1338

JAERI

JAERI 1338

R AP D 1 IRipHI R ERE
BT SRR D 28 IR A ZE )

19974111

H A K 7+ 71 % Fr

Japan Atomic Energy Research Institute




ifi)ll
L3
PN

2=
#)
Fo—

KARER

XH
KiE
il
i
il
B
ER2
HR
BR

b
SEHt
ES
=
EH
ESS
tax
J& 5%
®“

A AR IR RRAREZRR

ZAR #

(B FE4F 8E)

(BREE - WIRFIABFZEE)

(BB D)

%

(74 Y h—7H)

(W& L)

ETES
L)
B+
ik
[

(BEBREEMAEZ—) P
(PHEFREFREE ¥ —) B
(NUCEF 3B =)

(& EERAR)
(R RFRIFTR)

(R v FREBRE)

(3 R BT FEER)

(RREHBT 70 ET)

AL
mE
FH
#H
B
& H

5L (E¥)
=

#eB (FLT T X<HER)
B = (R e B SR A BT 28 )
Al (BIR T#RBAFFRIFBARED)
Ef (CRERHREEY ¥ )
#i. REREHFER)
EFE (FFFLER)
i (hE=E)
WE (FFEFRE)
FA HEIFEE)
@A (B 7 VRETHE)
A (MPEIBRREE)
B (v 7> FEIRTER)
H (RimmEm)

Japan Atomic Energy Research Institute

Board of Editors

Hiroshi TANI (Chief Editor)

Nobuaki HIRAMATSU
Tsuneo KODAIRA
Hideto MATSUO
Toshi NAGAOKA
Masatake OHKUBO
Mitsuru OHTA

Katsuji SEZAKI

Norio SUZUKI

Satoshi YANAGIHARA

JAERIVE— M3, BARFHFEFSFEREREZRROEEL R TREMICAT

LTWHHIEREETT,

AFOBA DRI, BARFHHEFFRERBMEHERR (T319-11 KBIRIRTE
M) HT, BREARLLEIW, B, Z0oEMCHMAEBEARFILESBERE S
#— (T319-11 HIRBIMEEEMEA B AJLFHFEFH) THECLZERFEM BT

fﬁo’(i&i‘? i—;—o

Hiroki ICHIKAWA

Atsuo KOHSAKA

Yohsuke MORITA
Masayuki NAKAGAWA

Hideki OHMICHI
Yukio OHYAMA

Shusaku SHIOZAWA
Toshiyuki TANAKA
Makoto YOSHIDA

Hitoshi ITOH
Masaaki KURIYAMA
Mikic MURATA
Hideki NAMBA
Norikazu OHOKA
Shuji OKAZAKI
Hirotsugu SHIRAISHI
Masakazu TANASE

JAERI reports are reviewed by the Board of Editors and issued irregularly.

Inquiries about availability of the reports should be addressed to Research Information
Division, Department of Intellectual Resources, Japan Atomic Energy Research Institute, Tokai-
mura, Naka-gun, Ibaraki-ken 319-11, Japan

© Japan Atomic Energy Research Institute, 1997

WERRIT B ART AR
B 7 & FD R R

=)

kil




JAERI 1338 ;

BRI A UF D 1 IR HFR ERCE R E 5 O ERBEAZEE

B A B FE R KB FE i
K BF| BT FEER

X B ¥ 9
(1997 ¥ 6 A 9 HZH®)

E B

BEY ZAFIBVETOREEEZMATEFIFERHF LTI L AUBNESRFRTHH LV EN, FF
PR ET O BRICIBEFRERO—2OTH S 1 KOHREEEHE EHROL LU 2 RETILEND S, £
T, AR T, 01 RGHEFEETHEFLEIFOZTBAZEIONT, FEBREHERTICI Y Z02H)
AL, BBYRFORLMICETIZEEEIT1,

FECERITE R OIF N B AR S W U FEIFEE & 722 5 iR A A TIE, ZRBABRIC 2 >OBRKITFE
THZLERLE, BEEBRMEREOE 1 BBICBIT2ERBARRIE, S TEHEED THREOBWVIRARE
OBERBREVLZABERTHY, F2EMTCEIREESAZERMNIC—KTIEROHERBRE/BEER L 2
BT EEFRALMICILE,

BEBITICB VT, BHREOF 1 BRBICBIT 2RIz — FZEB L, XEIT=2— FIZRoK&
ROBBHRSEE 1 RAOEBFRAL 1 RARBEETLERAVWTHETTA2LOTH S, AT 2—Fizky,
FEBICEB T 5 FRETHNFESRFORSAGEE, FRIIHRERE 1 BERORGERHASOE[FEASETICET
HBEROTRHBAHRL 2o,

WUFHOWMBE L FROMBN RF T, BEFEHEEZOE 1 BROHMANICERBRABREZKRTIES X
IBRFLOGBEABERFETDIZ LR L, &6, RARAKERICHYTIENEBROTHENOANY LY
gD LIcdY, BeERBIIBIAIZEROBRBRIEVBEELRZNVWI LEHALMI L, LER-T, ~Y
U AEAEI, BEROBAZIEL, BHREBEDORILEMGEIT2EN e FEO—2THDZZ tihbhoi:,

KEEHFFERT : T311—13 KRR EKIRERALERT AR HETHTIE 3607



il JAERI 1338

Air Ingress Behavior during a Primary-pipe Rupture Accident of HTGR

Tetsuaki TAKEDA

Department of Advanced Nuclear Heat Technology
Oarai Research Establishment
Japan Atomic Energy Research Institute

Tokai-mura, Naka-gun, Ibaraki-ken

Received June 9, 1997

Abstract

The inherent properties of a High Temperature Gas-cooled Reactor (HTGR) facilitates the design of the HTGR
with high degree of passive safe performances, compared to other type of reactor. However, it is still not clear if the
present HTGR can maintain a passive safe function during a primary-pipe rupture accident, or what would be design criteria
to guarantee the HTGR with the high degree of passive ‘safe performances during the accident. To investigate safe
characteristics of the HTGR, the present study has been performed experimentally and analytically on the air ingress

behavior during the primary-pipe rupture accident.
It was indicated that there are two stages in the primary-pipe rupture accident of the HTGR having a reverse U-

shaped channel. In the first stage of the accident, an air ingress process limits molecular diffusion and natural circulation
of the gas mixture having a very slow velocity. In the second stage of the accident, the air ingress process limits the
ordinary natural circulation of air throughout the reactor.

A numerical calculation code has been developed to analyze thermal-hydraulic behavior during the first stage of the
primary-pipe rupture accident of the HTGR. This code provides a numerical method for analyzing a transport phenomena
in a multi-component gas system by solving one-dimensional basic equations and using a flow network model. It was
possible to predict or analyze the air ingress process regarding the density of the gas mixture, concentration of each gas
species and duration of the first stage of the accident.

It was indicated that the safe characteristics of the HTGR from the present experiment as follows. The safety
cooling rate that the air ingress process terminates during the first stage of the accident exists in the HTGR having the
reverse U-shaped channel. Moreover, the ordinary natural circulation of air can not produce in the second stage of the
accident by injecting helium from the bottom of the pressure vessel corresponding the low-temperature side channel.
Therefore, it was found that the ides of helium injection is one of useful methods for the prevention of air ingress and of

graphite corrosion in the future HTGRs.

Keywords : High Temperature Gas-cooled Reactor, Primary-pipe Rupture Accident, Air Ingress, Molecular Diffusion,

Natural Circulation, Numerical Calculation, Multi-component Gas, Graphite Corrosion



JAERI 1338 e

B R

1. ¥ R 1
1.1 BEVTRABHBFTEYL 1 RABHZ TR cccovortortarrratraritetetioiininecasns 1
1.2 TFBRDBIRE ATFIROTEEE o ovcevvettotrantaranaaaeassestiotessstosesssosessennsaaesanss 1
2, 2RRMERDAY T HEB L BIERTEERIL < vvvvvrorrarrorsestoeenesssnresseasssstsssencanannnnas 6
2.1 MU BB ANDERIEAIBIR «cvrevrrrrntrantttieiittaentreiitisscsaneeaaeacsastssensees 6
2. 1.1 EBREBI L UNEBR IR ccrveettearraaiatreeeanaaaeateeassstccsssotossessannrassnnns 6

LR I - - T AR 7
2.1.3 BB LU R L DB BT ot v ttrrnrarinntanttateenteiesatorsossssssoceansannanns 13
2.2 HEB A DR ITTACICB T B st ettt tenteneeaitieierratiietntesssstostosinncaaannn 27
2.2.1 EREFIRTDEIRTTEITIIR o ovvorrrrtontrataateatsesteeiotsossssssstssnseacassonsanns 27
222 2RERATIRBE DI L BRI - cvvvvorrenrertrttttateiiitiiiiiiiieiettaaenena 28

R RO - 0 2 = O T — - S O 392
2.3 WUFEHERO—BREFHE OB A DZERIZAIBFR v vevrerrrrrretiteiieteeeesierannenn 40
2.3.1 FHEBRIEBE L REBR TS covoevreovrarerrrrateatreteetttatitiesetsossneensancansensanns 40
2.3.2 BRI R L B DB EE c ottt ittt ittt e itteerenreeaaes 41
2.4 BT BRI BRI AR T B « e eev et tienataeti ittt eaes 51
2.4 1 EENEEE L UNEBR IS ovceereereceaneanatanteataaitatessecntsttoeessssaneneannnans 51
2.4.2 EBER L F DB IR v v vttt ittt ittt ettt ettt aattiaaaaaaas 52
2.5 BiEY R FOFBMBEME L EREEN~DZEGIBABEE <o evverrnnrnnernenaane 57
2.5.1 EBRIEBIS L TREBNFIE - cccevceresetotranntessaessssesenriasessssscsncsonsoaonees 57
2.5.2 MRMEREAT +oovvvveeeesneesoroosatsnanteaneesanneesatsssusetsstensesnnsecanssanssonens 58
253 EEBRB L UMY R L ZEEL v oo eertrtttatretntaeneririretetteseieniorcicsssessess 60
2.8 AEEUDE LoD ccterrrerettonnttaattaitttaetteettttitteetttetetttir ettt aettettteaanaans 79
3. BRRIEBDI T L B IRTGIRIE o vcevrovrrmrraeaaneenteeteetersesrosnssnssnssoccnananss 81
3.1 HUSEHBANANDZEEIBANBFD o oveerrceroetetarteeaiesteirereseasenessitontassssenennss 81
3.1.1 EERIEBIS L TNEBR IR +ovvvrorrrartaatatanteateetoesiotssnssassssnstcstocssasonss 81
O T == =y 5 - - 83
3.2 {LERGEE) EBRSEEROYEISENELEREAT - ccovovrrerrrerersrsrresrissioisscsssens 97
LT I - -y 53 -~ - S 97
3.2.2 BBGNTEALITIE cevevrroorraranraecaaaeestatesuteaseesosnsenssnsontsnsinstestosssssnnes 98
3.2.3 ELBEERRIUDI AN L o v eereetoettttttotateitetateat ittt 100
.24 K EMRATRE R L B D REEE rvtertttrettttiitttetattattiaatittetttiars i enaieeneenas 105
3.3 WUFRBEBO— BT OB DGR AIBRR ittt tiiitiiitettitenaanannas 113
3.3.1 EERAEBIS L UNEBR IR +covtoectserentartontateeensssaotasasensinscostsstsssesconas 113
3.3.2 EERIER L ZDEER +otvrtt ittt ittt ettt raaeaas 114

8.4 REE D E LoD cerereettrttiiteetiiertiieetereatsetsssrossosectsstastosssacsnsessoscsnsnnnnse 124
.



iv JAERI 1338

4, BB H REFEMB O coccevereesetttttieetttitttiiiiiesttttisssetsststssssstsssssssasrnasas 125
8.1 B REMTAEHETERR < oo vevrteeorintieetirntttiosstrtstssiststtttoatantsntiitacttacanonnns 126
4.1.1 EBRIEBIS L UVEBR IR ~ccrrverteetetntrttittitiiitiittittietssttoststtosssscaassnsas 126
4.1.2 FLORMTBBEREPIG—OBEDRBIER <covoerrrrrrrresieiniiiiiiiiiee, 127
4.1.3 FLORNKBEBRENIEE —DBREOEBRIER «crvvrerertttitttttttiiiiiiiiititieana 130

4.2 HEVAFOBREEMERRFICBIT SBMEABEBEERIT T — K ccocererrariiiiiiinii... 152
4.2.1 AR OB EE «-cverrttinetreneesnesioeeesetennetsneeesnateneasssenssensanansanasaos 152
4.0, 0 B AT AE B vt ettt ettt e i ie et ere e esaaaas 153

4.3 BEYAFOEELRSIIEITET DEER «ccvvcerrrrrectrritiaattiitetitaanataaarsoctsoses 160
4.3.1 BOFMBBEENFME ELIETITIREOERBR ccoovevreererereenn 160
4.3.2 TCREAHIEEHITEE T A IEBREEE v vvrererrttrtantsttstttiitoctiatitaarancaanaaans 162
4.4 AEEDE LMD scccrrenetteittiiaiiiieeittttitieiititiiiitttetacttttttttetttetttttsattaans 172
LT e =~ 173
¥ = I R R R R 177



JAERI 1338 v

Contents

1' Introduction ............................................................................... .o 1
1.1 High Temperature Gas-cooled Reactor and the Primary-pipe Rupture Accident «++«+=svsvsvcecacnss 1
1.2 Present Status of Research and Significance of this Study +=««+++-- A R R 1
2.  Molecular Diffusion and Natural Circulation of Two Component Gas Systern « <+« -« - AR 6
2.1 Process of Nitrogen Ingress into Reverse U-shaped Tube =« ccocecceeeverenrnennrnaiiainiiana, 6
2.1.1 Experimental Apparatus and Procedures: =+« -+« «sttestesenstosenstusrunrneesnrenenneanes 6
2.1.2 Numerical analysis =+« ===+« + v v rrnenntttietiiettetetetaetiiereeenieesieeaeeenns 7
2.1.3 Experimental and Analytical Results and Discussions * =+ +ccceee- R AR ERE 13
2.2 Discussions for Non-dimensional Form of Basic Equations « =« ««c«ecececeeretetanentannianannna, 27
2.2.1 Non-dimensional Form of Basic EqQUations ===+« «+* s tecoetetenaataneniiaiatiiinciecnrons . 927

2.2.2 Estimation Equations of Density of Two Component Gas Mixture and it’s Available Range +--+ 28

2.2.3 Analytical Results and Discussions:«+«++=cs=s+ Ceteeiiiiaei ittt B - 1)
2.3 Process of Nitrogen Ingress into Reverse U-shaped Tube Having Parallel Channels +++«+vreveceses 40
2. 3‘ 1 Experimental Apparams and Procedure =+t rceeececerttetsrrttecnsssstesssstscssossannas 40
2.3.2 FExperimental Results and DiSCUSSIONS =+ + s+ ttestateestentotttstonenneeanaansanaessanns 41
2.4 Effect of Localized Natural Convection for Nitrogen Ingress Process <« +«testesrseecnonarecnann 51
2‘ 4.1 Expenmental Apparatus and Procedure .................................................. 51
2.4.2 Experimental Results and DiSCUSSIONS =+ ==+ veevrsataaatettettestotosesneransnanaannanss 52
2.5 Process of Air Ingress into Experimental Apparatus Simulating Flow Channels of HTGR:+«+«++«++ ¢ 57
2.5.1 Experimental Apparatus and Procedure ++«+«esvesrerrerenreeettiiieieineatretitonranannns 57
2.5.2 Numerical Analysis « =+« r=c=reterereeeenentttieitietititititiitiiiiiiatiiiiiiatoanas «ees 58
2.5.3 Experimental and Analytical Results and Discussions ==« rceeeeserrecectcentcnieniaaens 60
2.6 Conclusions of Chapter AR R R D R I A R I I I I T IR IR R AP 79
3. Molecular Diffusion and Natural Circulation of Multi-component Gas System « -+« -« (AR RAEEREEERETINE )
3.1 Process of Air Ingress into Reverse U-shaped Tube:--««----- R A R R c+ 81
3.1.1 Experimental Apparatus and Procedure *+ s+ cseecstcrrrretetretsennctssscastrctsssasesens 81
3. 1. 2 Experimental ReSultS and Discussions ................................................... 83

3.2 Numerical Analysis of Mass Transport in a Multi-component Gas System with Chemical Reaction -+ 97

3. 2. 1 Basic Equations ...................................................................... 97
3' 2.2 Graphltc Oxidation Reaction *+c*sseosse- tssesesessssstrsecaansennas tesscsssessrsr e 98
3' 2_ 3 DiSCritiZatiOn of Basic Equations ............................... B R R R R ) 100
3_ 2.4 Analytical Results and DiscusSions* *c+**sssessesecercccccsaccsaccns DR R R R R R I I I IS 105
3.3 Process of Air Ingress into Reverse U-shaped Tube Having Parallel Channels «<=cccceevevcevecces 113
3. 3. 1 Experimental Apparatus and Procedure *cvsvecerecrrcntacccnccnas tessecsae PR R 113
3. 3. 2 Expcrlmental Results and DiSCUSSIONS ****c**cveseetcrsrsrsserenessanccsssssssossscssosnes 114

3_ 4 Conclusions of Chapter K R D R R R R R I I T SN 124



vi JAERI 1338

4. Application of this Study into Safety Research of High Temperature Gas-cooled Reactor==«+«««--- ceee 125
4.1 Experiment of Simulated Primary-pipe Rupture Accident ««<<-«=eeceeccce. R AR R R seees 126
4' 1_ 1 Test Apparams and Procedure ........ R R R R R R R R sesean R 126
4.1.2 Experimental Results with Uniform Temperature of Simulated Core ««++ccevverecerceecccenn - 127
4.1.3 Experimental Results with Non-uniform Temperature of Simulated Cores s+ srreeeovevns ceee 130

4.2 Numerical Calculation Code of Mass Transport on the Primary-pipe Rupture Accident of HTGR < --+ 152

4.2.1 Outline of Numerical Calculation =« =-=--=++ssseeseseccssssssssosssssans ceeeseessececsnen 152
4.2.2 Numerical Results and Discussions. .................................................... «+ 153

4.3 Experiment on Passive Safe Characteristics of HTGR -+---- IR ERER R IAAAARRAR R LR 160
4.3.1 Experimental Results on Decreasing Reactor Core Temperature after the Accident --++cvve+-- ++ 160
4.3.2 Experimental Results Regarding Prevention of Air Ingresse«+«c-ervevesn- R R AR AR 162

4.4 Conclusions of Chapter 4 ««ce+esretesrstoseetnteetarnrenetareeastenassenns E P 172
5' Conc]uding Remarks ......................................................................... 173
Acknowledgment B I R R R R I I T R R TR AR IR AP AT S I R IR IR I AR .o 177

References «  «+c+verrrreececcccestorcsccssonanns R IR I T T T T T S S S 178



JAERI 1338

Chapter 1
Figure 1.1
Figure 1.2

vii

List of tables and figures

Schematic drawing of a High Temperature Gas-cooled Reactor

Modeling of flow channels in a HTGR

Chapter 2—Section 1

Figure 2.1.1
Figure 2.1.2
Figure 2.1.3
Figure 2.1.4

Figure 2.1.5
Figure 2.1.6
Figure 2.1.7
Figure 2.1.8
Figure 2.1.9
Figure 2.1.10

Figure 2.1.11

Figure 2.1.12

Figure 2.1.13

Figure 2.1.14
Table 2.1.1

Experimental apparatus of a reverse U-shaped tube in a two-component gas system

Analytical model of the reverse U-shaped tube

Flow chart of the conjugate and non-conjugate methods

Mole fraction changes of nitrogen by molecular diffusion (average temperature of the heated pipe :
20°C)

Mole fraction changes of nitrogen (average temperature of the heated pipe : 256°C)

Mole fraction changes of nitrogen (average temperature of the heated pipe : 256°C)

Mole fraction changes of nitrogen (average temperature of the heated pipe : 348°C)

Distribution of nitrogen mole fraction in the tube

Analytical results by the conjugate and non-conjugate methods

Ingress velocity change of nitrogen at the inlet of high-temperature side pipe (average temperature of
the heated pipe : 256°C)

Ingress velocity change of nitrogen at the inlet of high-temperature side pipe (average temperature of
the heated pipe : 348°C)

Time varying of the buoyancy force and the density of the gas mixture in both channels (analytical
results)

Mechanism of nitrogen ingress process

Relationship between the duration of the first stage and the density ratio

Average temperatures in each region for the analytical model of the reverse U-shaped tube

Chapter 2—Section 2

Figure 2.2.1
Figure 2.2.2

Figure 2.2.3

Figure 2.2.4
Figure 2.2.5

Figure 2.2.6

Figure 2.2.7

Analytical model in the non-dimensional analysis of the reverse U-shaped tube

Difference between the calculated density of the gas mixture by Eq.(2. 2. 23) and by Soave-Redlich
Kwong equation

Time varying of the mole fraction X, and Peclet number at the inlet of high-temperature side pipe (by
Eq. (2. 2.23))

Distribution of the mole fraction X, in the tube (by Eq.(2. 2. 23))

Mole fraction changes with constant Gr;Sc’ (the density of the gas mixture approximated by
Eq.(2.2.23))

Mole fraction changes with constant GrcSc? (the density of the gas mixture approximated by
Eq.(2.2.23))

Mole fraction changes with constant GrSc* (the density of the gas mixture approximated by

Eq.(2.2.34))



viii JAERI 1338

Figure 2.2.8 Mole fraction changes with constant Gr.Sc® (the demsity of the gas mixture approximated by
Eq.(2.2.34))

Figure 2.2.9 Relationship between the duration of the first stage of the accident and Grashof number ratio

Chapter 2—Section 3

Figure 2.3.1 Experimental apparatus of a reverse U-shaped tube having parallel channels in a two component gas
system

Figure 2.3.2 Measuring points of temperature and gas concentration

Figure 2.3.3 Mole fraction changes of nitrogen (three channels with same temperature condition)

Figure 2.3.4 Wall and gas temperature distributions in the channel-1 (three channels with same temperature
condition)

(a) Heated wall temperature distribution in each channel

(b) Gas temperature distribution in each channel

Figure 2.3.5 Mole fraction changes of nitrogen (two channels with same temperature and one with low temperature
condition)

Figure 2.3.6 Mole fraction changes of nitrogen (two channels with same temperature and one with high temperature
condition)

Figure 2.3.7 Wall and gas temperature distributions in the channel-1 (two channels with same temperature and one

with low temperature condition)
(a) Heated wall temperature distribution in the channel-1
(b) Gas temperature distribution in the channel-1
Figure 2.3.8 Wall and gas temperature distributions in the channel-3 (two channels with same temperature and one
with low temperature condition)
(a) Heated wall temperature distribution in the channel-3
(b) Gas temperature distribution in the channel-3
Figure 2.3.9 Mole fraction changes of nitrogen (three channels with different temperature condition)
Figure 2.3.10 Relationship between the duration of the first stage of the accident and the average temperature of three
channels

Table 2.3.1 Average temperature in each region for the reverse U-shaped tube having parallel channels

Chapter 2—Section 4
Figure 2.4.1 Experimental apparatus of vertical slot
Figure 2.4.2 Density change of the gas mixture in the top of the slot (He-Air)
Figure 2.4.3 Density change of the gas mixture in the top of the slot (N,-Ar)
Figure 2.4.4 Gas temperature fluctuation in the center of the vertical fluid layer
(a) AT=10K
(b) AT=50K
Chapter 2—Section 5
Figure 2.5.1 Schematic drawing of test apparatus simulating flow channels of a HTGR

Figure 2.5.2 Cross section of the simulated core and measuring points in the flow channels



JAERI 1338

Figure 2.5.3

Figure 2.5.4

Figure 2.5.5

Figure 2.5.6

Figure 2.5.7

Figure 2.5.8

Figure 2.5.9

Figure 2.5.10

Figure 2.5.11

Figure 2.5.12

Figure 2.5.13

Figure 2.5.14

Figure 2.5.15

Figure 2.5.16

Figure 2.5.17

Figure 2.5.18

Table 2.5.1
Table 2.5.2

3

Schematic drawing of the outer inlet and outlet pipes

Analytical model of the test apparatus without the outer inlet and outlet pipes

Time varying of the mole fraction of air and ingress velocity (the center and peripheral regions with

uniform temperature condition)

Mole fraction changes of air in the lower plenum (the center and peripheral regions with uniform

temperature condition)

Mole fraction changes of air in the top space (the center and peripheral regions with uniform

temperature condition)

Mole fraction changes of air in the bottom space (the center and peripheral regions with uniform

temperature condition)

Mole fraction changes of air (the center and peripheral regions with non-uniform temperature

condition)

Mole fraction changes of air in the lower plenum (the center and peripheral regions with non-uniform

temperature condition)

Mole fraction changes of air in the top space (the center and peripheral regions with non-uniform

temperature condition)

Mole fraction changes of air in the bottom space (the center and peripheral regions with non-uniform

temperature condition)

Relationship between the duration of the first stage of the accident and the average temperature of the

central region in the simulated core

Mole fraction changes of air in the case of the central and peripheral regions with uniform temperature
(without the outer inlet and outlet pipes)

Mole fraction changes of air in the case of the center and peripheral regions with non-uniform

temperature (without the outer inlet and outlet pipes)

Mole fraction changes of air in the case of the center and peripheral regions with non-uniform

temperature (without the outer inlet and outlet pipes)

Analytical results using the ordinary diffusion coefficient in the binary gas system

Analytical results using the effective diffusion coefficient in the annular passage and the top space

Main specifications of the test apparatus

Average temperature in each region of the test apparatus

Chapter 3—Section 1

Figure 3.1.1
Figure 3.1.2

Figure 3.1.3
Figure 3.1.4

Figure 3.1.5

Experimental apparatus of a reverse U-shaped tube in a multi-component gas system

Wall temperature distribution of the vertical heated pipe along the tube axis (average temperature of the
heated pipe : 758°C, 555. 3°C, 379. 7°C)

Density changes of the gas mixture (filling with nitrogen condition)

Wall temperature distribution of the vertical heated pipe along the tube axis (average temperature of the
heated pipe : 767. 7°C, 569. 1°C, 376. 6°C)

Relationship between the duration of the first stage of the accident and the average temperature of the

heated pipe



Figure 3.1.6
Figure 3.1.7
Figure 3.1.8
Figure 3.1.9
Figure 3.1.10
Figure 3.1.11
Figure 3.1.12
Figure 3.1.13
Figure 3.1.14
Figure 3.1.15
Figure 3.1.16
Figure 3.1.17
Table 3.1.1
Table 3.1.2
Table 3.1.3

Table 3.1.4

Table 3.1.5

JAERI 1338

Mole fraction changes of oxygen in the lower part of the heated pipe (1)

Mole fraction changes of oxygen in the graphite pipe (2)

Mole fraction changes of oxygen in the upper part of the heated pipe (3)

Mole fraction changes of oxygen in the cooled pipe (4)

Mole fraction changes of carbon dioxide in the lower part of the heated pipe (1)

Mole fraction changes of carbon dioxide in the graphite pipe (2)

Mole fraction changes of carbon dioxide in the upper part of the heated pipe (3)

Mole fraction changes of carbon dioxide in the cooled pipe (4)

Mole fraction changes of carbon monoxide in the lower part of the heated pipe (1)

Mole fraction changes of carbon monoxide in the graphite pipe (2)

Mole fraction changes of carbon monoxide in the upper part of the heated pipe (3)

Mole fraction changes of carbon monoxide in the cooled pipe (4)

Distance of the temperature and concentration measurement points from the end of the heated pipe
Calibration results of the analyzers for carbon monoxide and dioxide

Temperature in each part of the tube and the duration of the first stage of the accident (filling with
nitrogen condition)

Temperature in each part of the tube and the duration of the first stage of the accident (filling with air
condition)

Average temperatures of whole heated pipe and graphite pipe

Chapter 3—Section 2

Figure 3.2.1
Figure 3.2.2

Figure 3.2.3

Figure 3.2.4
Figure 3.2.5
Figure 3.2.6
Figure 3.2.7
Figure 3.2.8
Figure 3.2.9
Figure 3.2.10

Analytical model of the reverse U-shaped tube

Flow chart of heat and mass transport analysis in the multi-component gas system with chemical
reaction

Wall temperature distribution in the reverse U-shaped tube (average temperature of the heated pipe :
767.7°C)

Density changes of the gas mixture (average temperature of the heated pipe : 767. 7°C)

Density distribution of the gas mixture (average temperature of the heated pipe : 767. 7°C)

Mole fraction changes of oxygen (average temperature of the heated pipe : 767. 7°C)

Mole fraction changes of carbon dioxide (average temperature of the heated pipe : 767. 7°C)

Mole fraction changes of carbon monoxide (average temperature of the heated pipe : 767. 7°C)

Mole fraction distribution of carbon dioxide (average temperature of the heated pipe : 767. 7°C)

Mole fraction distribution of carbon monoxide (average temperature of the heated pipe : 767. 7°C)

Chapter 3—Section 3

Figure 3.3.1

Figure 3.3.2
Figure 3.3.3
Figure 3.3.4

Experimental apparatus of a reverse U-shaped tube having parallel channels in a multi-component gas
system

Measuring points of the temperature and concentration in the apparatus

Temperature distribution along the tube axis in the central and peripheral heated pipes

Mole fraction changes of CO, O2 and CO2 (T,,=803°C,Ts.=696°C)



JAERI 1338

Figure 3.3.5
Figure 3.3.6
Figure 3.3.7
Figure 3.3.8
Figure 3.3.9
Figure 3.3.10
Figure 3.3.11

Figure 3.3.12
Figure 3.3.13

xi

Mole fraction changes of CO, 02 and CO2 (T, ;=600°C,T=547°C)

Mole fraction changes of CO, 02 and CO2 (T ;=505°C,Ts=456°C)

Mole fraction changes of oxygen in the lower plenum (C1)

Mole fraction changes of carbon dioxide in the lower plenum (C1)

Mole fraction changes of carbon monoxide in the lower plenum (C1)

Mole fraction changes of oxygen in the cooled pipe (C4)

Relationship between the average temperature of the simulated core and the duration of the first stage of
the accident

Density changes of the gas mixture (T,;=605°C, Ts=540°C)

Density changes of the gas mixture (T,;=755°C, T=680°C)

Chapter 4—Section 1

Figure 4.1.1
Figure 4.1.2
Figure 4.1.3

Figure 4.1.4
Figure 4.1.5
Figure 4.1.6

Figure 4.1.7

Figure 4.1.8

Process of air ingress during the primary-pipe rupture accident of HTGR

Schematic drawing of the test apparatus simulating the primary-pipe rupture accident

Temperature distributions of the central and peripheral flow pipes (just after the simulated pipe
rupture)

Time varying of the density of the gas mixture and the ingress velocity of air at the outlet pipe (average
temperature of the graphite pipe : 1046°C)

Density changes of the gas mixture in the outlet pipe and the high-temperature plenum

Density changes of the gas mixture in the inlet pipe and the top space

Relationship between the duration of the first stage of the accident and the average temperature of all
graphite pipes

Mole fraction changes of each gas species (average temperature of the graphite pipe : 956°C)

{(a) Mole fraction changes of 02

(b) Mole fraction changes of CO

(C) Mole fraction changes of CO2

Figure 4.1.9

Mole fraction changes of each gas species in the top space

(a) Mole fraction changes of O2
(b) Mole fraction changes of CO
(C) Mole fraction changes of CO2

Figure 4.1.10

Mole fraction changes of each gas species in the high-temperature plenum

(a) Mole fraction changes of O2
(b) Mole fraction changes of CO
(C) Mole fraction changes of CO2

Figure 4.1.11

Mole fraction changes of each gas species in the outlet pipe

(a) Mole fraction changes of O2
(b) Mole fraction changes of CO
(C) Mole fraction changes of CO2

Figure 4.1.12

Density changes of the gas mixture

(a) 1000°C-900°C experiment and 900°C experiment
(b) 850°C-750°C experiment and 750°C experiment



xii

Figure 4.1.13

JAERI 1338

Mole fraction changes of each gas species

(a) Mole fraction changes of 02
(b) Mole fraction changes of CO2
(C) Mole fraction changes of CO

Figure 4.1.14
Figure 4.1.15
Figure 4.1.16

Table 4.1.1
Table 4.1.2

Table 4.1.3

Wall and gas temperature distributions in the annular passage (1000°C-900°C experiment)

Wall temperature distribution in the flow pipe (1000°C-900°C experiment)

Relationship between the duration of the first stage of the accident and the average temperature of the
flow pipe

Main specification of the test apparatus simulating the primary-pipe rupture accident

Temperature in each part of the test apparatus just after the simulated pipe rupture (graphite flow pipes
with uniform temperature condition)

Temperature in each part of the test apparatus just after the simulated pipe rupture (graphite flow pipes

with non-uniform temperature condition)

Chapter 4—Section 2

Figure 4.2.1
Figure 4.2.2
Figure 4.2.3
Figure 4.2.4
Figure 4.2.5
Figure 4.2.6
Table 4.2.1

Flow chart of the FLOWGR code

Numerical model of the test apparatus

Density changes of the gas mixture (average temperature of the graphite pipe : 900°C)

Mole fraction changes of oxygen (average temperature of the graphite pipe : 900°C)

Mole fraction changes of carbon dioxide (average temperature of the graphite pipe : 900°C)
Mole fraction changes of carbon monoxide (average temperature of the graphite pipe : 900°C)

Initial condition in each region for the numerical analysis by the FLOWGR code

Chapter 4—Section 3

Figure 4.3.1

Figure 4.3.2
Figure 4.3.3

Temperature changes of the graphite flow pipe (the simulated core with uniform temperature
condition)
Temperature changes of the graphite flow pipe (the simulated core with cooling condition)

Density changes of the gas mixture

(a) Cooling speed : 1. 94°C/h (exp.6)
(b) Cooling speed : 5. 82°C/h (exp.8)

Figure 4.3.4

Mole fraction changes of oxygen

(a) Cooling speed : 1. 94°C/h (exp.6)
(b) Cooling speed : 5. 82°C/h (exp.8)

Figure 4.3.5

Mole fraction changes of carbon dioxide

(a) Cooling speed : 1. 94°C/h (exp.6)
(b) Cooling speed : 5. 82°C/h (exp.8)

Figure 4.3.6

Mole fraction changes of carbon monoxide

(a) Cooling speed : 1. 94°C/h (exp.6)
(b) Cooling speed : 5. 82°C/h (exp.8)

Figure 4.3.7

Temperature changes of various measuring points in the apparatus



JAERI 1338 Xiii
(a) Cooling speed : 1. 94°C/h (exp.6)
(b) Cooling speed : 5. 82°C/h (exp.8)
Figure 4.3.8 Temperature distribution in the graphite pipe (Cooling speed : 5. 82°C/h (exp.8))
(a) Elapsed time after the simulated pipe rupture : 0. 16h
(b) Elapsed time after the simulated pipe rupture : 108h
Figure 4.3.9 Air ingress velocity change at the outlet pipe on the helium injection experiment
(a) During helium supply from the low-temperature side channel
(b) After stop of helium supply
Table 4.3.1 Experimental condition just after the simulated pipe rupture (the simulated core with cooling

condition)



Xiv

: XL MK, (=T)
: BRE

c BARTES (R(2.2.9)

: BRRES

: EDLSE

A A% - §

A7 Vi (K@ L21)

c S5 MK, (=X)

i 5 X

: Soave-Redlich-Kwong XD E# (K (2. 1. 8))
: BEOHE (X(2.1.26))

: VB A

: Soave-Redlich-Kwong R.0f&# (3X(2.1.9))
| EEE

T ENVBE

D 2R R R IR S

 SMER

: EpvirEsa X(@2.4.17)

| BT RILHRE

: WKRE OBE

P M LT R —

: BEBRR S

D B (X (2.4.18))

: BN

CREDT T AR7E (KR(2.2.13))

TS RAERTE, {=M}

Vv

REOS T AR 7K (R(Q2.2.12)
HUFEREOR S

: BRI

: BADBEREK

:3K(3.2.8) (3.2.9),(3.2. 22) DS EX
{EERIGES

: FohmEaE

AR EOS TR

 RBOSTFR

% g

aDe

a

RAEERE RG6.2.1)

JAERI 1338



JAERI 1338 XV

c-0-"co-02 . ﬁﬁsiﬁ@ﬁ:’& (ﬁ(s 2. 8) , ﬁ(S 2. 22))

R.R, : REERK
Ra LAY —¥, [=-§W——/—p)f-3—=GrPrJ
va
Rey LA I ARK, (:L‘?)
Rs, L 75 AR TH, (=g—r’£] (2. 2. 49))
R, : MBIREZE L RBERNATEORBIC L 2EEZOKL (K(2.1.62), (2.1.65))
s R AE (248 FRRBROBRILEE (3. 15)
Se rvaly M, (=1‘;—‘;) (Z(2.2.14))
t : ReR
£ RO (R(2.2.2)
1 D BBEORGERE (Bxx) R 2.50))
T : [UKEE
T D EmATTRE (R (2.2.5)
T D mRTRE (R (2.2.43))
T D EARIRE
T, BREEE IR UTFE RT3 ERAHEORE
T : HUFEF IR 2 BIRRIEEOEE
Ty : MExHREE
T,  EEIRE
u BRI
u CELEEE (2. 18) ¥EBRTIE Q28 (W =D"/C)
” ; SEBIZZES < i (Dy [ Ly)
b BT B IR
v : Soave-Redlich-Kwong Rz 313 B Lk (R (2.1. 7))
X : PRBE
x s |mRGTHERE (X(2.2.1))
X, Xp P RAREDENGTR
Xy D ERTRE (R(2.2.6)
Xy . BROGHEDERTELSR (R (2.2.49))
y : SRIE HEAIE O IR ST BE
o s BMRER
a, : REEAEE (R(2.4.11D)
Bc  MERRGAE (R(Q 2.21) 213X (2. 2. 41))
Br : BEEMAS (R(2.2.20))
¥ cRENT A—% (K(2.4.20))
Apr WUFEEHBRANOBREZICL2BESE

Apc  BMUFERNAREORBBRIC L 2BEE



Xvi

£

< T >

<

: leBIRE

PR

| REMELRER

: EPEEMELR K

D RO &

R

s B oEmE

: BEOHBEE S o3 5 HayRHE
D R OTshER B AR (K (2.4.19))
AR EOERSR
 EBREREOMOHE (X(2.1.28)
: Pitzer D{R.LEF (K(2.1.8))

JAERI 1338



JAERI 1338 BRAREFEDO 1 REHNZTEERNEHFOLKBRALDH {

1. F iR

1.1 MEBHRASHNERFFE 1 REDARTETHGEY

BREYRFIEVEROREMN, BIBOBME, REOEREELR L OBN - BEE2ETIRFFETHBLLY,
BZEROREMITOVTIE, BEHIEMEY 7 - SOBRE : GEERMRIKFERE, SiC BECHECHKEL
BRBREPRL T, WEAIZ B, MAMICRIAERRETHEINY VAEAVDIZ LIk, EN-H8E2ETS,
T, HABEN NS RBROBHIZIVABTRPKE W=D, HEED LRCHARNOET 2 L OBENRE
BEBAECTHFELDBERLLIBRBTHD Z &2 b, MHBHELRS 1 KOHREEENEWR L-BACY,
RFFTRAET ZRBERIFEFIREROIMIN L0 BRKE (B, BRMRSE) Lo TRETHZ LR
BTHY, FHUREEGAFELZECLTORAFFOREFNFHFFEEL LICER TS Z L3R, £, i
FEMPRLS, REEOREREVBATHY, RELRGESHMENTHLHAORERB 2V ERFE LB
RICR > THREERCFE DEERIIERT 2 2 &2, FLBRBBLVWI LBHITFbh3, &bk, ~V Y
MMIMEFRNCRTERETH D, RECHIEN L O(LERREERB DR, ~V v A, BRIz VWO
T, WRIBRENES, BAEREDORLEERDRVWEOREERAL TS, £2T, 1969 FEL¥, BEREF
HBFEF (EB) ZBWTEBRFALEEME LELEMEET A ERFORH L ERXBENOBRENED LN,
FERFCII&BY R FEMNEROBYL L BELERS L L bz, BRICETINBNESHENTIZEFFLL
T, BHAH 30MW, JEFFHOGRMEE 950°C% BH5 L miR L¥ERBRAES (High-Temperature engineering
Test Reactor, HTTR) DOEHZRZEDH T B 4560

PEDX Sz, MBVAFRIEREEZSML2RARFFERILITI ZLARBABESRFRTH LY, FTF
REEATO BICIIBEERERDO—OTH S 1 KO HAR I TR ERROLTLEE L RETILENHD., IO
BT, PLOTRICAMET 2 1 ROAFREEEONNEDFRFICHEET T2 Z LIZL WV IFLA~ZEESEA URE
ERFORGKBFPUOBENHEBILTSHOT, RUEROBRIBFREICL S FP O AR LEED OB
HEC L > TR OBRER S TREES S S HEBET AFIRFTLELTH S,

1.2 BIROBKEEHROER

IHhET, BREARAFO 1 REAR TEFTENBHFOLR2HICETIMEIBNT, ZREASTHORL
DOITLNIFRIILL Bhrofeld, BHRIIRETIRROHEMIAATH -7z, £ T, SHELERRY
FE4F (HTTR) OFBFHIBWTIE, FLOEHOBEDD 1 KAHR IRERETER L R LEHEKE LTHRY L
i, RFOREEDO TR E2IT->TE e, TORBR, BHROEEEPHKE L TFELOMEHHBTEE L
Th, RBRIFETFEARBMIOBRBEBIZL > TRETHZENAETH Y, EAFED ECCS I2HYT 5
L RFFHRAFREZE LR THLRFFAPFRREU LI ER T2 ERRN I L BRI CRANTE
Teo ZOWREEFREFRTIE, FHRBEDBIZERBBRATIEVWIHEEDS LICKLBITBEDLNTE, &
AN, ABREOE2ETRLEERNRARIIBITIZERLBITOBERNDS, ELILEROBRBRESBAEL
RVWAREHEREWZ E BB O NIRRT, E0RD, ERFEOFE.LRERITOR R TIIFRORSIRE S5 FFH
DFBL L HIZEMTHZ DD, FHERELIZERPBRATILEVIRENRLT LHELTRNI Libho



2 1. & E JAERI 1338

T&/z, £ZT, HTTR ORL2MITTIX, ARF2ESTHIITRT 2RO ROMIT=— F2 AT, HTTR 2813
HEJOHARBERIERAERLETFTHRL, ZOBRMBENLE T A—FITLoT, FLOBMEBELIC L ABENED
#LVWRFIZBW TR EMD LN,

.11 CEIBY RFOMRR LR T2, HTTR O X5 REZRDOFFFE T 1 REXR R THEFHLBEL
EHEAICRZERIIROIIICLTFEFRNICBATS EFRTE S, FHBIRET I E, ETHENOKAMPa @ He
(N T L) HREBE DSREET O 5 DREIASRNICHEIE T 50, OBMEERMIIEN K RE TRT LIFRS
BHET 2, 1 RODREREIFLTHICMET 5720, BERMEISKRT LEEATIE, BMELY E5OE
PUTIZLEBIEE D/ X 72 He (950°C, 0.25MPa TH) 0.098 kg/m®) ARBEL TR Y, BIFE LY THOBME
BAICIE He LR TEEOKRE RER L He DRAKHE (He DEASERE 0.5 £ LT, 27C, 0.25MPa T
1.654kg/m’) BFEWMLTNB70, ERORIILETHD, BEEBR TR LENEBRRAINZ - Ly EX
B&, FRONRAIFHESAUTERICERCRIB LR D, FNAMBOREZIZL > TRANRRETS L FHES
NDA, FRIZIT He DEML TS0, NARBOKEEEZICL Y RET 3BT, BHEBRRNOER L
He DEEKEZRVIAALT, FREBRIEAETONIIROALNEEZILND, LENRST, BT
KTLTHEDIIEROZZNARBRMICL > TFERICBATAZ LIIRWE PHETE S, LOLARL, -
EXRRBREPEHICRELLRVWEE TS, ZREINTHEBICEIVBATE D, BEOKRBIZEVFENOER
BRBEBENREL Y, FRARBOBEENKE L 2oT, RKOICIZERMMNICFENY —KT 2 A RER
MBRRETHLEEZLNS,

2T, BEEBHBEELICHABRIESBE LRV ERELLZERCSVWT, TOBRRBRRKRET O
MEF 1B, RERLESERBLMEZLLTE, L, ZOF1BESERBICDR > TERET 2RI,
EORRFRLE BT RFORLMBITNCB N THELMELE 25, bbb, BMEFREZEOFLBEIIREOE
BEEHIIELTHD, EREBEACES BEEYOBLREL BT BICIX, YOS TEROERNA
RBERMCL > TRBATINENALERDD, ZOFE1BREOFGEMAEER 777 ¥—D1 5L 125,

AN & 9512, HTTR OLRLEFEICBVTIE, ELICARBRIENRAE L TRBEBANOZERDELENREA
L, BB ENLBILL THOREDORSMEPHERFTE I LBEIDONT, EbiC, FHEDE2EIIRL
7B 1 BBEOFEIONTIE, F2ESTHOMTa— FEAVWTE 1 BBEORGIMAY TAL, - oEENR2
RIGA—=F L LTHFTZITY, BRETHHILPENID BN, LMLARRG, HTTR ORLBITICHBNTEDL
NERDD, 1 RGHREETEHEHFOTIEBABRELFMIMATI L L LIZ, ZROBAR, AR
BRIORLERRE, ZRRAZEICETRHEBLLERITEOREEETHTI LR TEX 3T — F2H
RLTBL L, BEVAFOREMEZEDIDIL, TEBRFEHOBEANOLERREZLBELMD DI
BERZLTHY, BROBAREF*EELIEBEVRAFORRERCLELIME1IT I L CEELHETH S LT
Bftrensd,

ARFETIE, T, K12 CFTXIIC HTTR O LI RBBY RFOFNHERKIZ, ALVEBE _BEEONE &
BHOE-®EBR7 LT A—FLETHRRENINAFER L, FLEENRRLOMOBRER — TER—/ A1
B_HEONE TR INIAMIRRSEFFEHATRO LS (EHEH) TEEsh, 2RI UFRRE
ERRLTHWHZEIZFEB L, 22T, EEEHFEROEANLREIBAEBZWRL7-0IZ, RFFE2H
bEANLRBRTHIPUFERBE TET/MEL, (LERISEZHEDRV 2EROKEROFEEED -,

WU FRIGE NI BB E O/N SV, B0 THICIIHBHBEOKRE VWREBEEL TREREEE
L, ERIRENDFHBEBEDCRRD 2 O0OWHKERMICRAT I HABRKICL > TBHT 384, =
NE—EO_EEBARRAREEZX B ENTE S, ZOEHEBMEICOWTIRELS »OHEShTEY,
Turner™ & Huppert®238% L < SR L TV 5, FICHRRZ AV ZE L #H BRI BB L EEMT O 4y



JAERI 1338 BRYAFED 1 KEHFZEEETESERFOLRIBAEH 3

BBV TEE OFRBFMITITbN TE e, HAE AW L REIC X 2 ZEILBRHT 2 BE X & (AT
WBR, ThoREESRE LIEBEE, BREOEE NS 2 BERFEPRERTFESIERIZIETNEWE
B, BAEMATIZIVVTIE Boussinesq Ll x AV, BEOLA )~ (FHRITAKTE) LBEOLA Y —
Bz oME L THREORMPITOR TV IHEANIELA L THD, Zviin"ITARBRL— 7 ICBT 5 “EHIL#K
SMOBZEMEBITEIT>TNDE, ZOHELREOEEIERELBECBHL TEAFTNUBRBICELLTSELT
FE#& L, Boussinesq iIElZAWVWTEITL TS, 258, AMEDL S Ic&&ELxdRe LI-BE, KHICHEEN
BATHEICE > TRESET DL ET—RCBELBEOLA ) —RICoMT 2 LB EEEL 29, bLIN
HESBELTERVESBEIE, BEEESBESNEHROVGEHTULIAROES 2 B8 TER, -, ERICE
WTHBEDOF ST TR ER R EBE OREBAROLN DD, [ROFEITFIZ 1 ROKEO BRI
5b0T, BEORRIZGEL AV _EHBHHEE 2 R L L2 RITBERCIIRY 62, iz, BF
BEESRFOERBEARRICE VT, £OERBAZEHIIMZ TRIBERBN TERBILRISEES 12, &k
DFEE - HBIZ LD EROKREOBBRARPERET D Z L1k s,

AHEOBENL, BEORRD 2ROZERS D VIFERITRERICBNT, BHNEEO/NSOKRESFTIE
SNTVBIHUFHHERNICEEOREVWREANBATIBREALNITH L L LI, FROBEN RFEOE
HEARICHA T, BETMMEFEROERIBAZHLEZRNICHEAL, SOREFTESHICEELLZEREA
BHILERORBEEITS 2L THhD, i, AR TERIN-FERT —F LR L HERTa— FicX»- T,
FROBIBN RP O 1 RGEFR FREEWEHRFOLRIBAMERT 2 — FOBRRBICRMITH I L EMELT
W5,

EDZ ENnD, ABETHE, BRLERANLEZEIONEIANY VA-ZERDO2RIRBRICBIT D ERBAIER
WZOWT, 1 RTHREKIZBIT 2B AZEHOMPA, WHIKERE TRAET 2RI BRABRITOZERBANER
CRIZTRE, CRMREIEEEOILES LUCEBRTEOEE, BFMICRET S 3R THBERTHIBA
EBIKITTEERYE~D, I0I1T, 2HORKROFRAREREZEL, BHBCRIGICEA2REDORL - HEAS
ZRBANERICKIITHRE L ERIRERICIBT 2 EROR[AEOEE), BHBLRIC E —BLRREORIERIG %
BELT-ZHIRAER O FHEE BRBRITICET 2ROV TR,

B#®RIZ, BBEVAF~OBREZBHE LT, BHEEMEDEZNELERICE VPV TREER RS, BHE
E% 1100CETRIET D LA TE 2R RERE (EEMIEERRER) 2RV EERBALHOERERIC
OWTEETD, £, ZhE TOREMBITLEICHER L, ERENRL T EREENFRFOTTIRAZE
BYRAEMET = — N e ZOBITRRIZOVWTEREIT ), I6IL, FROBFREMEEHAT-RHEBETAFORREL
BH & T ERBABSLERTORRBIZET 2 EBRTIE, EEFBREESEOFVBESHEORRBE L LIZBET
TOIBEDERBRAER L EROEZVPBATIAABRAVBELTH, FEBEORFFEAEBRNL~Y T
LAE—EREATHIZLICLY, ZROBRBRIEORELLET I HEIODNTHRRS,



1. F w JAERI 1338

- Stand-pipe

2 .. _~Water panel

8 | gytop space

o dl: _reactor core

= - C?control rod

o » ’."._‘/fuel block

R | /4//M/

N & - LT IL-"Q|.-._-reactor

e} 111 /Q_/vesse|

e - ql:: |

o T _l q|'.—high-temperature
e I T~ plenum

.‘.- D .

| o .

o ;_~high-temperature
“lo ‘:-;/plpe

o

o ;{\support post

Nprimary pipe

Figure 1.1 Schematic drawing of a High Temperature Gas-cooled Reactor



JAERI 1338 RN AFEO 1 KRR LR ER ESREOLEXIZA LS

lel

0= @
| “Ef:cp - l J
|

L

[Annular Passage|

Primary-pipe

g

Flow direction during the accldent]
-~ Flow direction during the normal operation

Figure 1.2 Modeling of flow channels in a HTGR



6 2. 2MIRERONTHHE BABRIK JAERI 1338

2. 2WNREROSFILEE BATRRK

ARETIL, BEORRD 2EHTZERICBNT, —FHEMBA L UTRKKENICLBRHEED/NSWREE
FHEL, ZORBRICEEOREVWRERS TIHE BRABRBICLVBATIERIIOVWTERTS, 2.1 &
THEANY VLAZRE L UFEREO—FE2ME, LI —F2AHLEBE0ERBABR L ER & KIERN
X ORRTFERE, 228 TIZEARGEOEDZ R T 2 EMHFES BRI L BIERRTE R 2R~ 5,
2.3 B TIRHUFRMEROBIRRAWFTIHEOBEIRE DR A2 2 WHIMEMIC AT 2 BRBRITH, EXKR
ABBIZRIEZTRRCOWTRHNEZRERS, 2.4 HiTREFNCRET S 3R BRI, HEY X
P OFRAERL L BE IR L - EREBN~OZERBABRRIIRIETHELER L | A THBBEITIC IV #N
TR ERAB,

2.1 BUFPERBH~OEFBARE

211 RBREESXURBAZ

EREBOPBEM 2. 1. 1 1IT77T, AEBRIFUFEOMKE, AEROKRHEERIESS (R—LH) &0
LTERLIbDTHD, REBTBOREEZDORLITHD, BRIFUTEDOLN 70 f5& L, BUFERK
FXPER 52. Tmm, § & 1000mm O 2 KD AEF 2N 52. Tmm £ & 300mm OB S K O & T L TR L 7=
SHEZEND—FH L AKREFIZ—A b —F 2B E M}, BE 50CETMRATEENTE S, AHEOIMNIZITSE
BEBEEMTTKA L, FUFBERNOERELHEX, 2RABAREBOTELZRET S LI2L > TR,
211 IHER (©) 27TH, #FUFEATHOREREE R FIZL>THRE 40mm, £& 100mm NH
RIRRERBEROICKEIL, ZOFBANTHELLZTE»D, RAKKIBEKEORESFBRCHES LK
ELT, EREANDRERDEIS, FFRIKEKOBERVEANCI > TEILTED, HEFBIHATIE
BRAEDEERVENZERF —FEMBIFRF L, T2, BEREEZRSITEZLICL-T, FUFEEADITNR
FEHERWE I ICRSIMEIXTE AR D5 L4 (89 1000cc/h) , BIBEKRZI-H AITRSIFLAHEICERE
L7z, ERAZESI L2WHE0BRBRTEEAERM, BEIMEERLULER, RIIMEBICLIERER~
DRIV L 2RER L, BRENERT, #, HREFERE, NMATAKKEE, THEBNTIEKRE,
EHENERBANRERBELE L, B2 1. 1IGRT 17 SO UFEESRE L HEHA 10 SOMBENSKRES
PR Lz, BROBAHEZRET S92, MBEFROMBEMICBREE 2HEA LT, Z OREHOEFER
ERFRIZH 1em/s TH B,

ERIIUTOFETIT o7, TTEMFLZBALT, FUFERNIC~NY Yo%, THERCERLTELE, &
HEERVKEEZMAL, EREXFHEORE IR L, MATIFUFTCRITI-BERLENT, FHEY
RIJEILREF LT, MBEOBERROENTEBRENETRBISELLKE, 2 0EMNFLFEBICHONTERS
BAtE L7, ERFIIMBFEREZ BN EERETIL L LI, BRE—KTIEROBRERKHSR
AL, BENEROBRERVERELLSRE, BAREREFREBISET ST TEREMRE L,



JAERI 1338 EIRY ZFEO 1 RGHFZ FRETEHESFOLKBRASH 7

2.1.2 BUEMRIT
b ek e

HRARBAEKEONE, EHER U RALX—OBZBRE RO D010, —BIZBREAZBROERDIR
EROERREGER, EHBRE O RLF—DORERXL WCHEDREF BB Z L ALETH D, £7-, EH
BRIFXPOEARICBT 2HER, TERECRAIAKOBRIZEL > TET B2, ZhbDHBRALER
LTHENRTNER B2V, LALRSLRBIT T, %4 2ERER»LMITHRETHHBICRITBRE
KO BABRIDESED TR, [UKBEZBEEICIZE LWEREL, =RV F—RIENTE T ST TRM R
Mmoo,

AT OB E LERIIE 2. 1L LIRTE9Z, FUFARKO—F2&E, b —F&ERLE LE1KRTH
BTHy, MBFERII—EL L, BiTc%/oo T, UTORERRT -,

(DIWEAOFTNIL, FERANTREELZFO 1 RTBRTH S,

(2) 2 MR RIEHURE (D) FBRERVCEADHOREKT, BREIEKIELRW,

() EHREFTRICBNT, BREEHHE ) OKRDYICELEHIE w* HEATE 3,

() BREBNORKBE T, TNVEE C, T8BRE D,y BEAE/IITNFLOFERNTHTH S,

(6) FEENORFRE, TLBEIIEMOBRICK L—FEETH D,

AV CEEICENVEEHREEEZ ANV ORKROBHRIZL S, FIXITARSSESTHEIN-REL
FENBR—ETHIBRBRNIBROREBDFUHMIC L > TBATISENEEBER LY EZ-BE, HEIZELE
BREEZAVD L, HOIREEEI > TEALPLABETHHEIL, BIZ0ETHIENTEXS, LrLiss,
FLRARIBVWTHERERIREELEZ -GS, BEORRINFIERIZE-TBBITSZ L2k, BEPL
BBET S0, REAEUIEETHRFEILTLYL 0ICRLARY, 22T, AN CIIEHREREFERIIEL
TEHERFHREORDVICENERRELRA NI LICEZBEZIF/INEWE £, BTEREIEE LT
FELWEEIZAET S Z LI L W EBRN TIXEAVFERER—ETHD L L,

ULEDREOT T, EEX, L& E, SRFFEIUTOLI RS,

BEKEDEGENOR
sc dcu)
o
REGEAVWDER (2.1.1) ETFXRER5,
da‘
ox
AR EAEDE VERFR
TIT, HEARKIT ZRORXBROLEKRER> OCEMNIERNE AV,
BRAEREOERRFEFX :

=0 (2.1.1D

=0 (2.1.2)

(2.1.3)

%%=~— %——le—%«) (2.1.4)

B2 12 1ICRTEEENTU =const. DEARE VR (2.1.4) 2HWHT5ERA%BS,
du‘ _ 1 f *| »
ijdx——Idp?gj‘pdx—z{fpadx+§ijj]u Iu | (2.1.5)

T, fRRBELEBROBEBEKY, K IIREBHADICE T ABEFEK CHEUFEEOHADT K=1, 0{
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DR TITK=0% L1=, BERAEOEEFREIT Wilke DT IR 805k,
BEKALZEEL-BRE, BERAEBELEAVSRLEOBICHERAXOBENR DS,

p=C{X M +(1- X )Mp} (2.1.6)

fRATTIY, IRARMABEL Soave-Redlich-Kwong I (X2.1.7) ¥R Lz,

RTy _ a(Tx)
==y 2.1.7
P v—b v(v + b) ( )
T,
R’T? 2
o(Ty) = 0427472 ¢ {1 +(048+ 15745, - 01766} |1-T )} @.1.8)
Pec
b=008664%% (2.1.9)
P
RASHICH LT,
2
n
= [Z X; {a.-(TK)}oq (2. 1. 10)
n
by =Y Xib, @.1.11)
i=1

AER L BERITICBITID LA /NI E T T AR T7HOFEHERD D L, RBEOFMERERREL LI

3
“'De) i10<Re;<5, MBEOBSERERLLE Gr,,{=g(A"+)h) X 2x10° <Gry<4x10" L 72 %
v

Vv

Red (=

REEFEMERL LEBANE, Ix109<6y<2x10°) , Z0 X 5 12E Re Fiz BT 5 BEHK CITER—F
SfkD L E, # 0.037xDeRePrRE DM CEERAENBET 5, KEIAEER T 2HTEEHATIL RePral
ThHY, FNERDN 55mm O L ZREERBIZN Inm TRETIZ LD, SEBEIBEECS LV ELKE
Liz. Lo, A TIZT RAF—FRERNIELTICKEEREIINE LEREICE LN EHE L,

MR E L FEREBIUTOIICERE L, T, IHRMFI,
ENSFR

Xg Sx<xpXy =1,(N2)
x; <x < xg:X 4 =0,(He) (2.1.12)
Xg < XSXQ:XAi = 1,(N2)
W
xp Sx<xgiuy =0 (2.1.13)

EhH:

Xj=Xp:p;= po(atmospheric pressure)

x; =%~ xg:p; = po ~ &, /pdx
x4 (2.1.14)
Xj=X5P5=Pp -gfxﬂ pdx

X, X
xj =Xg = X9:p; = Po — g], 'odx + g[ ' pdx
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IR :

Xp<x<xy: T =T) > I
x4Sx<x5:T =T; (2.1.15)
X5<xSx9: N, =Tz > Ty

BREMEX, FUFBEORRIIBVT,

x=xp,x=x9:X4=IN;),p=py (2.1.16)

BEROTEREIZBNT,

aX 4 ;.

X,
1= = D 4p ks 1Che1 pa

2.1.17)

D45 1 Ci

TITC, X, ARRAREOEASR, p ZREES, TIHESGKEOERE, T, 3IFEKCBITIESREDFS
BE, pIRAEKRAEOEBE, g IXE/NMEE, R IRAEER, &F ) IBEROBERAOES, KT L ITHKOFEF
BThB, £, BT TIIARDEHEEZER, BROKEEAY ULL L, MEEERRD SEBAIZmA
SHEMEEE L,
E Ao ZEs{L L KERE

wep X 3R (2.1.2) , (2.1.3), (2.1.5) Z#EV LT ZLIcX YR, BIBRATELTERE
B—ETHBHDT, X (2.1.2) LvkoBREES,

k=1~4, 6~8,
CyAuy —Cpy jAup, ;=0 (2.1.18)
k=5,
CyAup + Cyy jAug, ;=0 (2.1.19)

K (2.1.3) OERXLEAA 7 —ORETIT) LUTOX 1225,
Xt - X4 il Xapei = X/ _D, X -2Xg e x 0
a 28 (&’
IIT, TRERFE R x FAA Y 20FST, EAEERTF 0 ERRERT, & o+l B X, IOV T
WFEEERL, n ROV TOAEKT,
AT TR (2.1.20) OEDE2HICHLESZER LN, EARI VE Pec ERAXD I S ICERT D L

(2.1.20)

*
Pec = 4 (2.1.21)

Pec>2 Dk EIIMMBIRE L TUILK L2 droTe, £ZTPec22 & RiR TEMIC 1 KEEDOR E£57ZY)
WEZTHREZHHELZ, X (2.1.20) TREZFZERTILUTOESRXLELND,

Per 2 2,u; >0

Xy~ Xap 2 Xai =Xy _ py Xaies =2 X4+ Xay
+ U _Dk 2
At Ax (ax)

(2.1.22)

Pec > 2,u; <0
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XAi—XA?+u; Xaier=Xay _ ) Xtins = 2Xa;+ Xaiy

2.1.23
At Ax * (Ax) ( )
FERERAmICBITS, X (2.1.17) FUTOX S I&E 2L,
_ X=Xy _ Xai = Xujyy
CeDy =A== = Gy, Dy A (2.1.24)
Wiz (2.1.5) OEHLERT, FEIR1 T,
d“’jp"dx -jdp gjp"”dx-—u,] ‘[Ip —dx+ZpK1] (2. 1.25)
ThBMNb, ZIT,
Ay =[p"dx (2.1.26)
1
8p; = [dp (2.1.27)
1
=§( { p"édx+2pl(lj (2.1.28)
&g,
A1%= —8p1 —gjp"+1dx—§1u;|u;| = Fu,l (2. 1. 29)
' 1
XERPIDRBIEL AT S L,
Ay I oF, k OF 5 , =
—E = F  +—A8p )+ —=—Au (2. 1.30)
At "k{ * 7 Aop) (e0e) D k}
oF, ;
wh | - (2.1.31)
Aepe ),
aFu;k el (2.1.32)
uk)
n+1
UEORFEXEZX (2.1.29) ICRAL, ENRIEENEROBEOM L THIZ,
*_|Po—P1_ & 5 \n+l 1 287 %, *
Au1-( 4 A}ZP Ax - u1| \ A(5P1) 4, 1 !JAt (2.1.33)
7213,
28| J .« A1 =(P0"1’1_£ nely &y )
[1+ - |u1|At tuj g A(3p;) - Yo" Ax - ] jas (2.1.34)

TIT, BUE2HICHENIEE, X, X (2.1.6) ZAVWTEASRIEETETERADL 2R3,

2 . A AxAt
[ E"1|u1|At]Au1+7Ap1 & (M- Mp)C(Xap s+ Xag o+ X ay,)
! (2.1.35)

Po — Pi gAxAt E7 ol

4; =N A 4; l '
R, K2~ 2oV, BTk Sick 3,
k=2~4,
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2 At At AxAt
(1+ T uk‘At)Au,: -—Ap;_;+—Ap; + e (M, - MB)Ck(XAk,1+XAk,2+“‘)
A A A (2.1.36)
e . L
_Bii=piy, § (g_Ax_A_fck MBJ -
Ak L=1 Ak A]‘
k=5,
( 28y |uk|At)Au,: —%Aqu +%Apj
k (2.1.37)
=MA,__,, ‘ |A,
Ay
k=6~8,
2 At At AxAt
( gk |uk|At)Au;——Apj_1 +—Apj—g (MA—MB)Ck(XAk,]'*XAI(,Z-’.”.)
A A A (2. 1. 38)
=D, N . o
PPy ¥ (gAxAt ckM,,] SR
A 2\ 4 A
=9’
2 At AxAt
[1+i|u;|At]Au; - S (Mg = M) Ci(X e+ X ai o)
Ay A (2.1.39)

=MAt+ Z(gAxAtC MB]__ukI lAt
4 =N A

IhbDESRE Gauss-Jordan ETHEX, BRAT v 7Aa MOFREL EHOHES, Au;,Apj,XAi MB—TEELL
TICRKTHIETRVBELHEZT -2, BHEZEDE, OROKHIERKEIL,

antl  an n+l n n+l n
U~y Pi P Xai = Xai
g — ¢ - € -
up pj X 4

sl AEFTOT7a—2—F&E2.1.30)ITRT,
BB L O fHRE L)

IHE TR S EREEE, X (2. 1.5) OEBRREFXFOENRICENIBELELFRIZEEHRAE
ARER (2.1.3) ORPKEENERERLEIER, 150 ) v 7 AZHRLTELFETH T, =
OHBE, SABMITIICRBIRND, MENKISEIOCHERMZEL, < M) v 7 ZBEDENLITEF
Thw, 22T, R (2.1.3) &¢X (2.1.5) #FhTh, RAEIM ZLICKVHEZED D FEERF L,
LTI OffEOBBEL R~

AEFEO7a—— bR 2. 1.3 IAT. ET, X (2.1.5) 2RADIIHICHFEET,

max. <Ix107° (2. 1. 40)

Ak%k-=—5pk ¥ 20 —§k“1:|u;|EFL,k (2.1.41)
I,
Ay = [pdx (2.1.42)
k
Spy = [dp (2.1.43)
k

Pr = [pdx (2.1.44)
k
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AL
& = 2(}{ > pdx+ZpK) (2. 1. 45)
X (2.1.41) OMHaFEAT, EBRLFAROBREFXRAVTKRATEERENS,
Aup 1 OF, 4 OF,;  OF;
Sk = Z I F, 2k A(8p )+ —24E Apy +—2K Au (2.1.46)
At Ak{ * (3px ) (1) opk Pk Ouy k}
Mm\
k| _ g (2.1.47)
epy ),
aF";" =Fg (2.1.48)
apk)n
L T (2. 1. 49)
uk)
n+/
PEDBFHEXEX (2.1.46) IRATHE, ®XEH 2,
Aup 1 n _ n v meg wn+l| ansl wetl #ntI], o
—A-utl‘-=7{—5pk"A(5Pk)+gpk Febor ~E we e |- 285 A“k} 2. 1. 50)
&

ZIT, BFErX—OROBEMICBITAEETRL, AIRBIAT Y7 A BOENENOEDOEY % RT,
BB TIX, MBI A I FEBBIT A LICL o TORBENGHIELL, FTOBESFICL>TE
IWBBond ERELT, X (2.1.50) OBENBEIIBIIHIBEOESZUTO L 5 2T 3,

Apy = pii,,(u,:n + Au;) At —phou (u,:n + Au,:)At (2.1.51)

ST Phins Prow FENTNEROARLHAOEETH D,

v n

P = A (2.1.52)

% = (P — P ¢ 2. 1.53)

&1L, kKXzko.

n+l an+l
2 é;ﬂ “; n wn+l é:”uk
A(, " “
_{..,.___.I___.lii’;_ Au;+ (pk)= 5P ¢g¢9k"kn _

A AN 4 &g 4

wn+l
Ui

(2.1.54)

BN TELVERRESR—ETHDIOT, EAKPRFIND L E2ELT, ROBRERED,
k=12346738

Ciduy — Cpy jAup, ;=0 (2.1.55)

C,4u, +C,,,u;,, =0 (2.1.56)

R (2.1.50) ~ (2.1.56) &R (2.1.17) OHRFHOTCHNT, A, ApA(Sp)=Aap;~Ap; ) HHET
3, Bonad’, apbu, pERD, BURLRA (2.1.54) ~ (2.1.56) %M, ULOFIEE A", Ap
BARNEL 2> T, RAOEREMZWH-TETRYVRLHRAEZED T,
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{843
U Pj

Bohkd, p ZAVT, ARDKEOTLHRER K (2.1.3) ) 2BNT, RE-LARFREDOEN
BEHG, BEREKOEEZLZ RO THREL A RE#ED,
BEENEOEH

ABITIZBWTH, P <2 DHARFLEREER VIR, P22 0DHERRLESEZEAL,
2 < Pec < 30 £ TIX, Roberts-Weiss DxfFiz5r¥: (convective-difference scheme) ®1%, Pec 230122\ Tid 1
KEEEOR EZ4yE (upwind-difference scheme) % AVVTRAT R 1T oo, AT CTIE, HESIERITELS, il
W DEINAZEEER TP EVBACBITIIRETOMTEENEETHY, R Re BKRERDERM
BRREBRORBICEB L2 bOTIIRY, £IT, BT TIX Pe, 2 2B AN ORBBICHENEL 2D
BARBECHENT S0, REESEZEALL., BRBRMSFEE LBRAPBTORTTHY, BREES
X BEERERRNE 1 BB ORI T TERII Ha/ha v,

# (2.1.3) % Roberts-Weiss fHRZFETEDILT 5 EKAEED,

g xg Wl - xgt X, x,;}
At 4 Ax Ax

max. <Ix107° (2.1.57)

(2. 1. 58)

u.‘_lu.‘”X n+l X n+l X n+l X"
P div) T4 DA T A
¢4 | Ax Ax

_Dys Xl -2x 0 v x ] + X = 2X 4]+ Xujsy
2 (ax)’ (ax)”
72, R 2.1.30) &1 ROBALEEFETES LT HIL,

1 * .‘| 1 I f‘_l ."| ! 1
XA;I+ - XA'n + ul +Iul (XA?+ - XA;'jI + ul ul (XA:I:] - XA;H-
At 2 |\ Ax 2 | Ax

(2.1.59)

! 1 !
_D X5 -2X 0+ X0
AB (Ax)2

L5,

2.1.3 EBEIURFBRETOER

EBRLMTER

WUFBLY 20CICR-2HBEOER L BEMRTOREER 2. 1.4 (RT, SEEHERTF Bk OB
B, I ZERTADETHD, NFOLRENERET, ERVPHRETH S, ZOERRTIE, FUFEORE
BB ThHBD, ERIFFHERICL-T, FUFEOEFHENAORAL, FEMH1LFLVMIBIZRIT2ER
EASRITELY, ERERIT, o =0 L LTR 2.1.3) 2MOTRDEELIROFERL B —KLE, &
B, X 213 ORbYIABEETRDLIZEHEORX

M+M=—‘1(p09-‘°—‘) (2. 1. 60)
ot Ox ox ox

T, u=0 k LTROEHEBELE 2.1 4 OMRTTS 2, ERREELENE L, JhiL, HTHEICEY
BENBATIEETH, DFOBMES BEBDICLARFEREYEEIZO TRWVWI LBFETHS,

BEROX T, FERSEORTHLRAKEKOBE IREE OMHBMICHM L oM, ELEBORXTIIRER
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KOENEEIT—FE LD, WHEIC—HRKE o> TRAT EORR Y HVIIHEIZ 23,

SREINBE DOFIRED 256 COHEDERENFROMBEER 2.1.5, 2.1.6 12, FHREN 348°CH
BEEM2LTISRL, FEKOFEHEELER2 11T, MPOREIERGET, EHRE BRI ERS
RThd, £HIRX (2.1.3) & (2.1.5) MO BAOEAIRE(ERL, BiTe =0 L LTX 2.1
3) DHEMNFERTHD, K 2.1.5 F0 (A), (O) i, FUFEOFHAD 600mm OMEIZHITEE
RAHEE H-1, (KBREE C-1 OBRELFROBMELEZRL TSR, GERMOERELSEOH IMERR
EVEVEEZRLE, K (2.1.3) 8BWTu =0 & LTROEBITRERE —B LAV 206, EASRE(L
ZATHEBUADBABRIILZEEN/TENTVS I EB3b 5, BROHERRICIIEICEBEEDBERTE
HEOPRVPEREINTVDER, TRNTHEREREZHRTERV I E»E, EREABEONPBRENOHUFEE
WNOEEZICHEVEET 2ENTL Y SRR S ERALZ A S B THEDBVBEASED BREBHR/RAE
L, ZOBRKIZLD2ZROBERNERTET, RRMNOEREANRII, HFERICLIVBATIHS KL
NTEVWMEERRLIEEZEx NS, ZOERTIE, H200ENOEREALROEMAEN LR L, #2154
BICT R THUFELENRERICBRIN, ZROBITERIZ DAL ELSROBINERE L BRICHBRL
TWd, 21812, #UFENOERELDRGMOBMREL TS, ERVHBEETESRIERETH S,
TRy, ENFRBEZIL, FUFEORR»POERBBALTNSZ EbN5, EEHIDE,yRITFEERE
DFERE & HIC ERT B, EERAITED THEOBVWESTEDCBRBRIBIZL > TELSRO LARH X 2
LN TWBERTF RN D,

ERENDEROFMBLRUZROARBRBRBEARLICOVT, HELEREENRL —HKLEZ L0 b,
ELNEHFEEZBREREOEBBREFRCANVEZ LICEB3BEIFTHIEL, BYRRETHDEEZI TS,
HELEREROBETOZRIY, FL LT, HETREEENOREKEBEEII—ETHBELEEL TS,
ERICIERENICBESAPE L THB 2 EICEBETALOEE LTS,

Table 2.1.1 Average temperatures in each region for the analytical model of the reverse
U-shaped tube
Region T-1 T2 | T3 ( T4 | T-5 [ T-6 [ T-7 | T8 | T-9

Fig.2.14,2.1.5 | 193 | 19.3 | 256.4 [ 154.0 | 124.1 | 59.2 | 263 | 17.7 | 17.7
Fig.2.1.6 20.8 | 20.8 | 348.0 [ 245.0 | 207.0 | 96.2 | 32.4 | 19.5 | 19.5

FEHARIEIC & B AT AL R

AR OB RIE, KX (2.1.2) , (2.1.3) BLY (2.1.5) ##EREE, 120 h) v 7 &R LT
Gauss-Jordanii & FIVVC, u, pjs» X4 ZBOILDOTHDH, ZOHE, TORKE~ MY v 7 25%E 4 150
X150 BETH-TDH, 17—ROHEIC 1FFEILLE (FujitsuM780) @ CPU B2 E L7, Z OATEEZ AN
T, EBIZHiT 5 EREBHFEROTEIBANBR LB T 2HAITIL, MRELIBREBRIIBEETHY, 1L
FRICEH I BERATEREROVERO L 221D, ERORNL EHRFRTFELELIFTRERD 5113,
LVEL OHERFEALEL RS, —MIZ Gauss-Jordan £1T, Gauss HEEDON 1.5 ZOERKESLEL L,
FERALRHEM AT ATRRERESZOE FHAENEICKMRINS D, KTEBKEL 2B L ZOETE
WTE R 2D, JTHK Gauss-Jordan 1L, WHIHEEREOMETHD LWVbR TV, L& X WFIEHEK
VATAERWTS, ERICXH LT, KHETHETLZLIIERIZEL D CPU MBI LIchB, *
T, 212 RTCRARELSICEHBRRFIFOENRCANIBECRELML, M2 OFBRAEZTHEICMEL
FHIZ XY HERM OGRS L TREORNETTo =,
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BWhHMA Yy aRE3a IELEELT, FERAT vy 7 Ma 0L B{LETLBEOMMBTOLBEREZX
2. 1.9 ITRY, HEI S 7B E OKBRME, RBIIEREALNRTHD, I Tk H2, H-3, C-2, C3 i
BIFAELZRIZOVTHE L, RIZRTEOICHEBELRU Ar=1s & LTHELBEEDRET 0.2%U
FTehh, 2oL E DO CPURBMIIMN I/6IcEMaN, A=5sDLE, ERTLHR, BARBRIERERFZNIZ
DNWTDEREL 0. 5% U T CThot, ANRKELARBIZENT, EREALHRNSADOREIIEN, F1EROR
BEFRIARL oote, M=60s DL %, BEELSRITEREOER LD 5%/MEL 2V, 51 BEORKGERR
X 10%&R< 2 ote, KT FETIILBIRE RREHIAT v 7ERAVWD T LB TE 5, EEE L E URH R
FoZ7ERNTYH, +OHERBEEMRTLIZENTE, ZOBEOHEREX 0.2% U T ThHhotz, UEkoZ
b, EREMITIRE LABROHEFELLTANTHDI - b,

EXBABEOEZE

B 2.1.10, 2.1 11 ICHEVEA DB - BB T L 2 ME E EROWMEA A/ BR TH D LRE L TR
DB E AN R REORMELE T, X 2. 1. 10 (MK FHIREN 256°COB/ETH D03, W FRKER,
ZRNFETHUFEEORABHOBEZZIIVBEL TV EBEACE LWETOR S THIEMKEANICER R
AT BT ERNBEICERZT AR, FARCREABNIL RoTHREIBRD L, Eolc#iid s, ZORESN
210 rECREEL, RAEROBRBRIMHARAE L, W Onis D208 0. 16m/s \TETDHOIZE LTRMIX
PP 10 B THY, ARBRENRAETIETIC 20 RBELAEZ L 2B 20T, BR|ITIAMTHH LWV 25,
ZOLEOEROBRBERITOFHFRBEIIEFIRETH 0. 16m/s, Rey =500 Thole,

FIERRAT TRV TIE, EMTRBRAME ORI B T 2MEOHBEMIIN 10°ms DA —F—ThHY, RO
HRBREEOHEMIZ0. 14m/sThoTe, 2T, BUFERE (L) 2REEELLT, "7 v¥

u'L

AB
3) KBIAMRELERABECLAZEZEOBHBITZFFABE THHLELD LN TE S, £, KEMITHE
B2b, FUFEOHERDICOVWTENETNEEOHE Y FHELRD, HREDO pgh xHE L CTEEZICHE

5 V871 (Bpgh=(P. - Py)gh) & R® 1=, ZOF L EHBOBERYEORMEER2. 1. 12ICFT A, HUF
FOFUNOERMBBATEIZLICE - TEAIBALHEIND O, EROARBRIMAFELRZNT L350
5, BABBRROBEEA T, ERAEBOEEHEIMELRES R-TEABPERLTNDZ Lnb, KRR
HROBEMYENHEARBOEERIMEORKEL Y bREL Lo TERDARBRMOBECE > TV S,

PEDZ Ehd, BUFEERA~DEEBARBO AN = XAICONWTEE L, K 2.1.13 KEXKBEABR
BoOMKE 2R, EERIIEREICA~Y VARFKHEIN, —FN&R, b —FMRETHY, FUFEDOT
BIZIEFERTANY VLAOH THOVBEOREVWERBFEL TS, ZORETIERBHIUFENE KT
IR BRBRAEZRASEAIZFORNIRAYET, HTHEBLEBD THRECEBVESKAD BARBERIIZ X
DEEBRRATS, BRORBE L HICHMEORBARGBEENRELS DN, FIROX S CEBERIMEIEN
ERELS LR, T, REBEARKICRIZEERAEEEIL L ARBRABTATERCBRIATLEER
CEAEEETORD, TORECHTIZEREEIVOREL LD I LERY, LEX-T, KEAMORER
HREEOHNEPBRMOBERSEORKEL I REL 22 L, BABKEL RV EROBARBRIENEAET

Pe= PROHBE, EEHMARRERNLEROBRBRANPRETHAE TIHO0I<Pe<3DEHTHY, KX (2.1

BEEB2BEEIFLICLETS,
RIZ, TNETIToLERICOWVT, BROBRBRAREFHMEZYUFERBAOBREECLOBEEL
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FENEBASEOBRICIZEEEZDL R ICIVEBRLLLONK 2.1.14 TH3. Z0OBE, BEEOKIT,
RATKEBEIETHD LIRET S &,

1 1
iz
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Figure 2.1.1 Experimental apparatus of a reverse U-shaped tube in a two-component gas
system
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Time-loop

Compute the factor for matrices in the discretization equations of

continuity, momentum conservation and mole conservation
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Jordan

Compute the increasing velocity and pressure, and mole fraction Not converge
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Compute the density of the gas mixture

L Next time step I

(a) Flow chart of the conjugate method

Time-loo

Compute the factor for matrices in the discretization equations of

continuity and momentum conservation by eqgs.(2.1.54)~(2.1.56)

Compute the increasing velocity and pressure
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Not converge

Compute the mole fraction by the mole conservation equation

Compute the density of the gas mixture

Next time step

(b) Flow chart of the non-conjugate method

Figure 2.1.3 Flow chart of the conjugate and non-conjugate methods
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Figure 2.1.4 Mole fraction changes of nitrogen by molecular diffusion (average
temperature of the heated pipe : 20°C)
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Figure 2.1.5 Mole fraction changes of nitrogen (average temperature of the heated

pipe : 256°C)
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Figure 2.1.7 Mole fraction changes of nitrogen (average temperature of the heated pipe :

348°C)
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Figure 2.1.9 Analytical results by the conjugate and non-conjugate methods
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Figure 2.1.10 Ingress velocity change of nitrogen at the inlet of high-temperature side
pipe (average temperature of the heated pipe : 256°C)
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Figure 2.1.11 Ingress velocity change of nitrogen at the inlet of high-temperature side
pipe (average temperature of the heated pipe : 348°C)
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Figure 2.1.12 Time varying of the buoyancy force and the density integration of the gas mixture in
both channels (analytical results)
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Figure 2.1.14 Relationship between the duration of the first stage and the density ratio
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2.2 EBFBRXOMITILIZEAT HEHRE
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TR L TR ik L EBBRFRLMLIM FHEERMN L, LALASS, Zhb3VWTFhbkTiRe A
WA Th D128, BT RIC—MBMEE R EE L BEETH -7, £ TAMTH, 2RIREROHT
e ARBRIC L ZBBRF L BRTK CERT L1010, REKKEEL 2HEEOELRTRLESEED
BEMAT 21TV, BRAEROBRMNEIT- 1,

2.2.1 ERABRXORRTYEET

FATETNER 2. 2. LIZRTH, BUFHHERLZEEDORL S 2008, —F28HE, L5 —FH3E
B LICRBEBTOMER L Lic, MREO THRIZZAENERZMICBAKENTWS LIRE LT, AT T
2. L2 EFROIREL RS, BRTEHREZUTOL I IZRDTZ,

R TIEME: x* = % ( (2.2.1)

Wk TEEE: 1 = “%o = D%g (2.2.2)
[ _uLo

KT = Y = Ao (2.2.3)

2

WRTES: p' = P =rh 2.2.4
iy Yo =

%&iﬁﬁﬂ“:u"%%%_T) - (2.2.5)

s Xy = (X8 —Xgmiy

2.2.6
XBmax _XBmin) ( )
IIT, LRFUFEORS, LIRYUFEORBRAKKEORE, T 3%AKEORE, p) TN EOE
B, D)3 28T 3 2RARKOMEILHBARE, w=D)/L) FHEICESHETH 3,

ULDBRTHEERND &, 2HROREOEE L RTERUIRDO L 5 EIT S,

REKEOERDOX
C *
ﬁ§+d ﬁ)=a @2.2.7)
ot ox
IIT, BE (D, BH (p), EAEE (O IR ELRETHI LD, R (2.2.7) @FkXEh
60
6(Cu’
_*_2:0 (2.2.8)
ox :
B A RAEDENVEEFX :
6X; +ut aX; =D‘ aZX; (2_ 2. 9)
ot o o
REK[KOEHRETRA :
ou' " * « 1 T
" ai‘ +GrpSc?T" + GroSc? X —EScéu u (2.2.10)
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K (2.2.10) ZHEENTESTIL, o i3x OBEETIIARVOT, KR LB,

au"l - * * * * * 1 SC | » f. *
~ Jax" =-[dp" +GrSc? [ T"dx" + GreSc? | X pax “ T jgdx (2.2.11)
ZZTC, BRI BIT3BATEEUTOLIZESET S,
3
25 257 Grp = BTl D)s (2.2.12)
Vo
7ax¢7&ﬁ%=@dthgxm“4 (2.2.13)
Vo
Y23y M Se=—L (2.2.14)
Dy
LA )LV XH: Re=u—D£ (2.2.15)
v
2 YRR D" = Dﬂ (2.2.16)
0
FEHELR S V' = VL (2.2.17)
0
N " « De
MR EER: De =— (2.2.18)
Ly
B = 5L (2.2.19)
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IIT, g REANNEE, M, My IZERIREDOSFRT, A BRAXEVRE BI2IZER) , B BYIE
WRHE BIXE~Y U L) 2RY, EBEBEREIIENBROEEZA VW, Br.Be XENENREELK,

BREBERECUTOL S ICEET S,

BRI By = Ti (2. 2. 20)
0
Mp

A

222 2P RESAEBEEDELR & BATHE
BE L BETLINSVEEDREERABEDHALUR
—RIIRED & O RBEEICRT BIBE, BEEFEEN/NESVREKOE ST,

p=po{I=Br(T~ D) -Bc(X5 ~ Xpmin)} (2.2.22)

T, BEMOEEEZRTZEREWE, Z oL &3, 8% Boussinesq Ll AWT, EBREEFERFOEHE
(Po-p)fpo KDDL, BELBED Gr I HHTHZ LHBTERE, LhL2ME, AMIF Tt Boussinesq
EEERWRNZ L, 2RABRERAEOCEEZUTOXTELLE,
é:pi{nm(r- ) +Bc(Xp - Xpmin)} (2.2.23)
0

R (2.2.23) 2AVT, EBREFRFOEATCRI B (pp—p)fp ERDD LKKER B,
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%=BT(T_T0)+‘3C(XB = XBmin) (2.2.24)
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EX (2.2.23) DORDEBEOKERER 2.2.2 (TR, X (2.2.23) LOBER 10%LUNE 2 BDIXED
BRI THY, 0<Xp<014 DL &EIX, HENMS 1000K F TOEBMEVREGEICOWCEATESZ &
Bbhhd, 2RAFEOELIRENKRELS D E, K (2.2.23) THHEHINAZEEDHH Soave-Redlich
Kwong AN LROEBEREDEE LY bREL 2o T, BATEZBEEMEMIKL 25, X HeN, RO
EOITPe B LITEV (FFEEE MyM,) /M) BRI 2EROREDEAIRELRELL ENAVWI L %
BRT 5, B FERES LICESS EEARREZRESENSE 1D, HIZIE, NyAr R 2ROBEKEDE
BZOWTREIGBEELRE TS L, BEN 10%URERBDIE, 0<Xp<05 ThhiT 1000K BEE TOH
BEGHICERTE 3,
BELBEOTBAXZVEEOEATAREDELR
RIZ2HATEOEBEEGEET, EARERONS 1 T TELTOHMBIZHONT, BESEWREGEICE VT
2ERABREREDOEEDELURE RO, 2EAITBOBELRERLERA (2.2.25) THREANS LTI,

1 1
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Lo T, R (2.2.33) &5,
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KIBAEABELR (2.2.34) TRLEBAOBIERERT. ARIZX; OBLERTRETHIN, =
TR (2.2.23) THEEILEBEORER L BT 27HIC X 2RO, Pe BOBMETLRTELFROE
HANFOEIL, R (2.2.23) RVEBEOBRLIZTE Lo, GnpS? #—F (=39x10%) zL T,
GreSc? A AL SEI=HED Xy ORMELER2. 2. ISR L, GreSc? #—E (=85x10°) L LT, GrpSc?
EELSEBRDOENNE X, OFMELEZE2. 2. 817, 72720, BoXsmax = Xpmin)=0.1029 DFED
RRETHD, ABRDITEDOEASROBBIEIE, R (2.2.23) ZMRO-HBEORERE EHMICE LY, 7L,
R (2.2.34) ORERIIFA L GrpSe? 1Txt LTR (2.2.23) ZAVEHAITHATE 1 BB OBBREANEL 2o
Too THUTRX (2.2.34) ZAVEARN (2.2.23) KHERTHEKT 0% RATKKEENNEISHAEEN, 2
WRBICRET IENLNEIL 2B EDTHD,

2,292, BELRED Gr HHL L F 1 BB OBGERM L 0BERETT, BELRED Gr Bitx, RXAT
£7.

_Grr__ Br(Bi-T)
CGre BAX Bmax = X Bmin)
EHEIX, Gebhart 5PN X 512, R, O TEETSZZ LNEWVD, KEHTTIL R, P REL 25 L BRERRK
DERFENICRAET DL ELT, X (2.2.49) OFTRLE, ZOXNTR, BEZRRIR-TORZRD L EIT
DNFHWBOBICE > TEEBBATEZEEZERLTWS, KNIV, BAKKEELRX (2.2.23) TERILZH
BOARBRARERFLEE2.2.90 (0) TFT, ZOBE, 0<Bc(Xppax — Xpmin) <0-1 PEERIZONT,
Rg, 2066 ODBAIHARNE, ELICE1BEAIKRT L TERBERIESRE L, 2HREMOBEZ (Grp)

Gr (2.2.49)
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BNS LB, BUFBERNAORAEREEZ (Gre) BRELIARB L, R, BB LTE 1 BEOBEREIIE
<72%, Rg <066 DHEDOE 1 BFEOFHFIMN (ARBRITKERR) & V5 AR 7HE L OBRITRATE
Hah, 22.90EHCTET,

tiy = 2.199RE, - 2,987 Rg, + 10272 (2. 2. 50)

—%, REIJHEELR (2.2.34) TRLABAEOE 1 BRROBEIHMER2.2.90 (A) LBERTRT,
0.069<Be( X gy — Xppip) <0. 1020 OUEBANTEZ CHELEBRERLE, RO (A) & (O) ORERME,
Be(X Bmge — Xomin) PR 1 KSR TERETE 2VBEOS 1| BRIEORERE (HRABRARASL) 13, X
(2.2.50) TRDBMELY LY 0. 069<Be(X gy — Xpyiy) <0. 1029 DB AITILER TR ENDMEL 425,
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To(T*=0) TH(T =1)
U2(U2) U1(U1

)

({*=2) (x*
x=2L0 X
Po (%), Tol T*=0)

XA=XA0 (XZ=1 )

Figure 2.2.1 Analytical model in the non-dimensional analysis of the reverse U-shaped

tube
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= D,,:Soave-Redlich Kwong Equation
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Mole Fraction of He (Xg)

Figure 2.2.2 Difference between the calclated density of the gas mixture by Eq.(2.2.23) and by
Soave-Redlich Kwong equation
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Figure 2.2.3 Time varying of the mole fraction X, and Peclet number at the inlet of
high-temperature side pipe (by Eq.(2.2.23))
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Figure 2.2.4 Distribution of the mole fraction X, in the tube (by Eq.(2.2.23))
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Figure 2.2.5 Mole fraction changes with constant Gr;Sc? (the density of the gas mixture
approximated by Eq.(2.2.23))
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Figure 2.2.6 Mole fraction changes with constant Gr.Sc? (the density of the gas mixture
approximated by Eq.(2.2.23))
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Figure 2.2.7 Mole fraction changes with constant Gr;Sc? (the density of the gas mixture

approximated by Eq.(2.2.34))
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Figure 2.2.8 Mole fraction changes with constant Gr.Sc? (the density of the gas mixture

approximated by Eq.(2.2.34))
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Figure 2.2.9 Relationship between the duration of the first stage of the accident and
Grashof number ratio
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2.3 FUFERBO—-AHAIIRBOREDERBAEE]

2.1 BT, ®IEHE SRR CTHREIN 2B UFEREEANT, ~V DAL ERNLRD 2ERYEED
SIFILE S BARBRITICAET 2 ZR L SHEAT 21TV, EROBABREF-, LHLAans, FREHEE
B IAF DERICIRE DR 2 BROWFIFHTENFET 27120, ZhbOMBEICREL T2 ARBRES, ZTXR
BABRIIRETEREASILEN DD, L ZATREORLIHNEREFTIRBEICHKET S BRERKIZ-
VWi, Bau & Torrance 25 EEASBRK SN2 UFEID A RBR/L —F103090% ) Zvirin HI1X, 2 KOMNEBEFHKEO
ARBERMEZHS N RFRREFOARBRL—FICRBT EEFEHNELEE LTV S, Chato ™ inh &
DEI2D IADWFIHEBEIZ DN TER LT EIT, FRIOBRBICRE L KB LRICE RF Y & 28
FEL, BREBRRBFET I ERARHBLTWS, £, EEZI4RORBICBVTHPHOBBRICBEL
T OWMN ST RNIMARIC L > T—BOICRE LT, MAOBBIZKEL, BAFEIZE 2T Y &V ARBEFEET
DI LEEREBEBTICE > THBELTVWAN®, /2, RAPILARRRICET A HEEERRLERLT
W5, AEITIE, FUFHRBO—FH % 3ROWTIHBE CHR LI EREBEZ AT ERERND, $HE
W FIGEMANI AT S5 ARBRITY, ERBEABRRUE 1 BROBGEREICEX 2B OVWTEET 3,

2.3.1 EREBRBLUEBRSZ

EREBOPMR AR 2.3, 1 ITRT, REBITWF 3EOHERK L 1 AOHERBEYUFHIIEBL, *
NENOTHRITEHFZN L THAEABRLERLZLOTH S, B3 MHBAEMBGE, &5 —F2AREL L,
B L AT E BN L & X 350mm OKEE THAE L7, MBERIE, PR 288mm, & & 46mm O
BOT LT L% ETICRT, ZOTLFTAIAE 52.7Tmm, &E 724mm OMAE % 3 AESE L THER L. T
ZvF AOTRNZIINE 52. Tmm, & & 130mm OHREVEZ BV £ THEETF L B Lz, EFIREKRE L AKFEE
DN — A —F & B E&FT, LLICRE S0CETHREIRR LB TE B, HHWMITIAR 52. Tmm, &
& 800mm & 280mm PAELZEREL, KMGAOWELEEMfiT7-, FEARIIAE 1000mm, &S 400mm O
FERTHY, BRNOZBRELZ —ERETIOICKARARELHALL,

232 I CRENERLABREMEREZRT, EREBEROERELNEROREIR, 2.1. 1 BOFUFTE
DOBE L FERIZIBRERBOTRELAET D2 LI Lo TR, 512, BRNABO(IRFREENAGEEEOK
REEZL>TEATH L AREFRL TIRARBEHEZAVTRASKEELREL, EXELNRERD
7o BROBAFTERZRET B2, AODBFRICBBAREZHEA LI,

FERITET, R FREFHB L OMICRITTEWFEZALT, BERICAY V2%, TEBFBNICER L FTH
LT, WRICHFIFEREERERE & OIS RES R EDOEICET 5 TN L TURFORESRET L L &
HIZ, MEPITRRENE RKJEICRE L, BRRUOKFRENSEFTREBISGETT, EEH 2 REICHWT
EREBA L, TORLRRESHOBBE Y — IR L,

EREMIL, b—YBEEREEARTA-—F L LTA4ODOBEEEL, TTREQR, 3UFIHKOBEREL S
LLBELERE, ZHEQRUQI2HEREAEE, BV 1HBR2M0O 2K LIVIEERVUERE L-BE,
B 3HEHROBBEEN TR TRERRIFAETH S, £2.3. 1 TELHFICHT I EBORRFEHREL =T, £H
OWFIFHEEERE LK FERREREL, BRFFRAOBITHRETHY, TRUMITRTENEHERETH
B,
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Table2. 3. 1 Average temperature in each region for the reverse U-shaped tube having parallel channels

EBREMH @ ) ©) @

B TERE DEEIR BE 281-279-280 | 281-280-211 | 246-319-245 | 284-181-213

B1BRRORHERM | 3RM2y | 28[IS4 4 | 2RRI45 45 | 2 B 54
CH-1 DEEIEFE 281.2 281.3 245.8 283.5
CH-2 DBEIR 279.4 280.1 318.7 180.6
CH-3 DEERE 280.1 211.4 2453 2129
TSV ANTIEBRE 139.2 150.3 146.7 128.6
ERS LS ANKIERE 183.0 212.7 2073 201.5
KESFHOT IR 213.4 213.3 183.0 122.0
FIEABNGIEERE 23.4 23.5 22.0 19.1

2.3.2 REBBRLTOEER

(1) SHHOEERENE LVVEE

3WHIER EZ FRICRE LB EOERELDEORMENER 2.3.3 7T, FEEROEHEELE 2.3.1
DERFHOIRT, MFOOHNL, FTEAHEH LK 830mm EHOMEIZBITBHEK 1 (CH1) DRIESD
(X 2.3.2 8R) OERETASRY, AHRKE2 (CH2) OREAD, OHILHERK3 (CH3) DORIEAD,
OHIIFEHA N HK 1350mm EHONMBIZB T 2HEAD®, XEHNIH 460mm LFOMEIZR T B5EHFKEKD
WERDOERENDERETRT, EROBIT 2HBHRBMOBRENSER (X) 1%, FEERH,OOEMM
HLEVIZH22DLT, 120 2% IIIBFIHBORERDDD (OAD) OEREALHSREZTEY, # 165
DBRIIIFBPOOEHEFRELEVHERA® (O) DEALGRIY LEVWEEZRLE, Zhi, FUFEDORE
LRERIC, ERBZDFHEEEED CRECBVERBRIEIC L > CEIIN D2, RHEOKEL & LIZARBRT
X 2ZEHROBEED 4 FHEBICE 3BEHRIZESTRELRY, Z0AABRKITNBAFTERA CIIYFiEE s
FAmE, WHRBRTIIEFRE R Z LM LRHBERMOERELDERO EABMIONEZNLTHD, HF
MBEEHRED 280°COEF A TIX, ERMIAK 222 PBRIIEROHRBRIENRAEL, E2BBIIBITLE,
EHRRED 280°CHORBRIZBNT, EBTFBRKE RS 30 73T L CH1 OMBVERERE L SIKIRE OSHEF
MZEMATHEZENENR 2.3.4G), OITFRTH, WIEEROBEEE L JEEBEITITIFELL, 3ADOWIHE
MICIRBEEREDOBRBRAEPRBEL TRV EEZOND, T, K2 3.40b) OKEBENHITIBVTIE 224
a% (@) CHABRBESREL, HKREADTREBRENET LTV BHETFIDNS,

(2) 2N ER, BYO1BKEVBEREZIEREVTIXTOBRENRLIES

SHBEZEL L, RVOHKBEZNIVERCIBRELEBAOERER YR 2.3.5 07T, BEKOTHE
ExK2.3.10QIFT, Ihrbbhs k52, FXEFIHROBERET LR L UFFHERE EBORELDDOENLSL
FHRTTHELY, T, D236 X 2HBEFERLL, BRYOFKBERBIRELLEES (EREHQ) nE#
ELFEORBEERTH, ZOBEESLETFLTLA2E80WREBOETARERELLAY, THAL A
(k) EEBFLFLAOLER (O) DEAZEMIER CEER LI, Zhix, BYFIHEROBERRLIEE,
MBI CTREXAOARBRIENREL, JAEB+REETIZLNOERS LT AL THI LT LADEALLE
BEL RolledlBEZOND, ZOHED CH1 & CH3 OWFIFHRERE - SEBEOHETRIME %
NENR 2.3.7(), (b), 2.3.8(), MIZRT, LFIMKERENELVESE (B 2.3.4(), B)) ZHRT,
BRELIABRESMBEL, CH1 TIIHBE TROKEBRENER L V&<, CH3 TR LROTKBEMN
BRI VESRoTWSD, ZOZ LhdH CHL L CH2A LAE KT, CH3ATREHK THBRAKED AARRE
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BRENBELTVDLEIOND, ZOWRFIFEEEICRET 5 ARBRKIT, LFIHKERENELWES (&
Q@) 1ZRAE LIS THOEDBV W UFRKRSKI b 2 B RBERIIC L THRESES, HTFHEBICZES
SEOBBRERTESL ) RARBRATHHLEIOND D, LT LT 2580 WFIREOKEIBEN
B—illaolct B2 N5,

B 1 BRE ORI & 3 WHIHR A SIROBE L LT 5 &, CH3 DMBELHRENK 70°CIEL B oTzic
bLbhrboT, B1EREOBGERMIIN AN THY, BHLELEROARBRENRAE L, LER-T,
WHHBEE TRERAOERBRALRAET 2B AT, SEAFKR L IERAMRROIEBEOHMNMEDED,
ARBERAPRE L L2VBECHRTREVEETRE Y, $1BBOBREMNE /2o TF 2 BRICBT
LEbDEBEX NS,

WHIRBDEBREN TR TRLIBEOERBRELK 2.3.9 IR L, FEROEHEEL K 2.3.1 OEBREMt
@ITRT, ZOBELUFIREMICERBRIENBET B0, SEKOMBHOEALSRITITLEALEITIAR,
IO b, WHIRBEMICARBRAPRBETD L&, LT A250EEFIRENOERELLEIMRT
FLNWI eBbholk, B 2.3.10 [KEFIFRRORENRE & 5 1 BB ORGRIER & OBKRETY, B4h0@ix3
HENFRTHDEMD, AN 2HEBEHIFRTHIERHQLOQ, CIHBOBENRRIEMHOTHB, &
RIS LZBREIXEN S CHL 2,3 OBEEEARL TS, RINLHLARE S, 3HEBIEEOBENED
R R, WHRRRRREIC A RERESRAET SR, B 1 BEORGERMIAEL 252, FHRENRR
CBEIREEDOKE VW BRHRFMIIEY., Lo T, 81 BEOBGIEIIRESAEOEHRER T TR
<, WFIFHBEIIRET S HABRBMOBEL B ZITIHZLBALNE RS T,
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Figure 2.3.1 Experimental apparatus of a reverse U-shaped tube having parallel
channels in a two component gas system
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Figure 2.3.2 Measuring points of temperature and gas concentration
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Figure 2.3.3 Mole fraction changes of nitrogen (three channels with same temperature condition)
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Figure 2.3.4 Wall and gas temperature distributions in the channel-1 (three channels

with same temperature condition)
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Figure 2.3.5 Mole fraction changes of nitrogen (two channels with same temperature
and one with low temperature condition)
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Figure 2.3.6 Mole fraction changes of nitrogen (two channels with same temperature
and one with high temperature condition)
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600

400
Average temp. of the pipe wall
[ CH-1=281.3C
350 CH-2=280.1C
CH-3=211.4C
O 300 }
[
g
?g 250
§ —0-0min  —a—29min
g 200 —0-59min  —o— 90min
—x—119min —x— 149min
——170min —e— 179min
150 g —a192min
100 . . . . . . L . .
0 100 200 300 400 500

Distance from the Lower End of the Heated Pipe [mm]
(b) Gas temperature distribution in the channel-1

600

Figure 2.3.7 Wall and gas temperature distributions in the channel-1 (two channels with

same temperature and one with low temperature condition)
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Figure 2.3.10 Relationship between the duration of the first stage of the accident and the

Average Temperature of the Pipe Wall [C]
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2.4 BEANGERNTIHNERBABECRIZTTES

AETE, BEOCRRINER2FRMLRIHEERNT, ~Y TALERRDTHBIC LV BAT 58
BIZBWT, BRMBEZICE Y RET 3 BRAMNRORE L ZROICEA~T, ARRT, FREWMELREDFE
CEREENRR L DRRIEBEICBDTRAET SO L FREN, ZORKICHKET S ARMNHENZEZIBABRIC
RIETREBEARDILERD B,

AT, MERKBNICEEDRRS 2ROTENBERB LR T 5540 B A% FHICHET 35T
2V B, FERELNSARICET I LOREROEL I, BHRATEREZAWERERD v MO B RARHR
EOVTIREOLDARIEERPITON TN DS, BEORLE 2RAKKERANTHR L-BERBICET 5
RRITIZ LA LITDR TR, i, ERSTEOBERII~ v Y = ¥ —FEHEIC X 5 T8 HER
EXbNDThED, 2HRARKOBAINREACERT 2BELZNBEAERT 3EELETHEN LML
THETEA VAT ABBLENTWVARNWE=DTHS I,

BEORLD 2HRMBECL Y BERBBIFERENDIHE, —RICHEERICRESHRIND S, HEDE
BRARETVI=ADEHZREYVTEBHE, KEBOLSITRE LIS WEEDBEARH Y, SEOBE
IR L DO FREDEBENEZEZX THLEM»5 X 51, HEABITHREICERTRE L, MHA%4eLTVAL
EHRTFHBIT LY FRITHBIZRET 5720, [AERBSOEEL 25 BBITHEDHE L B d L FHRENS,
Bl i, HBEEOBVNO—FIEZTT L, KBEOBAIT1EEBCHE X

D(He—N)=6.87x107° m’[s, D(CO;—N,)x 167 x107° m?[s
THY, HEPE LTKFIZET 5 - BLREOBGEKIL, 25°CT,
D(CO, - Hy0)=2x 10~° m’[s,

KEZFATLaA—L T

D=124x10"m’[s

LY, BEFOLEBABIIRAED TN AHTRE/N SNV L3230, i, RE TS IS
EETEREBLTRY, AEXTONORELZIRLTVW D THS, £, REOEEAKITEROPEBOUE
DHFEOKELREIRTIDZILBMLNTEY, KEOHBAKIIH_RTHEFEIEETHS.

AR L D FHEBRSHFTIRCEL LR LT _EEBESRESR™H 2, Jhid 2 SOl
OEE, ¥R 1 OOBRBELREMRIC L AEELNBAOEEE N L LTHEICE XD Z L2k VA U 5 R
ThHDH, BREMETLERIBAEOBRELENBEEORESE L PR NRL 52 2 BIX - EI#IRL 25, L
DLREL, ZHO6OMERFICHREEZANT, LEMOLIRESREARICE VBT IBERIRVE -7
bOBIEEALETHY, MEHBIZLDZREREEEREBELLRVRTH S, ULDOZ EnbAEiTix, HEE
mE, LI -—HFERALHEFRC L VSRERABEZBRL, BEEONSVWRAERTHEINHERD Y
~ ENIVEEOREVWRENBHT2HEE2~Y VAR, EX-—TLITLD2RBRICOWVTHA:,

241 REREESLURBRAZL

RREBOBMRLR.2. 4.1 ([RTD, MBAFR, HETRE L OREFR CHBRT KB4 L0 KE N
LTREITEAERLER L EB TH D, MABLIUOHHFRITL 12 956mm X 590mm, X 15mm OFRT
RTHY, FTEHEFBEE 20mm & U THERFITPAREEEZMR L, MAERE~A 70— —F Tl
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L, MMUZER TR TRBARZERT S & L HbICAELZBIWE, AHTERITDEKIAET 2 EE S8, B
MTH-z, BHVREICES 0. 5mm OMFLEERIT, 0.25mm O —ABEX % 20 AFWBEAIZHEA LKL, #E
i, AR A—=F LV REBANOFRME RS A—RFTBHZENTE S, [KETHEBROTEIIAE 820
mmX720mm, & 290mm TH Y, EEHOVATERIE LD LB TE S,

INFAT 24 R, HEE 10 R, FITEREEANON ZEE 20 A, FFRAEBOVRBE 2 A% K HABEMEH
TRIE L, ERPIIFIREERANORES ZFAENMEICEHE L CRABRERNZEL, 0.5mm MR MA@ S
BHAEETHE T ASA—ZRSERI CBERHE L LEEREBRVIE LT, BRAKBEBER, EHEE L1 7
BFa—7RTF TR L (600cc/h) BEKKEZBEFHCREL, BELZKEITLRERYOHEBNICE
L, BESKEERSIMEHT S Z LICL2HBOREER 2D, BEMEEREBEMEERY ZNLTIHIC
fiol, BERUVEEOREES% 15 BHRTRY AL, BRFIOT—F2ERLI,

ERIILUTOFETIT o7z, 7, AHERICBEIAKEZRL, FIRWER & ITEEB L OURERT T, ME
FREREDREE TMEAL =, KIT, FREESEFREBCETNE, BEONSVWRALZRE L FEERN
KHEELTHEDVERERAL, BEOREZVWRAZEFEERTHRILOP- D EAL, FFEFSHE LEICRY Fik
J AN EBRAOTEERLETE L LICRARELRE L CTEREMR L, £0%, TOVIREMAITZZ
WX > TEREMSE Lz, EREMGIL, MAGRBEMOBEZEEZ T A —F L LTAT=0,51020304050K
WZRRE LT,

242 MBRERLTOER

H.2.4.2 A0y M~V U LARFEEBICREREXRALLRGEN A v b EFICE T 2 RAKREE ORI
ElzRLELOTHD, ERIIFFREZSE L —BRECRBLEBEORKREEORBE(THY, oFiL
BOAIZLBRABEEZRLTVS, ERSRIFEEROBEEZZZNTLOBEIRELEBEOERTHS, B
CEERKELIRBLBEOEMMBEL 2B, AT=5K U ETREEOCHNARL I FHBOBEIIHATA
THBHZ LM LELKOBEIIARMMOREEZ, BEZILEFELTNS Z L0 BRNKOREOREY
FITWBEEXOND, BEENKEL RBZONTRAEDOEHREN LR U THEAE L KRE 2B,
AT =0K » AT = 50K DR OB ESREI T TN 290.4K, 307.7K THH, ZOREO~Y 7L EZKOH
BRBIZENEN, 672x107mP[s, 7.33x107mP[s T B, LIhio>TAT=0K OHEAITH LTH 10%F2
ELMKEL2LT, AL 2RAROBEILLEFBEOBERFHEORBIIRZI I ANEEL TS,

E.2.4.3 CER-TAILROBAENDAT v b EBORKEEL(LETTH, ZOBEITERSHOBES
~Y Y LA—ZEKHR ([.2.4.2) CHERXTHEETHD, ER - TN I OEBHEEIL, 290K, 1 KECX L TH
188x 107 mP[s T Y, ~V U A—ZBRRADOK 36 (L ioTND, EDd, AT=0K DHEEIH 270 5
BizzAny b EROBER LR LIBHTVWS, L2508, BR-TALIVROBEIE, & L EREBREZY 5
K ThoTh, BEDOLABMEEIZIAT=0K OB TRELEHEEND, 2T, V1) —#izEos
TROELICHEATES, ~V T ALA-EEROBARIRAT Yy FHETRTAY AL LIZAT=5K OBE,
Ra; =70 L7250, BR-TNIVEORE, Auy MRETRTERTHILERETI LAY —HiT
Ray=45x10° L 72%, LiehioT, bTHhRBEETHLA Y —EiI~NY U A-ZROBAIHLTIHLE
K&, ZAay NFROTAT L OBBRIIS FHEB TR BRIRBBRBRICZ-TNE T EBbM5,

4.2. 4.4 IT~Y U A —BROBEOHE L HOWERE P LRMOTEDRELE ZRY, (a)3AT = 10K D
ETO)MNAT=50K DRETH 5, MEIINEAER, AANEORRKBR/MECLVERTILLLBETHS, B
BEEBHKE 2200 EEERD O BBERA~OBITER L TVHOTRRVWAETRINS S, ERHOZ
HEILCERNol, ~YTA-—ZLEDOBREDAT=50K BT B2BRARVA Y —5i%, ¥ Ray=~45x10 ThHY,
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Eckert & Carlson*|Z INITEBBERICE TN TN, 1EOEAMH (unicellular k) NBLELTWB LD

ETFREND, Lo T, BRMEOREIIHI T — 2L B bDTRARL, T LAMKOHEICKET S
bOTHDLLEEZLND,
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Fig.2.4.2 Density change of the gas mixture in the top of the slot (He-Air)
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Figure 2.4.4 (a) Gas temperature fluctuation in the center of the vertical fluid layer (He-Air)
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Figure 2.4.4 (b) Gas temperature fluctuation in the center of the vertical fluid layer (He-Air)
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2.5 MEBHRIFORBMAZEMEICHEE L - RREBR~DORFRBAFER

R E TIZAY VAR FHE L 1 REWRFUFRKRN~OERBABR L ER & BERITIC X VL Hic
Lice LIpL22R3 G, REOWMBBREE XS LFELBICINREDRL AWFIRKRMNIFET A1 TR, &R
TV AR EEREMR LTI RENARTERERETHZ BB L L, BMIC 3KRTHZBRMNEARAET
HLEZXLN, TROLDARKIEBERBACRIETHEL ERMICTEL TR 2 ENYUETHB, FIT,
AETIIREY RFORBBR L W IR LRI LA ERBADERER L Z OB HEEREEOE
REB L 1 RITHBEMR TET /UL LI EAARIT O RICHOVWTEE L,

2.5.1 RBERSSIURBAX
KRB OFEE

BEA ZFOFLIRBOENBERITHO N TOT, FLOBLIIREMER, Z0EBICIIKEEERSH
D, BREHREOTRICIIHES LT 2ARH5, 1RAHRZIETI_ETHELR-TEY, NERETEMDS
TRBAZRBIZHN D BBONY U AGHMHRIC, NELABORORRERIIBTHE) S FEFFICR S IE
BONY 7 LHBIZIp>TND, EREBOFEAFLZR2.5. 112, #BEN2.5. 17T, EREBIHEY
ZAFOFERERERL & MBI L7c b 0T, FOMEHEE U BEE O, SRSV MRS T3 TR LT A,
FENFHZOLTEMIHEY T2 ETHEM, EAEBICHYTIAATRE, 1 RAFZEFREFTICHLYTIHAD
EEH»HOBRT 5,

BREEF OHOBME SR 2.5. 2 1577, 3EDRT > L ARAEZELABICHD CEEF L2 RT3,
REREONRIL 12. Tmm, £ X 1230mm T, L —RAb—FEEXFCTMBALE, K2.5.2 57T L5, PO
D19 AR ROEIR, FDO 18 A% FUFERE L, FIEROELIHAED 6 KOKKREIZ LT CHRELHAE
L —5 L Lic, MBEEORBEEIT 450CTH D, TNOHOMBKE S LI HFRICHAEEL, T OBMWE
ZRING B7=H1Z, HERE & FTHIER S ITBEEL TORY, A LAGSNORKE ORICIIE S > FHE L,
EEEZEMICIE, EFRERR 300mm, TEREE 400mm, & X 215mm OABIHEO 7 a—H A KR,

FOAEIZAE 300mm, AME 406mm O _EEEEORB T, AMICIINEM ZFHIE TS & L big, WL
HoeREL 5 BRI 72, KABEHIIANE 500mm, & 620mm OMfE % 3 A ER, FOMAME L KATSRL
RIOIREERRFTRIEIL 47Tmm TH D, RREBMICIIAALTMIC 2 R, HEFAIZI K, 26 A0BRBE
HEFLZBRIT -,

ESEEIIPEE 250mm OHIRT, EERNOKEKEBEZRET H7-0IC 11 KORER LT 1) 7= +F8
DY R— FEFA L, THEHHAEE 250mm OFRAB T, KKEKFZEIRY 13 oh, ABIZIZe—%
BT L BB ERETRERI-XF BRI VFLBEX I TS,

TEZVF 403, AR 300mm, &E 300mm OAFHAERT, b—% ) — FRPLAEMEZRY HT-HIZ, W
£ 270mm ORAFHBHBAIRLTWVE, ZEFHIIR S 340mm T, AFORNEIL 133mm TH 5, SBHADE
ZX 2.5.31T7Y, —EHERTH?O 130mm LHOMEIZAR 108. 3mm, & X 120mm DIMHH OB HEER %
R, NEE, MR 43mm, HE 48.6mm, £ & 850mm PEETH B, AWADEIX, £F 1100mm TL
Ta—¥%, BERMEHERY AT HENEERCEE»OBRT S, ABHOFIIKTES LT CHREL,
ML & HIZ 108, 3mm, AKFEFR SiX 700mm TH 5,

B L BEDORESIE

BEMER/T, THILFTA6K, EFE 11K, THB4E FAHMBRGE 16 5 HADE 2 RoKGEE,

MEEE 84 AR, FOMM 18 K, ETXFRE 6 AOBERE, AAKEREG6 SO/ 159 A& Lk, 4R
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1/16 4 > F OBV R— bR T %K 2.5. 2 IZRTOOAERNIEAL, RO Tg TRT - OBIZBITAR
HEE % 4 SRE L,

BMRREIX, THRAVTL, ETHEEMICRI-REREL» HRAKELERNIZY LTI T L, AN
—EMAMREH L OV a=TABEHTRE L, ~Y VLAHOBREARRERDBIZY o T, ZKFO
BERENSTERPFEIZ0.209 THAERELTRDE, o, EREBNOMNLZELERNESICTEED, ¥
TV TRBIITERZRET AR THELEBIC (F 100cc/min) , BERREUNEXIINEILLLIZE L, Y
TV A X HREORBEBNIL 30s UNTho, BEOHERZEIIL2C, BEREONERZEIZL2%T
Hot-,

ERIE L ERENE

EBL, ITHAREZEZ 7V UTHAL, EBRNICAY Y AZFTIE Lz, RICEEF O OBRE R ORI
BEAFEDREICETIETHRL, UEZTORERX —EIRo7, MEFRITEMICHITI-HIEREENT,
FCEREBNE RREICRF L, EREBEBOEREXCIABESEHRREBICELLE, HADEDOE
7T VERARHIEAC LI X AR A IR L CERE AL, ERPIEEE OHOBRE —EREIC
GRiFL, KELEZERMNIC KT 2ZR0BRBERASRBLE L THABRBEERCETRENERRIEBICE
TRETERY ML,

HBREMEL LTRO2ODBREEELT-,

(D HBEP LR ONAEBOHREREL S LI RELZEHAR.

(2 MR OMBERE X MUBER L v E<BELLZBA,

ER1RTEHRRBEOREERMZ7D, AFEACDEEZRIVMNIT-BEEBMVALEESLEXT-, £
2.5.2 ITEHERIIBIIZEHMOFEES T, H-2~H-29 BHAMBAQELZRY (T =B EDOER, H-32~
H-36 IROALBAORBRTH S, BRFLHAKOTYRER, SHBEEMY THREL S bICHIMAL
OWTHETEHLIET, TR V14, LTER, IREREEOFHREIBFEIETSH S,

PAMEIRORRERIBENE LWBEOERIY, HEFLHOBERESL 150CH5 400CE TOMEENEFR
S0CREICREL TiT o, WAMABORBEEEEENRZ2HEOERTIE, SMUSIROMBVEIRE 2 NRIE
BELY, ENEN50C, 100CELSRELTIT- 7=,

2.5.2 BiEMRH
AR
ZEEROMANEFSERBIAEHADEERY 3 2WBEORITE T A ER 2. 5.4 1R T, BITET T
BEI-RINERORZS 11 OFBIIHFILE. ERORARER, BEROIXTHS V4, EROIIEEF
DEARID 19 ROMBE, FHE@ITAMUD 18 KOMBE, FEIROIX LR, ©IXNEONEE L KB BEHRONEE
L ORREKE, EROITTER, EROIIHOE (CEFROBRKEK) 5, EROITE OIEHE~ DR
BEUIELREAER, EROREHEE — 7506 KAOMMEITHY T 38R, BRI THESO LRERICH
LEMERICHYT AERTHD., BT, 2.1 HIOPUFTERBEOBRE LAKRORELRT, KBENICBAT
BEZFOBFENLTERIT0.209 L Lz, LizdoT, M REERNIUTOLIICRB,
BAKEOHEGEORX :

Egﬂfﬂ=o (2.5.1)

ot ox
EVEBEIIRRANTHEMII—E LTI 0D,
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6(Cu'

pea (2.5.2)
EFRIGIC L 2MADOERBEBIIRVEREL, AHLIEEENAR LT3 &,
ARRSREDENVEEER

aXA ‘aXA - 62XA

a e Pz (2.5.3)
HENEREFNX

W _ pr Lo ( ya )

P o T o P8 £WP|W+K (2.5.4)

BEFETu =const. ThHMH, R (2.5.4) 2EHEANTHENT S LKA LEBS,
W en AL Kl
" Ipdx— j'dszgJ'pdx Z{IpDedx+§ijjJu |u I (2.5.5)

BREKBRVERDIIEIBBR A L RETEpL X, DBFRIL,

p=C{X M +(1- X )Mp) (2.5.6)
BAEKKORELH R
c=&5 (2.5.7)
K

IIT, X, ZARDTEDOENLIE, p 3ES, T RRARBOEIEE, pAlRESSEOEE, ¢ (XEHM
HE, R IIREEHK, M, RV M 3ZNTNREARVBORFE, fIIREL-BHROBEELY K IIHE
HARICEIT 2RERY, 75/ IEREREORE, FF L IIEROBSTHS, 7=, ARNIIZK%:, B
B3z~ v akRbT,

THIRE L RERR I UFEDNRE LEARIC, KROLITRELE,

TEH

I<x<k;p=pp,X4=1T=T,
I<x<mp=py,X4=1T=Tp (2.5.8)
k<x<lip=pp,X,=0T=Tp, Ty

BERS&M
HADEDERIZBW T,

x=lx=mp=py, X, =1 (2.5.9)

BERKOFEREIZIBT,

CrdX 4 CrodX 4 ;
Dypi A AB,k+1% (2.5.10)
EBHRADENL

AT, 2.1.2 HTRREIHFERELZRAL, EHREFOEAHCELEHB LT, ARSEEOEL
FHRFR RQ2.5.3)) LEBRESFR (R(2.5.5) 2ACKMRAT vy 7N CREICEESHELEDE, 24X
F2. L2AEBRINEZ, REF T A HOH LV u 2RO ZBIC, FEEIER o, ¥R TEHL,
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1 *
u,:"+ = u;" +a,Au (2.5.11)

aﬁmﬁﬂﬂibtout®$ﬁ%mﬂ Ap BN EL 2> T, RADWERGE*WM-TETRIELEAE
BEDT,

—Lll<sx107% (2.5.12)

Boniu, p BAVT, ARDREOELKREREZMNT, RESTLARIREOEANE X, b, B
BREDEEL RO THELED,

2.5.3 EBEIUBHBRETOEBR
AMHAOEELRY 3 BEDOERER
(D) NABREOMBE FHRENRE LWEE

B 2.5. 5 [ZHEEFE DI ONAEROBRREFHREL S L RELEBEOEREN 2R L ARBRTEDOR
MEEEFRT, RATEIREOFE LCRERBREIXZNEN Ti=361.9°C, To=363.8°C, T=362.9°CTh 5, i
R BT % ORERM, MEIIHERVERELFERTHD, NFOOHIITHS 74 (AOHDH 50mm
E£%) , AENIESE (EEH) , VANIRHERER TH (TH»5 100mm £F) OBKEALFRERLTY
5,

FTET L ADOEROFTNFRIIFH & L HITHML, 20 B2 E X 2E» S ERET N2 RBOHNNERE HE
o TW3d, EHEMOEKET/NIRIT, HEHE1~2MIZ0THY, TOBTLIRIIHRL2IHML, B
% 20 BEEIETRTHI Lo L RERBEAZRLES, TAUBRITES VI 5IE 8T 5ROEMEEITE
by, THEH T, BEEEEZNOERTNVFEBEMT S, REORB L L bICEMEEmz O,
EHEEOBELE L Rotz, BEEFEH»OROIBAREL, BEEZ»OZEZROBRBRENRET D E
TOELEEOMIZ0O ThoTe, ZOBFHMHIOBETTEALREREII3cm/s THY, F1ERICKTS
REKEOBRBRBIIFER BN L35,

ZOEBRERND, HERTENEZOZRBARRBYEETI L, BHELHBBREF OZEREBICHWVTY
WUFBRBOKRE L ARLRRE T T L b ol, BEEBMESIILEOEROEEF LI L RER
DOIRSEIREE & ORMOKEBEZICEIZNE, B THRIZHI2BEOREVHT-VEKEAODENL ST
A%, BRABRIEZREIEIBRREIALZY, ZRIIFTFEBICLIVHADELLRAL, EHF~EIIND LR
RRIC, IR & EIBMTRE & OMICRAET 2T ICHEDEV B RBRITIC X - THRMA SEBRAIEITN S,
HOFZEWTHRFEBRICE V2RI LEHF~BEHT 508, ADBEDOHALERY, HITREREDOED THRE
DBNEARBRIEICE S TTHFMLURESNS, ZOXIZERIARE L HOBTOER OHR 2 IZEREBN
IEEN, BRI, ERMNRRICK T IREREOEENSRLITHMT 5, ZRIHVEEEZLEALT,
BAKKOBRBRIEED R L ITEL 25, 20 HELZBE2EPL TR VT ACBIT B ERELDROLR
HER, EFEMOTHMILSRTRELLLDDE, ZOEBRABRIMICLIIZEZLROBHRSR X ITWNT 572D T
b, FLTEEREOBEZICLIBABTRREL RLTRAT, ZROBARBREHRARRBLE L,

BE OO EHREZEXHAOTHR I V14, LERRUTHETICEIT I ERENVDRORMEE L
NENK 2.5.6~2.5.8 IZFRT, THRAVFARZBWTIE, EEFLBOBESRVE, BVRRATERDEN
SROEREENEL 2D, Zhit, RBRLERAKREEOMOBEEERKESRDILIZI-T, BEXHK
OEBEZENBML, ZHICHEVWRET I HRBREESEL 257D TH D, LEHOTNLRE(CITHEEF O
HOREZEXTORERERIRONT, B1EBOKRTEANSEAZRNRJBICHEM LT, BEEHEETROH
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KRR BIT 2 TEBOEAL DRI, BEXEOHRBERESHBRITEE LR, EEAKBCEVWTRTE
HTHD DG FHBOH M LWy, HELBEEFLEOBRESBEVIZEE VD, THEHBOELSRIT
BEEF OROBENSVERECmA bR,

(2) PAMEIRD EHRRBE S R 5B E

PR OO NSMUER O EHREN BRI BEDERENFROBMENLER 2.5.9 17T, ZOHEON
SRR O AF D O EERREIX E N Fh Ti=350. 1°C, To=281.5°C, T=315.8CT#h 3., MHTOOMITITE
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POMCREZYRH DB ST TH T LT AOZEKREASRIT 20 BRZBXTH, HEROBENELWEED
IO EREENKESBMUARY, £, BERLEOFEGREMEIZEID LT, 51 B R0
BEL pol, EFMETH S LF LOZERENLFENES DI, 2.3 HTHRA X 5 ITHEEBFELBONIME
BMICBEZEZ ST 2 LiC L » THEROEFIRERICARBRIENDE LD THBLEZLNS, F0OED,
TEH7LV T ACEELAZRL, SRR OBOEFIHEBMTRA L TV ARBRIKIC L > T LN E GEITH,
PSMRIRIZIBEZ S ST RVBEORBRER L LT, LEROEKEAFROLATEL LY, THALF A
TREAVFGROELRABMAOND, B 1BRBEORGHFEINEL 2501, EEFLROEFIHREMIZAE LS BR
B/RIIC X BRIER & ERREEOESREEEOROIBEOED, NABEROEENSE LOBESICHNTRVEE
RTHKTHDTHSB,

R DR OWR & AMURRIR & OFEREICREZ (AT) 22 B E L DT RVWBEO TR LT 4, L&
W, TERCBIIZ2ERENSROBMELLEZZNETNR 2.5.10, 2.5.11, 2.5.12 IZRT, PIRISEROEREH
ZELWEE, SMUBEROBRENE RAEROBREZDOR X VAN, =& JEEFELBSE (PR -+ SMUsESR)
DEHREMES TH, F1BBOFERBITEL 252 :8b25, Zhix, YFIHRBRICRET I HARR
PESEMT Y, F1EEOFHIRMNEVNLERLTWVWS,

B 2.5.13 12, ZROBAB/RMEL E TOE 1 BRFEORFGEFE & B LH O NRSEIR O EHIRE & O BI%
%, WAMHBOFEMBEEEZ T A—F L LORT, SEIEREHNE % OKBRRE, Ml EEr oMo
RERDOEHRETH D, HEBFLHOFEHDRENEL 221FE, FEHREERRERDIEILELRED
FRefizE Vv Z L b b, il BEFLHOEHNRENE L 2T, BABRKELIREH, BUVEAR
TERDBRBRESFELL, BEFLCHONAFEROBEZNKE K 2L, WIEEREOBABRKICLY
ZRENGEPELS LR L, BRMICZAVBKRELRBLED, B 1BEEORERENEL 2o TERDBRER
MR TRA LT,

AEHA DEBRVEE DO ERIER

ABHANBESRVBEEDOERENFROFEELERK 2.5. 14, 2.5.15, 2.5.16 |[Z5FT, X 2.5. 14 1THEHEFE
DEORNAEBOFHEELZE L LEHAT, NABRKEROFLEOESREXFNFN Ti=361. 7°C,
To=363.9°C, T=362.8°CTdh 5, K 2.5.15, 2.5.16 (IHEEF LBONMMERICBEZEZ ST -BEDZEREN
SROBEEMEZRLTHER, FAMEREVELEHOFESREITENZR Ti=351C, To=318C, T=335Ck
W Ti=341C, To=273C, T=307CTH» 3., A HHAOE RS 2BADERLLEET S L, ZRELFROBY
i, WThOMBIZBWTHEEMCKEREVIZRY, LALAREDL, HAOERSORINEL ot
TEICLY, BABRTHINFHERLBO THREDEBVBARBRIKIIKE SEEERIFT 1 KTHRFBEN
<2y, F1EBBOFREMIIAE CEMINT, ZOERTITERREHESR 16~17 BRTEROBR%E
REBRELLZEDD, 1 BBOFHRREIX 1 RTHRRBOR SICKRELEKFET I b,
HEARATRER

X 2.5.17 [ZABHAREN 2L, FLBORNMERIBEZ Y DU TBEOERIZ OV TT o Fz EEMRT R
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RETT., RPOEREITHS LT 4, —RASERII LSS, SRIITERCBIIZEZELDROHEMESE, T
5 (O, A, O) FERETROERELTT,

AT CIIR 18 RMBICZER O BABRBMAREL, THS LT AL EHEROZERTADREIE, EHEMNIZ
IIEBRER LR —BLEDR, ERMICITERBEL VIEVVELR L, BIZTEBOZEE NS RIIEFRNE
HBHOHAEIERBI Y LB WEEZ R L, ZOEERNAZAR—KIX, B 3KRTHZARMGHEARE LT
WAHERBE 1 RAEHETET ML Z EIRE D2 b0 EEX TS, Ik 2id, ESEIZBWT, HEEEEOHRD
ERZFRIBE L, MBAE»LOBMRESCMBIN-KEICLDBREICLY 133CETLER LS, B
HCIZHEREINTWT, EEREWOKEEREEIR 53°CTHD, ZhEky, TEANHETLEEAMEES 2o
T, B2 3RTHERIIHENREL TVWELOEILND, ZOERTIY, $REBOEELIRRRLLE
LSO Gr L 3.24X10°<Gr< 1. 44X 10°DFHTH o7, FZTI DL 572 IRTH BRI & 4 FHniz
LVEINDELDENE Ny Ny ZERFRRRO L S IEHT 5,

Neon= ref X A, x Cyjy (2.5.13)
N Cair
af = Dyp x Ae x = (2.5.14)

IIT, CupRERDENVEET, A, IWEE, u, IRFTNRARFHAOTETH Doty ITERBFBRNO
BRXFIC BT DTRER IO RO, LT, FFHBE BRMKIZL > TBHT 5 ER0EN K E
KATHRT.

C..
Neon + N =ty x A, x Cppp + Dyp x 4, % A";’ (2.5.15)

AT, BRMMICL VBT ORI BE LB (Dy) ZHAL, Thr@BEEBREI
MATIREBTEIT o7, T OEDEBEREZRANTERT 2.

u,efoexCai,+DABerxCZ;’= eﬂerxC:;’ (2.5.16)

Dy = Fprc x Dyp (2.5.17)

L7doT, R (2.5.35) & (2.5.36) &V,
Fppe = 1+t — (2.5.18)
Dyp
ERY, Fprol3EDRETHB, Tk, EHFEEMN He FIZR0OBEOENMREITEN T 203, 246
LY, BEREBON 200 EDOEBETHDI LELLND,

Fi, AIREKGERDSEOBOIRBRRERICBOTE, EWBREOCRLINEFRBIIRET S L O A&,
Cm— RO BRRRARAE L TVS E FREND, K 2.5 15 OERTIHEHF L 5 OBMEEE L) K
FROBEEITPRETH 50CETLERL, —FHAREBONEEL I5CIIBHHA SN T3, IREBRIRGEE O FE
PREEL L Gr 8EHET 5L 8x10°<Gr,<45x10° Thotz, FZTIOHAKMHKIZ L VBBT5ER
DENVEE EFERMEFRRICTHE L7z, 7, BEORAZRIMEFRM OB RRICET 2MITERS 9L g
R WOFAFEL LT DO L S ITkDT=,

EBRTHEREAER (0 IKRATELLN D,

r=s§% (2.5.19)
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22T, D, IZWEBOETHY, § H—REEARETH D, RBBREROEEM S 50C, {EEM% 15CE L
T, BEZE% 35K LT5L, kX He D& x Gr, Pr, Ra IlXENEH, 7.96x10° 0.675, 5.37x10° 723,
Ra<10'D & %, —HRBEAR SIZ0THY U, 14 0 L 8%, BIE/RT A—% (5) #RXTEHT I,

v =(0.25%R,"% (2. 5. 20)

SIT, v 0(t - 0) DEREE XD L XRMOTE B MR O,

u;e,(y-)=§{(y*-§)3_§( :g)}, (0<y°s ) @521

S 1T ySMERGEOBRTHREKETHS, R (2.5.21) % Y =020 y*=0.5 ETRRTH L, THHHE
HRAD LS 1B bh 3,

oy = [ s (v )" f0.5 % 5.2 10 (2.5.22)

ZIT, ity RKATEET S,

R
ref Grxv/D,,

Lo, kB2 He D& %11

(2.5.23)

Urer ~0.1097[mfs]

L,
THREDBERDLE, Gr, Pr, RaIZENTR, 4.54x105 0,718, 3.26x10° LRBOT, Ra>10'D L ¥,
RATHES ERET 5,

2 . o 1= .
., d(y*){im \/Ff‘ J[e-my sinfmy”) -1 )sm{m(I—y )}] (2.5.24)
IIT, dm'=S-RaTHY, FIMEEESR (0.5 ThHbH, & (2.5 20) % y*=0 b y*=0.5 ETHNT S
&, EEGEL,

' 0.5 * *
by =y wer ()" 0.5 » 202 (2. 5. 25)

ZIT, why BRATERT B,

' u,ef u,ef
U s = = (2.5.26)
" (ev/p,) /P I,
LB T, uy =0.1666[mfs) & 725,
SFIEHE AR CHEITHS EXDENEE LERLFABIcEL S &,
Ae C, ir G ir
Uper 7Cair +DypA4, ﬁ =FpspDyp4, Aa; (2.5.27)
hkn,
FDAP=1+u,€f (2. 5. 28)

2Dp

&%, WARBA He b3V TZEED & SOXEDFREEMETIL, ThEh 38 L 59 & 75,
Bl 2.5.18 ICKBREEENEN, Fppe=200 (L858 | Fpap =38 (IAERBRRFCRE) & L7-BA OREVTHRE
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Table 2.5.1 Main specifications of the test apparatus

(DWorking Fluid : helium, nitrogen, air

@Pressure : -1~2kg/cm’-G

@Temperature : 0~450°C

@Power : 36W/heater X 43heater 100V
®Flow rate of cooling water : maximum 500cc/s

®Dimension of the test apparatus :

Heater pipe in the simulated core

Inner diameter 12.7mm, Outer diameter 17.3mm, Length 1230mm
43 heater pipes (Inner region - 19, Outer region - 18, Compensation heater-6)
Lower plenum Inner diameter 270mm, Height 300mm

Top and bottom covers Inner radius 250mm

Simulated core Inner diameter 300mm, Outer diameter 406mm

Cooling jacket Inner diameter 500mm
Inlet pipe Inner diameter 43mm, Length 850mm

Double coaxial pipe Inner diameter of outer pipe 133mm

Outer diameter of inner pipe 48.6mm
Length 340mm
Outer inlet pipe Connecting pipe : length 400mm

Velocity measuring pipe : diameter 52.9mm, length 300mm
Straight pipe : diameter 52.9mm, length 400mm

Outer outlet pipe ~ Inner diameter 108.3mm, length of horizontal zone 700mm
Inlet pipe~Top cover Height 2760mm
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Table 2.5.2 Average temperature in each region of the test apparatus

Region [¢Y) @ [€)) @ © ©® () (O ()N ]
Inlet pipe| Lower | Inner Outer Top | Annular | Bottom | Coaxial [ Insulation | Compensation| Dead
No. plenum | heater heater cover | passage | cover pipe heater space
-2 3.3 122.7 357.1 343.3 93.0 ZE.,E 83 33 3429 785.2 31.0
-3 5.4 883 2759 2557 64.7 196 7.3 5.4 260.0 209.3" 22.1
-4 5.3 36.8 1954 168.7 447 4.1 6.6 3.3 1779 1351 13.1
H-3 5.0 73.9 299.3 2134 64.0 72 7.7 30 249.6 138.6 19.6
H-6 7.3 116.3 325.1 3271 86.3 5.9 8.0 73 319.6 275.2 29.3
H-7 6.2 36.8 2348 166.0 50.2 14.7 78 6.2 195.0 1230 16.
H-9 6.9 89.2 253.6 257.0 63.0 20.7 38 6.9 2511 213.3 234
H-T0 7.0 38.1 69.4 70.1 42.2 5.6 83 7.0 1662 1420 17.0
H-TT ) 447 589 252 37.5 43 94 8.5 1383 97.1 132
H-T3 112 I31.0 361.9 363.8 37.3 31.6 134 112 355.6 306.0 37.2
H-16 10. 106.6 301.3 302.7 47.8 272 12.3 10.1 2939 254.1 30.
H-T7 9. 73.9 214.3 2153 35.1 20.6 10.9 9.8 210.5 179.9 224
H-18 6. 284 84.0 3.7 15.3 10.1 6.9 6.3 82.0 69.3 10.7
H-19 54 11.3 23.1 6.2 7.8 6.4 5.6 54 252 22.6 6.6
H-21 9.6 100.0 350.1 281.3 46.6 25.3 11.7 9.6 308.2 220.7 28.
H-22 10.6 1172 360.2 327.3 52.9 2838 13.0 10.6 336.3 267.6 33.
H-23 11.8 752 280.9 211.8 39.0 22.6 13.0 11.8 240.1 161.7 24.6
H-24 129 o1.7 290.8 2574 447 262 13.6 129 268.0 208.3 28.6
H-25 12.9 46.8 162.0 127.5 27.7 18.9 13.4 12.9 1412 99.4 15.4
H-26 1477 61.7 2049 171.1 34.6 23.3 139 147 1837 136.7 22.6_
H-27 19.0 79.3 248.6 214.7 43.2 30.4 17.8 19.0 226.5 173.6 29.4
H-29 7.3 133.8 3612 363.1 53.3 277 103 7.5 3349 305.0 33.7
H-32 113 1.3 116 IT.3 1T.1 1.2 111 13" 113 113 1T
-33 11.6 142.0 361.7 363.9 57.6 32.1 148 1.6 353.6 306.2 37.6
H-34 122 102.2 258.0 259.3 43.3 26.0 14.6 2.2 2533 2177 28.8
H-35 133 1279 351.1 3184 53.3 31.0 164 133 327.5 260.3 35.8
H-36 15.1 1123 3413 2732 49.1 29.2 173 151 295.9 2140 331
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Figure 2.5.1 Schematic drawing of test apparatus simulating flow channels of a HTGR
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Figure 2.5.3 Schematic drawing of the outer inlet and outlet pipes
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Figure 2.5.4 Analytical model of the test apparatus without the outer inlet and outlet
pipes
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Figure 2.5.5 Time varying of the mole fraction of air and ingress velocity (the center
and peripheral regions with uniform temperature condition)
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Figure 2.5.6 Mole fraction changes of air in the lower plenum (the center and peripheral
regions with uniform temperature condition)
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Figure 2.5.7 Mole fraction changes of air in the top space (the center and peripheral
regions with uniform temperature condition)
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Figure 2.5.11 Mole fraction changes of air in the top space (the center and peripheral

regions with non-uniform temperature condition)
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Figure 2.5.12 Mole fraction changes of air in the bottom space (the center and peripheral
regions with non-uniform temperature condition)
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Figure 2.5.13 Relationship between the duration of the first stage of the accident and the
average temperature of the central region in the simulated core
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Figure 2.5.14 Mole fraction changes of air in the case of the central and peripheral

regions with uniform temperature (without the outer inlet and outlet

pipes)
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Figure 2.5.15 Mole fraction changes of air in the case of the center and peripheral
regions with non-uniform temperature (without the outer inlet and outlet
pipes)
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Figure 2.5.16 Mole fraction changes of air in the case of the center and peripheral
regions with non-uniform temperature (without the outer inlet and outlet

pipes)
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Figure 2.5.17 Analytical results using the ordinary diffusion coefficient in the binary gas

system
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DFE 1 BREDORHHBIEMITHOVT, ERMII—HE L, &6, EHERFRLRAKEOERFEHFERLEILT
W, ESH, EARREL1OOV MY v 7 ATRNT 25 ERE) &, EBERRTERTOENEIEL %MK
LTEAGRVMLICEN T3 5 GBERE) 2oV THHERBY IS AITREE 2 LBRE L, IBERESH
MR FETHHZ L MR LI,

%&i&%mwtzm%ﬁwoﬁﬁ%ﬁuﬁmru,ﬁ%ﬁ%@%ﬁﬁmpympwﬂﬁ@pﬂ*g-%m»
TR 554 L BEKEOREXCELT 2881250 T, FRENEERIT 2TV, BROKEDELNED
BFREILRRHE 1 AR ORI & R 72, IRERBOBENRK (2.2.23) TELTEXB3BEOEADEEOK X
WRAD ARERIEIE (B 1 BHEKT) B, 1%, 772K 78 (Rg =Grp/Gre) ICE->TERY,
Rg, >066 DEETIZ Y, =0 Thd (T7bb, EbLICHRBEMNRAELTE 2BRIIBITTS) . 752K
TR, Rg, <066 DFEITIX, t, = 2.199RE, — 2.987Rg, + 10272 TEBIND, EALEERT S LT,
BEREOBEER (2.2.30) THEUTALERDHBIBAECY, Be(Xamax — Xpmin) PES 1LICH_RTEEA T
DIFL/PENE ZIE, LEOEEREZOEEEATE S, BASEOBELR (2.2.34) CTHETILEND
Dy Be(XBmar = Xomin) PHED 1 THANTERTERVBAOE | BROBGEIE (B ABRERERS) 12,
R (2.2.50) TRDMEE VB 2B,

WUFRRBEO—F 35 3 HE TR INDIBEANIIAY V2%, RBRAOERBICERZLFHELLESD
WHIHBEN~DERBABRIZEV T, 3ADUFIHENEROBEIL, »TFEELED THEOCEBVEAR
EOHRBRIMICE > TERITHBENICBAL, RLABEAIBBENKEL 2oT, EROHRBRBSRAE
L7z, 3ADWEFHEBEAFRTRVEEICIE, EFIREANOBEBREIIZ ERE O, EBKE TIITRE DRSS
KEDOBRBRABRET 5720, ~) VALBRIWBFHERROC LTI LT ARNTHYRE S, HBEAOE
WRITFELLS Y, BFIRERMIC BRBRASIRLELZVIEE (EFIHEASROEE) AT, 51 B
DOFRERMNEL RZ Z ERbhoidz,

ERATKICL VR ENIHNERERBAOS T L 2R AEARSBRICBVTIE, FREOBEZIC
L2 ERXNFEOHEEREL R, L AEAFER TH-> THREOBHRIZER N > T LETET 2 A&
RREZLD2RAROBH R FRMICTHETILERSH D, £, ~IVUVL-ZERIVVER-—T LI RE
ERBOHBPEERSBRICRIETHROBENARICENE,

RN R FEOTBEBR A MBI L - RBRERAN~OZKBAEDIY, FUFEREORE L EEMIZIXRE
CThy, HFHEBEBD TREOEBVBRERTSRABR TH-7, LoLeds, 1 EEORRIFRI,
EBRNTRIMICREL TVS 3RTHZBAXTCREDOR R D EFIHBEIC HRERKOLE LT, Ft
REMIIEL oo, k7, ZOXI RERTRBEINCKERENSY—{LTHZ 8bhotz, b2, HAR
BEHOL S 72 1 REM TR L B2 E2RBEOR S, 1 BEROERER L Sh3HFRERLHEDBV AR
BRI KETHREPRE VD, F1EREORHERMLEEL R, 1 RTMNREERENE I ERHERRIX
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BRI LBbhoTc, BEFTIZENTHE, SROREEZARE LLHBE— FORRBIIET D20, 1K
TR OMMEMYT = — FEHR L7, SKRIMZARMRICL DR EOBEL 1 RITTRVE D HIZ, #3
TR EA L, ERMRIMESAIREL 2o T,
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3. BZBHAREROSFIH & BRTEERR

AT TIE U FRNBRIC 51T 5 2 RO KRR O P L HABRIICOWT, SBRAREOSEH % £5 LK
TERRATIC & > T, REOFHFEEX D LRMEBLOFNICRATIEEIIZLE LAY ¥ AOBRARKE
THY, FRCIRMBORMBEDNBTEET S L0 0 BMMAKIGIZ L Y —BLRE (CO) L “BALRE
- (COy) BRAET D, EITAETI, BHMIRSHERBACRITTEE LLERISH ) BROK KOS
BN DWTRE LT,

31 BUFERBA~DERBABIEN

AEHCTHE2ELAKCROEANTH D L EX DN DGR LEERE THRR SN B UTEHRKE AVT,
RIBALRUSIZ L W 84EF 5 CO, CO, B3 T D THEDBVARBRKIC L 2ERBABRICRIET
HBLERDTEROER 2 LR EBHEMTIC LV AN, SERKICIBEMNATLAVT, ENTRES
400CH 5 800CE TELI B TEBREITo 12,

3.1.1 REEESLURRAZ

EREBOPE

EBREEOMIB LK 3. 1. 1 ITRT, MBVEIIAR 60. 3mm, HEE 52.5mm, 25 1300mm DA > 2 F-600 &
EMOMETHD, ZOBERNICA L aRLE, BHE, 1 aFLEOMEINELBA L TMRAKK 2 MR L
oo BEEIIHME 52. 5mm, PR 40.5mm, & & 450mm, ML IG-110 THD, MAFIZER 3. 2mm D — R
E—F 2 BEMFTTNRL, TOMUIEE 50mm OHHERETEG 280 CTRIEL 5, MBSO Tz
&S 220mm OARNELERL, BHF (F—LHF) 2ALTIATEBS LERE LR, KEMBEIIAE
48.3mm, PR 40.5mm DA 2 XN-600 AL&BME T, KEER & 300mm, Z DR R100 O % T
BROGEE &R LTz, WEIEIISME 48. 6mm, R 41.2mm, 28K 1420mm O R F L A BAET, SMAlZ
BEZ BT TRE Lic, BAEO EIICIIMMAE OBIEIC X3 BOERINT 57010, EERr—X735
YOERRY M, TEILENFEZN L TRATHEES L8R L2, SATEARIIAE 1000mm, P7E 991mm,
B & 400mm OHFEFEER T, BRNORBERELY —TIRET S0, NHICIIARBEREALTKA L1,
BE L RBEOCRESE

BEMNERZHM3.1.10 (@, O) II7Y, (@) 38EE, (0O) IRABREORHEST, RREBFTD
BEEIL 27T AD R BB THIE L, 72, K311 0O~DIZRTREACBVTRAERE L Stz
7Y 7L, REBXKAEEES, BFE (0) 3, —B{LRF (CO,) 3, —BLR#E (CO) HEAVWTERAER
ERERE L BRARARELRE Lz, ZOB, RBEBAOHNZEIRVWE TR0, yo 7Y v /iR
BRTELEIDRLTHLL LI, [REDHRBELILLICE L, CO &, CO, ¥ 7Y v 7T
50mVmin & L, Z®LEDRELYLORSHHTEEIZF 0.05m/s TH5, £ 3. 1.1 IZIRE - BEAESOM
B TR b OREEEAE TR,

ERATHRRORERGEELZRET 2-OIRBRNEEH2EA LA, ZoBEHHIRADGERHFOKL
REBBEPIADOEEIZL > TETHHEEFALEZ O TH B, KEBEHL, BAEARL 2ENK
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FROBEIIBELEEOREL R TH D, BRIREROBEIIIERITAEOMRIZL > TRENE
U, LHOL2RL, AERTINETZRARAEE He LERDO2ROTH®ELEXD L, ZEHD O, TASY
i 0.21 THY, ZhBBMBILRISIZE 2T CO, COIEILT B0, MEBEIIMTIBEINSL,
He L ERD 2 MIHBEERELRET A LICX HHEBEDBREIZIBWUT THo T,

AEBRTHERA L7 CO KU CO, 3HiE, FRABBIUZ L A2EESTEZRALI- DT, CO R CO, % EnRME
FRFNO22 0T IEIRMRBERCTEAEOBRR AN b 2FDL, BREFHFR 0, N, REDORFR2EFYFIC
HRRA LW EE2FATILOTHD, ZORROBIITMERKROBEIZXHET D1-%, RN 2 5
ETHEREZMD LB TES, LOLAERDL, AEREZELA—ZAKABBRRIBETRHANERL ST
B, TNENDOR—ZAZEKIZONWTREBBETH -7, ZAERTIX He & N, DEAKERR—2KHK L £2
LD, SHFOENINE He X—R, N, X—R{Zxt95 CO & CO,DEANRERDT-, WICBEHND
ROBEZBEELZANT, He—ZEROREKATHHLRELT, He LZERDELSRERDSB, ZDOFE
NrERERAWT, He & N, — X435 CO & CO,DENFBHNEL TRDI-,

ZEIDOENGRERITRD 5,
X, = PHe (3.1.1)
Pair —PHe

TIT X, i He—ZERD2EARTEERE L L EDEREANER, pIBEHNL L L OBERIKEE,
e Poir IEENEN 20C, KREIZBITS He L EXDOBETH D, ZOEKEALSREHANT, BEEHETD
CO & CO, ENGRERAIZL W RDT,

XCO/reaI = (1' Xair)XCO/He + XairXCO/N2 (3.1.2)
Xco, jreat = (1= Xair)Xco, j1e + XairXco, )N, (3.1.3)

ZIT, Xcome & Xegin, FENEN, He, N, S—ARKORERRNORDE CO TARE, Xco,/pe &
Xco,/n, L CO, ENRETHB,

BHNEIEOH NN R DD, TNETNOMTFHITARERZ AV ALERH DD, KEBROKIER
RTIT 450 CO FHBITIREBEDIXIH>XIE, FHED 2%UT, CO,FHI2WTIE1%UTF ThokZ &
2D, 4 BOKEHBRE 1 DOREXTRIZ L L L, BERXIE, THEN 4 BEORHEFIZE B3 TRTOER
T2 ERAWTR/IBREICE Y KD,

# 3.1.2 {Z No.1~No.4 @ CO # & CO, HOKEMBRE L RO EMMREREME DBREETT, COHORIE
LU, 0~10%DH A 0~0.5V TH Y, CO, 5L 0~50%% 0~0.5V THALK, F£3.1.2 hoRDEZER—
AT HBIEMBRE R TELURXE LU TICRT,

Xcoye: f(x) = —0663256x% + 44.8625x% + 3.02529x 200474 x 10~ (3.1.4)
Xcon, f(x)= 36.225x° + 8.86222x° +6.63946x - 188673 x 1072 (3.1.5)
Xco, we S (x) = 180.455%° + 50.5111x% + 33.9425x 7.33453 x 10™% (3.1.6)
Xco,n, f(x)= 179.544x° + 47 4922x° + 31.2542x - 8.58662 x 107 (3.1.7)

ZITf(x) RRORAEOBE (EAFEXI00) THEAIX (%) , x RY =T T4 FEBERVIHHNLD
BEHTEAMIX (V) THD, X (3.1.4) iX CO #HD He "—ZROKER, X (3. 1.5) X N, R—=x, K
(3.1.6) iXCO,#® He R—RADKEX, X B.1L.7) EN,R—ZADOREXTH 5, BECHEMZIIHKATE
3%, BEIIL1%, ERIREDENFRIHEEDBEIZONTES%UNTH 72,
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KRG L EBR AN

REIL, 2.1 BOWUFEOHELALFETIT o/, ETHUTE L FHEAR L OB - 2 BOMEN
ZPAL, ENIZ He 2 RHEABNICEBREREII N, ZFE L, KICMIEERENFENEICET BT
MEL, MEASIHEERICRT BEREBR L TEROEN 2 KKEICRRE L, REEESTOBEERE
FRBIZE L%, 2EOENF 2RI TERREBRB LY, ERPIINATERE — CEICEET5 L
bz, REBFBOTHIIRI-BWEREZFAKL, BL 0, LORISIZEBREDELEENNH - T HERN
DENEZ—EIRFFLI, I, BLICX 2 BMOBREEL DR TE1D, F1BESKRTL, ZE0OHRE
RMBERIE L IGENFE2ACTERERKRT LR,

EBREMT, FRFBIERERELILRE BN TRHOBLRIEE) &, N, 2 FTHEL-BE (RO
{LEUSEE) 12O\ TC, INEVEREIREED 400°CH 5 800°CE THOHE %Y 50CH X IR E LT,

31.2 EBERETOEER
M FIERAEDEROBE O ELBRIEE

MMFTHKED N, OBEORRFERE LT, SHEMAELHREN 758°COHE O IMEE NEh T ERESH
ZH 3. 1212, ENRAKAKEEOHEEER 3.1.3 IZFT, WUREN~D N, RABRITE 2 & il~7-
SHARAEROERBRLFEALCTH Y, HEHFEAME, N, 35 FEEE SEEREROBELIHEVRAET S
RACL 2B THEDBVRATAO HABRKICL W EUFENIZIBALE, BEIOKRBE & HLIZENOE
BRAEES LR L, RERTIT 100 2%IC N, DHRABRESRAEL, B2BMICBIT L, £ 1 BROEE
BRI, SRIELINEVE RN 758°CD & & T 100 4y, 367.3CDL X 220 hThot-, £ 3. 1.3 ICHHKES
EB N, DBE O EHEE L E 1 BREOFGERM 27T,
N FHEE DB TERDOBEDOERFER

RENFAE EHRRER 767 TCOBAOBMGRERE MK 3. 1.4 IR T, KERIIBHEBEILRIGNERE
ACRETHRERARDZENERNTHY, BRENTRESTNEL S LHMENE, 2T, BN
NORMBEORMANZA Va2 XNV EREBT S LICE - T, BWEHRTERBRES R ERT A LN TR,
Lo Ledin, MBESETIIA axVEORE CRER T4 Uk, KPP0 ERIZRHNE O#H BN T
PRRE TH D23, ShEMPE FRE T BNE ORIy FHIRED 814. CTOHEATH 47C, 610. 5COHBETH
41°C, 409°COHAIIH 32 CEVMEL A2 o7z, £ 3. 1.4 CHHIFHEKAEN TR OB SO THRE & 5 1 B
DOFFERFRMERL, K 3. 1.5 ITMBERK (T,) LENEOMFRTERE (T,,) 2573, AERIZEBWT,
WUFERISEREEL LIS T AR THUL, 37x10° <Gry <47 x 10" TH o1,

Table 3. 1. 5 Average temperatures of whole heated pipe and graphite pipe

Run. No. AS-12] AS-3 [AS-4b] AS-2 [ AS-5 | AS-1 | AS-8 | AS-6 |AS-9] AS-7
Heated pipe (T5,) | 811.0 | 767.7 | 7154 | 661.8 | 618.1 | 569.1 | 523.5 | 466.2 |423.8 376.6
Graphite pipe(Tyg) | 859.1 | 814.3 | 760.0 | 708.2 | 660.8 | 610.5 | 562.9 | 508.0 |460.3| 409.0

B4 3. 1.5 ICBVE R LB 1 B OFGEER (N, RUZEE OB RABRERA T TORBE) & olEs T
T MBEFIREEN 450°CH D 650°COKER TiZ, He—ERERDE 1 BMEOBHEEERA He—N, ZROBE
IV bOTNCENP o, THITZ CO, BRBAETHZ LIZLIRAKABENDHMILZbLOEEL TS, L
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NLRHL, BHFIIMEMREREDOK 25% THBEZ b, CO, DRERLVRL, FOH N, LEKD
BELICHEERERE LR hoT X BN,

SREMBELENEEE T A — & L LIENRETH (O) , BHFR (@) , hENRELE O) , &
HER (@) BT O, ENRROMELEZNENRKS. 1.6, 3.1.7, 3.1.8, 3. L.9ITRT, HFOERIT
WUFELZERE (16.3C) KRFELEHEOEBERLTLTVS, HENRE THBOD 0, DEAIYRITE
MoEBE L HIZHEML, 0, IFFEMETWCBBLAWVED, BILRISICE > THEBENRDZ LiX, W
THOBELERTRTHROBAICHARTEVEZRLTWAD, IS FIEEICMZ THED THED B
RAERKOBABRIKC L > TLRABRBHT3-DTHS, ZEREACHVBUFENOBEENREINT S0,
RAKABOARBRITLH L2V, EADROBMELEMORBL L BICKELRoTWVS,

BVEMOICEE L7 0, 1F, SHEMBE FHREN 00CUTORE, BHEFLALRELRVED, 0,
FHEHBR SN TICRAENEBET 5, SHEMAELHRELEHL 2212200 T O, TALZRIIBD L, 618.1CE
EDOBET 0T RTRILNKIETHB IS =D, TANRIT0ETR LT,

SHENBE RO TIL, BHE & RRICSHEMEBE OFEHREN 523.5CLLEDBE ST O, BBRHENT, *
NIRRT %F LTs, EIREMN 523.5°C, 569. 1COBE (O, X) ZEHFWTERET D O, KMAE LI
WCEETSETICRHETHRIND D, MHEMRE LHROTIXELSRITO Lol

—%, AHERO T, HHEEFROTHEIOIFHEBICLVFUFENIZ 0, BVBRATEA, EDTHEDE
WEASEKDOAABRIT L EBKOME A ETH DI 00, BROBAOERMBICL Y bIEVEL R LT, W
DFEEE L bz, BABRBCL-TCTRECHLHENS O, BRBBML, HIZENEFEHREN 550CLE
ZOEEIIBHERT O, NHEIN, HHAEEHTTH2EEKEFIZ 0, REETNLILB1EDIZ 0, FLER
DD LTz,

SAELINEE TE (D) L&EMBE LE (@) BT CO, TAFROBEMEETFNEFNR 3.1.10 Hh 5K
3113 IZRY, HEMBAETHROTIE, SMEMAEFEEREGRDITE CO, IIEBEL, BHEFHTR
LT CO,BTHIZIET A2, CO,TANRITMMUE, LrLAAL, BEO&AL LIz EAXDES
KEOBRBERMENEL D72, TRAZOWELMZ LN T CO, DEAHRIIWA L, BHE LHOD
CO, ENEIY, SHEMBEOERENEVITERERMEML, ELROMIMNERE HLEL oofz, MMEAE
EENREEM 376.6°C (BEATIEREIT 409°C) ORSIIKIEEENBW-D CO, IR EN2d o,

B 3.1.14 »5R 3.1.17 IZHEMBE LI (@) 1I2B1T 5 CO EALROBMELE T, AERTIX
CO/CO, BAELLD /NS W eth, CO ENGFRITMEE LHREDN 8IICOBFATYH, SUUTThHotz,
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Table 3.1.1 Distance of the temperature and concentration measurement points from the

end of the heated pipe

Measurement points Name Distance

Gas temperature in the heated pipe HG-1 920mm-
Wall temperature of the heated pipe HW-1 470mm
Wall temperature (lower part) HW-2 570mm

" HW-3 670mm

] HW-4 770mm

/] (graphite part) HW-5 870mm

" HW-6 970mm
n HW-7 1070mm
/] HW-8 1170mm
" HW-9 1270mm
n (upper part) HW-10 1370mm
" HW-11 1470mm
n HW-12 1570mm
" HW-13 1670mm
»_(horizontal part of the heated side) HW-14 1770mm
! (horizontal part) HW-15 1970mm
" HW-16 2120mm
" HW-17 2270mm
#_(horizontal part of the cooled side) HW-18 2470mm
Gas temperature in the horizontal pipe HG-2 2120mm
Gas temperature in the cooled pipe (upper) CG-1 3020mm
" (middle) CG-2 3490mm
" (lower) CG-3 3950mm

Gas temperature in the storage tank STG-1~4 -

Lower part (D) Density,0,,C0,CO, MF,0,,CO,CO,-1 450mm
Graphite part (@) Density,0,,C0,CO, | MF,0,,C0,CO,-2 1070mm
Upper part (3) Density,0,,C0,CO, MF,0,,C0O,CO,-3 1770mm
Cooled part (@) Density,0,,C0,CO, MF,0,,CO,CO,-4 3490mm
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Table 3.1.2 Calibration results of the analyzers for carbon monoxide and dioxide

CO-10%.” He CO-10%,/'N,
Output(V) |Concentration| Error(%) Output(V) [Concentration| Error(%)
0.158 1.59 0.19 0.119 0.937 222
0.159 1.59 1.27 0.123 0.937 6.65
0.174 1.93 -2.65 0.203 2.07 -3.52
0.179 1.93 222 0.207 2.07 -0.65
0.266 4.03 -1.64 0.3 3.764 -0.41
0.268 4.02 -0.06 0.303 3.764 1.33
0.27 4.03 1.03 0.377 5.76 -1.31
0.364 7.0 0.15 0.379 5.76 -0.3
0.364 7.08 -0.98 0.441 7.686 0.7
0.365 7.0 0.66 0.442 7.686 1.16
0.367 7.08 0.53 0.497 9.98 -0.63
0.431 9.48 1.07
0.431 9.7 -1.22
0.434 9.7 0.06
CO,-50%, He CO0,-50%,/N,
Output(V) |Concentration| Error(%) Output(V) ([Concentration| Error(%)
0.1899 9.64 -1.5 0.031 0.91 2.64
T 0.195 9.64 2.39 0.057 1.803 4.45
0.30495 20.6 -2.14 0.121 4.63 1.71
0.311 20.6 1.27 0.195 9.18 -0.37
0.3737 294 -0.86 0.266 15.1 -0.88
0.378 294 1.31 0.304 18.96 -0.59
0.4883 49.5 0.24 0.374 274 0.87
0.487 49.5 -0.31 0.488 47.4 -0.12
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Table 3.1.3 Temperature in each part of the tube and the duration of the first stage of the

accident (filling with nitrogen condition)

Run.No. | NS-1 [ NS-2 | NS-3 | NS4 [ NS-5 | NS-6 | NS-7 | NS-8 | NS-9 | NS-10
Duration | 3H38M | 2H53M | 2H29M | 2HOOM | 1H43M | TH50M | 2H10M | 2H35M | 3HO7M | 3H25M
Heated pipe{ 379.7 | 462.8 | 5553 | 6594 758 7074 | 618.9 | 508.7 |,4252 | 3673
HW-1 98.5 125.5 151 191.6 | 231.6 212 171 143.7 | 120.1 108

HW-2 246 315.1 | 389.7 | 468.7 | 550.5 | 509.4 419 3542 | 278.6 | 244.9
HW-3 328.1 | 414.9 | 506.9 | 596.5 | 688.8 | 641.7 | 540.2 | 461.5 | 3659 | 322.8
HW-4 3743 | 469.1 | 566.9 | 661.4 | 758.7 | 709.1 | 605.5 | 5184 | 4164 | 3689
HW-5 400.5 | 498.5 | 598.2 | 6958 | 7954 | 7449 | 643.4 | 548.8 | 446.8 | 3977
HW-6 405.7 | 506.1 | 605.5 | 705.3 | 805.7 | 754.6 | 655.4 | 557.2 | 454.5 | 404.8
HW-7 4049 | 503.4 | 601.3 | 699.7 | 796.6 | 7472 | 654.6 | 552.8 | 455.5 | 406.4
HW-8 4093 510 609.5 | 712.8 | 813.6 | 762.2 | 669.9 | 560.1 | 463.6 | 413.6
HW-9 408.5 | 5104 | 6102 | 717.8 822 769 678 560.7 467 416.8
HW-10 395.1 | 497.6 | 594.7 | 706.7 | 811.2 | 7574 672 545.2 | 461.3 | 4129
HW-11 360.6 | 460.7 | 551.6 668 770.5 { 716.5 | 640.4 | 503.3 | 437.1 | 392.8
HW-12 306.1 | 3983 | 476.5 | 598.5 | 697.7 | 645.5 | 582.6 | 4342 | 394.6 | 3572
HW-13 2123 | 2853 [ 331.7 | 458.7 | 5479 | 5014 | 465.6 | 306.7 | 3152 | 290.8
HW-14 228.5 | 3053 | 360.8 | 484.6 | 5759 | 5282 | 478.9 | 331.3 | 323.5 | 296.5
HW-15 393.3 | 492.9 | 589.2 | 692.6 | 791.3 | 739.2 | 645.5 | 538.6 | 449.6 | 402.6
HW-16 406 505.3 | 605.6 { 705.5 | 805.8 | 754.6 | 655.5 | 555.9 | 454.8 405

HW-17 3942 | 4923 | 594.1 | 691.1 | 789.6 | 738.6 640 542.6 | 437.8 | 388.1
HW-18 79.4 99.6 124.5 | 164.3 | 200.8 180 160.9 | 117.7 | 100.7 93

HG-1 404.5 | 503.6 | 603.9 | 702.7 803 752 651.4 | 5542 | 452.1 | 402.4
HG-2 404.6 | 503.9 [ 604.2 | 704.3 | 805.2 | 754.1 | 6549 | 554.7 | 453.6 | 4034
CG-1 12.8 13 13.3 13.4 13.8 13.5 13.6 14.5 14.9 17.3
CG-2 11.4 11.7 11.9 11.9 12.2 11.9 12.2 13.1 13.6 14.8
CG-3 11.3 11.6 11.9 11.8 12 11.8 12 13 13.4 14.3
STG-1 13.5 14.4 12.7 13.4 14.9 13 14.8 16.7 16.6 16.3
STG-2 13.2 14.2 12.5 13.1 14.6 12.7 14.5 16.5 16.3 16.1
STG-3 13.1 14.1 12.9 13.5 15 13.4 14.6 16.3 16.1 16

STG-4 12.7 13.6 12.3 12.7 13.9 12.5 13.9 15.8 15.7 15.7

Table 3.1.4 Temperature in each part of the tube and the duration of the first stage of the
accident (filling with air condition)

RunNo. | AS-1 | AS-2 | AS-3 | AS4b | AS-5 | AS-6 | AS-7 [ AS-8 | AS-9 | AS-10 | AS-11 | AS-12
Duration | 2H16M | IH58M | 1H42M | 1H47M | 2HO06M | 2H48M | 3H30M | 2H30M | 3HOTM| -— ---- | IH35M

Heated pipe| 569.1 | 661.8 | 767.7 | 7154 | 618.1 | 4662 | 376.6 | 523.5 | 423.8 811

HW-1 154.8 | 197.1 | 2224 223 182.6 | 128.8 | 1004 | 1394 [ 112.9 16.6 14.7 | 259.6
HW-2 3827 | 468.5 | 533.8 | 5094 | 422.7 | 309.3 | 239.4 | 336.8 271 16.4 14.5 587.2
HW-3 4973 | 5943 | 673.3 | 638.6 | 540.6 | 406.4 | 3189 | 4423 [ 359.6 16.2 144 | 7284
HW-4 559 659.5 | 747.9 | 706.3 605 462.1 | 366.6 | 503.8 | 412.3 16.2 144 | 802.9
HW-5 5947 | 6954 | 7912 | 7443 | 643.3 | 495.6 | 3969 | 542.6 | 445.8 16.3 146 | 843.9
HW-6 604.9 | 705.1 | 805.9 | 7554 | 654.9 | 504.4 | 404.6 | 5552 | 455.7 16.4 14.7 855.4
HW-7 6042 | 6998 | 801.2 | 749.7 | 653.6 | 504.9 | 406.7 | 557.6 | 4572 16.3 146 | 844.7
HW-8 617.1 | 713.8 | 823.6 | 766.5 | 667.9 | 513.2 | 413.9 | 570.8 | 465.9 16.3 146 | 865.5
HW-9 623.5 | 720.3 838 7762 | 675.5 | 5159 | 416.8 | 578.1 | 469.6 16.3 146 | 878.6
HW-10 617 710.3 834 769.3 | 6693 | 505.7 | 4115 | 574.5 | 463.6 16.3 147 | 871.6
HW-11 586.7 | 673.3 | 800.1 | 7354 | 6384 | 4724 | 388.1 | 548.1 | 437.1 16.4 14.7 | 834.1
HW-12 5314 | 608.6 | 735.6 | 674.1 | 581.8 | 416.1 | 3469 | 497.3 | 390.2 16.5 14.8 765

HW-13 420.9 | 4789 | 601.1 | 548.5 | 467.2 | 313.1 | 271.3 | 3963 | 303.1 16.6 149 | 620.7
HW-14 434.2 501 615.4 566 479.7 326 276.9 | 4024 | 309.9 16.8 15 640.9
HW-15 5963 | 692.2 | 794.2 | 743.9 | 643.5 | 4904 | 397.3 | 545.6 | 445.1 17.4 15.1 839

HW-16 605.1 | 705.2 | 806.1 | 755.6 | 655.1 | 504.6 | 404.9 [ 555.1 | 4553 17.7 15.2 | 855.6
HW-17 5889 | 688.5 | 789.5 | 737.7 | 640.2 | 491.7 391 541.7 | 4418 17.4 14.8 838.7
HW-18 143.5 | 170.7 | 237.7 | 2009 | 1709 | 1169 | 90.5 143.6 107 17.7 15.1 243.1
HG-1 6018 | 702.5 | 801.1 | 752.2 | 651.2 [ 501.7 | 402.2 | 5504 | 4519 16.4 146 | 8523
HG-2 604.4 | 704.7 | 806.3 | 7555 | 654.7 | 503.6 | 403.8 | 553.7 | 4542 17.5 15 856
CG-1 15.4 15.5 15.8 16.6 16.4 15.3 15 18.4 15 15.6 15.4 16.8
CG-2 14 14 14.2 15 15 14.1 13.8 14.8 13.7 14.4 14.2 15.1
CG-3 13.9 13.8 14 14.8 14.9 14 13.7 14.1 13.5 14.2 14.2 14.9

STG-1 14.8 15.2 18.1 18.6 16.8 13.8 13.9 14 14.9 16.7 15.6 17.9

STG-2 14.5 14.9 17.8 18.3 16.5 13.7 13.7 13.9 14.7 16.7 15.6 17.7

STG-3 15 15.3 18 18.4 16.8 14.1 14 14.2 14.7 16.3 15.3 18.1

STG-4 143 14.5 16.9 17.4 16.1 13.8 13.8 13.7 14.3 16.2 15.3 16.9
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Figure 3.1.1 Experimental apparatus of a reverse U-shaped tube in a multi-component
gas system
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Figure 3.1.2 Wall temperature distribution of the vertical heated pipe along the tube axis
(average temperature of the heated pipe : 758°C, 555.3°C, 379.7°C)
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Figure 3.1.3 Density changes of the gas mixture (filling with nitrogen condition)
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Figure 3.1.4 Wall temperature distribution of the vertical heated pipe along the tube axis
(average temperature of the heated pipe : 767.7°C, 569.1°C, 376.6°C)
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Figure 3.1.5 Relationship between the duration of the first stage of the accident and the
average temperature of the heated pipe
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Figure 3.1.6 Mole fraction changes of oxygen in the lower part of the heated pipe (1)
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Figure 3.1.7 Mole fraction changes of oxygen in the graphite pipe (2)
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Figure 3.1.8 Mole fraction changes of oxygen in the upper part of the heated pipe (3)
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Figure 3.1.11 Mole fraction changes of carbon dioxide in the graphite pipe (2)
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Figure 3.1.12 Mole fraction changes of carbon dioxide in the upper part of the heated
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Figure 3.1.15 Mole fraction changes of carbon monoxide in the graphite pipe (2)
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Figure 3.1.17 Mole fraction changes of carbon monoxide in the cooled pipe (4)
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3.2 {LEREZEHS BASABROVEBH BRI

—HICALE RIS & 5 B RAEORE RS % HEMNICRITT 591213, BEREOEREFX GEED
N) , BRERABOEBRRINK, BAKKOTIAF—RER, BERITAEOEREFAR REHFR 4%
BOETHIRITZR L2V, FICAEABREZIY &5 B0, EHREFXTOEHEN B RBELOES)
ey, ELIEEOENRIREREDEBERVCERIRAEDORE L 2BEOEI E->TET B0
INHDORLERSETRILERDZ, BEORRIZRNIBOARBERELRYIE D> BT, EERET
KFOENEOEEOHHBELL, MEANEEIZ—E LTS Boussinesq % AV 3 L BITEENEL 723,
72, LERIGEZHS BEIE, [RAEOERMBEEOLA ST, RISIZLBREM - BB ZEETELERELB ALY
LRTEFITIZB VT IR, RECHREZED S Z EAEBE 2541 H 5,

AT, 3.1 HIOEREMITAHRE LT He 2 XML BRUSUFEO—FEMB, K H2AH LR
BRICEIBRATHHEON T E BRABRENS KT L-REE L, LERSCIIRHOBRILFIERD CO
ORBERICE ER LIz, RAKMIIHe, O, N, CO, COD5HHIBRERETH S LIRE LT,

3.2.1 REEHBEA

WUFEOHTETNVER 3. 2. 1 ITRY, FUTEO—FLME, &5 —F2AHUL-HKKT, SHEHEL—
EE LTUTORELRRIT -,

D 1RTBHRTH 5,

() BERITER O ML (D,,) 1FRE, EHRVERITEELDEOEETH S,

B BRAEZEEELERSTEIBARARORESF RIS,
DALZEBUNTBINBER UGS & CO DIMER G2 ZET 5,
UEDREDT T, BERIZGEEHERTERNILUTOL > 128T 3,
BAEKKOEEREX (EHEON)

Z‘t’ 6(;") 30 (3.2.1)
BRI REDERIRGEX (R

5("“’) % Ei_[le ma‘;‘)J+QI. (3.2.2)
REXREOEHRRTFX

P P ‘;—:—-‘;——pgcose-—pu|u|(—+1<} (3.2.3)

ARROT R E— (R

oo, 7) . 3(puc,T) 8 (x gzj voln (T-1) (3.2.4)
ot ox ax\ ox 4,
BARKDRESFRR
P 3.2.5
p o RT ( )

ZIT, ZRAREROUEBAEEE 2 I RIIBT DERDITROILBRE L ELSRNLKRDS &,
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(3.2.6)

&b, TNEERDBEIET OEDILEIAL (effective diffusion coefficient) & FETK, Wilke®Z & - TR
LN TV D, Fairbanks & Wilke!*1}2 U Walker HEMNIR (3.2.6) 12X VR ERNILHAREA 3 ROBARKIC
DOVWTROLERBEE IS —HTHZLERELTWVD, LER-T, SRORKS OILEAEKIZ TR
LSTBREINTWDH, BEMENT EOBERMSEEIC 25 Z L OABIT ClmATT, EoBEEE2AvTh
TRREEEROIENTERLEELXLNRS,

AEOIHNFMOEE T, HANDBHELFOL XY THD, x IIMBEUTEADND O AEMT
55, fi dIETNTNRELBROBRAK L BEZRFAVED, K IEHACRERE T 2 THRBUF
BOHARDT 1.0 LRELE, BEXERUERSTEOHMERE () , BMEER (1) 13, FhFh Wilke
DFE, Bucken XM 6K, TREEBE (o) OV TITREFEX»ORD -,

3.2.2 RMRcRIG
AR TIE, BRRIGTH 2 BMOBLEIE (C/0,KE) L RHARIETH S CO DREERIS (CO/0, K%) %
Ezl, BHBLRIGOLERIILUTOL 5 I2EIT 5,

C+202 > xCO+ yCO2 3.2.7)
BUCEEEHERATERT,
Ep\ »
reeo =K, %P(—R—?)Poz (3.2.8)

TITKREIGER, E)IEHEZRALE—, po, IBEONET, TOLXTOHMIE, ZhEFhH
R[J-mol K], T[K], rc_ofkg-kg™'s™'], pos[Pa] THB, “NET, MELOEMILTILF—LK
ISEBHHE SN TWAENPY, ZZ T HTTR FOEEH TH S 1G-110 & PGX Béntt DR Slug g0z 254 LT
BWEINTHDIPT, 1G-110 IZBE§ 2 ERECIZFE LU TOEEER L,

K, = 360 x 10¢
Ey=209x10°  [ki[mol]

O, YEIEDIES n DEITFE 4« D BT OV TERMICKD LN TVAB A, 0.5~1. 0 FHEOFE TITH OV TV
DT LDBWMEINTWAEL, REHTTIE, 1G-110 (ZB3 A FEMARMER RV, FEEEIC 1.0 ZEA L,
Wiz, CO & CO,DAEMILE x/y=4 L LT, UTOXSIZEET S,
A=K, exp(— %) (3.2.9)
TIT, KIEER, ENIEMHET RN —ThD, ERIIZOWVTIIEEL ORENH B 865758 Ltz
B P ORMBOBRCBEERIC L > TRESEELZZIT B, TRICLVENETRERSTVS, UTFIZ
IRETHREINZIMOEERT,

K;=2512x10°, E;=5191x10' [ki/mol]  from ref®),
K;=7943x10°, E =783x10"  [ki|mol]  from ref,
K,=1995x10°, E,=5986x10" [kI[mol]  from ref®",
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FlRARHEN L, RAE 3BRA DML, KBREX Y E COME LKV CO,BELRL, 2EBDENELE

BRELRS B LD, AT CII2EBOEELERALE,

&Y, O,HMTE, CO4RIE, CO,LMENHREERDS L,
A+2

=Npy =& 3.2.10)
% " 2(4+1) (
4
=Ngp = (3.2.11)
=Moo =TT
1
y=Neo, =—— (3.2.12)

L2 oT, RAREOEREFRIBIT A RAMBELZUTOL S5 2RO T,
BOOBACERE S[mol-ms™ ] %, (b 2RISEXK K, [mol-mol™'s™1], & (3.2.10) ~ (3.2.12) O%E¥%
N, [mol-mol™' ], EAEK C[mol- m ] #AWTHRRAD L 5 IZEHT 3,
s=&ch (3.2.13)
N,

r

—%, BIRAYT 0 BT B RBMDOR r[hg - kgTIsT! ], BROTRmIkg], KHEv[m’] ZAVE &,
s=pY (3.2.14)
Mc
EhB, Zhiy,
K =Ns2c L (3.2.15)
Mc C

THBND, AREQ = K,CM; T

0= NirC—Op—CMi (3.2.16)
Mc
LMo T,
O, HIR:
Qo2 = —Nozrc—o-EC—Moz (3.2.17)
Mc
CO #¥41R:
Oco = Nco’c-o—pMLMco (3.2.18)
c
C02 %Erﬁ.
coz =N, £e (3.2.19)
Ocoz = Ncozrc-o - Mco:z . 2.
c

ZIT, pc RRMOEE, M ZREONTETHD.
KIZ, KHICBIT B CO DMBERIGITRR TREN S,

CO+§02 — COz (3.2.20)

B R BE FE 2 0%,

dl CCO

2~ "co-02Ceo -C5 -Chizo [mol-m™s7!] @.2.2D)
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ZIZT,

E
rco-02 = Kz &xp[— R_i")

Ceo = Pco _ P 9Bco
Mco Mo

Cpp=L02. - P D02
Mo, Mo,

Cuo=C-Xpys0 =%'XH20
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(3.2.22)

(3.2.23)

(3.2.24)

(3.2.25)

72120, Ko=13x10°[m® mol™’s™], E,=126[k]-mol™'], Xy,0=00054+00007 " ChB, LT,

CO, CO,, O, DRAMWKEIL,

05
» _dCco 0.5 ‘ 0.5 3 -1
Oco = Mco=-rco-02 XH20'P OCcoWGz [kg-ms™"]

dt M- M,
05
" dc, o’ 05 M,
==05"L M, =-05r00_02 Xiz - w0 con’y —22
Qo2 o Moz co-02" Xiiz0 P 31 My, coWo? Meo
05
Oroz =250y 02 ="c0-02" X$i%0 -9 o’ wcouss Moz
4 Me -0z X0 P\ 33— co My

R, BRAK[EOEREGFERIIBT 2RAEIT,
Qo, =00, +Q0,
Oco = Oco+ o
Qco, = Qco, +Qco,

kx5,

3.2.3 EBAFBEAXDOESE

(3. 2. 26)

(3.2.27)

(3.2.28)

(3.2.29)

.21 L5, MITEERERY v - K27y FERAWVWEZSBOar tu—LRY 2—AiZHF L,
Tabb, EERZata—ARY2—L0ER ( TEH) T, BE, BE, EESRRVEHERaL ba—
NRY 2—hOHL (| TER) TERT D, £, BEKKRVERITEOEERFORNIZI= Y bu—AR
Ya—bHLTEFEL, REKEOEHBREFORNTI= Y br—ARY a—LBRTENLLE, FF—kA
B, arbe—ARY) 2 —2ERATERSN TV IEEOREEZRRT, LIOMBREZAVIRENHETEA
LEXUSTHRD D, TRbhL, HEREELE WE%2 u LT, avbo—AR) 2—LERTOHNEREE L

TOXS TR,

Uiy, <ODLE §,~+y2 =&
LIVA >0DLE §i+yz =§;

7
Uy, =0DEEE, Y =3(§i+1 +§&;)

UTFEERAOEZZAETT,
D REREOHRFEFA

A (B3.2.1) 2XMp-1, j1CHS L, FEEFHRUSNORBIIRDLRNTENMET S,

(3. 2. 30)
(3.2.31)

(3.2.32)
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o —pf , (Pu)a=(p¥),
At A%,

L%, ZIZT, ERIIEVEAMUOERIZBITZME, LIEAERCSTAETHD, FF—ELENET
i, BAOEROBERIZBITE (w) OBEZUTOLIICRET S,

=0 (3.2.33)

u>0, w.>0DEE, (pu),=pu(pu), =pi;_; (3.2.34)
u>0, u, <ODEE, (pu), =pu;.(pu), =pu;_; (3.2.35)
u<0, w.>0DLE, (pu), =pi,m;.(pu), =pi_u;; (3.2.36)
w<0, w,<ODLE, (pu)y=pi,m;.(pu), =pit;_;s (3.2.37)
FTEBMED D VITHBAENEZBIRTE 5 X 51T HIRe 2 8AT B L kKL 25,
uj>0, uj.l>00)k§’
Ar At
p:m o +Es (p:.+1 n+l pln+1 n+l) E(I—SI)(P?M?—P?~1“7—1)=QkAt (3.2.38)
wWIZOWTRIEALL, o™ iEn+ I BBRT v 7R OME p & AV,
At At 7 . At n
e —Epi ) 1+ESIP’ uj' =pf P;-E(J E/)(P, uj P?—;“j-1)+QkN (3.2.39)
&%, LTRRICKRD S L,
u>0, u, <O0DL X,
At . ;1 At 7 . At
—Es1piuﬁ1+Ax’ epu) =pf PI—E(l 81)(9; uj P?“;—:’)"’ka (3.2.40)
u<0, u >0t %,
At . Ar . At
e P +Halpi+1u;’+] o =p: _E(I 81)(p,+1u - ) 0,At (3.2.41)
u<0, u,<0D& X,
At At . Y
_Em Wl A . O 'E,-(I_ e,)(p;;,u; - p,'.'u;,,)+ 0, At (3.2.42)
&5,
Q) EBEXAEDHEENREFR
KX (3.2.3) XM, i+NTHEIL, FEFHEUAOREIIRDRVTEMETS &,
n+l n
Ui —Yj Uif =W _ Pint—Di
Ty +p U, ’*ij L—- ’+ij i pgcosB——pJ J| Jv| (3.2.43)
L72%, R, ZBALT, UTOX CEBEET,
uj>00)&%(u,-+1—u,-)=(uj—uj_1)}_‘Tﬂ’uf,
n+1 Attt Y AL Y -
uj uj+Ay181u (u uJ_1)+ij(1 s,)uj(u] “;—1)
A J 7, (3.2.44)
! n+J n+l P n+l|. J
=— ——-gcosOAl — —u; —=At
P?ij( o ) Jg 2 Jl
IT, WFEDNIn+tI MR T v 7TRNOEFOEEEWRT 5, EEBEBREREKIZ
6'4v" 64
& b (3.2.45)

it Re uDe ijell
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ETB, LEehBoTul piZ oW TERTHITL,

i +(1+—AA’ e,a,+§|a,|%f'-m}u;”_ B ppety B pne
Y Y e Ay ; Ay ;
J J _ ad il (3. 2. 46)
At P
=u'!-——(]—s )u'?(u'?—u" )——J cosOA?
j 1JUj\¥j —¥j-1 g
Ay; Pj

uj<00)& % (ui+1—ui)=(uj+]—uj) an‘i,

P (n+1 n+1) At ( n)
u; —up+—eu U —u; )+ I-¢ —u;
J J Ay, Mj\Ej+1 — %) ij( 1) Ujri

A ; 7, (3.2.47)
=—— (pl’fl ‘"+1) J gcosGAt——u;H] | L At
&,:,
{J—AA_ta,uj+ | I—At) ;'” AAt slajuﬁ,]— "it o an i‘ !
y Y - Ay ;
J e ol P (3.2.48)
n At n n\ Pj
=u; -——(I-¢g; ( i I—u-)——gcoseAt
J ij( ) Jt J p7
£ %,

(3) B 5y A D HRARTF
RESKEOHERTFOXDOEE LA, XMH[-1, THSL, X 3.2.2) 2&2kT5LE,

(pm);’” —(pm)? . (P‘D)Ruj '(Pm)Luj-1 _ (pD)j(miH - o) _ (pD)j—i(‘”i -0 )
At Ax; Ax;Ay; AxAy; g

+Re M, (3.2.49)

JAERI 1338

k2D, FFP—BLZERIZE-T, BEABERD (p) OEERX (3.2.34~3.2.37) @ (p) LRERICBET S,
wiz, X (3.2.2) OFIFEIENLFERINICE ZREBBEIRDKEICLV RS20, BIZEHNELT
Mzxaz e, MMRE, EBIEOLFRKEEFNEhe, & & LT, EPEEESRIZESETHIZ,

[Dﬁ.]_ At85 (bb)j—l m,,+1 (bb)j-l +_(£Dl mgx+1 +@mp+1

-1 1
i ij'_j i ij-J ij i ij i+
(3.2.50)
n n n
P [ T [ s A T
+ Wi — + w; + (OHAY
Ax; { Ay;_; Ay;; Ay Ay;
#iz,
u>0, u,>0Nk %,
At
plm’HI—pxm +Ax (pl ;H—Iu _px Imr 1“ )
i (3.2.51)

A .
+Et,-(1_ 54)(970)7“; —Pi- (O U] )= [Diff |

LB o ToTEBETIE, RAL2D,

o i 1 SV B [(bb),._, (bb),}

——E U;_;+¢& W;_ +——<E4pith; + € + ;
A, iz Mtz Ay +| pj A%, ity + €5 2 Ay, i

( D)n
1 n .n f j-1
AN _ SV I
' ; Wiy ! : (1 54)91—1“]—1 ( 55) A -1

n
W;_y;
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pD)"
( )’ oy, (3.2.52)
ij

At
+ p;l—?‘; (1—84)p?u;?+(1—85) ij71 Tyj— (O +E‘.(1_85)

o [(pb);_, +(pD);} .

uj>0, uj,,<00) & %'

At (D)_j RY; eD)._,
= =—(7- ! .2.53
! i55 &y, T i(-’ £5) 5, Wiy (3.2.53)
n n n
Y o ®D);_, D)V 1| . ar (eD)}
n_ 2 e ot +(1- n, - ;
+| pf i (4-eq)pfu} +(1 35)[ 5, + 5, o + i(l £5) 5, o,

uj<0, uj.1>00) & % s

__Ai[s4bi—1lij_1+s5 (': )j-1 }m:‘jjl +|p; +%85{(p¢+ﬂ} &);H-I

Ax; Vi1 i dy; by
'D D n
At . (p )j .Y’ (p )'_1
+—LEyPi i — s —= 00 =——(I—g )i +(1-¢ =2 bt (3.2.54
Axil 4PivMjr ]~ 85 ij i+] Ax; ( 4)pn ;-1 ( 5) Ay, i-1 )

1

Ax; Ay; 1 Ay

A (D)., (pD); A (pD)
+| ol ——t(l— 85){'_11+—J o] —EI (1-e4)pfs ] -(-’—85)?! O s

u<0, u <ODLE,

_At_s %w’ﬁl.‘. p _ﬂ € pu -
Ax; 5 ij_] i-1 i Ax, 9P j-1 5

(2),., . (ﬂ}

Ay Ay '

sl oo O A D)
+—t{84pi+1uj—85 & L m?ff=z:‘(1—€5) Flop

Ax; i i Ay;_;
(3.2.55)
At (pD )’!—1 (pD )n-
+|pl +—{(1-e4)pM}_, - (1~ =2 4 U T
P (=spli-s=( 85)[ &y [
A . ®D); |
—Et_ (1-eq)pis ) —(1-¢5) e . ]O)HJ
i J
L3,
QWDEAESED XN X—ZHFR
BEGEOINF—FEFRX (XGB.2.4) 2KM[-1, jITES LT, E3T5LE,
n+l n
("CPT )i ‘("CPT ),- . (p”PT )R"f -(pcPT)Luj_I
At Ax; (3.2.56)
_M(B=T) Aof(G-T) LN A,(Tw - T))
Ax;Ay; AxAy;_; Dé?

L%, ARXLERIZ FF—EArEXECLY, EARRD (o) OEEZRD D, RICHTER, SxEIE,
BREEICT A UBIREE TN TN, & & & LT, R L BVGEE[ThermiIHE v O X ZBIER
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DT, FIZEDLTEE,

A Mg A A
[Therm]:%,gg{J_IT,EI__{J_I_*~ ]Tnu M Tn+1}

i |y Ay; ;1 Ay; Ay;
n" nv_ xﬂ xn'
+£(1_88) S opn | 2L ]T" L, (3.2.57)
Ax; Ay ; Ayj; Ay Ay;
4 NuAt { nil  am A 4NulAt
- Ao+ A1 -€4)T }+-—’Tw-
Deg i€94i x( .9) i Deg i
Bz,
u>0, u >0NL %,
.. +7 At .. +7.
(Pcp)iﬂ'" (PC ) +ES7{(F’CP),-7; (PC ) T 1}
Ar (3.2.58)
n
+;i(1— 87){(pcp)i T;"u; _(pcp)i—l ];"1114;-'_1} = [Therm]
Lo T T TEETNI,
At .. A" n+ 17
——1E7{pC 1T Eg T
ol v
. A A .
+ (pép),+£ (pcp) +eg| —L 4+ —L2 +4Nuk,§9At !
i Ax; Ay; Ay, De
At ;"j n+l _ At x‘—]
RPN I-¢ ("c") Wy +(1-eg)—LLln (3.2.59
Ax,-‘gij i+l Ax,-( 9.1 p)_ i1 ( B)ij_1 i1 )
A A 4Nur;(1—€g)At
+ (p”c;)'—ﬁ— (1—87)(p"c;) (1 88)[—]‘*‘ J 1} _4Nu x( 289) "
i Ax’ ij ij_[ De
)\.- Tw:
+ﬂ(1 s U 7;,11+4Nuk,72'w,At
Ax; Ay; De
uj>0; uj_]<00)k%9
_isg XJ_I 7;'1+1
Ax; Ay,
(F"c' ) LA s;(bc' )(d»—u ,)+sg x" ——+ ij" +4Nu};f89m !
Pi A PINT Ay; Ay Dé? !
A A
—ﬂsg—f- 171=——(1 8g) L1, (8. 2. 60)
Ax; ~ Ay; Ax; Ay;_;
At Ay A || Nud(1-eg)At
+ "c") -—3(I-¢ (”c" (u'?—u ) 1-gg) —L +—1 - . "
(P r) Ax,-{( 7P p)i j - w1 )+(1-26) & by De? i
X- Tw:
+£(1 58; j T;,J,rl+@lu7»,7;w,Al
Ax, ij De

u<0, u >0NEE,
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Y Aj o Ajp | Nuk(I-gg)At |,
iy fy — - :
+l(p CP)‘ Ax, ( 85)[ij' ¥ Ay; ; Dé? g

(3.2.61)

At non n NS INuA; Tw;At
'E{(1‘57)(" ), 1 ~U=ea) gt + =0

i De
u<0, u <O0DL%,

A : : A A .
——Ai‘eg_] ! 7:'171 + (pcp) -ﬂ 87(pC.'p)_l.lj_1 —&g —L + St + 4Nu)\.,§gAl T;'HI
Ax; Ay I Ax; i Ay, by, De

At n A AL INuA(1-£g)At
e R )

At \ A 4 Nuh; Tw; At
—E{U—W)(P"CZ)M“}’ ~(I—es) T+ ——

(5) FHA - BER &M

(3.2.62)

105

MMRMIL, FUFENIC He BFEESH, BSMHIERBFETDIELT, BEREEH (719.1%) LEHE
(20.9%) DRARALEZ, BRALKEETHD L LK, Lo T, BEATIE He 2R MORKDOE

NERITLTO L L,

O<x<1,

(3.2.63)
XN, X0, Xco. Xco, =0.Xpe =1

x=01

(3.2.64)
Xy, =0791,Xp, =0.209, Xco.Xco, Xy =0

TEIIa b — AR 2 —AERETO L L, FUFEOEREILS. 1 BOERICBITIREREIZZE LW

RTE LT, HEREMHT, FUFEOER TIXFICEIAT/L VD LRE LT,

x=0x=1
XN2 —_—0.791,.X02 =0'209’XC0'XC02'XH8=0'p=p0'T: To,p=p0

UEDEGFX LY - HREGZANWT, HM3.2. 2107 T 70 —F v — M- THEIT 21T 7=,

(3.2.65)

3.2.4 BEMHHEREETOER

3. 2.3 IZSREMBAE LENREA 167. TCOBENHUFEEREOWMSFMNMERL, K3.2.4 ZNAET
HO (O) , BHEHO (A) , MEAE EHG (O) , AEEFHBD (O) BT HRARKEE DML E R
T, HPORFIIERE, ERRCARIIMTETHD, FEOKRL L HICERNOREEEREML, EBRT
TR B 105 A RICHEUFE ZERENIC—KT 3 X5 LZROBRBRIESRAE Ui, BERITICXS
F1BREOKEFMIINATHY, EEMICEREZHFBR T I LN TERLLEZITWD, RENTIIE 1 BRE
DD THEDBNRARHAO HABRTEITEUFEOADT Ix1078 <u<Ix10m-s7! (Jx 107 <Re< 1)
PEETH T, 2 BRUBOELDHARBRITEIL L4x 107 /m 57" (Re=450) ThoT-, HRBRAEHR
AT DETOE 1 BFEORHRRFEICRIT DEREMITBERICLDEIT 15%LUANTH -7, K 3.2.5 [TMBAEER
ERT16T. TCO L ZOHUFEMHROREI[EEESMOBITHERE R T, 1RIRJEOHEITMER, HHE

1

DOBEEBFNFN1040K, 300KE L7- & X, %@%}gttti#~—z3:lo ThHhHaNG, MBI 3FIZEE

1040 300

BEWAED, LALRds, HIET He IV 7TRLBEORIVERDBRAT LD, BELLEHINRAL
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EROEIELANATFUALTLE L EZ NS,

1 3.2.6 (ZMEFHNRE 767. TCOBEDERERICHIT S 0, EANROER & BITFER S LB L TR
Vo MBETEHIZIBVTE, BITESERELVEVVEZRL TS, EBEMTERL OEIL 10%UNT
Hole, K3.2.7, 3.2.8 ([ZMBELERREN 767. TCOBAD CO, & CO ENYRDOER L BITRERLTT,
MBAETFTEICBIT D CO, ELIRIMITEOFBERBEI VD LEVVEE TR LIS, ERMICAES —FKLTY
6&%26&50itco%»ﬁ%ﬂowrﬁﬂﬁk%&m;<—&tto@&z&3JJOKCQ&CO%»
DROMHTAZTHOBMFAERETT, CO, R CO L bIZBHEDANTRALR-TNS, BB TRAE
L72CO, & CO BAFHBIZL >, ARBERIKL IIHHE O THHRICBET 525, CO Ic>WTIEADEH
LRAL O, ERIET B, CO, LY HEASRIT/IIN,
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adid [auoou] adld 9}iydoig

aplg aunjpiadwa| -ybiH

adid |auoou]

“
q
\
<
<

MO~@ Gas Sampling Point

o . f

awn|oA ]0Jjuo?)
_

500

|

00% |
adld pajoo)

apIS ainipiadwa] - Mo

Fo ,T=TQ . P=Po

Figure 3.2.1 Analytical model of the reverse U-shaped tube
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START

v

Setting of initial conditions

properties (diffusion coefficient, heat capacity, viscosity, thermal conductivity),

factor for oxidation reaction and CO combustion

Time loop

Compute the factors of mass conservation and momentum equations <

v

Compute velocity and pressureby [~ """"""° b Converge
mass conservation and momentum equations or not
] . ] i Converge
Compute mass fraction by mass conservation of each gas species

* or not
Gauss- — U R L - D
Compute gas temperature by energy equation Converge
Jordan
or not
Compute mean molecular weight of gas mixture
Compute density of gas mixture by equation of state for ideal gas
Not converge

Converge (velocity, pressure, mass fraction and temperature)

v

Compute the factors for oxidation reaction and properties

I

Next time step

Figure 3.2.2 Flow chart of heat and mass transport analysis in the multi-component gas system with
chemical reaction
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Average temperature = 767.7 C
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Figure 3.2.3 Wall temperature distribution in the reverse U-shaped tube (average

1.2

p—

<
o

e
N

Density of the gas mixture [kg/m3]
(=]
(oY

02

Figure 3.2.4 Density changes of the gas mixture (average temperature of the heated

temperature of the heated pipe : 767.7°C)
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92min Average temperature = 767.7 °C

o TS o
= [+, =] —_

Density of the gas mixture [kg/m3]

e
to

0 1000 2000 3000 4000
Distance from the bottom end of the high-temp. side pipe [mm)]

Figure 3.2.5 Density distribution of the gas mixture (average temperature of the heated
pipe : 767.7°C)

0.2
Average temperature = 767.7 °C
Lower heated pipe(cal.)

016 t ---... Upper heated pipe(cal.)
o) = = = Cooled pipe(cal.)
b o Lower heated pipe(exp.)
'S 0.12 | o Upper heated pipe(exp.) o
E’ o Cooled pipe(exp.)
)
2
= 0.08

0.04

0

0 30 60 90 120
Elapsed time after the valve open [min]

Figure 3.2.6 Mole fraction changes of oxygen (average temperature of the heated pipe :
767.7°C)
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0.2
a
o
0.16 | Average temperature = 767.7 °C
s+ Q
Lower heated pipe(cal.) S
8N ------ Upper heated pipe(cal.) ‘o
. . ]
w5 0.12 + Cooled pipe(cal.) e
g o Lower heated pipe(exp.) : g '
g o Upper heated pipe(exp.) !
& ) ] '
0 0.08 ¢ Cooled pipe(exp.) o '
e 1
p o .
]
' o
! o
Voo
8
o
o
0 .

120

Elapsed time after the valve open [min]

Figure 3.2.7 Mole fraction changes of carbon dioxide (average temperature of the heated
pipe : 767.7°C)

0.06
[ Average temperature = 767.7 °C

o004 | Lower heated pipe(cal.)
8 ------ Upper heated pipe(cal.)
o = = = Cooled pipe(cal.)
'% o Lower heated pipe(exp.)
& o Upper heated pipe(exp.)
[
) o Cooled pipe(exp.)
= 0.02 |

0 30 60 90 120
Elapsed time after the valve open [min]
Figure 3.2.8 Mole fraction changes of carbon monoxide (average temperature of the
heated pipe : 767.7°C)
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0.16

0.12

0.08

Mole fraction of CO,

0.04 '

0 1000 2000 3000 4000
Distance from the bottom end of the high-temp. side pipe [mm)]

Figure 3.2.9 Mole fraction distribution of carbon dioxide (average temperature of the
heated pipe : 767.7°C)

0.05

Average temperature = 767.7 °C
0.04

o
o
W

Mol(g fraction of CO
o
[\ 8]

0.01

0 1000 2000 3000 4000
Distance from the bottom end of the high-temp. side pipe [mm]

Figure 3.2.10 Mole fraction distribution of carbon monoxide (average temperature of
the heated pipe : 767.7°C)
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3.3 BUFERBO—FHLIIABORE OREBARE

AETIRE UF RO @B WFIRE OB AT OV T, HEEF.OME 7 KO BMWK & B2 NEY L
@RV A TR LEEREBEAV UIT- R EBRBAEBHOEBRERER~D, EREBRNICEAT K
BREROBE (RIBEBREDOFIEHY) LEXROHE (BHEOBEMRIGRL) ITOVWTEREITY, BA
LItERFOBER L R L ORIERZERBAZBIZRIZTREBRORAET S CO, CO,DEBLTH~ I,

3.3.1 RBREESLUREAZL

ERER

(3.3 | ICEBREBOBEK 273, BRELBITPOC 1A, BRIiZ6KOEH 7RO BHBME (G-110,
A% 16mm, #4E 25.5mm, & & 870mm) THMR L7z, BEAFIIA L a2 X AMOMEMZEAL, MU EE
Fly—Rb—=F X o TAT 3, THT LT AITAE 240mm, &S 124mm O > 2 XL R0 [ EFRERN
IZEE 220mm, #ME 240mm, B E 70mm, THEX 10mm, LZEEX 30mm ORMMEMNEY L, BBOIM
WWEEFT Iy —Ab—2IlE o TMEAT S5, BEREMI B0, BEFLBE TR LT LA2AR
350mm, AfE 360mm, &S 1255mm DR T 2L RABAFANICHKD, @t —% L LTHEMICE X M7
YA —HIZLYME LT, EET L F LI 240mm, H & 145mm DA L3 kLRI [ RIZ R T RN
BRIERY Ligdnote, BBROBEICIIHEEF BN OOBBREMX B7-HOE S 30mm DOWFBIRERIT7-, #
BELME LT LT A2EE 2 AR 610mm, SR 620mm, & 1380mm DKAFRNICHD, BRRIZ I
MEFEL, THZ LT AIZIIANE 40. 5mm, & X 300mm DA DMEAEREGL, 7L F L0055 150mm 7
Fo—2b—F %R E& T C, BEEREZHNE, S5, ZOAOMBEIZEX 178mm OAOAEEZ BV
o, EEHREN L TRETRHER L B L, HOBHEIINR 41 2mm, & X 1600mm DR 7 > L R BIOE T,
THILEB A 2N L CHRBERRLER L, HOAFED LML LT LT L2 KEF L BT CEELE, &K
FEERABHIPEE 1000mm, &HE 400mm OMEER T, FRNORKEBEE L —EITRET S0, NS
ZaANRICLIZOAHBERA Lz, REBFBONERIIN 0.28m° T, RREFOAEM (0.0035m®) D 80 fF
Lo TNA,
BERVBEOMESE

3.3 2 ICRERIRERERERY, KIRT L D ICHOMEE & 3 AORDMEE IZIISHEHMIC 8 &,
RV 3ADEIMBAEIZIT 4 MOEE 44 KROBERERER Tz, THILVF AL, BROTEIC 44, fIEE
W2/, A VARNVBRONEIZIR, VT LARNOKKBREIZ2 A, LRIV FLADHNEIZS A, 7T AN
KEEEIZ 2 RORWERE R 7=, WEFE OTSMUOMHE £ — 2 Z/FAMICIE, HEFR4S0FNEFRONE
THEAAFFIZ3ROAE 12 ROBRERHESZRITE, iz, AOMBEOKKEE 14, BEEE3 &, AEE
LHHENOREKBEY 3 R TOREL, [AITEEBNORHREY 4 AHE L,
BESBBERVERIZETLHROMES %K 3.3.2 D CI~C4IZFT, ThbLORBRHEILNLEAEEHKS
W5 R T THERENZY TV L, 0,3, CO, 3, CO &, BHRBEH CREDINEIT7. S HEIX
3.1 HitALTHD, RBREBNOFRNZHILZVEICTEEYD, YTV IIRBERDARITHE L BIC
(50mU/min) , TESWHIIBRSIFILDICE LT,
ERTE L KREN

EBT, 3.1 HitRILFETIT o7, BB L [AKHEBTRE L OMIZRIT - 2@AOEKF 2L, RBREAIC
He Z, REFHBPIER (F723EHK) 2HRE L, RRAESHOBRENFHEOMEIZET S ETMRAL, MNA
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Figure 3.3.1 Experimental apparatus of a reverse U-shaped tube having parallel
channels in a multi-component gas system
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Figure 3.3.2 Measuring points of the temperature and concentration in the apparatus



118 3. ERRKRBEROSTFHHE B RERTE JAERI 1338

[x102]
10
[ TLP = 8030(: y Tsc s 696°C ]
< - o WO o W s
L S S ]
QQ - ‘i“ﬂ-\:\\ -
; W N \\\ —
s - N ——O— \\;&\ .
Yy I e . _
: o - T TN
kS ey p o \‘&\ _
T 4f  Te=6007, Ty =547 TR B R -
= T . : Y‘“*&‘% i
. | Te =505, Ty, =456% ] ]
S o |- © : Center Pipe _
T - A Peripheral Pipe ~
ol L v )
0 1 2 3 4 5 6 7 8 [x10°]
(Bottom) (Top)

Channel Length [mm]
Figure 3.3.3 Temperature distribution along the tube axis in the central and peripheral

heated pipes

[x1072]
20 - Average Temperature _:
ON - o Tp= 803% 7]
(@] - .
- 15 — OO Tsc = 6960(: ]
5§ & F 50° Tep=303% 1
SOk o° Tep= 24%C
r | o0 cp 5
8 - O O L. Plenum A
— O A -
. — AL A U. Plenum -
Sy 5 " AL -
- A And8 v L.C. Pipe ]
2 - a08 ]
g  0as ~
=) 3t YVVVy :

S 0

= o N
=) 3 ]
© 0 21 L1 IO(DOL I N IS R T B
0 9) 10 15

Elapsed Time after the Valve Open [h]
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Figure 3.3.5 Mole fraction changes of CO, 02 and CO2 (T ;=600°C,T;=547°C)
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Figure 3.3.6 Mole fraction changes of CO, 02 and CO2 (T,=505°C,Tc=456°C)
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Figure 3.3.7 Mole fraction changes of oxygen in the lower plenum (C1)
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Figure 3.3.8 Mole fraction changes of carbon dioxide in the lower plenum (C1)
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Figure 3.3.9 Mole fraction changes of carbon monoxide in the lower plenum (C1)
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Figure 3.3.11 Relationship between the average temperature of the simulated core and
the duration of the first stage of the accident
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Figure 3.3.12 Density changes of the gas mixture (T ;=605°C, Tsc=540°C)
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BEREBERLICOLOT, EAFBOMUCLRE LRSI TABLE, EEROFEELRL L, ZRIEME
BRET o7edic, EEFNIATRERITZ. EARBLFLESR L OMOBRKERE (UL FIRSBRRTE &
&) ORI 0.06m, XL 1.519m TH 5,

HO®E, @ER7LVrs, ESEN, ARRREETHRECALNED S » CRII-RES»HREGK®KEY 7
V7L, BE, 0, CO,RUCO DMEL, ThETNROREEHN, BRILFR 0,3, FAHRINRK CO, 7
BORARBIK CO RHZE VRIE LTz, i3t ¥ 7Y v V7REOBREIZ L > THEILT 575,
FRETHAL THOoHEHCE W, £, EREBNOHNEZEHERNWES LT EED, 7Y IR
% 50ml/min (%3] - FEHHFLOFEIC LTH 0.029m/s BATF) ICBRETSB & L bis, KEQWKTER, 7Y
7 LR ERSIFAHEICR LT, 0,3, CO, 3R CO #iY, ERBBINCERKREYFTF-7%, CO, R CO
AT LIEERUFEICE D RO,

KBRRKERHORE (83 160 K) X, R, N-, K-ERABHEZAOTHEL:, F 4.1.2 ARG REEH
ERETFT., BEOREREIRRTLIC, BEIZL1%, BRIKEDOELHBIIHEZDOMEIZOVTE5%
LARTHoT-,

ERIIUTOFETIT o/, 7, RBRENIC He *HRE L%, RBRASTOBEENFEDE RS L 51z
t—SZABHB L. FROBRESEEEICELLE, RBRENOKEEZSITL He SIEL B, Rt
BALTOVSHEIT, BRBRENICIFGR He 288 L THREL, FRBXRHSNARL BT TCIOREL B
DEL, MEBRABICRITI-AREKHABEFLEEL THRRENOENEZAKEEZ THELE, ZORESERO
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%L L, HOB L AQTOREETHEA LRI A LIc L » TEEEN SRR L CEREZRA
L7z,

4.1.2 FDLORBFHEERENY—DBEORBER

EREH
FLORMERBERENY—DBEOEREREZE 4.1.2 ITRT, 4XORGEOH S M EHREA 405°CH
LEE 1046°CE TOMAIZ OV THRBRESHOERE Y —EMCRFLEBEOEREI T, K 4.1.3 LB
SEEHRITRRES 1046COHBEOFLEARE BIERRBREDREANMETT. 4 RKOPLIREE O
MEBREDEIIZRKT 8.4CThotz, 7=, BHFOMFRORR, BEBREIIFEHMED+4.2CLUAT
bhol=, =1L, BHEO ERICESE L5 I vy 78DOEREIRILESESIZAN>TETFLE, FOMOBFRIZR
THEERELERPIII-EECHETE L, EEHLEHRRRERORFRERCFE LEBNEREL MO
RiBL EbiZ, TRENEKI AT, 22.3C, 5LICETLEDR, THIEBEREORINELLTHZ LIZLY,
BAMBOBGRERPEL LI EIZEZbDEEXLND,

RESGOBEEEL

EMETIREN 1046°COBREDERERIIBITHEABE L HOBROLEZRAMEDORMELETE 4. 1. 4
WRY, SRERCBITAREEBEL, BERTHEN®O o VML, F1EBBOKTEAMNTIRICHML 7,
BEBATEOE,I D bbB X 50, $1BBICRIT3ZEROBRAKEIIERITEL, BEFRHEHFORE
FRA (0.0lm/s) A FThotz, E2EDOFUFERBREAVZ 2RI GEOER L MITTIE, *7 L¥%
Pe=U-De/Dag (Ui, DeFfER, Dy 2 R RIEBERE) LERBTDLE, Pe<l L RDWEER SR
RERFANRA L, HlXiE, 20°C, 0.1MPa 281} 52K D He (I3 3 28R, # 7.0x10°m%s TH D
70, De=0.05m &T 3L, FOWMEIIMN 1.4x10%m/s L7723, LEdoT, HUFEREOHE L FKIZ, 8
1BEICBOTRBRTHIAIFKE L IERTH /MUK L ORBBEEZZLDBAICLY, NAREEZ LR
L, FESCREL TR E2 TRTZHECHEECBEVARBRANLE LTS LEXLNS, YLD L
DHE 1 BEICBIT ARBREN~DOZELKBABEIL, BOTHEOBVWEAREOBRBRITL S FIEES T D
RABR LB EBbhs, RBRENTIL, EHFS, AXNREREROL S, ZOREIMPLGHETS LR
AR 3R 2 BRSNS HEE L TV A EFABEFEET 5, flxid, REHRRERGF RO W-20, W-24 OIRE
iXENFh, 270C, 54CTHY, BREBEHNEFITERLEELT, RBELZRARRE LV Y —%K

(Ra) #HeloxtLTRDB L, Ra=184x10% L 725, Zh XV RBATEICEA L TV D BRI O HEITH
0.1m/s YA E (Pe>100) M1k 721, RRROWEDBWEASZAEDOBRBRIEICLETH+oEW (2.4838) ,

ZEBBAT AL ELIZ Ra BENKELLBOT, ZOXMHELHLL 25W), Zofkd, L#EH (O) LIRAHR
RABTE (V) BEAOEN 1.3m LT3 Zbhhbod, MAREBITARAEEMILALRILEE
RLTWA, ¥, FLHRBREANTIE, BHEEY -4 RO ENOBRICEE L, ESEBoEBIEI TR
BTRNE TR LAREECNBRINTHRERTHOREL T ERRE 2B EC TV B REERH D, 272,
&&ﬁméwtb@mdxwﬂT&%u%%%T%ifﬁﬂﬁﬁfK,L%mﬁwrwﬁiﬁ?%%ﬁ&ur
WBLEZHNBE, Zn 60BN BRMKIC & 3 RIEOREFEEILHEDE B RBRILE L8
WEBREEE LY FARENTAE YL, BITOMETIIZOL ) RRFNZERMRRBE L2V BN,
ZRBRARREZRET HHBABRLIIR LR,

BROBB L L biz, KEBENEML, ZEE2RVIAATEBNE —KIE T ORI ASFHREEIZS
ALEBRAT, BBRAREREOMESZMICELS 25, M 4.1.4 RTERTIE, FE 0.05m/s 5
0.71m/s 2T 5 X CORMIINS HTHY, F1ERORMEMNS B THDZ L»n, BENFWMTH
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BT bbb,

AQE (O) LHPE (O) KBITARENEREIZIZLALALTHY, AOBFREAOFAHOBRES X
DEET0IZEWIC b b b THOF IR 3 RGBEED LRARAAEX, Zhil, REKKRICHEVLTIE, 2
FHBEBD THEDBVNVEATADHABRIKICL 2EROBAIRF M THLDIZR L, MUKETIIZh
DAFHFMITIR->TEY, HOEEKONLBATIERBBNADFHTONOCOBARLIVEL RN TH
5, ¥, HOFEORKEESHBER, 0. 17kg/m® 725 0. 5kg/m® £ TAMICHEWML TS, Zhid, UTDL
5Kﬁ%f%60§ﬁmﬁmﬁﬁﬁmﬁm1m,&Kﬁﬁwmmwmm%kﬂm%%k@ﬁmuﬁﬁﬁiurw
T, SHIZHOEDOTEMIIADELY 0.3m THIZSH S, ZORBTERELBAET S0, BRBICADBEORK
WEEFLHSETERERVIRAL, LCRARBRIOBRAICHYT 3 ZIAHOENEZK 0.15m cbi--
T (HAEORER,» LK 0.7Tm THOFHET) BATELHTHD, LALAERD, KX He ITh~_T#H 7
BIREEERRE V=D, BEOCEESHOENITRVIAEN%, Z2OZROEI LFERNICAELTWEEH
EBNT AL, FNUEEEHRBBIEAEND Z L3k, E2BEUBOEROARBRAORAEIZIIR
5V,

K 4.1.5 4.1.6 CmEBET VT A, HOBRCEER, AQEFNERIBITIEEEABEOREELY 24
BEHREENTA—F L LTRT, HOB L ADFICR T AKEEER, EHNETESRENELLTHEHK
BIZFELWY (12+30C) , LIedioT, HABRKBI2KRBHBESBNEEHREO LA L L HITHMLTWS
DI, BRAKERIZEEND O, N,, CO, CO,RED He LVBEDOKELKEOBENEL LRTA7-HT
b, BB VTAIRBITIRABENFLBOVFHRELZLTHIRERICEL 2o TWADIL, BELERIC
HOESBRABRDEMLBE LRIH I SAEEDORVICEIVERENE =D EEL TS,

B 4. 1. 7125 1 BB OFFGERER L BSHEOFHEE L OB T, BREOTHBRENB RIS E 1B
FEOFRRRITE 2o TWVAA, 956 CTULEDBARIHE VB LRV, KERICEKIT 5 RN OGN
5~11 A (120~254 B5f)) Thot, bHAA, FERREIL, HEER, BEMHREEOERICL-TR
BRBEDT, ZOFBRNPOELICEROBRICBNTHE 1 BEBEAKEMERE T2 LITRTE 2V, BRI
Dleo THBTOREMEIIRKEVWEEZEXONRD, LEB-T, HEXZEUNRRELTHLEREARNEVE 2 EY
BEICBITT D £ TITIX, RADIOXNRERETREMAORBEH D L FRTES,

HERYTHEOBEEL

RBRCRISICIX 3EREOBERUERH Y, 9 400CLUT TREGEEERL/ANEL, CO & CO kgAY
BAELRV, BHEEEFED CO & CO,DRAIZONTIE, ZhETELOBRENHY, BED EFIZHV CO/
CO, BAEL (A) IZKREL 25, HlxiX

A=Ka%—£5 (4.1.3)

X 4 1.3) CBOTHSEREEMILT RNV X—% K=7 943X10°, E=7. 83X 10[Jmol ¥ L+, ¥ 776°C
UEDEE A4>1 1725, LiedoT, BHIBEDER L & HIZ CO DARBIZRNT 52, 950CLL Eo@RT
0, BRFETHHBEIL, CO DBMBERIGIZE > T COBHER SN, CO, DERBNEMNTIEELEZ LN B,

BRAREELVFROBMELO—FIE LT, BMETHEESL 956CICERFLEZBEOERERIZRITS
0, CO, CO, ENIREM4.1.8(a), (), ©IZFT., HOBFTRHENEZ 0,DIZ & A EBBILRIGICE T
HBEEND, BRTVFATRBRHEIN o7z, FRADED 0, TALSRIL, MKEEO 1 AR, bT
DITHIMERIZ H DB 0RITBA Lz, ZHiL, BIf TR~ L 512, BHTBVEHRBRTEOHM X -
TRFHBICE Y BATIEREROREIND 2D TH S, LSRN, RERRKKE, AQED CO EAYRIINF
&b, MBRT VT ATIIRHER) SHLBIZ L > TBEI L7 CO BRI ENTZH, —ED CO iX
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0, ! RIGLT CO, Ty, ¥7=, B1BREOKLIBVTIIARBERNESE 2570, 0, BELIZHBES
n, CO EARRIIEA Lz, —KF, MIHBIZBITS CO, ELaRIELBExbN, MBSV FATRAEL
7= CO, MHAEF TH#MT 5729, F1EBOMBMIIBOTIREOERD CO, EARERN Lo L L R&EE
RLTz,

BRI (33 1) B BRATRBOBEEL

FERIZBITE 0, EANEORMELER 4.1.9() I, CO TALFEERE 4.1.9) I, CO, ENAFERER
4. 1.9 ICRMELHREEZ NRTF A—F & LTURT, MURRIZBWTIX, FEBIZL D ZEZZBBATIHRA
LHEOBVARBRIRICL > TELKBBREINDIFRMEBETH B0, MUFKE S LEHE2E-> TRHF
TR END O, BTV, LD 0, TAFERNE 1 OB LBV TRLTE01X, fikorsy, B
AEBOARBRMELHEFORBL L LIWELS RE 1L THS., MIKROREKEEIRMNETERESE
1046°CETRBLIEBETYH IMCUTIERFTAHZENTEZOT, CO OBRBERIGEELEL®™, SRR
HIZ 0, DT L A LW E M CO,BAERT B Lidhehot, LEEM-T, SMIFRETREIRS CO KT
CO, ITFLFBEEN D, N THEHEEBD THRENCBWVEAREDBRBERKIC L » HMUKRIZHHLTE b
DOThHDB, Tz, TOZEMBE4.1.90), 4.1.9() LVELND CO & CO, EASEDILIT, BE ORI
BIGSZ & B COICO, AL ERIER L TWE EEX LD, ZOERTIIRMNEFLNRED 807CLLT DFAIT,
FiT CO, BRHIEN, COIFEAYRHENZ» o7, 72, BEFIIREN 908°CHF/E, CO L CO, D
ENASRENLEFHEZ, Zhi, X @.1.3) BT, ZRETHEESNRTWAREEK K, EEb kL
¥—E®ﬁm6%ﬁbt%iwﬁAﬂkﬁé%ﬁ@ﬁ&i@t%#otcit,%%%$ﬁﬁ§ﬁmm%ui
DBPETILCO DFRANFEE LD, 2 1046°COHEIL, CO,BIFLALRHEENLR T,

BRI Iz B1F B BT REDOBEE(

R VT AIIBITS 0, EABROEBELEZK 4.1.10(a) 12, CO TASEEK 4.1.10()iZ, CO,ENLS
REHE 4.1.100@)1IRT, PLRBEICHALL O, IRBEEADTEDIZLALHEHRLERIETDEDIZ, &
BV LD O, EARRIIEFELBEZONTVWS, B1EBEOELIIBNTRLAIZES LTI DIX, F&E
DBWVEESRAED BARBRENEL 20, HATS 0, ¥NT 5720 THs, LirL, BET LT AORE
2% 956°CLLEDHFE AL CO L DMBERIGNIERIZZ2 D720, F1EMETHEAETIZEEAL O, BB EhAR
Mofe, COITEMEFHREMN IBCOBAITIFEALRHBENT, B6CU LIRS EMHShT, EEHIC
BT, BHEEREN 956°CUL EDES, CO, DRAERNEBITED L=, MBIV FATRIEY LA
VY, ZHEATRO X 91, CO PBRERIGICE Y CO, DAREBREMTEMhETHD, 72750, F1EKOHEM
ZBWTIE, BRIV FL~NBATS O, XBMHBENTERTS CO 2RLGTDI1IZLYEIRVEDHIZ, &R
FUTF AIZIRRKIED CO BEFETS, F1EBOEHCHNTIIK 4.1.8@G), 4. 1.8BLIZTT LD, 0, D
ARBNREL 2o T, BESVTALATYH O, BRHEEND LI ICo7-FE (RMTFEEEN 956 COHEIL
RS R 4.5 BLRE) T, EERE7LF AT CO BMRHEENRLeoTr, BHERHBREN 1046°CO
BEIIBET VT LD CO, EADIRIT IS6COB/AILERTHED LTWEAR, ik, BHBLRSIZEITS C
O/CO, RALPHK LI=NHTH B,

HOBZEIT5 0, EASROMEELER 4.1.11@1IZ, CO ELFEEZR 4.1.11(1)IZ, CO, EAFTREN
4.1.11QIZTT, BHEEHIREN 956°CULDEE, O, EADERETFTLTNEDIE, CO ORBESIGIZ O,
DEREINIDTH D, BBET LT LAND CO,RRKIED CO B FHBICI > THRABTETHRIHELAEZ &R
bhs, CO L CO, EARRBNTRLE 1 BROKBICBWTETT201%, REKED B RBRITEE <
7Y, BERZLFARLHOBIZEET 2@8ERSBEO LD TH S,
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4.1.3 FLORBHBEEENEY—DOBFEORBREER

EREH
FLOBBABERENFEH —OBEORREREEER 4. 1.3 10577, ZHIIROERBHERE (1K) o
FIM IR & B R BT E (34) OFHRELY 1000CHL 2B L5ICREL, ElEROBHTHK
BT ~TRICEEICRIGT 2 & &b, TS ERELDEOBRE Y — EEICRET5 X S 68 L
BEDERTHD, =721, KB BT060b IOV TDH, F.LEFLERON 1A% 700°C, FDMD 2 A%
BOOCIZRRE LTc, ZOERY, T CiIFELMESN—REERLIFY, 4. 1.2 HTRR-AXDFELHKBER
BEEELIREL, HREEFHRNEL —ERECRE L-ERLFLRY—BEERIIER- L 245,
ERER

TR & NIRRT E OB R EHRENENEFN 994. 1C, 907. 7COEE (LLF 1000-900°C 8k
EFES) & 909°C, 908.8°COFE (LITF 900CH—ERLIES) OFREACH T ZREKABEOHELE(LE
X 4.1.12(a) iz, 850-750°CEBRL T50CH—KBRDBEEX 4.1. 12(b) IZRF, F7-, 1000-900°CEER L 900°C
B—RRIZBITD 0, CO, CO DENZFROMEELEZR 4.1.13G), b), (©)ITFRT, LERIBITHERS
THREERT 0, CO, CO ENGE (O) ORMELE, FANBREBCBITIZEAEFAOEL (O) iz
AEZLY, Zhid, 4.1.2 HTbBR~RLLBY, ESEHEVRBRRER CIIBFTN2ARMENREL, &
EKOREPTRATOR TV AENLTH S, K 4.1.14 1T 1000-900°CERIZ I T HAEBEEHME® (Oh) >z
[ BRBRCFELER (126h) OIRFIRFBRAOMEFMOTKEE (G14-G17) LFELESR (W19-W22)
RUOENZESR (W23-W26) OBERENMETT., BHEZOFELESRRA (O) TIX 160~240°COFEBH TRE S
MHBELTVER, THEHEFAKESITETE L 213CLRY, EAEBM (O) OB TSR 25°C L
%5, TORRMBEMNEFITEREEEL, HKKE (0.06m) 2REEILLTLAY —%
(Ra = gPATL Jva = GrPr) ERDB Y, HEMSHeEHE OB A ITRa=1 8x10L 125, EEMOEBL L b
WEKIPBAT D Z 2B NE, BHMEAREINIL 2D - DRI REL 2V, HEPIZRET S HRR
Wb L VFEEL22Y, ARBRARLEN TIIFLEBMOEYTHREIT 168°C, ENERIL19CTHY,
DL EDORFMBERTENICE T IRABEEOEIHLRERAEEZLERE He O 2HOREEIRELTHELE
He DENLZHRITN 0.5 LRDDT, Ra=2.7x10° L7z 3, ZOHEKRIHD BAHEIIED THEDR A RFBR
MOFE L LN THFENZ L QL EBERITEOBER L KX, —F LR TIL, FABRO TR L HIRE
VEABBTHEN-E@ L, TERZME, EFREZAHLIZER 800mm, & & 200mm ORGAERLKET
5, BHEROTROFHREIZNENTERS 207.8C, LERITFERFTEDTRBE LRE LT 102°C
LB, ZOLE, FREESIEARREIICL Y, FHAE He FWMK & THIE, Ra=2.5x10° L2V, Wil
MBEETH D Z L0289, HTTR OBAIL, FTORBESDBEENEREB LV AKXV, Ra ¥b
R&L2Y, FHRATERTFRE LT, IBRRAKE L EHETOKKBREIZIZIZTE LI RBLEZONS,
4.1.2 HEERRICHBEED ERTREL COBAHEMRHE Y —EF A R BHBIZLAKEORESERHTS
&, Ra BMB/PDESWVBHKRY —FF A FBCBNT, $—F VA R UFOTHMICEBRMAEL, EHICHBNTO
HERKE TERBELDIHE EARRTNLIRE L TV AARERH Y, WUTEED Ra B2 UTOEREDT
CHENT 2, B 4115 [FLHEEOMESMBRESH L2 RT A, BIEZOROERELNKRIZRIT T
Iy 7EORRE (O) 1% 906.1°CE 354.3CTHY, MAEEREIZ N OOFHRE 630.2°CEAVE, AH
ROFEAIRE T EERORMKBE 102CEAVT, BHEEIIIN O OFHIERE THMT 5 L, Ra=1.43x10% &
RoTEHEBEITHL Z L3bHd, —F, ZROBAB\RABEEMIBNTIE, I I v 7FOREIR
B LA 100mm ONZE T 354.3°C, B&rE ESIX 990°CTH Y, % 300mm DT 640°CHIBEAR A R4 L
TW575, LSO He EN0EE 0.5 LIRELTLER L He DIRATKEDHEEEZ 25 L Ra=8.25x10° L 2 1),



JAERI 1338 BIBH AFED 1 REFRFEETHEE ERFOEKIZFAES 131

BENTLERAFTRAEBFET DL PRTES, ZOLEFRE TREOTREL, ANRORRIMTEEE L BRI THR
EHOBVCARBRKOME LT HoENZD, €7 Iy 7BOBD TIXIOHKIIZ L > TREDOREHTTH
N3LEZ2DE, 1REMRRNECSFIHEBEBPXEN THI LEZLNAFLRKBEOR SIEREORKER
L&,

X4.1.12@), b, 13@~C)IZBVT, 1000-900°CERIZKIT HRARKEEE, 0, CO, CO ENLFEOEF
ML, 4.1.2 THO 900°CH—EBROBADFER L, 850-7150°CEBRDBEIL, 750CH—EROER & Rk
BER L, ZTRRKROBRIZESZHDEEZLND, IThE TIZITo7E8R (2.3, 2.4 #i8B) TIX, #
BEORICEEORARDUFIFKERAFEETIHAIL, NOLORKE CARBRASREAE LY, ALXREES
AVEFELERES - REERRICBOTIIPO L EDERO BNEREIC 100CREDRELFEXTY, FLHK
BAREMOBRBRE (TESEBEEICESTENCEND ILROKERTRERLONS X 5 L ERERK X
BE Lo EZLND, b LPLHBEOHREFRICEEADEN 2L, FHRBOBRENELIBEIE, B
BEomWRETEME, BB TTREOBRBRAVBETILELLNLN, FAERTIIEBOME L,
X 4.1.15 ZRT X, FLRBREOHEFMBESHNET I v 7 RBERCTRKEETL, BREAMMEY
—ZTBIENTERNoT, ZOLDFHERED LHICITBER TEEOREVRE, THTIHEOBVKAESN
FEL, —HOYERBEFRLT, ZhdUFIREEOARERALYTREICR-ceEZExbND, LIt
BoT, EHEREMBRT VT LM TREDRER T2 TbNT, EHFERL&ET VT AR T 2RERAEE,
0, CO,RUtCO DENYRIY, H—BREEROHELFAHKLABEELERLLLOLEXLRS,

X 4.1.16 (258 1 EXREDOFHERER & 4 ROF LR E OFHRE L OBRETRT, 150CEBZ G OFLE
HH-REEREH - BEERIIBIE 1 BB OFHRRMICRE REZEL, WTFhb5~6 Bizbe>T
1 BB Lz, Zhid 1000-900°CEERIZEBWTHFIHKEBMOBARBRWESRE LRV L EXNIE, F
DRBEORMERED 1/4 TH 3P UERERTKBREORESL 900CH 5 1000CIZELSERTETTha T &
b, 900°CH—RBROFE LFLMOEEEICREBORRNWI L, F7z, COICO, RAELHIT 00CHDHE
T 2.59, 1000°COFAT 4.87TILRL, CO DRERNBEL 2D TN LD, FLHEAOBEEELICITRE
REBEEZRNLENLE 1 BRORRISEICHARRERBBEN o bDEEZI LRSS, —F, 600C
HEDEBRIZE T, #H—LA—BEEROE 1 BB OB/GEREICENTENZY, FLOKEREORESH S
HIXFALMCARBRIESBE LTV LIIERTE edol, LOALARL, BMMERERENES 25 L
HAFRAOFLREFREAREPEONCRDZOERBERESRET S ATRENH Y, 400-300CERTHIET
VFat EEROBRRENERACELRLEZ L 2 LUFIHERMOBABRABRELTVALDOLEELDL
N, ThETOERRERLARIC, FOMEYBEEROFNE 1 BRORGERMITE 2o7.
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Table 4.1.1 Main specification of the test apparatus simulating the primary-pipe rupture
accident

Pressure : -1~1.8kg/cm2- G
Temperature : 0~1,200°C
Dimension and material
Reactor core flow passage
Graphite pipe : IG-110 (Toyo Tanso), 40mm¢1.D.x70mm¢O.D.x800mm
Ceramic pipe : Al203 (Kyocera), 40mm¢I.D.x70mm¢O0.D.x400mm
Guide pipe : Al203 (Kyocera), 73mm¢I.D.x85mm¢O.D.x1,250mm
High-temperature plenum
Al203 (Kyocera), 400mm¢I.D.x460mm¢O.D.x150mm
Core barrel
Stainless steel, 800mm¢x1,519mm
Top cover
Carbon steel, 460mm in radius
Pressure vessel
Carbon steel, 920mm¢I.D.
Outlet pipe
Al203 (Kyocera), 69.3mm¢1.D.x80mm¢0.D.x315mm
Stainless steel, 69.3mm¢I.D.x76.3mm¢0.D.x800mm
Carbon steel, 69.3mm¢1.D.x76.3mm¢$0.D.x260mm (Ultra sonic anemometer)
Inlet pipe
Stainless steel, 69.3mm¢I.D.x76.3mm¢0.D.x1,100mm
Total height of test model : 3,750mm
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Table 4.1.2 Temperature in each part of the test apparatus just after the simulated pipe

rupture (graphite flow pipes with uniform temperature condition)

Run number| A-40 A-60 A-70 A-75 A-80 A-85 A-90 A-9S A-100 | A-105

Measuring points (position in Fig.4.1.2) O] @ ©) @ ® ® @ ® ()

Outlet pipe(gas) (G1) 17.2 23.0 20.3 12.0 143 18.5 12.0 234 22.7 29.6
Outlet pipe(wall) (W1) 17.0 23.1 20.4 12.0 13.8 18.8 12.6 23.9 23.5 30.5
Outlet pipe(gas) (G2) 273.5] 4288 511.5 556.0 596.1 637.8] 693.00 7273 769.1 814.7
Outlet pipe(wall) (W2) 289.5 42.1 522.7 566.4] 602.8] 6447 699.8 731.1 771.1 814.2
High temp. pl (gas) (G3-6)* 369.7 559.9] 658.4| 707.0f 7613 795.4] 8559| 887.9 949.1 975.6
High temp. plenum(wail) (W3-10)* 388.0 5847 685.3 735.5 780.3 835.2 889.0] 931.8 981.1] 1032.3
Graphite pipes(wall) (W11-16)* 4054 607.8 708.2 756.9] 806.7) 857.7] 908.0} 955.7] 1002.7] 10457
Graphite and ceramic pipes(wall) (W11-18)* 3773 564.1 656.3 702.2 733.1 797.3 843.1 890.3 935.2 977.9
Top cover(gas) (G7-13)* 56.2 80.7 88.2 89.9 92.9 103.4 104.2 118.4 122.6 132.0]
Annular passage(gas) (G14-17)* 54.3 772 88.8 89.2 91.8 107.9 102.2 123.0 114.2 1344
Core barrel(wall) (W19-22)* 108.8 159.3 181.2 193.2 195.9 20.5 2254] 2470 2477 270.1
Pressure vessel(wall) (W23-26)* 20.3 28.0 26.4 29.5 29.6 37.2 33.2 44.6 46.1 53.6
Bottom cover(gas) (G18-21)* 23.9 33.0 30.8 25.9 26.1 32.1 28.5 38.3 36.7 44.6
Inlet pipe(gas) (G22) 16.7 22.6 19.7 11.0 13.6 17.9 10.9 22.5 22.1 29.1

*:Average temperature unit : °C

Table 4.1.3 Temperature in each part of the test apparatus just after the simulated pipe
rupture (graphite flow pipes with non-uniform temperature condition)

**: Graphite and ceramic pipes

Run numberf B1090 B8575 B7060 B7060b B4030
Measuring points (position in Fig.4.1.2) 1000-900°C || 850-750°C || 700-600°C || 700-600°C || 400-300°C
Duration of the 1st stage of the accident 126.33h 146.33h 141h 148.17h 238.2h
Outlet pipe(gas) :G1 8.6 11 7.7 13.9 10
Outlet pipe(wall) :W1 7.8 9.4 6.8 14.7 20.3
Outlet pipe(gas) :G2 681.2 547.8 430.7 4424 200.2
[Outlet pipe(wall) ;W2 689.9 566.1 446.6 459.9 211.9
High-temp. plenum(gas) :G3-6* 8334 698.3 560.9 577.9 310.7
High-temp. plenum(wall) :W3-10* 889.2 741.6 592.5 601.7 301.9
Central graphite pipe(wall) :W11-16* 994.1 847.8 697.6 697.6 396.3
Peripheral graphite pipes(wall) :W11-16* 907.7 765.6 613.2 619.2 329.5
Central flow pipe**(wall) :W11-18* 931.4 792.6 651.7 652.8 374.2
Peripheral flow pipes**(wall) :W11-18* 846.7 712 570.4 578.2 302.8
Top space(gas) :G7-13* 102 90.9 68 102.3 74.6
Annular passage(gas) :G14-17* 100.6 85.2 60.8 70.7 49.5
Core barrel(wall) :W18-22* 2144 180.9 136.3 142.7 90
Pressure vessel(wall) :W23-26* 25 26.6 15.2 27.7 27.8
Bottom space(gas) :G18-21* 20.7 20.3 15.3 23.9 25.5
Inlet pipe(gas) :G22 5.9 8.5 5.7 14.1 5.4

*TAverage temperature it C
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Figure 4.1.3 Temperature distributions of the central and peripheral flow pipes (just
after the simulated pipe rupture)
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Figure 4.1.4 Time varying of the density of the gas mixture and the ingress velocity of
air at the outlet pipe (average temperature of the graphite pipe : 1046°C)



138 4. BEYTRABEFE~OBHA JAERI 1338

20 i, Al i i I 1 i B 1 14
| grophite  high temp.  outlet N
pipe plenum pipe
" ® 405°Cc 370° 17°C 7
~® 608°C 560°C 23 7
-® 708°C 658°C 20°C .
1'5F@7157°C T07°%C 12°C
| ® g58°c 795°C 19 °c ]
@ 908°C 856°C 12°C

@ 956°C 888°%C 23°C
= ©1046 °C 30°C

o

density of gas mixture [kg/m3]

©
3

1 1 | | ! | J |

0 1 2 3 4 5 6 7T 8 9 10 i
elapsed time after the simulatied pipe rupture [day]
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Figure 4.1.6 Density changes of the gas mixture in the inlet pipe and the top space
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Figure 4.1.7 Relationship between the duration of the first stage of the accident and the
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Figure 4.1.8 Mole fraction changes of each gas species (average temperature of the
graphite pipe : 956°C)
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START
Data input
Assignment of control volumes
Setting of initial conditions
properties (diffusion coefficient, heat capacity, viscosity, thermal conductivity),
factor for oxidation reaction and CO combustion
Time lpop
Compute the factors of momentum equation 4
. [ S > Converge
Compute pressure by mass conservation equation
* or not
Compute tentative velocity
Converge

| Modify tentative velocity by SIMPLER method [~" "
A 4

SOR — | Compute mass fractions  [""""""""°° > Converge

Gauss-Seidel *

Compute mean melecular weight

| or not

or not

Compute density of gas mixture [ . p{Converge
Compute gas temperature or not
Compute properties of each gas species
Not converge
Converge

(velocity, pressure, mass fraction and temperature)

I

Next time step

Figure 4.2.1 Flow chart of the FLOWGR code
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Figure 4.
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Elapsed time after the simulated pipe rupture [h]

2.3 Density changes of the gas mixture (average temperature of the graphite

pipe : 900°C)
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Figure 4.2.4 Mole fraction changes of oxygen (average temperature of the graphite
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Elapsed time after the simulated pipe rupture [h]
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Figure 4.2.5 Mole fraction changes of carbon dioxide (average temperature of the

graphite pipe : 900°C)
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Figure 4.2.6 Mole fraction changes of carbon monoxide (average temperature of the

graphite pipe : 900°C)
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Table 4.3.1 Experimental condition just after the simulated pipe rupture (the simulated

BIRNZAFO 1 KHA TR TR ELFOLTRALS

core with cooling condition)

*: Average temperature
**: Graphite and ceramic pipes

Run numberf| A100 || C1000c | C1000b | C1000 || B1090 | E1090b || E1090 | E1090c
Measuring points (position in Fig.4.1.2) @ ® ® @ ® - ® @
Cooling rate (‘C/h) - 3.83 7.66 45 - 1.94 3.88 5.82
Duration of the 1st stage of the accident || 128h [/ 121.17h - - 126.33h}f 121.33h }{146.33h -
Outlet pipe(gas) :G1 22.7 22.6 21.8 11.3 8.6 23.8 21.7 27.3
Outlet pipe(wall) :W1 23.5 24 225 14.2 7.8 25.2 23.1 27.3
Outlet pipe(gas) :G2 769.1 || 772.1 770.6 || 7754 || 681.2 695 693.2 | 689.6
Outlet pipe(wall) :W2 7711 ) 7739 || 7719 § 776.2 | 689.9 697 691.7 | 692.2
High-temp. plenum(gas) :G3-6* 949.1 | 963.3 932 934.8 i 8334 || 8724 [ 8716 || 873.2
High-temp. plenum(wall) :W3-10* 981.1 || 983.4 979.9 || 9774 | 889.2 | 888.1 || 895.9 | 8952
Central graphite pipe(wall) :W11-16* 1002.5 )| 1002.3 || 1002.3 | 979.2 §| 994.1 || 990.5 || 990.7 | 989.4
Peripheral graphite pipes(wall) :W11-16*| 1002.7 | 1000.8 § 1000.3 || 998.4 {{ 907.7 | 927.7 | 928.2 | 924.3
Central flow pipe**(wall) :W11-18* 9349 | 9363 935.5 | 918.7 { 9314 | 9274 928 927.9
Peripheral flow pipes**(wall) :W11-18* § 9353 || 934.5 9324 | 928.8 || 846.7 | 858.8 | 859.8 {| 857.6
Top space(gas) :G7-13* 1226 || 128.6 128.1 94.3 102 113.7 || 113.6 | 116.8
Annular passage(gas) :G14-17* 1142 || 127.7 129.2 || 117.5 | 100.6 § 1157 || 114.6 || 120.7
Core barrel(wall) :W18-21* 247.7 J| 257.7 || 258.1 | 2482 || 2144 | 230.9 | 231.8 | 236.3
Pressure vessel(wall) :W23-26* 46.1 51.9 51.5 36.1 25 44.1 43.1 55.9
Bottom space(gas) :G18-21* 36.7 38.5 38.2 27.4 20.7 38.1 35.8 419
Inlet pipe(gas) :G22 22.1 22.7 21.2 12.6 5.9 23.6 21.9 26.3
unit’C
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Figure 4.3.1 Temperature changes of the graphite flow pipe (the simulated core with
uniform temperature condition)
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Figure 4.3.2 Temperature changes of the graphite flow pipe (the simulated core with
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Figure 4.3.3 Density changes of the gas mixture
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Figure 4.3.6 Mole fraction changes of carbon monoxide
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