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Table4d.1 Table4.2 Table4.3
SUS304FR Table4.4 Table4.5 Table4.6
A
0.09 0.1 0.11 0.12 0.13 0.14 0.15
2000 9.21 6.9 4.45 5.23 4.4 3.86 3.02
2200 6.9 5.94 4.54 3.85 3.54 3.22 2.65
PN 2400 4.45 5.41 4.17 3.5 3.1 3.16 2.58
° 2600 5.23 4.97 4.2 3.59 3.17 2.82 2.54
2800 4.4 4.99 3.44 3.2 2.69 2.66 2.26
3000 3.86 3.99 3.59 3.78 2.52 2.57 2.22
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a;
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2000 9.11 6.81 4.69 3.8 2.64 2.89
2200 8.87 6.06 4,13 3.39 3.12 2.96
Ao 2400 8.26 5.48 3.32 2.99 3.31 2.75
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2800 5.95 4.13 3.64 2.88 2.82 2.14
3000 5.75 3.78 291 2.82 2.47 2.1

Table 4.2  SUS316FR

a;
0.09 0.1 0.11 0.12 0.13 0.14

2000 5.14 4.44 4.22 2.86 2.29 2.25
2200 4,72 3.9 3.22 2.69 2.53 2.3
A 2400 3.55 3.63 2.78 2.8 2.34 2.49
2600 4,13 3.24 2.29 2.25 2.55 2.18
2800 3.67 3.19 2.72 2.49 2.12 2.14
3000 3.89 3.28 2.64 2.34 2.01 1.83

Table 4.3  SUS316FR

(@ 0]
0.09 0.1 0.11 0.12 0.13 0.14 0.15

1600 28.99| 1431 7.57 7.37 5.83 3.91 4.2
Ao 1800 18.74 11.2 9.4 6.46 6.19 3.54 4.42
2000 11.21 8.04 5.88 5.27 4.22 4.34 3.11
2200 7.11 5.69 5.28 3.79 3.15 3.37 2.82

Table 4.4  SUS304FR
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A
0.07 0.08 0.09 0.1 0.11 0.12
1600 35.2 17.01 7 8.42 6.53 3.64
Ao 1800 22.33 10.85 5.45 5.54 3.73 4.02
2000 14.59 7.01 5.85 4.6 3.68 3.3
2200 7.91 7.19 5.29 3.48 2.56 2.97
Table 45 SUS304FR
A2
0.09 0.1 0.11 0.12 0.13 0.14
1600 9.93 5.69 6.91 6.12 4.3 4.27
Ao 1800 12.11 6.66 3.99 3.9 2.9 2.92
2000 7.51 5.45 3.93 3.56 2.28 2.4
2200 4.16 4 3.44 2.48 2.33 2.12
Table 4.6  SUS304FR
4.8 SUS316FR 49 SUS316FR
410 SUS316FR 411 SUS304FR
4.12 SUS304FR 413 SUS304FR
E[D-°|/ E[D™| 5 3 5 2
X,
0.15 =1 M over five
014 1 s
013 > NE
0.12 4& [:] over twice
0.1 OO
0.09 — / /
| | " N
2000 2400 2600 3000

4.8 SUS316FR
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0.12 V over five
times
0.11 —=
’ > over three
01 =] times

[:] over twice

=

W W W W " A
2000 2200 2400 2800 3000

4.9 SUS316FR

A,
A

0.14 over five

013 V /‘ times
N over three

0.12 RN ‘ times

011 [ over twice

SN —_—
0.1 47\ “ L
3 ‘ » AO
2000 2200 3000
4.10 SUS316FR
,

0.15 - over five

014 | A \i\ N /| times

0.13 . ‘ \\‘ \\\ \ \\:\\\\ :\\\ \ i)i\r/:ersthree

0.12 7 NN \v\ ,\\ \ l:] over twice

0.11 / O\

] //

|

| | | "X,
1600 1800 2000 2200

411 SUS304FR
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0.12
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0 11 T
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e el el
. SN

over five
times

01 g7/ \‘\\\\

0.08 —
007 — /

o

over three
times

[:] over twice

1600

1800 2000

412 SUS304FR

> AO

over five
times

A

> over three
. ' times

.
over twice

| . - A
1600 1800 2000 2200

4.13 SUS304FR
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4.4.2 9Cr
9Cr Table4.7 Table4.8 Table4.9
(O )
0.09 0.1 0.11 0.12 0.13 0.14 0.15
1500 34423 | 33222 856 3546 231 1774 410
N 1600 62206 4811 434 323 156 516 47
° 1700 2323 757 | 62.43 13 52 25 87
1800 62 210 102 382 34 181 6
Table 4.7 9Cr
(© @)
0.07 0.08 0.09 0.1 0.11 0.12
1500 127043 21147 14243 1177 907 170
N 1600 67443 3005 5683 1027 254 26
° 1700 92 521 1322 372 139 84
1800 29769 2080 101 103 29 9
Table 4.8 9Cr
(© ¢)
0.09 0.1 0.11 0.12 0.13 0.14
1500 18334 476 1735 1430 74.96 149
A 1600 183 601 12 53 96 43
® 1700 1665 176 12 425 138 96
1800 274 19 10 13 17 31
Table 4.9 9Cr
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9Cr

9Cr level crossing
Table4.8 Table4.9

E[D"*°]/ E[D"°]
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level crossing

Table4.7
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4.5

4.13
SUS316FR SUS304FR

Ex. 100

PSD

if LCClife<100 if cannot be evaluated

a, RFC
E DLCC /E DRFC

Ao A,
@ if LCClife>=100 @

or or
4.13
1 PSD A A
E[DLCC]
2 1 E[D-|
3 1 E[D-|
PSD 1, E[pc| E[D¥°]
E[DLCC]/ E[DRFC]
4.12
4 3 E[D™|
3
5 4
E[DRFC]
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level crossing

level crossing
E[DLCC]/ E[DRFC]
A, Q, PSD

9Cr
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ABSTRACT

Thermal stratification after a scram ls one of main thermal loads of & reactor vessel in sodium cooled rencior.
Water exiperiments wsing an 1710th scaled model were carried ot for an advasced loop type sodium cocled
reacior, whick was designed by FBR Feasibility Study in Japan. The reacior vessel is highly compact and has
an upper inner structare (UIS), which consists of perforased baffle plates and has a slit in radial direetion for
fuel handling. Thiz slit makes high vebocity flow in the UIS. Swep temperature distribution scross the
a'mlﬁmnnm'mﬁuudl:mﬂmﬂnmmfn\mdﬂ1hmﬁﬂnm1h:ﬂpum It s
revealed that they were lied from the implng of the jet throagh the slit ot the interface.  Parmmmeter
experiments for Ri nomber showed that the rising speed of the sirmification interface was well comelmed with
the Bi number. Dominent period of temperstare fuctuations al dratification imerface was infloenced by the:

Jetvelogity through the LIS slit and also temperature difference across the interface.

1. INTRODUCTION

Feasibility study on fast beeeder reactar (FBR) and related fisel
cycle system (Noda, 2000) has been camied out in Japan
Awmic Energy Apgency (JAEA)L Design sedy on an
advanced sodiom cooled reactor was performed a5 one of
significant candidales of FBR in the feasibility stody. One of
design  iisues is higher cosm performance, them feveral
innovative design concepis were incompomated (Shimaiaws,
2002).  As for the reacior vessel, a compact vessel of 10m in
diameter has 1,500 MWe of power. A column type UIS
{apper inmer structare) is adopled, which consists of control
rod guide tubes, imstrumentstions, and sevemal perfombed
pmuwwm In arder o reduce the vessal
diameter, the UIS hes a slit in radial direction, which allows
the arm of a fuel handfing machine o go into the UIS and
aceess all the subassemblies withowt large displacement of the
UI5S. Further, the UIS has no ower cover and permits the
fow exiting from the core 1o go through the perforuted plates,
which will increase a mixing volume in the compact reactor
vessel amd mitigate thernsal shock brought by the scram
ransienl.  The primary cooling sysiem has only two Joops in
order 1o reduce number of components and then, the two hat
leg pipes are insenicd vertically through the upper deck and set
at the middle kefght in the upper plenam of roacior vessel,
This twe-loop configunation will increass the flow welocity
toward the intakes of the hot begs in the upper plenum of the
reacior vessel,

Flow velocity in the upper plenum is high due to the compact
geoemetry, especially in the sl of UIS. It will infloence
thermal Bydraulic phenomena, e gis entrainment & free
surface, cavitation, and thermal simlification. The gos
enrainment issue was investipated by several experiments,
eg. W10k sobed waler test and IF).Bth partial maodel
experiment and alse numerical analyses.  Bassd on
experimental resubts of the 1710tk model. o plug is insemed in
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the upper plenum to prevent the jet through the ULS i from
impinging the free surface (Kimara, 2005). The 1718t
scaled model showed that the ges entrainment could be
aveided with consideration of scale effect (Kimura, 2004).
Ag for the thermal siratification, the local amd high flow
velocity in the TS slit will cause local entramment af the
stratification interface and may bring waves of the interfoce.

Waler experiments and also sodivn experiments (Vidil, 1988,
leda, 1990, Koga, 1997, Kimura, 199%) were camied out for
the thermal stratification phenoment in conventional sodiam-
cooled meactors, where homogeneows [ow  velocity in
azimuthal angle was formed in o reactor vessel  Effects of
Reynobds number (Re) and Richendsen mumber (Ri} on ihe
thermal stratification were bvestigated by a water experiment
(Moriys, 1987) and temperatare fluchation due 1o sloshing
phesicenena of stratification merfhce were recognized,

In this study, the thermal sirstification phenomena dusing the
seraen wansient was Imvestigated by using the 1/10th scaled
midel of the resctor vessel upper plenum, where waier was
used a8 working fluid. Balamee between buoyancy force and
inertia force, i.e., Ri number in the experiment was 221 equal to
that in the designed reacior. The temperature differcnce
between ihe initial hot temperabare in the pleaum and cold
Now from the core after the scram wes set at 25°C.  Then the
Now velocity &1 the core outlet became only 1710th of thet in
the degigned reactar. Thus, Re number distortion i order of
100, Howewer, it is believed that phenomena caased by the
local and high velocity flow through the LIS slit can be
examined in this small scaled water st The experimental
study vwas carried oot to see the Influences of the colamn type
UIS with a slit and to find mechanism of characierigic

Nl imendal parameters were the LIS with or
writhuat the slit and Ri rumber.



1. EXPERIMENTAL SETUF

Figure 1 shows the test sectian of the upper pleaum of the
rescior vessel, The upper plenum and major components
were modeled by 1710tk scale.  Each of the horizontal
perforsied plates (called baffle plates) of the UlS has a slit
Harizontal plaies called dipped plate are $21 usder the fres
surface accarding 1o the design, which decrease flow velocity
mear the free surface and prevent the gas entrainment.  All of
the outlet of subassemblics are also modeled.

Figure 2 shows 2 flow disgram of the test facility. The
experimental apparatus consists of the test section, a heater of
S0k power, 8 cold tank of 13m® in volume, o pump, and &
chilling unit. At the initial condision, kol water of 40°C is
circulated in the test section through the heater and the cold
tank iz cooled down ot 15°C scpamtely. When the scram
transient is stanied, the flow path connecting 1o the test section
is switched 1o the line through the cobd tank and fow rale
through the simulated care is reduced to poay moter operation
level and kept constant.  In the design, there iS no pony motor
in the: reactor, however, the primary flow rate is kept & 15%
of the fill power condition after the sermm.  This 15% flaw
el i5 referred 25 the poey motor kevel, hereafter,  The cold
water is provided inio the upper plenum medel and the
thermal stratification i simuisied. In this manmer, early
phase of transient including the flow coast-down is difficult 1o
simulate doe o the show dent of d at

In the reference case, Ri number was scl equal to that in the
desigred resctor,  The pony motor operation level is 15% of
full power condition in the design and 1he temperature drop
during the scram trapsient for 30005 is estimated as ncarly
200°C based on a preliminary system analysis for the designed
reacior. Two cases of high end low ¥ conditions wilh
constamt AT and one more case of bow V and fow AT
condition with nearly the same Ri as that in neference case
were examined to know the Ri number dependency of thermel
srtificstion.  Funher, the UIS slit was covered by 2
perforsied plale at the each baffle plae in arder to sz¢ the
influences of the sli, Experimental cases and conditions ane
listed in Tabbs 1. Charscteristic time i3 estimated by LAV, it
is propartioral ta the time length 1o exchange foll volume of
the upper plenum by the core flow rate.  The reference cise
has nesrly the same charactaristic ime as that e the desigred
rescior,  Transient curves of flow rale and core outied
temperature are shown in Fig. 4. The oullel icmpsrsture 2
thee bt Jeg imtnke is also shown in the figure,  The core outlet
tempesatare was decreased by the switch of flow path and
resched (e bottom temperature 2t nearly 2005, The flow rate
also reached the pony motor kevel at 2008, Hercafter, the
thermal stratification was simulated in the plenum.  Thess
transient curves are  identical among the paramedcr
experiments in Table 1.

the core outlet. Thus, development of the stratification after
the initial formation is of interest The simulation time
depends on the flow rate after the scram and water volume in
the: cold tark,

Temperatares in the upper plenum were messured by the
copper-constansan  thermocowples (TCs) of 0.5 mm in
diameter. Coenfiguration of the thermocouples and the
coordinates in the plenum are shown in Fig. 3. Azimuthal

plenum, and ons pesition outer side and also inside the UIS as
shown in Fig. 3. The tree inside the UIS has 20 TCs with
pitch of 20mm in vertical direction and the trecs in the plenum
have 30 TCs. Detailed temperatan: distribution is measured
by @ tres with 21 TCs of Smm pitch, which can be set af the
TC tree positions in the plenum, The cutler temperatures of
several core and blanket fuel subassemblies were also
measured w0 the center of each owler hole.  The

In each of the tree were calibrated by using a
ecalibration flow whe, where temperature was contralled with
encugh high velocity o kecp homogencows temperatane, in
temperstere range of 10 to 50°C. The measurement error
was less than 0L1°C.  The temperatures in the upper pleaum
were measured for ane hour with 0.15 imeral,

3. EXPERIMENTAL CONDITIONS -

The experimental parameters are the temperture difference
(AT) between initial bot waler in the upper plenam and the
cold water in the tank, few velocity (V) ot the core outhet at
the pony mosor operstion level, Richordson number (RE
fanction of AT and V), and geometry in the upper plenum, &g,
the UIS sli. The representative lengih, L, of Ri number is
defined as height of the hot leg imtake from the core outhet
level (2.8m in (he reactor).  The definition of Ri namber ks as
Tollows;

= B88TL >
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Table | Experimental Conditions
Case Vimis) ATCC) R LV UISSH
Ref. 0,098 #1021 29 Open
o5t 0,093 %6 22 25  Chse
High-V 1l #%6 17 26  Opm
Law-¥ 0073 53 3% 38 Open
Low-AT 0073 166 25 38  Open
Reactor 0.5 198 12 33 Open
4, EXPERIMENTAL RESULTS

4.1 Reference Case

First, the temperature datn in the reference case are analyzed
1o g&e the siratification phemomena.  Vertical re
distributions at inger position in the plenum near the LIS sl
(6=15") and the oppasite DHX slde (163°) are shown in Fig. 5.
The temperature is normalized by the temperature drop (AT) =
the east oaled afber the switch 1o the cold tank a5 follows;

r-r
AT

™= {2)

slit side was larger than that in the
shaows the time histosies & =383mm

Full time history is shown in left hand side figure and short
time span in right hand side. The UIS slit side position
showed emperature fluctmtion with large amplitede of 80%
AT, However, wempersture af DHX side decreases smoothly
during the transient.  The fluctuation emplitude was less than
$% of AT. In the detailed temperature trend (right hand side),
the temperature ot the LIS slit side had 15 o 20 cycles of
wave during 508 Then  instanlanecus  lemprature
distributicn and its time variations during 3 are shown in Fig.
7. T teraperabares in the thermal stratification layer moved



together except for several times where the temperabure at
higher position decreased fasier than at lower positions.
Such the symehronined iemperatuse vasintion means that waves
poour at the thermal stratificstion imerface. It is considered
that the impingement of jet throegh the LIS slin at the imerface
caisted this wave. The exceptions of the reverse temperature
could be raised by rolls of layers due 1o shear low.  Figure 8
shows that the vertical tempersture distributions at several
radial points in the VIS slit side (157 at 1400s from the stan
of tnansient.  The ouwler position in the plenum had salker
temperatene gradient than that &t the inner position i the
phenum.  However, the Inside position of UIS had & steep
temperature distribution similar 1o that at inner position in the
plenum.  Thus, it should be taken care inside the UIS that the
stratification  ieterface has  lasger lemperature  gradient
Temperatore hisories ot these radisl points are shown in Fig.
from 1350 10 1400z The inner position in the plenom
showed larger anplitude of the Nuetustions than that at ower

it Further, the temperature fluctations were found
ingide the UTS. The UIS has significant stroctuses, e, the
control rod guide tubes, then the integrity of these stnoctures
during the thermal stratification is of importance as well a5 the
reacior vessel.

4.2 Influence of ULS Slkt

Ins the previous section, the incresss of temperature gradient
and the tempersture Nuctuation were found near the UIS slic
Here, the slit in the U5 was closed by pesforated square plates,
which cover the slits in every baffle plates of the UIS.  Then,
the temperatancs between the cases with end without the UIS
slit were compared fo see the infleences. The vertical
temperaban: distributions at the plenem inner position near the
UIS slit are shown in Fig. 10 at 1400 and 20005 from the
scram. The Mo-5Sht case showed thet the stretification
interface was Sormed &t lower heighe than that in the reference
case and also smaller temperature gradients were observed.
Further, rising height of the stratification interface during 1400
w 2000s was smaller in the No-5lhit case then that i the
reference case. It is obvious that the UIS sl influenced the
thermal stratification  significantly.  The height of the
sratification interface was estimated as follows; 1) an
interface point was defined as a point which had the mid
temperature (T*=0.5) in the vertical temperatere distribution
at the inner posithon in the plenum neas the LS slif as shown
in Fig. 9, 2) the interface point wes calculsted by ihe
Interpolation using the nearest two data points scross the line
of T*=0.5, 3) te Inerface point was estimated every 1002
Figure 11 shows time histories of the siratification interfaoe
heights in the mference and No-Slit cases.  In the reference
case, the interface points wene estimated also & the ouer
position near the UTS slit and the inser position near the DHX.
In the reference case, the interface pogitions near the UIS sl
were gightly higher than ths s DHX side. Howewver, the
rising speeds, ie., gradient of the line, al three positions were
nearly identical The interface point in No-Slit case ross
much slower than that [n the reference case.  Time trends of
temperntares in Mo-=5lit case &t the inrer and outer positions in
the plenum near the UTS slit are shown in Fig. 12. At the
inner position, the temperature decreased and  showed
fuctuation with smaller amplitode in lamer hall, However,
fluchation with lager amplitode was seen & the outer
pasition.  This contrasts with the reference case, whene auser
position had msch smoother temperature history than Gt ot
inner position.  In a shert time span in Fig. 12, the fluctuation
period in No-Slit case was larger than that 21 the inser pesition
in the reference case (see Fig. 6). Thus, mechanizm of the
tempersture flustantion should be difTeren between these two
cases,
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4.3 Ri number Dependency

Flaw velocity #1 the pory motor level (V) and the lempersture
drap afier the scram (AT) ot the core oitle were vasied 1o 5o
the influences on the thermal stratification where & local jet
entraimed the stratified layes. Figure 13 shows the vertical
temperzune distribations at e inmer position in the pleum
near the LIS slit at t=1100s.from the stast of rangient.  The
stratification imterface in High-V case was formed st higher
position than thet in the reference case and Jower position in
the Low-V case.  Low-AT case whene Ri was nearly equal to
that in the reference case showed 'a similar temperature
distribufion to that in the reference case.  As Jor the
temperature gradient at the interface, the maximum gradicnis
were nearly identical among these four cases.  On the other
hand, these cases have their own charscieristic time, as shown
in Table 1. Thus the interface beights were estimated as the
same manser a5 that in Fig 8 bowever, st the nan-
dimensional time (1*) defined as follows;

!.-__._f_ - 3.

(LiV)

Figure 14 shows the time histories of the interface positions in
the Ri perameter cases. Low-AT case where Ri mumber is
nearly equal 1 the reference case showed quite similar trend
of the interface position to that in the reference case. The
rising $peeds in pon-dimessional fime are shown in Fig. 15
and MNo-5hit case is also piotted. The rising speed of the
strafification interface depends on Ri number; the higher Ri
number resalts i the lower speed.  However, the decrease of
the speed due o close of the UIS slit is larger than the
decrease caused by two times higher Ri number,

5. DISCUSSIONS

The experimental resubts suggests taat the et through the UIS
slit fuctusied the stratification interface and alse the
tempersture.  Here, the fluctostion period is & key parameter
1o corsider the phenomena and also damage for structures in
the resclor wessel (Kasaharm, 2005). Then, a frequency
annlysis u:inngﬁmuhdwuwﬁudmfum
tempersture histories in all cases.  The FFT wis camied out
&5 following manner; 1) fluctasted Hme span of $00 or G005 is
selected in the time history, 2) temperatures are normalized by
Eq. (), 3) real time in second s uscd, 4) 2ME data peint
(204.7¢) in time are used for FFT and spectram density is
ohtained, 5) dats ares for FET is shifted by 10 paint (15) pitch
and FFT is camied out ustil the data aren reaches the end af
seleeted time span (500 or 6005), 6) power spectrum densities
in all FFT are sveraged at each Figure 16 shows
the power spectram densities at the inner and culer positions
in the plenem near the LIS slit in the reference case and Mo-
Slit case. In the meference case, larger lcmperalure
fisctuathon was observed ot the inner pesition in the plenom.
Al thal pesition the pawer density hod domirast frequency
component ol 0.3 He On the other hand, the power density
a1 the cuter position was smaller than & the inner position and
the daminant frequency was shified %o lower [requency, 0.1Hz
In Wo-Slit case the inner pasition had lower power density
than that at the outer position. The dominant frequendics
were 0.06 to 008 Hz This comparison shows that the

re Mluctustion &1 Sner position near the LIS it is
different from thet in Mo-Shit case and resubied from the jet
through the U1S sl

In order o estimate such foctstion pericd in the reacior,
influences of the jet velotity and the tempemture gradient
seross the strmtiffcation interface are of isterest.  The



frequency charasteristics of the temperature fNuciuations near
the UlS slit were obtained Im the cases of Ri parameser
cxperiments using the same manner & deseribed previously.
Figure 17 shows the power spectram densities in High-V and
Low=¥ cases and also Low-AT case (V is the same as that fn
Low-V cage). The dominam frequency depended on the core
outlet vebocity, V; the bower velocity resulted in the lower
frequency.  Furiher, comparison between Low-V case and
Low-AT case revealed that smaller izmperature difference, ie.
smaller temperatune gradient 2t the siratification inderfnce,
gave the lower dominent frequency. For & quantilative
evaloation, fariber casss of parameter experiments are desired.

6. CONCLUSIONS

A water experiment wsing the 1/10th scaled model was carried
ool for thermal siratification phenomera dusing a scram
transient in & compact reactor vessel of an advanced loop type
fast reactor, where ULS is permeabls and has a slit for & fuel
kandling. The experimentsl perameters were the UIS with or
withou! the slit and R number at the simulsied scram
ransients,

The experimental results showed that the  stratification
interface had stecp tempersture  distribution snd  also
emperature flucuations with 70 to 80% of amplitude of the
tempersture drop after the scram in case of the LIS with st
Thesa thin isterfscs layer and the large temperaturne
fluctuation are resulled from the impingement of the jet
through the LIS slit ot the stratification interface, local
entrainment of the fluid ot the bottom of the interface layer,
and waves of the sirmificstion interface.  Parameter
experiments of Ri number showed that the temperature profile
soross the stratification interface and rising speed of the
Ieterface were well comrelated with the Ri number.

It was revealed that the VIS slit in the advanced sodium
cooled rescior had significont influsnces on the thermal
aratification. Mitigation methed for the lemporature
fluctostion will be stedicd wsing this waler test model,
Experimerdal  analyses  wsing 8 multi-dimensional
thermohydraulic analysis code are endergoding for vezification
of the snalysis method, A basic sodium experiment for the
local impingement of jet ut the stratification interface is also
peeded.  Charscteristies in the sodium reactor coud be
estimated by this analysis method.
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NOMENCLATURE
Gravity acceleraticn,
Representative length,
Time from the stast of the scram transient,
Hon-dimensions] time
Ti
Temperature at the core outlet afier the scram,
:  Mon-dimensional emperature,
Averaged velocity st the core cutlel alter the scram,
Thermal expansion coefTicient,
: Temperature drop &1 the cone outhet after the seram.
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