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SUMMARY

I. Project Title

Studies on Safety Measure of LMB Coolant

II. Objective and Importance

LME has the advantage of maxurmizmg the heat efficiency and
operating with low pressure by using hguid sodium instead of water as
a coolant. Special handling technique is required due to high reactivity
of fiquid sodium. Especially, sodium fire could be caused by rapid
reaction of sodium and air or majsture. Also, generation of reacbon heat
and bydrogen gas which are followed by water leak in secondary system
including the %G has risk to expand pressure and damage the
sorrounding  equipments. Therefore, to solve these problems, follows must
be studied, essentially.

- Analysis of sodium fire phenomena and development of the protection
3y stem

- Punfication of liquid sodivmn and cover gas

- Secunity of safety for secondary system of LMR for sadium-water
reaction

- 0n time detection technology for water leak and development of the

detection systerm



1. Sodium fire safety measures

The rise of temperature and pressure, release of asrosol in reactor
from sodium fire, resulting from a major sodium spill and & pipe ruptuce
of sodiom coolant systems in 2 LMPFBE., must be considered in the
cafety measures of plant. It is  npecessary to understand the
characteristics of sodium fire with the vanous type of leakage In
connection of sodium fire, safety technologies such as emergency
measures against sodium fire, protection from fire and fire propagation,
and extinguish could be reflected in design of the ligmd metal reactor. It
i very important to make an establishment of safety measures for

sodium fire by performing this work and is the objective of this work.

2. Sodium / Cover gas Punification Technology

The performance of a liguid-metal heat-transfer systermn can be
seriously impaired by the presence of impurities in the coolant. Impurities
can cause plogging of coolamt flow and alse detericrate  structural
matenals using liquid metal conmtainer. Hence impurity must be controlled
te keep itz concentration withm the specific limitaticn. A common
means of punfying ligud sodiuvm  systems is  low-temperature
precipitation of impunty. The process is referred to as cold trap and the
imporiant concemns (o be required as an auxilizry system for the Lguid
metal reactor.

Samphng and impurty determunation methods amd procedures have
i0 be standardized for each Jmpurity species. On-line monitoring

techmology is mmportant to check out abnermal operational condition, to



understandd the styuctural reliabiity and to guarantee the continuous
operation of sodium punfication system.

Cover gas purity is maintained below the control limits to keep
sodium punty maintenance. The reliable method for the purity control of
cover gas is to be developed.

The objective of present work is to investigate the technologies for
measuring of impurity concentration and purification of sodium and cover

gas.

3. Analvsis of soadium-water reaction characteristics

If the water leaks from a defect, such as pinhole or vibration and
welding defects of heat transfer tube, in the tube wall of the steam
FEnerator, it may cause a sodium-water reaction{SWR) at this point
producing a high temperature by exothermic reaction and then taking
place the corrosion of tube matenal and pressure build-up by reaction
products.  In this case, initial leak size enlarged with time and finally
the tube [aylure occured. Therefore, the stabifity evaluation of the steam
renerator, first, and secondary systern was required for safety of the
secondary systern. To the evaluation of the first amd secondary system
including the steam generator, we have investigated the charactenstics
analysis for micro and small leaks phenomena, and developed the
computer code for analysiz of initial and quasi steady-state spike
pressures to analyze large leak accident.  Also, water mock-up test
facility for the analysis of large leak accident phenomena was designed

and manufactured. These data shall be reflected to the design of steam

_]?..



gencrator, and supported to evaluate the safety of the primary and

secondary system included in the steam generator, in KALIMER.

4. Development of water leak detection technology

Because the water lealt detection technology is applied to a degree
of micro leakage or small leakage, not large leakage, it i1s necessary to
detect initial water leakage into sodiom.

{Generaly, physico-chemical methods are applied to detect water
leakage. At present studies, hydrogen detection by the diffusion method
and water leakage by the acoustic were treated with a preference. The
performed work scope are as follows

-Preparation and test of hydrogen detector, and surveying the
acoustic leak detection method

-Modification of hydrogen detector and conceptual design of accustic

leak detection systern for water mock-up test

II Contents and Scope

1. Sodium hre safety measures
A, Sodium fire charactenstics
(1) Analysis of sodiom pool fire characteristics
(A} Comparison and medification of sodiom pogl fire model
(B) Analysis of sodium pool fire using Py approximation and 54
method



{2} Modification of zodium spray fire model

(3} Preliminary analysis for sodium fire mitigation in sodium loop
building

B. Construction of medium sodium fire test facility

{1) Literature survey of previous codes

{2} Conceptional and basic design of medivm sodium fire test
facihty

{3 Detail design of medium sothurn fire test facility

{4) Manufacture of test apparatus

(S) Construction of concrete test cell

2. Sodium / Cover gas purtfication technology
A. Construction and operation of small scale sodium loop
(1) Design of sodium loop
{2) Construction of sodium loop including test equipments and
other components
{3} Design and installation of control system for the loop
{4} Pressure test and sodium filling of calibration loop
{5) Calibration of eguipments
{6 Measzuring of oxygen concentration in sodium with FPTI
B. Na-analvsis technology
{1} Sampling equipment and procedure
(2} Oxyeen concentration determination by the wet method
{3} NaK alloy preparation and handling

{4) Cover gas purification equipment

— lg_



{5} Preliminary experiment for cover gas punfication

. Purification analysis and conceptual design of the packings for a
cold trap
(1} Punfication analysis of a cold trap for the sodium cleanup

{2} Conceptual design of the packings

3. Analysis of sodium-water reaction characteristics
A, Apalysis of micro and small leaks phenomena
{1} Entroduction
(2) Reaction of sodium and water
(3) Analvsis of micro-leak phenomena
{4) Analysis of wastage phenomena
(A) [ntroduction
{B} Factors affecting wastage
(C) Wastage expenmental results in other countries
(D Wastage equation
(5) Experimental analysis of micro leak phenomena
(A} Reaction apparatus
{B) Leak experniments
{C} Resulis
(8) R&D for DBL of each country
(7) Conclusion
B. Analysis of large scale water leak event
{1} Assessment of reaction phenomena

{A} Pressure transient



{B} Bubble behavior
{2) Codes for analysis of pressure effects
{A) Model of sodium-water reaction
{B} Estimation of water leak rate
{3) Development of SPIKE code for analysis of ISP
(A) Governing equations
(B) Boundary conditions
(C) Computer program
{D} Calculation and discussion
{4} Conclusion
E. Test facility for the characteristic analysis of the sodium-water
reaction
{1} Objective
(2} Preface
(3} MDP system
{A) Method of approach
{B) Surnmary of the experiments
({C) Design of the equipments
{4} Pool type KALIMER system
{A} Summary
{B) Simulation of the KALIMER secondary system
(C) Decision of the scale-down factor
{IN Design basis
{E) Compositirn of the loop

{F} Design, manufacture and installation of the main equipments



{2 Conclusion

4. Development of water leak detection technology
A. Evaluation for performance test results of hydrogen detection
systern with very small amounts of hyvdrogen tn Ar gas
B. Investigation for technology of passive acoustic leak detection

C. Design and construction of Wwater mock-up test eguipments

IV. Result= and Proposal for Applications

1. Sodium fire charactenstics

A. Sodium pool temperature, gas temperature, oxXygen concentration
czlculated by flame combustion model were generally higher than those
calculated by swrface combustion model, because the flame temperature
was always higher than the sedium temperature by a layer of sodium
vapor between the flame and pool surface.

B. Although flame combustion model had not a remarkable advantage
over the surface combustion model, it proved to be a sophisticated and
advanced model.

. Results obtained from P1 approximation and %4 method showed
better agreement with the expernmental values than those of the surface
and combustion model.  But difference in results calculated by two
methods and expetmental values increases with time rather than that of

surface/flame combustion model and expenmental values,



D. The effect of variance on pressure appears greatly by introducing
Gaussian distribution function, which can represent vanious sodinm drop
size distribution,

E. Partition of sodium loop buldding reduces the effect on sodium fire

F. Basie and detzil designs for medium sodium fire test facility were
cammed out and medium sodium fire test facility was constructed. Design
data are as follows

- Test cell material : Concrete with high strength
Test cell dimension ; 48m? (3xdxdm)
Design temp. ; 7007 C

- Design pressure ; 1 bar {max.)

Test cell thickness ; 45cm
- Operation temp. ; 530" C

2. Sodium / Cover gas Punfication Technology

A Construction and operation of sodium loop

A small sodium [oop was designed and constructed. During the loop
operation, wWe found two lesk points on the loop and then repaired
Sodium transfer and filling into the loop were camied out successfully.
And we obtained favorable results in the calibration tests of EM pump
and flowmeter. Also we found the possibility of measurement of oxygen
conient in sodium by use of the plugging temperature indicator.

B. Na-analysis technology

Bypass sampling equipment which is prerequsite for sodium purity

determination was installed on the sodium loop for equipment calibration.

_13_



Sampling and oxvgen concentration determination by the wet method
procedures were prepared.

Cover gas purnification equipment was construcied m laboratory scale.
Oxygen can be removed from the ecover gas, the mock gas, by using
NaK bubbler, and detected 2-3ppm level in the online stream by using
the gas chromatographic analyzer.

C. Purification analysis and conceptual design of the packings for a
cold trap

The analysis for the sodium purification in a cold trap was carmied
ant. The calculation was made to solve the longitudinal temperature and
Lhe saturated impurty concentration profiles from the temperature
gradient between the coolant and the butk flow of sodium in which the
impurty crystals appear. [n addition, conceptual design of the packing
materials which can be structurally assembled n the cold trap column
and lead to enhance the purification efficiency was studied based on the
theory of impurity nucleation and cryseal growth., It seemed that high
turbulence in the zone of precipitation could be obtained by the use of

corrugated wire mesh due to the localized change of flow direction.

3. Analysis of zodium-water reaction characteristics
As a micro and small feaks phencomena, following resulis were
produced. The mechanism for plugging and recpening at the leak path,
and data for reopen time of plugged path were analvzed and surveyed.
Also, micro-leak test apparatus was designed and fabricated and

operated, and as the experirnental test, corrosion phenomena of matenal



was analyzed. Wastage phenomena was investigated through the
literature survey and analysis in micro and small leaks region. And
wastage eguations and the characterictics for materials presented from
other countries were surveyed and analyzed in small leak field Scenario
for the leak enlargement and analyzing program for propagation during
the leak progressing was surveyed and analyzed, simply.

In the steam generator, if small smount of water is leaked, it is
extended to the large leak event which is the next stage by the heat
and corrosion. In this case, safety analysis for not only the steam
generator but also primary and secondary exchangers and vessels are
required. To settle the basic technology and to acquire the design data
of the steam generator for conceptual dezign of nuelear reactor,
utiderstanding of the sodium-water reaction charactenstics, and
supervisory countermeasure according to the water leak and estimation
for the leak characters are required. In additicn to that, analvses for the
behavior of the reaction productsincluding heat), leak processes, and
pressure changes in the reactor are required, also.

In first stage, spike pressure test by the drop hammer will be
performed. Through that, the effects of pressure on the IHX and the
flow phenomena of water/H> which is possible to flow into the [HX will
be confirmed. And analysis for the propagation of initial spike pressure
and the gquasi-steady state pressure, and verification of the code will be
performned.

In second stage, through the sodium-water reaction test, pressure in

reaction zone, conversion, mutial spike pressure for the demoanstration

_25.—



conduct will be analyzed and codes for that will be venfied. Considering
the effects of water pressure on the adiacent tubes during water leaks,
finally reflect these data to the design for stearmn generators and their

SYStem.

4. Development of water leak detection technology

Throughout this experiment, it was very helpful to understand the
mechanism for the detection of hydrogen. When the gas is injected into
nickel membrane, the output sigpals have some problems in stgnal
processing.  The detecting signals are very sensitive and weak due to
very small content of hydrogen And electrical tcices from the external
device are intritded upon the signais, so it is very difficult ko anaiyze the
signals.  In this stody, however, the difference of detection signal
appears when the Ar-Hr gas are used with low content hydrogen. The
experimental results are useful for the development of water leak
detection  system. For finding technology of acoustic  detection, we
investigate passive acoustic leak detection, apd design and construct

water mock-up test eguipments and mstrument system.
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Table 1.1 Experimental Conditions for Pool Fire.

T

PA0 | il Op | Sodium | CooMm  (Chamberp enth
Test no. [diameter Conc{%6) lquantity{g ) temperabure | volume (en)

(emy 0 (cy o
P15-1 15 195 BDO 230 18 50
P15-2 15 103 : 1,400 220 1.8 | 90
P30-1 30 ] 190 4,100 230 17 . 65

I

P30-2 30 155 4,500 235 1.7 70
PA-3 30 115 3,300 220 1.7 6.0




Table 1.2 Mamn Input Data for SOFIRE I and SPM
Computer Program.

HER 27 2% (V) 1l g2
€87 x27&E {T) 50
d471 dr1y 20leE (C) 50
o B2 g7le 2748 (atm} 1
¢ E7Y dirle] 7] HAEX (%) 11 32
YEF d7lste] AR () 11 32
| 4EF £ ?ﬂ {cm) L E 11 3=
JEF % (g) E Ll #=
Pan & &3 (cn) 211 &=
4887 FAF (n) 5.9
e L7 43AA (n) 0.3
¢4 8584 (m) 0.3
¢4 43 (') 1.72
4471 FUAFA {m) 7
-2 A sAEH (o) 15
=471 W7 (m) 1.2
¢847l (SUS 3048 dA=E (W/mT) 0.038
g &7 99 JdE] (Minemal wool)9 4324
gAEE (W/mT)
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Fig.1.4. Comparison of measured and computed sodium
pool temperatures for test P15-1 and P15-2.
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Fig.1.8. Comparison of measured and computed system
gas temperatures for test P30-1 and P30-3.
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Fig. 1.23. Nukivama-Tanasama distribution with

drop diameter.



=43, Grleld d4d, AH, 4y 442 A 25 Y YT X
3 2717} Dw = 3.69mm, 4.57mm, 5.33mmg A3l <l Z2E A
A AR 94 AR smmE e EXEe A 15.3%. 32.1%.
46.7%°1tt. Bd 43 277t $oHESE 23 EXaée IUMEE 4 #
2lov, ojg o] 3 @4 AP F EIqHt FAFde EF £X J4L2
2Pe) Ry T

B FadME 2F 4 27 FXE& A JAE Do 248 o9
F217l A& 7= obfiet T Gaussian BE 2 riysia,

e b el -h 2

28 WA 2% 8mm oldE A4 27 BEE Smm ©l3l FE= X
@3t ol% AW, ol2¥ Gaussian X ¥9E
Nukiyama-Tanasama #X% g4 ®l3ld £k of T3z 5121 4
ol 2o} ot 248 FUE A™E 9 2 P 9

E 139 A2 & A7tA 2344 27 @S 2 ded, 7
Zte] oA HMM £F AR 2 72kg, 4.08keg, 5.62kgl B FoF
. ¢lF YFUFE SPRAY ¥ NACOM AL =St Atomics
International (Al}elA] 8¢ HYUFH Y vinr] Hitd FUE
2344 AL s,

3 1.248 8 1.254) Z7t 27] Y 2044 Ad4d 4™ 71 £
SR R P 3 g2 EAHRHAT. o|F ey HdE
Nukiyama-Tanasama X T4§ A2 ol&3 Adgen, d424¥ 4
¥ ¥ AMA¥e FEFR Nukivama-Tanasama BE JHdeld Atd &
B3 (onr)® REsld 2% DudlAd Gaussian BE #rd 2UIET
242 0.5vf. 19, 24 CHEEa A BX FrdAM AldE 49 01

—131-



Table 1.3 Initial Parameters for

Sodium Spray Fire codes.

Run #1 Run #2 Run #3
Volume mean droplet diameter 3 69 4‘511. £ 33 ]
[(mm)

Mean sodium leak rate [g/sec) 8246 1511.1 985,96
Initial sedium temperature [*C) B3B8 532 532
Initial cell gas pressure [atm) 1.07 f 1.07 1.07
Initial ;::ell gas temperature (°C] 239 ._;D,l] 239
[nitial oxygen mole fraction (%) 0.8 1.5 0.0
3 Sadium spray duration [s;en] 3 2.7 5,—?'

| 3.3
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Fig.1.24, Effect of variance on pressure with time.
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Fig. 1.25. Prediction of pressure with variance.
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Table 1.4

Comparison between Computational Resulis

and Al Experimental Data.

Maximum pregsure rige [atm]

s work
SPRAY NACOM this work | 1 experiment
— (e=Dwp) _ . ,
Run #1 0.038 0.043 0.029 0.034
Run #2 0.044 0.043 0.035 0.051
Run #3 0.045 0.041 0.041 0.040
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Fig. 1.26. Prediction of pressure rise with variances.
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AEo do2&9 #P (619 gravitational settling termo) TH@cl,
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A, Flow area
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Fig.1.27. CONTAIN-LMR model for sodium spray fire in
sodium loop building not partitioned by mulfl cells.
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Table 1.5 Characteristics of the Safety Venting Systems.

Over under under COver Orver Over Over
[NESSUIEe |[NeSSUle [[FEsSuUle ([WesSSure [TEeSSUTe |[[TesStIe |[ressiTe |pressure
. valve valve valve valve  ivalve valve valve valve
Salety venting system betvwaen |bebween |between |between |between |between |between |between
celll andcelll and|celll andcdl?2 andicelld and|celld andcells andicellé andi
oedlZ el cell cedl3 cetld cells celle cell?
Flow path area(m) 1.0 1.0 1.0 1.0 1.0 1.0 1.0 10
AP beginning to 10 -4} =40 1{} 130 106 10 10
With open(imb)
partition _
Turbulent flow 20 !
Flow path area{rm) 10 16 | 10
Without AP beginning o 0 10 10
partition | PO |
Turbulent flow 0.5 ¢ 6 ¢ 05




Table 1.6 Sodium Spray Design Base Leak in
Sodium Loop Building.

Sodium Leak rate (Kg/second)
Case Time(second)

1 2 100 200

10 10 10 0

Partitioned 1 D_ 170 170 0
10 | 900 900 0

10 10 10 0

Eitiﬂ o w | 1m0 | 1m0 | o
10 900 900 0




Table 1.7 General Parameters and Sodium Loop Building
Building in CONTAIN-IMR Code for Sodium

Fire Analysis
Initial Pressure ' 10e5 Pa
(Gas Temperature 308 OK
Sodium Temperature 823 OK
Gas composition N2:79.2%, 02:20.8%
Free Volume in each cell
- Partitioned
Cell 1 ‘ 2,290m3
Cell 2 2.260m3
Cell 3 &.000m3
Cell 4 5,680m3
Cell & 2,250m3
Cell 6 2.250m3
Cell 7 1.0em3
-~ Not partitioned
Cell 1 9.000m3
Cell 2 8,000m3
Cell 3 5,080m3
Major Equipment
Steam {(Generator
Control/HVAC and Duct
HTS
Seperator
Sodivm Dump Tank
Catch Pan
Auxiliary vessel
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Fig.1.28 CONTAIN-LMR model for sodium spray fire in

sodium loop building partitioned by multi cells,
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Fig. 1.29. Pressure in each cell of SLB with partition.
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Fig. 1.30. Temperature in each cell of SLB with partition.
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Fig. 1.31. Pressure in each cell of SLB with partition.
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Fig. 1.32. Pressure in each cell of SLB without partition.

—155=



478 278 Mgy A4 571 S8 29 meld FAHE A
2 BAyde 7agE ALrd EFY fA47 Al&se Age)l FelM
F YA S5 AOd2: ada 3+ 49 F HAR d9f &4

st i kd =Y Ro2 § ¢ Qo 27 Y F= W FHAS

BT T 219 AT A A G A9 FHsE 4 )9
T Sig] dRo g} @o] 87 gEd 2E £F ¥F &%
A 4F db £E7F oA A o § AuUfolA dHe] Eola)A =
Ak le# AL 2F v SRV B94E FEYE AeE By
}.

22 2 148 e HudEE 2 F FAETN 1002
olZ8 PFAE 57 Azigc ol AFHe Mg FHYE A &
27t o) FolR R AdavhEFE AU IAsUS Rge) Hale leg ¥
F e AE Y7 2 HA-5o0= under-pressure vaiveg] B33 9
sto] o] 2% Hipe] HRHA] @i

FHEs]A] g 25 U 5T A 2F ¥2 £57 1T0Kg sec
Y A2 lellMe) Al mE R ASE AN Har 2d 1334
Bty ok, 2@olM JEhddskel go] oF 75&k7F Ad AidM Ao &2
WK 2@ F FHE Fidsl Aldelrt 150204 gk 259
22 2o F R vk o|FA 57 g9 Fade YL A2 T
GHel o) APaaM GubE A ALHALE ot 4 29 &5 W
A9 22 A%E ol lov f 3¢ £5 & A5 FoHEs AL BF
t},

FHAY I F2 PBoA 4F FELZ7 W0Kg secolE W Z
Aol A GEEIE ANE A7 1@ 13490 et qlok 28 AN
AF vE%e] 10, 1T0Kg/sec )l A3tk of ME A2 obadl Yo el

— lﬁ--



1000 - . —— Cell 1

200 1 | T I |
0 50 100 150 200 250 300
Time {sec.}

Sodium leak rate : 170Kg/sec

Fig. 1.33. Temperature in each cell of SLB without partition.
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Fig.1.34.Pressure in each cell of SLB with partition.
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Table 1.8 Aerosol Size Distribution Cell 1 in Sodium Loop
Bulding with Partition and without Partition at Run
time 46s.

ampk saradd condinens o cell 1 when cella o partitwned by mully-cells
comporeent densima (kgfmeed)

diametar range (o) naZo nazo2 ral el
1 OQE-O7 to 3 LGZE-O7 IB4BE-05 J443E-05 O OMWE+QD 7 296E-05
JI16ZE—0F 10 1 DOOE-CGE 2 TILTE-03 2 T16E-03 O0OQME+DD 5433E-03
1 OCE-Q6 ta 3 186ZE-08 1011E-91 1Cl11E-01 OOWE+00 2Z0Z1E-01
A1HE~06 to 1 ODDE-QL 4 163E-02 4 182E-02 OMME+DU 8 326E-02
1 MOGE-0Q% to 2162E-05  3198E-03 2 15BE-D3 OOME+O0 6 396E-03
J162E-0G 1o | MWE-Q4 7 BOSE-0% T EME-0F OME+00 1 L6LE-04
1 O0OE-04 o 3 162E-04 4 08%E-07 4 O089E—0F OOE+CD 3 133E-07
J162E-{4 to | WE-03 SIHE-10 2123E-10 OOOOE+GD 4 24TE- LD
1 HE-03 10 3 182E-03 TOS5E-15 TOS4E-15 OOQ0E+00 LS2IE-14
J162E-03 w 1 HE-02  0OME+MN CQOOE+3  00ME+0D  OO000E+OD
camponent total (kgimesd} 1 487E~01 1 48TE-1 ODOQE+O0 2 STSE-01
componant Lotal (kg) 3 332E+02 3 33ZE+0T  OGQDOE+0D G GE4E+DZ

simple aeroscl conditwons in celll when cells 19 ot paritiwned by multt—cells
compeienl depsibes (kgfm+ad)
diamaier range {ml haZo nhalfod nal el
1 D0DE-07 10 3 162E-07 1168E-05 3 18BE-05 OCOCE+00 B 23IRE-05
3 16ZE-07 10 1| OME-06 AOTSE-02  JOTHE-03  OOGME+0) 6 149E-03
L OOE-06 to 3 152E-06  IT4E—02 S3ITIE-02 OOME+OD | OFS5E=-01
2 162E-06 1o 1 OME-05 1213E-02 1212E-02 OOGME+D) 2 425E-02
1 OOE-0% 10 3 162E-05 4 028E—04 4 028E-04 O ME+ B OSGE-04
J1E2E-05 o 1 IOOE-04 ARIBE—06  ZR2EE-08 O0ME4OD  TES0E-06
1 O00E -0 to 3 162604 V0LZE-00 OO011E-08 O OO0E+00 1 BD2E-0%
3 |RZE—~4 to 1 OOE-D3 2093E-12 Z2999F-1% OOQOOE+) 50908E-12
I MHE—03 ta 3 162E-03 BO4ZE=-1IT BO40E-1T7 OQOOE+00 L TARE-14
3 162E-03 1a 1 ODE-D2 OQOOE+00 OO0Q0E+0) O 00OE+OD O O00E+00
eofponent total (KEfmee3l GG38E=-02 G937TE-02 OQODDE+00 1 3R7E-01
companant Lotal (kg G 21EE+D2 6 217E~+DZ2 OO0ODDE+QO 1 243E+03
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Table 1.9 Aerosol Density in each cell of Sodium loop building with  Partition and without
Partition.
Cell Call 1 Cell 2 Cell 3 Cell 4 Cell 5 Cell & Cell 7
Aerosal partitioned | 297E-01 | 4.97E-02 | 342E-03 1.53E=D6G | 5.10E-04 5.00E-06 B.5OE-09
Iensily -
(Kg/m3y |  not 1.38E-01 | 5.35E-02 | D71E-05 | 2.33E-04
partitioned
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Fig.1.35. Sodium added, oxygen removed and sodium burned

in celll of sodium loop building not partitioned.
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Fig. 1.37. The Effect of CFC on pressures of cell 1
of SLB with Partition.
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Table 1.10 List of Contalnment Size for LMR

Flant Gross volume, m Plant Grcms volume, 1'-n"
RapsodielFrance! 15,000 KNEK- 0 {Germany} 2,000
FEBTR{India) 15,000 PEC{[taiy} 18000
JOY O Japan) | 18,600 DFRI{UK) 11,500
BOR-60{USSR) - EBR- I{USA) 14,000
Fermi(USA) 7,900 FFTF{USA) 64,100
Demonstration or Prototype Fast Reactor
Flant Gross volume, m? | Plant Cross volume, m°
PhenixiFrance) | 31,000 SNR-300 323,000
FFBR{India) MONJU{ Japan) 135,000

[ PrROK) 74,000 CRBRPUSA} |1 70000 |
BN-35{USSR) BN-G00(UISSR)
PRISMI(USA) I
Commercial Size Reactor
Flant [Gmss volume, m®*  |Plant Gross volume, m?
Super Phenix 1 m ﬂ.ﬂm Super Phenix 2
SNR ZHGermany) 180,000 DFBR- 1000 Japan}
CDFR{_U?{_] ) BN-H_ﬁ[USSR]:__
BN- 160 USSR EFE

ol ¥ B
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eHE zmeldeo 125 - 150% = 2A
~ AN MHEZPe Na; O, Na, O S 8] 100%27)
(132 fume22 24 715}
o B30}, sle]X alefo] o]& 22§ catch pan A2
(2F ¥ 156 Q)

o 28 2% 34 MY Ad g 27
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NOTE: DFTEN THE TRALE HCATING CABLE
15 OVERLAIC WiTH STAINLESS STEEL FCiL
1 b MBL THICKI TO ACT A5 AN ENCLOSURE
TO THE HEATING COILS. THE INSULATION
15 AFPLIED ON TOF OF THAT.

6 JENANANNG

TAACE HEATING
CARLE

INSULATION

VALVES

EXTERNAL FURNACE

W
- LYE BOOY

A
1

=T

| (7] - PARTING Ling
115 l

A [
UL

., I e

S i

RIGID
INSUJLATHON

—

L, pesisrance
‘}1 HIATIHII-II.EHEHI'II
Fig.1.41. Pipe heating of sodium systeins.



SCMEMATIC OF TRACE HEATING
& INSULATION OF A TANK USED
T HOWFSE LICUNO METALS.

SICE

FIAMLY ATTACHED
T3 TANK SURFACE

NOTE: OF THE LICUID METALS GENERALLY
USED, (M, Mok, LI OMLY NeX I8 LIGUID
AT FOOM TEMPERATURE, HENCE
HEED FOR TRACE HEATING.
OENERALLY DESIGR FOR BOG ¥ 1200°C)
TRACE HEAT EYSTEM CARANILITY.

Fig.1.42. Tank heating of sodium systems.
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PIFE WALL

001" FQlL
STAINLEES STEEL
WRAPFING FORM
& SHEATH

ELECTRIC HEAT
ELEMENT

INSULATION

\INSIJLATJ‘ON JACKET

PREMEAT THEAMOCOUPLE
AND JUNCTION 8OX

MINERAL INSULATION

AESISTANCE
ELEMENT -\;
Q = STAINLESS SHEATH

Sy

HEATER
CETAIL

Fig.1.43. Preheating and insulation systems
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OPENINGS i PENETRATIONS:
1ALL GPENINGS FROM TCP)

& MANHOLES, ACCESS
OPEWNGE (TOP ONLY)

TAMMKAGE

4. FIRE CONNECTIONS

wiE LnE : ] wore:
1 HEEL
YOLUME

155%

C INSTALUMENTY (..}
FRAESSUKE, TEMPEMATURE,
LEVEL DUALITYSAMPLING

Fig.1.44. Design guidelines of manholes and pipe connectoins.
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GBJECTIVE: [N THE EVENT OF A SPILL/AUPTURE,
CONTAIN TOTAL VOLUME.
GOAL: 1.5 X TOTAL VOLUME

LIguIo METAL TANK
VoL X il

6\\‘

Fig.1.45 Containment volumes of sodium systems.

CATCH PAN VOL. 15XV,
[ QN COVERED SUME )
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PROBLEMS RELATED TO LIQUID METALS

. MOST ARE NOT LIQUID AT ROOM TEMPERATURE
(EXCEPTIONS, NaK, Hg)

» REQUIRES TRACE HEATING TQ LIQUID TEMPERATURE
FLUS 7798 125°C)

» REGUIRES ALL WELDED CLOSED SYSTEMS FOR EXTENDED
SERVICE

. REQUIRES INERT GAS COVERAGE
IAAGON, NITROGEN, HELIUM])

» HIGH THEBMAL EXPANSION=SPECIAL DESIGN

' FROST OR AEROSOL OCCURS AT 500-1000%F (260-5389C)

* VISIBILITY IMPAIRED DURING A £IRE DUE TO DENSE SMOKE
. CORRQSIVE IN CONTACT WITH AIR/WATER

b OFTEN INCOMPATIELE WITH WATER AND MANY
CORGANIC COMPOUNDS

Fig.1.46, Problems related of sodium systems.
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SYSTEM DESIGN TO CONTAIN SQODIUM

L ALLWELDED CONSTRUCTION USED
IF POSSIBLE

WELDED MAMHOLES USED IF POSSIBLE

IMSTRUMENTS = SPECIAL DESIGN WITH MO
ENVELCPE PENETRATIONS WHERE POSSIBLE

L WHERE POSSIBLE, OFENINGS ARE IN
GAS SPACE

. FREEZE SEALS USED WHERE AFPLICABLE

TANK QPENINGS ON TOP OA SiDE OF
VESSEL

Fig.1.47, System design to contain socium.

=119=



surface t¢ volume ratio, the oxygen molar fraction and

humidity of the gaseous atmosphere, and the degree ol

sodium purity)

» 2% A F7 BACNA F xdE disturh HA ¥E
W 250" Celdlolse 234 oo, § ER2 agitation
FEe d &4 S50 a3 A3

« BFY A #3 AAdEny oo FIENCIA 7120
T2 £5F 438 2719 ¥rolth Fine mist A 3§ &7}
d ol ¢ Ak

- R4 82y BL FE 10% 912 BeME Nap O 7t F4
¥l 2 o3l E  Na. O7F ¥ g
EHZI m ol §BE B8

(2) 2t=9 4F A A 9HH
FY o) d7FEe) £F s AEALE dEAY 2D 7= A2
. ®
(7}) 425 as
D 29 A (JARIM %UE 32m* 7E)
- HAE #7094 94 5= izt Alsd W A2 dAEin),
- A 4R 5L 5000 € o4 05~1.1 kg/m® min ©l vk
- HAE 714 Hgeo] Aoy W FHUEFLE Na, O o2,
AL 204 o] doyg o 72 NaO, 4290
2Im® F29 (Mitsubishi Heavy Industries) Tholgh Z Ao
0T E ~F 1S00kge Y48 E o+ 9+ test cell A2
@ ¥5%¥ 2A (Hitachi o U= 2m® 72, F¢ % 30~



Sg/sec}

- AgE7] &9 7ts e EF 274 238 &471 5
7 B FEAN A2 gE 7T, ¢ dicol2 e
7} gkac} factor 27 o| )

- A AREE fbaasan 7Y ihe) 802 W Eojr)

- ¥ 990l ¥} £F %re] 9¥9dA g4 &7 2.

- ¥ A AVAE TR 2Y AEE MHI o B

@ Y& (MHD 3 AR{(2Y 148)

- Al g
+ Integrity of container celMON]JU) A58
» Computer code {SOFIRE O) #E&

- Al A7)

+ 21m? (cylindrical vessel ; diameter 3m, high 3m)

- 49 24
= 530" C9 sodium 2 W Im* & spill

- 4% Fa 9 77 44
* Thermocouple for measunng temperaiures of inert gas
*» Catching pan
+ Pressure sensor
» Gas sampling system for oxygen concentrabion
* Liner wall and concrete
= Manhole of vessel

h %9 #Hs
@ FAUNA facility(1®@ 149)

- Aerosol behavior
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MANM HOLE
-

+.

NOFMLE FOR COLUMNAR
MSCHARGE .

2 360mm

COMNCRETE
WMARTAR

bl

1

w2 98mm

B_-tg_i_ 5TH

Laa B4 T F TS

I.988im

b
[
.

%350 mm

J.apdmm

CTUIRE

A
—

]
WLATCHING FAN

1 000

(NDIILE FOR PFOOL DISCHARAGE

Fip.1.48. Schematic figure of test vessel ip MHIL
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file:///CATCHING

S

R - TR T
a & 0+ = -

FAUNA-Vasse!
bLerosal generator {(PoolsSpray)
Na-tanks

. Vatuum pump
. Gas supply

Separator telectrostatic f1lter)
Separatar (wet ciesnlingd

Gas meter

Heater

Alr humidiflcatlon chamber
Blower

Measur ing s8Ctlon

Fig.1.43 FAUNA facility.
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- Chemicatl transformation
- Code A% 2% (PARDISCO and KONVEC)
- Aerosol 23 7]17) Bl 48
2} NALA facility( ¥ 1.50)
- NMALA-[{forced convection? ; sodium evaporation
- NMALA- O (natural convection) ; sodium evaporation
{c}) ZegtA ESMERALDA facility(2@ 151)
- Modelling 4
- Extinguishment
- Operation{behavior of varous reactor components in
accidental condition}

- Intaraction with materials

(3 Ad 23
252 FANE AR AT EEAA 24 vled &£F HAA4E R
8 Az HAA G5 2E UEE XPSie FRHE 4F HA AP
d.3 gazg ot
(7h) AMEEE WA ARLE A7 FH R0} BB ASA e
() 7R £F 84 HY el Y
(¢} 378 &8 344 iz FEE S AR 95
(&) 48 483 ¢IRIYF 4 44 %8 2 7l &5

() Ad= 24
A25g 71AS EIsE W2 4F FFL G F s £3AH, AF
82 grE7], HQ A4S on 2 S B LaNy, 2 F T2 A4



P | m——n

Wl hezting
f_,.-"‘

R

[

= Aerosol
MiEA4L FINg
techrrque

B AT A R R e e

LA i R AL R AR LR A R AR L ey

e 1 kg sadium
ﬁ 1k + LD, Nal,5r0
Exwernal

Temperatires heating
{400 ta 700

Fig.1.50. NALA facllity.
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ELECTRORICS

WORESHOP

-0 ICES

[ e
IHOP

M

STORAGE

S00NN

GEMERATION

TECHHILAL ﬂUlF.IjHE

U

Fig.1.5l. ESMERALDA 1factlity.
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vy 7ls g3y S EVINRE] 4AF S A4EF Ad Ray F7)E
47 7x P83y, & 8FH FAE FEVIE 2 FF FE6L7) HA
AF &7 oldez 7Hg sho k@t

g FWE AF 34 A9 AHE A=

(1) 474 »&
ZTHR &F 234 YL A FEEs F3DAe 277 o 48
m' o3, B fx 223 fi U gy HAS SHANY £ LA S
ot
F8 AaATHAE dola AT vigl Fed dY AR F ¢, 2%, 4
A2 EAr], 7t ¥HaAE F& HAMNL deBE Maste AideR
TAES gl 8H 4y 23T 9EF 2
-E9 A ; o 4F RE =300-530° C
23 =02-05m
P %A B =05-20%
-5 34, cAF X =300 -530 C
| - AF FE2 = 60 min
LA ER =05 - 20 %

b
o

- E8Y 34 . 2F 22 =300 - 5307 C
- A&F 2 = 002 -01 m
M2 FE=05-20%
- FFAT =1 -5 min

(2) B4 48 %X 74
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AMZERY YZ4AR A e 2FY FE22 A8y 2 AEE o
2 7k #32 &7 BHe S4E& gdestn 4AF Aol Y $HF gy
& THHH? HY FTHE 4275 24 €932 FHE I 152o =4
stot sl

g HEFNEe Y, ¥FFY A5 A, 2F #31 2 2F L3
HAEE 9 ¥ ¥ Ade 2F 2ZeE NYEL | AZge goje] 4R
We 258 F44717] 9 S8, 285 A3 Hd94071 AR
H4 49 239 A L5 E3AE A FE ddl £5E TFI AYE &
FEF 494, 234E AYde] A 2HE 23E F UE A 2d A
T, A4 MEEFE g FAEF A3 A9 F71 24 A (steam
generator), Al @4 ¥ HiFEEg ZAUHR7 AP @2F7 FE PA.
A2 24 ol XA HE AFFE, HAL8F FANA 49
o) BEgld W YL WEAF7] HY 2kl gu A3, A5 A4 Y
Al gy 2E, &5, A4, dAREEF ¥ H3 F2 24 71% Daw
aguisition system, 122, 34 F& AFYL + ¢l Sampling system,
Al Fa R gy EEF Atz 4F AYE FFE F AT A9
243 £F 229 URE 284 HH2 FHHR &858 o577 ##
A4 FI FA, 2z ol 2HE wiF A3 Fo| YUtk

(7h) 3 E Ald 2

Z3e]E Agde HA7) 2AHE FozA AZ2dA ¢ s
23 28 A4S AHHA olRol A FAE Sesin, HA 43 2 &
28 9¢ 3T components®] B AP ohEd AHAL L85Y AF
Fa7le BAFHEE AE3AA LF HEd TEY FF ARE Y53
Z 2] o],

NEgL7] ¥ 2IJEZ MFHUT 23HE 29 9YH, HAY,
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M, T3 107 T-102 5908
Soxfun ] Sodkum e |
Supply Trapming Fwsarvok  Trapping
Tank Pol2 Tank Pt

Fig.1.52. P&ID for medium sodium fire test facility.



v ~HHs AF32 E liner?l HAEA glok AFFAA dE 74
Et 39 153 54, 553 oo RAH 94y 42 holeol & 1110 A2
o alct BAle aA LFe FAEE =2, 24 A7 24=HE B,
YigB-9E8e wEFe BMel dHEY o2 RE ATER F4EY it
2H 9% 8 Fenos g ANFEE TYHA HY A2} Uz
B A4Ro ddd = hole® F3d 4F &3 2, 2834 FSH0)
EOE@sA 49, OF A4 FSel ddH g zfla By F4dd=
2ol AHM FYH 7 ¥ door®E EAX Gt AN AY AR 2AA
Fol7h %3 X4 5 AdES 92 2 S99 4¥el light glass, &
Wofl sight glass® A3 ¥de o2y S AA4ELE AY &
8 £ U2 g B2H WY e RE Fo|Ze A1E7|e) A
7t 2l gln O FHe dEANE YEEHY gt Alg Qo g dF
AbgE o-g 3 o

- AEEr] A FTaLE
« T 280 kgfem’ (4,000 psid
« 54 @ 45cm
Ng 2 3 48m°

Dimensionilnzide) : 3 x 4 x 4 {m)

- 89 : Reinforced concrete including H-beam or Angle

Liner plate

« A2 ! Stainless steel

« ¥4 3 mm

= Lining 912 4 W AM (FAH, sped, Ay
- Daoor

» Type : Pul/Push & Sliding



Table 1.11 List of Holes on the Cell
::E gc:: T Descnipton Nozzle Swe| Renark | Locabon
Hl | 4 | 8-1 | Sodum feed 17 or 2 Pipe | SwdefD-D)
Conmechon
’ N=2 | Fipe: hester on flarge "
Hz | « | N-3 ! Iniet far oxygen analyss 12 Tube -
- N-4 | Outlet - il " "
" N-5 | Sample gas outhef [ for 3eosol analyvas L5 or 304 Tl:::eu "
" NG " I " . . -
“ N-7 " m " r n .
- N-8B _L;k detector 14" NPT "
Thermocouple(T1- TH}= Mults probe
H3 ) 5 | N9 | ermocounle assembly for n:.: 4" NPT )
* M-8 " (TO-T15) " " “
- N-11 | Thermocouple(TL-T$} b wall 1/4" NPT -
- N-12 " (TI-T4} for Dipe 3/4° NFT -
- N-13 | Thermocouple for podi pan 1" NET | R
. N-14 | Pressure transducer 1/2* Tube “
He| o | N-15 | Steam wiet 12 . Top
- N-16 | Mirogen wlet L - .
* N-17 i Make-up gas nlet 12 . -
- MN-1B ! Vacuum pump outlet 12 " "
- N-19 | Aur mjer 1 - -
HS [ 3* [ N-20 | Fire extinguisher mlet g Flange "
H6 | 20° | N-21 | Safety rupture disk ’ .
Hi | 4" | N-22 | Filvabor syatam Hood type "
K& | 4500| N-23 | Sght glass # 50 Suiet D-DY
He (e N-241 - # 500 -
B10 | $ 200[ N-25 | Light hole Top
(i [#200f N-26 | StelC-C}
H12| 4 | N-27 | Spare hole
H13| ¢ | n-28 .
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Fig.1.53. Bird's-eye view of fire test cell




Fig.1.54. Plan view of the medium sodium fire test cell,
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Fig.1.55. A-A section for plan view of the medium sodium fire test cell,



- H32A
- Venting Systern
» 2L He]
» Damnper
+ ID Fan
* Stack
- Sight glass
» Type ! Wiper?h 54€ g2l
» 5ize : Glass 37 500mm
« W8 : Zkg/em?
(L) A% #i = (Dissolver!

Brick 22 Sof gl £8F Z¥HNE 37 H¢ LF L3t
23 1564 AN gl ol RelM £ 4LFL AYZ I oS
AFzE F 0cm, ol Wem, FHEZW FEFU oF 0L EM 9F |
0--15kg?] £F THANE BAY 5 UEE 2Aso Atk HBEE band
heaterst FA el 25 7ld, Moz L2 shydle 88 LFygFd
9 sle BE¢Ed Flr fstd o 3mmARE FHY 9FH sl
thread wire?t $3 =9 gick 42N AqHA LF Zgsc o4 2000
A g3 ¥

(thy =7 HF=E

AF APz A9 1AM 2FE 200T7AA stdatd fEduE o
E ¥ d3s Z3tg F3x22 oldsty A

28 1574 =AHuks} gol AEFRe A 3Bem, =0l ToemE AT <
TOkgel 4Fol AHNADT 254 A5 2+ band heateroh =&t 714,
4450 2F FIFEEL ol AZRE 48N level indicator”t T3
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Fig.1.57. Data sheet of the sodium storage tank.



so] 2z AFE NP7 AF FrERH 2d8A #EE R4 FEAA
7k dx Hel o
() 7 FFT=
AF FEFLE 4F APZELRH 214E £5L 24323 e A
o Ze ZEMA FE¥td ZAJE AY Mo 2FE FIFEHE= BAEH
1% 158 EAIES] ok B AE Add 58K 42FE 9 50T 7t
dxle] TFEHk 817 el dA =5 L UHol AFEA maH
ek FEa2e A% Wem, Eol 105cm, 3 8¢ 24 ¢F ke 28E 71
e Al FEAES A= 3ld 2F A}zxs ot@vinz F
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e 95X YEE A4 FFRA7 dA s )
() 7k 2 AT
AF TEAEAAN 24 A AAS ALFET FAG A A7
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Fig.1.598, Data sheet of the sodium supply tank.
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A Surface area (m'}
B : Proportional constant in turbulent
heat transfer in Eq. (3]

Br : Scodium burning rate (kg-Na/m' = 5)
Ca : Mole density of atmospheric gas {mole/m'}
C, : Mole density of gas in region between fame and pool {mole/m'}
{p | Specife heat at constant pressur {KJ/kg « deg}
Cv . Specife heat at constant volume {K]/kg » deg)
D : Diffusion coeffcient in gas phase {m/s)

© Characteristic width or diameter of leak path between cells (m}
F ' Radiative heat transfer coefficient
g . Acceleration of gravity fm/s”)
Gr © Grashof number
H : Characteristic height of leak path becween cells {m)
h : Heat transfer coefficient  (KW/m'/dep)
K : Mass transfer coefficient (m/s)
1 : Characteristic length of combustion area (m}
I; : Drstance between pocl surface and flame zone {m)
Mg © Total mass of gas in cell {ke)
m : Mass fux between flame and pool (ke/m’ = s}
Nu  Nusselt number
P : Cell gas pressure {PaJ
P Saturation pressure of sodium (Pa}

_m-.—



Pr : Prandtl number

O - Combustion heat per unit combustion area (KJ/m = 5)
T : Temperature {K)

Se o Schmidt nmumber

¥ ! Coordinate in pool {m)

Y : Mole fraction in gas phaee

z : Coordinate between flamme and pool {m)

e ' Tharmal diffusivity {m'/s)

£ : Volumteric expansion coefficient (K™

AH : Combustion heat generated by sodium-oxide reaction (K]

r : Effective heat capacity related to mass transport in Eg (D
(K ]/deg “m " s

¢ : Mole flux of gas or vapor {mole/m’ » 5}

2 ¢ Thermal conductivity (KW/m * deg)

v Kinetic viscosity {m'/s)

o Micro density (ke/m')

¢ " * Macro density (ke/m')

g @ Stefan-Boltzman constant (KW/m' - K4}

x ' Stoichiometric ratio

(Subseript)

f : Fiame

fp : Region between flame and pool

g ' Atmospheric gas in cell

{g) . Gas phase in chemical reaction equation

i.] ° Index of cell structure



I, - Leak path bebween cells

(1} ' Liguid phase in chemical reaction equation
Nz ' Nitrogen or atmosphenic gas

Na : Sodium

Na;(} : Sodium monoxide

NaJ: : Sodium peroxide

Oz © Oxygen

p ' Pool

(=) . Solid phase in chemical reaction equation

u : Cell structure



References

1. HIMENO. ¥, MIYAHARA. 5., MoRIl T .SASAKLK Proc. Int. Conf.
Liquid Metal Engineering and Technology Avignon,France,pp202-1-~
202-9, (1983).

2. YUNG, S HEDL-SA-2740-FP, (1982},

3. SAGAEK. SUZUOKIA: ) NuclSci. Technol, 22 [11] 870 {1985).

4, KLIMMM.: IAEA TWGFR Specialists’ Mtg. on Sodium Fires, design
and testing, Richland, Summary Reports. Sess, O, (19823

5 GASSELMAN, C., et al: "Liaquid Metal Engineering and Technclogy
in Energy Prevention®, Vol.2, 174(1984). not for pubilcation.

6. HILLIARD, R K: 1AEA IWGER Specilalists’ Mtg. on Sodium Fires

and Prevention, Cadarache Summary Reports, 32(1978).

BEIRIGER, P.et al: AI-AEC-130565, (1973).

3. FISHENDEN, M., SAUNDERS, O.A: ASME JHeat Transfer, C81, 24
{1977).

9. BIRD, R.B, STEWART, WE., LIGHTFOOT, EN. "Transpott Pheno
-mena”, John Wiley & Sons., (19600

10. HILLARD, RK., et al: HEDL-TME 79-28 (1979).

11. OHNO, 5., KAWATAK MORLKAWAS., HIMENQ.Y. Proc. Int

Fast Reactor Safety Mtg..Snowbird, USA Vol p.241 {1990},

12, JACOB, M.: "Heat Transfer”, {1946}, John Wiley.

13. BROWN, W.G. S0LVASON, K.R.: Int.J.Heat Mass Transfer, 5, 839
(1962).

14. MIYAKE, 0., KAWABE, R, HIMENO, Y. Preprint 1985 Fall Mtg.

=

_ms_



AES) lin Japanese), A37,

15. P. Beiriger et al, SOFIRE II UESR Report, Al-AEC-13055,
Atomic Intermation Division, 1973

168. K. Sagae and A. Surzuchki, Development of Analvtical Model for
Sodivm Pool Combustion, ] Nucl 5Sec. Eng, Vol 22, Noo 11,
pn870-880, Nov. 1986

17. M. Klimm, JAEA IWGFR Specialist Mtg. on Sodium  Fires,
Design and Testing, Richland, Summmary Reports, Sess, II, 1982

18. C. Casselman et al, Liguid Metal Engineering and Technology in
Energy Prevention, Vol 2, 174 , 1984, not for publication

19 M P Mengc. and R Viskanta, Radiative transfer in
three-dimensional closures containing inhomogeneous,
anisotropically scattering medis, I Quant. Spectrosc.
Radiat. Transransfer 33(6), h35-549, 15985

20. WM. F. Modest, Radiative Heat Transfer, McGraw-Hill, New York,
15993,

21. M. N. zisik, Radiative Transfer and Interactions with Conduction
and Convection, Wilsy-Interscience, New York, 1972

22, NMP. Heisler, K. Mon "SOMIX-1 Users Manual for the LAB
CIxZ 7600 Computer”, NA7TIIE00M5 2 Atomics  International
June 1976

23. 55 Tsal, "The NACOM Code for Analysis of Postulated
Sodium Spray Fires in LMFBHs®, NUREG/CR-1405, March
1980

24, HE, ‘AL o|AWAAF £F HA AF7, KAERL OR

_m_



-162/93, 1993

25 KKMurata, DE  Camol, "CONTAIN-LMR/IB-Med. 1, A
Computer Code for Containment Analysis of Accidents in
Liquid Metal Cooled Nuclear Reactors”, Sandia Report
SAND-91-149(,1993

26 4" §, dAe=sE P44 I A3 | I HAE Q54
1954

27, 'Status of liguid meta cocled fast breeder reactor’ | IAEA, 1985

28. 'Lauid metal fire contrel engineering handbook’ . HEPL-TME-79-17,
1879

29. T. Sano, Y. Abe, and T. Kiyokawa, 'experimental studies on sodium
columnar fire and pool fire' . proceedings of the LMFBR safety
topical meeting, July 19-23, 1982

30. Sordan et al 'position paper of the fedral republic of germany on
sodium fires, design and testing” IWGFR/A43, 1082

_m'?'._



A2 H 2F/7MNLE &E8dY

7h 4% Na-F =2 U=z

(1) 4 4

SATERY DHYLAY E2E A4 9 LF H3vwd &
2ol L5E U IEEIZ FAAAS F U FAY A R FH S0
Hasdd 45 =28 T cold trap, hot trap 2 #FA s &g
ExE o F ¢ plugging meters 2 g o|FHA 4 glen o Z&
A5 T TUsZlA BAY AT 717 ol Fol Aokt

ozt £ d7ddE 7170 §4 £33 257 M olE 717
o RYE AP £LHRTE HYsigen, o] 2T A ANY % 7|4
Hol RE03 Yo} o] AR I WAL HFEA 2AHO
™, 3x25x2.0me] framel ol Eod = & 27k FR FLAELR
= AF F34 %32 EM. pump, flowmeter, caliblation tank, plugging
meter, cold trap ® W2 E blower T& § 7 3d. A AFE PCs PLE
EF FH22 3o Ax R £FEAA% CHed s A, AFsEck £ oo
FZ8 ol&tld 7] AP S8 EYE sampler?d E£E9 953U P
Al7F EH9Q) oxygen meters] ASA¥E HA FYE = YEE L AHY
t.


http://3x2.5x2.0m4

2) A% Na-5XZ¢ d2
(7h Fxg 744

ANFEEY WA 2F cESE AF AF 71715 45 H
T ¥8ld A2 4£YH Na-FZ TUEZ 27 21 548924, #
Lol FEAE 45 3 LG dBs FA ¥ dAFL 282 4
AY A R RAL K 21-34 FAstEn. 26l 2 osel 2e] £ Y
Na-FX= 34 Uy £FF A2 2334 B3/, £F8 T8/
e c8AE, 2F9 58 Aoste AAA% 3 AK AdAN Sgd
ZINE B33 = cover gasMFH REAY FoZ FTHAG,

D =27

U o2 Na-FZols B2 3 438y opgd 2714 Yo
Zhzd 2 ol BECH A2 Eg, 2 FEo AiH 2RI 2=
+ sodiurmn drain/storage S =, reservoir 32, EM pump calibration 9=,
vacuum surge B2 R paraffin #2500 ¢ Sodium drainfstorage ©
2P 22)= 7)1 AFE LFE FEY) 20, FT AR RE
FA ® e B e AFEHE drainy T URS FEY EFE 7
Ao U viFA FEZ Y BE LEo] FHA 48 AA drand + UES
T 28] [T dase ok Ay £HA| o] R YEHE ¥
zel dEpc @A FA Lge) ed {45 el 0, TERLY
22 2l¢ W8S WAM7] it 33 200-300CAE HA =} #
o},

1o

Reservoir $2(2q 2e &3 27)d 3 FEZA £FE4& T3
5 UEF 28 Y4 AFPErIE SR FE AT LFLAS 250
GARA #FASSE A ALEHAE HT)

EM pumnp calibration ¥ 3 (2" 24)%= reservoird 29 #A1E delF A

_m—



S

—— gawiine
b= GaE yuhee

1 ahecl valva

[onc] MNa valvs

FM
oM
PI:
PM

53232

Fig. 21, Iso-Drawing of The Sodium Loap

&
BS :
cT;
oV
EMFP ; Efactromagnetic

Argon Gas
Bypass Sumplet
Cold Trap
Callorsion Vesaal

Pump

: Fikew Mater
r Oxygen Matar

Praarurs Indicstor

: Pluggbng Meter
: Hanarvelr Yesnel
: Storage Tank
1 Surge Veasal
* Transter Vexasl
: vapor Trap



Table 2.1 Name & Jacation of sodium valves

£8) 9 3 g A 4 £ ¥] 3
01 | VFEOL | ST + Loop

2| VvVrF 02| EMP — FM({D

02| VF 03 | CT outlet

4 VFE O [ CT outlet — (Anal. section) — R.T inlet

051 VF 05| CT outlet — PM inlet

06 {1 VF 06 | PM outlet — RT inlet

07 | YF 07 | PM bypass + R.T mlet

08 | VF 08 | R.T drain

0O VF 9| FM{I) « CT inlet

10 | VF 10 | CT drain

11 | VF 11 CT drain

12 [ vF 12 | OM inlet o

13 | VF 13 | OM outlet

14 | VF 14 | Analy.(1)

15 | VF 15 | Analy.(2)

16 | VF 16 | Analy.(3)

17 | VF 17 | Analy.{4)

18 | VI 18 | Analy.(B)

19 | VF 19 | Analy.i6)

20 1 VF 20 | Analy.(?)

2l | VF 21 | CF & RT overflow — ST

2| VF 22| ST inket

23 | VF 23 | Na trans. vessel outlet

*5F Storage tank « PiVi Plupging meter
*RT Reservoir tank «OM | Oxygen meter
+C¥ Calibration tank *FM | Flowmeter
+CT LCold trap - EMP | Electro-magnetic pump
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Table 2.2 Name & location of gas valves

| 4 A d ) s 4 ¥l
01 | VG 01 | Gas manilcld bypass
02 | VG 02 | Gas manifold < Gas purifier
03 | VG 03 | {Gas purfier inlet
M | VG 04 | Gas purifier bypass
05 | VG 06 | Gas purifier oullet
06 | VG 06 ] Gas purifier ~— Analy. section
07 | VG 07 | Gas purtfier «— Cross (near 5.E}
08 | VG OB | ST inlet
0% ) VG 08| Vacuum & Vem
10 | VG 10 | Gas expansion T inlet
11 | VG 11 | Gas expansion  — R.T inlet
12 | VG 12 | RE oculet
13 | ¥G 13 | (Gas expansion T outlet
14 | VG 14 ] Vent
15 | ¥G 15 ) Gas expansion T — CT in‘outlet
16 | ¥G 16 | C.¥ infoutlet (safety)
j VG 17 N Na trans. T inlet
18 | VG 18 | NMa trans. T ocutlet
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Table 23 Name & location of sensors

¥l 3 3 . 3] # & o 2
0l | TC 01 | CT overflow line

02 | TC 02 | ST outlet line +~ EMP inlet line

03 | TC 03 | FM outlet line

04 | TC 04 | OM inlet line

05 | TC 05 | C.T inlet line

06 | TC 06 | CT inlet line

07 | TC 07 | PM inlet line

08 | TC 68 | PM outlet line

00 | TC 09 | R inlet line

10 | TC 14 Analy. inlet line
11 | TC 11 | OM outlet line

12 | TC 12| 5T

3| TCl3] RE

14 | TC 14 CE

15 | TC 15| CT{)

16 | TC 16 | CT{Z} Dual
17 | TC 17| PM

18 | TC 18 | EMPFP

W gen B FIXd gag gdw 48 fx ouy FAY aAETe
AEE 94 dx80Ud.

A 92wy 359 W2

- Ar cover gas& AR dELE x|z gley

- B3 AR F42E 3 HRY 58 FAE €3 g BHO
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Fig. 2.13. Schematics of Tank Level Indicating and Cooling
of Cold Trap / Plugging Meter



Table 2.4 Storage tank volume

LD = 30.55cm

V = LE (ﬁ‘fgﬁ- — sinecosa)

H {cm) Vel H (cm) Vit
1 0.876 16 37.676
2 2.288 17 40.59%
3 3975 18 43427
4 5.808 19 46.215
5 5068 20 49.033
6 10.336 21 D1.713
7 12.737 22 54313
8 15.317 23 56.853
9 16.209 24 59.204
10 20385 25 61.562
11 23415 26 63.732
12 26.203 &7 6h.655
13 29024 28 67.341
14 31954 29 68.757
15 34 815 30 69.630
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Table 25 Reservoir / calibration tank volume

H {cm) VL) H (cm) VL) H {(cm)} VL)
o 1.10 21 6,30 37 11.50
6 142 22 6,62 38 11.82
7 1.75 23 £.95 39 1215
8 207 24 727 40 1247
9 2.40 20 7.60 41 12.80
10 2.72 26 7.92 42 1312
11 3.05 27 B8.25 43 1345
12 3.37 28 B.57 dd 13.77
13 3.70 29 B.89 45 14.10
14 402 30 922 46 14.42
15 435 31 955 47 14.75
B 16 467 32 9.87 48 o 1507
17 499 33 10.20 49 - 15.40
18 532 34 1052 50 15.72
19 6.65 35 10.85
20 597 36 11.17 -
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Table 26 Procedure of pressure test
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Table 2.7 Procedure of drying & purging
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Fig. 2.17. Sodium Transfer System
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Table 28 Procedure of sdium loading
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Fig. 2.18. Calibration Chart for Electromagnetic
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Table 29 Procedure of sodium punfication
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Table 210 Calibration data for electromagnetic {Towmeter

mh Flowratel ¢ /min} mA Flowrate{ ¢ /min)
4.0 - 12,0 335

5.0 048 13.G 433

6.0 095 14.0 4.80

7.0 1.43 150 H.28

8.0 1.90 16.0 575

9.0 2.40 170 623

10.0 258 18.0 6.70

10 3.37 19.0 -
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Table 211 Vanation of plugging temperature after cold trap operation

at 2707C
Time {Hr) Plugging Temp.{TC} Remarks

1 240
3 239
5.5 237
7 232
18 230
21 230
23 230

Tahle 2.12 Vanation of plugging termnperature with cold trap operation

temperature
Cold trap temperature{ T }| Plugging temperature{C) Remarks
270 232
240 216
210 183
160 137
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Fig. 2.21 Variation of sodium flowrate with PTI temperature

( cold trapping temperature : 270 'C, 22 hr}
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Fig. 222 Variation of sodium flowrate with PTI temperature

{ cold trapping temperature : 240 T, 22 hr)
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Fig. 2.24 Vartation of sodium flowrate with PTI temperature

( cold trapping temperature : 160 T, 22 hr)
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Table 213 Results of nonlinear regression of the cold trap

temperature vs. plugging temperature

Relation : ¥ = aX* + bX + ¢

parameter value Std err CV (%) dependencies
a -4.1e-3 247e-5 60le-1 009937
b 2.629 1.06e-2 4.04e-1 0.9998
c 178.6 1.109 6.21e-1 0.0002

ZF dxEE2, B 2149 regression AME AU} o AIR ol EH
o AN MAY £ 229 plugging indicator& o] 4 #o] AFT LA E
T 23AY 5 Ao dES o

Table 2.14 Results of nonlinear regression on the relation of plugging

ternperature vs. solubility equivalent temperature

Relation : ¥ = aX + bX? + <X + d
parameter value Std err CV {%) dependencies
a 9675¢-5 3.49%-18 J6le-12 (0.999397
b -4.753e-2 1.94e-15 4.08e-12 {.995003
C 8.59 3.53e-13 411e-12 0.995901
d -3.7442e+2 2.10e-11 5.60e-12 09099293
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Fig. 2.26 Relation between solubility equivalent temnperature

and plugging iemperature.
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Fig. 2.28. NaK Filtering Apparatus



Hez 7l @ AZorE Sty (Gas Chromatograpic Analyzer, Hewlett
Packard Modet : HP S800)2 FYUHTE o v)d4 74(He) Tl #&
2 2A4%te ke 5 E FY &g
{ch) Cover gas T4 49 2 Zy

A4 NaK bubblers H-&94 #&41712 @4 1 3o 2L AA
AlgE Fastgcl Cover gas® AA Y=H A¥sr] 98 Y 7A2e
HE 1M FA45t 215 ppme| TEEY U ZEVINE FFREAFY
o228 FU3td AbR G

Zy 2308 E 2159 BEE7IAA dl d: 3= o] BEIAS 4
&9 A NaK bubblerdl T3 A7 £ ok 7214 o ZEES e
At =% B3t

datZ oz 4F WA AFAM REJNAZ ol &=+ ¥gA 7MW (Ar
EE Held 5% 2b4g) 580 2t 5 ppm Pt T3 443 e
2 713Ee] old4dE REZA AAAE T4 A2 & 2E2F AW
bubbler{ 300T 4 H&)§ LA 22714 AAAAY 227148 ¢
s} AL & %ol WM bubblers] AI7E o) %] Aok 23y B Ay
E B304 AAAS HE 72 YL EA DL FEd AA LAY

Table 215 Oxygen concentration in the cover gas system

Inlet Outlet
{ppm) (ppm)
<
Standard Gas 215 >
(He) (36)s (<05)*

* Two bubbling ( 260T, room temperature } column was used.
—lsu_
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Fig. 229. Oxygen Trapping System
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Fig. 2.30. Oxygen Concentration in The Carrier Gas (He)



of TR FE& FEEY FE 2L £F A AEL o)lFE 4B 24
#etodl @rYolH, bypass AR AH7IE T 4 7le 45& oy 4
o 24e] @ 3o,

Y 4w Fol Fof = ALFE F4WH 9¥ PEer Y
Zlgd 2544 ASdM dA7Mes 4 FEE 28 E 44 2379
A vBd Ho2 FEE WS phgging FA7)E 2E8d §93i=
W) °)§ Hos Fadth Bypass AR AA7IZ £H A5F Hao Ik
FEE P48 AAES gdHNLH, o] Wy Y L R ZHE
plugging F4212% 6 Yoy A5 stEZdted &34 o4 € Hel
o}.

AE 28 HEE BSEE cover gas2l £5d wEp @A e}
22 cover gas® T AYEZ fAHge] Fasth Cover past NaK
bubbler@ o183« 434 FA 2 £ 2o ofd df 4F A2 @
g o Ak =Y cover gast HA D GO glEtq ALz Py

¥ 7 U4

3. Cold trap2] A R 8] Ad4A

M 4

4w B3 4 Fa 2R 8BS 94 Es HYED v WS
F4F M2 e FEo)7l fEA H3H B3] 4l 4§ dAHG
BE 245 o #9Y 233 P45 olws] APAE WEIT Ut
2 &2 25 4833y AYLFS Ay AEte ARH2E
EHF B2cF FH8 2NHE B2 A4 ExHoln. R

.—134—



g EeEd F2 HE il o]Fd F7UA7|H F 4oz o257
v AER L] HP22VEHE gF 22 AFLRe F4Y T2 4
gl ot AFUHAMN )5 BB T2 SoirY AFGais F4&F
3} A2 AIPYE wee PG FJFYE B - FAFYY0
L=

245 Aol Fr12A7A4 AFLFAL AdAFL FAF
4L FAE AP F423 AR =EHE PEA7E d9RE 2
4 +x sk AREAF BRI e AtgEe Hu¥gde=
e Al ). 28y steeld ot FHol DRHA wel gAYl
=& T-AF0 Mo H4E Fiv FolY AHIGRUL AT
9] steel phaseZ e Z M3 HNg@ao JEIITE S stee]d 2o 3
9 T4E FETUI Y4o] 39 £2gF o f4do) o). F4Y £
AzAcmel F7EY7Is BAH LFAEAAS Fie £ AN F
Z1gA7 e Fr1Hdele] Breh 427 o3 paAHe] 2F3HY ¢
e EHA ok bk A 27 FY LFY #28AY Al
WEY FrfYdelt $3He H@YMLY =5 §o] F 222 ¢4HH
A olE BEEESL E5FE HANY $AEER §FY22 HeAANRE
uh42] metal-packed fitter¥ el7t 5 # cold trapel <185 st o)
¥ cold trap2l A% & AANFF X AMJEFL AN R 2 r Ay
EEE HEE7] 48 £2FSMNE H aFsiel=etel=g Ao T
Adaged P& w3 A7) 22 8l

KAPLZ % Bruggeman 9 %7 QFZd ¢#d 2&2& i@
2F0 B&ESe dAH ARsEe @449449 ZALYe) AYHEE
S5 ATE AFTY = slofel fod= )20 HuEsSdh 2 YA
crystallizer kA 2} 252 MFAEe) cold traps! E&E Ioid 2 =+



e $4Yez negolel § WAz HFSUD. Y Tl o)
T AR Fade 3R Ades ddslz 5 dA9 AgAd
olxe) FAle] dRESE FrANHLR S 48] HEL 2 £3
T+ Aoz A olEHP AL cold rapd FH AF LFe F
et AFALE FEAT 22 GHEEL ZANAH R M2
27t = A& Yuiga

s %S AN H AFANTE 283 IFREES a7
7] W&o Esde) 4 g0 ANHD AR cold gapidol opicts
Reg Tock o[de Ax2 S8d LFEUL FE¥) A ¥y 44
9 2¥F BUAA szt ¥ sz &0l FHE EUAARY
Saserl BAY AFEs00s AU L4 ZARE E Ao,
oty Y{RBELE FAEE7 FoMHT BEE FETUE ANY ¢ 9
E crystallizer jAls] F23 Hde] AAZLEE 4o # Al Fad
weelt,  Zn BeEL AP 247 FedAN 5 A3 4
AL HEgode BaRe) o EHM cold rapd| E&-2 Y44 teit
Euefrl 205 o Pigctes 2o BaHz Aok 9w dx= 4
FUAAM AFE el o)Fsts BSEUR 3] W4de) f2HAY o
FES A% F2 AXdA 2 FEHOD ¥R SddT ol#d
U EE M2 A49E Adef 2 ¥ cold traps] WAAAZ|F7L kA
A dots Roz2 AH RejFd

ARAFE 2 £x71 Bo53do &8 2455 AL A i
oF ol FXRAAE F¢s 2B coid rap® metal knit packing< 9
] 25y 9440 ¥ 289 AHdFLE PHAES Ao oY1
£3¢ FHRAA F4E AFTY 7 AT FAY A4FE FAN=
Az 92E 7HACk ¥ Aolok. APE £F FAol 9P WA

> & |



AALAYY] AFTH FHE0] 713 Akl ez Mdsio] 21 ¢
. £ ™Y ~a3¢ ¥ iscreen packinghd 2 - QA AR
o ol BTUYE wdH S8 E&E HA ¥a44 1 PR
E&Aog AFEA Fe7] AP HBEM S48 ESFEA) cold rap
L 2HE MAYE 5 o] AANEEe] 2AEY 4% 7Y ZA U
A BA7 ASE & 4 Ak
E A7A s 2554 dEH Y LB 9 &
ool celelnd FHOoE ARFAQ cold trap2 A9} HA2AMN F
HEe AAYEE WY F Qe AAAHNE F9A9D  crystallizers
FRAEAF =@ ¥ad ABRHE WRLEd XSETES FERE
T4 Adngd

. &F FEE cold trap®] AAHNY
bE AYH cold wapd TERE 2U23H o] AY YRe=
coolant channel24 cold trap® H2A 7|17 8% IZA7 22 5471
Aoz wAgdeA 4 =9 it 4% AFx=EAM Il AER
s A=A o Wzhgel o2 annulus channel?] WAL F i
S2TYl7 P4de) B Wze] Fedo] Bk annulus channeldt-FoA] o
Al BERE HHEA wire meshe] 2HEANGE A 2TER o
HuztA se] sich B 2344 JehdA gekA HA F oy
e J2OE AFY 2% cold trap®l RYEHE L2FE0 duEL 9 o
sl 235 F A economizer) e B
A% 9% annulus channel® F33HHEM wire meshe] 2HE A9
£ Z317] AdnR EeF%e] FE(super saturation) Y HE SE 1
FHE2  wire meshe] BEWM FAe| o] QAsin Ao A

_HT-



FHo] dojute 2B FEC cold traps] FAEHFIES JHy 229 @
a7l g cold trapWiclM 2l AHaAs] EEEX] 4] 2T
cold trapiel M 2] EEA4e) Rd94 s 29232 AdR ENE O
Eh5td.  coolant channel{al, annulus channel(b) 2E]Z S A& (c)el Ue
IFEY AY22 4E ¢ om oYz wEYA ¢ 4 R
Fug 2 FuEdE 2GRS g3 2o g 5 U

dTs (AL b xd))

dx ~ (hy + k) e )me,), (7= T @
dTy (hy k) wd) -
dx (R +irf'm’1)[m6,h{ T— 19 (3-2)
(k> &5 xd)) _
* {ﬁ;'l‘h;ﬂ'ﬂ”{mc,p}h (T T
df, ___ lhikizd) o o, (33

de " (hy + by md Yomeg),
channeldl F+d5de #7198 E58& FAxzVe= 43P <« 3ld. A7
A hy, hee & 2o 32 249 ALE YD 2 AFaM ulEg
Ades RUEY AaAFPNEFL IYPFos AN 3d K@ AEPLE
Axd EAY) 2EEE FAA AAE g o AUHAF o)E3
4 annulus channelic) 98 fWgd] BB LT EXL wire mesh3HE
o] £2Z HAY £ AT 2€D cold trapAR Y Tzt P £ &5 3,
annulus channellb) £=5% % dlB2WHe 2=(T.)=

b

T.=T,— m{ T—T.) {3-4)
)i WEEE(Tw)

Fom Tym e (Tom ) (3-5)

ar " 4 b {k;+&;} b C



Fig. 2.31. Cutaway view of cold trap.
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Fig. 2.32. Section-cut of cold trap for model simulation.
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Table 2.16 U.5. sieve series and tyler equivalents (ASTM E-11-61)

Sweve desination Sieve Dpening MWomminal wire digmetsr Tyler
Standard | Alternate in. (approx. in. (approx. Eq':"“'é"t
{micron} {No.) . equivalents) - equivalents) designation

{mesh*)

41 20 05341 .04 0.510 0.02401 20

107 25 0. TO7 00278 0.450 0.0177 24

595 0 0,595 0.0239 0,350 0.0154 28

500 Eh] 0.500) G017 0340 0.0134 iz

420 A 0420 0165 075 0014 as

154 45 0354 Q0135 0.247 00097 42

297 50 0297 a011? 0215 00085 48

210 T $.210 O.0083 0.152 1. 0060 65

177 a0 0177 00070 0.131 1.0052 80

145 104 0149 0.5059 0110 00043 1)

« mesh - which 15 the number of openings per linear inch counting from the

center of any wire to a point exactly 254 mm {1 in.} distant, or by an opening
specified in inches or millimeters, which 15 understood to be the clear opening
or space between the wires.

Table 2.17  Selection of the packing {wire mesh)
Mesh | Wire dizmeter Eievfre: Packing _ Packilng Sur'face area
(enm) opening | volume Aunit density Aunit volume
o frm) volum {ka/m*) {em™")
47 0.247 0354 00437 350 70722
48 0.215 0297 0.0376 2987 7.0354
80 D.18 0250 00331 2617 1.3627
65 0152 1210 00256 2022 6.7355
80 0131 2477 00234 184 .8 7. 1445

+This table iz based on the 7 screen theets per 2.54¢cm laved in the column

A 2RATE 4B AY ATl 27 HE

TEs ELER) HAFMNT B
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Fig. 2.34. Corrugated wire mesh packing.
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Fig. 3.2. Reference saturated cycle steam generator
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#2] ooz 22 ZHEE FHa Ui

o] Zll AL Reference saturated HCSG 3 3 &4do] 3UE once-
through HCSG % #¥¥® IHTS R SG A% diz] A% z12d,
reference HCSGo§ central bypass system2 EYd¥ 224 HCSGY %
UHZEH ol F ok ol H dElA e Dol &, Aot 56 A=z
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ognin Hadn g

U AF-F s AAEN P subsystem dAF HH
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YA FAFEIN EHE F9 o)l FeAst TAENY AF5-F W
+& 427 e AHAEHT A o] v FHN wEvi S
23 7] W2 FEA AAde Fa My el Ldo] HRES
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(1) 7= A232 {LDP, Large Developmental Plant)
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F 118 A48T # e A£F W7 F42 01,
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(7hy A7 &Y A2 3
LDPAA 2] large DBLs (Desipn Basis Leaks)®l 9#l4= 3714 g
reference SG 2Ae1 W= 2tz 23 FY#T 2ok Tube leakse] 54
R Aol w2 ztZy 4A7 2242, LDP AAE 3713 9 reference
SGol wal Hdz dAstejol ¥} Large DBLsoh ti#isdes ® 319 A
2|3 v} e}

Table 3.1 Large design basis leak definitions for the
large development plant

50 design Imitial tube | Time | Other tube | Total Noo of
failures, delay, | falures, fatlures
INnEG<] [<] [ELFE s

Hackey stick | 0o 2 1+2 =3

Helizal coil 1 5 1 1+1 =2

| Mhinlex hibwe 1 - - [

» EDEG : equivalent double-ended guillotine break

[HTSE oY %3 134 mpture disc?t €3 wbe?t £719 double
ended pguillotine (DEG) #do] deld of HALE= 28 9 &89 ¢
HPA~gry uiEojol fcd. Az LA = FH B9 gy
£ THTSH 2 42 2id dA¥=2E dHQgo| s = e,
e dde2 sl RE F2 AR dElMe #5288 #Hr8e
Hl A& =le]A} 51, SWRP sub system? 224 sle} §#ch SG AL
Axasd dAFA 9 7lel A AE7HEC] LDPA didte] BE sgdg Az
Yojubs WG TEY large-leak 22/ & 4A}=d B3R gt} 9714
A AF5 2 8= reference 5G A ~HE helical coil systeme]c}. #risi™
AAgAM Ko Aol 7173 28, FVH Y design leak rates?t 1o
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ih 4A7E8 28 ¥2

Small-leak ~‘}& 2% LDP SWRP subsysteme| i 4A4HZ ¢ ¥
& Vo] gl 92 A Yo Y] Sl PE FF s Huy
ek o] My gedMe &0 FHn =d Aoz SHsY IHTS
cover gas®] | expansion tank®l rupture disc ALY vtz ol
A HA&H22 2rte Re= gl of A UPY Fi2 HTS
AEHA fHs]le] XE4Us g £ = S22 535 Aol gAY
large leakZ AA WY main rupture discF HBIYAANA P} SWRP
subsystem& ¢]2{ ¥ AR x FEES AelY 571 gl o) o
Aviel g olg @ gA dalld ExpHez Aslwe] gle] Alxel o)
¢ A4Y = =8 9ok PAdt L8 sodium hydnde ¥ =
Ha, 22n v Belds sl 249 CIEEF 52 MHaE & e
computer codes?t Uk SWAAM-LT™ code= small leak® ENYe=
=48 ¢ UdE& =AY £7 Atk SWAAM- LT+ thermal-hydraulic
computer codez24 LMFBR A2&-# 9% ALZ 4 SWRP subsystems2!
F71% AEEESE A4987) HAH Argonne National Lab.(ANL}] 213}
o ey 2=}, o|A2 2F-F VHE AL3el A SWRP subsystems2]
7170 AT F210] fittd S8 ARstdg

) dFE ¥ H7)

(7h) 48 ==
SWRP subsystem® sizing 5171 §1§ source termE Hel gl o)y
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2L AEY e Aotk oY EAFR HYHede FF29 blowdown
codes® ol® Ho|ES3] A4Y% 7} 2tk RELAP4-type!” codests w %
LMFER 4idelA} ol 2xoz lg8ck LDPE M7 H&As
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{(NRCY M 98 2E2M vldAlg] 3o} Yz} M49 H7F 3=0d, 7
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Aaz17F APL ¢ factors large-leak AF2A) F&92e] el A4
He 2 B4 715 ¥ lage-leakE 2137 A Y 3L 4A7
T large-leake] g T2 A9 524 Brisiae ol |9 o]
o824 A4g-AgE2e ¥ ASHL Gu Y =7} Uk,

() 449 24

A B2E2 HE AHEElR 21 LDPY helical coil 5G system™) o
# E3HQ noding diagrame ¥ RAYZFH M3 §Ro HyRry
€ 2289 £%29 blowdown2 2 FASE ¥ REUHEZF)E B8
7] Hit 2dolc) o} & PYFe Alna) dFHoz Hele ML N
2 ojlield, o] 22& 2 E % F2 YU, blowdown UH R relief 2
% 2A] 919 2deid ddd R 3y dasA g g8
» BE2 RAgh FH SdeMe= dA7)E AR 2 equivalent DEG
g ol2E AoE 2AEC RE #4922 001 )Ho2 A,
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3 Eol7le S0 & #F HA J¥F A7 AA § HAAA
& HAZ olFazd 5 ok, AL F7)T Eotels d9o| BEXoz W
Biate ASA B AEE oAl BUHA 3 29 nAE UAS
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Hel oA Fe] 71FE SG 2 Pl del Ak TAE 13Y o
Yag £ g Fi factorE2E ¥2 FE2 RTB0UM L= 244
flashing<l] W2t Bernoulli =& Moody BAHF o= AZ AEE A
7} %= Aotk RE Hg P relief pathesl AN inflow quality?t 006
ol 49 el Moody flow tables® AM&#ch Bernoulli 484E quality
7b 00LE T 2E o AMEE R, quality?l 0013 005 Aleld wldl: HEul
Hfel AHgd

(th) ) Sz F NE FFH7

271 3 #dr] 278 BF o= dugAdME FEv)dA 2l &3
g H5F 2 fdol IA debdd Fgrldy s v #HAS ool 2 -
B2 %ol 2522 FSe el EF3 H2ES ¢ 71 sk ols
Te Aol 4ULUZ] M2 Parametric runs®] A2 M= 73 43
7h Wene ol A4Hn. A H71A parametric runs¥ 27 3]
IHTS2 €3 57l 24 E &9 % daAe ¥ 3109 Lield =}
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LDP system®] helical coil 271 cAgh 2] &4 F2FE +& 9
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Fig. 3.10. Leak location analysis results
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dE 3 #8E€ FoMNF)= FEE vl gk 1Y o} 3L R
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Fol Alay A ¢lejd 2522 FSirie &3H 2 4%
FaA3= $le 2] A7 dan, layout YA oW AT WHE F
71 . =R iy dA, ul@e layout, BR §]3), Ex FAA, SG
¢ plena ¥ R FRIZ Tt $29) onficing =4 wal 1Y #
F& 9AY 71 stk LDPY gifiM= 248 Foi F:FHddY
ot g FAay dSe] AXERY

(71 =249 s
Ao 2 cmder noding medeld %Y K5Y #E A ==
2dg FEHA N A3 o 3GY ALE T £0) Ukl 2 &5
2 2ARgae AAY KB F9 ¥ Zel ¥ BEY o2 FgHT M
Y AN FHE Folck Fel LDP MAE HE A18d oAM= AR
$ ¥4 A= Yoz AAH Usted o= A% 27 s
S 2 AAE ALY 57 2dsid. Helical coil 5G9 947 2 &7 #@
2 49 SR JPo2 JdEH ¢V Aok oA $o2d Feo] 9
g Eez FINE AFHLS TAAMYD F7 en, fZe] AFAHQ
helical coil SG2] line€ el &AW w7 k. 4 gojq 7)xH
2 BAE 29 FaAddeEs H3d HFE A Ao, nigA @
2+ 5G 2R EE# #4E Feijol e Fevt MFF oPEHA
Wo] ALg3 A HE YL AR E A2 K844 o2} s 5§ Bl
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5lo] gtk 2FH-8 Whgeo) Bo] §AE E FelPust Fast= gelg A
H N o 1&elh o) AIYR sdF pressure transducers Abels] H4A
A2, #Fexel= @ A8A7E FASE AAAD 2 F2] D dumping
5 ¥ ¢ URE A AL 272 VEE HE%ed gad us VEY
Aelch. o] 2AATL ZE Y A1 82 3= NP 052 #He 4
B A 3zte] 2hgErh o9 o] 2 AlTe] MW ey line B
XY linesel 4 water hammers ¥ 5kH A SWRP Fo] ma Az
g2 g3 Al B4 F%E Hriekrl HaEke geAd dFee &9
f27F - AEsIsd AF 238 29E AT parametric HAE
gt o AHAFA YW 3117 2ok A&Pus S8 A2 LDP
system® £ FC2 F3E ol E So7h ] % glo] 122 F71
A & sl

ith) 371 W29 B(Relief Valve) 299
29 31004 2 Htepghe] HAHA L AE2 tubesheetol d L5
W LDPe| THTSZ @& 23y B FAF7A o). 5G systemal X
15 % steamn relief valve 49§ 7184 4L JEF F¥dAHIH
312 @), ol2id AFo] 28} relief area’™ WA FARH HAA o4
Z <} 0046 m'2 F7lEleo} fikr AAlEz gl

(2t) 221247 R Nagel i 4AEF
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Fig. 3.11. Effect of isolation valve closure period

on comulative flow

—337-



i
= _
223
EEE 1.00 [
S8
RE* g7 L
-‘Jﬂ -
o
el -]
=28 o050 | . . : :
oo
%EE 0 0.046 0093 0.139 0.1B6

STEAM RELIEF VALVE AREA, M° —

Fig. 3.12. Effect of steam relief valve area on

cumulative flow

-33E-



AN + RS ool @) AL o AL M3 A €9 HlF
o] guick-clesing HEl#2 = check valves® Aul2)A|PosH 5354
T UE 2 %ol 24 ¢ gl vlxe# linesirelief area F7ilHq AF
e met BEE Ao ¥ ddss xoez FIET AL HibAge
24 Qe HAF AHE ¥ 5 e #YE 924t

(6) Qg AMEA i G

SG #AFN £5F Fo) G Y o rlief system2] 92 HAHA A
B 3T 29 FFHEGEA diAA DAERA HJeEo LA
de AL g v el 85 FIE o) AUHY dEdA B
A4FY RH A WA g 9% F Sl dHHEEg) Hel AN
4 Jehg vk, #3437 2)31d SWRP subsystem A4t ¢)45E
Yae A AH7} e o] Yy Ak

2Na + ZH20 — 2NaCH + H; ------- {1}
NaOH + ZNa — Na:0 + NaH ——---- {2}
2NaOH + 2Na — 2Na&O + Hz ---——- (3)
2Na + H;O — NayO + Hp ---=----- (4)

Ans L4e d3d V4EGEY 242 50 wi% NaOH, 40 wt%
NazQO % 10 wit% NaHZ o] $£o3xd rlgdQd M uvhgo] st@=™; G436
kegll [bpte) €3 09045 kg(1.4668 )8l 5ol HEH W $HEL 0665
kg(1.466 Ibwis) NaOH, 0028 kg(0.062 lbpte 472, 0532 kg (1173
b} NagO 3 0133 kgi0.293 lby)e) NaH”t 449} Ee| hFod 4
25 FFSET 29 ALE 7|gsiy 49 AAHLFF2E BOY 7
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olen o f&£ SWHP subsystem<§AMe F4 dif 27]& AW
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T A8 ARE& ZIFske WEA § Felth ol F& At
a2 A4Sl £ FFY H8& 05-065 ok LDPR SWRP
tanks®] ¥ HAA YR HEL HFHE £U3r] Belgrx 27
large-leak A} RZRE REHNEE FAE £ UA=E AU} v
AR 2= o] BaMo)Y AdFsn 2l 94 T Aol galo Qg
71 <t

N Fz3 %7

SWAAM-LTY 2=+ rupture disc’} 2E %2 SWRP subsystem
of ¥ FHITFY Y& Yrlel=d AHEE £ 8o o) 2= FEVEE
FEANMY g2y WALt 4 7]EE HTSE 71432 rupture
discs® HEAZGN FZHG o] 74 71X Y 2 AFS HE3n,
2 YIS MY EL relief systern S22 S o)l Relef system? slug
moded| A wig o] dif A2 Te] sty QL o)P FHY Iy
B H7g 7k . 28 dE, A R LS FAAFTA@REZFAY
Hegde dGridlz) HHd T2 medyq Ag" & gl Fzte
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B Al294 hydrogen sodium hydride 2 5& A% 44 ¢
LA
- aF A 7Y 24 25 =Y
-7E 27 R Aedxd E% sHaY Fd 299 YRAHA M
L
- THTS=H 2] 24 &5
- SWRP Al &2dde] 74842 ¥4
o] AellA AFH UL 7] T3] Befsle m
@ LMFBR 5G*14 large design basis leakt| 2§22 224
FHd 2 FEA T Ec Fol3 A AFA A parametric B4 S
FEYAE AT 7)Ee] slojel @l d-F ydge o HE H
I # ERE T4 REF W3] Tl Ho.
D BAYE L reliel valvesst @& A2 THARAE SWRP
subsystem2] @Rl 7l@dled A7 &8 A F o
D FEH o= SWRPY AFE o7 A SWAAML,
SWAAM-LT 2 TRANSWRAP 2t o) 53§ AL swsd 2= 53
a71& WYY + U=S® sl @)

b

gl
-

t}. LMFBR SGolA ¢ 4A71E ¥23 Atz S4(ID
AE-8 g HAMI=U SWALS 9 LEAPE O 8 #3%=2] LMFER
SGAl H4% F ¢xE sAsHd. 600 MWe FBR SG2l parametric 3 4
£ updated codesZ ol &8t FYsULd, SG EAZE vTEc] ME
#/%7] vlowdowno|-l cover gas type WAlel cover gas?}t fl= SGE& 4
SgozA ALY T Yoo F& 29T AU Cover gas”t 2o 7%
ol 4 Z7] spike UHE cover gas’t U Aro ¥rh 2 pressure
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relief system® QA& JHA Foz2y o= A YBF AR £7)
Aot 2ARLHL 4 Y29 AMME cover gas *H oY cover gas”t
= FEE SG Aloldl 5@ Aol Heo) gtk

LMFER SG3 F& R4 129 AAFE 5% 242 E/F7
Atelo] GEE RRE F3a FGa@ s Reldh gl FEY] Fgel
AA Bel v&3IF LF-F Ao doju REe|HA Fartis ZE
yuy Ao FYdch SWR el Jelde Hie F2 E ¥
&2 o Fa R 329 Ao BAG FL 5E oMo AEZF4
E2Ed FHE wastage?l RA430, 2 g falurer) Yoldrt &,
FE ARt SGA A Hojdch,

Table 3.2 Classification of the sodium-water reaction phenomena

Boundary

leak rats 01 gs 10 g/s ¢ kgfs
Region Micro Smmalt Intermediate Large
Phenomenon  [Self-wastage Target-wastage|%ulti- wastage | Thermo-hydraulics
Wazstage offect|Self-enlargement |[Only adjacent Littde damage

. ad Plural tubes o

on the tbe |of the crack single tube on the tubes
The code

N LEAP SWACS
applicable

« LEAFP ! Leak Enlargement ard Propagation
» SWACS © Larpe Leak Sedum-Water Heaction Analysis Code System

AE-B ®W2(SWR) F¢ele Firt 3= 5G] L =A43
IHTS2| 22fs] FEo G2 na) X =, 3] [HX- 2 9%2 7N
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PNC¥ LMFBR SG+1412] SWR 47t o £Ad 38 A= o
Az 2o dve K2 Do) A 42 HANE v GF dgelm,
b Euds da R 5F SWR A2AY [HTSH digt 232834 grien},

AR A AF HF YoYU SWRY HA4S F8EHA s A
oli, o5 SGeIM e mE A FA4E A7) Y8k FREH A=
LEAP(Leak Enlargement and Propagation)& 7I€g Zolc}, o] mEE
prototype FBR9! Monjuol gt DBLE R ez Hozted A&
th £ & Foxr PR 2= SWACS(Large Leak Sodium-Water
Reaction Analysis Code System}e] tiiZ 7§ SWRe| 2oid= F¢bs
IHTS«1M2 h2in £Hsg 457 g4 ALHEALM, PNCHA
SWAT-1 ¥ SWAT-39 A|g2&F AHEsly FUsIAL}. SWACSe] 2
Faolgtn 9F®H &£ o] == Monju IHTSH f§ F23 Hag g7
Fe=d Agaart @4 PNCAA F2 FAE F2 478 = e
o]2}8 FBR F#Ec)7] &) HFE T=¢l LEAP ¥ SWACSH o]
A eeRe o Yo, FAxAE 8 F72 FBR 5Go Hgn 3
o},

{1) LEAP ZE 9 3

Wastage 94 £ self-wastage, targel-wastage B multi-wastage® *
FY £ 4o LEAPE SGAAM FE H3 As§ s 3y oz
HE o249 wastaged Z2AI gon, FAd FFE ARPozFY
E/%7]17} blowdownSE = 3, rupture disc 38 F EPE dtEAjee] 2
H AgEHS F/F715 dumpingsle TE AANAY & FEExE AY
gk HZol = o] 2 Z3o] Moyu SGl ALkl #E Aolr WEFE



o] AZe] 225Cr-1 Mo ¥ austenitic stainless steelol ¥ wastage E4
T2 o] BEM o] &Y 7 AUL

Mod. 9Cr-1Mo steel® #Z& A& Yol EL steelo] large FBRY
once~through type SGo #93ldr «AA T et AYHH o fA&
2248 high mechanical sorength ¥ stress corrosion cracking(SCC)«l
e Agde] A7 WEeoith, PNC #HE3-le 2§ @] =& steeld
¥ wastage A3E FHE 3t Q29 A2 JEF J9FT4L 27
R g} Wastage &4 2 LEAPH 742 8 4 A& @ 31344 &
oD 9oy o] 2P| M= A2F 257 TAR K ¢ o 9] curveE YEllZ
¢lth High-chrome steel®] wastipe £5& E ¥2457 01 g/s o 39
self wastage Fgdd A& o}& APRct o # FEEE7 0110 gis
¢l target-wastage FYolM= el A v 2 SEHFX 10 gfs
o] A ¢l multi-wastage 994 wastage SE2 2.25Cr-1Moe steelst 2
o}, Sl ddo) w2 wastage AEZE o APFHL =&5 719
P33 o, 225Cr-1Mo steels] AEE AE8e ol BFFHog:
ozl 317) el

(2) SWACS™ zmE9] +3

SWACSE 9WRe SWR ALZ& =47 989 2348 gAY 2=
ol & ¥¥%%E, 27 spke WHA(SP), IHTS22] &7 spike 2 A
o 2 FAddds] =SP4l digtd AQE T+ s 3
modules 2 T4 5o it}

Monju 5G4l cover gas 9ol sid. @y large FERel dl=hM
cover gas?t Sl=(NCG) #3849 SGele o E HAl8 3»38g NCG #9%
9] SGo) dHME CG 8¢ SGRT ISP7L dutder f 013 434
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Fig. 3.14. The new models incorporated into SWACS
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Fig. 3.15. The flow diagram of the analysis procedure
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12 dARATE H3H headd HF2YU + U= HF3FL Zdg.
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Fig. 3.16. Schematic image of the plant



SG7F itk NCGY CGH = SGe o2y w3z 93¢ Fee
Mod. 9Cr 1Mo steelZ24A] AL 318 mmZ TESZHcE 39 g
£ E 3339 g

Table 3.3 Specification of the Monju 3G

1 | 3G Type Hebically coiled |
opce-thrgugh unit |
2 | Heat Capacity 533.3 MWt unit
Heat Balance
i) Na
= Flow rate &350 ton/hr
3 - Temp. {infouc} 505325 T
i) HzO/Steam
- Flow rate a54 tor/hr
- Temp. {in/out) 240487 T

m Decce fiodoustl | 1AASDT demfarnBA
Heat Transfer Tubes

- Material Mod 9 Cr - 1 Mo steel
- Cnaside dia. 3.8 mm
4 | - Wall thickness 3Z mm
- Length 703 m
- Incination 87 deg
= No. per unit 351
=Dl A2 ST —

(L} AP A 84
LEAPH] =l8f A8 333 Annale] # 7 29 317+ e g
o}, o] 2R E& dpgjidel REHE 3BWle] £7]) v5 REeln B 3
L2 408 FH 9 PBOE WRLE v2ET Yok 2dEE 2Y BB
o ¢1 Y7 408 A2t AERFA 9 wastage?l S AL 40
W RHo BEgy #AEE KU ATE 2oy He AdyEEss
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Fig. 3.17. An example of failure propagation

process calculated by LEAP
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At gk Aabale] glo)4) 329 RH2REY ZJFEFEEL 9 160
g/s2 HAAGAYT HAYR2SEe 0N TR BuEr) qE2G F7E0)
Aztgel e ®BsF RY5E HATESEEE | DEG U &5
U AR AdEed oF 15 kg/s7HA =833} AIFANE SWRE SGA #
A5ls) 3= RD?F SG2 SEE7IR A3 RAPE E/%F7]9 blowdown
A& wol FRPC

27178554 HAF RS PAE HRARESEA A9 27
WS WA ZIPA doles HOhEEEE F 6 g5 MR, 2
ArEdes O E WEHo FH side] ) BYYE 2705 w4 peak
& 29, 29 3184 Geht 2le ot Ze] SGHY #%1 &/37)4
blowdown =4 & Witrgleg 275eETst ¥2E57) 713 & U
Az AdirEEcde DAl 29 3199 2 Type I curve® Ap&3
o #44 Hel g3iF DBLS NCG ¥ CGY SG Dol sty 2+4q
{a<1l) ¥ 3 DEGs24 M+Hez HrEAT. o=t NCGHE DBLE
CGRYY VEH o= in-sodium3 2] RD7L @2 B =7 wiFelc o
2ol NCG ¥ CGHe DBL& 77 type 1T curvest 29 M2 blowdowns
A4 ezM 1 P 2+a DEGs2 #3tde o @Al a4 blowdown
& Pheatd @z A zsiel st EF large blowdown WEE 4123
DBLE 9 # UEE ¥Hol ¥ & + sk

(t}) & 5% A4
fAg AWalE neisiagd SWR P4 AMEF AP A= Ausi= &
FEESES 954, T4 R 128 262 AUAdA g AdEAG A
UL 47 L FT headerst ¥ fF2HAA Foact Addde] sl
4 5}5 tube bundle FHeNM 2 F&FL FHHNL
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Fig. 3.138. Blow-down characteristics
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Maximum Leak Plate {Kg/s)
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Fig. 3.19. Relation between the imtial and maximum
leak rate with varying the SG type and

blow-down curve
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¥ 3208 1444 1+N DEGs7A e A did By LzudE
Rt Curvers 34 peak @& 714+ sharp overshoot?t 148 st $
e a2t § ¥EE4EE 1 DEG ¥ B2 1, 2 3 DEGsH] 22+
4 35, 185, 37 ® 565 ke/s2 A AE0AT

(2}) 7] Spike ¥Y AL

ISP 2 o ¢rgzse] Ads] FEEE curver 29 32095 behd
vte} o] 2 tube bundle G¥elA el #7132 t DEG ¥&& o484
t}. Parametric #4de] &9 1SP 5S4 )3 A5 F pressure relief o)
A2 layourel o2} 92132 4T sleo, £9 CGH SGY 43 peak
€ NCGHRe 432 vig a5 .

HXA M9 4 PHF e TH 32190 YeEpd visige] top 329
Ao FA&8m7t o 0 M’ CGY SG ¥ NCGH S5G 259 w#d SG
vesseldl] €l+= pressure relief dj#t2] 2] case 23] A% 30 in, case 39
A4 40 in2 DOENSE BT gl EF o] 2ol HX-1MY &
A peak”t CGHAME= 66 kg/cmiAlcase 11012, NCGH A e 104icase
BAM 127(case 2) kg/omAe 2 el g 23EZ CGYHY NCGHY
4% peak Aol 4—-6 kg/em Ao, YA =M parametric WY o
B} pressure relief Y=L 5G vesselZERE hot-legut cold-leg ¥iB 3 2
£ F HBe 7 Ax FE AFALAL 8 o] A& of 29 +7
et

(n}) &3 % Y4H(QSP) A4t
QSP M 4tellAl= #5 tube bundle F9HdAM 2] 2 9 3 DEGs ¥&d
e NCGRH CGY SG F e A3kt DBLs: <ol ot Anay

=355~



Water Leak Rate (kg/s)
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Fig. 3.20. Water leak rate calculation
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. An example of the initial spike

pressure calculation
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AN Eeyez FHrEslen, A7 HM §F FREE ALE HYME F
% E 245§ AHE3AE
23 3225 SG9 pressure release Wi 2 Ae] 30 in3] HXAHY QSP
o d3 ¢ AF Bozoh ALUAME CGHEY *Y YEFEET 27) 2
YA NCGEET sttt Jgd s 9512 [HX 23 peakss CG
Held NCGHAIM ae]2) Q&g 2oF32 Ed o= NCGHs]M e RD
7 THA e ISP 23] AulF we 27 DA 287 gF el
2§ 323& pressure release @] AR WA A2 QSP peakE o
it o] 2gE B 4 peaks 53 A Fe] F 300 mm olHe] P2
ol dgelr= vigke| AFHA Mo A&Fgs & £ U2, 0|9 po] &
g oAz CGH 3 NCGESR St peaks?t A3 A zlol@§ & =
ek 22 CGE T NCGH S 23 peaks®l zelebE A &# peaks?t o
B2 7 &t ol gL Aol A=A ARA W Mg Ao
oAl g ot
of AolA FEHo=Z AFsu Y= HER SWR #Y=EQ LEAP
L SWACSe] & #32) SGelx: A4 # S £GP, A9
FEE AHEst 600 MWe FBRol dial i8¢ 58 48 &7 2
D DBLS #E B/37) blowdownd A&¥Hezs ARAZ
T Stk F, blowdown& “H5 5T BT A A3 Jarge blowdown WEE
A1gEs Re] Fasc)
B NCGE SGoHdY ISP CGEECY =+#22% pressure
relief system$ AAGATeN TR + o)
@ QSP peakso] tisiMe NCGEH CGYoAA S99 Aoy
of §icy. 2ejnz CGY 3t wdstA 2 NCGHE rlg] FBR SGEA 7t
o) gickz PR
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Fig. 3.22. An example of the quasi-static

pressure calculation
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Fig. 3.23. Peak value of the quasi-static pressure



3 ATE F2849 Y
7 A4

AYBE 20N B2tz AlEEE AER 2 -8 Nyes &) b
£ Hojr] W SG AN Fasd HIsn geq, oF
o] el B3 WE3H= AF 2F5-8 S8 Sl # Fdi4lin
2 FAEYgGE oM o F Fa3A deefAi g = AF-F e
e Fage] J1EL] BB ¥ SG EAdA} E2 S HFEE= o)
o, o2 YY) FE FAAE B(FSF L AF)0 T2 AL
W2, € oo o2 22 3¢ T %271 B wido], AMFLH 2
A% 44 2wd 2gdoez HFASY AE steam!{F2 Ble| ¥E2E AL,
AE-¥3 33 g TR el A9 ANag ey &%
et rEF PREHE paTAA HE dAYe, B 2F5-F g4 E
8 Faedd UL U NI 5 01HP BAite] ¥BHA R E
€ AAANPezd F& 727 GUE 47E dFR FEz 2Hge
24, Yy rsde] AE5Er) o Reg®,

£F-8 BN g AR AT7FE Y, 2L L F-
g WEo dig A3FE |22 #4, SGUd THeE fA5Y sl=
steatn{ )0] 2FFLE FEHE ¥ ¥ LAY 477 =E o5 9
o Aq™F 5G] AU PAY material BA AFF 2 5o 24t
B o2 FAY & gt ZACE BY AFTE 23 £F5-2 Vi
2 g HEALAER T g FHAYEF ¥ orelief systemd] #
W APEP e Fo) ARG A FEPH 95 Agis ApTs
o2 & W2 Bofel] A AE7 21 AR gley, I 2453
D e 4429 Ade)d o & LF-E WEAE ¥ LY 24
o Sz, g I} 49 dojei H4E RS MR UdE HL dRE
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o|2, R Bt ol 489 A7} AdEe FHE 9L AL F
42 it

o 2F 4 T wg M

L2854 &9 £ HY3AQ vl hAY FHAMY FLaEH Y
F5u glon P8 AMERE= $4 NapO, NaOH, NaHE2 849«
o|FF o4 doiug Exst=7ls AFolut HO= F44], A2
%ot b o] wl i WA FHAY. 2 FY £ G F
AP LA geZE 4 viie] T4 vlEe] 244 akali HFEFl
£ 55 d¥e AF FFE 2499 d8M 25 777 B4 3
7 Ee #7159 At wEdo fge ¢3dg 4 E ¥ E
ghg-oll M PAY £4 Tha0 F7)EY] AL dRE 94EE TR
T g o) slEdN ne, ngks] dErl sz aAdE] ghE AP
4 NaQ, Naz(z, NaOH 522 F4d A7{lume}d B 4990

YtHsz L EI B iy O AFe, 4 X E{reaction
kinetics) #ot%} Na-O-H AleiM2] @os =4 o, 241 ojre o
B AP, EA FAY [ A dan gF Ao ¥ 24 A9 24
Wele) i A7 dHEEF olFx ok @A kR (YA UL P
d ShEEFe] AFHo2 oA A6l wgeo] dojddR 7Y Ed
olnf ghg &30 Yol e} d¥3ez oA o]¥H A
¥ E71= H5 ojH7] dAde], &8 SEF AT Hel g ¥oo gl
S8 EY L£59 FFEENY] YEZAAG FrBAZ 4o A= 3
Yol YAEE k. Aoz g Sxof A%E Fe A2 GEE
o HHH, vhF driving force, 9% zomeolM 9 Euds, wrEE9 dE,
Wb g2 2 A E(phase), ¥h§ A YA3 L F2 ¥ 27, 27) 23, 7|8 52



dge v= Aoz yshit, WA 25-§9 05 % PR4e
2Ne + H0 — NaO + H, 3108 keal/g-mol at 25 T

Na + Hy— NaOH + %Hz 367 ° "

2 FE whieo| F2 Pojdc ot A B2 jkE £%e me}
NaOHis: 8 883 cl¥dslMde

NaOH + Mejawoninvg — N0 + H,
sf 3 Wi 3o] 23 a8 dejfA ¥ 3, F&AA LE-F wgol
de| g # e FE dH>Le

Ne + H,0 — NeOH + 1n,

2 N2 + H,O — MNaOH + NagH

2Ne + HO — Nexo + H

2 Na + NaOH — Nz0 + NeH

Mo + NeOH — NayO + -%-Hz

JEE:+-%H2—rNaH

o} & kg wPe reAde] gles, NaOHH #&3 <A 28
-2 S w)Ed @At

Naw + HOp — NeOH(,y + %‘Hzm

Nagw + HDp — NaOHyp + ‘é‘Hzm

o] yrgo] dojutrt}, HY Lgo 43y 7 Vg 57 NaCHY
5% ol A=
2Nagy + HO, = NoyOy + Hyp



o Wgeo] 2 L4 23U WNgo=

Na + -é-Hz—» NeH

Na + NgOH — Ng,O + %Hz

2] wt2o] ddojuts Nez ¥RST Y} FHH NELES AHILHE=
e 4 FHE2E9 70K 22004 dolue 2F-F gkl Ay
2 Ng + HyO— Ngy0 + H; 40.7 keal/g-mol (750 Kol A)

M + H,0 — NaOH + %‘HE 50 " ¢ ")

9 wWgo] dojus Aoz Bl gen, SGAY HF LER 50K
Z Y A BY 2FHAAE DLL2ES NaOHY £83 o]4ke)7]
af) <]

Nz + MNeOH — Nno + JELH2

o) Bgo] LEHOZ o & Yok

o} Suigrd @A 4

gLz FAEHY e steamiF 2, F) FHAY FF0] Yol 7%
dE 5G| IS R AAA] P oE BE R AL Fio] 7i4n)s]
Mt stress corrosion, AFF A cracking®lH pin hole®] A,
fatigue 5ol 2)5] 3F ZHgAde]l FEetn], FEIFY steamelt Fol F&Y
7ts-del glch o w sieam #H2 ¥el A2l 150200 bar FE2 23
o]7] dE] steamo] AFFH2Z FEEHTM LF5-F gl TAA =
T, o139 LF-§ T3 SGHAEE FARD e P g £33
g uhg Ao oy AF-2 UFPLES DFY, 23 FLIAF
SRR AFHozg NAY W FHEF FANA D, 4F-F G5
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2yA B AdE erosionB 3l 3 wastage 4L FAPEs Ao
THg + 2ok

ol#l g Ade ¥ EHE steameltt B2 % SG2 P2, dimensions,
Ad ] vid, A2, leak wled] 2, 7Iet 54 =18l B24 Jepd
o, ¥&9: ¥a%e o3 92 Monjurt 932 FFRY 238 »d
E 349 2ol 7RG v YutzoR S 23] 006 glsec o1 AT,
& pointel 4 jet flamed ¥AHe] %3] A2 HRT| L 72AF
T2 olEe) B HEFY R pointd M LFH B(ER stearr)e] g
A @ UHMER £F-B HEAYEA ¢ erosionol €8, ¥
“self-wastage” 2= AFEL <F71AA, HEH AAY defect® 1 EATE
ZAE 22 4 At oMY sell-wastage?t DAEHE= o Ags
I 3249 e of7]Ee] s FF point?l enlargement S Ho2
¢ A

Table 3.4 Leak sizes and their effect

Water leak rate

Classification |- blajor efiect

Monju FPFE
micro leak ~50 mgssec ={.]1 gisec self-wastage
srnall leak S0Omg—10 gfsec | Dlg~10 pfsec sigle target wastage
intermediate 10 g=-2 kg/sec 10g~ 1 kg/see | mulli-target wastage
leak averheaung
large leak 2 kg/sec— ? pressure increase

o] A FAH= P40 BHL s AFSHA N £4s A EEHS
stearn(F) F9¢ 2 halosi 4G #0] Yiheat)F ) defectel 98 =4 £
HeS Jehdls B4HE ¥A33Ed, olE AF-E NS0 2RY 329
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Incubmion eI - Erosion
Ma Na MNa Ma Ma
W m M M 7
H,0 HO H0 H,0 H,

| Thringh crack chinke] | 1 Ckl.rln: ol the orack I Imemal ceck erosuwn and fonmacon aF & Bl I Bl‘!—!l:ln[, down of the

by sadiumiwates dust v matetal weak- | conecal pi rctal bebween the Cone

FERCIHN Tirodhact g andor 1o an upex s the tube nncr wall,

akteratron of the T The leak rate |WCrEEses, remans constan, formaton of a fawty cylidn-

2 Malenal oormsion . SIS AK or decreaces, but gl weys remans below

a gencral and inter-
grauvulif £odtodeon,
WRErgFanlar crackibg
[ Tacoley #0463

b pEnetsl cotetien

(lemrm Meed)

3 Blind detection meant

2 Appearance of 2 legh
proporional oo g
exierin of zhe corrogen
that taak place dunng
e Incubaikgn siade

LCHF st

3 The leik cam be oraced by Iydropgen medtune
ment 1A e fedrum

2l ok wath & Few=rmills-
st dyamacer

2 The [esk raee increasss
suddenly

Fig. 3.24. Self-development process of water leak into sodium.
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Qo] AL FRANPLEH BPgE= o2 FFHYG LF-E3F
$ol VYD AP FA DY dAAE ¥E FE WA g
7t = critical point® AU S FHY ¥ & FUHE C1EEA €2,
AR 2o - 0% - A7 - JFe ¥ ¢AsA o

UurH 0 2 plogging =199 crackely pin holeol re-opening=7] 7t
A 9] A|7HE F¢ “incubation peroid”"® =9, oW 7% 700--1300 Al
AE7A 22 Hol A& AFE o™, incubation 7)1HEY 2F-F €
of 2jg 247 AFHNER] 2§ erosionH-Pe] FAlol FE&E o=z
@HA sz, T olHE WAL Ape: ALY AEY A2y 24, g
25, leak?| shape, 2F2 FF A%, 7Iel 52 H4e] Mo} o8- 27
R, o]AT= Ueld Al 2)3tH A B self-wastaged] BEP
AL Af gl Aeiolx, thet AlHAA |eak point TH A@A Uig
defect® T} S22 sddsts Asd 23z gl d@eld

#A7. micro-leakzt ¥ASHE F¥ FEEIAZ pugging HAY re-
opening Sl AAUSE ZA FrAA2 doHz e b, 94 24 v
&9) 107 g-H:O/sec 01819 H$ 4£F-8 W& 98 self-plugsls AR
o] ZetA JElvz, olel@d VAL Fo] F2E At JEhte=d HE: §
7 bt 349249 NaOHE #HAdsta elzlel leak pointE sealing
Aleey 4 e $ANs 998 . ol A4 A9
disturbance?t dolutz @ A4 ofF =¥ £=22 diffusion= o] o+
Hilg =73 Eahd 99 IEu o/d A tansient?t R AAHDY A
F@o] A Hol NaOH FHE &9 722 {434 =, ofF =d
HeAF AF-2 Wil 2% A4 E anhydrous caustico) material§g F
A#HA H2, ¢ aguous solutiony) AF 95 @S Fo HAE 249
o,
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Defect2 293 & 471 29 31404 AT chamber ¥ 8217 Eof
7hA REAAYEEe) walld T30 SR, Fe) FEREHET e -
wA ghg e U7l el defects] Holgs AL AFHY 5 el §
ok, Aquous causticol ST Fd 3 wallg] TH AF, Zo] REE: £
¢t leak path® AEH2Z opend7lE &1, £ steam{wateriel =3
plugged for sealed) =%l #HEE 5 dissolution~ &4 §2 25 4
L% re-openingsl e FHAe] R AgA P}

= o2 plugging P EE onficed] R¥ Y blockageS o7 2A1A
aorifice &7 metallic plugs® HAPst= AToltk 27 Fol 5 wid ol
2o A4zt Edsts B AAs 24 = wf #27) R, Ferl
428 & #s)s)o] Fe 34 Fiprecipitate}d Pt <]3l°) colder exit
region®l porous A pluggingAl A= d7Ald g 2L 5 4.

Z, da=z Ay Aol 2 144 Cr - 1 Mo steeld] A4 Adgy F
4 %3 Fe$t NaOH7} 953

Fe + NaQH — Fe ), + M2, O + H;

o & 13 9EE FAHZ, o924 BHE NagOS Fest thAl 243ty

Fe + HNg,0 — Fe 0, + MNa

Fe,0, + H, — Fe + H0
8 2E 2x MR AAEE], AFHAR

NaOH + Fe0, — NaOH - Fe,0,

Na0 + Fe0, — NayO - Fe,0,

Q HE EJY Bl 9 42FF He) TPY FRAEI] F4H
plugging % <k7|4171= ZHe= #HMsis ALLE 2o,

#H, 25-€ oF 44Tl AP R A +2 patht

plugging ™ 3el, 247148 2FHA dled 8] reopensls R %



LR s FE o4y 2 rio] 2457 A, F& 27]PH
reopent] 77 Fav AIE 2P #= el e A S5
3 2EeAe Felda dYzYA oo §L Ae|E nelxg e
#FAHE 29 UAE 2N9W B9 2@ 3253y JEidoh 29 325 1)
S, 2 Ae) 3 XZFAdM 499 2HE FHHAY UEd A2E 534
2}l 01 glsee ©18Y AF recpenol Za2lE AL ¢ 10 secBE 2 A
@ g gey oRE JuE BAde=RgEH P Aol ojyo, A
Y58 ddy FAF o i @ ®el reopen A B oF leak path7}
plugged® HS-x itk

2}. Wastage @49 4

{1} 7§ A

e 2 fAHY 3E steamiFiol £F FHAR FEREHE A+ ¥
9 e AFEYAHRE L5-§2) A WEol 23 jet flaned YA
A 5™, elE2 58 AN HGFe] TS A= AE #HHAA 5
£ ol T4 “wastage” 2= terminology 2 A1&8A €k c13 ¥ wastage
o THMe «qvtdN @l d7e Heo| Qo 4P Yz
Fo HolHeE M2 dE IREL vl Ao, W BHLR {3
¥ steam{E}®] pin hole 33 2& +HEF T 5235 A¥ jet stream
2+ F48A =HE, 2 jed FEE A2EE FASD AT £2H64 gz o
H72 gejz e & Qe 4g-2 el ¢ RN vgy
g 2% ercsiondl &, st 2 AED vlAE dFE 39
326 MY jets] Zeolod«d @2 MR o2 $PE ¥4 Wastage #™
ATl 23 F wastage ratec] ¥ S v AE QA2 F vE#E, FEIL,
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1a+d = 480°C
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Fig. 3.25. Relation of imtial leak rate and time of sudden
enlargement 1n microleaks.
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Fig. 3.26. Phenomena on the tube surface damaged by jet.
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& point® HIVHY A7, 259 4ELE, F2EE B9 943 2
T, £F &, 193¢ 42, £3d¢ 522 4FHT Qo 47
M PBYSol 4 AFASe Y HoBE R A7 gL Ay =7
Eo] Mz Xol#y| wEe M2 o2 ¥AZTL YehHn A& Helrh

{2) Wastageo] 942 F+= oixlg] Y4

O 2xe 9%
2592 59 wastage ratet Arrhenus4 ] ¥e)2 Jelysien

(K, - IG,)
F —TN

2} Ze] EUELL H2M Tad 284 2&, K, K= 4424 334
22 A48t g4l o] $ANL dJEH22 YEd Ho] ohy7) o
Bl 474M A3 LF5-F 224 jet flames] ¥22 FH 25 A
AtEhm, o]llnp & wastape ratest SE 9 FrAAE FEle & vl 4§
8] Arrbenius4# fHAHE Fehe] B3 o] fFEFGo 2N H7]1H-E wastage
ratedl] ¥ YA WRHo 2 AR gt

Wn =

O FeaFd 9%

£ 7% 94 wastaged] SEE F= T2 AAE, gaM dI3EE
F& o] Z7t§el ool wastage rated] Hulgt & JeElCEA T o) w @
#o] F7}3telE wastage ratet o o[ 371317 E3n Rl Fide
FE& el o)zd dAe o AFAS) A TYd AYE
Ehf = sl

O Leak point¥ target7rs A¥]

-372-



AlAT leak pointsh2] A @= wastage rate WA MY A1F FaE
olzte] stz Yaia qleo, <iA7AA 2ad o8 dFEA of8E FF
Aoz 2F-8 W& test 2P YW AP wastage rate= L/D2 g
of ol W Hoigigd 22 ed, 2 o4 ¥Ee] DYHE wastage
rate® F7141712 Edlv Reg Je o o ® eritical spacmg 24
H ALs £F-F D&l AP F4 jete] erosionsd 3§k wastage rate
2 Pasty, U spacinge] €A AR S FHE UEE A
LI A

D &5 F8dF
Wastage BH HHo 246 993 bio[6HE 43 B9 £F-F

& ALgUe 258 FEAFIS FE0 atatic] FE G 2F doluE
8 Yol &£ Aoz el A" AP AR ZhSol static?] AL
BT} F& @2 Relr ey scateringel HEHA JEYG £ {FF5A7
T Ageleln A &€& 2 HFA171E ¥l leak pointdl A2 jets
g £t T | UgAastel B E wastage rate® THEA o}
Ebctel,

) Leak fluid phases] 4%

FE2Ee Mo 4s=l{phaseld] WM E wastage rated] WP 9}
e 433 e, ¥§ 34 dHeld 2= 02 et stream
phase= liguid, vapor, mixture2] HA %7t =2alz2n GE2 49 dosiE &
HA wE2HE Po] HE AL vapord M liquid2 W EH wastage rate 2
HeE 28 o3 shiftdo AL veldn 9y dedoz ¥Fof liquid
~Efel A7E vapor 4 HS] ASE o wastage rates 410 o] Ax F7}
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g€ 322 224 A% Yen, 3 glsec v|TY FHE= FA8L

QO NHY composition

Wastage rates tlvus® FA2 Cr Niol $%¢] 1% +8 FA3E
Hog o434 gk 2E-2 OFA AFE & jerd ercsiond F4o] 9
o HET HYdE wastage rate Wil G5 R = I'Wg 12 AH X,
Crat Ni®l weight % & ¥2 2 1/4 Cr - | Mo steel& ?|F2 5 81

Wi{Cr—N)
WGy — (1804 — 0.0172 N} exp[ -0.0%5]Cr

o e wANS o 2} alleys) WYY RE FElo) E 3500 oy
LE O QLERE,

Table 35 Resistance for the jet flame formed by sodiwm—water reaction

Items Composition Resistance | R )
. 214Cr-1Mo l
Ferrite
9Cr -1 Mo 1.2
I8 Cr-11 Ni-25 Mo il
Austenite 20 Cr-33 Ni- Mn 4.0
Nickel 52

AFEST 90 T, Pressure 'l aom, Vapors €% 1530 T,
282 Velocity © 240 m/sec

gy o2 YRR EY 975 23 wastage ratedl Y 9%
€ UlA e A¥E Cre BF dE 58D v = P, 3
718 wastage rate correlation HA XL Ni® F ®§42 24 comelation¥
A%E o]% JYEd 3¢ 3.27% 233 FEY AL Greened] YR Hlolg
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Fig. 3.27. Correlation of wastage rate on the different alloy.
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2 Astn QfF-g cheldFe] Crel #3o] mae]d A7 de
A AY oo, HA IR AFANEY FFE ¥7) correlationd PAME
Crel Yl i@ 52 Jeid 37, 2714 3y 2} deegy 3t
Fel T 9 BEY UE Y F USF ¢ 7 UL

() Leak duration

Leak7} HA5= A2t &, durations] ] F82 AAHLz 975
o] 217 2 ChamberlineS=) &3t9 F2 &0y spacingdl wlajA=
d FastA HEHz fleq, leakdl iy durationo] F71E % leak
rate?} 0.0011-0.00231b/sec Bl v]4E Ul wastage rate?t 571
= W22 Jehgod, o)st #HP 4P data 71 22354 Yof WY
g A& wuE gith

(3} Wastage 449 Z g

O AW gUgy

ANHs gd@d dae 2y 36004 @ £ ge A NP LD ¥
2 wastage:= 1™ Hol§ 232 sle AL & F Yoo, LD gol H&
AF 525 pointdl e jetd] flamee] AF EDe) mIA= Fe] A
point¥ 3y i AeE S 9% UAdrt /DY e 718 2% 2
Ade A3 7R ABA, ojn HHEE 2A S DUC point) o F, LD
gtol ol g€ dA == A% wastage rate= AHAF Tasies A%E JeEhg
2 A ol e 2y HFAN B F %o /DY gel B2 A%
AMHe) Bdle] G jer flame?| 2Y¥E 17 4¥AY g Aolxn, R F
3 2HAY Hel oW Hd] wastage rate®E 7)1 2S5 2d A9
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jet flameel HAWA AR F& @82 @Al giss A2 Yz
31t

O Leak point #1498 &=
AT E9] W32 APY wggge|r] Mol Am-g wEo] 9@
wastaged 42| T84 ¢hE jot zoned M S Ho &8

Na + H,O — NaOH + -é-Hg

Hhgel 2ldd F=2 AFSHZ as, FE2] FEHG {2, Ve & 29
o] WEls X 1663 K& ¥4 ¥e A22 484 A4

Nagy + HOa — NaOH, + %Hz AH=-182 kJ/mol

2 Nagp + HaOgy — NaxOy + Hp  AH=- 179 k}/mol
2 whg-e] FoAlo dojuis, HPLAH F gAY EL] Hd ved
JANAF table2 € H{o] ZMediznhydd B AR dur|E z#),
liquid mixtured] 239 AP 2AL wge By o) BopzHgH
ozl M gE EHFoM= 700 K vlgol M= NaOH, NaQ, NaH& &%
£o] AAHY, 700 Kot 2854 9H Aboldd A= NaOH7 F8 A 4§3
AL Y&t

22} NaOH® NapO= Naxc} d]#e) g7) < Puizez ¢
volatile®t 2, 2 A ¥ Y] 2<% Na 7}27} dominate 317 ¥+

Neyw + HO@ — NeOH, + L H, 8H = - 287 kJmol

4 H, 8H = - 353 k}/mol

o) dhgd o] g wAY vt 22 259 smokeR2A WEMAE o
oA, 4719 4] WA e e AAH solidsh liquid?y EEE #2

2 Nay + HOp — NeyOy +
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HNBE INH 02 water vapord} W45y
NayOen + HOp =~ 2 NaOH |

NapOign + %qu} — MNaOH(;p + Nay

g #e] 22y vPEL FE NaCHE VTR 22F Y478 89
o] g AoR oA Urh

> Reaction zones] &%

Leak pointel+] @43t 28-§ kel 218 jer flames! 22 &
Fegeg, 34 PBe AHY ALH Holvt v zoned] Y TR F
71 & FHEd SAHHHY, wastageo] A FIFe) 492 AL pE
Ho PR Bz dde] AEHULY, &Y ZHEo gl
scattering ol 31oiA4 AARA) AF= @ATE ez pauso goy,
Chamberline5 ol 2318 jeteld AT LT YY) o2 Laaq g
1150 £ 200 T "9 8 2ol sl

) Wastage pattem

Small leake] & Lg-& W22 F2 FHYHEA pinhole, crackF
gy gty F&o s AFEAd Sabe) YAd T HAGHY
failureE ¢k7121Z7lcf. ol®ebed A AFE A Todd] 299 o9
APDAANMY A721 AR old 93, Aol Y, g dEF 9y
el FHE LY wastage mechanismel gt o|£3¢0 AR 5.4
o] 13353},

Az, d&s] A MONJU SGe] rH4AAS #H8) A7 FeA 2
B-F whde) di@ dF7) PNCelA 197233 SWAT-2 834
FHESE PNCs] SWAT-2 271482 452K, tager A3, 58
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&) wastage pattern®l oA P& nJ=ved G AFE YL
o, 2 ¥ AT 24 nozzle-to-target 7H2) AEl, F &5 $ldiameter, steam
F#&°] wastage rate ¥ wastage pattern® T o HYA A
FHEol JeELl.

Nozzle-to-target39) 22]& 175 mm, £FSEE 480T2 23YA
¥ 2 1/4 Cr-1 Mo steel§ 2239,

- - G 7 60
Wg = EEEEXP [ﬂ.255 (In 5'12) + T.H]

g AHEde] dYE SURAD o] Y4P22RH
-Nozzle-to-target7+2l A2 A3 : wastage rate® nozzle-to-target3+o) &
A £ 56 wastage depthe

- nozzle size® YASA # HAL Ad wastage rateT nozzle-to-
target7rel 27} 20--40 Abel€l vebdd,

< L/D 2 40 1 7S wastage rater L/D7T 3718 8 g4

-L/D = 150 ?1 A5 wastaged-3 3 FEY F WAL

FL/D = 20 @ FH¥ wastage rateT L/D7F 2040 Abols)q me}
2tA JeEbU ™, wastage pattern™ & toroidal type2 2 e} T
- wastage depth curve @ wastage A¥L¥8 9HE error curve® ER
® Small leak jet ¥-% zone®] %A free jetel WE zone Tl #
Apsicin 7 et e, wastage depth profile curve®

! = faexn(--},ﬁ}

S} ol FEHAT. FH, A WHYE H ¥ wastage arca®) volume
F weight loss W E

Ve = M - & - L, W, = n-&-5L-p
g & Hea FEE FTE 9o
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(4) Wastage 34

Wastage A4 o] AF ALEHe dFE2s 259 2%, ¥2% F
# points} BB AL A (spacing)Fel FE AMREY, A48 fAE F
E 9 Lr-1 Mo steel, 304 stainless steel, 2 1/4 Cr-1 Mo steel 39| &
Ao o] AEEHATE  H 369 zp AFate] s wrHE 2179 Cr-l
Mo steel2] wastage A AE 7hdE] B3

ol del+] 2 ovis} Pl wastage raedll FFE PlAE QASH diHA

A5+ 32" LHE Ed2 UFY AFH wYsd, o1& U9 FTY
# 89 F 37 Y 3283 Te] el ¢ A 2 3288 wastage
rate”] FEE 0|z FUAE leak rated F 3T oldWE F 12 ¢
Ae e FA4EF BN A2z AE 4F 2k target T2 AR, 2F F
&, phase, leak hole®) shapeSol Wt P4 Az ojug A Jehds
7HE medm gov], REAHY deE (S, wastage A Y8 E A9
ne 4] g A



Table 3.6 Wastage equations for the 2 1/4 Cr - 1 Mo steel

Mame

Wastage Eguations

Remarks

Lee

:w=15124:| expi-11.408]I(1.22 QALXP"}|

I3/ Toa )

sleam
| 1l <q <1

_ P=P,

Anderson

W=0206 q U (d/xY

Ford

w=111ig"™

waker
0.001<q<0.1
' Ibisec

MNei

W=252exp(-H0.255(Intq/5.12)} "+ 5460/ Tl

|

stearn, 17 mm
c Ma 0.24 mfsec
dia .3 mm

';

Kanegae W=4400/Lexp!~30.255{niq/5.12)+5460/ Tl

steam stafe
< Truy<530
DO7E g

02< d < 15

Payne

W=4400/L expl{-1[0.255(In(50.8g/L11¥°
+5450/ Trvad

| Steam, water
| 10<L/D<40
I 1<g <10

| 1.0<qw<100

|

Greene

W=R16 ¢’ -12 d + 045

J

sleam
0.25<gq<4

W=15120/Lexp(-){0.255(In{ 3.42q/L}}*
+5460/ Tra)

steam
107%<q,<10
L 12man

Anderson

W=308 expl-)0666{In(0.72g/L" “1)*

WaleT

Twa - 350
qus 3
6.3<L<254
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Fig. 3.28. Effects of varicus parameters on wastage rate.



Table 17 General trends for the influence of parameters in the
wastage rate.

Na temp. |Na velocity | H¥Q temp. | HXO quant. | Target dist. | Wast. Hate

/‘ - - - -
- 7 - - -
- - s - -

VIN|INE N

o, Sul@ +3d Y dYY Yy
(1) w3328 2 9 &3
AF-F $EH By ojg Fgs) A= SYS Atz HE
of £F 4% 4 2L Ax E7lE 45-F ¢EWAE 3¢ 31284
el Aact. $3FAe) Aol A 3d AWE stainless steel pipe
steamn( L& B)E ¥&417)7] #¥ injector, £F-F P8 L& #¥ reaction
system, 2F9 AAL A% AAZ2D control panel2 FAHAG. AF-
& dgF d4fs gTartie] REBF wEgS st AEF-£ 0FWA
A5 vent system® HHIHLw, injector # ¥, LF-F DEFA R
R AF ALZ 8¥e 78R A(heater) & 242 A5
Injector ot W12 2o ARE 18" RETE FHHA 2, injection
linelE 9F7k29 /FE A7) Astd check valve® AARAcH
AR 4 HHE7] A4 AHE WA Hdsle F 5 Cr-1.25 Mo
steel bar® Ah&dtel 71Ed F test cell X0 FWao] AY3}Hd),
Test cell$] holet Arc WA7|E2 015mm=E NEN LY, presser® AL
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Fig. 3.29. Test apparatus for the micro-leak sodium-water
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stad ¢} 810 ton‘em’® PALE MHE pressing?] holed PA5u
BEH4 atumina powder® A28t mappingdt9ith.  Test cell®) leak 4&
435171 {3t Ar 7lAE AMHESY leak LEE HEHAA Y leakH =
Ar7t2 %€ check3l leak rate§ T332, AlEd Ar 7ty PEHe
60140 psig WA ¥ ¥sadcl

2y & 75 24

AF-F UEEY |95 IR FEERY ANE 98, miero-leak
of 98] LA leak pointllAe) seli-plugging == re-opening A4 2]
Hobd Hel oA rEFEddd e FAddE etsir) g A
A5 BH7A 2 AT dAsidA. FEYYL 00TANAN B H%u=
o, grg 2l ol o€ F& cello]l &= stk ol celld injectorst
1/4" tobe2 FAHY 93 REZ9 WAE HH check valve?l A ZEE]e]
Tt & Y#E 99 FH3EAE el & Fol rupture disk{setting
pressure 2Kg/em®E AaSEon) rupture diskis 82 9F 5 2o
A4 wgo o8l BdHE Yol IE released AT

(3 dYAd

29 3308 400T 8 £2F 2544 Aug 34 ~AdE 247 844
2M & micro scalee]7] WEd +2 pathd opendl?1A Edzn &
-5 gl 99 44880 FRAEZF pluggingAl 7l wle A€
2 5 2cd o= 32 T2 AHAT 9014 g A2E ¥EHE
2 £ 2t £8-8 Us YHEES OfY LFUHEE ¢F MNP F
71Fag Y& Fo= sodium carbonate BEEel AAd 4% vt #H
AHe) 2AMNE U237 HElE T2 site FHE AUGER #M€ M=
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ot 29 331¢ FRAHEE YEYH FTYCERRFY AAAeB2R 5
S¥34 Z pointddl M AUGER 4% 33§ Jebdlz qlny, 9304
T Ao Hgke] AdAcz H»A FUE AE € 7 Ad2 A peak?)
AgHes Po| HYE B pE YAHY Ni, Cr, FeSf 28 93E
B E e ol vEAe] Foides oy 37 e A& =
M F7isle 845 Jelal 28 oz fAdd ¢ ad,

vl. DBL# &3 € R&D

(1) 4 &

Y8 PNCH 4F-¥ @& @ 7% 271212 v ek
3l tabe fallure propagation2 ] @& DBLE AA:E Helz, &
Hus e PN £F-F #3949 HTSE "8 Held. 3
Hale) H-2271 ## LEAP(Leak Enlargement and Propagation) T3 =7}
SG4 A faillure propagation3 #4d3t7] #8l siEEIz o F=EE Y
monju SG¢ DBL2] Vg4 #Hzld Al45 2 #H, SWACS F=+
T2 B ygo 248 FL HTSHMY 43427 hydrodynamicsE &
M27] sts] ALEHUEH, ofF AT dPAMHEE SWAT-13 SWAT-3¢]
d4sian, PNCe ol 44 #4938 J¥ZAE Monju HTSH FA
daeol Argatac

2 ¥ PNCE F2 rldiy m4=2e 23 ¥H LEAPH SWACS
{Large Leak Sodium-Water Reaction Analysis Code System) ZZ8 A4
alc A2#dct LEAP 2= F2 failure propagation mechanismg #4
7] g Aoz & ZINFH FE FEAA FEEFE ANRA AT
£xog 7=t 70l Monju SGo H4Y EIos rigEsir)
WEo) 2 1/4Cr-1 Mo steel®t SUSH didt wastage 40| #$4s)=& @
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Fig. 3.30. SEM photograph of target sinface
in the microleak expeniment.

bt . T T .

" manre By im0

Fig. 3.31. Profile curves on the component
at target surface by AUGER.
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Aol e}

O F-F g2 G P AT

SGE A4 FALE Y WL =FJ4 T FFER plant designel M
tube failuresl i@ z#7t Yasich o)H{P FAPAM BY SG2 A
H7He $18M, DBL 49 supportdl iz DBLe| critical componentsl] o]
v g9t TEC TAY FY FHAE 2Pz Fol7] g HEY W%
AP Fel 2 Hejor Y. PREeM DBL 9} critical component?l
239 A4 R system designol g R&D A7 =2 d A
+DBL A €2 designol wh& 93 : SG7t plant operation®l key compon-
ent °|?] #-Zel, o] F53) o) R&D7L ool e|Feo] A glon,
o7l HER AQe] HE, 2@Tel Y E2H A[AHE erosion
o)k £AF wvibration®] 218 tube fretting, welding, weld 92} ZHAijuyg,
¥ 44El, water chemistry, failed tubes] plugging™4%, seismicol o] @
structural integrity 3 22 ol Yyle] A7t AYH UG 29 3329
A EeE F# MY Monjudl M e 28 me} $£4£78%7], pressure gauge,
rupture diskEl 93 27gAAN FAHZR Hgog? g
small leakS & & tube] damage® F3 @32 local damage? TS =
5 Zddch

#H, DBL @AAA MAAY consensuss X7v&€2 Hg 27)E
1 DEGE dA @eris #el7) A&, plant cperation$ ¢t F-2 £
tube”t B4l fall §id= PHEE #1A @gtod DBLY 2715 44 #A
gt 2=, wastageod 2% failure propagation®} overheatinge]t} tube
whipping, =& H#2 4AF-F &4 2§ pressure wavel thermal
deformation, drag forcesll 2% mwechanical damageSol] 213 23 failuresl]



Preventive Measures

5G Design against
Tube Failure
Initial Leak
{ |
Rupture Disk Pressure Gauge_l H: Detector
] i
E— MNa =side Tzolation
HA side 1sclation
Te:mrlzatmn —— Fast stearn blowdown
chom
LEAP Code & L Preszure Relief
SWAT-3 Tests |
L Desipn Base Leak [DBLJ\‘ Regional Damage‘l
SWACS Coude BLOOFH Code

Pressure Propagation

Brundary Integrity

|
Thermal Transient

Structural Integrity

Fig. 3.32. Casual relation at sodium-water reaction.




2L 22 + odx 27 v, e dEe] B oW e d¥
A E gverheating®Y} mechanical damagesl 2% 23} failures 28517
ok, T# MARC codeddl 2% ¥ H2}Z%EH pipe whippingel 9%
failure?] 7342 Uc HOE vElytr] mMEe), DEL dA¥«Me o7
wastage?} T2 propagation® T:dle FHegE FIAY £ gtn .
o 2kA Monju SG#  design® T Aldzles o= o

D &7 &) 23R wastages] 28] failure?t Pt

@ Cover gas®] Y& F7Hc rupture disk®)  setting €3 =14 s gl
{mp2kr A2kl Ar cover gas system$PeE SFELE FiaItAe o @
LdHFEY T 2P

@ g A4 32& reaction product separator tank® 4= relief pipe® ¥
a YEEd

@ burst signaldl 23] water side isolation® steam blow-downe] A3}
gr.

& A M signal¥ reactor shut down2 3 ¥ secondary main pumps
trip Al Fvt.

-LEAPY % al43= : Monju 5G] DEL 9%& 32#37] §ls8td
LEAP code{Z¥ 333 #£EI)& Ne3e falure propagation HA-Z 4 &
At Parameters2 pull powerdld 713 severe® A5 2 evaporators
helical coil regiond ¥4 M, rupture disk burst signal® T FHs Ao
A&} initial leak rate® maximum leak rates}s] A€ 29 3344 o}
Etll gl

-DBL A< : 1748l £33 ¢l DEG2 3708 propagated failureel 2@
DEGZt monju SGol DBLE H<5l+d), o] 3& LEAP codest SWAT-3



Leak lmtatuon ‘

~ 01 g/sec 0110 gfsec 10g/sec~ Tkg/sec

(oot )

seli- target (Intermedmte leak)
wastage wastage T

multi—tube wastage ‘

self-

enlargement
Detected *
faiure
Detected 7 propagation
1

2 kg/sec~1 DEG

self-plug secondary falure

L |

Large leak

Frunture disk burst]

Isolation and Blow Down of Water System

Termination of Reaction ‘

Fig. 3.33. Flow diagram for leak scenario of LEAP code.
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Fig. 3.34. Relation between initial leak rate and maximum
leak rate by LEAP calculation.



AP 23 MY DBLol B+ALE JeRARICL

{2) Tds

AN HF-B 934 dis REDE AEA Technology® BLUSH,
Interatorn®] PROFET, CEA# PROPANAS 22 b3z adFs®m g
I ol IR AN A Y 937y P|2ABEE &4
A7le) YasEs)ds oqL Wo) @l PROPANATE SGAM & ¥
2 Huld 9% modelZ 2-dimensional ZTEZ2TYPS I Jeake] self-
evaluation® wastaged 2} @ target tube?) corrosionst erosion®d & =4
e ZE 21W0IHSGUSR depressurization®} leak detection XH). £
& A58 depressunzation 73 SGU tubed damage® A4 E F
YEE 5o 2lem, tube overheatingd 1§ failurer= o} 712 2y X
#slel 817 7] oEs], o|#AH MECTUB e ZE23Ide] AT
i)

(O PROPANAS] ¥4 : o] T2

- adjacent tube layer (for SUPER PHENIX)

- stnall unit of 7 tubes and a vesse] (for PHENIX)

- circular rows of tube surrounding a center tube (for EFR)

- hexagonal row of tube sumounding a central tube
g @e) MR & geometryE L SGUAAM steamn leakel ofE AT E
A2 A AEE AR, 1232 5GUS model® 5 7922 T4
5o sl

(O Tube bundle damage 24+
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FROPANAY 149 ®olg N 3E A48 4aged AL 5+ ¢
=% sHo 317 Es) FAYElel wastage damages) leak propagation
sequence @Al M2 7 UES 5o U, A&

1} leak propagation sequence? tube bundle damages] 44

21 $12 3ol 2 # legk propagation sequence™] 28 H %] A]Zho]
FE0] FAHEZE

3y 2ef SGUAAH depressurization®] ZH3| =¥  depressurizations $Hell
F7t=2 LAAHE twbe damaged] AUF initial leak sitesM Y steamt
sodium®] 2P & A4ste Hoeg FREY UL

2y, Tapsolds 27 PHENID oistd 1 DEG2 DBLE 496y
SGE designdtien], o)F dE8dezg 2437l §3 maximum flow arte
% 1 DEG 58 peak €L A4z, 243922 micro leakZ ¥E 3
He ¥4 g 29 3354 2L AYLE d9¥ez [FHso|
HY Ao

314 =

EFRE support3t?]l #ldl UKAM 23T e R&D ¥ok- Super-
Noahol| 4 2] £%-F gl ¥YP Aoz EFR SGUA =4, KB L]
M OAF-F AUE FHste Aoy, F 8 overheatingoll W Bol7t A
o dide)l sk 71&s PFRE 9@ SWLRS SSTFAlM  microleak
evolution, wastages, low temperaturesl4 2] behavior, bottorn tubeplate
condition, corrosion® el ¥ GFE EYe] AU DL. EFR 2229
2 code2] B4 T de|HE AFE] HH straight tube? helical tube
unit2 HE54 APt

Leak progression code?) A2 -2 microleak 25 detection7h2| 28]
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Crack on the Tube

Self- Wastage

— Ropture of the Cracked Tube | T  Small lor Intermediare} Leak

Swelling & Impingement Swelling

Whipping X .
Bursting Wastapge & Bursting

]

Secondary
Small or
Intermediate
Leaks

—  Secapndary
Ruptures

Fig. 3.35. LMFBR steam generators accident scenario (CEA).
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HZ shutdownA2A B A2 £ 3le= AeR gell-wastage, target tube
wastage, overheating, detection system®} shut down systems = T H2lm
slvh. Leak progression codet joint Eurcpean activity J|9h 2Zt2ejs L &
AHe2 A9 coded AL 329, IFA M= BLUSH}Z F5H
B =3 code® 7123 S ed o= Europe Codedl ZEH HoZ 4o
Nan gt

) Leak progression code BLUSH™

Code2! %322 parameters] H3te] Rz og diAstzl fs& Ag=
2.2 initial defect® random3t?] Wtz oA # defect@e] o RA H
AHENE 4FE 5 AER o ik 28 o] code’s 10078l G E
initial defects} Zt2o| @& FI}EF TAHY FH D outputdty HITY
+ UEE H s1on, o] ouputi= fault tree JEbGTE  BLUSH code
o e P1ES 29 3369 THaEd Jehlglth

*1 714 initial defect® tube?t T4 2UE center=lq §4¢ Yolvdrt
2 7FEHW, tube material, wall thickness, pitch® fluid ternperature,
pressure®} 7+ physical information® T 33 Qo)

Leak eventl 4l code= %A initial defect2] Fef# H9sxzE =Hof
129, initial defect7} small feak?! A micro-leak ! FAARE randomat Al
HYS s = vk £, leaks]l $2E randomElA HA=E 9, initial
leak?t U E™ code?l AYE FUHS 27| AP AL TH 5719
defect?] S 82 escalation® T qFHo ALHOEZ micoleaks, srmall
leaks, intermediate leaks 3V @24 = ¢}, ZF defects mass
flow rated] wetr F2HO, 4 7§ wastage rates} 2'nd defect size®
A3t 9eF mass flow rate?t 003 g/sec 25121 A+ microleak= 7
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Fig. 3.36. Flow chart for Behavior of Leak Unti Shutdown
(BLUSH) programme.
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ALkt 2eF mass flow mate?} 0.03 gfeec 91391 % microleak® A
AbEe) o] A% defects WHEARGEA 23 block upEHl T gAH7] reopen™
o] {arge leak® YIS AR FL A3 self-wastaped AA FHd =ZA
G K
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Fig. 3.37. General shape of pressure transients for large
scale sodium-water reaction
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Table 3.8 Various code systerns for analysis of pressure effects

on large scale sodium water reaction

nation Institate Code name
France EDF RETONA
PISCES-2D, 3D
Germany INTERATOM POOL + HEIKO
UK UKAEA FLOQGD, BLUSH
QUARK
UJsa DOE/AT TRANSWRAP
ANML SwWAaAM-]
SWAAM-LT
Japan PNC SWACS-3, 5, 7
5P-AX
INI-BUB
CRIEFI SOARA
India IGCA SWEPT
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Table 39. Boundary conditions for fittings in the secondaty loop

fittings conditions
material halance
surdden ALY IELLTY
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= PE = Pat T e,
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HH&: - ujn-.tlr
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P:r# - H-nh
material balance
u::ﬂ' - u{*‘&
elbow force balance
LM + P = LN+ P B
() i)
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A BFe) AL E 3108 Zo,
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Table 3.10 Boundary conditions for equipment in secondary loop
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Fig. 3.42. Effect of stoichiometric constant on maximum
pressure and temperature in sodium phase
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Fig. 3.45. Concept of pipe network and IHX in experimental
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Fig. 3.46. Comparison of experimental pressure changes
(PNC data) with calculated values {calculated

by SPIKE code) at entrance of [HX
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Fig. 3.48. Branch-boundary model of pipe network of EBR-II
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Tabie 3.12 Applicable code modules according to the experimental

contents
2% WL Module W 1
- Eifect of pressure 1o IHX W
- Whether water/H; flow to IHX W
- Whether Na-water reaction 5 2y @48

occurs in secotdary pleoum
- Pressure of reaction zone s
= Conversion

(It is not possible to measure directly)

- Initial pressure effects on primary vessel I Fy¥8
- for demonstration conduct S
- for propagation W

- Quasi-steady state pressure WSS

- Eifect of leaks w adjacent tubes

Note : W = water
S = sodium
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Table 3.13 Work procedure for the evaluation
of the large leak event
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Table 314 The schedule of sodium-water mock-up test

Year

Items

06

g7

o8

Remarks

{0 Conceptual Design

KD Detail Design

{J) Purchase

() Installation

OWterT . —Epike pressure by diop
a eg e armumer

= Effect of pressure 1o [HX
- Whether H:O/H; flow w

THX

= [mitial pressure effects an
pfmmr}r' vessel

- for propagaton

— Quasi-steady state press.

O Remodeling the Water
Test Facility imto the
MNa—HxD Test Facility

equipment, ALD, CT, etc.
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- Development of the
Code far ISP Analysis
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Code for QSP Analysis
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- Verfication of the code
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= Calculation for MDFP
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= Initial pressure effects on
primary vessel
+ for demonstration conduct
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- Effect of leaks to
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- Yenfication of the code
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Table 3.15 Main equipments list

NO_[ITEM NO. SERVICE Q'TY MATERIAL SPEL.
1 R-101  |Primary Vessel 1 | sUS 316 Delete
2 R-102  [Secondary Vessel 1 |sus 36 1002420 x 2406mmL |
3 [V-101-1/3 [Cyclone Separator 3 | sus 316 joDI700 x 2200mmL
4 |T-101  [Drain/Storage Tank 1 {SUS 316 [0D2000 x 4000mmL
5[T-102  [Waste Gas Surge Tank | 1 | SUS 316 [# 24" x 1000mmL
6 [T-103  [H. P. Water Tank 1 {susam [p8 x 1000mmL
7 |S-101-1/2 |Cold Trap 2 {5US 316 66" x 180OmmL
8 [E-101-1/3 |Stcam Generator 1 {SUS 316 [b8 x 2300mmL
9 [E-102  [IHX 1 | 5US 316 |08 x 2100mmL
10 [E-108  [Sodium Cooler 1 |sUS 316 Double Pipe
11 [H-101  [Sodivm Heater 1 | SUS 316 |PiperKanthal
12 |[H-102 Ar (Gas Heater 1 SUS 3 Cylindrical Type
13 [H-103  |Water Heater 1 | sUs 34 [Cytin. Mantle Tvpe
14 (H-104 D /Storage Tank Heater | 1 Kanthal
13 (H-105 Ist Vessel Heater 1 SUS 3 Delete
16 [H-106  [2nd Vessel Heater 1 | SUS 34 [Suction Heater
17 |P-11 Sodivrm Feed Pump 1 SUS 316 |[EMP
(18 [P-102  [Secondary Pump 1 |sus 36 [EMP
19 [P-108 |EMP for Secondary C/T | 1 | SUS 316 [EMP
20 |P-104 Water Make-up Pamp 1 CE,
2 |F-101-1/6 |Vapor Trap 5 sSUs 304
2 [F-102-1/2 |Gas Filter 2 | sus a4




Table 3.16 Comparison of the geometry of the main equipments
with 300 MW DPLMR

(Unit : mm)
Item MDER 300 MW Remark
1. Primary Vessel
- Inside Dia. 1180 9000
- Length 2970 15500 to roof slab
2. Secondary Vessel
- Inside Dia. 2400 14400
- Length 3000 16100 to roof slab
3 IHX
- Outside Dia. 219.1(8") 1700
- Length 2100 12400 to roof slab
- Tube Dia. 19.05(3/4") 21.7
- Tube Thickness | 1.245{BW(G18) 1.0
4. Steam Generator
- Outside Dia. 219.1(8") 21580
- Length 2175 11650 to roof slab
- Tube Da. 19.05{3/4") 25.4
- Tube Thickness { 1.245(BWG13}) 24

AF-F 98 AYSEH d$ P & DE 2d 36039 #r

Hhg 71 & dAE mols X AT dd B 24 R B o
Fol ANEHDE SLHAASE compact® Fod FAdWE FI LAY A
£ ¢22lF dAdT oy, JPAXI WF =AY UYPIFAE
overlap ¥/el JatA dElUA s5Bg FA vt

SG# shell thickness§ AJE Melc 3G Fxd AR elasticity T
negtefof #o, F4 factorZA = leak H= F42| pressure rise7l o
b4 5G#| shell thickness§ #4482 d4& g3 2
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- Cross sectional elasticity of a pipe

D orpss sectional elastic modulus

I pipe diarpeter

mn-sx:

: elastic modulus(Young's modulus)
! pipe thickness

b |

- Veloaty of pressure wave in a pipe

. ¥ (K/p)
1+

a : velocity of pressure wave
K : bulk modulus

P : density

2 Madelq ALEE R le FR F2AF2] dued eyclone separator
' d@Ee A3y 442 BEYse FA2A 29 361 @
Cyclone separator®} vent system® vent trap€ AH&3 AHT electric
ignitor® AHEEH Ae] F20, upstream ol check valve® 433 ¢}
#cl o] o rupture discel setting differential pressure?t ¥ 7]{appx. 0.5
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xg/cm?’t WEA check valved) AP& 3 i#ol $c}

Pipe cized WA &l7] ¥ normal velocity= 5~6 m/AsE 310 o
demenstration plant®] A% W@ zhAs W &ER S A8 B msE 2E
3z Rl

Al del A plot plan? layoure 2Y 362 2 3631 et sith

2 2834 4AFE 9 832 e F= P standardst® THEH
2

Pressure vessel

- Nuclear vessels | ASME Sec. I
- General pressure vessels : ASME Sec. VIOI, Div. 1 & 2
- Welding qualifications : ASME Sec. IX
- Tanks
- Cage by case T AP! Standards
- Piping
- Power piping with Addenda, Ob & Oc : ANSI B 311
- Nuclear power piping with Addenda 7b & Te ¢ ANGI B 31.8
with Supplerment 8b

Pipes & tubes
+ Stainless =teel pipe : ANSI B 35.19
- Tube dimensions for heat exchanger : APT Std. 640

(2}) 2t componentse] DA AAye] BAR

2 AgRald da g 9 24 AR sHadA HEd Y] =
7} components @ EA4E) 2HAIZTE o EgH o

_464--



— 50—

P | . |
T 1 LI |

F T ™7
M I .
A944 | wasa S e ks
LI | ™ ™
Canted Reom T L I Cuntral Room Tw
H1 '
P T

U R EE Na-i 13 YA 18
1 L L .
1 | ] 1
[} . 25 -
A0
C
s — : —
“A
Moy oA 4] 410 4t Na-t g Ag a4 Ns A A #A Comtral 1 g mar,
- Roam,
Bu-4 W a4 Al . L B I
___1!
AN ikibd

Fig. 3.62. Plot plan of sodium-water reaction test facility




Q000

Cover Gas
Supply Sysiem

Drain/Slorage
Tank

O

Ar Gus
Burge ‘Uank

.

I"imary
Yesael

O

Cyclone
Scparalor

Secundacy
Veggel

O

Cyclone
Soparalpr

O

Waawr Gas
Surge Tank

O U

Iligh PMuss. Waler
Wator Tank Make-up
Pump

Fig. 363. Layout of sodium-water reaction test facility




O 937

¥ AR olg Hgds] 23 W BF ofge] ot ojie dlx}
22 RHKAAEE doivt compactdtAl @ AN dig Adie) ol
MDPRYIA & ol AlA2YE compact® sted FUO3L 531 sted, £ 9
a2 ‘3ol active compenent’t CRD #®2]7] wiE<] ¢ #2537
#8 o)) BIHel ¥ NEE ol Heoenz HL 754 i o
A2 4RE WA Yas gux 449G,

e g7 R Horx CSCC{Caustic Stress Corrosion Crackingly

= chemical corrosion®l O #AM7t HY ol LF-E wHE LAt 3

stojof & Algelc) oj= 2719 AWEFHA d £ o YA
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2 Yoz PFHR 9l

& Leak detector
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Double Pool Type) A ZZRE pool¥ e 2 WARN me} &2 d7-E <l
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By o]F FTHE scale-down factor® YA Koo, Frwgr 9 F
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MedAe 2 R geometry F& AL
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secondary loop of KALIMER
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Fig. 3.65. Branch and junction model of the
secondary loop of KALIMER
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secondary loop for large scale of water leak, calculated
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Fig. 3.67. Effect of leak location on the maximum pressure of 1HX
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of me}A] 8@ 7122 E FlAR gleoo HdYH S DA FEL )
Bl : gl a2l Holm Ake] elsME 23 A% AC9 & S&&
9 v E 3P 2U}D FUEH FYo] @gAEHE AL UF e, o) ¥
AUl A93ae e YYHAE dS34s dd 2 d%E £7
T2 & £ 2t

(3} Scale-down lacter 33

@94 AT vie} Po] SR AR AY AL scale-down ratio
o] @A gie] leak rates] wel A9 YHY {1213 bar, 2¥ 6 F2)L
7tA B2 seale-down factor® ZIY F71 AMed, Hie MY HEEF
Z238}7] #18] KALIMERY F714¢47] % FUI2{2)&F X949 27 )
2 Bd F AUXLAFE PIE2E 39 scale-down ratios] w2 3 AL
£ st 2= 28 4¢ FEY scale-down factor® heat load scale=
1/256 (linear scale oF 1/6¢] #F)& YA} o8 2HZ 2F-&
UE & 22 AP ALEE SG model R IHX model 9 22 HAE
b b5 o

of uf A3 KAIIMERS F2 delgd2y 923 365x10° kealtr,
270 AFLE; 8x10° kg/he, 1B Y7 W inchE 71 28H2, F71%A
?1 & helical coil type2 24 FH A 1Y inch, FE o], 89.7 mE 7|
Eitden, FHIEH7)E straight tube typeS 24 F2 273 2 bundle
Zeolg 4 1 inch, 8 mE 71EHT. o|2FEH ¥ 7 Riscale-down
factor 1/236)%) weolebe g&2 14x10° kealtw, 2§81 AL E; 31x10°
kg/hr, Wi A, 2 inch2 AMEAT, F7)19497]= helical coll 1ypel =
F2 A% % inch, BE e 96 m2 A4EHMeH, FAERENE
straight tube typee 2 B2 A3 F bundle Zol7 22 ¥ inch, 36 m=
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A 45191, o} 28] 4 dlo)HEE E 3173 2o}

(4) dA 71

29 AQANYL 2F5-F g AEE F9%57) Hol £ o) E e
a7l AEEAE of 23 AF vAe 4 Aw K4, FAHIRY7]
A9 <Y transient R 7t2 EF XA 5 Heisid SPIKE ® DIPRE
{Dlscrete two-phase PRessure Effect) REE 2387 @ AP Al4de
c}.

F7EA71E F Ay 2R F, SG Model-18 5G Model-22 223
Hon, olg2] AS)FE shell®] ABE2A model-12 F-¥+ stainless steel
o] &, model-22 of2 eIt Model-29) AFE oj2Y2 § olf= 4Y
£ a0 4 A EY Y ks EF XA 5L o pFH) 5%l
o} et model-28 o]EY Afds A Fhie Ao FHE ¥
GAN 712, model-12 o] &% dede 4y @4 THE model-17 Fe] B
28 A1 g8= WA Pressurizer24 10 bar BE4 F34E¢ 4417
5 7H EE e % 4340



Table 3.17 Major parameters of the 5G, HX and 2nd. system on the
scale-down factor

T ——.__ Hear Load Srake
| Descrmtn T [F 1:4 ris 1.32 164
A Physial Parameters of 5G
- Sodium temp  (neout) T G10s 245
- Wata emp  Onvoiit) T 2156 490
= LMTD C MR A
aBloak rpanp appd Loeo) pbey
B Heat Transfer Area
- Hear ourpur kealhr FaEE Ol E-0c | 2% E-06 | 11 E+06 |57 E+(% I
- Mass ow rote of Na kghw f BES ] 2E6 | SE-5 | 25 E-5 |15 E-5
Voat rrancfor oreg ran _mt E gomgy 1 772 1804 ) Pl
IC Pipmg
- Normmal ppe ta2e, m 1 18 a 6 4
- Inzide dha, m G237 0397 oA J1H 142
- Volumetre Mow pare, mvs b1 0 65 @163 0081 Il
L P PP gt prp ro o Erndb 50 [ £ v A ARG
IO [HX Model
1 Tube
- Spec cuisode dwte), mdmmd fORELEEY | LOZLID f e B30 F oAt A3 ] 1200 G5
Na of tubs F-7 3 1218 419 210 172
= Lelosity of zadium, mes i 152 205 2048 341
- Length of rube bundle m | £3 g4 LY Y} 16
Heat transler area, m | EEE Tih 146 A 24
2 Shel
Ady nside da(t} mimmt |24I33H ] 18908 | 06L4AF | D456y | D2Em
Artea fracuion of Lubes Q.os Q4 e | D7 03
E 5G Model
1 Tube
- Spec outsrdke diad0 wimmd FRERE] 140512 | Ho4 | 104D | 5403}
- Mo of whe o 150 5 n 20
- Length of tube, mf &2 193 wH A5 38 3
- Total hest transfer area m° | 295F Tig 1] 9 &
& Ruser
- Oueside din (&) mirnrn} BERSEL 2R 04N 07 [0 220080 O LT T1] 01140 B)
3 Shell
- Inside denith, mimn |ARSEEEDY { 1 870400 | 0040} | O 7S0400 | 050430}
Mo of wmbe per ope laver " 314 136 a1 a6 46
- Honzontal pitch, mm | A 474 KT i7e L
- Vertcal pich, mm ®o 515 412 iz 309
- No of s 143 21 M3 4“7
No of Javer HE 11D 672 513 43
= Ady Jength of tube hundlem 15 G 76 23 50




(5} £ 74

B 2ol AE3Ag TAHL 24 ATY FRr AAY SIS (5G-
Madel-1/2} R FUEZE7H{IHX-ModeDE ¢ B3 (AT 25%
o} 80 T2 £7%57 913 &4 €3-1/2 (Hot Water Tank-1/2), &8 &
AAF) e BATA NAY D Pressurizer, Y3 7A YL I (Compressed
Gas Surge Tank), ¥ #¥H T {(Water Circulation Pumps), Rupture Discs
% gY e Ny Foeg FASA sich

£ 28 APEAlde P & ID (Piping and Tnstruments Diagram) %
layout drawing® 2 ¥ 3.70-3.735 g}

Plan drawing{28 373 % Z)} dolA 2= wieh o] F7LY7 e
VLERE7) Alelg) e AAAE 3 mBEA ol Ad o2 AR A2
WA ¢ 2le HaAel7] Eelth 2 368014 B= uls} o] F7|
W et FAERES] Ae)g] clBAHY mE FAARPr|Y ALY
e @A of 20 mYd W HEE € 77 glen, 49 92 WA
9] scale-down factort 1/835¢12Z HAx$ 3 md TAF FAsk?)
i 2= ot

Shelle] AFe) oW SG Model-2& A48 ALz FUAL L7
2 FE 7% F349 F71247] FS(shell side)2 2 E otz W@y
o) del7k 700 mm3l ot=2® wspool piece)}§F FrILVTIZREH 200
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£ g% Atk
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ooy, =Y AN R AN, £ LX), s, AJEHPI] P
relay & control paneld G2ESE #dch 4 AN 4w FE A4
& o839 SAF do|lHE Data Acqguisition System®é F3o] BHY
of A o] c}.

F8 7|7 At X 318% Fo,

(7} F21'287 (SG, Steam Generator)

FoldP5e F OFREM SG Model-13 SG Model-27} 815,
Model-18 shell X ¥ o] stainless steelo], Model-2% shell Y AE o2
VE 3t HYE Fald 4Y A &4 % 1~ 3 F B4 FE £oE
gAY £ xS stde. T REE helicat coilel™ oHd B (5
layers)22 Ho] sitt. F7124712] F-4d%] 2& Riser d&A e &
HRH 1N layer?l 25 o & (shell side} ¥ 7}7leld gle FR7)
54 layerZt "4}, F22] AFE& /27, 19 layersl Al 59 layer 7134
Zoale bz} <F 41, 49, 56, 63, 71 maM SI|LA] 1 setD AM Dojx
ok 280 m7l ¥t F laver 748 A<l =8 A3 {horizontal pitch)= 19
mm 2l 3 A (vertical pitch}E 21 mm 215 FH2 bundle2] Bejie
1300 mm o/t EH FR= frctiond] Y7 sl¥L£EL o7 A &
e o] &7l BlE 72 {seamless tubeld]l FAH Ho|yorx £4 %
AE7} g roll tube® AME3}FC



Tahle 318 The specification of the main equipments

No. |lem No.| Equip. Name |  Material Spec.
i - Twpe ' Helical coil
= Shell @ 420mmi3D x Z750mml
- Tube :
1 H-01 (SG Model-1 SU5 304 ¢ Sire - 1T x 13 BWG
+ Bitch © Horiz, = 1% mm
Vert. = Z1 mm
- Type -'1Helu:' al exal
- Shell - 4A0mMmCD x 2750mml.
. - Tube :
Shell - Ayl
2 H-02 [5G Model-2 m:susau*“:w“”m’"ﬂ
, + Pitch - Horiz, = 19 mm
Vet = 21 mm
1 Far ——ll g R
. [~ Type ' Straight tube
i - Shell * 8 0D x 1750 mmlL
3 H-03 [[HX Model SUS MM - Tube !
¢ Size ) 1/ w16 BWG
. s Pouch  BAge [
4 ¥-01 |Hot Water Tank~1 SUS 3 — 30" 0D x 1000 mrl
A V-02 |Hot Water Tank-2 SUS 304 - 30 oD x 1000 mnl
Compressed Gas
& v-3 SUS 3 - 12" 0D x 1000 mmlL
I -&us'ti”mk_ . P
2 P-0] kst Hot Water Cire, .
___.___ﬂiﬂmﬁut W _c . }
red ater Cire. i
B P02
f
- Type : Air dnve Hguid pump
- Model - Haskel MS-7
. - Air supply press. © 1.8-%9 bar
. Body - S1US 316
g S‘ﬂl Pressmu“ Hsm : ST_IS 3]6 - mr dl'l"lr'E ﬂﬂ“" - 15 Sffm
- Max. out prese © 62 bar
— Power @ {125 KW
. -3 ﬂanm; t}'pe ]
10 52 |R 1 SUS 34
e - Setting press. : 7 bar




1247 5 (shell sidelol= Eo] WA, FHE (tube sidejod
0 SR 7o

Frlgdr] A 3 93 E sl FAEE F oA #9el 2l
of, &t P& 2T clgste] FAL 4] JRe de FE fERE
HEr 7] Ao, 4 & FUE Pressurizer B Water Hammer/Piston
& ol g3ty R4 gEHE 7lels F Aotk SG Model-290 4 = e
gt g o] &4 T, SG Model-1olM e £ 71X WS o HE2E dqHelg
Fr Hdf32 A2z 3 coil & 487 coil Atelol glod YFoR=
A4x 4TS HE 80 mm oldol it el S22 47 5% (shell
stded 5ot el YR HE AMZ dae FTrigACIdA M 3
q AL FHEA =9, A% ZHe 9dte WA delHE Data
Acquisition Systemn-2 F3 ¥zl JdeF Bl Hrh £ S|
bottom head<l = 3 F¥{Rupture Diselo] gle] Z71wdx|o] %38 1¥
of 2lste] A3 A S o 92l setting pressures 78 kg/om® °lch

SG Model 1 R SG Model-29 dA diol8+ 29 374abec ¥ 29
3Babes 2L

o

[
=

ivh 232287 (IHX, Intermediate Heat Exchanger)

FHLRY7IS straight tube type2 224 23] 1,279 B HI 6670
dzlEn, & FAALMENERLE [HK RicerE FHEHY FRE 23FcF
£ EFi LAY FEHLER HEer Dof RS #3F AAL 52
A 3 e AEEA sle Qe o O @ RE(fitting)S W] JH
B 5"%3" eccentric reducer® ¥ Ash] whahdel air pockete! 28 slA] @
=&

FAFGRE7 Y A del8= 2 3763 #ol

—488—
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Fig. 3.74. Data sheet of the SG Model-1 {a)



Langn 8 12400 Mam

L2, ®

Mol i

Ty 213,

Tubr Size » 1127 00
Honzonlal Piich = 19 mm
Mo, of Tube of One Layer= G923
inner Fser Saze = 170 mm 0D
Tube Zuppod . will be deeded aller Vendor sebecled
Tubre Malenal : SUS 304
(RS o)Al @ aie) 2 0o A0 T

$1G HELICAL COIL DETAILA'

i

S0 \-‘i'

Dela# of Nozzke {3)

2 087"

Nozzle ID =2 067 [2* SCH 40)

Helical Coll 218 MNozzle @@

HEAT EXCHAMGER DESION DATA
MEM NS r Horne Alamw: Emargy Rexpsrch nvkivis
FRAUECT Wi Dk I DI W 3 L
TirE Stasn Gamrsty oot |
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Fig, 3.74. Data sheet of the 3G Model-1 {h)
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Fig. 3.74. Data sheet of the SG Model-1 (c)
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Lengih = 1284 mm

MR TR Sl

00

Tuba Size = 12 00
Horgontal Pich = 19 mm
No. of Tube of Ons Leyer » 5 sa
tnnar Riser Size = 170 mm 00
Tube Support : will be deckded afier Vendor yedecied
Tube Madesial - SUIS M4
(MIEHETOl| kb X1 7 g 21 2104 @A)

§/G HELICAL COilL DETAIL"A"

- Fips
I

Delaiof Nozzte (5)

1l OD.

Nozzte Wr=2.047: Q" SCH40}

Hekical Coil 91 Nozzis (3).(3)
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Fig. 3.75. Data sheet of the SG Model-2 ()
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{c}) &4 =32-] (Hot Water Tank-1)

dA KALIMERS} Z& Zgd4 ¢8 di 2 712 2§ &49& &3
371 HelMs Frigd7idel 22171 A ddd gekg S71g 4y
712l 8¢ 22y Y722 e FrIRAsde B2l AASA H
sted B8] 22 1AR 7198 AAeld o 344 E FFE w287
#14 Vacuum Pump?t dEHe 3lon, EEZUYNE o433 258 A
o] Bk Ht},

24 ga-19 dA doiEE IY 3779 2ok

(2}) &% =3-2 (Hot Water Tank-2}

o] 2L L4 -1 13 FMEE & A& AP Trlwd
IR F2%e FHocl, o] F #Hasde 22 Water Circulation Pump?}
A= glo] 24 FESHA ®o

2 B3-29 4A dioeis 23 3783 &

(7}) @& 7k~ A3 A3 (Compressed Gas Surge Tank)

ol #3¥ Fd bombsESEH FIE AL o8 Ao A= #3
24 438 9} 7 kg/em'GrE FAET FogAve] Fu oogA o4
et FA2A47 £33 e ZHEE Sistd 24 FHE W o] g2
@ F21987) Apels] il 428 &0l YBg o & ¥},

US 7k AR #3239 2A deldHe 19 3799 2T

o8} o] ¥ K& AMFPol ALY ZF|ES AA, A4S 1Yo
7I7] D@ Frtden], dd, AF @ A7 F REAAE R EA £
22 AYE ¢9F A efct
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Fig. 3.77. Data sheet of the Hot Water Tank-1
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Fig.4.3. Photography for equipments and instruments of
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Fig.4.7. Vacuum pressure of ion pump {(sensor temperature ;
3507, 6N Ar gas feeding after 30 sec from zero
second, vacuum pressure of ion gauge at starting .
0.7x10-5 mbar, gas flow rate ; 20 scale),
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Fig.d.8. Vacuum pressure of ion pump (sensor temperature ;
J50°C, 4.9 ppm-Hz mixed Ar gas feeding after 30
se¢ from zero second, vacuwmn pressure of 1on gauge
at starting ; 1.54x10-5 mbar, gas flow rate ; 20
scale).
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Fig.49. Vacuum pressure of ion pump (sensor teimperature ;
450°C, 4.9 ppm-Hz mixed Ar gas feeding after 30
sec from zero second, vacuumn pressure of ion gauge
at starting ; 842x10-7 mbar, gas flow rate ; 10
scale).
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Fig.4.10. Vacuum pressure of ion pump (senscr temperature ;
4507, 4.9 ppm-Hz mixed Ar gas feeding after 30
sec from zero second, vacuum pressure of ion
gauge at starting ; 8.59x10-7 mbar, gas flow rate ;
20 scalel.
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Fig.4.1l. Vacuum pressure of ion pump (sensor temperature ;
450°C, 4.9 ppm-Hz mixed Ar gas feeding after 30
sec from zero second, vacnum pressure of ion
gauge at starting ; 8.00x10-7 mbar, gas flow rate ;
30 scale).
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Fig.4.12. Vacuum pressure of ion pump {sensor temperature
450°C, 49 ppm-Hz mixed Ar gas feeding after 30
sec from zero second, vacuum pressure of ion
gauge at starting ; 7.07x107 mbar, gas flow rate :
40 scate).
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Fig.4.13. Vacuum pressure of ion pump (sensor temperature
500°C, 6N Ar gas feeding after 30 sec from zero
second, vacuum pressure of ion gauge at starting
7.40x10°7 mbar, gas flow rate ; 10 scale).
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Fig.4.14. Vacuum pressure of ion pump (sensor temperature ;
500°C, 6N Ar gas feeding after 30 sec from zero
second, vacuurn pressure of 1on gauge at starting

7.37x107 mbar, gas flow rate ; 20 scale).
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Fig.4.15. Vacuum pressure of ion pump {sensor femperature |
500°C, 6N Ar gas feeding after 30 sec from zero
second, vacuum pressure of ion gauge at starting .
7.30x107 mbar, gas flow rate ; 30 scale).
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Fig.4.16. Vacuum pressure of ion pump {sensor temperature ;

00T, 6N Ar gas feeding after 30 sec from zero
second, vacuum pressure of ion gauge at starting
7.38x10"7 mbar, gas flow tate ; 40 scale).
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Fig.417. Vacuum pressure of ion pump (sensor temperature .
500°C, 49 ppm-H: mixed Ar gas feeding after 30
sec from zero second, vacuum pressure of ion
gauge at starting ; 7.40x107 mbar, gas flow rate ;
10 scale).
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Fig.4.18. Vacuum pressure of ion pump (sensor temperature .
57T, 49 ppm-Hz mixed Ar gas feeding after 30
sec from zero second, vacuum pressure of ion
gauge at starting 7.40x107 mbar, gas flow rate ;
20 scale),
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Fig.4.19. Vacuum pressure of ion pump {sensor ternperature ;
500T, 4.9 ppm-Hz mixed Ar gas feeding after 30
sec from zero second, vacuum pressure of ion
gauge at starting ; 7.23x107 mbar, gas flow rate ;
30 scale).
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Fig 4.20. Vacuum pressure of ion pump (sensor temperature .
500T, 49 ppm-H: mixed Ar gas feeding after 30
sec from zero second, vacuum pressure of ion
gauge at starting ; 7.28x107 mbar, gas flow rate ;
40 scale).
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Fig.4.21. Vacuum pressure of ion pump (sensor temperature ;
5007, after 30 sec 6N Ar gas feeding in 10 scale,
vacuum pressure of ion gauge at starting ;
8.23x10”7 mbar).
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Fig.4.22, Vacuum pressure of ion pump {sensor temperature ;
S00T, after 30 sec 6N Ar gas feeding in 20 scale,
vacuum pressure of ion gauge at starting : 8.19x107
mbar).
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Fig.4.24. Vacuum pressure of ion pump {sensor temperature ;
500, 6N Ar gas feeding in 10 scale and after 30
sec 1.9 ppm-Hz mixed Ar gas feeding in 10 scale,
vacuum pressure of ion gauge at starting | 7.21x107
mbar).
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Fig.4.25. Vacuurmn pressure of ion pump (sensor temperature ;
5007, 6N Ar gas feeding in 10 scale and after 30
sec 1.9 ppm-Hz mixed Ar gas feeding in 20 scale,
vacuurn pressure of ion gauge at starting ; 7.21x107
mbar).
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Fig.4.26. Vacuum pressure of ion pump (sensor temperature ;
500, 6N Ar gas feeding in 10 scale and after 30
sec 1.9 ppm-H; mixed Ar gas feeding in 30 scale,
vacuum pressure of ion gauge at starting ; 7.43x107
mbar),
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S00C, 6N Ar gas feeding in 10 scale and after 30
sec 49 ppen-H? mixed Ar gas feeding in 10 scale,

vacuum pressure of ion gauge at starting | 7.25x107
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Fig.4.28. Vacuum pressure of ion pump (sensor temperature ;
S00T, 6N Ar gas feeding in 10 scale and after 30
sec 4.9 ppm-Hz mixed Ar gas feeding in 20 scale,
vacuum pressure of ion gauge at stariing ; 7.14x107
mbar).
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Fig.4.23, Vacuum pressure of ion pump {(sensor temperature ;

500C, 6N Ar gas feeding in 10 scale and after 30
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vacuum pressure of ion gauge at starting ; 7.09x107
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(3} Advanced Processing 71#9 <133 w73
{7}) Leak Noises] 4 & Me]

1) Leak noises] ¥ AI%3 &4

Autocorrelation function® VS22 A oj@ict

Lim [ ox( s+ Dde=0 (4N
Acoustic signat®] mean & 9822 A3,

w=g 25 (484
Acoustic signai®] digpersion® ThE22 ALl
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2 2% xolz2 43 T2 4&FLH § ¥R 9% 7T dve
domain® SGUSt 28&o] v 4 71X B2 sisjy EFAPez
£XE 4 3lE ¢ 74 s 23X o] £988 ¢ Uk 282
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{combination}® Y= ¥ ¥ 2F(density distribution probability? HXX,), %
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3) dEAey

Gd &% 4% &8 9o vF 5499 AEd 2R Hrl Y&
Aed #2372 A% neural network®t WYY adaptive filtering'™
AE A48, o) WY REHLZ Ao UKk FHY 4 Uz, VY
T MA% oolZ9 Byo) FY Ao gHE 9, HNEMg FAe
P3D Alrd€ AT, nAFAeo] disjy el 93 layerE neural
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&38| ¢k DFT & A4 & thdel Yerdnd

X4 = :5::;::“] , exp(--‘;—zﬁ.-ﬂ)=:i‘;x[n]- w, (4.1034]
{ #=0.1,2 -+, N—1}
7|,
Wy ™= exp(—-izr%) @14

st e HSE BARC of A& g2 APetd s adl dis & 3
9 Hadydo] Pase, XE AdME N x N=MHY ARAPe= €
c},

o] ML 486(33MHz) HAW HHFHE AIGY F¥ N=I4E I F
B oA4vtes o 3 2 FA g9 714 By ' A E ol |
28 @ HFE D2 £ ook Wy 'S Aol o 271A] Holoh

AR Wy = Wy s 4.12)4

FE7 M Wy tem— W YT (4.1334]
7 Al zte $4({Decimation In Time:DIT) FFT

MEA (41004 nol F+d A4 FrY A% F AR ¥Y
Lig g
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XM =8 d2n) - Wy ™+ "8 Aon 1]y O

= hi:l*m"l‘ Wy 2 g Elxlzn+ 1] We ™ 4104
o 7] A,

Wi —[exp )] [E.tp g)]znwmﬂ’ﬂ (4.15)2)

Xa)= 'Elxtznl- Wnr '+ Wy * Nz,lﬂznﬂl' W (4164

of 4& N EQE2 DFT7F M2 XUE9 5 DFTZ $¥% 2¢ &
A & YIH$ AMT M2 ETUE DFTE 4%,

XLkl= Y1k + W * 21 K] 41704
( #=0, 1. 2.+« +, N=1
e 4oz "ol

i B ZUEY PFA, AMTc §5 ZGEY AFYS b3
. &, M4, 24 25 ] dWYgs Jarka(N2D-12  fch
N2sksN—-19 Al gisjd= t}y,

XLkt Nzl =" g 2] - Wy 42
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=1
+ Wy, U S.:h d2Zr+ 11 Wy "N 141804

[0=k=(nf2)—1]

oq7l4 (4134 228H

sz ik*m“ WM o {4719}'&]
(d.12)8 2 2 %H
W * M-t (42004

w}etM {41804,
XU+ Ni2] = "E';{zn] W M= Wt 5 Al2n+ 1) W

= Y kl— Wy * 2% (42104

( kme, 1,2+, N2-1)
Figd.36& o|42] A ¢neE&Ss 498 Hold «) A8 4 A
7h4ds] Sles

N+2(N2 = N+ NEf2 (4.22)4
Z Ho, N7} 3 olgdiMe 843 Z48n Hed &+ AUk 9
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Fig.4.36. Algorithm of FFT calculation.



(M2 log, N (4.23)4

b2 @t

) Al gH& 38 (Decirnation In Frequency DIF) FFT

A +8Y FFTA dd Fo+ FF(Decimation In
Frequency'DIF}<] 9% FFTYZE)S o] Ut o|H ¥ Sande-Tukey® ¢332
daez ¢34 4.

o] A& #HF dHelHE W ke T DFTE E## AL #
8 F4E HEe YYP2E AFNezE= A7) 29 DFTE AFA.
DIT, DIF o= %2 4Ugx HFNyez 37 28] DFTR AFZA e, &
7l 4¢] DFTZ FAE AL 714 42 DFTE 9 o] A%9 AgPFe 7
280 FHA HH 3422 O FHole )¢9 £ 8 UM o8 el
At T FA2AY 5 AT, M7t By He ¢F Ago] WeA
t} N=4q A% Egol AUE g A 3O,

el@el Alg3e FFT Z22@2 28 7IFE 6t ATS 2334
Cooley-Tukey 42 &€ M-+Yrk Table 2= CHHR 44 FFT =Z=2
=1 -3

FFT# AdNe fH¥2 Wy 'e) oz

k=0, 1,2.- - -, N2-1

o] Qa2



Table 2. Progeam list of FET algorithm programmed by Boland C++.

FEEEEETEETEEREEFREEEFEFTIEEEEEE R T T i thititiiie
f{ Program Name: FFT algorithm programmed by Boland C++ Ver 3
st i

FIEEEET T EiETTiai i it fiff i fffitiiiieiitififfttsiiiy
/f #include files

FHEEF T frr it iidfiidffit ittt friiifiiitaitisidfitiiii
#include <stdio.h>

#include <stdlib.h>

¥include <maih.h>

void make_bitrev{int n, int bitrev[])

{
int i, j. k. n2Z;
n2=n/2:
i=3=0
for (;:) {
bitrev[i] = i;
if {(++i >=n )
break:
k = n2:
white ( k< j ) {
i ==k
k /= 2;
}
i += ki
}
}
Ioid fft( int n, float x[}, fleat y[l }

int i. 7. k., ik, h, d, kz;

fleat t. s. ¢, dx. dy.

sintbl = malloc{ {(n 4 n/d) * sizeof([loat) }:
bitrev = malloc( n » sizeof(int) ):
nake_sintbl(n. sintbl);:

make_bitrevin, bitrev);
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for { 1 =0. 1 <n; i++ )} {
j = bitrevlil:

1
t.

if (i <j){
t = xlil; x(i) = x(j); x[j) =
\ t = ylil: yli) = yl3): ¥[j1 =
1
for { k=1 k<n k=k2} {
h=0: k2=2«k:d=n/ 2k
for ( j=1; j <k; j+#+ ) {
¢ = sintbl[h + n/4);
s = sintbl[h):
for ( i =j: i<n: i+k2) {

ik =i +k

dx = s+ylik] + c*x[ik];
dy = cey[ik] - s=x[ik].
x{ik! = x[i] - dx:

x{i] += dx:
y[ik] = y[il - dy.
} yli] += dy;
] +=4d;
}
}
for { i = 0; i <ni i++ ) {
x[i] /= n:
ylil /= n:
}



cos (x + xf2}=—sin(x} (4.24)4
2] AN cosCaiNA dlM=
k=0, 1, 2, -+, Nd-1
o] % EY oW SRl
FFT# wicig o] A& 5126|122 gined HalAE 512 Hloled, s
of WaAE 128 WolB), A 6402 wHolE relz=7t H Ao
(3} A& Wel{adaptive filter)

1) 52% 4% (random signal}l M2 @5 ©§7

& A¥ LA gz W UL 5@ A MEFGe] AY
weight 22 SAdoe 49 + Uk 2 SMAE 5,012 54E

Spi=— ga, Sem s (4.25)4]
o FAE FHA, QA 5, AAT 5, Aol A=

€= Sn— 5x= Sut ;at Su—k (4.2634)



S2MW o& residualelz} ¥} A Ap(least square)FAM @FE g,E
Hagoltt BA oA x5 %) H4 oz JoA.

ale] HME F 1A 82z o%eR 4 U 2 F HUE s.E
deterministic signal® 7% A3 T34 F W (random process)22 ¥
BHe] A% 5,22 Zse At

4l s.°] random processZt A2 e,% random process?|th. least

squares methodol A o8] ApsRl2] 7|t FH(expectation)e] HABh=ojo} #
t}. a#HAM

Eme(ely=es.+ ;ags.q)z (4203
E7} A %57 H¥Me o 2 g3l i

S5 ~0. Lsizy (428)4)
#H 5 42289 normnal equation® k2 Pk

gﬂi (5 aSa- ) = 8(5.5.-) {4.2914

N4 BF A {minimum average emorlE



Ey= e(eh)+ 32 ar 6(auss- 9 (43002
oju] FhalE ¢, process?t stationaryid nonstationaryuial 2 #icl,

stationary?l A%
E(Sn-ySy—i) = R(i— &) (431}

o], |74 R(HE process? autocorrelationo) k.
{42904 % (43004 & 2+ g2 2 o8 & ).

gy R{i—B=—R(D. 1=i<p {d.32)4]
Ey= RO+ 3100 KB 4.3

al 7] A,
Ro= S s {4.34)4

& A% 59 autocorrelation functioneltk, ¥ R(DE even functioneltt,
&,

R(—i=R(i) (43534



AF Ri-Bt 71F /548 I¥ (autocorrelation mattix) 2 €#H §d
7l gl ] #HY T autocorrelation method?t FET}. autocorrelation
matrixt symmetric Toeplitz matrix {Toeplitz matrixE diagonal matrix®]
£ 2 gko] F{)olr}

AAZ A% 5, & FY YHfinite intervalAA T Rt 22 o] &
# Fd MY o] ok @i PutHoz yIE Wyozs A
2 5ol 959 ¥4 {window function) w, & B8 & 4% 5% o
ok o s,& windowd$ )2l zeroold,

, LI "oy ug s M- 1
$n [ {4.36)2]
g, otherwise .
old zF ATE4 (avtocorrelation Tunction)<
RO= % snswen 620 (4374

q714 YES ¥4 (window function) w,? EFE Fasicl

2) HFWEs U9

Figd37& H3RE9 743 71239 Jel& 5eFa g wyel o
£ JdAHd FAE AF¥e=d) 4y £ ok f €9 < YEHE ok

—585—



Filter
nput

Adaptive
filter

. Filter
outpat

Filter
adaptation
rules

Quality

Lassessment |
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Fig 4 38. Specialized form of an adaptive filter employing a
tapped-delay-line finite impulse response (FIR)
filter and a reference-matching quality assessment.
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Fig.4.39. The adaptive noise cancelling concept.
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Fig.4.44. Detail drawing of cold trap.
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Fig.4.45. Injection nozzle used in Ar gas injected to acoustic
leak experimental vessel.
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Fig.4.49. Methods welding acoustic transfer guide on vessel
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Fig.4.50. Methods mounting acoustic sensor on acoustic transfer guide.
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ACOUSTIC BROADBAND SIGNAL INPUT LINIT
~Model:BR-640{Ultrasonic Receiver)
64dB Gain, 74dB Gain Control, 100kHz to 50 MHz Bandwidth,
Output Level:+/-1 V Peak in a 502 Load

-junction box for 4 output connector

DATA _ACQUISITION SYSTEM
-Simultaneous sampling amplifier CS512 board
-Vertical scale :1000V/DIV - 100uV/DIV
~Input * 2, Bandwidth @ SMHz, Resolution * 12bit
-Memory depth @ 512KB
-Triggering : CH A, CH B, EXT.

-Mathematical analysis, FFT, averaging

-—8l12—
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-Software drivers : C, C++, VISUAL BASIC

-PROCESSING
~Pentium PRO 200 {Cheche 256K)
-Memory - 3ZMB
-HDE: 2GB
-Monitor : Z1"GLSi

HIGH SPEED DATA STORAGE SYSTEM

1) Features
-The disk arrays : "plug-and-play” RAID-3 storage subsystem.
~-The transfer rate : 40MB/sec, expandable up to 100MB/sec.
~The conceptional design type @ "High Speed Raid Disk Array
System”.

2) Specifications

-Type : RAID-3

-Configuration © 8 data drives + 1 redundant drive {up to 17GB
capacity)

-Data Transfers ' Parallel on 2ll data drives

-Performance © up to 40 MB/sec

-Defect Management @ optional auto re-allocation

-Retries : Drive-dependant, configurable through array

-Hard Sector Errors @ Corrected on the fly and optionally auto

allocated

~Diagnostics @ Power up and user selectable

—6l4—



-Host Interface : SCSI-3

=-5C5I burst rates @ 40MB/sec

-Expandable transfer rate : up to LOOMB/sec
=Data resolution © 16 bit

-Power : 200-240 VAC, 50/60Hz

3. 24
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A study on safety measures of LME coolant showed the results as follows .
1. Sodium f{ire characlenstics

A, Sodium pool Emp. ga5 lemp., OXYEen concentration caiculated by flame combustion
|model wers gerwtally higher than those caleulated by surface combastion modal
B. Basic and detail designs for medium sedium Gre test faciliey were carried out and
[medivrn sodivum fice test faclicy was constructad,
2. Sodium/Cover gas purification technology

A. Construction and operation of calibration loop

B. Punficarion analysis and conceprual design of the pacdongs lor & cold trap
3. Analysis of sodium-water raastion characteristincs

We have invastigated the characteristics analysis for oucre and small leaks phencmena,
development of the computer code fer analysiz of initial and euasi steady-stare spike
pressares to anaiyze large leak accident.  Also, water mock-up test facility for the analysis
nf large lsak accident phenomena was designed and manufactured,
4. Development of water l2ak detection technology

Detaction signals were appeared when the hydrogen detector is operated to Ar-H: gas
system. The techrokogy (oo the passive acoustic detection with respect to lage l=akage of
water into sodntm media was reviewed. And water mock-up test equipments  and
instument system ware designed and construcced.
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