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MONJU THERMAL STRIPING DESIGN CONCEPT

ABSTRACT

MONJU components will be operated in dynamic sodium environments
in the high-temperature range of 400°c to 530°c for a design life of
30 years.

Therefote, the thermal and hydraulic properties test program
have been conducted to predict the heat transfer and fluid flow envi-
ronment on reactor components to eliminate unnecessary conservatisms
in analysis procedres. The parameters that have been developed,

based on test datas, include thermal striping at normal operation.

This session deals with MONJU thermal striping design concept.
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1. General

In the design of Monju plant, particular attention has been
given to safety and to achieving reliable operation. Monju compo-
nents will be operated in dynamic sodium environments in the high-
temperature range of 400°C to 530°C for a design life of 30 years
shown in Fig. 1. Therefore, various thermal and hydraulic test
programs have been initiated and are supplying valuable data that
will be used as confirmatory information and to make design condi-
tion. Those programs also will provide the data essential to elim-
ination of unnecessary conservatism in analysis procedures. Thermal
and hydréu]ic properties test programs have been conducted to pre-
dict the heat transfer and fluid flow environment on reactor compo-
nents. The parameters that have been developed, based on test data,

includes thermal striping at normal operation.

As shown in Fig. 2, the reactor vessel js supported at its
upper end of the concrete ledgé which surrounds the vessel, and
its thermal expansion is free downward. It is about 17,800 mwm high
and constructed of 304 stainless steel. It has inside diameters
of about 7,800 mm at the upper part (which surrounds the shielding
part of the closure head) and about 7,100 mm at the lower part,

with a wall thickness of about 50 mm.

Primary sodium coolant enters the reactor vessel through three
24-inch nozzles Tocated 120° apart in the Tower plenum of the re-
actor Vesse], and is discharged from the vessel through three 32-
inch nozzles which are also located 120° apart in the upper plenum.
The reactor vessel has also an ocutlet nozzie of the overflow system

at its upper part.
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The horizontal movement of the reactor vessel in the event
of earthquake is prevented by the structure provided on the bot-
tom of the reactor vessel pit and it works through the guard
vessel. The reactor internal structures consist of the upper
internal structure and the lower internal structures. The upper
internal structure (UIS) is a cylindrical plug with an outer dia-
meter of about 1,800 mm at its lower part and with a total height
of about 13,400 mm, and its lower end is 50 mm above the top of
fuel subassemblies. UIS comprises 19-CRDM guide pipes, thermo-
couples and flow-meters for measuring temperature and flow rate

at the outlet of each fuel subassembly.

The sodium level in the reactor vessel during normal reactor
operation is about 6,000 mm above the top of the fuel subassem-
blies (in another words, about 500 mm below the lower surface
of the closure head) and the all lower internal structures are
submerged in sodium.. The free surface of sodium is covered by

argon gas and the level is kept constant by the over-flow system.

' ”Figure 3 shows the core configuration. The core consists of
198 core fuel subassemblies. It is surrounded by axial and ra-
dial blankets. The radial blanket consists of 172 blanket fuel
subassemblies and its equivalent thickness is 30.6 cm. The core
cdntains 19 control rod guide tubes through which 13 regulating
and safety rods and 6 back up safety rods are inserted for reac-

tor power control and shutdonw.
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Coolant flow rate through the reactor is 15.36 x 106 kg/hr.
The f]ow distribution in the core is controlled by fixed orifices
at the bottom of the fuel subassembly. The flow fraction is
79.7%, 10.3%, 10.0% to the core, radial blanket and bypass, re-

spectively.

2. Overview

The outlet plenum design must be evaluated for the transi-
ent and steady state operations for the MONJU plant. During
steady state conditions, temperature fluctuations arising from
the temperature difference among the subassemblies must be mainly
evaluated. Flow and power variation between individual subassem-
blies, particularly at the core fuel/control rod, lead to signif-
icant temperature difference between the streams of sodium emerg-
ing from adjacent subassemb?ies; These streams of sodium at dif-
fering temperature persist for a substantial distance down-stream
and, since the flow is unsteady, any structuré immersed in this
flow is subjected to fluctuating sodium temperatures. This phe-
nomenon, known as thermal striping, caused the surface temperature
of the structure to fluctuate, leading to high-cyclic thermal

fatigue, and possible surface crack formation and propagation.

A‘comprehensive experimental program has been conducted in
Japan to address the problem of Monju outlet plenum mixing during
steady state conditions. Test was performed with different test

rigs mainly using water as the test fluid and in future additional
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test using sodium has been planned to be conducted.

Design Methodology

From the thermal-hydraulic design for core subassemblies,
there presume to be fairly large temperature difference between
the coolant from the adjacent subassemblies. So thermal strip-
ing must Be taken into account for the design of the upper core
structure which is positioned just above the fuel and blanket
subassemblies and is under the severe thermal condition. Design’
method for thermal striping which make assure of structural

reliability is as followed.

Fig. 4 shows how to evaluate thermal striping for the upper
core structure (UCS). At the first, outlet cooiant temperature
at the fuel subassemblies and the control rod are individually
given from the result of core-design analysis as shown in Table 1.
Maximum temperature of 610°C is settled from the analysis data
at the outlet of core fuel subassembly in zone I in consideration
of safety margin in engineering. Minimum temperature of 430°C
is settled at the outlet of backup safety rod. The temperature
difference between adjacent subassemblies which differ from each
field of the core has been evaluated conservatively as the maxi-
mum temperature difference (AT' = 180°C). The thermal striping
condition is evaluated as the temperature and its fluctuation
amplitude and frequency which are given from the thermal striping

tests data.
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The coolant temperature is considered to change the fluctua-
tion amplitude and frequency as going up to the upper plenum
from the subassemblies through the upper core structure. Table 2
shows the design conditions for thermal striping at various
points of the upper plenum structure which is shown in rig. 5.
As the results of test, relatively large amplitude were observed
at the Tower part of the upper core structure. The fluctuations
which are the result of wave motion and turbulent eddies at the
interface have a amplitude of nearly 80% of the overall fuel

AT" and have a dominant frequency of about T~ 5 Hz.

For the evaluation of thermal striping at the upper core
structure, the temperature ampiitude; AT is calculated by the
temperature fluctuation factor, o which is given by the results
of the water test and the water-sodium convertion factor, B which
shall be given by comparing sodium test data with water one and

overall fuel temperature difference, AT', as follows:
AT = a x B x AT’

The high thermal conductivity of sodium tends to make gentle
the temperature gradient. The magnitude and frequency of thermal
fluctuation are found to be less severe in sodium than in water.
Since it is evident that using water data as a basis for the
thermal design of components located near the hot-cold interface
will Tead to a extremely conservative design, water-sodium con-

vertion factor, B must be confirmed experimentary to make the
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more rational design condition. As the results of the simple jet

flow tests, the B value of approximately 80% is estimated now.

4. Design Accomodation

The temperature measurements obtained from the water test
have provided the thermal boundary conditions required for calcu-
lating thermal stresses in Monju outlet plenum components. Ther-
mal condition of the Tower part of the upper core structure seems
to be severe because of direct impingement of sodium flow from
the core subassembTies: So; for the reduction of thermal stress,
the use of protective INCONEL 718 for liners and other portions
of the upper core structure has been considered. Temperature
fluctuation amplitude at another portion of the reactor internal
structures were observed to be so small that no problem has been

identified which jeopardizes the structural integrity.

These striping evaluations are based on the core exit tempe-
rature analysis and test data which obtained from the tests by
feature model and 1/3 sector model of reactor upper plenum using

water.

Fig. 6 provides a schematic diagram showing the relationships
that have been established in this study between plenums having
different type of test rig and opeating f}uid. Tests have been
performed with water and sodium using three -types of test rig in

order to decide the design conditions of thermal striping around
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upper core structure during steady state conditions.

By using simple test rig which was not so perfectly simﬁ-
lated by the Monju feature but selected as the simplist feature
model to be required, the fundamental experiment was conducted
to investigate the difference between sodium and water thermal
properties. To utilize the experimental data for design, fea-
ture flow fest and 1/3 sector flow test for the upper core
structure was conducted to be simulated by the upper plenum

geometry and steady state condition.

As the result of these tests data application, Monju upper
core structure design condition have been fixed except for water-
sodium convertion factor, B which shall be given by comparing

feature flow test data with multi-jet flow test data.

Detailed discussion of these thermal striping tests shall

be given in session A-2.

High temperature property teéts for upper core structure
material INCONEL 718 have been conducted to gain the structural
intensity data for design which inc}ude the low and higﬁ fatigue

data.
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CTABLE.2  Thermal Striping
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FIG.5
TEMPERATURE FLUCTUATION AMPLITUDE
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EVALUGATION OF WATER SIMULATION TEST RESULTS

ABSTRACT
Experimental investigations of Monju upper plenum temperature fluc-
tuations during steady state conditions were conducted. The' following
test rigs were used in order to determine the desizn conditiors of thermal
striping around Upper Core Structure {UCS).
(1) Full scale feature model of UCS flow test rig using water
{2) Pull scale 1/3 sector model of Monju upper plenum flow test rig
using water |
(3) Simple test rig with jet flow using water and sodium
Experimental results:
{1) The peak to peak thermal fluctuation is about 80% of the fuel/
control rod AT, and is in the frequency range of 3-5 Hz at the
Lower part‘PNC TN960 83-01
(2) Thers are no significant differences between water tests and sodium
tests in frequeﬁcy, but the peak to peak amplitude in sodium tests

is about 807 of that in water tests.
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CBJECTIVES
(1) To clarify thermal striping phenomenaz around UCS of Monju by using
water test facilities (full scale feature mod=l of UCS and full
scale 1/3 sector model).
(2) To compare thermal striping phencmena between water and sodium

flow tests by using simple test rig with jet flow.



Table AZ - I Tesl Conditious
) FMiow Rate
Test Rigs Scale Fiuid Temperalure e
- N e Joutro Q
] Puéi_fi?embly Assembly
Feature Model of UCS Hot 54-63"C :
Flow Test Rig Full Scale Water 1.4 m¥inin 0.78 mw/min
- Cold 10-30°C
1/3 Sector Model _ ot Sh-63°C
of the Monju Upper Plenum Full Scale Water 1.4 w¥/min 0.78 mYinin
Flow Testhig Cold 10-30°C
Tnner Flow; Hot 8L-90°C
- ) {Inner Flow) o
21 . hmm dia. Water Cold HO-ME°C I'nner Flow: 1.0 m/s
gimple Test Rig (Outer Flow) 0.5 n/s
'Ph Job Plow 0.2 m/s
with Je Outer Flow: o
- \ Hot 296-325°C Outer Flow: 1.0 m/s
34 .0mm I.D, 4 {Inner Flow) 0.5 w/s
b1 .2mm 0.D. Sodium | o34 265-285°C 0.2 w/s

{Outer Flow)
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Fia. Lz-2 Full Scale Feature Model of UCS
Flow Test Rig Using Water
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F(g.AZ-S Lower Part of UCS 1/3 Sector Mockup
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FE?. A2-77 Lower End View of UCS 1/3 Sector Mockup
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F!‘a. AZ2~-& Address Definition of Subassemblies
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CONCLUSION

(1) The peak to peak thermal Tluctuation is about 80% of the fuel/
control rod AT, and is in the frequency range of 3-5 Hz at the
lower part of the flow straightener.

(2) Good agreement is obtained between the feature model of UCS and
1/3 sector model tests.

(3) There are no significant differences betwwen water and sodium
flow tests by using simple test rig with jet flow. These results

are consistent with those of mixing tee tests.

2—16
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A-3 HIGH-CYCLE THERMAL FATIGUE ANALYSIS

ABSTRACT

High frequency sodium temperature fluctuations in the LMFBR reactor
upper plenum above the core region may result in high cycle fatigue
damage in the components before the expected reactor service 1ife. This
problem, known as thermal striping, is one of the concerns in the MONJU
design,-and the app11cat1on of "a c]add1ng hav1ng a h1gh cyc1e fat1gue
strength, such as INCONEL 718, is being considered to protect the surface
of the components.

In this report, a thermal stress due to temperature fluctuation was
analyzed using a flat plate model with a cladding. The analyzed results
were put in the form of a stress chart to calculate a peak stress and a
secondary stress for SUS 316 and INCONEL 718. This enables one to make
a quick evaluation of the expected fatigue Tife of such materials.
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HIGH CYCLE THERMAL FATIGUE ANALYSIS

THERMAL STRESS INDUCED IN THE FLAT PLATE DUE TO
FLutp TEMPERATURE FLUCTUATION

10-€8 096N.L ONd



AnaLYTICAL MopEL FOR STRESS CALCULATION
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AnaLYTICAL [YoDEL FOR TEMPERATURE CALCULATION IN THE PLATE
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GovernING EQuATIONS FOR TEMPERATURE CALCULATION®
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HumMERTcAL CALCULATION

MopeL - SUS 316 Pase MevarL(2) with INCOHEL 712 Crappins(I)

TotaL PraTe THIckNEss{L)= 10 mM
Cuap THickness (h) Pl (t/t =10%)

2my (L/t =201)
- TemperaTurRE AMpLITuDE (AT )3 100°C Max

MeTAL PROPERTIES i AT 450°C
4@_‘ a 3 E
- (Kear/cm'is'°c) (em /s ) (1/°¢) \ (Ke/cu )
SUS 316 42,6 x 1070 olouel 1938 x 107 1.67 x 106 07298

INCONEL 718 43,0 x 1070 0,050 56 x 1076 1778 x 100 0722
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Humer1CAL CALCULATION

RESULTS:
A -- CALCULATED RESULTS ASSUMING THAT THE MATERIAL IS ALL SUS 316
B -- CALCULATED RESULTS ASSUMING THAT THE MATERIAL IS arL [MCONEL 7I8

(I) TemperATURE DisTRIBUTION -- F1g, A3+4(b) anp -5(b)
CLAD TEMPERATURE IS NEARLY EQUAL To B
BASE METAL TEMPERATURE IS NEARLY EQUAL To A
TEMPERATURE PROFILE IN THE PLATE IS APPROXIMATED BY THE AVERAGE OF A AND B,

(2) STrRess DisTrRiBUTION -< Fig, A3-4(a) anp -5{(a)
STRESS AT CLAD SURFACE 1S NEARLY EQUAL TO B
STRESS AT ANY POINT CAN BE CLOSELY DETERMINED FROM A AND B:

(3) SeconpARY STRess, @ -~ Fig, A3-6 anp -7
@ 1S LARGER IN A THAN IN B,
In e RaneE [ <B <100, @ BECOMES MAXIMUM AT w® (NON-DIMENSIONAL ANGULAR
FREQUENCY =:J§§25 ) FroM 1.8 10 2.8
Q. CAN BE WELL DETERMINED BY THE AVERAGE OF A AND D AT ALL FREQUENCYES,

10-€8 096NL ONd



CALCULATION OF SEcONDARY STREss! @

SECONDARY STRESS @ IS CALCULATED FROM THE EQUIVALENT LINEAR STRESS
DISTRIBUTION (0eg) EQUAL TO THE MOMENT DUE TO THE STRESS DISTRIBUTION IN
THE DIRECTION OF PLATE THICKNESS, ( Fig, A3+3 )

_Meg‘

okﬁ
P
A
N =
p—
&)
.
&~
i

¥
H

Fig: A3-3  STress DISTRIBUTION

T10-€8 096NL ONd



0r—-8%

Stress (Kg/mnf)

30—
f =01 Hz

fi=10° kal/oth°C
4T=100°C

mem= SUS316
eemems INCONEL 718

e INCONEL 718
1am{10%) CLAD

4 |NCONEL 718
2mm(20%) CLAD

—
o
|

0 0.5 1.0
Plate Thickness (cm)-

(a)

~ Temperature (°C)

50

S =0.1 Hz
h=10¢ kal/mh*C
4dT=100°C

" emeem [NCONEL 718
m== SUS316

o INCONEL 718
imm CLAD

A INCONEL 718
2mm CLAD

0.5
Plate Thickness {cm)

(b)

Fig. A3-4 Stress and Temperature Profile inside a

Plate (f=0.1 Hz)

1.0
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IT—¢

Stress (Kg/mnf)

Fig. A3-5 Stress an

f=10Hz
h=10* kal/mh°C
. 4T=100°C

mmm GIS316
memms - {NHCONEL 718

INCONEL CLAD
1em({10%)

INCONEL CLAD
2an(20%)

_1
0.5

Plate Thickness {cm)

(a)_

1.0

o))
(=]
i

Temperature (°C)

f=10Hz
h=10* kal/mh°C
4T=100°"C

meras SUS316
mscns INCONEL alloy 718

o INCONEL CLAD
1mm(10%)

& INCONEL CLAD
2mm{20%)

) 0.5 1.0
Plate Thick&sss {cm)

Plate{ff=1.0 Hz)-

d Temperature Profile inside a’
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Q/ AT (Kg/mi/* C)

0.5

©
B

o
W

o
N

0.1

e SUS3T16 (450°C)

~ © [NCONEL 718 (Bi=1.0)
X INCONEL 718 (Bi=10)

INCONEL 718 (Bi=100)

o

0.1

o (/2

Fig. A3-6 Relationship between Secondary Stress
- and Parameters (Bi, «*, 4T)

700
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i L (CLAD+Base Metal)=1cn
ih‘=2.9>(1 04 keal/es-5-°C
AT=100°C
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we = ||NCONEL718 n_
e |1mn CLAD (INCONEL).
o '2nm CLAD (INCONEL)

Q (Kg/mni)

| I
0.01 0.1 1.0

S (Hz)

Fig. A3-7 Secondary Stress of the Plate with Clad
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STRESS EVALUATION CHARTS

OBJECTIVE:
To OBTAIN MAXIMUM SURFACE STRESS AND SECONDARY STRESS INDUCED IN
THE PLATE BY FLUID TEMPERATURE FLUCTUATION

HAXIMUM SUR?ACE STRESS EQALUAT:ON CHART -= F1Gc. A3-8 (SU'S 3IE€) anp
Fie. A3-9 (IMNCONEL. 718)

SECONDARY STRESS EvaLuaTioN CHART ------- Fie. A3-10 (SUS 316)
Fre, A3-11 (INCONEL 718)

10-€8 096NL ONd



Heat-Transfer Coet. (Kcal/eri+ s-°C) X10-¢

0.1 1.0 10 100

i R IJ ’_ L ] LB

2

10

. Stress
N/ =40(Kg/mi)

T

61 —¢€

Thickness (cm)

- 450°C

1.0

Temp. Amp. (°C)

'I"!IITI

g R 8 § & 3

10

1 I T B . i !

0.01 0.

Frequency (Hz)
Fig. A3-8 Stress Chart (for SUS 316)
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Heat-Transfer Goef. (Kcal/cri-s -~ C) X10-*

0.1 1.0 10

10|
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=} -
2 :
m.
N »
D,
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= allzy, 778
= | ~ 450°C
- 1.0
L NI |
R 0.5
R A N RN (I AN

0.01 0.1
 Frequency (Hz)

10
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 Fig. A3-9 Stress Chart (for INC

ONEL 718)
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‘0-12 0.14
B =" 018
& 318 ~o20
0 B e
0
@
o
X
RS
g
}__
1.0+

Heat-Transfer Coef. (Kcal/cii+s-°C) X107

0.1 1.0 10 100
1 | )

2

! 0 .
\—JT——(Kg!mf/ C)

Frequency (Hz).

Fig. A3-10 Secondary Stress Chart (for SUS 316)

-

1.0 : 10
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Heat-Transfer Coef. (Kcal/crf- s~5C) X10-*

100

Y
o

Thickness (cm)

1.0

0.1 1.0 10
— ! :

:

INCONEL alloy 718
" 450°C

0.01 5 1.0
“Frequency T(Hz)

10

Fig. A3-11 Secondary Stress Chart (for INCONEL 71 8)
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ExamMPLE:

ﬁiﬁgn.

PLATE THICKNESS s 1 cM

FEAT TRANSFER COEFF,: IDI4 KCAL/M2H°C (=2.78 ¥ ID:Q KCAL/CM28°C)

TEMPERATURE FLUCTUATION
AMPLITUDE ¢« I0Q°C

FREQUENCY o [.0 Hz

~ MAXIMUM SURFACE STRESS
SECONDARY STRESS

SorLution
From Fig. A3-12, MAXIMUM SURFACE STRESS
FroM Fie. A3-13, Seconpary STRESS

16-17 KG/MM2

7.0

Ke/mm

2

10-€8 096NL ONd
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Heat-Transfer Coef. (Kcal/cri-s-° C) X10-*
1.0’

L 1 LR

N Stress N
d =40(Kg/mni)

- 450°C ¢

Thickness {cm).

oLl I Lo diea i

0.01 " o1 . _.__..1.0
| E_requency_(Hz)
Fig. A3-12 Example to Calculate Surface Stress for SUS 316
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0.1

Heat Transieﬁ;@oef (Kcal/cm s-°C) ><

1.0

10
= X
Q
'\-—’. -
o
w e
&
ﬁ -
=
9
-c -~
b=

1.0~

T rTT]

T T

BREREN

SuUs31é
450°C

0.18
0.20

Kg/mal/*C)

v dos e

]

Frequency (Hz)

Fag A3-13 Example to Calculate Secondary Stress
for SUS 316
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Stress Evaluation Using Stres

1. Step 1

1) Determine the point a from L and I

2) Draw from the point g a

1 line parallel

to the auxiliary tine W and gel a’, an
intersecting point on the line w*,

2. Step 2

1) Determine the point b from L and h.

2) Draw from the point b & ting parallel

lo the auxliiary line B and get b’, an
intersecting point on the line BL

3. Slep 3

1) Determine the point C from points a’,
b’ on the lines w*, Bi.

2) Estimate the corresponding value

of S from the group of §

-linas,

3) Caiculate secondary stress for the
given temperature fluctuation

amplitude.

3') From the value of Sobtained in Step

above and the given Lemperature

amplitude, obtain a point D,
D a line parallel to a group of straight

lines to get an intersecting point n?

with stress axis,
surface stress,

This is the maximan

Draw Exom

s Chart

L {Thickness) {n!

L (Trickness) (om)

W#

4 \ :
r~—~ﬂ-~—§\;§\——- {

S {Irequancy)

i {Heut-Translar Coetiicient)

Tergo. 315:("(2)
|
1
:
5o — -f
&

3—22
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A-4  FUTURE TEST PLAN FOR THERMAL STRIPING

ABSTRACT

In order to provide detailed design data for the Tower region of MONJU
upper core structure (UCS), a thermal striping test in sodium is planned.
A test model consists of a seven assembly full scale model of MONJU and the
simulated UCS with flow straightener, instrument finger and thermal shield.
Test is conducted in the Thermal Shock Test Loop at PNC-OEC with its test
section modified. The objectives of the test are:

1) to obtain the correlation between the temperature fluctuation (its
amplitude and frequency) and sodium velocity;

2) to obtain the correlation between the temperature fluctuation and
the temperature difference of hot and cold sodium;

3) to locate the point of maximum strain range at the structural
surface from the Tocal temperature fluctuation data;

4} to compare the in-sodium test with the in-water test and to provide
information on applicability of thermal striping conditions in
water to sodium.

From the test results together with the separately obtained high cycle
fatigue data from material tests, the structural integrity of the MONJU UCS
is evaluated by the MONJU High Temperature Structural Design Standard.
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THERMAL STRIPING TEST PLAN

1. BACK GROUND

(e.q.)
Coolant Stream Temperature High Burn-up rate Balanced

Difference, JTmax=160°C Core, Last Period of No. 9 Cycle
(at the flow exit of F/A/CRD Guide Tube) |[CCR-Out

» Coolant Temperature Distribu-
tion at Exit of F/A/CRD Guide
Tube (Fig. A4-3)

» Flow Distribution in the F/A
and C/R Guide Tube
(Fig. A4-2, Tabie A4-1)

Y,

Temperature Fluctuation
due to Mixing Coolant

N <

High Cycle Thermal Fatigue
and High Temperature Creep
at UCS Surface

N

Crack Initiation
and Propagation

High Temperature
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Upper Thermal Shield

Shroud

A

Lower Plate Thermal'Shield

&r M_/(\\\_’

Flow straightener
Support Plate

_:.mr.c_ﬂmi
Finger,

1500

re Structure

-1 MONJU Upper Co

Fig. A4
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Based Direction

(3)

|

IR c20203680009e0
Srf090000:0sa00a0000e

(I
OO DO B S DED
(R T) L6 D 0
0 DC0202020202000
0 PR02026202020800 0,
G 0000000060620009a06

De0a05080% 0a ce00GIO-D
62020209022 202 680202020,
DR O90505 90209030508

clele0s 202 02e26 a0 P,
0000003 6060000000°000C®

GE0e00GaS00 20850000000
0ge o
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000,000
0000502092 20,00000050
N DS 0008 0200508080 0D

(10049 )7 )—<6) (6)=<8)
G E0068600080000EG Tey
O Oz 00507 B @

. CCR
. FCR
. BCR
. Neutron Source

270°

@w-no

Fig. A4-2 Arrangement of Fuels and C/R
~Assemblies
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Table A4-1 Flow Distribution in the F/A and
C/R Guide Tube

: " No. of | Flow in Assembly . Flow in Each Zone
i Flow Zone i
- Assembly (Kg/sec) | (Kg/sec)
11 18 20.9 375.4
| 2 c 12 19.6 2347
Core Zone - : i
3 24 18.7 | 4477
(1) ' : .
4 24 : 17.4 416.6
5 30 16.2 | 484.4
5 6 42 18.9 792.0
Core Zone :
0 r 7 18 15.9 285.2
I :
8 30 14.4 430.7
9 52 4.6 237.1
Blanket 10 60 2.2 130.8
R 60 1.0 59.6
CCR 10 11.0 110.3
Control
' FCR 3 11.0 33.1
Rod
BCR 6 3.0 18.1
Neutron 12 282 0.16 45.3
Shield 13 42 _ 011 4.4
Neutron Source 2 3.0 6.0
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o9
522

Fig. A4-3
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Average Temperature Distribution of
Mixed Coolant at F/A Exit :
(High Burn-up rate, Balanced Core, Last
Period of No. 9 Cycle, CCR-Out)
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ey A B .

Fig. A4-4 MONJU UCS Flow straightener
Support Plate
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2. TEST PLAN
2.1 Purpose

Temperature Fluctuation Measurement
on the UCS and its salient Structures

1) Relationship among fluctuation amplitude,'
frequency and flow velocity.

2) Relationship among fluctuation amplitude
frequency and driving temperature
difference.

¥

3) Confirmation of the location where the
largest temperature fluctuation occurrs.

Strain Range at

High I ti
Structural Surface igh Cycle Fatigue Data

N4

Evaluation

Confirmation of Integrity for UCS

High Temp.{
Design Std.




2.2 Overall Description

Test Model : MONJU Full Scale 7-Assembly Model
Test Facility : Thermal Shock Test Loop
Test Fluid : Sodium

Test Parameters

Instrument Sensor

Measuring Points

Measuring ltems

High and Low Temperature Difference
Flow Velocity

C.A. Thermocouple

Structural Surface Temperature

Sodium Temperature

Temperature Fluctuation Amplitude
Frequency

10-€8 096N.L ONd
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~Na
2.3 Test Model ﬁ

o
©
o
500 8
| 3
|
— 1153
A A
8
SR o
. — o
o
S
Na !:>5 )

Na
Fig. A4-5 Thermal Striping Test Model
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e 1564

400

3 | AT

Fig. A4-6 Details of Flow Straigntener
and Guide Tube



PNC TN960 83-01

Two dotted line shows F/A

Fig. A4-7 Test Model (Section A-A)
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2.4 Test Facility

18s¢ch20s

1Bsch20s

6Bsch20s

- Thermal Shock Test Loop.

Hot Sedium Tank V117
Cold Sodium Tank g
3B5ch20s & ) ' 40Kw
_’5:': V107 J ﬁ@ﬂ 2
5 e o
v-101 TRa)_mg Pump V102 £
WALy wl &
o w
%0 :
r Cooler g
-~ =11 50KW @ ﬂ‘?"
V-2
,53__ A 1B5¢ch20s V'HEG;* V-a
V-105 - )
(]%V-114 ] v-108 &
- 685ch20s / 8
- e o
[3]
o
18s¢h20s 1Bs5¢ch20s JC
T T T T e e e e e e ——— -
) (7 AR (1) o v-04D Z0v-108
o)} ? ) Meater (67 N,
B i 385ch20s
V-861TMain al o b
Pump & 8 L _faey
____________ ! (]-j-\l-ﬂf}lg 5 L/
- .
L e S
»|__ 3/4Bsch20s Nz
a O &
g L g | b
(] V-11
d V-111 ,/ Plugging 8
T Purication Indicator
Unit
= ’=1__.'. 3/4Bsch20s
V-112 1Bsch20s
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Hot Tanl_(_

6B

V-1

Air Cooler Pump

P08 Cold Tank

JI(EMF

I19POW 153

Buidlg Jsuisy ]

2B

3748 drain fine ~ Storage Tank

6B

V-6
EE 3B Main Pump, Heater

V.7

Storage Tank

Fig. A4-8 Enlarged View of the Test Model
in the TSTL
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2.5 Test Condition

Reynolds No. (Inertial Force/Viscous Force)

Re — U'L
v
. , R
Relative Reynolds No. = Re ="
o}
Re/= U‘L UO'LO
V Vo
— Q.L QO.LO
S-v So Vo

where U ! Velocity
L : Characteristic length
v . Kinematic viscosity
Q ' Flow-rate

S . Flow cross-section

In the pianned test (full scale, sodium)

4—15
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Table A4-2 Test Conditions

'. 

F/A C/R
Model Q m' /min 0.025~1 0.0132~0.529
Flow MONJU Qo m’/min 1.53 0.810
Q/Q, 0.0163~0.653 | 0.0163~0.653
Model T°C 450~580 420~440
Temperature MONJU T,°C 450~580 420~440
T/T, 1 1
Relative Reynolds No. Re’ 0.0163~0.653 | 0.0163~0.653

10-€8 096NL ONd
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R/

100 (MONJU)
©
o

107

10-2 - Q/Q, avai[al:t)le- in the Test

102 1 10 10°
Q/Q. ™

Fig. A4-9 Test Condition
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(A CCR

® F/A
4T=158°C
Re’=0.653

" Fig. A4-10 ~ Test Condition

(one example)

4—18 ~
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MONJU THERMAL STRATIFICATION DESIGN CONCEPT

ABSTRACT

An accurate evaluation for the thermal transient behavior in
the outlet plenum of the MONJU reactor vessel is required to design

components Tocated in this region.

Due to flow coastdown and abrupt temperature decay following
a reactor trip, thermal stratification was thought to occur in the
MONJU reactor vessel upper plenum. Stratification aspects should
be considered from the following two points of view :
1) Setting of upper plenum internal thermal transient condi-
tions.

2) Treatment of the upper plenum behavior in the PTTA code.

This session deals with the design methodology for accommodat-

ing thermal stratification of the MONJU reactor vessel upper plenum.
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i. Introduction

Due to flow costdown and abrupt temperature decay following
a reactor trip, 1ow-température, inertia-losing sodium enters a
high-temperature sodium pool of the reactor vessel upper plenum.
When the buoyancy effect due to density differnece overcomes the
inertia force of the incoming fluid, the low-temperature sodium
stagnates af the lower part of the upper plenum, resulting in
so-called "thermal stratification." This phenomenon was thought
to occur in the Monju reactor vessel upper plenum as well. How-
ever, since the plenum behavior during thermal transients had

not been well characterized, an equivalent mixing volume approach

was taken to give conservative outlet temperature transient

predictions in the safety evaluation of the reactor,and the
accurate treatment of the plemum behavior was carried into

the detaled design stage.

As the stratification phenomenon has become clear through
both experiment and analysis efforts, the axial temperature gradi-
ents due to the movement of the hot-cold interface and temperature
flucuations in the vicinity of the interface have been found to
Cause not a least impact on the structural integrity of the re-

actor vessel.

Such being the case, the intensive design effort is under
way to accommodate upper plenum thermal stratification. -This paper

deals with the design methodology for accommodating thermal
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stratification of the Monju reactor vessel upper pienum.

2. Design Methodology

Stratification aspects of the Monju reactor vessel upper
plenum design should be considered from the following two points
of view:

1) Sefting of upper plenum internal thermal transient con-

ditions.

2) Treatment of the upper plenum behavior in the plant

thermal transient analysis code.

Thermal transients of each component are to be set mainly through
an analytical means using experimental results as references. Thus,
the foregoing 1) is accomplished through analysis of a multi-

dimensional thermal-hydraulic analysis code.

In the plant thermal traﬁsient analysis code, the reactor
vessel outlet temperature prediction capabiligy plays an important
role because the reactor vessel outiet temperature dictates the
piant overall system temperature response. Thus, the reactor
vessel upper plenum behavior have to be modelled to the degree
that the outlet temperature prediction would give comparable re-

sults to those of the multi-dimensional analysis code results.

_The entire perspective of the code verification and their

design application is given in Fig. 1.
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3. Code Development and Experimental Verification
3.1  Multi-dimensional thermal-hydraulic analysis code

A two-dimensional thermal-hydraulic analysis code,
SKORT-II', has been developed for design purposes and vefified
for 1/6-scale sodium test data. The code is now being put
into practical use for reactor vessel upper plenum design
application,

A similar two-dimensional code, NAGARE-2D, has also been
developed independently from the SKORT-II code by the PNC for
thermal-hydraulic analysis purposes. The verification of the
NAGARE-2D code has been performed for varidus test data and
being used as a cross-check code for the SKORT-II code.

There is anothef multi-dimensional thermal-hydraulic
analysis code developed for desjgn purpose. This code is
ca]]ai"THAUPRf and it is used for the design of the UCS.

Test facility vs. code verification matrix is shown 1in

Table 1.

3.2 Plenum Modelling of Plant Thermal Transient Analysis Code
(PTTA Code)

“An improved plenum model for the Plant Thermal Transient Analy-
sis Code has been deve]oped; The model of this code is not

so detailed as those of the SKORT-II and NAGARE-2D codes.
waever, its plenum model has to be capable of predicting

the reactor vessel outlet temperatures during thermal transients.
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The temperature transient comparison to the experimental results

is being performed for the experiments shown in Table 1.

4, Design Accommodation

Design work for accommodating thermal stratification is
intensively under way with due consideration for the experimental
and analytical results. Some of the water test results showed severe
thermal stratification in the uﬁper plenum near the top of the inner
barrel aﬁd in the vicinity of the outlet nozzle region.This led to
a concern that the similar conditions might exist in the prototype
upper - plenum. Thus, quantitative understanding of the
severity of these regions is the imminent task entrusted to the

design side. If these regions should actually be severe,some de-

sign modification to the reactor structures would be performed.

5. Future Work

Both the SKORT-II and plant thermal transient analysis codes
have been verified for symmetric events and can be used for design
purposes for these events. Therefore, in the design regime,
analysis work for setting thermal transient conditions for sym-
metric events is going to start in the near future. In the R/D
regime, future effort will be addressed to the development of three-
dimensional codes which ére capable of treating non-symmetric

events such as "Failure of the Check Valve to Shut."



P

TION PLAN—

VERIFICA

— TABLE.1 CODE

CODE | DESIGH CROSS CHECK

10-€8 096N.L ONd

SINGLE- | ,
PLANT THEREIAL :
TRANSIENT SKORT-I | THAUPR |NAGARE-2D | COMIIX
TEST ANALYSIS CODE
) 1/6-SCALE @) O A ®) A
1| SODIUME |- e
1/10-SCALE A A A A A
T 1/1-SCALE | T T ' |
(iw'sin | O A O - -
WATER | 1/6-SCALE* A A A A A
C1/10-SCALE | . A A — A —

*  The 1/B-scale water testing was originally planned for non-symmetric events such as
“Failure of the Check Valve to Shut” However symmetric tests have been added to
understand the scale effects and ahility for extrapotation.

% sk O---Verification Completed A ..-Verification planned



FIG. 1

1/1-scale
120° sector
water | ®uiti-p |
T | Codes
icmck Design -
1/6-scale || 1/8-scale _ Application
Water Sodium »] PTTA * .
? ? Code
i/10-scale | . | 1/10-scale * Plant Thermal Transient Analysis
Water | Sodium -
.|RV Outlet Nozzle
Temperature Trans.
RV Upper | PTTA
Plenum =1 (ote
Design Analysis Multi- RV Upper Plenum
~>Dimen- > Internal Temp.
T/H Ana.l| Transients

Code Verification and

Application .
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B-2 THERMAL STRATIFICATION TEST PROGRAM FOR MONJU

ABSTRACT

The major effort in the study of thermal stratification with respect
to the MONJU design has been directed to the reactor vessel upper plenum.
Because of the prohibitive cost of performing a full scale sodium test,
1/6 and 1/10 scale models have been used with both sodium and water as
test fluids. A 1/3 sector of a full scale water test has been performed
as a final check of the influence of scale size. In parallel to the
experimental work, an analytical method utilizing thermal hydraulic codes
has been applied for the evaluation of the phenomenological study. This
paper presents the averview of the thermal stratification test program
within the framework of the MONJU Project.



THERMAL STRATIFICATION TEST PROGRAM FOR MONJU

1. OBJECTIVE

® Phenomenological Study of Thermal Stratification w.r.t. MONJU
R/V Upper Plenum.

e Verification of Multi-dimensional Thermal Hydraulic Analysis
Codes and Plant Thermal Transient Code.

@ Evaluation of MONJU R/V Upper Plenum Design Accommoda—
tion During Reactor Thermal Transients.

10-€8 096NL ONd
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3. EXPERIMENT

3.1

Experimental Program

(a) Influence of scale size ()

PROTOTYPE

(b} Influence of fluid thermal properties (——)

1/1,120° SECTOR MODEL
WATER TEST

1/6 SCALE MODEL
SODIUM TEST

I

I

1/6 SCALE MODEL
WATER TEST

1/10 SCALE MODEL
SODIUM TEST

|

H

1/10 SCALE MODEL
WATER TEST
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| 3.2 Description of the Phenomenon ' ‘

I 3.2.1 Upper Plenum Flow Patterns During Steady
| State and Stratified Condition N |

Normal Operation Transient Operation (Thermal Stratification)
(b) (c)
///
7 /ﬂ
7 NN
) N
. N
4/ | 3 _,) '/ | \Q
7 B T v
777w ]
e Good Mixing [ ] s
e Flow from Inner Barrel| Cold Fluid Zone Hot-Cold Transition- Zone  Hot Fluid Zone
flow hole is very small \(Mixing Zone) . (Temperature Gradident Zons)
o Mixing Zone,is small e Density Interface o Density [nterface
elLarge Percentage of rising with Time remains at top region
flow is from Inner {(Mixing Zone Increasing) of Inner Barrel

Barrel flow holes e Flow from Inner Barrel
flow holes increasing
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1322 Similitude for the Physical Model

. Ri = buoyant force _ _dp/p _mw*g  (4¢/p)-L°
inertial force U%/g-L 16 Q*
. Re —inertial force _UL _4 Q
viscous force T L-y
U = Core exit average flow velocity
L = Core diameter
Q = Core exit flow rate (Flow after coast-down)
g = gravitational acceleration

4p = not density change of incoming fluid
p = fluid density

v = diffusivity of momentum
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Temperature (°C)

3.3 Test Procedure :
3.3.1 Test conditions

{1) MONJU Scram condition

{2) Constant flow after scram

MONJU Thermal Transient Condition at Core

Exit (Manual trip)

. 500
Temperature
450+ e e e
. Flow
400 0 ] 1 ] 1 ] 1 1 ] 1 |
0 50
Time (sec)
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3.3.2 Comparison scheme of test results

Relative Ri = Ri’

_Ri _ dp/p ,(’L
(Rijw — (do/phu \Lu

Re Q LM VM
(Re}m “Qum L V
1

Non-dim. Time=t* =g~/ Qat

Relative Re = Re’

Non-dim.Flow=% Flow = Q/Q,

_T—Tc
Tu—Tc

2

Non-dim. Temperature = § =

To compare data from different sources,

select ones with Ri’ =1

) ()

V=Upper plenum-fiuid volume

t* =1, time to figuratively replace the total
volume of upper plenum fluid with the
incoming fluid from the core

Subscript
M : Value for MONJU

o . Total value
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3.4 Test Data of Importance

(1) Axial temperature distribution

(2) Time rate change of temperature at a point of interest
(3) Radial temperature distribution

(4) Per-cent flow from the inner barrel holes

(5) Temperature fluctuation
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3.5 Data Evaluation

(1)

(2)
(3)

Axi-symmetricalness of the phenomenon
(validity of 2-dim. analysis)

Conditions for stratification initiation

Rising speed of density interface
(or lower bound of thermally stratified zone)

Mixing volume in the upper plenum

Relation between the flow volume through fiow hotes and
rising speed of the density interface

Dissipation (or duration) time of thermal stratification
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3.6 Test Models and Facilities

3.6.1 Data characteristics of various tests
Test Test | Const. Th—Te t*
Scale S| flow | Q/Q.] ¢ Re’ Ri’ Remarks
Place Fluid only (° C) (max)
| N PR Flow coast-
1/6 Na 0.05 160 0.6 0.01 3 down also
PNC ~1.0 "‘"‘003 ~411 possible
-OEC o S 003~| 025 Iniatly. -
. . : agnant
1/10 Na O 0.1 140~100| ' | “oas | 1 lsodomin the
o o o plenum
MHI 1710 | Water 01 | 26 |0007| 083 | 28 |howeoat
Flow coast-
MAPI 1/6 Water 0.1 67 0.022 1 2 down
1/1 W;t-f-a_r- | 054 N 31 0.25
TOSHIBA 3.3 0.7
120° Sector | brine O ~1.23] ~40 ~1.35
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3.6.2 Descriptions of Test Models and
Facilities.

(1) %Scale, Sodjum (PNC-OEC)

j ©
: ™
T =
w L S,
) [
1 i l
’ ] T :_i
: I [ 318.5 ;
1 4123.él,cnaosp L
]
“ 1 12004 L 12
ofg z
@ : 10884 5!
R A [ P11
Na - AT
|
w0 T =—’ -J T y
8 T ] i
; F—500 ¢—
I s = —“JJ
. < 165.24,"
3 \ X—“" A
t ™ -I:.-.“‘:‘.‘\'-:'I -‘:4—.'
-
Z ~ : f'EE'] ! D
, % : :' ' scl}2Ds ol
% i
. _'_ Na
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el -9

AGA

GasLin

18s5ch20s

I3/ | === |} Hot Sodlum Tank V-117 i e
LI = —= Cold Sodium Tankk = ;
" 150KW L 385ch20s 2 / 40KwW
1Bsch20s =l v-107 & 2
V-101 (1RA) P 3 Voi02 N %
8 ol o
o [=1 T
S e
[
@ : v
- E3
(Tuc) V.2
"'1 18sch20s £ _iwsohpps  V1156X v
Xv-3 /72 V-105 V-108 i
Mixer o
BBsch20s J g
S ' a \3/ K
285ch20s -
s R AN 1Bsch20s 1Bsch20s ]
1] [
- I FAS T T T T T T T aR T v-9%D —¥DV-108
/8 | Sa } % (10 Hedler (Frch L
n L& i N8/ oKW 1
VB 5/ ) 3Bsch20s ' il R 383ch20s
v yon V-8@Main ol w o
V-7 Gt Pump 8 8 [ _.frch
v-109 —— e Feev-teg N,
- ! al 8
N7 Lo fEdelg %9
] N NGV E-
| k] w| _3/48s5¢h20s 3l e )
= § Bl B |
Gl \{03/
[} V-113
Pump & Vi1 L Plugging
- - Purication Indicator
V-1 Unit
h 3/4B5ch20s
V-112 1Bs¢ch20s

- Thermal Shock Test Loop.
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AT 1010 - 260 (260)

101.5,45,

as7 152 8
1185

3

N
S
/®
l“'ﬂ_ 3
T
©

[Sle]
it

147

3
—
T
A95chza Vi
| na———]
i@)
,—.J-— s
:
]
55%scn20] 5770
b
,selsz /
ﬁfLO,_
; B
Nl

§280
46
$750

K
A4
G

A
\

6— 14

560 j01.5|[ 82
i 692

400

=
=
I ——
]

i

]

X

220 B D85
228 . 1044 228 |

45| 139.7 |100 600 1500
g 210
T\u& /.\

(2) 1'OSCaIe, Sodium (PNC)

' q_mun_._mo
(#36)
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E\_/
E/“—‘\

Test Model

NV-4

DV-1 2| 3

EXP

V-9

Qq_gv-m V-15

CT

=]
p-2

X

V-16

Bt

LT

QJ[F—S

V-2

V-17 v

T-3

=)

Ha

w

6— 15

Small Thermal Shock Test Loop
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(3) éScaIe, Water (MAP )

#1340
4430

!

(2150)

763

810

L

L P ——— P

41163
51088

it

T T3

$700

N
-
C Loop|

142

634
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JANE

1/6 SCALE, WATER TEST LOOP

; pump

;i Motor Valve

; Turbine Flow
meter

-

Coolin
Water Storage Tank Tower (¢ 3

S

—-

T

Chilling Unit

.F——D\’]———Hlf‘L ﬂi*—‘l;:,:i—-!%:}— N

S

Ll 7 Hot Water Tank
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(4) ]-I—OSCElle, Water (MHI)

Exit Nozzle(3Loop)

Ucs
1 11 Outer Barrel
T | /!/“ inner Barrel
|
Ve
= - 490/ ’ uf/ 372 250
¢7:20.4 ' / 122 , 250
2 7 il
M~
4188 y — 1
: T Tammm\
@ $665.3
%
>
o S .
3 . ~{
2 ‘“W $188(ID) Y4 / ;
ettt : \-—8 . :
« i g = 2 n
S 2 T \E L“ g
il "y b7 T o
4 T p e
{:;i/ — n ' Core Exit
$406.6 4 ~—Coid Water
Flow /
Straightener /’4" =
Hot Water
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i

SGP100A

Water Collecti

—— .

T
on Tank ost Model.
1.6m?

{ ) - -
Level N
Control l
Dam

i |

/M

_ Boiler
._2oher

lTap Waler

H_ot Water Tank(4.5m?)

Flow Controller

"'II

Tap Water

Cold Waler Tank(1.2m?)

-— 1 -f EMF
éSGP1OOA'g' 4l r———-
SGP100A F———
.
SGPS0A EMF Moter Valve

10-€8 096NL ONd



0¢—9

3.7 Thermal Stratification Test Schedule.

1981

1982

10 11 12 1 2 3 4

5 6

1983
7 8 9 101112 1 2

<

>

-1.10- Scale, Sodium (PNC-OEC)

S

cale, Sodium(PN

C-OECQC)

—>

1

6

Scale, Water (MAPH < >

-

>

170 Scale, Water (MHI)

} 120°Sector, Water (TOSHIBA)

—

A
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4. CODE VERIFICATION

4.1 Thermal Hydraulic Analysis Code
—Setting of upper plenum thermal transient conditions
411 MONJU design code : SKORT-1I
412 Cross-check code : NAGARE

4.2 Plant Thermal Transient Code
—Treatment of the upper plenum behavior in the plant thermal
transient analysis

(prediction of R/V exit nozzle temperature)
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4.3 Code Verification Program

10-€8 096N.L ONd

Thermal Hydraulic | Plant Thermal Transient
Test Model Analysis Code Analysis Code
& Completed Completed
Sodium o —-
% In Plan In Plan
T N N O, -
(1 200_Sector) In Plan Completed
Water -3 In Plan in Plan
i In Plan In Plan
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B-3 SODIUM THERMAL STRATIFICATION TEST
WITH A 1/6 MODEL OF MONJU OUTLET PLENUM
ABSTRACT

The transient temperature behavior after a normal reactor scram was
studied in a 1/6 scale model of the reactor upper plenum of MONJU using
sodium as a test fluid. Effects of variations in Richardson number (ratio
of buoyancy/inertia forces) were evaluated. The relative Richardson
number, R{ (ratio of R of model/MONJU at 10% coast-down flow) was used
as the measure for comparison.

Thermal stratification was observed in the region R} > 0.2. In the
presence of stratification, the sodium temperature in the upper plenum
showed an aTmost Tinear distribution in the axial direction without a
clearly defined stratification interface. At R} = 1, the sodium mixing
condition in the plenum was unexpectedly gbod, with the effective mixing
volume being around 60%.
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Sodium Thermal Stratification Test with a 1/6 Model of
MONJU Qutlet Plerum y



Table B3-1 Test Conditions
Ta—T t
Test No. Q/Q, Ho ¢ Re’ Ri’ i Remarks
Case ¢C) (max)
Const. at L
Case I 14 0.05 160 0.0315 3.54 3 onst. at Low
Flow
Normal
Case ] 21 1.0 160 0.58 0.011 3 Operation
Flow
0.57~ 0.0116~ Coast-down
C 19 1.0~0. 160 3
ase I 05 0029 | 411 Flow
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AN
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ﬁ —ml|ATE-216 |
i

o
i TE-70  ,TE-69 4
[ TE-G8
14
{ TE67  JTE-66 | TE-65i4—
A -
. TE-84|TE-63 TE-62| 4
e — a
4 |ITE-61| TE-60 TE-59] J
]
TE-58,57
{ |TE-56 |TE-55 | TE-54|{ 1 :
H TE-5352 1 TE-350] |
o TE-51.501E-49.48 [ TE-47 461~
= Tt=fT1t=r1 -~
QTE-4343TE 4241 TE40, 39];; -38,37 ] E-36 |

TE-3534|5 TE, TE-33 TE 32 TE-31 T1E-30
N."1 : E-297E TE 28 TE-27 TE- 26 TE-25

o

I
TE-24|TE-23 TE 22TE- 21 TE-2
I i '

TE-19TE-18 TE 17 TE-16
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Fig. B3-1 Thermocouple Installation
(0°C, Nozzle 1-direction)
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420 TN 50
420— ...50 — —

Test No.14 , -137.5
. — Rir 354 720G =
5 52 370 125 ®
& 370} {2513 £ ;‘?St Egﬁ £
[t =t l, . L
5 T 125 %
= 2
g {1253 8 9
< R N | HA “- Ezo0- Ho
£ 320 -0 [
[ah]
— ‘ i

1 I I
0 100 200 300

i 1 i 1 1 1 i
400 500 600 700 800 900 1000
Time(sec)

420 .
] Test No.19 150.
Ri’_ 0.0116~4.11 :
;6 —437.5
rol 370
.
3
"
.
)
o
g 320}
=
270 ] ] i l ] 1 ] ] 1
0 100 200 300 400 500 800 700 80O 900 1000

Time(sec)

1 ] 1 | ] | | I ]
270570 20 30 40 50 60 70 80 90 100

Flow(g/sec)

g. B3-2

Time(sec)

Test Flow and Temperature
Condition at Core Exit.
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3)
°_ _
5 o 370
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L |e
-
D
I._
" 320F
Test Condition |
Test No 14 : T
AT 160°C |
0- Fiow Rate 2.7¢/sec|
Ri’ 3.54 !
270 Test No.14
|

| ] l l ! 1 i ]
0 150 300 4%0 600 750 900 1050 1200 1350 1500 1650
Time(S)
Fig. B3-3 Symmetricalness of Test Data.
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Fig. B3-4 Time-rate Change of Temperature at

~ Points of Interest (Test No.14)
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{
420 ?
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© ’ D |®
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-
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—
"320F
| Test No.21
Ri- 0.011
I | | 1
2705 1 5 3 4
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Fig. B3-5 Time-rate Change of Temperature at

Points of Interest (Test No.21)
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Fig. B-3-6 Time-rate Change of Temperature at

Points of Interest (Test No.19)
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Top of the " |

fnner Barrel
S
£ 32

oo
- —1Z
O) |
= o)
Q 8 ©
T 0|2
Flow Holef

- )
0 0.5 1.0
_gz_T:-_TE_
T.—Tc

Fig. B3-7 Axial Temperature Distribution
(Test No.14)
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*'Fﬂ%—_ 0.011
=484 /s
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= O |0
(1)) LD O
I O
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Fig. B3-8 Axial Temperature Dlstrlbution
(Test No.21)
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Fig. B3-9 Axial Temperature Distribution
(Test No.19)
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A
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5 y
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Y
1.0
o
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0 Tims(S)
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of To

!

Obtain the Best Value
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- - a'“"—TQi
— Vo
a:Mixing Coefficient

Fig. B3-10 Evaluation of Mixing Coefficient from
Primary Delay Time and Dead Time.
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Temperature(°C)

420 o —
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utput Temperature Test No.21
Ri’ 0.011
370 -
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320}~ ® t*=3 _
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Fig. B3-11 Evaluationof Mixing Coefficient.
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Fig. B3-12 Relation between Mixing Coefficient evaluated
from Primary Delay Time and Rela’nve
Rlchardson Number
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Fig. B3-16 Rising Speed of Density interface
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Fig. B3-21 Temperature Fluctuation in the Upper Plenum.
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Water thermal stratification test with a full-scale

1/3 sector model of Monju outlet plenum (TOSHIBA)
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Abstract

It is expected that stratification would occur in an LMFBR
outlet plenum under scram transient which is initiated by loss of
electrical power and so on. These temperatures must be known in

order to design the reactor vessel and the upper plenum internals.

It is, therefore, of great importance to clarify the stratifi-
cation phenomena under various transient conditions. This report
deals with experimental studies on the stratification phenomena in

an LMFBR outlet plenum.

In the experiments, stratified flow was simulated using water,
hot water and brine. It was required then that buoyancy effects
were simulated properly. Test conditions were determined based on

the relative Richardson number.

From the experimental results we conclude the following ;

1) Thermal stratification occured in the outlet plenum of
1/3 sector full scale mock up test model, under Ri' =

0.25+1.35 and Re' = 0.28 ~ 0.58.

2) The velocity for density interface rising up depends on

leak flow-rate through the flow holes.

3) After scram, thermal fluctuation was measured at various

elevations in the plenum as follows ;
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at Tower end of UCS

at lower part of UCS

f = 1/30 Hz, Amp.

at outlet nozzle

f=1/5Hz, Amp.

where

H

BRY g e . .
209 of initizl difference in

temperatures (I.D.T)

10% of I.D.T

25% of 1.D.T

 Amp. is peak to peak amplitude

4) Between the reactor vessel and inner barrel density

interface stayed at the outlet nozzle.

The experimental test section has been modeled analytically by the

axisymetric computer code THAUPR.

In general THAUPR predictions

agree well with the experimental data.
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Objectives

1.

Thermal Stratification in the "Monju® Qutiet Pienum.

Rising Velocity, Temperature Gradiant and Temperature

Fluctuation at hot - coid interface.
Flow rate through the flow holes of the inner barrel.

Analysis with THAUPR code.



Table B4-1 The stratification test conditions
Test No. Flow P1$2;E. igl§¥e Re' Ri' Remarks
(Qme/miny | (T, °C) | (1o™ec)
Monju 9.98 529 400 1 1
1-1 5.35 59 22 0.24 1.35
1-2 5.35 54 20 0.23 1.17
1 -3 7.09 54 23 0.3] 0.63
1-4 11.68 54 20 0.49 0.25
1-5 11.79 57 21 0.52 0.27 —
2 -1 11.37 58 23 0.51 0.69 Yhac] - 1018 kg/m?®
2 -2 12.30 63 23 0.58 1.35 Fhac) 061 ko/md
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O Water
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0
5 10 15
Q (m®*/min)

Fig. B4 -1 Test conditions
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Table B4-2 Temperature fluctuation characteristic

Flow rate
R Q {m®*/min)
Test % Hz % Hz % Hz
case
1-1 25 0.22 +24 0.21 | 8 0.02 1.35 5.35
1-2 +25 0.15 *19 0.15 | =211 0.02 1.17 5.35
1-4 17 0.08 + 6 0.15 | #3 0.01 0.25 11.68
1-5 +15 0.05 +20 0.15 | #9 0.01 0.27 11.79
2-1 +23 0.13 +23 0.17 | £11 0.01 0.69 11.37
2-2 118 0.12 22 0.19| #3 0.03 1.35 12.30

10-€8 096NL ONd
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Concluding remarks

Thermal stratification oaccured in the outlet plenum of full scale
1/3 sector test model using water, under Ri' = 0.25~7.35 and

Re' = 0.28~0.52.

Coolant flow hole rate increases as the density interface goes up

to the top of the inner barrel.

Rising velocity of density interface depends on coolant flow rate

through flow holes.

Temperature fluctuation occured after scram. The location of the
temperature fluctuation changed from time transients throughout

test.

Good agreement is obtained between experimental results and
THAUPR with regard to flow rate through'f]ow holes, rising velocity

of density interface and onset time for thermal stratification.
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1/10 Scale’r 1/10 Scale |

MONJU | |
Model (Water) || Model (Sodium)’
ghi C) 529 | 50 296
Ge (C) | 419 24 254
Flow Rate 15.36%10°
(nominal operation). (Ka/hr)
100%—9.5% 0—9.5% 0—9.5%

Flow Change
*:30sec)| (60 ¢/min) (60 £ /min)

Diameter of

Core ExiT (De) 1.788 0.188 0.188
(m)
Velocity of
Core Exit (V) 0.19 0.036 0.036
(m/s)
oc—ph
0.031 0.011 0.011
pC

Table B6-1(1/2) Condition of Thermal Stratification
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MONJU 1/10 Scale' | 1/10 Scale |
| Model (Water): | Model (Sodium)‘
Re ( V-De ) 1.1x10° 7.5%x10° 1.56x10°

’ (1.0) (0.007) (0.015)
Pr ( y ) 4.9x10°° 6.33 6.46x107°
. (1.0) (1.3X 10 (1.32)
Pe ( V-De ) 5.2X10° 4,75x10* | 1.01x10?
a (1.0) (9.13) (0.019)
A= 2h.g-De 15.1 12,5 12.5
Ri ( V2 (1.0) (0.83) (0.83)

Table B6-1 (2/2) Condition of Thermal

10—4
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OUTLET NOZZLE

ANNULUS PART

UPPER PART OF I/B

6 3
: £, 1[5
4 1] 1
5
60mm 4 5mm 10mm
pitch 3 pitch pitch
G :
i _
2 IR o
R — T:: M _’: | —
ThI2X (%) f(Hz) X (%) | f(Hz) AT (96) | f(Hz)
1 7.5 1.00 1 13.2 0.17 1 — —
2 20.7 2.50 2 11.3 0.50 2 37.7 0.50
3 53.7 2.00 3 7.5 C.17 3 37.7 0.17
4 73.5 1.10 4 7.5 0.17 4 — —
5 67.8 2.50 5} 18.8 0.50 5) 35.8 0.04
3 24.5 0.80 6 39.6 0.21 6 60.3 0.29

Table B6-2 Temperature Variation And Frequency
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1/10 Scale Model (Water)

1/10 Scale Model (Sodium)

(1) t*=0~1.0
® Stratified Zone Rising in I/B

ein I/B :{d@/dh@O.IFC/mm
dh/dt&2mm/sec

@ in Exit :{Aﬁ max/0.8

Nozzle | Duration:t*=0~1.0

@above I/B : 8= 1.0

(1) t*=0~1.0
@ Axial Temperature Prifile Rising

ein I/B :{d@/dh"&0.0?“C/mm
dh/dt &1 ~1.5mm/sec

@in Exit :{A@max'ﬁ&.OJ ~0.2

Duration:t*=0~1.5

@above I/B : #20.9~1.0

Table B6-3(1/2) Comarison of Experimental Results

— o v oa E e — A
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1/10 Scale Model (Water)

1/10 Scale Model (Sodium)

1¢ — 01

(I1) t*=1.0~

@ Density Interface Rising above I/B

ein I/B

}: 82 0~0.1

(nearly uniform)

in Exit Nozzle

df/dta1~2°C/mm
(Ah&a10~20mm)
dh/dt&1 ~2mm/min

- ®above I/B:

@ Density Interface did not disappear at t*=28

(11) t*=1.0~
® Axial Temperature Profile Rising

ein I/B : fd@/dh’é 0.05~0.07°C’mm
above I@J dh/dtAx0.5~1.0mm/sec

ein Exit A0 0 (nearly uniform)

Nozzle

® Thermal Stratification disappeared at t*=5.0

Table 86-3('2/2) Comparison of Experimental Results
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Ri*=0.83
Th=296°C
6571 19F | Tc=254C
Qc=60? /min
487+ 1.0} TOP OF I/B
El £
T I
317 F  05f
=05
147 + 0 FLOW EXPERIMENT(1/10Na)
HOLE
------- ANALYSIS
ol
T ' .
0 0.5 1.0
6
Fig 6-12

Estimation- Of Stratified Zone

Rising Rate In I/B(1/10Na)
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1/10 Scale Model (Water)

1/10 Scale Model (Sodium)

(1) Stratifisd 'Layer, Rising in I/B

Ap : area in I/B
% | Af : area of Flow Holes
T n : number of Flow Holes
I
% || |h\S :pressure Loss, factor
Mechanism

mainly [Mass Balance]

Rising Rate

_nAf /Ay-2g-h
Ap YcS

dh _Wo
dt Ap

(1) Stratified Zone Rising in I/B

Wu Afp : axial temperature
difference in 1/B

Afu : difference in annulas part

/ Wel

TWO -

Mechanism

[(Mass Balance] + [Axial Heat Conduction]

—[Heat Exchange through |I'B]

Rising Rate
. (Wwi 7, (afuwi
(dh/dti==2 % (1~ 275 )

Table B6-4(1/2) Comparison of Thermal Stratification Mechanism
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1/10 Scale Model (Water) 1/10 Scale Model (Sodium)

(11) Densityrlnterface Rising above I/B (I1) Axial Temperature Profile Change above | B

A B
=7 -

/ /
4\//\;“ // A=

. $ _
‘Mechanism Mechanism
[Axial heat Conduction] mainly [Axial Heat Conduction]

+ [Carry-Over by Flow]

Rising Rate

h or dh/dt Function { a/v, Pe-----]

Table B6-4(2/2) Comparison of Thermal Stratification Mechanism
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B-7  ANALYTICAL EVALUATION OF THERMAL STRATIFICATION
ABSTRACT

A two-dimensional thermal hydraulic analysis code, SKORT-I:, has been
developed for MONJU design pﬁrposes. A similar code, NAGARE, developed
independentiy from SKORT-II by PNC, has been used as an evaluation too] for
exper1menta1 works and also for cross-check’ purpose of SKORT-II. These
analytical codes must be verified by various thermal transient test data before
successfully being applied to predict thermal stratification behavior in MONJU

reactor vessel upper plenum.

This paper reports the results of evaluation and comparisen by SKORT-II
and NAGARE on the sodium.thermal stratification test with a 1/6 model of MONJU

outlet plenum.
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ANALYTICAL EVALUATION OF THERMAL STRATIFICATION

1. CODE VERIFICATION

1.1 Code — Thermal Hydraulic Analysis Code
@ ''‘Monju’" Design Code; SKORT-II

® Cross-check Code; NAGARE

1.2 Objective

To verify the code using the thermal transient simulation test data of the scale-down model for the
reactor upper plenum-specifically,

1) to confirm the analytical technique used in the code

2) to select the proper values for turbulant parameters (em, €n) to simulate correctly the stratification
phenomenon.
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1.3 Method

@ Experimental verification using mainly 1/6—scale sodium model test

@ Scale effect (values of €M, £H, mesh size)

- Confirm by water test series

@ Coolant property effect (water and sodium)

- Water and sodium tests with the modeis of same scale

@ Coherency check of analytical results against experimental data by comparing the temperature response
at various points in the plenum.

10-€8 096NL ONd
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1.4 CONDITIONS FOR ANALYSIS (1/6—SCALE SODIUM MODEL TEST)

10-€8 096NL ONd

NAGARE SKORT-i!
TEST NO. 14 21 19 14 21 19
FLOW (2/sec) 2.7 48 47 - 25 2.7 48 47 — 25
EM =€EH 100 2000 2000 — 100 0
ay (Real ) 5000 900 900 — 2000 2000
m?h-c
Plenu-n'? Infet Average Value Experimental Data
Condition
Flow Hole |
Area Actual Area | Actual Area
Area
ThermalCapacity Not Considered Not Considered
of Structure
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Fig.B7-1a ANALYTICAL MESH ARRANGEMENT
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Fig. B7-7b Iso-thermal Lines in the Upper Plenum(Test No.19)
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Outlet Plenum Stratification Modeling
for

Plant Thermal Transient Analysis Code
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Outlet Plenum Stratification Modeling for

Plant Thermal Transient Analysis Code

Yutaka Sagayama®
Mikio Tanji*

Abstract

In Monju, a stratification phenomencn occurs in the core
outlet plenum during the flow coast-down after the reactor
scram. And, it induces a degradation of the fluid mixing condi-
tion in the outlet plenum. The degradation tends to a high rate
of the temperature change at the reactor vessel outlet nozzle,
so that the plenum modeling for thermal transient analysis
needs to simulate carefully a change of the fluid mixing struc-
ture, caused by a stratification phenomenon. But, the use of
three or two dimensional analysis for flow dynamics is very

expensive.

From this point of view, a one-dimensicnal plenum model-
ingAWith the changeable mixing -structure, whicl depends on the
sodium flow rate and temperature change, has been developed
for preéicting thermal conditions in the outlet plenum at a

steady-state or during a scram transient.

* Advanced Reactors Engineering Department, Mitsubishi Atomic

 Power Industries, Inc.
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Requirements to useful computer model
of core outlet plenum under stratification

Simplified modeling for the flow pattern change in the core outlet
plenum thermal transients.

Keep of the validity of the model under the wide range, from the
steady-state condition to the serious transient condition.

Adequate conservative results using a simplified model.
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Characteristics of Flow Pattern

Stage 1

The steady-state or the biginning of the transient with good
mixing due to well circulation of sodium in the plenum.

Stage 2
{1) Establishment of a hot-cold interface due to the poor mixing
condition.

(2} The circulating regions disappear in the plenum.

(3) Increase of the flow through inner barrel flow holes.

(4) Hot stagnant region remains in the upper-part of plenum
volume.
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Model Description

@ Flow pattern changes adapted to the variation of buoyant force.

@ The two major passes are modeled, one is over the inner barrel
to the outlet nozzie and, the other is through the inner barrel flow
holes.

@_ Outlet plenum is divided into the several regions which arein
compiete mixing model.
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Wu1: Flow over Inner barrel
Wu2: Flow through inner barrel flow holes

WU3 : Flow over inner barrel
Wu2 : Flow through inner barrel

Fig-B8-4 FLOW CORRELATION
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Fig-B8-6 FLOW CHART FOR COMPUTING PROGRAM
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Model Verification with 1/6 scale stratification test results

The model is verified with experimental resuits and analytical
results show good agreement with the experimental results.
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