filled with mineral oil to proyide acoustic coupling from the stainless
teel to the sengor. The hydrophone sigdals were high-pass filtered above 1 kHz
..ko discriminate against noise from pucos) blowers, and other equipment. The
“signals were recorded in analog form on pagnetic tape; the frequency range of the[~
?ape was from 1 to 300 kHz. During analysis, the frequency range was 70 to 300

FHz.

Exveriments and Results

: Three experiments were performed in the FFM, two with bundle 5D and one with

bundle 3B which had a stainless steel plate that blocked the six flow channels
surrounding the center rod at a location {38 cm downstream from the start of the

tzheated zone.
} In the tests in bundle SD, a controlled sodium flow transient from 2.6 to
RO.ZS liter/sec was produced in the test|section by manually closing the test
section inlet valve. This transient simglated the transient that probably would

4,resu1t from the coastdown of the Fast Test Reactor sodium coolant pump. The

“bundle SD experiments consisted of flow coastdowns with and without argon gas o

injection under boiiing and nonboiling conditions.

The hydrophone signals obtained during coastdowns without gas injection and
.under nonboiling conditions {(no heater power and at 5.4 kW per rod) indicated
*=lictle change in the background noise leyel of "0.5 mbar, except an approximate |-

‘twofold increase in the acoustic signalsjat the bottom hydrophone at flows
<0.6 liter/sec, believed to be caused bycavitation in the test section inlet
‘valve. When argon was injected at a rate of 0.15 kg/hr during coastdown under
_.nonboiling conditions, the cavitation noise was not observed. The estimated .
“void fraction of the argoa was 102 ~t a ?odium flow of 0.25 liter/sec. .
)

The hydrophone and sodium flow signals during flow coastdown without gas
injection under boiling conditions (12.5 kW per rod) are shown in Fig. 9. Boil-
ing occurrad from 25 to 32 sec in the flgure and was detected by all sensors.

~"“Thoe ciwnale nhtained durine a similar run, but with argon injected at 0.15 kg/hr,b.

.
[E IR rei
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: =\La~<nrﬂ shown in Fig. L0. The start of gas 423ectxon is ladicated by the lLarge

a s

- T wT old fordereerion ot BoiTing with a noacdndeasabls ‘entrained gas present and tc

ENTER

"spike" oa the flow siznal at V7 sec in the figure and by an increase in noise
detected by the hydrophones. As the flod decreased, however, no evidence of
;poiling was observed. Measurements of tgmperatures in the bundle during this run:
“indicated that the saturation temperaturd of sodium was reached during the last :
20 sec {14]. Subsequent iunspection of tHe bundle revealed substantial damage due
to vverheating [14,15].

.

—— e e —

The objectives of the experiments in bundle 3B were to determine the thresh~

I)

flow channels. The experiments included [sodium flow reductions to boiling with

and without injection of argon. The flow reductions were slower than those for
.~the simulated pump coastdowns used in buddle 5D. Two rates of argon injection
““ware used: 0.0054 and 0.0014 kg/hr, factlors of 25 and 100, respectively, below

that (0.15 kg/hr) used in bundle 5D. The estimated void fractions were 0.4 and

P.IZ. respectively, at a sodium flow of 0.3 liter/sec.

)

]

study the effect of localized boiling d:jnstream of the blockage of six coolaat

't Boiling was produced in bundle 3B by reduction of the sodium flow from 1.4
~—to 0.4 lite-fsec at a heater power of 8.8 kW per rod. In the experiment without
cas injection, hoiling was detected by alll hydrophones each time the fiow was

reduced.

When argon was injected at a rate of 0.0014 kg/hr during a similar runm,
““indications of boiling were observed on the signal from the north hydrophone
(closest tc the boiling site, Fig. 2), byt were not seen at the other locations.
When the rate of argon injection was incgeased to 0.0054 kg/hr, no indications

bf boiling were detected by the acoustic |sensors. The presence of boiling events
was confirmed, however, by measurement off temperature in bundle [16].

,‘_.—.- -t s

—
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1

Conclusions and Recommendatious

' Nucleate sodium boiling was detected in the FFM by LC-10 and LC-6 hydro-
_phones externally mounted on the test secticn housing. Acoustic pulses of "2

ia'x:a 5 mbar pressure were detected in the frequency range from 70 to 300 kHz during’~

bo111n3, compared to a background of 0.5 to 1 mbar.

H l

i Entrained anoncondensable gas (argon' at void fractions greater than 0.1%
prevented detection of boiling by the acqustic detection system inr the FFM. At

49 void fraction of 0.1%, only marginal détection was achieved by the sensors p—

closest to the boiling site. Consequently, we recommend that further study and

gnalysis of this phenomenon be pursued tg assess its ramifications on proposed

boiling detection systems for sodium-cooled reactors. Since a boiling site on
_the surface of a fuel rod may coincide with the location of a fission gas leak

iiduring overpower conditions, the adverse effect of the gas on the seansitivity of |-

the boiling detection system must be understood and quantified if reliable
acoustic detection of boiling is to be rea11zed. Likewise, the void fraction of

entrained argon cover gas must be known and its effect assessed.
]

=
=
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