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The project of enhancement study of nuclear safety technology and international cooperation is
the last year of the overall four-year project. Following the project guideline of AEC, the objective of
this year project is to achieve no-nuke energy policy by 2025, ensure nuclear safety of current
nuclear power plants, enhance the research development in decommission technology of nuclear
power plants, promote international cooperation and cultivate nuclear engineers, scientists and talent
students.

The main outline of this project is the same as that of the last three years, involving two main
core subjects consists of four sub-projects. The first part of “Nuclear Safety”” has three sub-projects
of “The Investigation of Effective Methods for Safety Enhancement of a Light Water Reactor under
Normal Operations and Ultimate Conditions”, “The Safety Analysis of the Reactor Containment
under Severe Accidents” and “Methodology Improvement of Safety Analysis for the Heat Removal
in the Spent Fuel Pool”. The second part is “Nuclear Safety Technology and International
Cooperation”, which including four working items, 1i.e. ‘“Neutronics Technology”,
“Thermal-hydraulics Experiments and Analysis”, “Nuclear Materials Analysis and Evaluation” and
“Simulated Study of the Quenching of Molten Materials along with the Vessel Wall”.

The sub-project 1 mainly focuses on nuclear safety of a light water reactor under normal
operations and ultimate conditions in this study. The first study has developed the Maanshan steam
generator tube plugging TRACE model. It will evaluate the influence of tube plugging rate for URG
strategy. In the second study, the impacts on the oscillation modes of in-phase and out-of-phase
under vertical forced vibrations are investigated. The validation and benchmark of the model
simulation against single boiling channel experimental data are performed. Moreover, parallel
boiling channel vertical vibration experimental tests have been completed and found that high power
asysmetric heating condition would enhance parallel channel instability to present out-of-phase
oscillation between channels. In this third study, we successfully deployed our previous developed
initiating event detection and identification algorithms onto a field programmable gate array (FPGA)
and integrated this resulting system with the PCTran simulator of Maanshan nuclear power plant for
a series of validation tests. The experimental results indicated that our system could timely detect and
identify most of the events of interest. Even when an unknown event was an untrained one, the
system could also correctly isolate it to avoid falsely linking it to someone else in the event database.
Finally, the average time required to determine an unknown event was 3.0824 s. The fourth study
finished the high temperature water circulation loop to simulate the primary water circuit of a
pressurized water reactor. The corrosion behavior of X-750 alloy in a simulated PWR environments
were investigated via the SCC initiation tests and the electrochemical polarization analysis. X-750
alloy exhibits high resistance to stress corrosion cracking. In the fifth study, the experiment of
counter current flow limitation has been reviewed extensively. According the previous studies, the
counter current two phase flow in vertical round pipe was designed carefully for reproducing the
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possible CCFL phenomena in down comer. In next step, the CFD simulation of CCFL will be
conducted within schedule. The result of CFD simulation could demonstrate the reliability of current
physical model.

The sub-project 2 evaluates the effectiveness of Passive Auto Catalytic Recombiners (PARS)
and Filtered Containment Venting Systems (FCVS) for the large dry containment system at the
Maanshan Nuclear Power Plant by FLUENT. The rate of hydrogen generation during an SBO severe
accident is evaluated primarily. The following FLUENT model of the Maanshan Nuclear Power
Plant containment with/without PAR and FCVS is established for the analysis associated with the
filtered venting of the containment.

The results show that the integrity of the containment will be maintained although no PARs are
installed during an SBO severe accident. However, considering the concept of defense in depth, the
more the PARs are, the higher safety the containment at Maanshan nuclear power plant can provide.
Regarding FCVS, which is expected for both pressure reducing and hydrogen venting, it is
recommended to arrange its outlet as high as possible on the premise that no structural damage to the
containment and adverse effect of its flowrate are occurred.

The sub-project 3 performs the SFP safety analysis by using several different codes combined
with the mitigation strategy to make improvement of the SFP cooling ability. There are two parts in
this research: First is the thermal-hydraulic and cladding performance analysis using TRACE and
FRAPTRAN. Following the model of SFP analysis last year, the fuel zones is added from two to five
for a more detail calculations. Also, the flow area of each fuel zone or non-storage fuel zone is
calculated separately to replace the homogenous flow area last year for a more reasonable convection
in the area. The heat transfer between fuel zones is also re-calculated. A Station Blackout (SBO) case
and a case with mitigation strategy are simulated using the improved model and combined with
FRAPTRAN for the fuel cladding analysis. Second part is the server accident simulations using
MELCOR code. In this study, the fuel zone is rearranged, the number of node in control volume of
fuels is increased and the heat transfer path is reset by following the TRACE assumptions. With
these improvements, MELCOR could give a more detail and actuality calculation of the
zirconium/air oxidation at different fuel nodes. Moreover, a time-step sensitivity analysis is
performed to confirm that the CPU time is acceptable and calculation result is sufficient to reflect
subtle changes. Through the simulation of SBO case, the difference caused by the improvement is
discussed. According to the comparison of the results, it shows that the safety margin of results is
increased after the model improvement, and the safety of SFP is confirmed indirectly. However,
increased CPU time accompanies raised calculated loading by model improvement. Therefore, the
old model provides a more conservative result, and the simulation approached the real situation is
obtained by the improved model but takes more CPU time.

Based on the research work of the previous three years, this year in the subproject 4: Nuclear
Safety Technology and International Cooperation, focus is on the advancement in the nuclear safety
technology and cultivation of more professionals and students for supporting the reactor safety in
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Taiwan. In the subject of reactor physics, the coupling of neutronic and thermohydraulic analysis is
established. A sequence program of reactor core calculation is established, and used for the VHTR
core design. The reactor physics workshop is held on December 17", In subproject 4-2, the boiling
heat transfer for bubbly flow is experimentally studied. High accurate thermal couple is inserted in
the cooper heating block for measuring the wall heat flux and wall temperature. High-speed camera
is used for recording the bubble dynamics. With the experiment result, the current boiling model will
be validated. In subproject 4-3, for the cladding materials, high entropy nitride thin film (HEAN) was
deposited on Si(100) by radio frequency magnetron sputtering system (RF sputter) . The
microstructure and the high temperature oxidation behavior of high entropy nitride thin film was
discussed. The results showed that HEAN has columnar structure and the chemical composition was
as same as our design. After high temperature oxidation test in the dry air for 1 h, the thickness of
oxidation layer on the HEAN was about 234~289nm > comparing with the oxidation layer on CrN
thin film was 948nm ~1150nm, indicating that HEAN has better oxidation resistance than CrN thin
film. Next, the high entropy nitride thin film will be deposited on Zr-4 substrate to evaluate their
high temperature oxidation behavior.Our research when HEAN deposited Zr-4alloy, HEAN itself
also showed good oxidation resistance. However, at 850°C such a serious oxidation environment ,
the large volume swelling of Zr-4alloy would degrade the protective of the HEAN. For the heat
exchange materials, this studies mainly extended the plan for the previous year; the isothermal
oxidation behaviors of three different zones of dissimilar welded Ni-based alloys(Inconel 625) and
304L stainless steel, containing the substrate (SUB), the heat-affected zone (HAZ) and the melt zone
(MZ) were studied at 950°C in pure He gas mix water vapor. Currently, the experiment has been
finished for substrate in pure He gas mix water vapor. The results showed that the oxidation-resistant
ability of the alloys after the isothermal followed by the rank from fast to slow of MZ > SUB > HAZ
and the kp oxidation rate increased with increasing water-vapor content. In the future, the isothermal
oxidation behaviors of the experiments on the further studies HAZ and MZ at 950°C in pure He gas
mix water vapor will be studied. For the core structure materials applied in advanced reactors, the
subproject 4-3 continues the research on the radiation damage of 3C-SiC and SA-Tyrannohex SiC,
this year a higher temperature  (1350°C ) irradiation experiment was conducted with He+ and Si2+.
Their microstructural evolutions were investigated through transmission electron microscopy (TEM).
The results suggest that helium bubbles could be observed for both materials at the 20 dpa damage
level, where the grain boundaries are the favored nucleated region. Comparing at the same dose of 40
dpa, we found that the helium bubbles in 3C-SiC have a larger size, while their number density is
also much larger than that of SA-Tyrannohex SiC. In subproject 4-4, following the studies in the
previous Yyears, the objective of this subproject is to investigate the multiphase flow phenomena
during quenching of the high temperature simulant melt falling, contacting and sliding along the
vessel wall in the lower plenum. The results shows that the molten materials just quenched may roll
over the plate and resulting in thin slice. Thin slice structure debris is more fragile and brittle which
is more likely to be broken into finer pieces.
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© Geometry - Pipe 102 (U tube)
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© Geometry - Pipe 102 (U tube)
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] Two boiling channels with a heat flux ratio of Ch.1:Ch.2=1.1:0.9
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Two boiling channels with a heat flux ratio of Ch.1:Ch.2=1.1:0.9
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Two boiling channels with a heat flux ratio of Ch.1:Ch.2=1.1:0.9
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0.03
Two boiling channels with a heat flux ratio of Ch.1:Ch.2=1.1:0.9

0.02 Nuwpy=2.468 and N,,=10.438
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a) The system oscillation with external vertical acceleration of a,.4=0.1g and f/7=0.3
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(b) The system oscillation with external vertical acceleration of a,..=0.1g and f*=0.8
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¢) The system oscillation with external vertical acceleration of a,..=0.1g and f*=1.33
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(d) The system oscillation with external vertical acceleration of @,.x=0.1g and f*=2.0
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B 3.1.25 “t4ed® BH U FH - T 74 Hﬁ}i:@(ﬁ Fort Fob 5 1.1:0.9)2 AR dR F 5N R
R
_% o

C. *hevshd 4eif B (€7 $Hl F Bndm F IS B P2

EHRE PSP T F AU ISR SRR BT AR
W R EAXHAPE DA eiE o Tt B AR BREE R e

APy = ARy ;... = ARy =AR 4 (3.1.2.15)

du;”. 1

o F—
e[ AR AR ] L2 M (3.1.2.16)
ch,j
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0.012
— Two boiling channels with a heat flux ratio of Ch.1:Ch.2=1.1:0.9
— Nas=2.468 and N,;,=10.438
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— (a) Constant pressure drop condition with
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PR R R F AR R 0 R A A7 et dR ARG T o o T 7 A iR
T8k sehp BRI F PR o & Now=2.468 2 Npcn=10.438 g T 8k > H ek sbp g5
f*=1.33 > »g thav b FRdead ROk R PAR S B0 K ALhp A SRR > LA E A4 R JRIFaR

JRIRF o £ H EHF A F HA F el if (30 Chl) o

(3) ¥- FRARERnd Lt m TR R REA
F3121 fp A3 drrd s Pl L R RSB - F LI RT T RBET AR
& - B2z s g (openloop) » L R ehfp A e it e 7 -E HAp ;‘,ﬁr’ﬁié #1 £ (single-phase stand
pipe) ~ 4c 4 E(heated section) % % £ g 4p = 7 ﬁ»(two phase rlser) BB T RA GHE
- a,a%—xa'lgu-hﬁ:.i ﬁ,au%—xa'lgﬁ ﬁéﬁ w0 A¥tH - ? :Luﬁ%)fg,, Wipdw R/ -l
o & - it h FRFITH T 2ZRE T A AT A& 5N
=3 HApiahR ﬁ%@ﬁi - E R IEH T b i RE
(3.1.2.17)

+ + du+ +
APSP ::P LSP £ APSPO
AP,y = AUl +0.5K U2 + Loal / Fr (3.1.2.18)

B - A G d R (0 T e R

APy =My, 3—‘£+APH*O (3.1.2.19)
+ ( M;h) + dN ch dﬂ+
Ap“"_(l/p;)—l {( #) e dt*}
_'_dM:h + NpCh(l A+) dp; NpCh(l /1+)(1 M+)
dt+ i (1/,Oe ) dt+ (1_,0;_ )2 ch
M: Nex Nsu +
+{ fo ;r b[ __Snz_l: (2n-1)(L; - )}} a;
+(1+%jp;u;2 +(%—1jui+ 2+Al¢ﬂﬁui+
A, {1} a (1l o))+ ZuerChgll;f:)(l_M:h)
(3.1.2.20)

2
N, (1-A* ST
+[%J {(1/,0e -3) > +M} -2

g R B
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Aguﬂwggif%#+Ag; (3.1.2.21)

+ + di" 1 V . Fat
APRO:—MR(%)ZNpchF 2kRexpeu +Aq RY —H Mau; +%MRaV (3.1.2.22)
R

P A=A, /gRARAREE e R ¢ S AR LR RF R T

V4T A
2= 1+a, sif(zirf*t*), FEHIREER (3.1.2.23)
FRERAR

AT Y BN IR A B2 (T T kB2 R T AL G A AR AR e )
IR R e R TR RO R o e 50

ARy + AR} +AR] = AR, o + AR s + AR + ARy, (31229

He

-ﬂ\1.

R d AR e R TR R ARy 0 T A

=[A+ o))/ 2+ p] L + LipI1xa,, sin(z f't") [ Fr (3.1.2.25)

Tt ool R  8(31.2.24) 0 #58(3.12.17) ~ (31219)% (31220 A 7 T H — F B A K
BAR R S E R S BB TR AR 0 4T

duiJr + + + + + + +
dt* = I:AR:h,S +APCh,S + APR,S +ARg — APy —AR, +APR0:|

AH + + +A1-|2
22 L, + M + M (2 3.1.2.26
[ASP +Mg, + (AR)] ( )

4 03121 B H - §RAEEIEEE R A 2 i B R T AR g o)
BRVE 2 R BRI AT R 2 e N B BRI IR G RYE T A % SR R TR
BHE K ST RS 5 XS T

AR5 (Exp.) =[AP(Exp.) - AP, ]/ pu; (3.1.2.31)
Flot > b R SEET o R RBRAF(Q) R (N X E e R (Bpea) T 0 F -

A IR TR AR (EXp) 2 B S T ik 0 A3 A 3121 F - REERT 5 A B IR T

3% SEE ¢h R 2 TR ER] 0 AR (Model) > BIF d N (3.1.2.25):% % o 4p B T34 A 47 % % 77 7
%4 31217 o
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%3121 H- FRAEEPTELELIRT IR FREHRILH AT RS2 R

Case Ti(0) ui(m/s) gq”(Wim?) f(Hz) apeac(9) APae(Pa) ARy (Exp) AR, (Model) Relative error (%)

1 90 0.298 8444 0 0 8589.901 - - -

2 90 0.298 8444 0.5 0.249 8590.925 304 26.04 14.34
3 90 0.298 8444 1 0.638 8601.231 58.93 66.76 13.29
4 90 0.298 8444 15 0.981 8616.709 140.65 102.4 27.19
5 90 0.298 11029 0 0 8628.164 - - -

6 90 0.298 11029 0.5 0.263 8598.704 36.74 26.3 28.41
7 90 0.298 11029 1 0.652 8615.263 70.88 65.58 7.48
8 90 0.298 11029 15 1.012 8630.122 150.36 101.23 32.67
9 90 0.298 13959 0 0 8721.676 - - -

10 90 0.298 13959 0.5 0.274 8720.259 45.29 27.17 40.01
11 90 0.298 13959 1 0.682 8714.45 74.35 67.11 9.74
12 90 0.298 13959 15 1.042 8717.81 161.06 102.41 36.42

a ¥ - ?%/igﬁﬁfﬁzﬁ?}ﬁ FF e o A F '=8444 WIm? 4 ] » B 3.1.2.7 +* $iz ¢k
S R I T R 23 S B 5 (AR (EXD.) ) T2 9 ] (AR (Model)) - i #
G R BT AT TR AT 4 2 TR F R anTR N IRE-E RTTRGE M RE o F

hIRR AR S G f=05Hz £ %M 4eiE B G apea=0.249g R Sk iE i+ T (case 2) > I TR L

Y

AR’ (Model) =+26.04 > B] 3.1.2.7(Q)4 = ¥ S Bcfh & > ARL(EXp) » ~ 84 0 B - 4 9

S 0E 2 f=1.0HZ 2 apea=0.638g (Case 3) » 4p 4t/ I % 5E Bl & 5 AR, (Model) = +66.76 >

ﬁ?

B 3L2.7(D)AE 7 5 45 i 4 4 Seu oh o T TR ik F % 284 S BAcHR (AR, (Exp) ) F

B oo 27 BkixiriE— e s f=15HzZ & apeak=0.981g (case 4) > 4p & i@ Fp B B

ETIRN

AR s (Model) =+102.4 - ] 3.1.2.7(c)R 7w o > ¥8 (>« & Je30 #F > JLER IR RIE 7% fu jd F * 384 £
F Sy B (AR (Exp.)) o B 3.1.2.7 & B o7 3 4v #h 304k FAR 0 48 Soig B > 77 € B 4o PR

B4R AR AT R
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— Single heated channel vibration system /
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grig R (°C) 287.2 80-100 EAEY 0.21 0.42

Foxg iz (mm) 15 11.9 A HF (W) n/a 2200
# @ E 2 (mm) 3.2 5.0 B s g (Wim?) n/a 83300
7l 2.24x10° 3.15x10% B+ g (L/min) n/a 11
Y 0.65 1.37-55.1 bt inid (mls) ~20 1.93
SFiadk (o 3.9 4.0 B4 EO(0) 0 +20
* hdk () 4.72 3.46-23.1 FEHE S (Hz) 0 0-2.0
2 tg (mm) 0 40

B. RE%R&AALZ AR
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2 oo 1LF ;15-—@- LI T fq,év%wa’lg WHEMERD R

FE RS2 Bk B iR ‘ou?],‘;. F3 ERF 2R IEA A UL &L ﬁ,ﬂ,aﬁxé’
R NE ) 4 "t”*i’y“ﬁ P‘-’"F‘*?Eﬁiw-‘ﬁ 3o Bl 3129 Bt AATBEEALA AR PG
Vo AT E 0 BRI e o 2 AP wx‘wn‘h’ﬁﬁ%’(%‘@;‘ﬁ'%gﬁ & 4 A\%?;L, Bk sm2  HoAp iR
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B o TEAEGE P BT R ATR

e 3K
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Boo BRATE RN6 LR P ARE 8RR ERS > TR L T 1% 1 -

1.04

¥ 1.02
dat: 1,4-6 it %) datal Mt gt
27 —data2 -
— Ly I 1.01 data2
T 1.02 i ‘"l‘| R oML ",‘ ‘\‘l o ‘-'_dataakI 5 ATT | data3
=B R | E
i gho A’n—\ m | datab ] ( ,ll"‘-t 'LI“ ‘l‘-\\ "‘.\“1 |
L iR 2o \'NJJM T el
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0.98 )
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Bl 31213 B4 g vkt w (2)ERE $(F)2 R4 HHe

% 31244 gD o

B4 1 Y=0.5681X+2.1099
B4 32 Y=1.1406X-0.6719
R4 33 Y=1.2565X-1.2415
R4 34 Y=0.7553X+1.1741
B4 35 Y=1.2208X-1.2167
BRA36 Y=1.2153%X-1.1951

AP Bz Bl E e 3125977 0 X 12467 e erupl3R i > Case 1-6 5 3 B
SBGEE L FRE R A2 F 0 BRES T R A L s F(Case 1-3) 2 § # 5 (Case
A4-G)seiE it > BV L A 1 387 RS ITL(JRE4E 50 0-1.6Hz) ; @ Case 7-12 e p| £ %
PG RIEE o S w A W] 0 APRREFEL ¢ TR MAFUE J I RRET
i Casel3-15 23 2 E#H TP A4 7 AT REITNFT R FHREFT TN EREBRES
FHFEIARLL U REF s 1204 kb S HBREL VERZ TEA S
ARAApOE fe B F A C 2 e RS L A FRMEASFH SRR T RS
R R BIREIEET b R E e 2fRGET KB EL AT

55



%\' 3125 x f”‘ggﬁ./g’aﬁﬁﬂmm' ﬁﬂsa«‘;g'/?']\zé‘/‘g i+

Case HECIKE(LPM) - HECTKOR(C) 2B R (W/mA2) AEHEEW/mMA2) REVEER(H2)
1 3 88 6645.39 7523.08 0

2 3 88 6645.39 7523.08 1.05
3 3 88 6645.39 7523.08 16
4 3 88 8923.21 9947.18 0

5 3 88 8923.21 9947.18 1.05
6 3 88 8923.21 9947.18 16
7 3 87.5 7108.73 7108.73 0

8 3 87.5 7108.73 7108.73 1.05
9 3 87.5 7108.73 7108.73 1.61
10 3 87.5 12712.1 12712.1 0
11 3 87.5 12712.1 12712.1 1.05
12 3 87.5 12712.1 12712.1 1.61
13 2.2 90 9558.0 10454.0 0

14 2.2 90 9558.0 10454.0 1.06
15 2.2 90 9558.0 10454.0 1.62

$3.1.2.14 % B 3.1.2.28 5 & 29 % 01111011,?“«%&”;%5@ B 3.1.2.14 7 & 3.1.2.16
= Case 1-3 1§ = #icdy > F % 1% fit_g’_;ﬂlg%ﬁp_ymt!fwi FAF R A &R L 5 o Casel
p)
0.

IS

B et (I F=0)iF 2T R Z X Ri%4F A Olbar ® ¥ & P AgdeF - @ Case2 2 Case3 mfﬁ;
b BFHRREETMEALRE 2 AT %w%fktﬂ"d“ LR 2 AR
ﬁ?a*mwﬁw’&ﬂ’ﬁéﬁéi%ﬂAi&%wmﬁfmﬁﬁoa&mﬁd*“?
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B v vihct 4T 4 iE TR 2 LOCA shpk v % » 1% P13 Ricsiaz st PCTran & ikt
DR R B E ﬁ@ﬁ§’£w+£&yiéfiwﬁé 31314+ ’ivww [N - P

g gt A nE (Y NI B e FEE7% ) AR PCTran p AR 2 & 5
-RaFahri it R *‘w#g’;‘* 2RLE R ART G S 100 %) 0 reHp A REIT P

2. 1R B2 IpHEB-18;2 (Detector and Data Collection Scheme)

By ogd oy ™ 5 - BE ¥4k Eyed f g 24 sy AR T 5%
Weh1 (¥ o AP HEL Y B AG RR] ) R R LR EMDERT R JRE- £
Bprm A gsldepd o pmd - BRI TREEREF L OPFFED 51’;})}:»1#‘.—:'15.—#%“@; ,
SRR B PRSI R OB E LR T N B G AR I I L o SRR
R A PR AR (D) 30 fZ Bh e QF B R WRLFEE > b0
PIEWT B 4 o X R E i SR E A E E T PR RS AR $F 8 60 )ik
SRR SRR

BAWRIFE 2 e > APy - %ﬂ Bakte 2 o Hy Bk 2 R T a5 -
Fd TRATs [EF TR wt]res m H BRI ZF E4Fidgd oy kagi
Selt] o 4 X[t] 5 PR tPF > THe® Ng BRBIE R E > PR Tehp a3t 38% v LB T g
R - fd K

Ho 1% [t] =5, [t]+w,[t] ’ (3.1.3.1)
H, 1%, [t] =s,[t]+5s;.[t]+ w,[t]
¥ 0 W[5 wt] §OF AR s B R BRI BRI o PR B AR B PR
FELtehg ™ o kst BRI Rl e s BT Bt H (1 Bk # 2° ch Hotelling’s T2 = i3 5 28 # -
e T2 & H_F AT A 93k TR @ (threshold)) o 2 8 4 § R AT R TER ; 27 0 1)
WG ERT G o B F RIS 2 B § R e T S A E A
T HRT Y A % [8] o

3. ¥y Ps% (Feature Extractor)

FHREPFRELT R et - A & e d f”"fu; o S LRV R RS
¢ e g m;ﬁd%ﬁ;n YLE G ARTT AT R o i i3 A4 ¥4 4 2 (integrator) ~
3] L % # (discrete wavelet transform, DWT) ~ 4 = & 245 % = Vi F4F 3 T4 DR BB AN
TR RE PR PR E o T B S E R N PR # a2 3] FPGA b i i B R
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BEiZ 1A sir i RPIBAE R EIE REFRP o

3.1 i a4 & (Principle component analysis, PCA)

PCA I B ¥ AR AL ¥ L e X Bof 802 > ¥ 4% 2 8y "4 s (dimension reduction) e
PR EAE R AT RS- BARKBRE (e ) BRF BRI SL TS 3
ZECFTUEFL e EpORCREE > B ER P M - LAFFL L A (principal
component) - 3 7 &4 IR Rk - BRRIFRE RES L LS 0 G RELTET A
AR R B X (F BTG on BERE) > HFH$H(3.1.3.2)5 & 4 1 ¥ R #iceeL (covariance
matrix) G » I ¥:% 45 L & (7 e 4 f#(eigenvalue decomposition) ¥ 7 :

1 M
G=—") (X -X)(X, —X)" ed ™,
M le( TR ) e (3.1.3.2)
= WAW'
B XELEPRFTA(X,1=12, ..., M BEXxF M LERTE)mE iFTHoi W ¢ 75 G
L fE Ak endE o £ (eigenvector) » A A i.f e s HE AR chA 3 55 BEped £y
J& 3] engF e (eigenvalue) o 3% 1§ B~ ! HREI & FleEaS e £ > AP7 EE 0

THdpenl A0 £ o F o MR Hwﬁﬁxm&%w ida b FF E 3] PCA #ik
*00TT L s e e e (feature) C,

¢, =U" (% —X), (3.1.3.3)
He UEd 28w & irdadpa- BaErL[9]-

32 RBIBMAKFHLFE (sensor type-wise Block Projection, stBP)
FERPIBRF T RIS i}{’}*”"}";\p\ MRS BB F N PR T H Riri gt
FER R YR o 2 IFL&?}I?H’ AP Pl AR PR B2 o A A S BT AL A
AT E B - RPI B AE R AR E BT PR - EE T L0 RS
ERPIEZRFAZEFTN > 2 HF R FHFREFEZDE - BRI EZRREY AEE R
WoAPFREDN T RRBRGERARPE[O] 2P FARFEETER > § AT RIS
RRIE i BRlap @R (bl RS CER CIRELB)RFEAFE  BRF M BRA R
FoE - RRIENEREG N BRRGE NI BELT R IR BRI ENEFAT L
FAMyxN B X7 o K O MFF - MR L N E e B Vi el BIRS BRI BRLE
B XP e pic & (feature) f b P BB AT B SR B2 42 > T 58 7T S i R
yp =(X7 =X" )7, (3.1.3.4)

H#e y L E Bk ohdd e £ (feature vector) o @ X B E_M B3 SRR 4R P BB 2 BL R M
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(pressure sensor data block) eI 32 7
M
P= %Zx;’. (3.1.3.5)

- BLPE e E VP AR BT S B R S 1 AT B ) 4 E e i 4T 8 4R L (total-scatter
matrlx)ﬁcg 2o Bt v SBRAPH T 2 %[9] ¢

4. & 3R (Classifier)

*k FuATER * BT AR B 2 (K-Nearest Neighbor, KNN)& 2 £ 2 2 2p B o H 4 B4 5308
BIBFTHENTG @ NIRRT LZF AR (FAFLEFEY AL ﬁ;&ﬁ%ﬁt(Euclldean
distance)[10]) > ¥ 45 & =0 kK £ 4p 02 & B B " TR (5 fih{ﬁ;tk 3 LR S Eaa K LT RE
L) AR S AR IR PR R S TR R )k S ETRR TR chdc (S hfERE S P o BB R
FRERE 3 2APG e Fa iy $2 57 54 LFRLed o RIRERTH G RIF
s o BATEERR B R AP R 0 T EGEE TR

5. BRI EidE 2P| (Sensor Selection)

FEHPTRNIERETAEL D BBy R SEFRERE L T ARG L
Fu 4 g f&éﬂé‘ﬁl & B PE '//}é‘ PR RFERE L A 106 #3447
x-SR R R BME R Xmi#‘*ﬁﬁéﬁpﬁﬁm&ﬂ o F L > R E G
FE - B " ®&E& @& (combinatorial optimization) k48 » Jfih A E V)75 2 REB L
RRPEEE AR POy A TERZ 2 TVHERFER S D ERE ) C #ﬁ;.EéE%’é‘_é‘é
PHOEEFERS DR PR A HF @i P ¥ SRA P % [9] o fiw i e k st FPGA
Pro NPT B4Rk Y PR G R R TR P E 2 BRI B ey KRB F R

6. AE LB uFE

FEIER % - A g ,K%g = jugpx m;‘. B Bv - RrEFp g ,’iﬁ?;{ﬁ%’;;&[ = A g o
TRLFRFEFE D E{ﬁ? RPN E- Ao R BEFRTE G Y T2 Edp -
oRERFRESOERFEL 2BV d B 3132 b+ kfEE o F Y s T
lwl’ﬁwﬂﬁ”‘i*ii‘v“ﬁﬁoﬂ E%F?¢%ﬁ4wm@é?'ﬁ%§£*

HT o RELSFEERY € RH S a;‘STFAJ;’JJ,T%q,\J}—aﬂ o LBk AL EALE 4 ik
ik AR R (T Gy 4,# e 34 F Lot FplT 2 BT ;,««* PURF ALY eE
- e A BT HRREG P I - ko w;tzip L3 & (outlier) » @ A-¥HERFE B %

Ao SPERT T2 e F e A e (interquartile range, IQR) % i & [11] o m A (e s
FETEMA? FELAEo- 22 BB FHRORZ e 2 2 8(Q)E 5 - v A iz
QL Rl £ 5w A il SRS B L EIS A G 3 25% e 6 6
A ey en oG Bl ] B X RS B T5% M o i F R AT P ehE - LR

A - e B Rt A 2L H el AP B L BEEE 0D 2 R Pt o A
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\\

PR g 12, 13] 3 E 0 F - RERENE - S Egu gk FHERTR
Bt R amag o PIE Bt TR N & A e 5 - “,a"iéﬁ’ f“ TF“ 7 Fdf e kA
o Fmi: 2 ke 423 [5,8] -

151
® (Class1
Class 2
B Class 3
10
>
°
| o0 *
S o %00 " "
° n
.‘ .. u {.l'.- ]
° o000, e n da .
°s °° il
b ) - i
[ J m B | ]
0 1 u | | 1 1
0 5 10 15

X
B13.1.32 33 &7 4B -

3133FPGA M 1 2 £ afrii4E3 F e *
1. FPGA § A
FPGA #_% PAL[14] ~ GAL[15]#" CPLD[16]% 7 42\ @4E 3 8 chil a1+ 2~ %3 B 0
oo U pEL EAFFARE T #F88 T B (application-specific integrated circuit, ASIC)Af 3 ¢ - f& %
’T‘%ﬂ(seml-custom)* s TfEiA T 237 @ (full-custom) § BLen? B > 4 SUPRT R G T AR B4R
gt m‘.},—-‘;’l‘!:.omi’?‘%ﬂ:" m{%’“#'}’\a1%’5\'19’3*“%&/25?’5@%@1&?25’%

ﬁo c A AR TR R T TR FY P AP AREINAS AR S BENEE & IC
;Q”T AREFT U T K 5 FPGA p *'3 B B 4. (logic block) i 5 7 fidd&d= % - & ,T}{w e
- BB AR e — B P Ao — B RS FPGA = & B B{EN{rl &7 MR K

%—‘g mfg B L FPGA F 10 % R ILAT T B chiwh iy o
AFE g e BT L% Zedboard(2 #] 3.1.3.3) v #54¢ 7 Xilinx Zyng™-7000 & & -
B 3.134 % Zyng & 5 chff i 4R 0 AR d A S 0L A
(1) &2 k ¥i(processing system, PS) : d g+ ARM Cortex-A9 AJZ BT » L 4% #i 4 42 5¢
(software routine) &% T ¥ k %t ;
(2) ¥ #2.5% By (programmable logic, PL) : % ¢ > FPGA » * &k § 3B & 48 - F i fo T+
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% %i(data flow subsystem) o
gk v R E T st (memory) ~ & &% i % % (peripheral devices){r % i# i A 5
(high-speed communication interfaces) « £ % » PL {= PS 2 ff e & » £ % 7 1 £k chie iy v
¥ E 4 @ (Advanced eXtensible Interface, AXI)@ EIA kg

PR R R T A » A T L %/:iZ—Zynq G4 B 3.1.35 k£ 7 o B 3.1.35 ¢
PSR Z 3 ARM Cortex-A9 a2 & 2 =c'@;§*" » H P R B U AR TR Bk e S Rl

« ki(software system)® 1 f T B FiFE (7 0 - e B kS R AN e A kA
ff 3 ip o K8 4 & (hardware interfacing) st = o P A X B 22 ol > 1 & §i5iE T @
(interconnection) k& {7 o 5 @ e ¥ A F i o BB S~ A F RS S B
egmpts H ¥ m%f#ﬁh* B E@@ﬁ%ﬁé Z_(communication protocol) &k g 3= o 5 7 3 if > 54 o
FR*YELVHEAG AR HPBANFTRFIETL M BDT g ZLRF PS fv PL
Wi E P BB ET R S EPS A PLBEHESE - A5 P PER LARE L in
Pt - RGeS ()R P RIE R A IR Bend > ARIT S a
3ASTEA R S 5 (2B ARG G R P 0 4ol BT LED feR M #BEE 2 (2)
fRoh el -

B 3.1.3.3 ~ Zedboard =+ % B °
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(— )

Processing & AXI

2>
System (> Interfaces

e )
AXI

Interfaces Programmable

\ Logic /

B 3.1.3.4 - Zynq & & 2 #f it % 40 -

Applications

Operating System

Hardware Interfacing
A B

{Peripheral} [Peripheral} \

Software Stack

000>
35

Peripheral
¢

Processing Programmable

\\ System J Logic J

Bl 3135 #id ~ (T% A AP HMA G odrh/md2 B9 » %56 AXI 4p 3 R -

B - B 0 kR - BAFRR AR T A 0 - BZyng @tk en® g K
R AERhREg s FIHEK AR ] S PR FE o R PLAMEBHT o i B
Hiven, 7o A & iE g B ot (software development tool)® o ¥ #b > 0§ HAF T F R L R
* 4 efp £ 0 A (Intellectual Property, IP)# & #i-ie(dp * »> FPGA i ffisi) & R34 ¥ 17
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[EAFEERHpAAY IP Rz ikt iz IP#d Xilink en2 E(Xilinx Library) ~ + 4
fd:‘i—r‘gﬁ Y a/{kﬂ? B B j\jél [17]

2. FPGA ¥ T Rehs?
FPGA *t % T B R¥% & Seenfg* » &« k30 2002 # B 4 [3] o #2009 & 53 EH otk &
é’% ‘Y3 B RE Y o 2§ 2O NPIC & HMIT R34 ¢ » > Rossnyev % 4 [18]4% 3] 4p 1
MRS R Z Rl 2 RA#H PRI e FPGAA R 7 12 ’ﬁ AR iR et ik 2
/«‘@;@& CEARTER R A TR SR R e AGR - FPGA i '13&'} @2
e N BRIk ki 7 { A7 - 2 1 Patrick Salaun % A [19]» # % » 2 RT 4 o7
(Electricité de France, EDF)#=iF 4 F| & &k erbr i RID 2 54 & 2 (% 1 % - 8 % @ S0 454 g
WV REE RS B R R AT B RN S A BN R kA AR E 2 ARIE Y
g% 2 FPGA 5 AA# crl R Bici 8 R ks o
FEEGlwRE 0 P AL S F 5 B0 B P4 ~ 12 Non-rewritable FPGA 3 A & e it
T EG TG R B [20] Ha % Sk F RES FrEEeny & § 47k % (Power
Range Neutron Monitor, PRM) » I 3z 2% FPGA ¥ 4 {7 4F 2 endb 43848 > 7 b pF i3 410 Sugge 3¢
ReE hSLE BN R kST q};m& BE o Ao I FE R R Kozloduy-5 £2 Kozloduy-6 % =
7€.2008 # 1 2011 & & #_%’a = ESFAS (Engineering Safety Feature Actuation System) & Yten { #7
*L§[21] P EFEE M- 25 TRADIY | ehikdr s o # s E 7] IAEA & £ o She Jingke
& 2009 NPIC & HMIT F*%5 7731 € % % 1 FPGA Hjisk 34 £ < £ -k & & J& B (CANadian
Deuterium Uranium Reactor, CANDU Reactor) e # s 5t[22] » = 5% 3+ - FPGA H i * 3t % 4t
THE DAPM iR ko E Rt o F 408 7 o & (Lockheed Martin Corporation) g7 ¢ ] & PR
BRI HAFS DT a3 o7 L% B - B2 FPGA 5 A #H ey i 2 #7415 (Nuclear
Protection and Control Platform, NUPAC)[23] & @ ¢ T s 4 ¢4 &3 LieH = A1 T &k
(Advanced Generation Il Nuclear Power Plant)s 5 & % %3 % ti(Reactor Protection System,
RPS) o s eninm 5 777 BIF FPGA Z A# > AP Z PR RURITKS - 40t FFH L
A& B g e & SLR B A (ATWS Mitigation System Actuation Circuitry, AMSAC) ~ F Jis B -3 %
v (Reactor Protection System, RPS)[24] 2 LB it F# & 3 ik 348 40k #5741 % (Ruled-based
Hierarchical Fuzzy Logic Controller) [25] » & 2 % Rr et B 2 T 5 K= = P3E 2 %F 2 (F[3] -

3134 * FPGA ¥z p it 4 it dpgrypps i it
1. BB FPGA T L2 328
FgAiAnERap bt FoeT @RI rese » A8 MATLAB S k2 o 273
3 f:{ iy Hgt A2 58 g2 Verilog/VHDL 3% > 0 & %5 FPGA iy 3 B~ e IP > L JF #4253t
. MATLAB ¥ %352 - B3 @] » (input) £z “] ' (output) 13 3¢ (function) » ¥ ¢ MATLAB HDL
Coder k= = gfz¥ o ¥ob S e s APk Ren&E4eF B30 IP> F % Vivado i& B3 B
PR KRS HA T REFTR G O fre & Vivado it ¢ 0 i T PR hF g 4 Zedboard >
% IP Integrator ¢ 4 » Zynqg Processing System &2 ##= 7 11 IP > £ i¢ * Designer Assistance #-
AAgF s ~ ez 4 2% HDL F 2 % Bitstream » ¥ #-4 fie % & il ’%ﬁﬁa%’_%ﬁ] I & CiE
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T oo PR FES AR % s Zyng B B P E R R ART LB~ (@) o Befs 0 @ L
C/C++35 % craiXilinx SDK #7788 %n3¥F g2 % ¢ 556 FPGA Zdja k p PC R F L ena 4258 5 =
wHFE o 8 JTAG R E SD+ kg 55 B 4pi8 017 o

“f 7B 3.1.3.6(a)rkagE ko AV R E Y — B E e RS R Suendp M AR~ Zyng &
FoHofe v AR 3.1.3.6(b)- @] 3.1.3.6(a) 2 & 3. 136(b)m1 F 2 B> i@ * MATLAB Coder
#-A230d MATLAB 3E 7 #4% = C/C++35 7 0 & Uw@a] IS l—h@] P Sanh 1”"' s fs B s g o
AW F R fechdh 3R+ 48 21§ 3.1.3.6(a)- tk - B 1R * Vivado k = = - if T+ Zedboard #
7% ¥ IP Integrator ¥ g 4r » Zynq Processing System - f {s i * Designer Assistance #-# 8 fie §
ez d s 4 AR HDL 3 Z % Bitstream 0 2 F L B4 e AL E DA CET
Bis g+ 32 C/C++3E 7 i Xilink SDK ¥ e g B ¥ S5 FPGA 2 HEje k p PC Tl
Al i dlgh o £ JTAGR E SD+ kg3 B4pidiv o

2. 11 FPGA % Aden i o2 T BB Renfr &
iR R 3137 i < AR AP U FPGA & A # ) A T RBER B L B edp 3
M % o 4o 3137 40 0 BRERT A ST a2 FPGA 5 o 3 HRE B TR 2 KT
SRR TRk 5 PCTran #-8 0 € Msf e 7 F B0 o 5 BORE ol 4 dicd e 1
Bi¥ T FPGA » 4z~ FPGA P efg N8 5 & % » A2 & — B % =542 3% (terminal program) %
f©5 PCxp 2 FPGA s erffitio ot R sffe st Visual CHF T R > AP K31 - BR* F 4
B 4ol 3.1.3.8 1% o v F LR L ATHAR F el N M 0 DOEBER Y F 5F 0 T TR
AL s FPGA 2o pt % :847 5% 4 & 3518 UART 5 222 Zynq & 5 /43 o F %38 {7 pF - PCTran
EEFFERT PRLAFELT ERIRT D TRy TPRTRELPIETEBRT DR
Boo ay dmm b)réf’*fébmp FHR o K s A23C BB 43 P-.mdb ﬁv@pﬂu; » Zyng & 5 ¢ e
Zynq do B e BRI XN FEL TG > BAEEE E R R A FER RS 0 BT 2
Fpulw BolRagdest > £ RN T RERE R aulg % o
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Algoritl :
(1\/1;3_1; :]131) Hardware Design
MATLAB -
HDL Coder Vivado
P Viado | Hardware Information
(Bitstream & C)
Xilinx SDK
Zynq Chip
(a)
Algorithm o %
(MATLAB) Hardware Design
\Légi';B Vivado
Algorithm Hardware Information
(©) (Bitstream & C)
Xilinxk SDK
Zynq Chip
(b)

B 3.1.3.6 ~ F¥Es x BAzN 2 r Zyng & B2 &3 3 iTo AR 0 ()25 5 d MATLAB HDL Coder
f3e  IP 14 22 AT 83K 3535 48 Vivado 2 < Bitstream 22§ 0 C 32 2 425875 > %ﬁ"v} Xilinx SDK

T2 r Zyng & F ¢ o (D)2 5 d MATLAB Coder ##46 = C:7 3 #4257 > A 0K 4:§
Vivado # = Bitstream &2 ¥ C 3 5 257450 - :‘ii%gd Xilinx SDK a3 22 » Zyng &

I
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Personal Computer

ezt 53] 1 (000 00000 Tewstor [ 11 [t [ WPt |

Terminal

Data Transmitted
via UART

FPGA Chip

Result Transmitted

via UART

@ 3137 > "—ngﬁ Zynq BBB )14—7»:‘&__1" Fﬁg ]’,/AJ‘F_%‘] °

v

Ao > BB R 1 TS 15 60 ), cPlich it
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e 95 106 & g THA - ERE | FREPIBAER EIJ”erF'"JmP"‘ = % o Prig 104
EFPFREFL 4 3132 ¢ VI5-VI16 2 V26 = B & £y TR TR A mﬂzéfi
FONFERAE LT 2 ena (7o b ZEFT B S 1S 60 f) chdicdy 0 A u“iﬁ\ T E B enyE
#2 ;' —Identification Function & d15% 3% A S T e R B ¥ pF o ¢ 35 40 ik f'}ﬁﬁ >3
TSP G R % Eic(local variable) o 4o B 3.1.3.9 #7F > AT Bk 60 f) crdicdp 2w oo
SN SR - LR R AR R R IRRL R T R FE o &
B d PR S D AR T LH = Fom 5 PFEDL TS - BT b ed e ﬂg
EplEEE B TR E BN FERFE 2 > REE N FPGA en i (B L o
FPGA p 0% 2 W RLF 52 ¥ 2 ¥r T RUET BB B 471 I e PlEcdy > 5 0t B4R ’;\Iﬁu&,
RIBA S F 4o lmdt ) RA L ¥ EE DT IR E - AR dedcfh 60 F)cnlichp e 7 £40F 2 5%
WMo AP FEFERFRET AT ATE BFAEE 0 ¥ ?‘2%4?1 LR F 7 R
VRFHREY ER- R PIERATRPET L S AFE R o F b ﬁ%sﬁﬁﬁ@éi(i
3132 &), A F it TALE? B LOCA it T AR o am 22 > AP T8 § 1
RIS E ) TRERTRERE TRRBAGRALIE ) 2 T30 0472 | 175 K
PEend BEA T HEATERZE 2 TVHEFBAPERZ ) TP REREF EEZR
73 N B d ) TEITHRE SN | (TEAHE kM- 2FHE :s‘f,pﬂj Byl kot o

A

Detection Result

| Steam Generator A Tube Rupture

come < [ connea | [ mansmic
Monitor
Monitor Plot
Plant Variable
PPressure of Reacor coolant P Pressure of Reactor coolant systemiRCS) (Ba 2
system(RCS) (Bar) TG e mwume of RCS (°C)
THA & of hot leg (A Ioop)
120 THB Tempe e of hot leg (B loop)
~ TCA  Tempe: of cold leg (A loop)
M— T8 Temperatu e of ok teg (B loop)
100 WRCA  Core flow rate (t/hr) (4 loop)

WRCB  Core flow rate (t/hr) (B loop)

PSGA  Steam generator(SG) pressure at 100% power (bar) (A loop)
80 PSGB  Steam generator pressure at 100% power (bar) (B loop)
WFWA A SG feedwater flow (t/hr)

WFWB 8 SG feedwater flow (t/hr)
60 WSTA A SG steam flow (
WSTB 8 SG steam flow (t/hr)
VOL  Volume of RCS liquid (m3)
WPz Pressurizer Level (%)
VOID  Void of RCS (%)
WLR  Flow RCS leak (t/hr]
20 WUP  Flow Prar PORV(BYJJREERS) and safeties (t/hr)
HUP  SpecEnthalpy Prar(Pressurizer) top discharge (ki/kg)
HIW  SpecEnthalpy RCS leak (ki/kg)
0 WHPI  Flow HPI (t/hr)
0 20 40 60 80 100 120 140

] Check to keep update

B 3.1.3.8 ~ ¥xhfpstz & —‘ﬁ fig o
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Before Identification

Zynq Chip
Data via
/ Data(Sensor 1
. BERE ( )~ Identification
Data(Sensor 2)—> Function —> 0
Data(Sensor 3)—
Identification
Zynq Chip
Data via Event Class
UART Data(Sensor 1) - : ) ia UART
_ & : T Identification Event | RERT s
Data(Sensor 2) —> Fusicti ™ Class
Data(Sensor 3) — unetion

#l 3.1.3.9 ~ 7% lf%fr%@’ﬁ‘é%é_ K FESangopis - v i iE
E‘

3.1.3.5 B4 ¥ & GUR & FREIR B 2 2 0%l se;ff*

5 FBEE R TS e BaER 0 R PR AT L 2w LOCA 4 #EEFE - szt H g a4
Zjw] LOCA /v ~ P glr 2 A ghr i Apa %{’ ;?J%Fa RPN R TR Y SRR R
B %5 LR TREYERIFEZE | 2 TETMELRZE » d PRI BE R PEY
Rl 5w 7RIl 2 SHSERFEZ e85 AFRSF L2 AL P
EFREF)EFIRE > PREB MR EFOFE R L cHREIEPRYBBEY AR
¥4 e T g - 21 sz (leave-one-out cross validation) | B >N 2553 3 2 i » 7 2B R
i 106 & N %R 4 [6] 0 ™ SKE LS )RR 3.1.3.10 -

B 3.1.3.10 ¥ H bt £ F B P BHcE )3 SRR R S AN A EY ATE B
BB BEFIERTEE GRS A FES OMA LI RIRE 2 e L (B PR R R
EwE ) ERP 7B RPIEAGE RAREZ LS AR PR GEDD 2 KPE 3
10 BRPBIE T F 98%m Ferpppd o HY AERPIEL 8 RRIFZAGE RARPZH[
R B R T Py 99.44% 0% FEE S o RPE 2 BRPIER  FIF O A EOPERT
WM T RFRERF AR T AR L o V- 3G o A S A AT RS AR R R T E
EE TR BRE 2B 3B A 6Bt H R el O E R B AR R A2 A

DRSO MAP LSRR EERE FEORE AR Y D F L RS
Vot A )-SR ARE PR 50 3 GBI i i A A ISR A1 ] A S ANE I Sl I - S Ll Sl - S
AR R Gldel BT % Al BT G 45 5 80 cm? 4 LOCA - 3 % AR 5 LOCA
PR R o Rpp RSk 0 AP R BRI UR R 2 2 E2E E N FPGA L

—
pared

3\3—

WA
e

fon
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100 . . , , , | |

99 -
S T
M
B
w\ —
96 [ —O—PCA+SFS | |
PCA + dSFS
—le— stBP + SFS
StBP + dSFS
95 L L I 1 I | |
2 3 4 5 6 7 8 9 10

e ks
B13.1310 - "EFPEL R FOUE - A BEAIFHA B RE LERE 2 Oyrps g

it oo
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REvent.m (& 4% & #5385 5 3u 8275 78)

function reportevent = REvent(sensorA,sensorB,sensorC,sensorD,sensorE,sensorF,

sensorG,sensorH,sensorl)

persistent B;
persistent counter;
persistent eventdata;
persistent eventsensor;

if isempty(B)

B = coder.load('TrainInfo.mat’);

counter = 1,

eventdata = ones(61,9);

eventsensor = [2,3,4,18,20,21,22,23,24];
end

eventdata(counter,1) = sensorA,
eventdata(counter,2) = sensorB;
eventdata(counter,3) = sensorC;
eventdata(counter,4) = sensorD;
eventdata(counter,5) = sensorE;
eventdata(counter,6) = sensorF;
eventdata(counter,7) = sensorG;
eventdata(counter,8) = sensorH;
eventdata(counter,9) = sensorl;

if(counter == 61)
f = ones(1,16);
tmp = ones(61,9);

Y = [ones(1,4)*1 ones(1,7)*2 ones(1,13)*3 ones(1,4)*1 ones(1,7)*2 ones(1,13)*3 ones(1,20)*4 ones(1,20)*5 ones(1,10)*6
ones(1,3)*7 ones(1,3)*8 ones(1,3)*9 ones(1,3)*10 ones(1,3)*11 ones(1,3)*12 ones(1,3)*13]’;

fori=1:9
tmp(:,i) = eventdata(:,i)-B.X_mu(:,eventsensor(i));
end

f(1,1:2) = tmp(:,1)"*B.PCA_EigenVec(:,[1 2]);

f(1,3:4) = tmp(:,2)*B.PCA_EigenVec(:,[1 2]);

f(1,5:6) = tmp(:,3)*B.PCA_EigenVec(:,[1 2]);

f(1,7) = tmp(:,4)*B.PCA_EigenVec(:,9);

(1,8) = tmp(:,5)*B.PCA_EigenVec(:,9);

f(1,9) = tmp(:,6)"*B.PCA_EigenVec(:,9);

f(1,10) = tmp(:,7)*B.PCA_EigenVec(:,9);

f(1,[11 12 13]) = tmp(:,8)"*B.PCA_EigenVec(:,[10 11 12]);
f(1,[14 15 16]) = tmp(:,9)*B.PCA_EigenVec(;,[10 11 12]);

F = repmat(f,119,1);

d = B.Train_Feature(:,[34 56 7 8 46 48 49 50 51 52 53 54 55 56]);

[test_class] = untrainReg(d',f',Y);
if test_class ==
EE = d-F;
D = abs(EE);
distance = sum(D,2);
mindex = 0;
[~,mindex] = min(distance);
else
mindex = -1;
end
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counter=1;
reportevent = mindex;

else
counter = counter+1;
reportevent = 0;

end

end

untrainReg.m (& 3" % & FEah# i #25575)

function [test_class] = untrainReg(train, test, train_class)

spread = 0.08;
k=3;

Nclass = length(train_class);
Ninclass = max(unique(train_class));
tcp = zeros(Nclass,Ninclass);

for j = 1:Nclass
[~tcp(j,:)] = PNN(train,train_class,train(:,j),spread);
End

[~,cp] = PNN(train,train_class,test,spread);
test_cp = cp;
train_cp = tcp;

[~,maxcid] = max(test_cp);
idx_vec = 1:length(train_class);

tcid = idx_vec(train_class == maxcid);
tc = train_cp(tcid,maxcid);

s = sort(tc);
g1 = log10(s(round(0.25*length(s))));
g3 = log10(s(round(0.75*length(s))));

qir = q3-q1;
lower_bound = q1-k*qir;

hypo = log10(test_cp(maxcid));
if hypo < lower_bound

test_class = 0; % disp('unknown class’)
else

test_class = 1; % disp(‘trained class’)
end
end

%% PNN classifier

function [predictClass,output] = PNN(trainingData,trainingClass,testingData,sigma)
% Inputs for this function:

% trainingData: (features,events)

% trainingClass: length is as same as trainingData's row

% testingData: (features,1)

% spread: kernel width

[feature, events] = size(trainingData);
X = trainingData;
xt = testingData;

%% normalization every feature vectors
Nx = x./(ones(feature,1)*sgrt(sum(x."2))) ;
Nxt = xt./(ones(feature,1)*sqrt(sum(xt."2)));

% then we can prepare input nodes
% first, checking each class include how many events
maxC = max(trainingClass);
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% and "input" is training features product testing features
Ih = zeros(maxC,1);
for c = 1:maxC

idx_vec = 1:length(trainingClass);

eventidx = idx_vec(trainingClass == ¢);

input = zeros(length(eventidx),1);
kernel = zeros(length(eventidx),1);
for i = 1:length(eventidx)
input(i) = Nx(:,eventidx(i))*Nxt;
kernel(i) = exp((input(i)-1)/sigma”2); % kernel function
end
Ih(c) = sum(kernel)/length(eventidx); % likelihood for each class
end

% then calculate output node

output = zeros(1,maxC);

for ¢ = 1:maxC
idx_vec = 1:length(trainingClass);
eventidx = idx_vec(trainingClass == c);

cp = length(eventidx)/events; % probability of each class occured
output(c) = Ih(c)*cp;

end

predictClass = find(output == max(output));

end

DetectEvent.m (K& 4% i @ p] % 324255 75)

function isevent = DetectEvent(sensors)
persistent DB;
persistent Pcounter;
persistent Tcounter;
persistent Fcounter;
persistent Wcounter;
persistent Rcounter;
persistent Pressldx;
persistent Templdx;
persistent Flowldx;
persistent WaterLVIdx;
persistent Radldx;

if(isempty(DB))
DB = coder.load('DetectInfo719.mat");
Pcounter = 0;
Tcounter = 0;
Fcounter = 0;
Wcounter = 0;
Rcounter = 0;
Pressldx =[1 2 3 4];
Templdx =[56 789 10];
Flowldx = [11 12 13 14 15 16];
WaterLVIdx = [17 18 19 20 21 22];
Radldx = [23 24 25];
end
T2 = zeros(5);
T2(1) = fault_detect(sensors, WaterLV1dx, DB.W_num_PC, DB.avg_N, DB.W_PC, B.W_eigval);
if T2(1) > DB.W_T2upper
Wcounter = Wcounter+1;
else
Wcounter = 0;
end

T2(2) = fault_detect(sensors, Pressldx, DB.P_num_PC, DB.avg_N, DB.P_PC, DB.P_eigval);
if T2(2) > DB.P_T2upper

Pcounter = Pcounter+1;
else
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Pcounter = 0;
end

T2(3) = fault_detect(sensors, Templdx, DB.T_num_PC, DB.avg_N, DB.T_PC, DB.T_eigval);
if T2(3) > DB.T_T2upper

Tcounter = Tcounter+1;

else

Tcounter = 0;
end

T2(4) = fault_detect(sensors,Flowldx, DB.F_num_PC, DB.avg_N, DB.F_PC, DB.F_eigval);
if T2(4) > DB.F_T2upper

Fcounter = Fcounter+1;

else

Fcounter = 0;
end

T2(5) = fault_detect(sensors,Radldx, DB.R_num_PC, DB.avg_N, DB.R_PC, DB.R_eigval);
if T2(5) > DB.R_T2upper
Rcounter = Rcounter+1;
else
Rcounter = 0;
end
isevent = 0;
if(Pcounter>=4)
isevent = 1;
end
if(Rcounter>=4)
isevent = 1;
end
if(Wcounter>=4)
isevent = 1;
end
if(Fcounter>=4)
isevent = 1;
end
if(Tcounter>=4)
isevent = 1;
end
end

fault_detect.m (4% @ ip] % 363 S 3%)

function T2 = fault_detect(Data, Sensor_Type, Num_PC, avg_N, PC, eigval)
actual_vec = Data(Sensor_Type);
actual_vec = actual_vec - avg_N(Sensor_Type);

diagMat = eye(Num_PC);
fori=21:Num_PC

diagMat(i,i) = eigval(i);
end

score = PC(:, 1:Num_PC)"*actual_vec';
T2 = score'*inv(diagMat)*score;
end

Detecttb.m

load('timeDB719.mat);
AB = zeros(1,119);
Pressldx = [2 10 11 41];
Templdx =[34567 35];
Flowldx =[89 12 13 14 15];
WaterLVIdx = [17 26 27 30 31 44];
Radldx = [67 68 69];
Fluxldx = 58;
for(i = 1:119)
DB = cell2mat(EVENTmat(i));
for(j = 1:1001)
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if(DetectEvent(DB(j,[Pressldx Templdx Flowldx WaterLVIdx Radldx Fluxldx]))==1)
AB(L) = };
break;
end
end
end

REventtb.m

clear;
load('TestData.mat');

A =zeros(61,112);
tsensor = [15,16,26];
forj=1:112
fori=1:61
Adij) =
REvent(X(i,tsensor(1),j),X(i,tsensor(2),j), X (i,tsensor(3),j));
end
end
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2. M CHFZHERZERT & Rlf e

REvent.c — (1)

REvent.c — (2)

/* Include Files */
#include "rt_nonfinite.n"
#include <string.h>
#include "REvent.h"
#include "sum.h"
#include "abs.h"
#include "repmat.h"

/* Type Definitions */
#ifndef typedef_struct T
#define typedef_struct_ T

typedef struct {
double PCA_EigenVec[854];
double Train_Feature[7259];
double X_mu[1586];

} struct_T;

#endif [*typedef_struct_T*/

/* Variable Definitions */
static struct_T B;

static double counter;

static double eventdata[549];
static double eventsensor[9];

/* Function Definitions */
/*
* Arguments : double sensorA
* double sensorB
double sensorC
double sensorD
double sensorE
double sensorF
double sensorG
double sensorH
double sensorl
Return Type : double

L T B

*/

double REvent(double sensorA, double sensorB, double sensorC,
double sensorD, double sensorE, double sensorF,
double sensorG, double sensorH, double sensorl)
{

double reportevent;

intk;

inti;

double f[16];

double ex;

double tmp[549];

double dv0[1904];

double dv1[1904];

double dv2[1904];

double distance[119];

static const signed char ivO[16] = { 2, 3, 4, 5, 6, 7, 45, 47, 48, 49, 50,
51,52,53,54,55};

boolean_T exitgl;
/*  persistent mindex; */
/*  persistent mdistance; */
eventdata[(int)counter - 1] = sensorA,;
eventdata[(int)counter + 60] = sensorB;
eventdata[(int)counter + 121] = sensorC;
eventdata[(int)counter + 182] = sensorD;
eventdata[(int)counter + 243] = sensorE;
eventdata[(int)counter + 304] = sensorF;
eventdata[(int)counter + 365] = sensorG;
eventdata[(int)counter + 426] = sensorH;
eventdata[(int)counter + 487] = sensorl;
if (counter == 61.0) {
for (k =0; k< 16; k++) {
f[k] = 1.0;

for (i=0;i<9;i++) {
/*  projection */
for (k=0; k< 61; k++) {
tmp[k + 61 * i] = eventdatal[k + 61 *
i] - B.X_mu[k + 61 * ((int)
eventsensor[i] - 1)];
}
}

for (k =0; k< 2; k++) {

f[k] = 0.0;

for (i=0;i<61;i++) {
f[k] += tmp[i] * B.PCA_EigenVec[i + 61
* Kl

1

}

fl2 + K] =0.0;
for (i=0;i<61;i++) {
f[2 + K] +=tmp[61 +i] *
B.PCA_EigenVec[i + 61 * kJ;
}

f[4 +K]=0.0;
for (i=0;i<61;i++) {
f[4 + K] +=tmp[122 +i] *
B.PCA_EigenVec[i + 61 * kJ;
}
}

ex =0.0;

for (k =0; k <61; k++) {
ex +=tmp[183 + k] * B.PCA_EigenVec[488
+Kk];

}
f[6] = ex;
ex = 0.0;

for (k=0; k<61; k++) {
ex +=tmp[244 + k] * B.PCA_EigenVec[488
+KJ;

}
f[7] = ex;
ex = 0.0;

for (k=0; k<61; k++) {
ex +=tmp[305 + k] * B.PCA_EigenVec[488
+Kk];

}
f[8] = ex;
ex = 0.0;

for (k =0; k <61; k++) {
ex +=tmp[366 + k] * B.PCA_EigenVec[488
+Kk];

}

f[9] = ex;
for (k=0; k<3; k++) {
f[10 + k] =0.0;
for (i=0;i<61;i++) {
f[10 + K] +=tmp[427 +i] *
B.PCA_EigenVec[i + 61 * (9 + K)];
3

f[13 + k] =0.0;
for (i=0;i<61;i++) {
f[13 + k] +=tmp[488 +i] *
B.PCA_EigenVec[i + 61 * (9 + K)];
3
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REvent.c — (3)

DetectEvent.c — (1)

repmat(f, dv0);
for (k = 0; k < 16; k++) {
for (i=0;i<119; i++) {
dv1[i + 119 * k] = B.Train_Feature[i
+ 119 * ivO[Kk]] - dvO[i + 119 * k];

}

b_abs(dv1, dv2);
sum(dv2, distance);
if (IrtiIsNaN(distance[0])) {
i=1;
Yelse {
i=0;
k=2;
exitgl = false;
while (('exitgl) && (k < 120)) {
if (IrtIsNaN(distance[k - 1])) {
i=k;
exitgl = true;
}else {
k++;
}
}
}

if (i==0){
i=1;
Yelse {
ex = distanceli - 1];
for (k =1i; k+1<120; k++) {
if (ex > distance[K]) {
ex = distance[k];
i=k+1;
}
}
}

counter = 1.0;

reportevent = i;
Yelse {

counter++;

reportevent = 0.0;

}

return reportevent;

}

/*
* Arguments
* Return Type
*/
void REvent_init(void)
{
static struct TrO={ { ......
} [* X_mu */
3
static const double dv3[9] = { 2.0, 3.0, 4.0, 18.0, 20.0, 21.0, 22.0,

23.0,
240%;

:void
: void

int i0;

B =r0;

memcpy(&eventsensor[0], &dv3[0], 9U *

sizeof(double));

counter = 1.0;

for (i0 = 0; i0 < 549; i0++) {
eventdata[iO] = 1.0;

/* Include Files */
#include <string.h>
#include "rt_nonfinite.n"
#include "DetectEvent.h"
#include "inv.h"
#include "eye.h"
#include "fault_detect.h"

I* Type Definitions */
#ifndef typedef_struct_ T
#define typedef_struct T

typedef struct {
double F_PC[36]; double F_T2upper;
double F_eigval[6]; double F_num_PC;
double N_PC; double N_T2upper;
double N_eigval; double N_num_PC;
double P_PCJ[16]; double P_T2upper;
double P_eigval[4]; double P_num_PC;
double R_PCJ[9]; double R_T2upper;
double R_eigval[3]; double R_num_PC;
double T_PC[36]; double T_T2upper;
double T_eigval[6]; double T_num_PC;
double W_PC[36]; double W_T2upper;
double W_eigval[6]; double W_num_PC;
double avg_N[26]; struct_T;

#endif [*typedef_struct_T*/

[* Variable Definitions */

static struct_T DB;

static double Pcounter;

static double Tcounter;

static double Fcounter;

static double Wcounter;

static double Rcounter;

static double Pressldx[4];

static double Templdx[6];

static double Flowldx[6];

static double WaterLVIdx[6];

static double Radldx[3];

/* Function Definitions */
/*
* Arguments
* Return Type
*/
double DetectEvent(const double sensors[26])
{
double isevent;
int aoffset;
double b_data[36];
int b_size[2];
double actual_vec[4];
int diagMat_size[2];
double diagMat_data[16];
int boffset;
intk;
double score_data[4];
double a_data[16];
double b_a_data[6];
inty_size_idx_1;
double dO;
double y_data[6];
double b_actual_vec[3];
int b_diagMat_size[2];

: const double sensors[26]
: double
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I* mindex = 0; */
I* mdistance = 10000; */

double b_diagMat_data[9];

DetectEvent.c — (2)

DetectEvent.c — (3)

double b_score_data[3];
double c_a_data[9];
if (fault_detect(sensors, WaterLVIdx,
DB.avg_N, DB.W_PC, DB.W_eigval) >
12.8557501835631) {

Woeounter++;

Yelse {
Wcounter = 0.0;

}

for (aoffset = 0; aoffset < 4; aoffset++)
{
actual_vec[aoffset] =
sensors[(int)Pressldx[aoffset] - 1] —
DB.avg_NI(int)
Pressldx[aoffset] - 1];

}

eye(4.0, b_data, b_size);

diagMat_size[0] = b_size[0];

diagMat_size[1] = b_size[1];

aoffset = b_size[0] * b_size[1];

if (0 <= aoffset - 1) {

memcpy(&diagMat_data[0], &b_data[0],

(unsigned int)(aoffset * (int)sizeof
(double)));

}
for (boffset = 0; boffset < 4; boffset++)

diagMat_data[boffset + diagMat_size[0] *
boffset] = DB.P_eigval[boffset];
for (aoffset = 0; aoffset < 4; aoffset++)
{
a_data[aoffset + (boffset << 2)] =
DB.P_PCIboffset + (aoffset << 2)];

score_data[boffset] = 0.0;
}
for (k=0; k <4; k++) {
if (actual_vec[k] !'=0.0) {
aoffset = k << 2;
for (boffset = 0; boffset < 4;
boffset++) {
score_data[boffset] += actual_vec[k]
* a_data[aoffset + boffset];
}
}
}

for (aoffset = 0; aoffset < 4; aoffset++)

b_a_data[aoffset] = core_data[aoffset];
}
inv(diagMat_data, diagMat_size, b_data,
b_size);
y_size_idx_1 =b_size[1];
for (aoffset = 0; aoffset < b_size[1];
aoffset++) {
boffset = (aoffset << 2) - 1;
y_data[aoffset] = 0.0;
for (k =0; k< 4; k++) {
if (b_data[(boffset + k) + 1] 1= 0.0)
{
y_data[aoffset] += b_data[(boffset +
k) + 1] * b_a_data[k];
}

for (aoffset = 0; aoffset < y_size_idx_1;
aoffset++) {
d0 +=y_data[aoffset] *
score_data[aoffset];

}

if (d0 > 9.6367008470561526) {
Pcounter++;

Yelse {

Pcounter = 0.0;
}
if (fault_detect(sensors, Templdx,
DB.avg_N, DB.T_PC, DB.T_eigval) >
12.8557501835631) {
Tcounter++;

}else {

Tcounter = 0.0;
}
if (fault_detect(sensors, Flowldx,
DB.avg_N, DB.F_PC, DB.F_eigval) >
12.8557501835631) {
Fcounter++;
}else {
Fcounter = 0.0;
}
for (aoffset = 0; aoffset < 3; aoffset++)
{
b_actual_vec[aoffset] =
sensors[(int)Radldx[aoffset] - 1] —
DB.avg_N[(int)
Radldx[aoffset] - 1];

eye(3.0, b_data, b_size);
b_diagMat_size[0] = b_size[0];
b_diagMat_size[1] = b_size[1];
aoffset = b_size[0] * b_size[1];
if (0 <= aoffset - 1) {

memcpy(&b_diagMat_data[0], &b_data[0], (unsigned

int)(aoffset * (int)sizeof(double)));

for (boffset = 0; boffset < 3; boffset++)
{
b_diagMat_data[boffset +
b_diagMat_size[0] * boffset] =
DB.R_eigval[boffset];
for (aoffset = 0; aoffset < 3; aoffset++)
{
c_a_datafaoffset + 3 * boffset] =
DB.R_PCJboffset + 3 * aoffset];
}
b_score_data[boffset] = 0.0;
}
for (k=0; k <3; k++) {
if (b_actual_vec[k] !=0.0) {
aoffset = k * 3;
for (boffset = 0; boffset < 3;
boffset++) {
b_score_data[boffset] +=
b_actual_vec[K] * c_a_data[aoffset +
boffset];
}
}
}

for (aoffset = 0; aoffset < 3; aoffset++) {
b_a_data[aoffset] = b_score_data[aoffset];
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3
d0=0.0;

inv(b_diagMat_data, b_diagMat_size, b_data, b_size);

y_size_idx_1=Db_size[1];

for (aoffset = 0; aoffset < b_size[1]; aoffset++) {
boffset = aoffset * 3 - 1;

DetectEvent.c - (4)

fault_detect.c

y_data[aoffset] = 0.0;
for (k =0; k< 3; k++) {
if (b_data[(boffset + k) + 1] 1= 0.0)
{

y_data[aoffset] += b_data[(boffset +
k) + 1] * b_a_data[k];
}
}
}
do=0.0;
for (aoffset = 0; aoffset <y_size_idx_1;
aoffset++) {
do +=y_data[aoffset] *
b_score_data[aoffset];

if (d0 > 7.9159929796529545) {
Rcounter++;
}else {
Rcounter = 0.0;
}
isevent = 0.0;
if (Pcounter >=4.0) {
isevent = 1.0;
}
if (Rcounter >=4.0) {
isevent = 1.0;
}
if (Wcounter >=4.0) {
isevent = 1.0;
}
if (Fcounter >=4.0) {
isevent = 1.0;
}
if (Tcounter >=4.0) {
isevent = 1.0;
} -
return isevent;
}
void DetectEvent_init(void)
{
static struct TrO={ {...... }/* avg N */
j2
intil;
DB =1r0;
Pcounter = 0.0;
Tcounter = 0.0;
Fcounter = 0.0;
Wcounter = 0.0;
Rcounter = 0.0;
for (i1=0;il1 <4;il++) {
Pressldx[i1] = 1.0 + (double)iZ;
}
for (il1=0;i1<6;il++) {
Templdx[il] = 5.0 + (double)il;
Flowldx[i1] = 11.0 + (double)il;
WaterLVIdx[il] = 17.0 + (double)il;
}
for (il1=0;i1<3;il++) {
Radldx[il] = 23.0 + (double)il;
}

/* Include Files */
#include <string.h>
#include "rt_nonfinite.n"
#include "DetectEvent.h"
#include "fault_detect.n"
#include "inv.h"
#include "eye.h"

double fault_detect(const double Data[26], const double
Sensor_Type[6], const double avg_N[26], const double PC[36], const
double eigval[6])
{
double T2; int aoffset;
double b_data[36]; int b_size[2];
double actual_vec[6]; int diagMat_size[2];
double diagMat_data[36];
int boffset;
intk;
double score_data[6];
double a_data[36];
double b_a_data[6];
inty_size_idx_1;
for (aoffset = 0; aoffset < 6; aoffset++) {
actual_vec[aoffset] =
Data[(int)Sensor_Type[aoffset] - 1] - avg_N[(int)
Sensor_Type[aoffset] - 1];

eye(6.0, b_data, b_size);
diagMat_size[0] = b_size[0];
diagMat_size[1] = b_size[1];
aoffset = b_size[0] * b_size[1];
if (0 <= aoffset - 1) {
memcpy(&diagMat_data[0], &b_data[0], (unsigned
int)(aoffset * (int)sizeof
(double)));

}
for (boffset = 0; boffset < 6; boffset++) {
diagMat_data[boffset + diagMat_size[0] * boffset]
= eigval[boffset];
for (aoffset = 0; aoffset < 6; aoffset++) {
a_data[aoffset + 6 * boffset] = PC[boffset + 6 *
aoffset];

score_data[boffset] = 0.0;

}
for (k=0; k <6; k++) {
if (actual_vec[k] !=0.0) {
aoffset = k * 6;
for (boffset = 0; boffset < 6; boffset++) {
score_data[boffset] += actual_vec[k] *
a_data[aoffset + boffset];
}
}

for (aoffset = 0; aoffset < 6; aoffset++) {
b_a_data[aoffset] = score_data[aoffset];

inv(diagMat_data, diagMat_size, b_data, b_size);
y_size_idx_1 =b_size[1];
for (aoffset = 0; aoffset < b_size[1]; aoffset++) {
boffset = aoffset * 6 - 1;
actual_vec[aoffset] = 0.0;
for (k=0; k<6; k++) {
if (b_data[(boffset + k) + 1] 1= 0.0) {
actual_vec[aoffset] += b_data[(boffset + k) +
1] * b_a_data[K];
}
}
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}

T2=0.0;

for (aoffset = 0; aoffset < y_size_idx_1; aoffset++) {
T2 += actual_vec[aoffset] * score_data[aoffset];

return T2;

untrainReg.c — (1)

untrainReg.c — (2)

/* Include Files */
#include <math.h>
#include <string.h>
#include "rt_nonfinite.n"
#include "REvent.h"
#include "untrainReg.h"
#include "log10.h"
#include "sort1.h"
#include "sum.h"
#include "sqrt.n"
#include "power.h"

/* Variable Definitions */

static const signed char iv0[119] ={1,1,1,1,2,2,2,2,2,2,2,3,3,
3,3,3333,3,3,33,1,11,1,2,2,2,2,2,2,23,3,3,3,3,3,3,
3,3,3,3,3,3,4,4,4/ 4,4/ 4,4 44 4 4 4 4 4 4 4 4 4 4 455,
55,5/5,5,5,5,5,5,5,5,5,5,5,5,5,5,5, 6, 6, 6, 6, 6, 6, 6, 6,6, 6,
7,7,7,8,8,8,9,9,9 10, 10, 10, 11, 11, 11, 12,12, 12, 13, 13,13 };

/* Function Declarations */
static void PNN(const double trainingData[1904], const double
testingData[16],

double predictClass_data[], int
predictClass_size[2], double

output[13]);
static double rt_roundd_snf(double u);

/* Function Definitions */

/*
* Inputs for this function:
* trainingData: (features,events)
trainingClass: length is as same as trainingData's row
testingData: (features,1)
spread: kernel width
* Arguments : const double trainingData[1904]
* const double testingData[16]
double predictClass_data[]
int predictClass_size[2]
double output[13]
:void

*
*

*

*
*
*

* Return Type
*/
static void PNN(const double trainingData[1904], const double
testingData[16],
double predictClass_data[], int
predictClass_size[2], double
output[13])
{

double dv2[1904];
double dv3[119];

int idx;

double dv4[16];

int partial TrueCount;
double b;

double Nx[1904];

inti;

double Nxt[16];

intc;

int trueCount;
boolean_T exitgl,;
double input_data[119];
int kernel_size[1];
double kernel_data[119];
signed char ii_data[13];
double Ih[13];

signed char tmp_data[119];

/* PNN classifier */

for (idx = 0; idx < 16; idx++) {
for (partialTrueCount = 0; partial TrueCount < 119;
partial TrueCount++) {
Nx[idx + (partial TrueCount << 4)] = trainingData[idx +
(partial TrueCount <<
4)] / dv3[partial TrueCount];

}

b_power(testingData, dv4);

b =b_sum(dv4);

c_sqrt(&b);

for (i=0;i<16;i++) {
Nxt[i] = testingData[i] / b;

*/
then we can prepare input nodes */
first, checking each class include how many events */
and "input" is training features product testing features */
/*  then calculate output node */
for(c=0;c<13;c++) {
trueCount = 0;
for (i=0;i<119; i++) {

if (ivO[i] ==1+c¢){

trueCount++;

}

}

if (0 <=trueCount - 1) {
memset(&input_data[0], 0, (unsigned int)(trueCount *
(int)sizeof(double)));

trueCount = 0;
for (i=0;i<119; i++) {
if (ivO[i]==1+¢){
trueCount++;

}

kernel_size[0] = trueCount;

if (0 <=trueCount - 1) {
memset(&kernel_data[0], 0, (unsigned int)(trueCount *
(int)sizeof(double)));

trueCount = 0;
for (i=0;i<119; i++) {
if (ivO[i]==1+¢){
trueCount++;
}
}

for (i = 0; i < trueCount; i++) {
partial TrueCount = 0;
for (idx = 0; idx < 119; idx++) {
if (ivO[idx] ==1+c¢c){
tmp_data[partial TrueCount] = (signed char)(idx + 1);
partial TrueCount++;
}
}

b =0.0;
for (idx = 0; idx < 16; idx++) {
b += Nx[idx + ((tmp_data[i] - 1) << 4)] * Nxt[idx];

input_data[i] = b;
kernel_data[i] = exp((input_data[i] - 1.0) /
0.0064);
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/* normalization every feature vectors */
power(trainingData, dv2);

sum(dv2, dv3);

b_sqrt(dv3);

/*

kernel function, here we use Gaussian kernel */

}

untrainReg.c — (3)

untrainReg.c — (4)

trueCount = 0;
for (i=0;i<119; i++) {
if (ivO[i]==1+c¢) {
trueCount++;
}
}

Ih[c] = c_sum(kernel_data, kernel_size) / (double)trueCount;

/* likelihood for each class */
trueCount = 0;
for (i=0;i<119; i++) {
if (ivO[i]==1+¢) {
trueCount++;
}
}

/* probability of each class occuring */
output[c] = Ih[c] * ((double)trueCount / 119.0);

if (IrtlsNaN(output[0])) {
idx =1,
}else {
idx=0;
partial TrueCount = 2;
exitgl = false;
while (('exitgl) && (partialTrueCount < 14)) {
if (IrtlIsNaN(output[partial TrueCount - 1])) {
idx = partial TrueCount;
exitgl = true;
}else {
partial TrueCount++;
}
}
}

if (idx ==0) {
b = output[0];
Yelse {
b = output[idx - 1];
while (idx + 1 < 14) {
if (b < output[idx]) {
b = output[idx];

idx++;
}
}

idx = 0;

partial TrueCount = 1;

exitgl = false;

while (('exitgl) && (partialTrueCount < 14)) {
if (output[partial TrueCount - 1] == b) {

idx++;
ii_data[idx - 1] = (signed char)partial TrueCount;
if (idx >=13) {
exitgl = true;
}else {
partial TrueCount++;
}
Yelse {
partial TrueCount++; }
}
if (1>idx){

partial TrueCount = 0;

}

dol
{

predictClass_size[0] = 1;

predictClass_size[1] = partial TrueCount;

for (idx = 0; idx < partial TrueCount; idx++) {
predictClass_data[idx] = ii_data[idx];

}

}

/*
* Arguments : double u
* Return Type : double
*

/

static double rt_roundd_snf(double u)

double y;
if (fabs(u) < 4.503599627370496E+15) {
if u>=0.5){
y = floor(u + 0.5);
}else if (u>-0.5) {
y=u*0.0;
Yelse {
y = ceil(u - 0.5);

Yelse {
y=u
}

return y;

uble untrainReg(const double train[1904], const double test[16])

double test_class;

int idx[119];

intk;

inti;

int nb;

intj;

double tc_data[119];

int Ninclass;

int p;

intq;

int gEnd;

int exitgl;

int exponent;

int KEnd;

int iwork[119];

signed char tmp_data[13];
double unusedU0_data[13];
int unusedU0_size[2];
double cp[13];

double tcp_data[1547];
boolean_T exitg2;

double q1;

int tc_size[1];

signed char b_tmp_data[119];
double do;

double d1;

/* count =[8;14;26;20;20;10;3;3;3;3;3;3;3]; */
I* nsize=0; */
memset(&idx[0], 0, 119U * sizeof(int));
for (k=0; k<=116; k +=2) {
if (ivO[k] <= ivO[k + 1]) {
idx[k] =k + 1;
idx[k + 1] =k +2;
Yelse {
idx[k] =k + 2;
idx[k +1] =k +1;
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Yelse {

partial TrueCount = idx;

}

untrainReg.c — (5)

untrainReg.c — (6)

idx[118] = 119;
i=2;
while (i <119) {
nb=i<<1;
=L
for (Ninclass = 1 + i; Ninclass < 120; Ninclass = gEnd + i) {
pP=J
q = Ninclass;
gEnd = j + nb;
if (qEnd > 120) {
gEnd = 120;
}

k=0;
kEnd = qEnd - j;
while (k + 1 <= kEnd) {
if (ivo[idx[p - 1] - 1] <= ivO[idx[q - 1] - 1]) {

iwork[Kk] = idx[p - 1];

p++

if (p == Ninclass) {

while (q < gEnd) {

k++;
iwork[Kk] = idx[q - 1];
q++;
}
}
}else {
iwork[K] = idx[q - 1];
g++;
if (9 ==qEnd) {
while (p < Ninclass) {
k++;
iwork[Kk] = idx[p - 1];
p++;
}
}
}
k++;

}
for (k = 0; k < kEnd; k++) {
idx[(j + k) - 1] = iwork[K];

j =qEnd;

i=nb;

}

}
} while (exitgl == 0);

nb++;
tc_data[nb - 1] = Ninclass;

if (1>nb) {
q=0;
}else {
g =nb;
}

if (q<=2){
if (@==1){
Ninclass = (int)(float)tc_data[0];
} else if (tc_data[0] < tc_data[1]) {
Ninclass = (int)(float)tc_data[1];
}else {
Ninclass = (int)(float)tc_data[0];

}
}else {
Ninclass = (int)tc_data[0];
for (k=1;k<q; k++) {
if (Ninclass < (int)tc_data[k]) {
Ninclass = (int)tc_data[k];
}
}
}

nb = Ninclass - 1;
for (q=0; q <=nb; g++) {
tmp_data[q] = (signed char)q;

for (j=0;j<119; j++) {
PNN(train, *(double (*)[16])&train[j << 4], unusedU0_data,
unusedU0_size, cp);
for (g = 0; g < Ninclass; g++) {
tcp_data[j + 119 * tmp_data[q]] = cp[q];
}
}

PNN(train, test, unusedUO_data, unusedU0_size, cp);
if (IrtIsNaN(cp[0])) {

p=1
}else {

p=0;

k=2;

exitg2 = false;

while (('exitg2) && (k < 14)) {

if (rtIsNaN(cp[k - 1])) {

for (k=0; k <119; k++) { p=k;
tc_data[k] = ivO[idx[K] - 1]; exitg2 = true;
}else {
k++;
nb =0; }
k=1, }
while (k <=119) { }
Ninclass = (int)tc_data[k - 1];
do { if (p==0) {
exitgl = 0; p=1;
k++; }else {
if (k>119) { gl =cp[p - 1];
exitgl = 1; for(k=p; k+1<14; k++) {
}else { if (g1 <cp[k]) {
frexp((double)Ninclass / 2.0, &exponent); gl = cp[k];
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if (!(fabs((double)Ninclass - tc_data[k - 1]) < Idexp(1.0, p=k+1;
exponent - 53))) }
{

exitgl = 1;
}

untrainReg.c — (7)

Ninclass = 0;
for (i=0;i<119; i++) {
if (ivo[i] ==p) {
Ninclass++;
}
}

nb =0;
for (i=0;i<119; i++) {
if (ivo[i] == p) {
b_tmp_data[nb] = (signed char)(i + 1);
nb++;
}
}

tc_size[0] = Ninclass;
for (g =0; g < Ninclass; g++) {
tc_data[q] = tcp_data[(b_tmp_data[q] + 119 * (p - 1)) - 1];

sort(tc_data, tc_size);
gl =tc_data[(int)rt_roundd_snf(0.25 * (double)tc_size[0]) - 1];
b_log10(&ql);
do0 =cp[p - 1];
b_log10(&d0);
d1 = tc_data[(int)rt_roundd_snf(0.75 * (double)tc_size[0]) - 1];
b_logl0(&d1);
if d0<qgl-3.0*(d1-ql)){
test_class = 0.0;

I* disp(‘unknown class'); */

}else {

test_class = 1.0;

I* disp(‘trained class') */

}

return test_class;

}

BLARKFF BB LR BRG]

a’ﬁa’i FgvY P TR AR E RN E REBL L o HY BWR #P X1k 18.3% » PWR
5 632% %L o K AP AT P TR LB E S RHPWR S CHkE EKE
BB Z EH Ak 5 B (Advanced Boiling Water Reactor, ABWR) - 2 5%“? T - SRR
BWR ¢t ’%z*f;\ﬁ],a PWR Yo s ABWR o 507 %% MArae @ R 4 fr-kae eene 2 g 4
L Y ST ER RS s SRy DS X TR Y 2N L EE
R EoK s BB R & S PWR 1 LeniE S % A 0 & 4 82/182/600 T & PWR
- XRAIKBRBE T RAAARS P A A4 - X RIAFRR A 4 6 4 (Primary Water
Stress Corrosion Cracking, PWSCC)3 %121 o p 5 i@ @ chPWR ¢ -k it & ergrd]|t 4 2 & 4
KfrdlF CHERE 0 0 P FEH A fE e A2 NiEF P a U E B fEA R o el
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B A X 44F t 25-50 cC (STPYKgH2O - PWR 4e » & # (v 5 BRA KR EF BB E > 5 1 #’;
FIF RS pH & > X 4o~ RBEEE £ § 1140 2 19 PWR K- 888 { 54552 Fpt PWR 4 2
Froksw prenie EERH G F e d R R KBRS R A K4 & 4 (Stress Corrosion Cracking, SCC) A
4 BB EIETIREE - PWR — =t i e su? srid * vdd L & £40 600 &£ £ ~ X-750-718 & £

EoRNE AL & A286 0 B A EESKN T ABEMKE F RS TR F 4L PWSCC o 3
# PWR — = ipi4 fr-k i g PWSCC g 2 J BB g 5 g b gk el &~ 6% g d - A Y

®

A sl R RPN S RS NaatE R s YRR T R B4
éigs;»uﬁvﬁﬁigﬂi TR A G F VHRRE IR AR g L Frdl & B R E RS A S e A
#ﬂ’;\ EREE LIRS S s S A iéftﬁ‘#’ﬂ AF B e

ARGHECR SR R R R R PH AL £ XTS0 Skt R AR
(Susceptibility) 2 ¥4 £ 75 > A&7 ;;ﬁﬁ PWR #icfs® B2 0 44 X750 2 P 277 i ikt
e 2478 U-bend 4 5% Fit o F RERIHFERDERT > B K FALH
WEF SCCHAl > TfREE T R F AR FRSHAFTL > HiEE Y T RF ww #SCC
PPRE > v (Tenfdid s Xk o

B oAkt R TR T S
=" 107 | 107 | 107 | 107 | 107 | 107 | 107 | 107 | 107 | 107 | 107 | 107
! 1 2 3 4 5 6 7 8 9 10 | 11 | 12

1B

PWR-k it § g2 44 4 i 4 i)

AR B2 v R AR B

PR

& 2 HEPWRS B K % 4

“2%)

B % U-Bend & + F 4 3 5%

FHRELICEArT%kE
& &£ X-750:# %

% 8320 CEB ¥ 2 & &

X-750: * 2 U-Bend J& #

A2k

BHE320°CHHE"Y 2 £ 4

X-750 # P2 T B Lod7

7 %

R ETZ A A

(SEM# AES)

FLEER — e
== A FE A (%) 8 |16 |24 |32 |41 (50 |59 |68 |76 |84 |92 |100
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3141 #7333
AHRB R BRABRKF BERRE  FUZE T A BoRETR K S o SR R ek

4v » H3BOs3 k& & 1500 ppm(mg/kg)% LiOH 3.5 ppm(mg/kg) » ¥ fb = & 5| F % o7& f2 kit &
BB L AE R M A 320 °C fr@’l 4F 4 1800 psi 2% 0 R RRT A > XM TR
ke R ERRE R o F - Eakr st Ubend Bt FBERT R V- B AR R
Eoirf sk ~u4cE 3.1.4.1 2§ 3.14.2 b’“r—’r o AF %Eb'“rife‘ * g & & X750 e = 4o
3.14.1 #7151 o :%srikx750%frﬂ:/anmljbg, TR EEAE FLER
Faffmig glgeit e SR /&mﬁﬁsf@; =g s mf{f;f’ Mo feiod £ PERYchfd # 3T
WFEA RS FRPR ek RE AL TS X 2 PN S PR i#ﬁﬂ*%m

B ARH P RBEYHAL & X750 o Al g A oA AR R -
TRk e e BB RRLET 2 50 AR ﬁ%&m/] SRR B PE G T R R B I e
gyit@m o phtpoFr Aoy PSR TR ESEEET ORI RS BT RE -

% 3141X750 405 & & A E &AL

Element Ni Cr Fe Mn Co Si S C Al Nb Ta Ti Cu

Percentage | Bal. 16.31 | 8.07 | 0.07 | 0.030 | 0.09 | 0.002 | 0.05 |0.68 |0.91 |0.002 252 |0.06 |0.004

(%)

- 384 5 U-bend &4 Fréddsk - F1% URRET A PWR 3 8 ke iy - (7
U-bend & 4 & :iis - U-bend &4 &g %@ * (08 80 mm x 20 mm x 2.5 mm 2 & = 3538
25 % 4B ASTM-G30-97 el 28 4] i 3 i % 12.59% 1 U-Bend & & (4] 3.1.4.3) » 1 ff )
A ERBEHNGNZBEZ > A u 5 IRREHA ERA B FAEES - A B 5E 0 300
600 > 1000 » 1500 |- pFeing B ip3E s » AT &£ € 54500 B T o F&{THF K N7 ik
2B H G TR HIVDPGRBELNFE L AR L5 RIS T A ¢ ok
FelkcE R Eie A2 Bl as w2 HAMER kD ¥ o

U-Bend J& # & d s%erie * 452k & & 5 Mp # B Hungtington Alloys Corporation 2. 4%
o X 75033 % LT b if 2 e > & W E FHA#I2(ST 1050 2 C»> 28 2 | % >
PR LA PE s KR o )BT IZ(TT » 700C > 2R 1o P> 458 24 [ PF > it o) P F
Brdlisieim U-bend EP > ZREFRFED DI G AP AFETE e FRT B EM]H
WA o kB ET AR G5 40-50 pSlem > 3 § kA -] * 50 ppb -

SoWA LT BT Y ES S 20mmx20 mm x I mm F 3 A5 > BEFR
TEB B IL(A050 & C> 2R 2/ FRE L P Rk ) BFEFLGAELTE N3
BokpER R H o AP R 316 ARG R R AGBL T ERE BB Y
TEEEN RS B BB E R RS ENH AL £ FE S Y 0 EAid i Conax fitting e R EER
NIRRT rﬂK“’ s p Un B R4UF MR T iR(HCR 3.14.4 v

* é’:ﬁ’ii&%éﬁra n%—w(KCI) T g R ERERL Ak FETERFY DU F P RET
Tt BREZa10mV R o AR ETCELAFRHRY 0 50 M IRdrop hR L €
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Water

Tank

TR R Lt RS

B °

Cooling Tube

X

Flow Meter

Recircualtion
Pump

Autoclave
,_D Damper

High Fressure
Pump

Hear Exchanger

% 3.1.4.1U-Bend &5 k fa3k k&

Cocling Tube

Temperauter Gamry Analyses Syste
Controller

4
91 ;}A} [l

High Pressure

Fump

B 3142 =

Recircualtion
Pump

_. Damper

Freheater

Hear Exchanger

DR R Lk
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D (HOLE DIAMETER)
CENTRALLY LOCATED

w 20 mm
20mm 2.5 mm
Pt —
: . ]
80 mm
(a) (b)

# 3.1.4.3 (a)U-Bend & & %375 7 & B (b)U-Bend %47 7 R, B

Ag ball
Ag wlre g l ﬁ/AgCI ball
l:,]p— r-
Teflon tube Zirconia tube Zirconia plug

add Saturated KCl solution add = YSZ powder

1 )

Saturated KCl solution YSZ powder

3142773 8%

31421 TR A
Bl 3.1.4.5 22 ] 3.14.6 % L4 P I 70 sLenB 58 XT50 & & ST Ayt kIR T 546 1500
Ptk BAE R R R g 2 o S s PR ﬁ»mgtJ% FR IR S

03] 10 Aok B g e piesh o 2B 0 R A w B e 2R ) e s g o 14 X75];
AIonTT W ALE 1500 LB RS AP R0F 20 Mk B B adcE s LG PR
EE U S 1 Wenqlan Zhang & % -4+ 4 5 40 1 30 316 7 dhdk 4 R A S A A4 B BT §
5 Y B A 47 FC50 Ak b BAniE 7R R 0 R PTG B RRAT B T 1 i AR A
* e gi% 8 i) A R Bl e pE g u e g A nB 8 3 AL A Az gl i
AR AR AR e PR AR RERET AT mE T TR EAFROA R BER
;f 50 pesf 14 T enB 0 B % BEm e 1500 ) pFende iE RIE S 0 B LR A A 1 gno 10 6E o

TA A G SHIEET  XT50Alloy F 2k b chad a4+ o
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P R EEIEA S R T BRI ASTEY P ER AR Ep R TT R RS
g iz vg?l5§_i' CFEZEASEXIB0 LA A WEBETRRERE LV REHRESKE SE
700 °C/24 -} Eﬁ?fﬁ%éi;ﬁ@fﬁ’-_w Bl v g s i o o 4 & ac 4 s 0 G & LA 9 5 TR
Fh okt R g e FIH R R A K 2R M ATE A Y R 2R e 1245 ASM
SPECIAL HANDBOOK p leckkeI Cobalt and Their Alloys & & 7 48 L & &2 4 FaE 4
IR A I B AILE R R TR R B g R R s L RiEs B
LR R AR A AP RIS BRASLIFEEZFPLE > Nd TR AT

B ORTERIEE T ST “ﬁzg Sk Ry T 0 FRER ;gi%m; B 224 B 4% 2 - 4345 P.Skeldon
E Ay #Fl Heoraend 7 FIRRATRIZREGRAS FaS Hap B3 %Y » X750 & & 3
M4 Ak B AR BNEEE B AT 250 °C chpF g b+ 2 endB 4 [0, & 4 PL. Andresen 5=
THEHY - BV PR RPN g 600 £ £ FRE RN ALY L F Adp iy
W AFHPIEO RS Y AL aug LA g R n(1.E-08 mm/s)H . fmfg B A A ent
0T UBREF AL EERE PR TS LR iR 4 X750 & 4 ST 4 Sk
Initiation & 24 -

X750(5T)
CRACK QUANTITATIVE ANALYSIS
350 31§20
300 27:‘5§rore U-Bend Test =300h =600h = 1000h = 1500h
250 §
= E
© 200 =
g B
%150 E 1 25
- = _E:L@:L%E
100 5 -=E=§
50 E % 21192121
E = 8=19 45775 12211
0 = = _== E e — —
10~20 2030 30740 40~50
Length(pm)

B 3.1.45 X750ST 2 &z & ~ 17
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X750(TT)

o CRACK QUANTITATIVE ANALYSIS

140 208 E Before U-Bend Test =300h =600h =1000h E1500h

[T

1# of Crack
[o2]
=

=
60 g
40 =
E 28937
o E 165 151717
E EE= E == B 4%z==E 04556 03333
0 = 1= = = 1= = = 1= = 1} = = — —
0~10 10~20 2030 30~40 40~50 50~60
Length(um)

B 3.1.4.6X750TT &z & ~ 17

3.1.4.3.2. kL 47
538 1500 o] PRI NG R RIGE 0 T OUBRBRIE Y A6 DA G F AR RFIRE 0

K ER R im’J*ﬁ:}Z‘_i"m@%ﬁa\m—*%w SR ?J‘HF%E'J% i b ef
A2 (B 3.1.4.7~F 3.1.4.10) » %5+ X750 Alloy ST @ % » $ & % st bb e & 5 A mup
FTNE R SR TR BT IS TRT T Qe (EC RIS ) ,ﬁ;: i’éi"ib%,@. o ﬁ»aew X
TR o @ 44 XTS0ANOY TT @ % » & & cnF 1 f2 /8 B 5930 &b L 5 o o P ) bde 4o s
LB S o

7 obs 1 31411~F 31416 4 A B|F 0 A BERS FEERRT HH MR 7L PR
AA g et o A G P FIA e AT & 2 0 Inclusion AT A% RS
A ABLPIauEY > T U A 1000 ) FEFERLR DL ring VS 0 A B Ml B R
EEE o P AEIC A Ak R BOATE A 1500 o) pE A ARERLE T o

o

F_*

A
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lopm NTHU = 10/18/2018

B 3.1.4.7 X750ST 2 ficat & fe & & % B hde 4o
(1500H)

8I0S\B\IL UHTH myorl —
2S:£0:IS mm0.2L QW M3z I32 Vi0.2l

B 3.1.4.9 X750TT 2% i {+35(1500H > £ &
¥ 20-30 )

=

— "~ loum NTHU 6/20/2018
15.0kV SEI SEM WD 15.3mm 13:57:03

Bl 3.1.4.11 X750(ST)*+ 300H % & jj ;e (% se4r

lopm NTHU 2 10/18/2018
SEM WD 14.8mm 19:11:34

il g e
10pm NTHU 11/8/
LM WD 24.8mm 20:39:58

B 3.1.410 X750TT 4 6 § i g3 & % %
(1500H)

——
15.0kV SEI LM

Bl 3.1.4.12 X750(TT)*" 300H # & - /m(i7 & fix

10pm NTHU 8/1/2018
WD 29.3mm 23:57:55




AROL) -

ipm  NTHU 7/20/2018 = e
15.0kV SEI SEM WD 15.3mm 10:32:21

) 3.1.4.13 600H 1% » X750(ST) 4 % W% & F Bk
TR A o

10pm NTHU 8/28/2018
WD 30.0mm 07:55:17

B 3.1.4.14 X750(TT).5 600H % & § & 5 i 4
A

10pm NTHU 9/18/2018

X 1,500 15.0kV SEI M WD 30.0mm 00:11:329

10pm NTHU 10/18/2018

) 3.1.4.15 5 1000H 15 X750(ST) % & & |

B 3.1.4.16 X750(TT)1000H # & $ = ¥ ¢

JLF IR My oy CEAH AR R A 20-30 M =+

31423 HFHh %

X7503# & :320°C - 1800psi &%k § i 2 TH BT (R 325 4 6 48 )2, e FE i
BEAFLFERIOS ppmBl pE#FE - 22 FRC HFRL 0 T RE S 0RSL141TI04
3142477 o« AT Mg Pl il » & F 218 > Alloy X750:0fF 4 % =% Fa T inH &k < ko
T rah T 7$-0.334 mMVspe™ "5 $]-0.679 MVspe 0 @ R AT on B R H€1.88%10% Alcm? T
*# 25.05%10°A/cm? (4 **3 & R TR ENSNF BT IR A LD & HPFE Ricd §F F
APt B AIY AT R EES R EHE AL PR TIERR ) WP kR
LARE RPN A B SRR S VR F Rty i SIS o
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0.0 ———rrry ———rrry ———rrr —
—&— Alloy X750 Deaerated
—@— Alloy X750 DH 0.5 ppm
-0.2 4
-0.4 4
>
o 061
O
w
-0.8 4
-1.0 d
10° 10* 10° 10*
Current density i (A/lcm?)
§13.1.4.17 Alloy X750 & i* # s & %
%3142 &£ E£F T V5 L
Sample ECP icorr Be
(VsHE) (nA/ cm?) (V/decade)
Deaerated -0.334 188 -0.154
DH 0.5 ppm -0.679 51 -0.255

3.143 B

1.

448 1500 | prennU-Bend F S 16 > X750 Alloy ST &2 TT % % 3 > £ A dAde e % ¥
eI IEAEC Y S BRIEE - A T L i SRR I

P eI T e X750 & £ P Lo AR LEER X > AINEA G A 17T
X750 Alloy TT #7 4 2 et 1 Bl % R e £ endB$ 8 75 22 & et o3 B F 85
Weng CIRGRP AR AL E T A PR o

PR T AT NS S H R R 0 B2 Mo g & (]2 50 Mot ) o B
X750 Alloy ST & X750 Alloy TT " FILT A i o

Alloy X750 %73 & 0.5ppm i 2 T+ fp st p § 05 2 4§ RSP BT o8 T
B o4 i&:{ﬁifﬁﬁvﬁf%iﬁ FoREORIRBY B s §F HER RS G Frdlak o

3

>
~=be
'
E
fmte

Al
=
~
3
=
il
i
o
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315 F BEBHERBENE2AAMT RIS e

APErAhERY > FAENES CCRLAREF 20 M v T#wmd gE K%
B~ FEEEE CCRL T RV s 22 =8 » FHow g2 & 8% 35330 51.3.1 & o j&
B pEY 0 A E A TG CCFL AP M 3 B2 k35 » Him ek 3530 5.1.3.2 & 242 o ¥
251327 » AHRRBEL LT FHEFER > BE LB R BT hiba 0§k b4
ER Y 527 CFD $++ CCFL 2 f3% » H i % B 7 #3422 5.1.5.3 & « st ¢ i a3
229 530 1 e CCFL 8 %

3.15.1CCFL § %% v kf

BRARREMPN > FIRAPE FARSIRE D w g F B FAROT RIS P A S AT -
RS ARRBAALFAANEE G SRR AT IR F AT A @‘ﬁﬁu@%ﬁﬁl
% 1 @ on '] (Counter-Current Flow Limiting, CCFL) » ¥ ® i 2 ¥ ¢ SR %oy 4 ¢ B
4"‘"“? zq”f* s 3}

A grokon 4 E #(loss of coolant accident, LOCA) ¥ /& -k ;% & J& % (Pressurized water
reactor, PWR) flpim ¢ 2 2 < £ 7T > 27 ¢ 54 #apkei(hot leg)inw 77 A 2 & (steam
generator) - 4@ 3.1.5.1 #7 - g B ? Frs ifpm R F 2 om ol o PRSP - T
# 9.i# & (superficial velocity)f= Bl p 7 EE R ; - LA 4p4 2 RAQE ! FF > [ € &
AR AL A FETIR G 0 @i 2ok 4 peEE (hydraulic jump)IR g > i@ F 3k CCFL %3 4
[1] o gt ek > L b 3R #45 (upper tie plate) ~ “ux g A (surge line) ~ 7 A 2 B N2 FARILE £
HEREFH T EAL CCFLIM % [2]o - 284 CCFLR %P> RE-KFIZREFA I &
pER AV PN %yﬂé o EmBEEA kA EHE R AT BRI § 3> AR -
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Steam Generator

Nuclear Reactor Core

Condensate

_ Coolant
Pump

| ™ Two-Phase
’ Mixture

B 3.1.5.1 % LOCA # # p#>* PWR 2 hotleg A # 2. CCF 3 #%[1]

TR R E 2 LOCA ¥ & » Bf & g 4 £ % %u(Emergency core cooling system, ECCS)#%
eGR4 Aok n F 4 IR B (cold leg) i ~ downcomer oo S P B eid s B B B TAT R TE
LT € e Ad > A B E )5 F s BB 4 H, (Reactor Pressure Vessel, RPV) -k
T o % 18 Bk = 43 downcomer (% B 0 Fl@ i 2 downcomer p % IR ZEE X% ALk en
Bl @ RR G - RARR SR A D B4R A A i (Stratified flow) i o B B &g it e
-k #€_ECCS % ¥ B ~ downcomer # > #-i¢ 7 RPV £ downcomer e17 7 5 18 € S ¥ 48 K iv ¥
@ o ECCS ymds » i@ 25237 ~ i AR 48 1 £ & % /i (Counter Current Flow, CCF) ; # 7 i3
2 CCFL chafl 4 @ @iz £ 4 frokim » 2 ke (dr® 3.1.5.2 »17) [3] -
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intact broken

cold tleg ﬁ\ifld leg

water ]

- Ssteam
water

downcomer

channel
gap S

water film
thickness &

channe]
length [

o

— S e S— wew

B 3.151PWR *® %3 %4 ¥ & LOCA % ¢ CCFL 1 % 77 & HI[3]

?ﬁﬂi?”@%C@lﬂﬁﬁﬂ%i%ﬂ%*ﬁ?&m%%ﬁﬁ@ﬁé%ﬁ%a%
B EP o F I RFAGS L ERSHCCFLR R 1 * 2P %EAHF ] - Bi6F ]
**?%7%@@# BARIRAEABAT < LR RS RAET HHE £ A %% s # CCFL
R TR VoA g ”"iﬁam'fi”/)a g 5 f# o

44 CCFL m % e 4 » Wallis {v Kutateladze ¥ #%& &1 7 - B B £/ * »> CCFL /5% ;¢
[4] > & =] &

(1)Wallis :

05 4 MjPS = (. (3.15.1)
ﬂﬂ’M\C%#&;ﬁéﬁﬂ«ﬂiﬂﬁi’i%%T!

it = e [ 2E—P5....(315.2)

gDi{pr—pg)
Jefrpg ~ bl s Kipehg Fl=t it 2 @ Rfr & > K 2 L(GR4p)~G(§4)'D gt gag?
beig B o

(2)Kutateladze :

Kul® + m Kul® = ¢,......(3.1.5.3)



B Kugs V- 8FZ 4 $ER > TEboT

Kuy = jg [W;—K_m 025 (3.1.5.4)

Ku, 5 Kutateladze #ic > o 5 % m % 4 -

B13.153 5 /&% DP ApliEgse it LB - B2 Ax B & A-DH 4> D-F "
BB-CH BRERAMH 4> " UETEBCEFY 24 CCFLI% [2] -

[S—
HAN

p— —
o O \o]
| | |

Pressure drop in test
section - DP [mbar]

Jg [m/s]

W 3.15.2 K DP fipld 4 s chig it [2]

Lifd e ped o L R K AR CCRLAPM hR S 4 5 0T & Bi#F 3
1ok g 4c b iEALE R 2% (02 hot leg 254 )

Al 1ssa(2011) [2]# 32 5 # -k & 22 (flooding curve) » p* # 2R EIF 2 &k sev 0o 05440
CCFL 2 W > 4-] 3154 #7177 » (FF b0 A S 2 BRE X2 L RB Y G 2 p g+ CCFL
2
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Overview of Onset of CCFL
Region 2
~ Region 1 - Region 3
0.7 —m—Kang 1999
. —=—Wongwises 1996
0.6 s Navarro 2005
M‘w""": R
05 W
0.4
+0.5
Jé 03
0.2 =
Tend of critical
~ gas superficial
0.1 velocity
0
0 0.1 d.Z a3 0.4 0.5 0.6 0.7
Jits
+ Instable waves/Rolt * Sudden slugging near liquid Observed/Possible
-Instable wave waves/Slugging exit — CCFL Mechanisms
-Hydraulicjump (location + Hydraulic jump in horizontal * Liquid entrainment near water
depends upon liquid flow rate) part away from bend or no jump et
-Roltwave growth +Slugging away from bend /near

-Slugging near the bend liquid exit
+Sudden slugging near liquid exit

B 3.15.3 424> CCFL 34 » Toft # % 4 %3¢ RAB% > 27 F %387 422 CCFL 2 #+41[2]
(1)j;%#<0.2 :

FRET WA FERA S #TFig > CCFL 2 g Rl v M4 R id &
RLH RS P RGE COFLRSLBHIEARULPEL ok W L (5 2 i
B" PERD /17§ i ﬂ;f) 1E G %’3? ]\aﬂ(slug)mﬁ

(2)0.2< %% <0.35:

L "‘z%fr?e’@ﬂ:’rfwfwﬁ% wﬁ&:ﬁg%cw%g%;v CCFL z & ﬂ:’zibi’iﬁ%\»@%ﬁggﬁ

; =
eIl g )t & Aok T AL TR J\%mg 4 o

1”&?}*“’5 %fr‘ﬂ’%-“OZHMrﬁb&"ffﬂ;ﬁu%&%ﬁ‘i@fki‘?“’#@‘rl—/@u e Wy om

2.4 ;054 0.2 k4 BHEETL R 2 0k ke

(3)j;°5>0.35 :

AEZ%T 0EFRATFIN A G ERH o TF RS CCFLZ B FS it F A R
KJ‘_Li“g4tﬁr'l U0 ) e M E 2 CCFL fﬁ_,@c v]r}i}ﬁ: |2h% ok 4 BeEE S 4 oA Bk~ '—"/i@
A 4 %4 & ¥ 1 % (liquid entrainment) o

TR AR 483 PWR ¢ % 4 LOCA & SBLOCA p#t hot leg ® & # CCFL i,
oo % 3151 5-kT H4c b A EFT AN CCFLn? AT > ¢ 5 % /2(D)~ kT 4 £ (L) »
AEE R Z A L RO)E S BAPE > & 8or 4 B4oB 3155 w7 o

118



Bl 3.1.5.4 %2 PWRhotleg & %-#7+ 2 BI[7]

Ohnuki(1986) [5] %% % # #£ 31 PWR hot leg ¥+ CCFL 2. #2588 » ¥ %k X A~B A fa ¥
FERKRMAIRGHEAEIAS BRI HAYE) B {rtd BAYE B A E
D Afka 2 WCDE~FEe A 3N (e $#EAKRBECE 2 DEE YA
F(&p 732 Famfuimj;r»h)) » 4o B 3.1.5.6 #7571 o &d B 3.15.7 £ @ 3.1.58 kL%
T P g )k 420 CCFL & P AR 5 -

Type
C
Type
D
A
E
B
F

Bl 3.155 F %2 4 ¥ 7 & W[5]
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l D T T T T T T T T T ' 0 1 T ] 1 ! T L

L | (b) |
Type T T
- e B |D=0026m . - ype
H=008m,1-01Sm e B |D=0026m
- s D |@-40° | - H=019m,1=005m"
R B a E |8=40°
/2 .
=071, ~
Js 05 “\3 /m c-140 6Ezmlr 7] Jg*uz 05 l'-—xé a B
i o« __ __ (Stable Region) _| | X, m=Q76, C=0565
o tU o\, & —Error ;
-+ ~Error N a = - e ~Fu (Stable Region} —
(Unstable Region) m=0.71 4 = Error .

- - - C=05 {Unstdble Region)|
[ U-Unstable Region . - U-Unstable Region N

O‘ B Y i 1 | 1 i 1 1 00 1 L ] L ] 1 .

OQD 05 1.0 o1} 05 1.0
J*uz J.wz
L
Bl 3.1.5.6 4 ¥ AA)Hk 2 5 %(B & D)[5] B 3.1.5.7 % & sk 2 B (B & E)[5]

Wongwises(1996) [1]#7 3+ CCFL -k T o 4v b AL H ¢ cnffa) o K H 7 &% 74 (1)
4o® 3.1.5.9 #75F > § # 4 L/Dratio P> #7 % chg 184 %@ )iifug REZOH e (2)@ 0<90°
PEMEAL & B e N E 2 P B ens (e § 0 TS ﬁ?%%fgﬁg“ﬁ%f‘ﬁp&l é_)“;mig%cm BFAR K ARP B >
T AR RMIEET LREEE LT (R 3.1.5.10) -

o " &
™ -
. b I
- " - . [
L]
n ™ -Il'._"-f
L]
-
ol " *-H-f
BTy i &
- s s . . La £
& s
=1
o e Piga nisl
8 L3
@ " LI
T
T
o [ o3 4 o8

248 1 .i
-
LS
[T ™ &
R Nt er 0000
-
T uﬁ.ba‘* o
214
LD i
221 Irenpr Py it
- gy
A & geTE
O e
L) v v
Qb L] ar -5} LB as
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Bl 3.1.5.10 4L & & 0 %+ CCFL «h8 [1]

Wongwises [6]*+ 4 4 (1998)4= § 1 s 4 5 & — ¥4 § $35 CCFL sy (@ k= F 52) -
i B 3151128 31512557 > A LR OAR S pF > & CCFLIL % *7 3 2 5 4p % %
iﬁi?‘*’iﬁj R gz&g&{;ﬁ—aﬁ? Len(22 hotleg #7 3 » MEAL & B ¥ CCFL 257 ) o

0.70
065 = .
0.60 o -
0.55 T
5 om-j is om
bfﬂ45* e
040 - « 1%
0.as < Upgar Ogen End
o . Aey
0.3 . By
0.25 - . Boeay
020 +———— T
02 03 04 05 06 OF 08 09 10

oy

B 3.1.5.11 M4 & & 0 %> CCFL 13 58[6]

o.Ta
085 2
060 =
0.55
0.50 -
C o045 o

0,40 = = &
035 - Uggar Dpers End e

® ssp
0.30 s Ded

0.25 . Baa
0.20 T T T T T T —
02 03 04 05 06 07 08 0% 10
e

("

B 3.1.5.12 ¥4 & & 0 %> CCFL CCFL 1 %5[6]

Kang et al.(1999) [7]>*#= % # L i® » ¢h7 f3 8 /£ D~k # & L %> CCFL % hotleg # &
B2 4% o 4rF] 3.1.5.13 2§ 3.1.5.14 #r1 o

Bl 31513 Z /= D $* CCFL 2 58 > # Mg /s DA% » F &322 CCFL IR % g 4p
F Gk AR o AR F B 2 CCFL- (B¢ (@)~(c)% & ¢ 42 80cm i & 4~ =] 5 928 2 3388mm ;
(b) ~ (d)# % # /= 40cm fe & £ & w5 700 2 3388mm)

W 31514 Z kT FE & L CCFL e 58> 4 kT ¥ £ LA%E » 3¢ & CCFL 3 % #7
B2 AR g G RgpAR] o WL A2 CCRL ¢
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Bl 3.158 kT4 &

Navarro(2005) [8]~ i& {7
WAL £ R 3t CCFL 2 048 -

]
- wm—, $4 CCFL I %2 %

L %+ CCFL 8

— T T

Regon It

R
w7 F

B’
2
r

[7]

3
0.1

B 3.15.9 # /=

7 4p Bt CCFL 7 % > 42 %] chd_pt 7
4o® 3.1.5.15 #75F 0 F H A A
ﬂ/ll“"ﬁ ‘g ’J‘ +§’}i ‘:”i”’r K§ ° ji_g &S,c_":‘l LL/_EII

N
03
oS

e
F

D 4+ CCFL % 5[7]

e A

LG PR AR 2
L E R fdn b onf AL
Ve { Aekg Tt

P
&

thotleg # 3 @ 4p B 54 F1+ >t CCFL e0f’ g4 > 4o 3.1.5.16~% 3.1.5.18 #7F o

06
TEE M
\"'*\ —
04 o
o Ly=08m S
i_ﬂ_: 0.3 D =0.054m Ly [m]: \\\'
024 6 =50" e 0l
H =004 m e 03
011 j,=0132ms  —e—05
0 T T T T
0 0,1 02 03 04 0,5
. FN2
gt
Bl 3.1.5.15 4L ¥ £ & ¥t CCFL e ¥[8]
0.7
0.6 a
p—__.;l._:grﬂ— .
0.5 ‘__:?z‘:;:‘ﬁ 7
2 049 p=oosam S,
: T~
2031 Ly=00m Ly |m|:\\:H
024 @ =50 0.3 ~e
H=004m ——05
0.1 jr =0.132mis ——0.3
0 ‘ . . .
0 ol 02, 03 04 05
Ji
 3.1.5.17 kT § & 43¢ CCFL % (8]
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0.6
05
04
o . D =0.054m
r:n 031 Ly=01m @ |degree|:
: 30
024 L,=05m o
014 H=004m ——70
Tl e =0032ms —+—90
0 T T T T
0 0,1 02 03 0.4 03
L K12
Jt
B 3.15.16 ¥ j= D %+ CCFL % 35[8]
0.6
0.5 1 D |m]:
+ 0.036
o " 0.054
7_: 0371, =08m
024L;=03m
o1 - §=50"
H=004m
0 T T
a 0.1 02 04
G
Bl 3.1.5.18 ¥4l & & 0 #* CCFL % 5[8]



Lucas et al.(2017) [9]**#= 5 ® 4734/ 4 43t CCFL (hg 58 o i ¥ RE T [§ 3.1519 @& ¥
i 5 R pE B FE 2 A R é@gﬂifiwmiwwﬁ—;ﬂvmum’ 2
ﬁ@%@ﬁ&T’ﬁﬁ

AERA > FTHRCCFLIR G4 2 & Fl=ti* 5 # 4 % g R

?'\

0,00 0,05 0,10 0,15 0,20 0,25 0,30 0,35
(j ")0,5
L
« 1bar 2kg/s = 1bar 1kg/s » 1bar 0,3kg/s « 2bar 2kg/s = 2bar 1kg/s « 10bar 2kg/s = 10bar 1kg/s
+ 10bar 0,3kg/s « 25bar 2kg/s 25bar 1kg/s 25bar 0,3kg/s # SObar 2kg/s = SObar 1kg/s

Bl 3.1.5.10 % [ & SR 4 P 43t CCFL e 582 4841 [9]
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% 3151 KT H 4 b A E AT 4P M CCFL th s B 32

T4 KT & L(m) | MAE & I(m) [ A E R 0°) # /= D(m) BN i [
(& )

Ohnuki 0.01-0.4 0.038-0.6 40;45 0.026;0.051; T F -k Wallis;

(1986)[5] 0.076 Rk
C=In{(Ln/D)(1/L1)}-0.066+0.88
C=In{(Ln/D)(1/L1)}-0.066+0.81
M=0.75

Ohnukietal. |0.26 0.06 50 0.0254 TF -k Wallis;

(1988)[15]
C=In{(Ln/D)(1/L1)}-0.066+0.88
M=0.75

Wongwises 0.557-2.816 ~1.26 50;75;90 0.064 T # -k -

(1996)[1]
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e kT FELM) | FEAEE M) | FALROC) | FEDm) | 1w B 1 5
()
Wongwises - 35 5;10;15;20; 0.029 Z & -k -
(1998) [16] 25;30
Chun et al. 0.7-3.388 0.623;0.648 35 0.04,0.08 T F -k Wallis;
(1999) [17]
C=0.603-0.00234(L+/D)
M=0.379
Navarro 0.1;0.3; 0.1;0.3;0.35;0. | 30;50;70;90 0.054; ZF -k -
(2005)[8] 0.35;0.42; 5 0.036;
0.5;0.8 0.044
Lucas et al. 2.2455 0.23 50 0.25 T -7k -
(2017)[9] -k
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,—erl P % ;@—_ﬁi/{ﬂiﬁﬁgi{,év\\glﬁ

L ity FAECLRE AR H kT EE
WAL R IR ALE £ R CCOFL g :

(1)§* # Frhay ik 4450 CCFL # 4 1 B £ig (Ohnuki, 1986 [5]) -

(Q)F %% 2 CCFL > § bt g LT & { % i M %d A - FIZ R
X P T € A 4 fo] fhfe w4 (drag force) b’L’rJ‘!fI.%% BE g WA A
it 3% CCFL =3 # (Navarro, 2005 [8]) -

QiGF 7 TH R P FUERFH o pE LR L S5 LD ratio
P AT E o ang A %Lﬁ)?:ﬁkg "E2o e R0 #rr2 fhotleg ¢ L/D ratio
$#c g g & CCFL 224 £ & ¢1%]5 (Ohnuki, 1986 [5]; Wongwises, 1996 [1];
Navarro, 2005 [8]) -

A ris & B enB 3 5 o F 0<90° PFp F]S3 e R4 2 P kgen s e g M
Fl+ R e g F A i}imﬂa%m REARRARP B T P ARG
TR e L are L (Wongwises, 1996 [1]; Wongwises, 1998 [6];
Navarro, 2005 [8])

énhn
’“‘3;%

G)F M4 ifA R AR Al g Mg T o 17 ig =~ CCFLIR % 2 /% 8
ik € o) hg & 9 '8 o (Navarro, 2005 [8])

G)Fz & FlZ 2 RME SF AT > M4 FES > FTERCCFLIR %3 2
Zo @ FZ b2 F A& i B B4 o (Lucas etal., 2017 [9])

243 ¥ F %

EREEW R Bf%ﬂé w4 Fr-k (Emergency core cooling, ECC);x » + =L 3%
(upper plenum) - i& » RPV B » fdp € A4 + B 50 X540 b PR D o
PR RPV P € IR E-Rke T RET R RN PN HE AL
G e CCFL L4 o ¥ b & PWR ¥ %77 € /&b < '5i8 hotleg i 97 A 4 B>
PREAEIALEY T REAS CCFLIEL%lo"flw » & LOCA F &7 >
RPV @ ek =% $rT 5 » ptphd & 4’=JI§’1 s 2 g % % (Emergency core cooling
system, ECCS)$& i enid /8 /4 #r- ki ¥ 4 =33k i (cold leg)ie » downcomer p 4 &_
ko @ FIRPV M F4 A 2 7% » —M\;;E;%? ¢ & d downcomer & b o gtopE
downcomer p 7= 3 # ¢ 113 CCFL R % o

._‘.3{»

o *?%‘3%‘??{%{%”}:E?%T#i’éﬁ%’.%%’éli%a‘%fs_%ﬁvCCFLi@
FEafreEy > B e 3152 frF o



Sobajima(1985) [10]en% i & #7 5 5 34445 % CCFL ch 3 77 § chddic
EEEEA L B R R S 2 R F A& (chamfer)zk 3t < 4o 3.1.5.20
SESR o AT ;55;,;, ;F—‘k Bars § ’gbj&" AL RRER ¢ 24 CCFL IR %
AP A i R G m«(ﬂvu FAAL CCRLIM %)= 7> Bgriflsh g A &R
PR G ERPPEG RGN R -

w12

Jg d mm t mm

10.5 15 square edge A
20l " 105 20 square edge B
’ 10.5 15 both edges chamfer <
10.5 20 bottom edge chomfer D
12.0 15 both edges chamfer E

F

no perforated plate (dy =12.8)

t " o ® D

1,, +oa4u, 2132
(=0.423 74™)

j:vz J;VI 125

(= 0.414!1 1

0 1.0 20 j;"’

Bl 3.1.5.20 7 ¢ ¥4 444>t CCFL 032 58[10]

Sudo(1989) [11];{ - B B AFENET PR R LEET I &R o Ao
3.1.5.21 #rom « R B (FHHF MY F LB 0 fid&mk » £ E 5] CCFL R % chjf
1 2 ‘w&;ﬂb SRR «;w CCFL . % tn P fi i B2 48 -
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JIE (=)

Bl 3.1.5.21 7 I 4&7) ¢ B4t CCFL 02 58[11]

Kokkonen(1990) [12]3% 3+ - -2 ¥ » & &4 2 » £ 82 § 3V #4r > U e
£ Jm(scaling) 7 & AP AL R 2 ) o H A 1‘ %iﬂx FHE AR S B L] S R
BARHAE LR R Bt ] ¥ % o oB] 31522223 97 o i F Heid iF
@ pfik hf R P B R Y CCFLiR T B4 - % 3o fr i 4~
PEooA AR € IR FE R F i (£ (channeling) » i& @ 3 4o Apinid > @ F TR R
BBk m B R CCFLIR R g #5 -

R e T e -ﬁjﬁ ARRRSY B A B S

[ Rt 1 [ e A B P s B S R
{ - /4

o Lo Ay B -

o =1¢[5 T!ﬁf‘ AR IR o ] 30 K =relg P“f—p—rf > o RRRPET,

Kg [ Ka; hz*mK? 1,..:3 ‘ . » 1 }\i& e

i “;’]gtq—_‘c Frpyl atalty k¥ =y |"_,9__] Te=tg ik

25l g as 9779l50 Fy-pg 4 -TaTHg q
| ] ‘
2 :

2 o[ % j 20 -
M © g ~
RN | 3 ]
[ - A Lhkob 2 :
b @ ~ i o 0P 2 5

1507w Os . t‘g“ﬁ?”lo 20 81 ] 15 X plate “5. 1
Losm oa ola ] o = o 1

oo 12
k % B a2 |ofal B - (L1 ]
kY - v - 0 K 12t |

L of W 00 3 | X J 5 B

r on T te o, A w2t | X -
oA 1 o
t %t 4 1 o, &,
£ —_—

0 s xXW A 4 0 5L o % etz j

3 X0 A ] o X a
- % 0 4 Fomigg) o x P

[ Ebiioo e (oo 1 o N .
F ) 3% 1 8 ¥ &5

0 ] | P TP PR SR B | 0 L P Lo \ A .
o 05 0 15 24 25"230 Q 05 10 18 20 25“1?30

fo/ R

Bl 3.1.5.22 % }F%J@E:@iﬁﬁ’ F ki B 3.1.5.23 % k%%ﬁ,ﬁéﬁﬁ%? CCFL
% & ¥ CCFL g2 5[12] g 5[12]
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Sudo(1996) [3]# % 7 1tk e i 545 % 4 47 downcomer = CCFL 3 -
Fri#ep@r ik ~2v R4 dd R -FRLTAES)ES o &oF
3152425 #r7F c KA TR IFH W FALApF R RERT 0 pApihx L
RAx® > H A % )?:rbs c T RAPA AP RARR o 4 CCFL pF#7 3 f’"“? ip
foif RAXF o gt b FITRE AR L & #3 Wallis cnig sk o8 P A ey 258
BRARARS 0 AFRLTEY RIER) o

2 I T 12 !
\/,—"f !4 & X+Y =1 -
r =
15 1 o '§:], % a
e \"..k--D" T b §:n &
PPt ~
Yy~ ﬁ 0 Al
4 2 B‘ N
1 T oSk AN .
A I S{mm
Tin( T) N ' > n 254
JTw [L00| 66 | 24 — >

i ] a 127

05 b o[o[m 8 6.4

p-sdofole >
1.35/ A | & | & 0 OIS 14 1

o EL b =m
" X= o ¢
0 05 1w 15 C [1:05R/, MTiA ]

B 31524 7 prkitr BREEFZ A § 31525 4 k FIk 5 A > CCFL ¥

% i B 44> CCFL e %[3] TR

Kusunoki et al.(2015) [13]4 4[] & < 222 7 I f iR Apenie & G 5% o % in
e Rpid* 2R RWMFEERTIPLAFR - ARHBEY W TER XD EFR
AREAEF R 0 R R AR PIARF RAXF o 4o 3.1.5.26 27 #m o 1T S S5 0T
—“":éift»«é«/%)i{"\ e A%y 5 A2 4 CCFL IR % o gt ¢h > ”FH:_‘%L“ A% = CCFL
:ﬁ,gnmg. ApiniE AR o mwART F b A2 4 CCFL IR % -
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1.5

0.8

Bl 3.1.5.26 # Ik ¢ /24> CCFL g

#[13]

' o AW [10]
L & %m;"'d? ! * A4OKGW
I %;ﬂ . R | 07 L° + AGOXGW
(% A Fa 2? _pOD
1 - & ob ffoo
[#]
o < dﬁ A o 0.6 r -?_’ [#]
T O = #* 0
Qo < * s
3 £ e
X 0.5 | +9+.c
0.5F 5 + o
+ o
L +
0.4 N 120
! | ! 0_3 L L L L L
0 0.5 1 00 01 02 03 04 05 06
Kuf_. 112 J, "

Bl 3.1.5.27 # Ir R 4pk & $43¢ CCFL

s [13]

ﬁiipiﬁﬁﬁ,&

f R S s (R RS )
AR~ ARF R E TR $ CCRL e

FEU A
@

~-

(D)%% B B B~ x84 § chamfer K35 p% € & 4 CCFL IR % chie 4p & %
FREA (TS L AL CCFLI ). e d F 14 SRR AP BFELR
% CCFL 3 % | & % 3¥(Kokkonen, 1990) -

(2)F A%~ (B o ffax~ )42 7 5 22 CCFL 3R % (Sobajima, 1985 ; Sudo,
1989) -
(3) &lfl ¢ fo=

F ¢ % £ # CCFL 3 % # i % %(Sudo, 1989) -

A% F 405 & F B> CCFL 3% % (Sudo,

1996) -

AR A RARE AR T S A2

(5)ikApAbiF R AXE - 4% % %5 A 2 CCFL 3 % (Kusunoki et al., 2015) -
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% 3152 &3 ¢ F Rz AF

T (£ ) = < (mm) RARE ST i} SN
Sobajima (1985) f12 ¢+ 38845 +bundle ZiT -k Wallis;
Fl§ 2 /2 010512 M =0.84-1
¥4 5 & 115,20 C=112-132
Kutateladze;
M = 0.853-1
C=1.68-1.92
Okabe (1987) R &L -0k -
%R 1615
+ & 4849
Sudo (1989) S A5 E B & 172,362,782 T4 -k -
# 5 £ 33,66
#£a 5 235.3,8.3;12.3
Kokkonen (1990) [f17; ¢+ #8945 +bundle TF -7k Kutateladze;
B & 11245 M=1.17-1.67
¢ 2/ : 60 C=0.99-260
= 48 FE 180
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e (& )

& =t (mm)

a1 ey gl

Sudo (1996)

Rl g % & : 64,127,254

Kusunoki et al. (2015)

Fl¢ ¢ % 500

5 - 4w okini
GE B 40%;60%)

Wallis;
C=0.66(b/a)-0.25
M=0.5+0.0015B01.3

Bo={a*b(pL-pc)g/c}
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EFEOP R LML HPT RPN N F L HCCFL I R (79 S ek 3 AT 0 & R
PWR 2 hot leg + %7 42 % ~RPV 2 £3 # CCFL IR % % ¥ « f b2 b o f23500 1 he e ds
r2 % Okabe ** 1987 # 1 2 Sudo ** 1996 ## 7 ¥ #& 3|5 B ** downcomer :» CCFL R % » 3 R &
downcomer 2 2 CCFL MR % ¢ B+ B EF ER X 2 2 M HFHP R RERE T4 5
B L H D SRS e %L P 2 LK o F & Okabe »t 1987 & “7ii§ M CCFL 9 5% 2 #icdh £
FROCHEFRIAG TP FEAOR T YR I AT P SEE2T HCCFLIR % § F H AN
ﬂjoﬁ—"ﬁ » Sudo >t 1996&’?%91@[—‘%@ L Ay %*{” Pt P HFT SN G RESTS
BRE IS & A HHE B S FM:‘ (hr s SRS~ £ % %) T i-% a2 727 downcomer 4p
M2 FoEmy o E&akdiag e

3152 # % RH|¥ 72 CCFL F %

3R R 2 LOCA ¥ &P > Bf & Vg w4 ¥r s ki(Emergency core cooling system, ECCS)#% i«
MR 4 Frok s F 4 2 Tk B (cold leg)ig » downcomer oo F g B er4 R E B B FAT R (FEPET R
g AR DR A 2 5 A & F] 5 RPV ek ::J}.éf.,%s“f %1% 7 H K = 3t downcomer 9% B 0 F)

i3 & downcomer p & IRZER 2R Aok ey fEom B8 § - TARAE hET A 2 B4 4 & o (Stratified
flow)m' AR Bf,%%f‘ ws 4 gk € _ECCS =4 8 B L » downcomer {¢ > #-i¢ ¥ RPV ¢z downcomer
LT WELFAM-KITER » ECCSinth i&a A5 7~ F4p 481 £ = % i (Counter Current
Flow, CCF) ; # 1 13 2 CCFL e % @ &% £ 4 froRim » A =83k F - 4 ?b » & downcomer © 7% &2
SRR EREE G A RE L o FRASEEL Mfkse s9E s g o CCFLI&@ VLRSI R
T Z& Y EE B Fp o At ¢ ECCS 2 downcomer i 84 R fofe 58 20 B8
B IF3HehE & RAE -

s o

o
G

‘“1
\F“

3§ % w A > Okabe ** 1987 & “iaf B CCFL ¥ %2 #ip 27 1 » H sk A5 &=
HeEy

GIES =gk AL o#—‘ﬁ Sudo*“1996ﬁ’§%\m?ﬂ<$“ T %‘*{Fmﬂ R AL O S O
FORETS RE F I = ‘,Eﬁi&@ﬁ*g@s?g . % %)% t downcomer p ¥4t CCFL e’ %o &
FaEd Y 2883t 0 A 49 # downcomer p s CCFL IR % 5 { % chIZ iz o

downcomer /4 §rok 2k fs o 2 F FEAREEE P AR E WL R E Y L3 B AR K ARREE Y

E
—L/:_%T'j’:———h)‘r ﬁmll—g;’l_?»/;ﬁ—g_ r’{,ﬂ“%‘d—f"gykf%?‘—[—j\/J—E— '%7](|‘;:E]’]E’r_’f:§ﬂ 71(5:,_'—'1‘_’,732)2
~-

Pk L E R MRS Ak ok BARTS 25Co MEARE LD R
/\_‘:

Ko A& RFa g RFEE M AL CCRLIL B > 1 » 2 R -k A ic iy 2 200 ~ RIEE © §
B REKEA AL VRN 0 5 RIS PRy RAPE T R R o T mRlE BT

=<

R TRl R D e ok 4 BB RREE P 2R B oRTRE o

Bl 31528 5 F %R - LRPRFER - BPFREE ¢ 2% g2 EUABHpTE M T
Gopt by B BPIERE L THRE L RER (dlfferentlal pressure tap) %]‘B‘:%Jlﬁ‘“rc FL thA 4 &
zn 4o @] 3.1.5.28 #ror o ARGELY 2 A 4~ BIRE P wﬁd Ry B kBAED A b dug e

o ¥ ki q_/?in‘?w T'slpz]l—’fﬂ%ﬂ o Td RERPRIERERREN o 2§ KRS FFENES
f@E’ TORNRREE DI G FARN T P BREBABERTRFE S LR P PEHE

|
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Bl3EE N CCFL IR % 2 2 gl -k B2 775 o 3l e B 4o 3.1.5.3 #7577 o

e " T
H ey
A l' < |
KEET4E

BRF P

AR E

AR

B 3.1.5.28 tickt downcomer i = CCFL 2 § 5 % £ 7

# 3153 A&7 BH-1

& £t i
L3 Bl E B 1
1.0~15-~20m
B
15~ 30 ~ 60 mm
kg 42t 1lin 7
BT EAEIm 3
BAE 14m
%€ 1 1.099 m3
e 90°
i F R x2
HR X2
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% 3154 AP E B2

iR R

Gl
I

FEEAF AL 20m
=% 42038 m
KT 26LPM

AR
(1)£1%,V>0.5m/s
(2)£0.005m/s,V<0.5m/s

RIE R

6 mmH20 - 30 kpa
LSRRV

20 "Hg - 15 psi

2Ry R
0-50m

FEEA
-10C -80°C

B~ B4 1095 psi
# £ 20 L/min

High Speed 3 i 4x% /
Moz 22 0 120 fps /240
fps / 300 fps / 420 fps /
600 fps
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AR LR EAOK > (EKEEAMBVESA - R EEE

SRAE A HIBVE SR

W h0Ze SRR A R AV E SR IRV BE 5T - & BN %
ZEMHIEE A > HIREINEIEIE A UK SRR - BIfZR CCRL 3R
R -

@

(2 IR NIZ2 SRR N HYZE SRR - s o i
ENZIBF « BTN /K EEFRE 2K EiE/KA BT YRS
A DUSARAHATR -

@

i N ITKGE BRI HE L 2 G -

‘ e 10 4R ‘ 2k 10 4R
RA R e

A R 5ehk CCFL i

Bl 31529 % % i AL ]

FEGE LY ETMICENFH UBRELIIHESRL -

136



3.1.5.3CFD #i##3
%#E/:l‘ w—‘m]t‘ ’ VOF ﬁw—‘—jt] fFjl: L_SF ,Q /T \:ﬂ ) 5] #B m1§}£ ’Fi ° I% |E!'_% m%#ﬁ1§ }i'—’ IJZ’}"‘;

Félﬁﬁ"?wrﬁ}i’#ﬁlmpgg‘ VOFm%&ﬂjrqﬁL\'&r—r’
0 "
a(aqpq)+V[(aqpqv):0,
2 a, p, V, gAY~ %% e A F(void fraction) ~ % & i R+ B rtp(q=D2F40 (q=9)°

34

fEAnenie A K g 2 4

Zaq =1

q

FhAVOF Y iR bt Vo 7 g B R T 40T SR

0 ~ - _ -
a(pmv)+VE(pmw) =-Vp+uV¥+p g

et

POt P GAHRAMARERR BRI U LS c AMBRERAR T ARG
pm :agpg +a|pl
It 0T et AR5 Y G 3B (close) -

AF g E* Kusunoki & 4 2 %[14] » 1% 5 fifez B e fcd] - 2 < "1‘*‘"@31530 U
3 4% 20mm 2 ,}ﬂm]g,J ?yf‘;, Aokt s FlE 50T 2 ks T A FHRK
= £l T S & 1 A 210 S U G ]F]? ' AR T A RBECCFL B 4 o & ;‘:ﬁ X
%W’ﬁﬁ%?ﬁﬁf—#%ﬁﬁ#ﬁ.'5*T1ﬁ3”1 R K W 31531 57
ERIREL L2 k2 FlE g R FRBENFIFL A7 0 &2 7 rrged o Bl » Fy
AoImm 2 e o cE G N £ RIS T R R R 0 R BB PR U B TR G
B o 4o 31532 4 o e FEHL > G Rz d RV E0T LT o) AL ERET -

137



Pipe length - L = 100,150, 200, 300, 500, 700 mm
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SROPH AR EAERN DS HPZ REIEET L PAR BB AR SE PR
BEH (PR 0 - SR R4 * AREVA #li 7 60 FR1-1500T 4] PAR £ 17 & > 1244 § % 3
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B 3.2.26 & * %= By PAR pe ¥ 2 +% = BRI re 48 FLUENT #-3%

(z) BREE®
P ok o2 PAR AT » B3 o T RiTHR % 23K B AR A A M i &35
%321

% 32.1PAR % % #fe2 1§ R ix 2

2 PAR % 4.1 ER
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Ao % Bl 5 &
AR TR i T FER 4%
" ZBEAALFERINEL 4D
TRrEL
I P # 5 5.36kg/hr
fe ¥ #cE 17 &
783 i i TFRR S A%
¥ = Rr ZRERAALFENLOG &
R BERYEIN2 5

bl 2 A B R % 35
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2458 543 Legend
\‘ \. ‘\I !ﬂll A _f T1 T1 LT 1 Feed pipe
2.3 Inlet chamber
E |D| E |D| 4 Prefilter
5 Aerozol filter
% % l ‘% 6 lodine filter
1 1 7 Exhaust duct

¥ 3.2.30 DFM iEp 8 ~ 7 7 BIgER! IRABI2HEAKE -

(=) FCVS f3l2 =

ifx—kIE*}il;}j%fﬁ:g;éﬁrgga @)]?Je AR R REH IR d MG ?‘f F R B
NS-IMS- 00543‘?’;[7]“‘ %2 FCVS R+ > aFEFTHEEERF OFtEBEXR 229 7 FE
F Bl & v P = B gg CFD = daficd] > 4o®] 3.2. 31 #7571 o

ARG A B FCVS 25 % AR /27 o R~ 47 0 B¢ 5 ZT et e FCVS
K&K@WWW~$W%d®WW%mP—%““ﬁﬁ&’éﬁﬁﬁﬁ&iFmﬁ,ﬁFmﬁaﬁ
EA R RS o R R RSO R B A 2 R

gz ;% FCVS @ ERk ¥ fﬂ%z%f@ﬂgr}g@/@ HREE R o AL FIERAT 27 T S
# o 1345 IAEA-TECDOC-1812(2015) F A2 4% % [9] > i B2 LRI > % > 337 K E 3T FIIEREp eh
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B13.2.31 & 5§ FCVS 2 =

() gRiFERT
FCVS 2 3 B 4Lt > 1 & %4

E@Eﬁlmﬁ FLUENT -2

106 # B EHTHRE > B4 = Rudp b A B it i®

(1) FIredg:i8/% 4 »ciE 5 101.7 psig
(2) 1= B R3] FCVS § 5255 2 (B - 46 % sigig »

(3) stk kA i Aerosol filter(Flre48) 2 Fiber metal filter(s £+ i %)
(4) B35\ kg * Venturi Scrubber » 3% AR S o - ~ DB L - 3
(5) B fxpE% @ 5.15 bar (abs.) (60 psig)

(6) w3 :6.5Kkgls

FCVS p & B B 4 5 60 psig > H#-pt B R 4 ¥+ MELCOR &% A % 2% FCVS pF2. T Flre 4y

B4 i % FLUENT k2. FCVS B gap [ > H g b 2 do 4 3.2.2 97 5 o

% 32.2FCVS 2 B sifez 7 i
T Rt FCVS % 3 # o
PEF T 6.5 kg/s
NN ek #icd 15
12 A P R P B4 27| 60psig & 4 B L BB A
KE R e §8 & 30 45
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(=) £ 5 roi A%

1295+ 38 2-1 O MELCOR #f s & 7 7> Al B2 2 SBO £ a7 = {8 > #7IE (7 2 FIFed
pRA S 45psig o I A E D] FCVS p {7 B ik 2 60 psig o s fept B A B 0 £ @ B Er FCVS o

AT S 0 2-1 o FLUENT #0558 % > B i@ # 4 B & FLUENT #c % 10,000 #) B > 1
L FEFCVS» B 3.2 32 2] 3.2. 33 £ %] 5 FCVS 3K # 2 ¥ * FIFe R p 27 FIFE R0 o (32 Ry &)
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HARRIFREMDL FER> THIO CARFEEFFIH > 4 FRARAAHEE N CRRF
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11.26 11.08

B 10.95 11.08

C 993 10.66
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Velocity

Magnitude
5.0
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4.0
3.5
3.0
2.5
2.0
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1.0
0.5
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(m/s)
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(1) W. S. Hsu, J. R. Wang, H. C. Chen, Y. Chiang, S. W. Chen and C. Shih, “Eveluation of control
room habitability in case of LOCA for Maanshan NPP using codes RADTRAD, HABIT and
ALOHA,” Kerntechnik, 83(1), 1-9, Jan., 2018.(SCI)

(2) Kai Chun Yang, Shao-Wen Chen, Jong-Rong Wang, Chunkuan Shih, Jung-Hua Yang,
Hsiung-Chih Chen, Wen-Sheng Hsu, “Dose Evaluations with SNAP/RADTRAD for Loss of
Coolant Accidents in a BWR6 Nuclear Power Plant,” WASET, May, 2018.(El)

(3) W. S. Hsu, S. W. Chen, Y. T. Ku, Y. Chiang, J. R. Wang, J. H. Yang, C. Shih, “Using ALOHA
Code to Evaluate CO2 Concentration for Maanshan Nuclear Power Plant,” Tokyo Japan Mar
27-28, 2018, 20 (3) Part XXIII.(EI)
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A. Channel e i

Channel ‘e i Z Hrde 7l 2E 2 REP REw A2 2 A=t aficst2 ¢ 4 Channel
51-55 idfs_%u T2 7t # ¢ Channel 55 72 5 %L (&r%} 337), At 58 ¢ > Regionl 2 Region 2
:}% FAPR 2GR m AF o ™ Region2 ¥ § R B HRE2ZILE R L 2 AR ARB R 4o

—r .

Region 1 k#4745 .

8 76 (in) x 8.76 (in)(#& # < /) x 167.9 (ln)(f;é,;’f{/f) x 0.02543( & - ## 4) x 208 (Region 1 # % 2
)x 0.569 (-k 77 # +4)=24.988 (M3) (7 4* /A #2781 K 28 A9 FF)

24.988/4.26/208 0.0282m? (K #2441 14 Flzb,,é;’ﬁ #)= (Channel 51 52 775 < /")

Region 2 K845 725 (7F %) -
9.12 (m) x 9.05 (in)(# 2 < -/)x 167.9 (in) (B = £ 2 ) 002543(_52”/‘75,%7,) x 1201 (Region 2 7 #*
#Lz 8 1A #)x 0.569( K 7 #F++) = 155.185 (M®) (7 4+ 1 #2 2 fﬁﬁ)
155.185/4.26/1201=0.0303m?( -£ #4 ## 77 £ | #2 % #)= (Channel 53 54 7R

£+ )

Region 2 k¥4 7+ 48 (4 P %) -
9.12 (in) x 9.05 (in) x 167.9 (m) x 0.0254° x (1952-1201)(.& #
##+4) = 17054 (M) (7 #5027 LK B 42 HF)

170.54/(1952-1201)/4.26:0.0533m2( K AG R

HHF B2 RAEE) x 1L0(LF

1 £ | #2 7 #)=(Channel 55 777t :F v #)

|
— <
Cell 3 Vol. Avg. 2D Drawing
Number Wolume (m”) Length (m) Flow Area () DZ (m) Pivot |
24| 472914E-3 01677 0.0282 01677 | -
23 472914E-3 01677 0.0282 01677 | ||
22 4.72914E-3 0.1677 0.0282 0.1677| L]
21 472914E-3 0.1677 0.0282 0.1677|
20 4.72914E-3 0.1677 0.0282 0.1677| L]
19 4.72914E-3 0.1677 0.0282 0.1677| L]
18 472914E-3 01677 0.0282 0.1677| L1
17 472914E-3 01677 0.0282 01677 |
16 4.72914E-3 01677 0.0282 01677 |
15 4.72914E-3 0.1677 0.0282 0.1677|
14 472914E-3 0.1677 0.0282 0.1677|
13 4.72914E-3 0.1677 0.0282 0.1677| L]
12 472914E-3 0.1677 0.0282 0.1677| L]
11 472914E-3 01677 0.0282 01677 |
10 472914E-3 01677 0.0282 01677 |
9 4.72914E-3 0.1677 0.0282 0.1677| L]
8 472914E-3 0.1677 0.0282 0.1677|
7| 4.72914E-3 0.1677 0.0282 0.1677|
6| 4.72914E-3 0.1677 0.0282 0.1677| L]
ATI01AE 2 NnAg nnze% NARTY [
Calculate
@ Volume ) Length () Area
SRS I N

] 3.3.8 Channel 51-52 z_/iiig 3k @_°
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iy e o e oy

{ e R i

Cell 5 Vol. Avg 2D Drawing
| Mol Volume (m”) Length (m) i DZ (m) Pivot L]
i 25 0.01 0.24 0.041666667 0.24 [ |l
‘||| 24 5.08131E-3 01677 0.0203 01677
Al 23 5.08131E-3 01677 0.0303 0.1677 L]
1l 22 5.08131E-3 01677 0.0303 0.1677 L]
-I 21 5.08131E-3 01677 0.0303 0.1677 L] L
| 20 5.08131E-3 01677 0.0303 0.1677 Ll c
19 5.08131E-3 01677 0.0303 0.1677 || :
18 5.08131E-3 01677 0.0203 0.1677 || =||_
17 5.08131E-3 01677 0.0303 0.1677 || C
16 5.08131E-3 01677 0.0303 01677 [] =
15 5.08131E-3 01677 0.0203 01677 []
14 5.08131E-3 01677 0.0203 01677 []
13 5.08131E-3 01677 0.0303 0.1677 L]
12 5.08131E-3 01677 0.0303 0.1677 L]
11 5.08131E-3 01677 0.0303 0.1677 L] ||
1 10 5.08131E-3 01677 0.0303 0.1677 ||
g 9 5.08131E-3 01677 0.0303 0.1677 ||
1 8 5.08131E-3 01677 0.0203 0.1677 ||
7 5.08131E-3 01677 0.0303 0.1677 || —
B EN2431E.3 WET:S N N3N NARTT ol
|| Calculate

B 3.3.9 Channel 53-54 z_ ;i & -

B. Power % it
POWER o i chst i 5 A fe#hsd s 9til el 2 4 % % 4 W 3.3.10 3 POWER 2 1 % 5 -
Foa A A RS KRR A A e % - BT % T % (Channel 51-55) » H ¢ 5T %Xy
el et 5 00 Hot ik R E 3.3.7\/»\‘& T o B 3311 ZdheH FR T HP G B
T
=]

AR P 2 ERTEQO Z AN L ZER) MM EHF RS o4l FTHE L4 REA ST
¥ar Fz2 14 % ;5 ARl diz R 5 04cB 3312 ¥ RE S I L0F 7\/)5: = Westinghouse = 7

en3f 2 ¢ “Thermal-Hydraulic Design Procedure Manual” (2009).2 NRC 2z 3% 2 @ “Residual Decay
Energy for Light-Water Reactors for Long-Term Cooling,” (NUREG-0800), Rev.2,Section 9.2.5, Branch
Technical Position ASB 9-2, July 1981[42][43] - % T £ 3 JE W% AP » POWER &2 3 &2 13
A LA R0 b BE e M FAGKRE FRAT
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o

[ % Power3
¥ General
Component Name |unnamed E T
Component Number ‘ 31| F || © Powered Components - Power 31 >
Description =none= lE Nl
Unpowered Radial Nodes| Axial Levels
Power Option [6] Table Lookup Power |v E 1’ Component [NODES] [NZHTSTR]
Powered Components 5 Powered: 51, 52, 53, 54, 55 E %
Include Reactivity Feedback i True @ Falze E %
Target Component Type [1] CHAN Components |v|ﬁ ?
Edit Frequency (in timesteps) 1uu| a ?
Prompt DMH 0.0 (]| 2 DD
Bypass DMH e hald
0 By o paee] r
Neutron Lifetime 0.0/(s) ¥ % || [Channelst c21) 5 0.6098
T[] ] | a com:
Reactivity Scale Factor 1 U| ) E T IChannel 54 (C116) 25 0.1253
Initial Power 10541157 (W) |y || [Ehennel S5 ane) 25 00
Pellet-dish Radius 0.0/ (m) e
Pitch Ratio 10| () Ll
Uncracked Fraction 1000 [Bm e Lo )
Pawer Exponent 20/0[0]@ P Close
Constant Burnable 0.0 (kgim?) e
Linear Burnable 0.0 (kgim*K) e
Constant Control 0.0] (kgim?) Ll
Linear Control 0.0] (kgim?) [o0][m P
Power Table Rows: 57 [0.0,1.05411E7)[1.319756E4,1.05411E7]125.. [EY|/#9 §
Reactivity Rate Factor Rows: 0] [e]® e
Supplemental Programmed Power < MNone = |§‘ E 1’ -

B] 3.3.10 Power & i* 5

1.8
1.6
1.4
1.2

0.8
0.6
0.4
0.2

Power factor (-)

p(x)=14.32x* =51.13814x° + 37.37071x* +11.83622x" - 15.?540&11'!.

+3.94541x +0.32282

Rod length (From buttom)

B 3.3.11 Power & i 2% Z_c power shape °
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(o]

11 [¢ -# Power3i

Fower Ogtion 5] Tabile Lookup Power
Fowored Companents 2Powsredt: 51,53
Include Reacty Feedback True @ False
Target Companent Type 1] GHAN Components
Edit Frequency (in timestaps)
Prampt D4
Brpass DMH
10 Frogrammed Reactiaty
Heutron Litetime
Max Power Change
Reacihity Scabe Factor
9.5 laital Power
Pellat-a2h Radius
Piten Ratio
Uncracked Fracion

Decay heat (MW1)

Q Power Exponent
Constant Bumable
Linear Burnable
Constant Control

z Linesr Contrel .
8.5 Power Table Rows: 57 [0.0,1.05411ETL[1 3975664 1,054 HETL[2 5417. 'i‘ BT
Reactvly Rate Factor Rows 0] BBy
Supplemental Programmed Power <k

|

8 | » PowesShape b
0 2 4 6 8 | » Readihity CoeMoients B

1

Time (Days)

@) 3.3.12 Power = i* % $#3% % _o

C. Vessel % i+

VESSEL ‘it 2 TRACE #2;8 ¥ % 3D #-kina # 2 it » gl g AkE3H5 3
\ié}é\lgfﬁ;fﬁk’&‘?—ﬁj, ""«’J—‘}'m*}é ET F iS5 A ’{J—;}J-_P"j_}\\i »3E5d R T OLH A }\,b\ij]?gf‘

CE AR S I <3 &mﬂl%%ﬁ b2+ 8 5 ¥ e Channel e p 2 -kia » B 3.3.13 5 * B
Vessel & i figg 7w LWl > 0T 5 L RATE

ok 212.15-(4.26+0.18( T = £ F))=1.17Tm (#4424 3 L F)
SR EH=TATM x L4A.TMP(4 ok G 4F)=1037.5m3( ekt 3 i ok )
TR A=0.18m x 144.Tm?( K 7 £)=26.046m (77 T 2 oK E)

M OAFE Y E 2 2 BRI e 2 N b2 okon > B Vessel P OELT] Region 2 228 b # o ok
TS Vessel EiE ARl P B r it Region 1 At e o2 ke (T 2% B 3.3.3) 0 1= ekl i

v

k£ 5 1605.63m3 » 2z Vessel ® F T3 2 -k # (Region 1 2.2 ¢b K m) s

J&-k £ 1605.63-(Region 1 -k #¢#+Region 2 L #F+Region 2 & ZpL R EM K HF+ = L+ T3
-£)=191.372m3

#r Vessel ¥ Btk R g 2o MR 5 191.372m3 & 4 # 3t Vessel fo it L T el B & 2E 0 o )
3.314 -
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¥ FoKAEER

Pool FE%

Vo L:’LEV O

mode=exact value
signal=Channel 51

VOLLEV 5
2

mode=exact value
signal=\vessel 1

Pool H1ES

range type=1
signal variable
s1=4.47, dt=0.0 (s}

$2=14.19, dt=0.0 (sJ’
fFm——————il

-t
1
i
|
|
1
|

Pool T~ E%

TRIP_SET . .
4 Function

mode=exact value Ni1=2

= VESSELfE BA. 77 5l — B [Eh 5§

@) 3.3.13 Vessel & it 4+ 7, o

TR AT R T Y N L. Y. S ] L

@) volumetric and Edge Data - Vessel 1

Top Down View Cells | Edges o
Volume & Area Frac > 1.0 : Levels ¥ 1
: Cevel: 14 28032668
Volume (m) Level 13 20032668
55 Volume Fraction Level 12 29032668
My, ) Level: 11 391786
|| Vora Fraction Level 10 14456
2|/ Initial Vapor Temperature (K} Level: 9 289.0
| | Level & 289.0
Initial Liquid Temperature (K) Cevel T 107550919
2| Pressure (Pa) Level: 6 36.077144
: ) Level: 5 36.077144
: Noncond. Partial Pressure (Pa) Level 4 36077144
;|| Boron to Coolant Mass Ratio Level: 3 36.077144
N Level 2 36.077144
: Plated-out Boron Density evel 1 258 75
;|| Boron 10 Mass Fraction
Level Tracking
Tube Rows

<]

W 3.3.14 Vessel ‘= i* ¢ ELREAF K 2o
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D. HS(# = &)
’_%El(. ‘E' 1

FORCER YRR s il B B B Bk R AT 2 MR Y SR R R et
B2k o B 3315 54 #2222 TRACEHMHH, »Eaetn f &

. - R R~ ok
PR FlE a4 A 0 Boa fadet BER 0 B BERELR rrviéi s

g rpE P m’J\F\ o i B SRR AR AR e
= 4L Channel e it » Zopt 538 7R lxﬁ{éifh‘ﬂév\ Fi{TEDT o B 3316 5 S EFTRETZ A B wE VT
"éﬂilf?gf“ﬁ B 22F A md B F A AHERGY 10‘_3,‘147, FroRinag Fl G T ¥
'ﬁ Channel 55 #t & Y448 % 2 -k 7k 0 g Vessel ¢ frerk B % & Region 1 #2828 #h 2 jnsg » #7102 g
¥ 3 =t Region 1 &3 Channel 51 % 52 %% ¢ /it » Vessel ¥ £ > 4r[§] 3.3.16 ¢ 7 HS41 2 102 » p*
EREORR R e e ik o Aoyt n’z‘z%"%#‘iﬁa;ﬁ f&7%4E_Channel 51 ¢ @& » %8252 2 53>
Channel 53 ¢ it » 54 > Channel 54 # i& » 55> % ¥ 4 [§] 3.3.16 ¢ I p* #F i858 23K %

Old

Old heat transfer(last year):
EHR R OK R

Pool [-E% ™ ¢
Hot channel
Heat Pool H1E% ' I
PR —
Vessel
Normal
channel !
i 3 [
NED i ,-"' ‘..ﬁh
Pool T E% -. ,,,,,,,,,,,,
B 3.3.15 RA % 7o

New i i

New heat transfer(this year):

PR OKTERR

Region 12083 Region 2 12013

(Channel 53)
Cyele 17-19

0.4126MW

+

Croea (Channel 54)
s Cycle 136 (channel 55)

0.05858MW S

13208MW

Pool TNE&
B] 3.3.16 FrixA @ 7o
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TRACE srfics i 83 4o b i & 0 ¥ FlA- 40 i 2 RAF #2028 A je aci® B andh 3 o
a7 CPU PR 2 343h 2 B of > SR @ 2 2 2 T &2 ke s i R 2
’ﬁj\ﬁ:;\l;ﬁ]wyg gﬁ\“’r‘/‘é F‘E?_i,.%o

MR HESE 2 B AR

BRSO A PR a2 2 2 “?’fw P RET R i > 2 F te2 % 6] 0 it TRACE 425% %
'Ej&é—r—é‘ ?#'Jﬁii ’ L_W”S BT j’(vb‘} w2 }"%'y- ér’ﬁ'& ) ﬂ\)"‘é ﬁ_}\ﬁ:ﬂé“-ﬁ zk%“@]”}i,Eﬁ,’ ¥ ;H:L
B v sy 2 8Kk o AN E RS F IR e RN E T 2 8 R (CPU time) B>k
B i A i?%;&a&ﬁ’@ifﬁﬁﬁﬁiﬁ**# EH 2 ffied CPU -8

P 2 -"L'?}?%%‘ﬁ K Y AR T R G R By TRt 4IE
’“*E’Fﬁ?‘f tre 2. TRACE ficfe 2o fict % 25 0 ap (VA2 3 i B 2 RAG) % ¢ o

AP E AR N AR LB ACPURR G BT R+ 5 26/ o &2 A
RG22 120 ) AR LR e P T B2 PR B FRGNIA SR 0 RO ERR R
- MLy LA BEEz Bic 1L TRACE 22 % Channel 2@ q4] » %fle P FF Y R > f@fvle
%Ak H_i% PR 3.3.16 K T #4p Ak Channel EEtdiaid, RHAFRAENE mrs v @ R
AL R R é‘c@%‘m LS S "‘Jﬁs?nhﬁz%ixﬁf CE N e (Y e
PR REEP-Z R fé”’F”ﬁ“?”’«’Li'@fl‘”& BORF LR EAAREA S 2 A
A S A - iﬁéjf’?; Rt s 2 R v e A e E%‘l3.3.17£ 3318 Z B {2 #id

:‘;E’ f;l' o

Old New
¢ ¥ Thermal [9] ¢ ¥
¢ :® Heat Structures [8] ¢ ¥ Heat Structures [6]
o~ IF Heat Structure 40 (53-54) o~ ¥ Heat Structure 40 (53-54)
o~ 3F Heat Structure 41 (51-V) o~ ¥ Heat Structure 41 (51-V)
o- ¥ Heat Structure 42 o- IF Heat Structure 42
o- I Heat Structure 71 o- I Heat Structure 71

o- i Heat Structure 81 (54-55)

o- i Heat Structure 81 (54-55) .
o~ ¥ Heat Structure 102 (52-V)

o- IF Heat Structure 91 (51-53)

o~ ¥ Heat Structure 101 (51-52)

o- ¥ Heat Structure 102 (52-V)
B 3.3.17 # i it
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$h Bk iER

Heat Heat
s4a B 15
HS40 HS81

Pool [FEE

DU 4550 CPUETEISRE
B 3.3.18 #u i@ e it i o

R N -’g’{f%}:i;@_fii%révé,_ﬁi:’ A hE - G 25 mEE s 7 L5
TR ERA T Lm0 P hd B2 h e XA A AR AR £ 2 Ff’-'e"*%'i:tﬂﬂ'f
2 kB Y o A2 e LR R 2 e $ B s K252 3 10 B
(Weh %% »MELCOR 278 30 %t 2 ff & B # 5 8-10 >+ ¥ § »cf il pho 2 i B & )

®3.3.19 = #7F 2 @ Channel 2 ﬁ,;\ SRR 2 A R AR (P 25 B & B2 10 B & BE)2 K

PR ERRZ R EY B i RN 4T RS 200 ) F’*i?ﬂ A EHEL 5w
WL 25 B phe & Bl %LB?— B2 R B J‘Bﬂ?’rﬁ%% A g e $EES T L 10 B
el o 9 X T EL 36 pF2 ] ”*s: RS RS R

26 hr > #8148 A -
16

14 /N
12 \

10

36 hr » #£8F42 K -

2 channel lig kevel(m)

5 channel Liq level(m)

Liq level (m)
(e}

6
4 '} | em=a= 5 short channelLiq
level (m)
2
0
0 48 96 144 192 240

Time (hours)

B 3319 & N2 FE pFER R o
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CPU P FF #£34 2 #5°
B 3.3.20 1 3.3.22 3 fho & Bhid 2 44535 5 Timestep 2% - 822 #-dihip ‘f‘;!,!\!;ﬁi'-i 10
@%%L“ﬂﬁﬁﬁﬁﬂ AP B E R 6 W k% %80 P
ELRFFEAP 2 NTg o § 3323 L E w2 TRACE #5° 0 7 5
P AR o R F AT SR BRAPE R AR

Time step ] & 4£
0.00055 » ik B IE %4

1%

339991099 1.8707E+0S 5.502E-04 1 2.9TE+062 222 A %% 1.87E+05S
339992917 1.8707E+0S 5.502E-04 1 2.9TE+064 x 22224 1.87E+0S
339994735 1.8707E+05 5.502E-04 1 2.97E+06 ¥ x v A 1.87E+05
339996553 1.8707E+05 5.502E-04 1 2.9TE+06* A2 x k2% 1.87E+05
339998371 1.8707E+05 5.502E-04 A 2.9TE+06X 222222 1.87E+05

B 3.3.2025 B b & 8L2 315 # R

JobList | Base_Job | Base_lob X |

< um H B 8 Q stats|loaded| Time 00> 1.4800108+04]

MLocalTRACE_outpulrd Maanshan/pook NPP3_NOLOCAMPROVEQS27. shor_channel8ase_lod

e ror
S
s
1.485s04
.
e
14824804 i:ﬁiﬁ ey g& /\4# % 10{@ 2 R T.
. e 2 L= N #% 1me
148278004 148804
148288004 1468004 e ‘?
148298004 1438004
e ) ﬁ
Laou Lt Step . &4;0.000825 L%\ W8
i B i -
179’”1?10 1 :Ei‘,‘ﬁl 1 :as.ca ll' # # ';%
g i BRAIE 0 B FEAES F 4
17976682 148368404 1488404
1797784 1 4837804 1488404 * ’% 1
17979106 1.48385:04 2 1488404 ~
17960318 148590004 8,253 1.48E004 ij‘ﬁ =1 1
= = v =
ussr il ooy i
e e
:",' 2 ::i;;‘ :::i:: 17952442 1.4816E+04 8.253E-04 1 4 75E+04%kkkkek | 48E+04
e Lo 17953654 1.4817E404  8.253E-04 1 4.75E04werncer | 48E4+04
e Lawor Laves 17954866 1.4818E+04  8.253E-04 1 4.75E+04%pknnek | 48E404
mee 1 Lo 17956078 1.4819E+04  8.253E-04 1 4.75EsD4%wonock | 48F404
s s rons 17957290 1.4820E404  8.253E-04 1 4.75Es04%krerck | 48E404
0 1SSt s 1astan 17958502 1.4821E+04  8.253E-04 1 4.75EsD4wekeeck | 4SE+04
168000922 14056804 1.498404
180021 34 148578404 1496004
18004558 1.48558:04 825 " ]SRN
, skl e
B 3.3.2110 B #he S BEZ B B o
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JobList | Base_Job X

Status [interactive| Time:[0.0 > 1300.009)

8_channel_nodes__new_waterlevelBase_Jod

B 2L B R A-F 61814 ° Time
step T %%ﬁéqo.oono Y
¥ B|2SEp BE &Y 24% 0 AEE AT
R V8RR Y € B R R

3

1232128 1.3550E+03  1.100E-03 1 2.67E+031231570  1.35E+03
1233037 1.3560E+03  1.100E-03 1 2.67E+031231570  1.35E+03
1233946 1.3570E+03  1.100E-03 1 2.67E+031233388  1.36E+03
1234855 1.3580E+03  1.100E-03 1 2.67E+031233388  1.36E+03
1235764 1.3590E+03  1.100E-03 1 2.67E+031235206  1.36E+03
1236673 1.3600E+03  1.100E-03 1 2.68E+031235206  1.36E+03

%l
] 1
' b &
5 AME; © Geometry - Channel 51 (C21) %
e
Vouey
3
modesexact valoe
signal=Channel §
WOLLEV
"
modeseract value
signal=\essel |
Row Order |Automatic ij
..... ST | - Cell 3 Vol. Avg. 2D Drawing
3 / Kiimber Volume (m°) Length (m) ‘ Flow Ares P) DZ (m) Pivot
' 5 99893 029 0.0415) 024 )
" 5| 0.0236457, 0. BZBS» 0.0282 0.8385 [m]
4 ot 4 002837484 1.0062 00282 1.0062 ]
! 3 002837484 1.0062 00282 1.0062
: | I 2 002837484 10062 00282 10062
! — I | 1 472014E3 0.1677 0.0282 01677
range typest | o b | | Total| 0.12348336, 42648 0.1828 4.2648
signal variable | I b [
515231, t=0.0 ()} | *
5221419, =00 (s} Calculate
A pum— - ‘ ® Volume O Length O Area
Functon 5o Close
Ni=2 .
T T
n2=0 T
Nos0 i Chsei]

B 3.3.23 EfiE* 2 6 Bihe & BLHN

TRACE ##igf3 2 R ix 47 8

Bl 3.3.24 i #FiE2. TRACE %44l fi8 enrk i ik 2 % 22 3 & 2 Channel 558 2 vt #& > Simple
calculation B & £ H % ;*“;;‘; Bz ok %

d B ¥ J-j_% VRS e i L 1’3—‘\’*-,? I I ] S S L gz« 3.65 = F|iE LhipLlE w
(TAF) » @ %5 2= 2 Channel 5% B 23+ 535 35 = 3| TAF» -~ —gzi;ﬂl H5 A% > BT RN A
PEPFEEIRET TGRS Slmple calculation B F] 5 T2 F 3+ 5 -RAe O R g & 4= 4k )
2, T ABE e TRACE 2355 A A dp

3 oAb 75‘% {8z k=gt > ] E_5 Channel s & #05% 3 #17 Simple calculation z_ % % -
e FlEd E22 Channel B Rl ek b R R o fF T34 fealE ik > @ 5 Channel
ZHEFNAREITTE ZAZREIE  RARR SRR @m#@’?“‘" MR AT R s b
Frfpy o A oK T REARY > 4 AFor 2 Channel 2 05 A0k T M AR Y 0 2 i AARE
2T ERF S ARB IS 2 KR R RS 2R
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16

14
= 12 S .
= BRETEAAER
o
T) 10
=
2 8
-
L & TAF
> A\
= -
¥ A —— % -2 Channel
—— #f-5 Channel BEANE A ENITE2
2 . _ FHFALHE AT
. Simple calculation | myzwmunag
0 1 2 3 4 5

Time (days)
@3324 ?”Tjé,w\7 J\,’j_pbﬁ;‘{o

TRACE*”‘E& il BTG
A A ML ORE ks 0 AT A1 RS 2 05 2 7 NEI06- 121%:}{@@{(;}%
%ﬁ&—%& GE T R B ST f#’t:—ZOOGPM ORI o R R 2 % M B £ 2
Channel z_ » {787 » § kK i=T K;:ﬁ,L 1223~ TAF = #.% A pFie (7 200GPM 2.1 -k » % 7 11§ »
Pk R R P-J:L;ﬁ 24] > ¥ pEd FRAPTRAN 2 £ 2 2 B A1 E T B 22 R 2
Z M Z:'_"-' —;\EJ‘E‘-HJ&E{@\*UG’J" ﬂ;'&? ’Jl—‘[ fa J\P—-'ruﬁz-a 1/2%‘@‘?’??3_,'\’T'#;;j1
pﬁ«?axf_}i? P.Ju—hﬂér '\7\;L$,,\ @3325:;, ,V,Au\*,? < ZOOGPM\,,_}\"H/#’S
prf A R 2 ke @ F] 5w - EGRP 2 Channel 27t l’ﬁ.ﬁ‘-&?;{ % /éé "k f i @ ¢h5 Channel
st— S R T RS 2 B AR Sk T G SRR o FIE U2 BB R ek
li'ft?‘i—&\%};%‘gr;\jp‘;, BT Rk PR o
W3325 Sk RiERL S% > 7 g NBERAKPRH G & > v 5 Channel #FE 458 2 Sk % 8
BAPMA S BN E > B - BR T ARG ok T i g SR A ARG 1 0 A & et
BONLFIRE REFAADEF A FRERFARF OB R R EFF LAIrRR > RERF
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Fuel Tube Material Zircaloy-4
Fuel Rod Clad OD 0.36 in
Number of Instrumentation | Fuel Rod Clad Thickness 0.0225 in
Pellet/Clad Gap 0.0062 in
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Cladding Temperature (K )
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Cladding Hoop Stress (MPa )
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The Analysis of Oxidation Response during Spent Fuel Pool Quenching Using MELCOR2.2/SNAP.
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% 3.4.0.1-126 3 17 #ar 32 2 R

WRE R (V) 26 3 17 % L R@EV)| 26 %* 17 %%
1.4920E+07 1 8.3200E+00 15
7.4080E+06 2 . 5.0400E+00 16 ]
3.6790E+06 3 , 2.3800E+00 17 .
6.7210E+05 4 1.2900E+00 18
1.1110E+05 5 6.5000E-01 19 10
1.9310E+04 6 3 3.5000E-01 20 11
3.3550E+03 7 2.0000E-01 21 12
1.5850E+03 8 4 1.2000E-01 22 13
7.4850E+02 9 8.0000E-02 23 14
2.7540E+02 10 > 5.0000E-02 24 15
1.3010E+02 11 2.0000E-02 25 16
6.1440E+01 12 ° 1.0000E-02 26 17
2.9000E+01 13
1.3700E+01 14 !

*Proposed by Germany group in IAEA-TECDOC-1382
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% 3ALL-2HTTR ¥ entd kg &1 2 g £

Layer B kSR (Wt.o%) T Rms g
number ZONE 1 ZONE 2 ZONE 3 ZONE 4 (wt.%)
1 (top) 6.7 7.9 9.4 9.9 2.0
2 5.2 6.3 7.2 7.9 2.5
3 4.3 5.2 59 6.3 2.5
4 3.4 3.9 4.3 4.8 2.0
5 (bottom) 3.4 3.9 4.3 4.8 2.0

2840|mjm 4049mm

Omm

Fuel zones @ Control rods @ Instrumentation @

@ Replaceable reflectors .
. Permanent reflector @ @ A
@
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% 3.4.1.1-3TPS A 722 MS A 7| en HTTR 3 78 Ffic2? %okl b 4p $ 7 5

TPS 5 52 MS B 5| en HTTR %5 < 8
R BRTERIERE Ri- R LFER
ARAREE R D

Difference
MS B 7| Kerr 1.03253 -
Kett 1.07412 41.59 mk
. 2R R 0.5% ~ -1.03%
i
TPS A 7 I oL 0.60%
i 5.91% ~
Hh -15.66%
W FE3 L 7.72%

B 1z =21
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SO RRLBEFEAREEH o TR RAY G2 AR RS LEY BTG

e

BT R Ak 3411497 c RS M B B BT
20K 11k o @ 3t B he 4 3.4.1.1-5 57 0 TPS & 7
B d 3 HTTR Gt S i e s » 2 b RS R B B
KIEAR > B AT

G HMS AR IR 9 2000 iz TPS AFIR F BAATT 2
% 34.11-4TPS A 5 MS B 5 ch HTTR %o 58 B A F 0t s %
MS % 7 (K) TPS & 7] (K) 138 (K)
R | 2EE | 2R | FER | BER | 25F
Layer1 | 1040 835 1040 826 0 -9
Layer2 | 1226 995 1239 991 13 -4
Layer3 | 1296 1114 1314 1117 18 3
Layer4 | 1288 1178 1297 1181 9 3
Layer5 | 1299 1223 1290 1220 -9 -3

% 3.4.11-5TPS & 72 MS B 7|sh HTTR Jp w32 B PF A 1L R

2t | PARCSH i i1

(3 Iterations)

MCNP+j it # i 3]

TPS & 7| MS & 7]
go fo 3 2 T-NEWT 1200hr -
(216 cases)
Few mins 195hr

(4 Iterations)
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BT AL AR TEERAFHEREN LR E NP L4 34116 2B i8e

25 JTacis o Fg?l“éi@ﬁf“‘:‘lﬁ DENE R A F R H T5E - FiE T-NEWT £ 37 %R E RN R A F
FEVIAFB AL BT ERY 385 By o RS E = 2% PARCS B 0 pE e e Tl
#»EFEE > T HETEERLSF OE %xafﬂbm’k\w]fﬁ_mCASEA*’ CASE B - B] 3.4.1.1-6 £ ]

3.4.1.1-7 » w5 CASEA 22 CASE B s P 2 & w fE % & T 3odp 4t 5 12 2 241 & BOL s
AR A S S o & 3.4.1.1-7 Pl & 3 CASE A ¥ CASE B e 78 F g2 Wil Bdp 5 #4 5 £
£ o -';wug,,; FEZ RS SRR o @ TR R (CASE A)&2 % 4 2l %o & & % E & (CASE B)
AR ES F At X B R T < e B e ip i X %Lﬁ?;[*lij" TF e 1% T s R
Wﬁiﬁé» P R chZA e ZEES 3.31mK o T G B eh o BT UORE R R Bl
A FHEF VAT EAAHBI RS TR SER  RFIA B pl R B S
FEDEP IR R b REFPAHE BB EE N AR {ﬂfT‘If@;'?sbx FBad R
T g HH T F keff B H) o SRm CASE B el 78 Fliic: B B % A MS A 7|0 & 1
7 %) 38.28mk > BEon T ISR R i S nR T b e Flc A FEY B & T o

# 34116 HTTR g ow p W p B R &

PR EE | FERE BRI SEE
Layer 1 1040 826 933
Layer 2 1239 991 1115
Layer 3 1315 1117 1216
Layer 4 1297 1181 1239
Layer 5 1290 1220 1255
(ESEILEESprIES
1.20
1.15
1.10
1.05
1.00
0.95
0.90
0.85
0.80
1 2 3 4
CASE A CASE B

] 3.4.1.1-6 CASE A &2 CASE B e i ¥4 T 324p 435 5L
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AR BO1EH R FHES TR

0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 16

BCASEA WCASEB

B 3.4.1.1-7 CASE A £2 CASE B %44t & BO1 dhrer 4p $ 5% 5 & 7 1t 0

% 3.4.1.1-7 CASE A ¢ CASE B 3 78 Fl#ic s Pl 7 5 £ §F

Difference
CASE A Keft 1.07412 -
Keff 1.07081 -3.31 mk
AP ¥ F 1.25% ~ -0.74%
I e
CASE B ¥ XA 0.70%
AP ¥ F 0.51% ~ -0.37%
fhre
A S 0.31%

2

o et B R R oBER L RER Y T 57 @ F)F (Assembly flux Discontinuity Factor
ADF) & 1’.’ Mot F]F E G AT R R A TR g R 2 R A G Y TSR
fho? FEF2RYF)F DA S F E (R T2 Heterogeneous) ™ i & Surface Flux &35 i
is (Homogeneous)ml%/‘?,L Surface Flux z_ vv & » H % 51 8 40

l:[}HEIt

f&g = .pijfm ,g2=1,2...Groups,s = surfaces (3.4.1.1-1)

=g
PR S e Sl W T s b Hes -t:Hf’mj} LE B 0 F- T i (BALLD) e B R T
113;\1 :

I:DHEIE

fog = gmee—— 8= 12...Groups s = surfaces (3.4.1.1-2)
crerage
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bt o KT AR HRIECIRANBREAS F U F 3 RFFS o4 34118 5 7
FHFARFFF st S E v 29Y CASEL1 2 A * ADF>» CASE2 || & AR HRLEL G

ADF > CASE 3 Z g p 973 it g * ADF > % f#(Reference) 2 MS R 7|3
L% & * ADF(CASE 2)p% » 4p ¥+ 3
B2k sfH.» & * ADF p5(CASE 3) > 4p ¥+ 5
vl TG AL SR TP EE R H -

A e

1= _&,:]‘-FR“:}#Z&J < A -’;‘L«}‘i ek 3

—‘J.g _L% é

s

‘% B A+ b ADF :nCASE 1 ff £ » e § :c ¥ keff £ 8 » %
A BT % oW R F A HTTR ¥ 445

L IR (TR 0

/?;}_,,_B:L ]’fﬂm—- %E‘U;J_,}l e it F\)\;V——'-i s rﬂLb I A f,sb_ﬁf__ J’*”f—-‘#\mlfjﬂ;{ ] ]§(3411_2);\: B SR

IR HAp $ 5

P E R MR AL P A % 5 Y SHOm v L ADF 08 & (34.1.1-1)5 »

DI Ed KRR EANED A FRHF OO EERE S 2§ R ¢ 3 5 5 (Neutron Current) F
»TF *’ﬁ_;}\‘ ’ j\?éi‘*'ﬁﬂﬂm o #Rm p @ PARCS # ﬂ@‘]q"i’hrﬂmmﬂ oo Fltm i “JEA?N’FH‘L%‘*
PEAL B e ADF o d MR E F S E AR B G 30 F E 038 3 R 2 ADF EddgiT 1

;T,»-bgj\gg: » ADF 25> 7]t CASE 2 e 78 Flics &

4
Yo @ T L AU ADE T

% 3.4.1.1-8 & * ¢ Fif X

35 dp g3t CASE 3 a2t

Fil A F)F S SR i)

a—i— T %

& Phr
Reference Kett 28 | Ap¥# F LR | p§# 502 | EAF LR [ pHH 502
(Kei=1.03253) (mk) (%) 19 £ (%) (%) 19 1 (%)
CASE 1 41.59 mk 0.5~-1.03 0.60 5.91~ -15.66 7.72
CASE 2 25.03 mk 1.66~ -0.98 11 6.15~-15.86 7.88
CASE 3 40.11 mk 3.19~-3.79 2.73 8.23~-23.71 12.54

3412 p 3 VHTR @ F 23§ 4258
f£¢ TPS B 71| #74x * 2_ %k 8 #2235 42538 SCALE6.1/T-NEWT 3 % ##(238 #)+¢
F BB EARN  RILPHTTR el B ek 2 ¥ 252 R @R R ERA 220 &
FA o PHT SEY R EFRAHER R REIE M e A FRIEFENLBL 0 F
4o p B jrsc i (Bondarenko background cross section)# Dancoff factor %358 p =i % * chd 3+ #6 i
3 o R ¥ m P (105 ) & * 22 HTTR o supercell $3] » SCALEG6.1/T-NEWT & j# %
B Al B R G P 3 RN, T ool f2 ADF iy 0 kR i 2 p et U PARCS ¢ * >
B0 Fe AR OSSR S e T3¢ 3 i F e ADF o

2icsiE g3 o VHTR oo @ +4v»;ﬂl& BN 0 AJE 1 (T e 8P (106 £)ie * MCNP %
NJOY[11] 2 2 @ + HAgERE & B % > 8- H f i 2 %3 B 3 RH* EPREHBH X D
MCNP X2 gt £¢ 85 i\zaﬁ el B2k B o 3% B B3 mclatcseq #23¢ & ¢ v melib
#2570 > % NJOY :# P~ ENDF/B7.1 T E » kA2 “tF B R hs a3+ @i € (cexs)® % #(mgxs)
P A G 2o 8% MCNP 52 cexs o B8 F % B3t 8 > T WGP & RB oD
3P 3 HeBLA 5 (0t~ Ga> Of > VOF~ Oes > On2n ~On3n) & ¥+ i 5 o 1% 3§ mclatcseq #7.5% & ¢ & mclatcmgxs

d 3938 1

207



A23% 0 3 B MCNP 8 20 P ciicdh > 2 mgxs @ 3 85 J b g PO e e 2 A 2o &
A RS R ALY HE A G AE(Mglib) o $3° 3 b E & RIJE A B 1% mclatcseq Az 5
Bi27 5 MCNP #8L B 3-8 » 24 4 B mglib 4% » St & % 5 85 (106 )73 B2 2%
St E AR NUCOT s 17 2%pw® 342 25484308 o p§ VHTR g P 3 1834 5 42 55 e

A 4cE 3.4.1.2-1 -

B 3412-1 p 3 VHTR g« ? F 123 5 4550 i fe

PUTEELP OAIE O (TET R R 2 25Ny o
1) mclib

i ik F &K A FHHR > F PRS2 ENDF/B AH R 2 IE AR B~ 2 8~ 4k > melib
AZ T PR B phE 2 L PAE A NIOY $ ~ AR E LT 2 0 11% NJOY/ACER 2.4 & 1 fben
BF e S E A s BE(cexs) ) # 7 ACE #:Ven? 3 # 5 B& xsdir 7% > 122 41 *
NJOY/GROUPR # # % i # ¢ 3 s o & (mgxs) o

SrEznmelib #TA 4 2 @ i FACERA G Behr Ao d Y - JH B F 22 @d%c
T & 0 )N 7 2%.C b 235 % 4 238) 0 F % G S(oLB)PF 0 e fkk* ENDF/B7.1 FALE 2
600K g & » &% * MCNP5:i&{7:-%5 » & —‘ﬁ e 35¢ 338 F g o fdeB) 3.4.1.2-2 © B Kinr
ZR 5 -2pems ¢ Fi F A LB A -03%- B melibiz 2 ¢ 3 #£5 ¥ MCNP 5
ZYVFEGRELARH ) HI BV ka3 NOY %< A(MCNP sg%# 5 B NIOY w4
99.393) 5 % i * 2_ NJOY%?J IR R TR o
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Flux comparison (mclib/default)

04

kinf

defaut: 0.93238+0.00003
0.2 mclib: 0.9320610.00003
dk=-32 pcm

Difference (%)
(@]

-0.2

-0.4
1.E-09 1.E-07 1.E-05 1.E-03 1.E-01 1.E+01

Energy (MeV)

Bl 3.4.1.2-2 MCNP # * mclib 2
21
F

2 ¢ 3R
BffE R ¢

2 BEIERFTHE

52 %

(2) MCNP

& * —‘,5 BB 7iE 2 MCNP - ‘el g 22 & mﬁi%l * 4% ¥ dp Tmelib A 2 2 cexs A

BogE % FpE 25 B 5 fed melatemgxs #4258 7 7 & endicdy 0 4 MCNP ﬁi%] AR T b
»hic(tally) & w3 2 Pifaand ¢ 3 F JBi#E 5 (ot~ Ga > Of ~ VOf ~ Ges * On2n » On3n) ~ & ¥ 3
e i F o 2 PR B PR Fand 33 5 2 g (current) 0 H it B 4 F 2 mclib 4758 %
TAP B cMCNP 3+ 8c¥ 5+ F i 2 7%4r@ 3.4.1.2-3: 7 3 F BT B %4k 3.4.1.2-1-

F4:N cell

E4 energy groups
SD4 volume
FM4 C M R;

Hrp C ReRF R M BAMRERST > Ri B2 | 1 EE

Bl 3.4.1.2-3 MCNP 3+ #ic? &+ F i+ %

# 3.4.1.2-1 MCNP 2+ #c¥ 3 F RS2 2 &

MT/FM Type MT/FM Type
1 a, 16 Ty 2
-6 g 17 Ty 3
-2:-6 g, -6 -7 Vo,
2 Tos
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3) mclatcmgxs

YR E R ER SN &R (cell) P 2 $H k2 ¢ i F MCNP it
BALRBORFESE R Y FF RiEF MCNP 3 #cF %sier moxs 5 37 3 i o
%%’uﬁﬁﬂ&ﬁéﬂﬂia‘$m'n1WWP”&4%%£WMK&¢%%%ﬂ’
mclatcmgxs #2.3% 3+ & 3 B 2R B e L BB 6 Bicdy 0 @ 2 AT TR 8(Dy) ~ Zag ~ Zrg
Vg~ Zsgog F Xg °

s fed 2Yp et B AR NuCoT #7ig * chih gk i3 ’mclatcmgxs #2358 - € = e NuCoT &
DF 35 50 » 43 % 2 325 iV B 6 Bcdf > 112 MCONP 325 2 ket ~ 327714 ¢ 5 3 3
=3 \éyl SR S RETE  S W LI T i ST I -3 A

BoiS A4 R ERE  BIRGEAZ Y RBRHEREORE L RBT N ERE 6 Ky e
(mglib) » & > <3t 5 42.5% NuCoT @ * -

Pied * i H R B> > M7 mclatemgxs A2 3¢ enB 2 0 d 3t moxs thE Y
Bondarenko model 7% § # & (c0)% 32 7 Favd¥irAd 4 2 P 85 > &2 MCNP &
flradga? IR G2 RFY T FEL 2 FHY FEG g*ﬁ xR fF P~ F mgxs
AP st & JE“E_.@ LY S iﬁ?‘rﬂ ERAH ¢ el g NEarit b g
= FBE MCNP 5 Ap e ciking 2 ® 33 50 # (40 3.4.1.2-4 c7Case 1) o e Fiagp? + &
B A2 \iﬁﬁfﬂﬁém#@{ﬂy%ﬁ*Wf'#MCNP% 2 hm£ﬂ%ﬂﬂ$¢#«%
Bl 3.4.1.2-4 i Case 2) F]p+ ¥ ] * mclatcmgxs #4254 & (72 J RIDF L P S ERE G

e e

—MCNP —~Casel —Casec2
1.E+00 120%

MCNP ki 0.93235+0.00002

Case 1: -6188 pcm
Case2: -7 pcm

_1E01 80%
g
2 0
> °
= LE-02 40% 3
= — H
8 2
E
g ’_l
S
z A_IJ_L

1.E-03

1.E-04 -40%
1.E-11 1.E-09 1.E-07 1.E-05 1.E-03 1.E-01 1.E+01
Energy (MeV)

5=
Rt

Ly

B 34124 F B E 28 4B e 2L n e 4
A\—ﬁ?”j{

ek
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(4) NuCoT
A HEEH NUCOT ifFdez s pr it ABHE AN NZ Y I FEAR FRAEAH N P VA
HTTR J/‘ SHEHFRE T Y FE RS EVE P I EREAGEREALAS N G x&:}ig— B A IRE
RTHERE S B N2 B AHER T LB L BRER TR LEHER Tnin® S EREH
BEPERBPEF LIRS IR ER Y T ERAG
(T Tr) = Za(Tonvase Trvase ) + A%2 T paser T) + A, (Trnpaser ) (34.1.2-1)

(5) H @ A2
Hifple g4 odrB@# R 2 ages 1 &> § 8 537 3 £ 5 fidpigdt MCNP #
U AR5 (menpmgxs) > M R FR S P 3 g B MCNP 24 & .35 5 325 i 42 3¢ (menplatcout)

3.4.1.3 #73) VHTR %%~ & 3+

L HTTR chx w3 B v fedd e 3374183 B B F 4 5% VHTR %o 23 (f§ #1573
VHTR) > %845 2 fo 4] B ehp 30 & 24 Zhang[13] % #7ff 1 en HTTR 2% 31 5363 A i E -
SoleE iR >~ inditREcE o R A2 R U6 S e 03] 0 HOR SR A R R AR 2 7
Fl- Axjza L g &r%} 3413-1% % 3413-1-

BASH Zhang £ N2 HRENEEFFTE AN L%E o  HHRERNE Frie s FY S R0
Pp o -2 P 3 5 iy S B menpmgxs 425 2 MCNP 53¢ 3 #5 B8 > % @ ;a!p(loe #£)t

% #ri& = 2 supercell #°3] » %38 MCNP 3+ & {’*i’aaﬁil’\ ¢33 A4 F (s @ % menplatcout £2.5¢ #-

Bt @ik p RS 200 & BFA0 £ 4258 NuCoT #7F & o fr it ¥ 3 # 5 Bicdp et o
Diffusion coefficient % iz J5 32 5 it {5 & transport cross section & # o
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winnoeA

10.8 cm

36 cm

12.3 cn<

6.7 cm

(©
reflector (PR,RR)

control rod (CR)

B 34131 i3 EFANF BEXRY

434131 % Zhang # #Hig 2 ff i HTTR s p ehikSgA » # o Layer RT1~2 & & & sf4d
Layer RB1~2 5 = A & SH48 o %o it (7 4 % #7414 2 #1(ARO) ~ 2 » (ARI)% 364 454 (PCRD) = f&
AE 0 ded 3.4.1.3-2 - 12 MCNP “;J—_,gf:—‘,;__\;t A _?_‘JJE o ;_L_% ¥ @ > B Kep A3t 224 <10 ocm » S
§ 8L K B33 £ <0.1 % - NUCOT 2%h w3+ B fraciE 2355 105 NUCOT & %% & ot s % 4r i
3.4.1.3-3 - B FIHTTR chfhre b R SgR K #rig F o K 2 2+ 1-16% -

% 34131 §AFEFATF BRERCBIRGFRLT

Fuel 1 2 3 4
Layer 1 |5 (6.7wt%) | 6 (7.9wt%) | 7 (9.9wt%) 7
Layer2 | 3 (5.2wt%) | 4 (6.3wt%) 5 6
Layer 3 | 2 (4.8wt%) 3 3 4

Layer 4~5 | 1 (3.4wt%) 1 2 2

234132 Fi-ABEF AN BRBR ot HEE

Case CR 1 2 3 4
ARO 0 0 0 0
ARI 9 9 9 9
PCRD 3 3 3 0




%+ GTHTR300[14] % 4= k ;¢ & )"@E"?m’il——f,'ﬁﬂ,;géﬁ:ﬁ-g;{ﬂ— TR N R ﬁjﬁ%"%ﬁﬁ&%“ ,
Erpodhe H FAT A FEEHK LT EIT cosine Ak 0 P F S BERAT RN B EHET RL
Brift o Tt AL RGOSR AE S0 BIEGER ST > Z B R B B RS ek
34033 o 4 F L R AL LT RE PH(K) o M G SRR A TR OR G B 2§
BEBATE 3B AR A o

% 34133 HrAREFANF BE? Pie s RERAF ONUCOT F E R % E 54 H2 1
fhe 7395 &k HE R fhe 395 &k HE R

ARO ARI PCRD ARO ARI PCRD

Reference ket 1.09860 | 061347 | 099741 | 1.08621 | 058918 | 1.05012

etr error (mk) 16.93 8.18 22.61 13.07 6.32 20.16

Nodal Power Max./RMS | -15.805/ | -10.767/ | -7.905/ | 1.231/ 1117/ | -2.400/

Error(%) 5.419 3.843 4.364 0.694 0.626 1.291

Zc | Layerl | 1726 2.048 0.425 0.843 0.700 0.189

§ % Layer2 | 1416 1.680 1.163 1.072 1.143 0.758

_ | 8% | Layer3 | 0983 0.872 1.454 1.170 1.314 1.303

s | ¢ S | Layer4 | 0543 0.300 1.119 1.072 1.143 1.470

= | 8% | Layer5 | 0332 0.100 0.838 0.843 0.700 1.280

3 o | Layerl | 4978 3.226 2.025 -0.800 -0.184 -1.647

5 T | Layer2 | 2780 0.576 5.429 0.371 0.154 1.756

° 5 | Layer3 | -2610 -4.664 1.555 0.472 -0.080 0.809

S | Layer4 | -8973 -8.256 -2.951 0.371 0.154 -0.030

“ | Layer5 | -15349 | -10.308 | -7.331 -0.800 -0.184 -1.585

o F1 1.019 1.100 1.022 1.035 1.130 1.035

'§ S| FA 1.022 1.099 0.995 1.003 1.069 1.002

% § F2B 1.024 1.116 0.998 1.004 1.084 1.003

= | S g | FeA 0.986 0.956 0.984 0.990 0.961 0.986

S| &€ 5| F3B 0.987 0.950 0.985 0.991 0.954 0.988

_% x F4 0.985 0.886 1.012 0.981 0.878 0.989

g F1 -0.342 0.683 -0.314 -0.335 0.477 -0.377

S S F2A -0.179 1.162 -0.027 -0.424 0.976 -0.371

© 5 F2B -0.269 -0.732 -0.255 -0.416 -0.864 -0.448

- F3A -0.055 0.108 0.035 0.051 0.191 0.177

(§ F3B -0.082 -0.709 -0.226 0.011 -0.600 0.015

F4 0.728 -0.463 0.642 0.720 -0.243 0.622

d S HTTR 4l B a3l B A R E T R BEA S F > LREEY 3 489 B R
24393 PHAOR %o Flit 54 Damian ¥ 4 [15]4 £ 47 s chd 3 3% Jk 2% s (neutron streaming effect)
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Prgr 2R R o P47 T dic(anisotropic diffusion coefficient) - i3 sxdy 4l B 2L 4E 4 T i AT ko
2 ARO ¥ he 323 4k Hg AR Rt A B k4rd 34134 B EHT A ERF ke FERE 0 FRFH
WHFALTRREL P REL o 17 ket £ R ¥ 0.67mk > ?Fﬂ‘,hx Fho £ R W 0.784% o

% 34134 FCEEYIPA ARG T AT B NUCOT 34 5 % el 1 ]
FABEFASF BB 5 BkEER ST

Reference E N RIS S P AT Y S
Keft 1.08621 ket error (mk)
13.07 0.67
Nodal Power Max./RMS Error(%) 1.231/0.694 0.784/0.408
Relative Power Fraction Power error(%)
g Layer 1 0.843 -0.800 -0.057
g Layer 2 1.072 0.371 0.078
g Layer 3 1.170 0.472 -0.064
g Layer 4 1.072 0.371 0.078
3 Layer 5 0.843 -0.800 -0.057
- F1 1.035 -0.335 -0.333
= F2A 1.003 -0.424 -0.464
% F2B 1.004 -0.416 -0.458
§ F3A 0.990 0.051 0.099
S F3B 0.991 0.011 0.059
© F4 0.981 0.720 0.659

B HTTR Y SN A B 8% B p o (78 B ehjpu ¥ 3 $ 7835 5 42 58 NuCoT
FARE A e R AR o FIMRNE FATAIER AR R 5 5 VHTR e et g o e
HTTR-GCR-RESR-001[16] #r2& = z_ %p . & e #0342 H4L 5 A # -

(1) Bkt

BOAEEAERG o d ST HTTR A7 % chsh A W0 p S § - 2t 2 2 2 @ 2 K
PR BT R 0 FI AR R ePATA] VHTR 2453030 %44 GTHTR300 %3 > Rl#-HcZ A
& A SR A K nH 2ol MCNP5 3+ 8 % % (ENDF/B 7.1 3% ¥ + # 5 & ~293.6K >
#hRAER 3AW% 0 2 A e~ S(aB)ig ) kinf £ B 3 2.96 mk (£ 3.4.1.3-5) °

7 3.4.1.3-5 PR Y S ® A R E L de i YU R Tl )

Kin dk (mk)
Bh g R 1.29040+0.00007 -
AF R 1.29336+0.00007 2.96
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k Fs? it MCNP 2+ & e se B » #-TRISO 3fcn5 k4 k Bz B8 FHALR & - H K e
iﬁiﬂ“ B EF P 341360 4 F kir £ 8 - 021 mk o Fpt (S B aog i TRISO
B e

% 34136 7 F TRISO 3] et
B 4 TRISO #:% i i TRISO #-7%

PR

Kin 0.69070+0.00006 0.69049:+0.00006,
dk (mk) - -0.21

EYORBOSHRGY  X PR R RF R FHEHBEEEEHE g She 303 0 3
WOSTRER DS AR SR SR PSR L TS D S S R R 25 A e
% TRISO #fde o ¥ oh o whplghpn ol B 2 4 Br A &% EHE EEPN > BP0 FH )
(0.025cm) » 7 B HE AR E R M > LR B ERA G Y R B B8 RAREBEF (Y
Bop )2 iR (Z 1 TRISO #0312 ¥ w2 R)hS R i3 LR 2 8- il
MCNP5 3+ & & % % £ 4rdeo®] 3.4.1.3-2 > A7 ff ©* 15 & kit § -3.20mk £ £ -

HPRIEIRR

| » i Kin dk (mk)

[E4EREHE | 1.29336+0.00007 -
BE(LEARME | 1.29015+£0.00007 | -3.21

| (LGRS

Bl 3.4.1.3-2 ﬁé L bkl s 2 2L
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(2) wtR

PORLBLR R 54 Zhang el k3t 0 2 B3 RUEEEE 31ncd ko O M sjed i
ARG AR FAST R W F 2 4K A e d FHE 0 B o AR R s S 23
A et (7 0B 2.0%) -

(3) st

AR 54 Zhang 0] K3 0 pdlRe s 21 At R ARG RAR A 23
Fithd 10 Bl d o FrE RS 2 THE S PR RA B o A RHBEANRY ¥ -
ﬁ? EREEHB 2 N B ER 0 P B R G o A INA 4o 34133 ¢

3

by

Control Rod

Remove axial
infrastructure

Remove additional space

B 34133 f gl

FI* p 7B VHTR Yo ¥ F 323 5 42 3¢ NuCoT 2 7473 VHTR gt B g L2 =
MCNP %4 3 5 204 s #5031 (4 B 3.4.1.3-4) » B AR Tk 34137 ZilbhkiHa 247 7.9
Wt% > % 4r » S(a,B)i & o r2¥HELE B 900K 2 jfiE AR & 600K i 7 MCNP 2 w3t 8 o Kesr 503t
WAL 8poms # F iR A o] 0.2% 0 NuCoT 3+ 5 & % 2 MCNP %% 3+ & 2 v fide £ 3.4.1.3-8 >
Kett £ £ 5 5.03mk > & 2h7 F &+~ £ 8 5-38% " RMS Z 8 % 16%-

F 2 HTTR e o #urt F 2o8ie(4 3.4.1.3-9) 5 #773] VHTR Yk 3t A # > 2 NuCoT &7 ¢ +/
FongEE > B5%4r£ 34.13-10° & ARO K At ™ ke 2 1.05169 5 & 2L+ dp¥t# F 5 1.4076 -
PO AR A G 1532.45K - i B <R R 5 128121K - # & HTGR < jr[17]% itig 8
1873.15K & f o
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Moderator branch
Fuel branch
Fuel branch
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900(Fuel)/600(Moderator)
900(Fuel)/900(Moderator)
600(Fuel)/600(Moderator)
1200(Fuel)/600(Moderator)
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# 3.4.1.3-8 NuCoT #25* 2473 VHTR g« Bl 2R & a3t 5 % %22 MCNP %4 22 1t

MCNP(%+% & NuCoT
Keff 1.04633 1.05136 (5.03 mk)
Nodal Power Max./RMS Error(%) -3.821/1.599
Relative Power Fraction Power error(%)
3 Layer 1 0.81630 -2.760
& Layer 2 1.03643 -0.534
g Layer 3 1.15045 0.062
S Layer 4 108526 1310
3 Layer 5 0.91156 1.443
- F1 1.27706 -0.030
3 F2A 1.08950 1.314
}'_; F2B 1.09204 1.093
S F3A 0.91319 -0.203
2 F3B 0.91164 0.072
© F4 0.85733 -1.347

% 34139 #4 VHTR %« #17 F B3R 48

o 30 MW
» TR 680 K
M L P 12.4 kg/s
B g 12%
e R4 4 MPa
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% 3.4.1.3-10 #73] VHTR(%g = # # 5 30 MW) & NuCoT 3+ & & %

Relative Power Fuel Temperature Moderator
Kefr=1.05169 _
Fraction (K) Temperature (K)
Max. Nodal Data 1.40760 1532.45 1281.21
Layer 1 0.79527 916.37 730.85
Q)

i Layer 2 1.0308 1066.19 831.75
.é:i: Layer 3 115038 1208.51 950.65
1316.86 1071.45

N 1.09867
Layer 5 0.92486 1386.39 1178.81
F1 192626 1532.45 1281.21
F2A 1446.58 1221.02

% 1.10352

[3+]

E F2B 1.10370 1446.71 1221.11
1312.54 1126.99

§ F3A 0.91150
F3B 0.91246 1313.20 1127.46
F4 084618 1266.88 1095.04

*Average relative power fraction data, max. temperature data

3414 HHBPFBEARLZ 2RMLEFRNELNEY

A 83+ 4 » 107/12/17 # 7% 2018 Advances in Reactor Physics worksop » ###-P * &+ &+ £ %
2 AKio Yamamoto % & 2 il + i ikmAl XX ok Sgh o A2 R ARAcR] 34.14-10 55 20
PRESPFFEL R FA FELFHE 0 T ERT AR 3414-2) -
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2018 WORKSHOP

Advances in Reactor Physics

Date
Venue
Host

December 17th, 2018

Room 204, Green Energy Research and Education Building (ZETEHIEE)

Center of Energy and Environmental Research
Institute of Nuclear Engineering and Science

Presentation Title Chairperson

Monday (2018/12/17)

08:30 —09:00

Registration

09:00 —10:30

Akio
YAMAMOTO

Sensitivity analysis, uncertainty estimation,

Rong-Jiun Sheu
and data assimilation in reactor physics &

10:40 —12:10

The latest on G5Pn theory:

; Yen-Wan Hsueh Liu
overview of the theory

Yung-An Chao

12:10-13:30

Luncheon

13:30 —15:00

GEMESIS - a three-dimensional transport code
based on the Legendre polynomial Expansion
of Angular FLUX (LEAF) method

Akio

YAMAMOTO Rong-Jiun Sheu

15:10 —16:40

The latest on G5Pn theory:
solution method and numerical results

Yung-An Chao Yen-Wan Hsueh Liu

16:40 —17:00

Discussion

.ienaAlau YAMAMOTO

Professor, Graduate School of Enginesring, Nagoya University, Japan.

Foous on the development of advanced nuclear design methods for current and Gen-IV reactors, sensitivity
analysis/uncertainty guantification, large-scale simulations using parallel/distributed computing, in-core  fuel
optimizations, education of reactor physics, and reactor safety.

Engage in various activities of Muclear Regulation Authority (MRA), a team member of new regulatory requirements for
light water reactors, new regulatory requirements for nuclear fuel facilities, commission on supervision and evaluation of
the Fukushima Daiichi NPPs, the reactor safety examination committee. The dhair of the nuclear fue safety examination
committes.

Member of Atomic Energy Sodety of Japan (AES)) and a Fellow of Amencan Mudear Society (AMS). Chair of reactor
physics division of AES).

.asorrung An Chao (# % %)

¥

W

Formerly professor at Camegie-Mellon University, advisory engineer at Westinghouse and manager of technology
cooperation with China, adjunct professor of Shanghai Jiactong University

Research interest in application onented theoretical work. Major contributions in areas of hexagonal nodal methods,
coarse mesh finite difference method, loading pattern search and optimization method, space-time neutron kinetics,
dynamic rod worth measurement and subcritical reactivity measurement, etc. DRWM 15 now widely used in PWR
throughout the world.

Awarded with the gold medal of Westinghouse Signature Award, and honored with AMS Fellow.

Continuing in research on next generation core analysis methods after retirement in 2011, Having made a break through
in 5Pn theory, with the resclution of issues standing over fifty years, to establizsh a complete and nigorous G5Pn theory.

] 3.4.1.4-1 2018 workshop Advances in Reactor Physics ;= 47
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BA2 MR BRBRBIFEX 244

3421 ﬁi*"i}?ﬁﬁé)?e

Gaertner(1965) [1]14 T {5 s %% 0 S f” 7 v ie 2 2 hgA ko H g & a0 b M F
Zoo FRnirenwpir FES A S E - sk 2 e o B2 R fE2 5 8 - T ¢ % (Discrete bubble
region) o SE F i F ehk A o ER W ILT B e 0 B A 2 T ie i F g2 M4 E TR - B
FUFE Al - Wi P2 ey ARG ATeTe 0 A2 o e P2 AT §
Ajw -kt g N - e R @ 8~ % - #BE % (First transition region) - g %%lsiii”ﬁ&ﬁt
o fo o R FRMEL BN FFET SR R EF BERML A R it F o R
AP ER AR OF S > MO QRS h - A R RS R PR REL G
A% 7 % (Vapor mushroom bubble) < & 5] ¥ k372 T B & i P fpf £l Ferpa o 2 % P2 5
% = i & ¥ (Second transition region) -

Marcus and Dropkln(1963) [2] mapivs e do o FEE AT mﬁua MR A A AR AR A R R
RICERBEL G IRTHIERG BT Lo DA T R L RGP B g F R
B Hicd 2 3 *le:%] 3421 %7 >4 b BRI d 0°0~90° c H S FRAMGEREEE
F AR a3 4eq & F 0 Marcus and DropKin 325 i 8 F1 5 0@ A B m MAR R T 4 > HRAER
R e il b o R AR Bk o
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e MICARTA CASE
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HEATING ELEMENT

Githinji and Sabersky(1963) [3] % 7 & % S B2 L % i 3 Poid B A B2 B IE L 1 E
A e B AR KT R LE ’?‘é%;g BB G AL E

Nishikawa et al.(1984) [4] 2 4 5 i s 4B 4 G > 32 % K fAs 1 (e840 o 5 1 @5 { 5 B
&&%’&'@mn%m%’iﬁgﬂ:ﬁ,%&iﬁiéﬁﬁﬁ% PR AR o B AR K3
4@ 3422 ¢ g h Bd 0°~175° > HE S BFRFRAMANE FnlF,T > HeBE %
Beg LA L Hbv ) RABREAFFHDOEA A ’ﬂb?]3423?/ A
PRLEORE T GBRR P 0 B RIS PR LB FIAR P T BRI R

—l\
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*e @@ Nichrome heater
: " @ power leads
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Chang and You(1996) [5] F i~ m4F T 5 et o > AR AU FNFRETREFFTH > LRI
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& 0°,45°,90°,135°,180°
BBk A%dF o L §
7 5%%,,%*%«2 7 # ¢ - Chang and You

’a‘? e ,é,i & R B 439 T (downward)pF >
fofim o FRAEAR 4 ® TGk
Rainey and You(2001) [6] & 7
and You [5]z ¢
FRALR AR AE RS
You 2. F B licip B o B B %k
AR R § LR 0 o

i 4e ?%f& h AT S m;{#n P—H—H‘EU o

2z Y

NG {"«Lq
4> Chang and You P Z et 48 15 & 5t
R R E ek
HEN o

oy bk R Aot m ¢
B oo e R PTRAR LR

Chang and You z
B 3424 ¥ F e
¥ % 2 > Rainey and You 32 3 %:E%L_rﬂ i

’ﬁ“FCJZﬁélﬁﬁw’%mgﬁ%aa0%@ﬁ§mwﬁ,@#@ﬁa
g & RAREI P £ b g B LE

< brts 14> 27 Nishikawa et al.(1983) [4] 2

Honrdez & Bk i 2 e 0 Nishikawa et al. £ 45
8 FIFC-T2 #1 F 2 A frdp i # R vk kehg digF o
Bood NP R f

% EA AR S . 44 Chang
<+ % IxImm -~ 2x2mm % 5x5mm % 5 4c e A W)iE (7 F B

3 0°,45°,90°,135°,180° 2_ *} > % 3 4e - 2160° 2 4F 2 Chang and
'?55-%%'&1%}3@]’}5& ¥ e ® ']‘migﬁ P

B L 25emPpE > HA G EE A

v #m ﬁ';a‘:F‘}%‘Jé‘Ef?ﬁKﬁ‘J%fﬂ%ﬂ ) }a PR e B EE
H4av# & &> o 2 B2 5% Changand You 2- 7 2 & % 4p 017 -

T

T LN N N B I | T T T

|Microp0r0us Surfaces|

10t

Wy B oonamed
T T TTTT]

T

Heat Flux (W/cm?)

T TTTTy

L1l

-0~ 1-cm? Chang and You [8] | 1
——  4-cm?, present study ]
-+ 25-cm?, present study

B 3.4.24 kT pFricfg

Jung and Kim(2015) [7] ™~ &£ 3
EMSTAE S ks SA S I

ik
B2 B B T IE 5

a T/‘E,}f"gf' s x

3 455?3101 2 3

3 (ITO Film) e-T 45 e #4
{ & /)a g IR

RMEGR2 BEFBPPIARE > RIAPRBAR ~TEn

P SR W RE IR hod - 7T 0 d AN R

Lﬂ\“ﬁﬁé}%—u KIFL 3 IEIRAY

4 5 6T8 102
Wall Superheat (K)
o At

W

B AR BRRFLE
%% > Jung&Kim 12 %= ¢

BB T A L R
#

Bk B iﬁiﬁ
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#3421 Pt R Y T

Authors Geometry Crientation Temperature measured Fluid Surface  Measured parameter
Marcus&Dropkin Horizontal plate  0°,22.57,45°, Thermocouple
(1963) Length=2 in 67.5°, Number:4 Water Copper g°. AT,
Width=2 1n (Fourth order)
Githinji&Sabersky Flat strip 0°,90° Isopropy  Stainless
(1963) Length=4 in Not menfion alcholol steel gq". AT,
Width=1/8 in
Nishikawa Horizontal plate  0°,90°, Thermocouple g, AT .
(1983) Length=175mm  120°,1350°, Number:21 Water Copper n,.Df .
Width=42mm 165%,175° (Third order)
Chang&You Horizontal plate 07,457,907, Thermocouple g". AT
(1996) Length=10mm  135°,180° Number:2 FC-72 Copper ny Dyl f
Width=10mm (Frist order)
Ramey&You Horizontal plate 07,457,907, Thermocouple g". AT
(2001) Length=46mm  135°,160°.18¢°  Number:2 FC-72 Copper ny. Dy f,
Width=51mm (Frist order)
Jung&Kim Horizontal plate  0°,30°60°,90°  ITO film g". AT,
(2015) Length=13mm heater Water Al O, n, b, f
Width=6.2mm

3422 REREBEX G

B-F i AEY PTE R Y 2R %gfﬁ:,k- TR 0 4B 3.4.25 Hror o BFREREH 2
Buz_# i %A 5 ogk i Su(Filter system) ~ Fp 44 2 % # % Xi(Preheat and degas system) ~ 4v# % it
(Heating system) 2 #icdp #5824 47 % ti(Data analyst system)z H o T R e kzo A
R SER LK

B2

y el
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Tap water

4% Filter

f Water storage tank Circulation pump
Drain

Cooler]

Heating surface

-t

Data logger

High speed camera g—
Heater

L

1 = 1 <

Drain Heating tank

Test section

B 3.4.25 FHEEKHA

)

~ ek ks
Mok ks B8 § %5 koK B (Reverse Osmosis Filter) ~ 35 2 3 % ~ IR & F % K
FTERIBEXRA > 4oB 3425 #7 o b WP AT * 2K 5 p Rk Z@LBET
BR2FFER 0 S FHRTHE BERRRGF A BRL P RRERT IR BEFHER
pEN IR “fﬂ S WA 4 fﬁ,ﬁ‘eﬁ’?ﬁl &P 'F.‘r ) ¥ iﬁ‘d -k ’F‘?g‘ Bl Ry 4] H 7 e i@ (Resistivity)
t IMQ-cm 1 bz fadE H R Rz MR R o
T o~ ﬁ%iﬁﬁﬁﬁ
R ”F Foidz e e § iz ok (Heating tank) ~ 4 % % (Heater) ~ i ;& % (Cooler) -
& R ¥4 % (Temperature controller) £ £t & R (Exhaust valve) > 4o @] 3.4.2.5 #1it o #HiE 1
EORRP IR E 2 R BE L AR LR B BB R K BRI R RTE 2
TR RGHRY BF RGO L2 F RN E AR REAR T R R
PRAREAERY I
KR P
ﬁ%%&i@#é“ﬁ%¢g\ﬁﬁﬂ;§w\ﬁ%&,ﬁ§$a§%%@$,@3A26

BB R G o AR TR B RS R L IR - R
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Test section
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A { ®

ﬂ e Test heater
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High speed camera

@ v\_
] Insulate material
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Data logger — Support stand

=0
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P:\ver su;ply

Bl 3.4.2.6 44 5 %
(D)5 =k H
PN T AR PIES O F A TS HETF 5 543x500x765mm >
Ak BB G A5MmMo Ak kP E ARSI BETE 0 AR RIP Y LS RIER
e EI G A RIS S HE K F - B 200x200mm 2 B EEIFARLT 0 1T L
7 #Eo(Visual section) » ™ f B hF L e FRfrh EF R EFBEAHFE T L
Bl4-B] 3.4.2.7 #171 o
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Bl 3.4.2.7 % Sk H,
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(B) By B~ 47 %k bt

BAE P 45 ki & §d ﬁt:}fiﬁﬁhﬁ(Data logger) ~ B @ #8112 (5 F L Bedy oh
AT ES B9 B HERE LD AL F T F RS gm (Ohkura) #+ B % =7 VM7000A
& A 5% 2o & B (Paperless recorder) » 4ol 34215 v HERTF B2 R G
—200~1370°C o @ d 364 B 75 B~ 2 Bcdyp » DST 4 0 v Jf 4 T4 a2 i 18 Data
Viewer- #-H i 3 & Microsoft Excel 2016 + 3 B~ CSV ##> ¥ ¥ £ 12 8 B4 %8 Origin Pro
2017 ;27 Bl & ~ 7 - B #EF 5 p ~ Photron = @ #7141 2 7 FASTCAM-ultima APX >
4ol 3.4.2.16 #rm o # 2= Frame rate(fps)#= [l 5 60~120000fps o #-4p #eds 2. F7 i »
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% 34312 ik

Base Target RF Bias Working N2/Ar flow rate Coating
pressure power pressure time

2*105torr 150W 0V,-25V,-50V,-75V-100V | 6.8*103torr 4sccm/26scecm 100min

(2) WS X AN
ﬁ" #F4 X T B (Scanning Electron Microscope SEM )% & %4 & 2,1t 2
ERIENCE B wdgd A B4 d X-sfak¥ (Energy-dispersive X-ray spectroscopy
EDS) & 47 &= & > 10 2 g% X-sta st (X-ray diffraction XRD)4 47 5 #8551

(3) #EF Rl 850C 7 § ek sk
R *”’@?ﬁﬂﬁﬁfﬁm%m@*ﬁﬁﬂ“%mﬁ’f%%aJ%%?o

EWREP I BEG AR 80CEFEEBET T % BRI ANE B

34312~
Mass flow
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-
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(1) #5BEF R 80CH §F ki
4] 3.4.3.1.(3.4.5): .58 % i§ 850°C % # TR T 1§ i ipliE 1 ] p¥obias 0V sample
F 2B &S5 377nm>o bias 2550 75V sample ¥ it & & & 4 %] & 244nm ~ 255nm -
289nm > bias 100 sample £ 7 & ¢9% it & & & :234nm > G & P hg K ox
BAc 2 BT Agmyitad & o jpf@ 34316 CrN FW S EAFREEPFRFE
R PF VR CIN ehF W K B & 50 945nm ~ 1150nm v ® A F LK 2 A G % F
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B 34313 &z 45 ¢ 850 C 1hr A LI E’?ié\ % SEI ?2 (= )blas O Vsample (+)bias 25V -
sample

B 34314 &7 850C 1hr g @ SEI 82 %% )bias 50 V sample (+ ) bias 75 V sample -

ﬂ
T

B 34315 &% 51« v 850C 1hr b "s—é\ i SEI %’, .’g\bias 100V sample -

Recrystallization zone

B 3.43.16 &% ﬁg # 850C 1hr CrN coated Zr-4 alloy(106 # R) -
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o HORL 444 Inconel 625 & £ 2 423354 HF ¢ % 42414 & (American Welding Society |
AWS)4 5 31 J < Inconel 625 & & 5 4% % -

HARFF R R KA FRIBET R

BTl 2 & A H A RE S B0 8 A BB T SR 1 (SUB) 2 BB R B
(HAZ) > 4@ 34321 #577 - MR § (5N);;7F LA K2 REF PR AR
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PF IR BEAS BT e & 2T i F dicko (gYomisec) o W2
By @ SR A 343212 £ 3432204 £ 34321 @4 LA ABER
FHFEFRVBIRFEBRTZAPERF L F g A ko b irg £ g
A EREERF SRR A efeo B9 0 x 0 30AL enF (i F EH A s P AT

250



Mass gain(g/cm”)

% 3.4.3.2.1. Inconel 62544 A4z & £ T+ 2 £ ETF &
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0.0000

200

% He-50% wet air

A1
/:?
%j L SUB
s
é yod
L/
s
2 HAZ .
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:%:: :%:’ % %_SUB
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e————o—-=3—5—6 SUB
300 400 500 600 700
- 1/2
Time'” (sec )
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% 34322 304L 7 4 2 BBER L I0CE F 253 Rk FELT FEF K
( g’/cm®-sec) -

304L SUB HAZ
He-50% wet air 1.15x 108 7.66 X 108
He-10% wet air 2.01x107° 6.45x 107
Pure He 7.26 x 10-12 1.29 x 10°1!

(2) Inconel 62541 A2 & £ A HZ £ XL EBFRLB0CEHARF # T1 &4 8- CrOs %
(B 34324 %77) "EF-Kf 7 W4 1 50%PFRI A =3 K » 4oF] 3.4.3.25 #77 » 4 9
» 7b 2 MNnCraOg & 2 p K cnCroOs & 5 5 — > 6 > 304L 7 4w ek 4 2 £ 5% & 950
CRHRI F 7223 k3 k> 4B 34326 #77 > &~ 9 5 f’f/%;h’ﬂ Fe:03 %
(Fe,Mn,Cr)O4 R fc i > p & B E_4 = FeCroO4 & > ¥ #b % 50%-k % ™ “t & B 2 24 = FesOq
% Fex0s3 & (B] 3.4.3.2.7 #71)
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- E * * * * ©
=
= o
=
&
E * *x * @

290 i 500 nm : : . : :
20 (degree)

I

B 3.4324. Inconel 625 g4 AR £ £ A2 AP EFALB0CE PR S 5 2K # 5 2 XRD ~ 47

625-SUB

625-SUB

T VT e e o Cr Mn
e e O e 68.90 24.74 6.36
. . (0] Cr
= 3 : 59.78 40.22
-5 um -5 um

1 3.4.3.25. Inconel 625 44 Az & & et % BB BT & 050CH B R F 7 4 50% K F 2 8o %
EDS % +4 (at.%) -
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304-SUB 304-HAZ

®ate O o Cr,O
~ 3 )
- !
= A & FeMaCn0,
- Y - 3 3041
o (‘*vawa- Vg WSS e N M A e Sl
E F
_— | L)
- A .
- . g .
~ | ] . oy | !
P 1 " ' ¢
z N |
= A WP e VT amend IV sl e ot aman Vol
é -
3 -
- - .
o . Py 7 1 . !
o W e o s e
30 40 50 60
20 (Degree)

B 3.432.6.304L 7 4 A H 2 2B EF L B0CHEHA S # 2HE5 2 XRD 47

304-SUB |

AL AT e RE RS

150 um

150 pm

A AFeO, VFrO, |
\ *aFeO, A 304L
= |a A
< s AN TSR 2 W «'\ cvnmt et sMasenpiutrt 4"
~ v
= ] v
=]
ey ‘ v f
< Y ’ b
; H || M i"‘" Ty | |
T ey FYRSY "‘M».H Wt LS\ L"‘“‘v‘ Wola.z‘_
= A
] * 1 i
R J
a | A |
o= Al . .
1 ul * O ] pu
L S Y ) et syt ) g Wi
: T

20 30 40 50 60

20 (Degree)

RSN

$13.4327.304L 3 s hiA 2 B FFH L 950CH # AR F F e 50% kK § 2 H# 5 2 XRD 4 17

3433 HH AP HBELZBREBE L KEHETY
RLFROPRBILPAAFT > A HEAERE 2 F L L RY (L E ) g E f
(137Cs, 1311..%) > 2 B & RFH > et L2 e FEPEFRLFIRFIE Y R A o
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FRLHEETPRREFT o BEF B TFE 2 R4 § (deuterium > 2H) d & — 4o & chjA R4 R )
Azo—seood f (Tritium > 3H)Y 7 id B2 cnd@ 5 3% Ft R 2 L st i -a F R
(D-Treaction)z. A4 5 % » T2 2 f W I MEGERA L 2 PAP L RIS F PR EF TR
AL E A R R B BB anfRi s

B # 15 f £ 7 % & Jis g (International Thermonuclear Experimental Reactor, ITER)** 2006 &
FECPAMER AR -GR-Y RE R BRRE ENF 0 E 2302 W+ i 4 (Cadarache)
i3 F et i 2027 # fxde f -4 P 1T o I F 4 2050 E i Sk F - BRE ORI R
ITER B # 13 3¢ 5 $ieR AL B gt 5 Fristwall(¥ - 5 #)# Blanket(5 i < #4f) .4 32

o

BB FARRTEA BRI ERAMST O EBAEY AL 2 PEMFHEY R Ko v AN
PHEFFLH e o 23 G2 R P FE T FUGR - 3 BB RE TR RETS PR
& F e @ Firstwall £2 Blanket sh 4 o d 12 éjgie\?/é‘p?? Z 3 rs fo ¥ FRFI LS RE
4 (n,0) reaction » % & T %Vi'ﬁ;“ FEFEI G2 TP HPEY > A B DERAL YT
FIBEMFE FEagR LA TR RBPEAASF HFANFRRAR - RIEEST
oon 3 N C KL AFEEIFFEZHETE P E ZRFIEY A0

AR g Al H & 3C gt &2 Al SA-Tyrannohex s it 77 23 aAf E M > & FE A FHE BF
% % ¥ 5% 4eid B (9SDH) ~ HVEE 5006V 4t f @414 2 B & 3 #1+ § ¢ DUET(Dual-Beam
Facility for Energy Science and Technology)z% # » * Si~ He 3t &7 ¥ kfﬁ\f‘ BEo & ip PR BT
FEEFRE S - 52 3 178 & (1000~1100°C: 59% efficiency) 43! 4373 DI SR ik > L 3|3 it
P3 A A 2 s s 2 (n,0) reaction 2o § F @A FEATRLTC R LY 2 B R A B - -}gﬂl
WEERPRE S BEFT O BRFERIRZIE AT R R T T e FERE  ERIFS
g © FET RS R o R A R d MRS B F G L e ihbufg R R -
1. #7=
ARG iFZ 104 £ % ~105 2 106 & R ARy > AERRES 2 R % 9??\?47\%%
B wm- RehfA#H o AERYE S 3C-EE Y 12 2 SA-Tyrannohex 2 4 ‘a4F & #1453
AHREASNEET A RFEETF - FHRFIEHATEFTR > Fl 2 E R J*fn 7
P E iR BER AL 106 ERAPR -

BIHEFLAEELE AR

PR MR R R EF BEY RE R TG P B s @

AR AR AL LED AR R DUET R AEFH B p AR g0~ F LR

Jr#t2. DUET(Dual-Beam Accelerator Facility) g4 ik Btk % » 4o 34331 4 d
Tandetron Model 4117 4- Singletron & s &3 4eig B > H 443 RAo WL 1.7 MeV &
1 MeV - 2 ¢ Tandetron Model 4117 % - B % \4eid B I B R EF AP P F 28R > +
P B A P A B Si?a+ ¥ =T &R 1.7MeV Tota B[ (2+1) x1.5) ¥ 5 MeV
(7w g 2 o Singletron P4 & 1 MeV 13 33 54k o 157 S 4cid B3 8RR A
- BRIl REFHAPRIEF I )P REOT % -
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DuMIS
Dual-beam
Materials
Irradiation Station

Beam Steerers / Scanners 3

HIMAS
High-temperature
Materials
Beam Profiler Analyzing Station
Faraday cup
Injector
Analyzing Beam Steerers { Scanners

Beam
Profiler

Magnet
u! Faraday cup

Tandetron™
Model 4117

Swilching

Model 358 Magnet
Model 860 Duoplasmatron
Negative lon Source
Sputter
lon Source Singletron™

® 3.4.3.3.1 p » DuUET(Dual-Beam Accelerator Facility) g+ :# % &4k & 5i[2]

THENT S BEESTEM)A 47

AFEHRTREY2ZFRTENT IS S P A~ JOEL 22474 220 JEM 2010F(H®)
34.332) WS AL Nk AL Z G L EFE ARG 20008 L4 0 TR
wERA G AL FA g R AT I AT SR B ACE > 5 T 5 A4 (Electron
Microscopy, EM) » & =+ BAcsiid # » 5 4Ff 3 T+ K fcsi(Scanning EM) 2 7 3 3¢ % 5 Mk
g (Transmission EM) » 753 € 3 BAKRZL & RA]® 3 2SI G5 50 el 5
R A THENT I REAMNIT I ETREERLCERS T TERT L 8
TR B S oo ;wﬁﬁ THBFEP LT RFL TR

MAL L f5 BB 15 2 4k e & o) 21 R SR B % £ gy TEM B st m ko & 0f st dicdy
P55 2 TEM Fifor ) 5 Flendd1nd 28 IR R 208 FT 15 4y
BRPISG = 6 R LA R R B ARE (RS R LSRR A
(EELS)¥ 3+ ¥ M p % 2 TR F B R) -

w
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%] 3.4.3.3.2 JEOL JEM 2010F % i% ;% 3 & Bg picds

2. BRRP

% 106 £ B =2 % ~# @54 20 dpa ~ 2000 appm 2. 1000 ~ 1200°C A #_F » A # B339 %%
B 5 1350°C » i * g3 5 5.1MeV 2 7 3+ %2 201~ 467 ~ 737 2 1000KeV 2 % 35+ » # TEM %
R4 107 ERP Y ERL RS 0 AP AFE LB 105 E R - 106 £ R e 107 & & F B By
WA Ha A pHEHRTE .

3C-g it # 11 2 SA-Tyrannohex 2 4 47 & #1425 fA 3 5 ~ & #4+ & 20 dpa ~ 2000 appm 2
1000 ~ 1200 % 1350°C 2 H f i¢ L3538 j&. F @ % R 4rk 34331 #7x » ¥ RF @ T 35E 2%
FRATAA P oA BRMG T FARER > A0t kT2 YT B AR .

% 34331-F - FHRIEHLTHRF ERAEE TIOE TR R

Average
Dose Temperature (°C) diameter Density (#/m’)
(nm)
CVD Single Crystal SiC, Si*, He'
1000 1. 9+0. 01 (2. 340. 5)x10%
20dpa, 2000appm
1200 2.1+0. 02 (2.040. 3)x10”

256



40dpa, 4000appm

1350
1000
1200
1350

SA-Tyrannohex all fiber composite, Si*, He'

20dpa, 2000appm

40dpa, 4000appm

1000
1200
1350
1000
1200
1350

2.810.08
2.0£0. 03
2.010. 02
2. 840. 08

0. 940. 03
1. 7£0. 07
2.8%0.3
1.2+0. 03
1. 840.07
2.840.08

(1. 240. 3)x10”
(2. 6+0. 4)x10”
(2. 3+0. 4)x10”
(1. 5%0. 2)x10*

(3. 9£0. 6)x10*
(1. 240. 3)x10*
(1£0. 3)x10”
(4. 4+0. 8)x10*
(4+0. T)x10*
(9. 5+1. 6)x10”

3 PR 2ZE L 3C RV E DRRR A E A SA- Tyrannohex 2. %% & #I8 4o 4

-34.33.2 5

4.-34.33.2 5 &% 3C AL & 2 BLiL 57 4F & H SA- Tyrannohex ** 33 §5 B 5 2 7 3L IE § L e 4

L bt B d &F £ 2R (C) F3IVEEE (%)
1000 0.083+0. 018
20 dpa 1200 0. 097+0. 015
2000 appm
Single crystal o + 1350 0.1420. 04
3C-SiC St e
1000 0.11£0. 02
40 dpa
4000 appn 1200 0.19+0. 03
1350 0.2+0.03
1000 0.002
SA-Tyrannohex o . 20 dpa, 2000
sic 4 Si1, He
1C composite appm 1200 0.0022
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1350 0.0023

1000 0.0093
40 dpa, 4000
1200 0.017
appm
1350 0.029

FISRIM enfigg 702§ 4 BRI R »c > FlMt A~ P 1R 2 NP HREART > § 8+ kR
ZRAAG DT o 2% H Ryssel 532 #4[2]-L % SRIM Ht e BT = F 274 s F » T e 34

N
N() = ——"=—exp[- (R, ~)?(2ARZ +4DY)] N, =N, /(V27AR, )
2Dt
+ 2 ,
AR,
No 5 ~ 5t # & i Re & »Sfde+ T3 § > ARe 3 R L 1D 5 fdcitsic(d 25

1.38x10%xp(0.91+0.07(eV/atom)/KT)ecm? /s[3]) 5 t 2 #HITFERF(S) » B A X F R P T HRERF o %
B RS AR T % % 4rB]-343.33 1 c VRS NIRRT E R ERSEE -

’

20000 -
£ 15000 -
o
s
s SR
S e SRIM
© 10000 -
£ ——1000
3
§ 1200
p 5000 1350

0 d :

0 1 2 3 4

depth (um)

B-34333% - FHEHLY REREITRE F T EREZ HER

$]7 £-34333 i Fie mAZ BB B cdh « BIBICHIR B R E A4 2 1 % [4]
ﬂﬁﬂ%??%*#%maﬁ TGRS § e AT
$17 EELS Rplens %45 N N2 8 ™ He-K § B4 B =B (AE) § § 72 2 e (R)2 M 13 5%

AN

3
L
[

AE(eV)=(0.18+0.02)+(10.26 +0.32)x[1/R(4 )]

\\\?gr

+ A. A. Lucas [5]""!‘3}5},”l IR 0 1@ ’f]%{"ﬁ kP EFTRT S 3[: v g l*’f}(Cn #
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- ¥ i)

aﬂuwwzc;n—u15=3hJA‘ﬁ—u15

el

frded aXmi Reng goep » BHECMAETEF 0F -+ BRn@A) - @i
NgFEp g R REN)IN=(Vxnxds B¢ VI Fie 2 Mf~d i e ga - 2l
BBFCBEATI N AT B OERT 4 R ATHICIER (L) 2~ MehB E ()R Rk
(No) :No=f/L > £ & #-N 2 Nodp'f L st {4 7 @a0f 55 ehg R34 §ep o
#-34333 % F e A2 B Iy > BB ITEROE S

1)

%
#
R

FRFH 5 Rk

o T -5 Y6 2 E He %
17 st EARCC) J (/1) % (/1) e%
1000 5000 6. 38x10” 1. 77x10°  49.7
o 1200 4. 75x10% 7.93x10°  65.7
1000 1. 25%10" 5.18x10®  33.8

45000
1200 3. T1x10% 4.59x10%  89.0
1200 3.57x10" 9.21x10"  16.1

20 dpa 25 25
1200 2000 appn 4.31x10 0.66x10°  44.6
1000 5. 28x10" 5.99x10° 100
g53Cair  He,Si”

1200 4. 4x10” 1.04x10°  42.2

40 dpa
1200 1000 appn 7.11x10" 6.01x10° 100
1350 6.03x10" 5.75x10° 100
B R 800 100 4 3. 67x10" 1. 44x10°  25.5

+ - 2t pa 18
H# Hi-Niclon He', Si 9. 63x10 "

e s 1000 15000 appm s oa10" 7.5x10 100

AR ERT T P % E B 3C AL 1L SR BT 2 4F & H 42 Hi-Niclon Type-S
PEIRIRI RS G ORFE L P RERG O F LT RT 2R F Y RAR
A%< > 20 dpa ~ 2000 appm 7 3C H a1 & AR & 1350CH R4 R+ 22 F R rFied o
iz 40 dpa ~ 4000 appm 2 3C H & g% 1 #7 {5+ & F % %2 100 dpa ~ 15000 appm gk it # B i # 47 &
o Hi-Niclon Type-S #5F 4. % % 4 %37 1200 # 1000°C pjef 2 7 % « + 15000 appm # 8 &f 4.
2 100 dpa ~ 15000 appm % # i+ d 2 @ sk %% > ¥4 M4 800 2 1000C ™ » st k¥ %2 7 ¢ %
BETHEIEY A E LSk F g RS TR fed ant bm R A 02 s B R

A% BenZI R R AEY 5T LR WP F e it AR 5 R ot -
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3.4.4%3 ﬁﬁ—%"?trJ&&tl;‘-/bﬁﬁpt

AT 2R %KL 106 EFEGBE TSR 2T REX ;zf&@’#ff*%é‘ﬁﬁﬂ_ 52
B FEAAE(H AA LR 43317 cFREAB AL LR FRER %P AR
PESA AL CFRAARR A E MU FEETE T AR F e d g
PR o FRAGEIL O BRI @ B AR AR REd o B
NI AR B R SR AR 3442 4T o

AEREE TREGRSSPRERE L PR AT T AL R DT S ;fﬁ ‘”fﬂ—%&
FORREA MBS AR F o 4oB 3443977 0 AP A2 e L2
ERRDBEHEALRE - L0 A mui&%ﬁésﬁﬁ%%ﬁﬁ’ﬁﬁﬁgisﬁﬁiﬁ&i
R -

FE@EmpE 1 REL/FBER

T~

@3441 ' /F ’Pf gj 4§L(‘?-? ’P"l»
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B 3443 HHEGWME RS 2 7 s

3.4.42 R % B BB pHHR
- E AT FY L 8 RIT et 7 BR[0T D R R 2 27%E R A
Sz F 0L B T3%E B A Fehz § it 452 Rqrds R 1T L ke gt R foifs k2t 8700C 3 e PE £ A
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#%m@’éﬂM%u Ew#?W/%*%ﬂyiﬁﬁ@z R B R ORI A 1 2
(morphology) #g iz » #if gt iR fosks % 1% 5 o4 o

3443 %4 AR %

EnE- R AT BERERBHESWHI BT SER G T AT R AT LR
TEEAT ﬁ%’w3$%ﬁ&’piﬁaﬁ%r%éﬁéﬁﬁwﬁﬁé@’ﬁﬁ%@uasﬁ
BRWL B SRR ISR PR EZENE T BERERARE N TR B RE s
o~ m o~ RAoks A 409 ~ 4cig I 9000C f6 0 HAcE R R A E 4 f’:}fwgiii?i?%% L PEB?#;%
R EPBFRELIME c FRA 2B L > fuFLBHMRr I TR ERT L2 H4 8
BEAD RF BT EGPREFITGHETERBL T ERL 84 B 3444 5 2 H* 2 &
L5 Haggrd T A E A 4mm ~ 3.36mm ~ 2mm ~ Imm ~ 0.5mm ~ 0.25mm -

B 3.44.4 2 & &L

34442 R EARRLIVEFY
bi‘ﬁ‘ 106 # 7 7 > AT T MR A ANEA R BT SRR AAFLHFIERELR -
%_rsligﬂ%]&a,ﬁs’OOmm%OOmm B #2106 # 77 3 2. & [F] 400~550mm { %A - = J%ﬁ
fﬁ%fimpﬁéﬁﬁip¢%ww T RARREE TR RFE R 6T % BB T HEL
B A F AT E wmw@mmspzk? BRGBAUBRT AT EATR - BY 24 F
:E—g/p%m% Rehdk® o o] 2 A “m%‘fﬂ” bl Mg A o BB LA R AT &R R ARY
FEas%- 3448 @85 BRI ARGT L 28 W fEt o
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100 H

o
[ ]
1

2

&

Mass accumulation (%)

00 05 10 15 20 25 30 35 40 45
Debris size (mm)

3445 2 FEABRZGHMASTEIMFI VR

34457 F-RIFERZRAFY

Fopent 106 4 cp o B S b 2 A A R A A kR RS 2 450mm s T e (7 PE’J‘
PURR 2 RAAY o e BRI F R Kudinov ¥ 4§ £ 47 RIFERE TR AR T[22
B % okFE L 1500mm 0 E 2 23.43Kg 2 R fo ks & (27% mole Biz03 + 73% mole WO3) 2 %5 Al i& (7 i3
ARA FLg 0 RPTT GRS PERRREGE R foE RERE ] 4090 Gk
HE5X102Apg e 3Tt =d » ¥ W #] @ LG 3R % (debris bed formation) - + &
34467 ‘z%"l <R Mumfwwn’wﬁ%3447@—? FEHGAMES 4 FRERAIRFL
Mo

Bl 3.4.4.6 ~ Fub i as B(2 5 350mm R F % 0 BlY 5 kiE 100mm iE A
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100

60

60 -

40 -

Mass accumulation (%)

20 4

0 1 2 3 ' 4
Debris size (mm)
Bl 3447 2 A4 RiFRZGHMATTEAFIVRGEEE S A S 450mm)

3446 * BiAirok2 Rt

A& 3 2 450mm ,:z;;i_r%}ii 350mm -k tURE T L RSAER w2 BT A AT
KRG EFRE A OHERES LB S RERTENAL A AR ERT YREE T
6Bk EHE d L FEASAFRTIOE o B 3448 57 k4 ks GHAS TR
FAFRIZ v eod Bl3448F MFMILA RS AR R EFP AT E VTR P HI ER
Mg A BN KRS R A o A PEd 2 FEAMEAFTE 43 o Aok AR R RS
FokPes JRRl AR el R AR EFHL F R R A el s 0 A G eI e G Rl A
R

100 S

80

60

40 + —a— Dl-water
—a— Sea water

Mass accumulation (%)

20

00 05 10 15 20 25 30 35 40 45
Debris size (mm)

13448 2 P Air k2 B HMAYFERAFL IR
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3447 BB BBERLFLF

PR RETEF BRI TECF BERTILRTREE KRR RN N B R
e MR- ) S FHIRER oz H] 3443 t7 o AT Y 450mm F AL R
350mm R iEiER AR BkE ik ’%‘Ti"g'?é%féfilég}érﬁ&%ﬁ  MEE YRR T oo d B 3.44.9 F 12 F,f'J RV
REJs ~ bR g o SRR F AR B T F AT I RN e &d B 3.4.4.10 &£ B
34411 et ¥ v RIS F RS LSERARSINS R %‘,1%..%#; C R AR RA TR IR
SER R A B o B 34412 LR AN GMASTEA T 2 o d BY T OUER JLRERL 2 )
TR GRS o A R R L SRR A R REESERY (FARAY]
Bt oo AP B2 RE T A30R 45 2% 60 B 0 4rE 3.4.4.13 TEIRZFEAF IR B o
FEoom @R ni A d N H ERBET F I e F RBRIER T -

@3449 /EU&&%/S‘/%—L/—T‘/ IFL?(45 )
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100 -

80 -

60 4

—a— Original
—+— Board

40 -

Mass accumulation (%)

20 4

0o 05 1.0 15 240 25 30 35 4.0 4.5
Debris size (mm)

®l 3.4.4.12 ,M}é@%,—;—/i‘ﬁ" Rt TR R (M e 45 R)

100 - g g
g &0
=t
=
W 60 -
5
= —=30°
§ 40 —e— 45°
o —&— BO°
ol
= 20 4

0

00 05 1.0 15 20 25 30 35 40 45
Debris size (mm)
B134413 BHFE IR HALRILFHRATTEAMI VR

3448 BHAHBRF S

’13‘_'417%"‘ FARRDERG L ESFFLAZRNELBRBEBEE S Aok S B TE

¥ RR[5-9] Tt o PRI BLERPE o T S B 7 48 ik (Kelvin-Helmholtz instability)

r 2 JMJ § # 7 48 L2 (Rayleigh-Taylor instability) 7 %’ 3 o H R B2 AT E S A IR

ARt R LR MG AL AR A RA-F P RLBAFL L T AR d L 20
WHARS 58T RARC L REAL AR -

4o@) 3.4.4.12 5 £ % B 600mm 254 BV 'l" Tl A T g o o TR m“‘é‘g;

BRRGMERZAGRE BELIR 2 ApEE RS o RS T AL I AR F R AR

(3%
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e AR GRI > GHIAL S AEF e R R Erk 2 BN T R RG] FRP AR A
g s o @ Fl 34413 T A 3 & 300mm 234 BRI T g D H G HEEST A 5 o F S AR
Menjx £ 3 RPF > B KA RER - B4Rz wip st B o] > 2 ﬁﬁn}-%ﬁm AR R
7l B A G BRI IE® R MR 0 A RS

o

17 'A.'r/ "’ ‘;:'

| %

- el
.-

“;!-3;. y ¥

5
f’

o™
)
)
L)
~

B 3.4.4.14 = £ % & 600mm 254 B (& B FFprge £ 10ms)
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B 3.4.4.15 5% 4% & 300mm 2z %4 # (& B2 B prEe £ 10ms)

TRt % 28 g Bi] & it :
a. ¥AH2: AH 2 B~ g W 38

o1~

(1) Tzung-Yi Lin, Yen-Wan Hsueh Liu," A Next Generation Method for Light Water Reactor
Core Analysis by using Global/Local Iteration Method with SP3", Annals of Nuclear Energy,
\ol. 118, p49-60, 2018.

(2) Tzung-Yi Lin, Yen-Wan Hsueh Liu," Applying Conformal Mapping Method to Hybrid Nodal
Green’s Function Method for Two-dimensional Simplified HTTR Core Calculation,” Annals
of Nuclear Energy, Vol. 119, p419-426, 2018.

§ i

(1) Yong-Han Chang , Tien-Juei Chuang , Yuh-Ming Ferng “Experimental of Nucleate Pool
Boiling on a Horizontal Plate in Saturated Water” 2018 American Nuclear Society Annual
Meeting, Philadelphia, PA, USA, June 17-21, 2018

(2) Y.S. Huang, T.L. Kuo, R.J. Sheu, “Comparing Pressure Vessel Fast Neutron Flux
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Distributions Calculated by Three-Dimensional Flux Synthesis, TORT, RAMA, and
MAVRIC”, PHYSOR2018: Reactors Physics paving the way towards more efficient systems,
Cancun, Mexico, April 22-26, 2018

(3) Jian-Jie Wang , Cheng-Wei Shen , Fan-yi Ouyang “The Oxidation Behavior of CrNx-coated
Zircaloy-4 Cladding Material under Different Oxidative Atmospheres at 850°C » 2018 The
Nuclear Materials Conference ,Seattle ,WA,USA, Oct 14-18,2018

b. * 45 : #1223 --AL2 6%

e BLAmpmls | 1iEp 3 ERGEE | Fierl vH

iz | LA SRS A FE < 8 #7(2018/7
F PR B EkR Z¥)
A il g SETA AP

HFEL (L2 A% 41§ § VHTR | ek FE < 8 #7(2018/7
Yo ¥ F R AR Z¥)
A R FEPFRPS L P

EE S A AIE A FRes R s | B ¥ FEAFIH
Rl A e

RoNGE | AR A IR 421 ER | R E FEAFIH
ES

L R A AQ BB ER | A FEX P
ES

T ALl AT A3 MEERE | b g FEAEL
AT

gimAs | B2 IR AR R | A EREE SR
BT

P s | L2 IR AL R T | R FEAE AT
3=y

pr-: SR T 2 e A AL R | B FELFIH
3=y

C. ABFEITEMERI: P I HRL 2H T BIF £ FRBEPFEEZL 20T B0
MALE 2P A AT L B ~ G et i B8 WO L AT L BT o

d. 3ERAMHPNEHEE: 4 TREFHEE -
(1) PHYSOR 2018: Reactor Physics Paving The Way Towards More Efficient Systems
(2) 2018 American Nuclear Society Annual Meeting
(3) 2018 NuMat: The Nuclear Materials Conference
(4) 2018 ANS Winter Meeting -
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e ~104-107 E R3FH £ & = S|P

41 2 ERZ2ZFT ERH S LRP

AR ERAF RBERL 2% TE 2RI

£ B 104 = 105 # 106 = 107 #
S miE e = e i FrEs
+llide (4 PR R PERERSF | P2 RBRS AR | R P2 R ER
k7% &% |TRACE ~ RELAPS | BT Mt R P& 4 | AP XA 0T T (A2 B F 4
BTERERE Mkiiibﬁﬁ'itﬁiﬁﬁwﬂ (ELAP) 7 f& ™ #7 2% i | 4728 e & 45 % 42

%@J’ﬂ NN —’Jé _%

;\A b .

¥ Ei g FLEX R

= 7 ;2w‘
B2 F 5

2% BB ia?&%%&f EE A 2 i BRIz FLEPBFT
Py # % 2 7 3 % 3= | TRACE - RELAPS
2o AYEERET L
g
A& R | PRI R R | RE RN R | NREENY CRERR | PRI REE
i AT BR[| P RPN LR EK AR | AR IR RF A8 IR T o
PORRCEHE LA R F AR | & 24 )P ELEX 1 | Rt 7 EE R R E
WA RN R PR RER |2 URG BEHAG T | RAEF X £
PE o (T ET AR AR 6@%%%%@3§M§R%7k%$ Fon AR L B oen
5o TR A kiR S e | TAR G Pz RE 2 | BP0 2 RPE
Bt E ek R o | Rk gt # A 374 BT
I i VAL o = ERE o
kR L
o= B 2%
}_» °
£ R 104 = 105 & 106 & 107 &
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