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In order to continue improving the regulatory management technology of
spent nuclear fuel interim storage, this study explored the radiation
shielding and heat transfer characteristics of a large indoor dry storage
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facility when two different types of dry storage casks are loaded. The
facility considered in this study was a big concrete building loaded with 60
HI-STAR 100 metal casks and 60 HI-STORM 100 concrete casks. The
characteristics of radiation field and temperature distribution around the
facility were examined in detail in order to establish and improve parallel
verification methodologies for upcoming safety review of a similar facility
in the Chinshan nuclear power plant in Taiwan. To achieve the project goals,
this study established a hypothetical facility model and evaluated it from
radiation shielding and heat transfer point of views. The research content
in each technical area included: (1) collecting information on the design
and regulatory requirements of international indoor dry storage facilities,
(2) establishing calculation models for the hypothetical facility with two
types of cask, (3) evaluating the characteristics of radiation field and
temperature distribution of the hypothetical facility under normal and
abnormal conditions, and (4) summarizing the research results and
proposing guidelines or recommendations for reviewing related safety
analyses. The results and experience obtained from this project facilitate
the progress of indoor dry storage program of spent nuclear fuels in Taiwan.
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ABSTRACT

In order to continue improving the regulatory management technology of spent
nuclear fuel interim storage, this study investigated the characteristics of radiation
shielding and dose distribution of a large indoor dry storage facility when two different
types of dry storage casks are loaded. The facility considered in this study was assumed
a big concrete building loaded with 60 metal casks and 60 concrete casks. The
relationship between shielding design and dose distribution around the facility were
examined in detail in order to establish and improve parallel verification methodologies
for upcoming safety review of a similar facility in the Chinshan nuclear power plant in
Taiwan. To achieve the project goals, this study established a hypothetical facility
model and evaluated it from several radiation shielding point of views. The research
content included: (1) collecting information on the design and regulatory requirements
of international indoor dry storage facilities (ZZL and SZB), (2) establishing calculation
models for the hypothetical facility loaded with two types of cask, (3) evaluating the
characteristics of radiation field of the hypothetical facility under normal and abnormal
conditions, and (4) summarizing the research results and proposing guidelines or
recommendations for reviewing related safety analyses. The results and experience
obtained from this project will facilitate the progress of indoor dry storage program of
spent nuclear fuels in Taiwan and also subsequent activities in nuclear power plant
decommissioning.

Keywords: Radiation shielding, Indoor Dry Storage, Metal cask, Concrete cask.
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314SZBpr s #Ef95N&i

SZB ik A B 5 143 miR i pris s o p 2017 & 3 9 B4 H
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P ok 40 2 B F ¥ [24][31] -
3.1.5 SZB §zRr#k iv 5%

EDF energy 7 R. Parlone % ** B ¥ % & F 3 & si(Information. System on
Occupational Exposure, ISOE) # 47 [32] /i %5 SZB «vg = 2 3% b7 75 [% > & & £ 4
TR BHECRTER AR 2} B o
A @R S G G AR E R 2 dopTRos (o AGE R
BRI ESILF R ER o N TR ERE AL B RRESRS S
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Bl 3.9~ B A B ketdw F] IR 4 712 [32]

[-22



e T —— —

B 3.10 ~ 4 F ™ fLEARY @ F chman R R BER 45 F[32]

1-23



316SZB & W T KR

1 fgoi®fo g #1& R Rk s @ € 3 UE 5 0.50uSv/h» e prizaE 4 i
RS g T o

2. BUEAIR A RS B G PRSI F IR 0 R
7 U E AR 0 A R IR R KR AR o ERER Y RERT S
FopF o ERER R RE T0C ~ P AR 3035 °C 0 BEH
THRLIIFERREL 26 C -

3. Rs#®PFAPe4 1 114m-~F60m~% 15m(7 2 B7E) e R S iRES A
Beh 750mmo H¢ g T A E L u g ow K e T32 4k 55 Bt 3

4 FusE 2P REP AR S R FEEARS R T AR L 2P
M2 kstit o s RAREL 0149

5. pririEfadlst s ¢ - B HI-STORMMIC #E a(# 2 2018 # 7 # ) -

I-24



33 F'FE P k7K

kAT

Ky EF AR TR 2iEsn 4 3.3

45 5B FER ¢

THERFTR

Wmeagl ZZ1L &2 = R SZB Ap M 2 BI'R M HCRTR W 15 A i

% 3.3 ZZL &2 SZBAPM 2 BRI E P HeRTR S A K E E AT 2

7L

3

< AL

01. F. Koch (Switzerland)zzl

Dual Purpose Casks in Dry Storage in
Switzerland

02. Switzerland_report_web

The control of safety of radioactive
waste management and
decommissioning in Switzerland

03. Joint_Convention-
Sixth_national_report-
Switzerland_2017

IMPLEMENTATION OF THE
OBLIGATIONS OF THE JOINT
CONVENTION ON THE SAFETY OF
SPENT FUEL MANAGEMENT AND
ON THE SAFETY OF RADIOACTIVE
WASTE MANAGEMENT

04. Prospekt_Anlagen_Prozesse_E

INSTALLATIONS AND
OPERATIONAL PROCESS

05. Geschaeftsbericht20181

Zwilag Zwischenlager Wiirenlingen AG
Geschaftsbericht 2018

(% # : Zwilag Zwischenlager
Wiirenlingen AG Annual Report 2018)

06.
Aufsichtsbericht_2019_web_barrierefrei

Aufsichtsbericht 2019
(% # : Regulatory Oversight Report
2019)

07.ENSI_g05_d

Transport- und Lagerbehalter fur die
Zwischenlagerung
(% % : Transport and storage containers

for temporary storage)

08. 21474553

GUTACHTEN zum Gesuch der
ZWILAG Zwischenlager
Wirenlingen AG um Erteilung der
Bewilligung fur Bau und Betrieb des
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Zentralen Zwischenlagers fur
radioaktive Abfélle

(% & : OPINION on ZWILAG
Zwischenlager Wirenlingen AG's
application for the approval to build and
operate the central interim storage
facility for radioactive waste)

09. ENSI-B17_D_Ausgabe 2020 01-1

Betrieb von Zwischenlagern fr
radioaktive Abfélle
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03. Sizewell Drystore - Presentation
09252019.pdf

Sizewell B Dry Fuel Storage Project

04. Parlone2018_ppt.pdf

Operational Experience of the first Dry
Fuel Storage Campaign at Sizewell B
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Office  for  Nuclear  Regulation
Justification for Granting Agreement to
Allow Sizewell B Dry Fuel
Processing Move from
Commissioning Controls to Normal

Operations

Store
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Schedule of
commissioning hold points including

construction and

specification of consent to commence
active commissioning
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ONR’s assessment of Category 1 paper,
NP/SC 7575, SZB EC 338898, Dry Fuel
Store (DFS) safety case, known as stage
submission 1 revision 0, furnished to
ONR for information purposes only
Project Assessment Report: ONR-SZB-
PAR-13-020 Revision 1
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Component Density (g/em’) Elements Mass Fraction (%)
Uranium Oxide 10412 | 2.9971(BWR)
3.2615(PWR)
By 85.1529(BWR)
84.8885(PWR)
0 , 11.85
Boral 2.644 "B 4.4226 (MPC-68)
4.367 (MPC-24)
"B 20.1474 (MPC-68)
19.893 (MPC-24)
Al 68.61 (MPC-68)
69.01 (MPC-24)
C 6.82 (MPC-68)
6.73 (MPC-24)
§8304 7.92 Cr 19
Mn 2
Fe 69.5
Ni 9.5
Carbon Steel 7.82 C 0.5
Fe 99.5
Zircaloy 6.55 Zr 100
Neutron Shield 1.61 C 27.66039
Holtite-A
H 5.92
Al 21285
N 1.98
o 42372
'’ 0.14087
B 0.64174
BWR Fuel Region 3.979996 By 2.4483
Mixture
=5y 69.5601
0 9.6801
Zr 18.3115
Lower End Fitting 1.5130 $8304 100
(BWR)
Gas Plenum Springs 0.2701 S8304 100
(BWR)
Expansion Springs 0.6897 SS304 100
(BWR)
Upper End Fitting 1.3939 $S304 100
(BWR)
Handle (BWR) 0.2619 $S304 100

4.4 ~ HI-STAR 100 B j 53] #1423 %(Table5.3.2)[33]
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B Effective Fuel Region

M Plenum

I Upper End Fitting

B Lower End Fitting
Helium
Canister

B Gamma Shielding
Neutron Shielding

M Carbon Steel

B 4.5 ~ %3 40 HI-STAR 100 3 48 & ji i d
T g4 a4 HI-STAR 100 o 48 B el et 5 0 27 2 % 2

AT AR A P e s R R TR TiE 2 5 A MPC-68 P 22 BWR 45 & £ 3

sy pde % 34,500 MWDIMTU 2 22 4 11 4 5 g iF & T i 3 % 5 B
FYR46IRA8RETN D FRERERI AL 41[0] > H P Bk 5t
Bt B R 4T S R SR OC0 R 0 L E i R HE  2(¥Co
A 2BkRI)TLGHLT HRBA

CALCULATED MPC-68 BWR FUEL GAMMA SOURCE PER ASSEMBLY FOR DESIGN BASIS ZIRCALOY CLAD
FUEL FOR VARYING BURNUPS AND COOLING TIMES

Lower | Upper 10,000 MWD/MTU 20,000 MWD/MTU 24,500 MWDMTU 29,500 MWD/MTU
Energy | Energy 5 Year Coaoling 7 Year Cooling 8 Year Cooling 9 Year Cooling
MeV) | (MeV) (MeV/s) | (Photonsis) | (MeVis) | (Photons/s) | (MeVis) | (Photonsis) | (MeVis) (Photons/s)
045 07 1.68E+14 293E+14 2 83E+14 492E+14 321E+14 5.57TE+14 364E+14 | 6.34E+14
07 10 3.28E+13 3 86E+13 4.89E+13 S7SE+13 | 454E+13 534E+13 446E+13 5.25E+13
10 15 9 61E+12 7.69E+12 1.42E+13 1.13E+13 1 46E+13 L17E+13 1.63E+13 1.30E+13
15 20 L11E+12 6.34E+11 8 42E+11 481E+11 7.68E+11 439E+11 820E+11 4.69E+11
20 25 1.22E+12 540E+11 3.47E+11 1.54E+11 1.65E+11 734E+10 809E+10 | 3.60E+10
25 3.0 4.73E+10 1.72E+10 1.87E+10 6.82E+09 9.32E+09 | 3.39E+09 5.31E+09 1.93E+09
Total 2.13E+14 3.40E+14 3.47E+14 5.62E+14 382E+14 | 6.23E+14 4.26E+14 7.00E+14
Lower | Upper 34,500 MWD/MTU 39,500 MWD/MTU 44,500 MWD/MTU
Energy | Energy 11 Year Cooling 14 Year Cooling 19 Year Caoling
MeV) | (MeV) MeV/s) (Photons/s) (MeVis) (Photons/s) (MeV/s) (Photons/s)
045 0.7 387E+14 6.73E+14 3.96E+14 6.89E+14 387E+14 | 6.73E+14
0.7 1.0 331E+13 3.89E+13 2.03E+13 239E+13 1.09E+13 1.28E+13
1.0 1.5 1.57E+13 126E+13 1.38E+13 1.10E+13 1.0SE+13 8.38E+12
15 20 8.10E+11 463E+11 7.59E+11 434E+11 6.17E+11 3.53E+11
20 25 2.05E+10 9.10E+09 527E+09 234E+09 333E+09 148E+09
25 3.0 1.62E+09 591E+08 4.16E+08 151E+08 2 84E+08 1.03E+08
Total 436E+14 7.25E+14 431E+14 724E+14 | 4.09E+14 | 695E+14

Bl 4.6 ¥ 4 BWR %L &% o 4065 2 T b % 3 54 40 28 (Table5.2.5)[9]
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CALCULATED MPC-68 ®CO SOURCE PER ASSEMBLY FOR DESIGN BASIS ZIRCALOY CLAD FUEL
AT VARYING BURNUPS AND COOLING TIMES

Location 10,000 20,000 24,500 29,500 34,500 39,500 44,500
MWD/MTU | MWD/MTU | MWD/MTU | MWD/MTU | MWD/MTU | MWD/MTU | MWD/MTU
5 Year 7 Year 8 Year 9 Year 11 Year 14 Year 19 Year
Cooling Cooling Cooling Cooling Cooling Cooling Cooling
(curies) (curies) (curies) (curies) (curies) (curies) (curies)
L"i‘i’"’e.‘ end 39.71 40.80 34.04 30.55 27.49 19.64 11.08
tting
Gas plenum 12.13 12.47 10.40 9.33 8.40 6.00 339
springs
Gas plenum N/A N/A N/A N/A N/A N/A N/A
spacer
Expansion 221 2.27 1.89 1.70 1.53 1.09 0.62
springs
Grid spacers 85.54 87.89 73.32 65.80 5022 42.30 23.88
U%P@.‘ end 11.03 11.33 9.45 8.48 7.64 5.45 3.08
tting
Handle 1.38 142 118 1.06 0.95 0.68 038

B 4.7~ H & BWR#»

LT LR T andg sk F RS & (Table5.2.10)[9]

CALCULATED MPC-68 BWR NEUTRON SOURCE PER ASSEMBLY
FOR DESIGN BASIS ZIRCALOY CLAD FUEL
FOR VARYING BURNUPS AND COOLING TIMES

Lower Upper 10,000 20,000 24,500 29,500 34,500 39,500 44,500
Energy Energy | MWD/MTU | MWDMTU | MWD/MTU | MWD/MTU | MWD/MTU | MWD/MTU | MWD/MTU
(MeV) (MeV) 5 Year 7 Year 8 Year 9 Year 11 Year 14 Year 19 Year
Cooling Coaling Coaling Cooling Cooling Cooling Cooling
(Neutrons/s) | (Neutrons/s) | (Neutrons/s) | (Neutrons's) | (Neutrons's) | (Neutrons/s) [ (Neutrons/s)
1.0E-01 4.0E-01 1.62E+05 1.01E+06 1.08E+06 1.81E+06 2.80E+06 3.61E+06 4.3TE+06
4.0E-01 9.0E-01 8.29E+05 5.15E+06 3.52E+06 9.23E+06 1.43E+07 1.84E+07 2.33E+07
9.0E-01 1.4 7.68E+05 4.72E+06 5.08E+06 8 4TE+06 1.31E+07 1.69E+07 2.14E+07
1.4 1.85 5.79E+03 3.50E+06 3.77E+06 6.27E+06 9.71E+06 1.25E+07 1.58E+07
1.85 3.0 1.07E+06 6.25E+06 6.75E+06 1.12E+07 1.73E+07 2.22E+07 2.80E+07
3.0 6.43 9.26E+05 5.61E+06 6.04E+06 1.01E+07 1.56E+07 2.00E+07 2.53E+07
6.43 200 791E+04 4.93E+05 5.20E+05 8.84E+05 1.37E+06 1.77E+06 2.24E+06
TOTALS 4 41E+06 2.67E+07 2.88E+07 4.79E+07 TA2E+H07 9.54E+07 1.21E+08

B 4.8 8 4 BWR 4L &7 b w0 iE T chtfl @ 3 iR s 2% (Table5.2.13)[9]

% 4.1~ HI-STAR 100 2%z & 5% 3 & [9]

FSAR HI-STAR 100
Source Term 34,500 MWD/MTU

(per assembly) 11 Year Cooling

Table 5.2.5 ~ 5.2.10 ~ 5.2.13[9]

wefd @ 5 Fuel Neutron 7.42x10%
¥kl % 3 Fuel Gamma 7.25x10%
%4 %3 Hardware Gamma 7.787x10%
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HI-STAR100 % 2~ 474f 2 [9] % T & & 5 B ji~ 7.4 % > # 2 SCALE4.3
SAS2H {= ORIGEN-S &% i 4% + %4 bR 8 2 47 & 12 MCNP-4A 1% {8 2 44 )
#4245 o HI-STAR 100 % 2> 4 4747 2 [9]5.1 &4 it & ¥ F R me BRF & %
PIA TR B P g AT LSRR E 2 HI-STAR 4 8 5 A 458 % 4o
B 4.9 771 o

1 SCALE/MAVRIC 7% 5% i& = HI-STAR 100 3 48 & Fe i s vz ¥ > #-1 it
OB 4.5 B et B PR A BEE £ ALz fESROE (R 3 s pp
K32 k) MR HE e AT CHRY ET X 2AHHEA[9]
MAVRIC Jis* FW-CADIS 23 17/ & 3 g o8 4535 5 » Bk fa v 3K 5 Whgst
o BenG RPN RET N T EERE B AR A RS BIRT
Win10 5% & 545§ 2.20GHz E5-2696 v4 CPU fr 192 GB RAM # %5 i % b3+
EER L 25 REIRESAT o

Bl 4.9 5% >A494R 24 ) Table5.4.9[9]% % > ¥t/ B 4. 10 5 2 8L+ % 7 4
BloHP e f g 2 F a7 (T FERAIE AT RETE S
Wh 420 T WiHhEE 1 I 5SS 0 B HHEE AP A2 B 2GE
fRg- LR R)EMEF RN G - AP B EEL 2P T 95
0.31mSv/h » 12yt ¥ d % AR f = Heeh HI-STAR 100 3 48 B i) tepbre 5
B RER AR B LI ERARFANTRFC SRt T) HEF RS
oA AR AR 94098 0 TR 4100 B L 29p iR > A F
RIFEFEERTPELAR AL ERHEF L ST PHEELF AP 2

FRes S TR AL § BT R R AR R T SRR
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% 4.2 ~ HI-STAR 100 £ 8 & e fic 3] st & v 1 [9]

HI-STAR 100 FSAR This Study Ratio
Point
(mSv/h) (mSv/h) (This Study/FSAR)
1 0.380 1.554 4.09
2 0.311 0.305 0.98
3 0.317 0.570 1.80
4 0.299 0.570 191
5 0.016 0.031 1.96
Dose Point’ 10,000 20,000 24,500 29,500 34,500 39,500 44,500
Location MWD/MTIU | MWD/MTU | MWD/MTU | MWD/MTU | MWD/MTU | MWD/MTU | MWD/MTU
5 Year 7 Year 8 Year 9 Year 11 Year 14 Year 19 Year
Cooling Cooling Cooling Cooling Cooling Cooling Cooling
(mrem/hr) (mrem/hr) (mrem/hr) (mrem/hr) (mrem/hr) (mrem/hr) (mrem/hr)
2a 49.51 52.69 44.53 44.60 50.12 52.65 55.25
3a 139.50 154.42 132.09 129.62 132.20 115.66 103.70
1 3425 39.29 34.23 35.33 37.96 35.72 33.64
2 25.50 27.53 2421 27.97 3112 32.05 33.07
3 3444 37.75 32.25 31.43 31.69 27.33 22.81
4 32.63 35.76 30.52 29.69 29.91 25.74 21.42
5 0.14 0.60 0.64 1.03 1.58 2.01 2.53
6 112.26 121.21 103.06 98.97 97.96 82.26 65.73
10CFR71.47 1000.00 1000.00 1000.00 1000.00 1000.00 1000.00 1000.00
Limit (2a,3a) (2a.3a) (2a.3a) (2a.3a) (2a.3a) (2a.3a) (2a.3a)
200.00 (1-6) 200.00 (1-6) 200.00 (1-6) 200.00 (1-6) 200.00 (1-6) 200.00 (1-6) 200.00 (1-6)

B14.9-% 37 I 7ok ix 2 2 HI-STAR100: 48 4 6 & =% &4 & & (Table5.4.9)[9]
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B 4.10 ~ HI-STAR 100 3£ # % & & =% 7 & B (Figure5.1.1)[33]
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4.1.2 HI-STORM 100 3# 4 & Fo3- ¥ #-3)

HI-STORM 100 ;2 8 + @ 49 > p fic & MPC-68 %+ H % » A 4748 £ [10] » &
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2A454E2 > 2 324 & 5 HI-TRAC 100 4e HI-TRAC 125 A 45 h % 0 284 0%
FARLLG R ENGFE S ¥ 4R4 N 4o F] HI-STORM 1008 Version B 4p 3 it
HI-STORM 100 4= HI-STORM 100S & % ¢ « i » # 4 3% B4 7§ 33
F o s feil 4R 2 ) @4k % HI-STORM 1008 Version B 3% % % i 44 [10] -
7 24 HI-STORM 100 3% 44 B jetcal » 427 3 & 6§ i hiskds i
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B 4. 12 ~ HI-STORM 100 % 5./ f & < [10]
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Bl 4.13 ~ HI-STORM 100 & /5 % 21 & B[10]

Component Density (g'em®) Elements Mass Fraction (%)
Uranium 10.412 2y 2.997T1(BWER)
Onide 3.2615(PWR)
s 85.1529(BWR)
£4 8885(PWR)
0 11.85
Boral' 2 644 lig 44226 (MPC-68 and MPC-32 in

HI-STORM & HI-TRAC;
MPC-24 m HI-STORMM.367 (MPC-
24 i HI-TRAC)

''s 20.1474 MPC-68 and MPC-32in
HI-STORM & HI-TRAC:
MPC-24 1n HI-STORM)

19.893 (MPC-24 in HI-TRAC)

Al 68.61 MPC-68 and MPC-32 in
HI-STORM & HI-TRAC:
MPC-24 in HI-STORM)

69.01 (MPC-24 mn HI-TRAC)

C 6.82 (MPC-68 and MPC-32mm
HI-STORM & HI-TRAC;
MPC-24 in HI-STORM)

6.73 (MPC-24 in HI-TRAC)
55304 7.92 Cr 19
Mn 2
Fe 69.5
Ni 95
Carbon Steel 7.82 C 0.5
Fe 995
Zirealoy 6.55 Zr 100
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1 4. 14 ~ HI-STORM 100 A #2338 %_1(Table5.3.2) [10]

Component Density (g/cm”) Elements Mass Fraction (%)
Neutron 1.61 C 27.66039
Shield
Holtite-A
H 592
Al 21.285
N 198
(o] 42372
B 0.14087
-] 0.64174
BWR Fuel 429251 By 24966
Region
Mixture
=y 70.9315
(o] 98709
Zr 16.4046
N 8.35E-05
Cr 0.0167
Fe 0.0209
Sn 0.2505
Lower End 1.4862 SS304 100
Fitting
(BWR)
Gas Plenum 02653 SS5304 100
Springs
(BWR)
Expansion 06775 SS5304 100
Springs
(BWR)
Upper End 1.3692 S5304 100
Fitting
(BWR)
Handle 0.2572 55304 100
(BWER)
Lead 113 Pb 999
Cu 0.08
Ag 0.02
Water 0.9140 (water jacket) H 11.2
0.9619 (inside MPC) (o] 888
Concrete 2.24 H 0.6
(o] 50.0
Si 315
Al 48
Na 1.7
Ca 83
Fe 1.2
K 1.9
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Ml 4. 15 ~ HI-STORM 100 & j 3] #1423k %_2(Table5.3.2) [10]

B Effective Fuel Region
M Plenum

I Upper End Fitting

M Lower End Fitting

I Canister

B Concrete

M Carbon Steel 1

M Carbon Steel 2

4. 16 ~ HI-STORM 100 £ f4 & 3 ¥ #:4
"L gR5t ka2 e HI-STORM 100 3£ 4 B feicd) (rsesds ¥ 0 25 2 %
2T A N SRR TR S RUE 2 5 £ MPC68 2 BWR 42 & £
R R > P4 % 50,000 MWD/MTU 2 04 %r 3 & » gL if 2T Sbiha ¥ % %
BAYBA LT TH 4 19 EFR > itk R 5| &40k 43[10] 0 H ¢ B4
k3R sY p R 418 i L B4 CCo EAR O MR EEERKER
2(0Co & fyA % 2 BRT)IT L LT SRR -
CALCULATED MPC-68 BWR FUEL GAMMA SOURCE PER ASSEMBLY

FOR DESIGN BASIS ZIRCALOY CLAD FUEL
FOR VARYING BURNUPS AND COOLING TIMES

Lower | Upper 50,000 MWD/MTU
Energy | Energy 3 Year Cooling
(MeV) | (MeV) (MeV/s) (Photons/s)
0.45 0.7 1.28E+15 2.23E+15
0.7 1.0 5.76E+14 6.77E+14
1.0 L5 LIBE+14 9.47E+13
15 20 1.O4E+13 5.92E+12
20 25 1.20E+13 5.33E+12
25 3.0 4.04E+11 147E+11
Total 2.00E+15 3.01E+15

B 4.17 ~ H & BWR 25 &7 Je 44 15 2 T e 5k 3 b4k a0 2 (Table5.2.6)[10]
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CALCULATED MPC-68 *'Co SOURCE PER ASSEMBLY FOR DESIGN BASIS
ZIRCALOY CLAD FUEL
AT DESIGN BASIS BURNUP AND COOLING TIME

Location 50,000
MWD/MTU and
3-Year Cooling
(curies)
Lower End Fitting 90.55
Gas Plenum Springs 27.67
Gas Plenum Spacer N/A
Expansion Springs 5.03
Grid Spacer Springs 41.50
Upper End Fiiting 2515
Handle 314

Bl 4,18~ H & BWR %42 &7 I 2ol i 2 7 s 5 5HRE R
(Table5.2.13)[10]

CALCULATED MPC-68 BWR NEUTRON SOURCE PER ASSEMBLY
FOR DESIGN BASIS ZIRCALOY CLAD FUEL
FOR VARYING BURNUPS AND COOLING TIMES

Lower Energy | Upper Energy 50,000
(MeV) (MeV) MWD/MTU
3-Year
Cooling
(Neutrons/s)
1.0e-01 4 0e-01 9.79E+06
4.0e-01 9.0e-01 5.00E+07
9.0e-01 1.4 4 5TE+07
1.4 1.85 33TE+07
185 30 5.93E+07
30 6.43 5.40E+07
6.43 20.0 4. 79E+06
Totals 2.57TE+08

B 4.19~ H & BWR %85 &7 e 2k

N L R S
(Table5.2.17)[10]

% 4.3~ HI-STORM 100 5% %3+ & &k 5 & [10]

FSAR HI-STORM 100
Source Term 50,000 MWD/MTU

(per assembly) 3 Year Cooling

Table 5.2.6 ~ 5.2.13 ~ 5.2.17[10]

e ¥ 3 Fuel Neutron 2.57x10%
¥kl % 3 Fuel Gamma 3.01x10%
%+ %+ Hardware Gamma 1.43x10%
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% 4.4 ~ HI-STORM 100 3£ 45 5 ,ffﬁ’:‘}“ 3t B i [10]
Fuel Gammas (mSv/h) 60Co Gammas (mSv/h)
Point | FSAR | This study Ratio FSAR | This study Ratio
1 0.202 0.294 1.46 0.562 0.199 0.35
2 2.113 0.377 0.18 0.001 0.051 51
3 0.044 0.209 4.77 0.182 0.175 0.96
4 0.078 0.016 0.21 0.051 0.020 0.39
Neutrons (mSv/h) Totals (mSv/h)
Point | FSAR | Thisstudy | Ratio FSAR | Thisstudy | Ratio
1 0.188 0.017 0.09 0.952 0.584 0.61
2 0.064 0.016 0.25 2.178 0.444 0.20
3 0.037 0.004 0.11 0.263 0.389 1.48
4 0.034 0.025 0.74 0.162 0.060 0.37
Dose Point’ Fuel Gammas ' | “Co Gammas Neutrons Totals
Location (mrem/hr) (mrem/hr) (mrem/hr) (mrem/hr)
1 20.15 56.22 18.80 95.17
2 21131 0.12 6.38 217.81
3 439 18.15 3.73 26.27
4 7.76 5.05 340 16.20
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MPC Type Nominal
Cask Pitch (ft.)
MPC-24 12
MPC-68 12

B 4.22 ~ HI-STAR 100 % » 4 174f % Table 1.4.1[33]

Bl 4.23 ~ HI-STAR 100 % 2 4 454% % Figure 1.4.1[33]

Orientation Nominal
Cask Pitch (ft.)

Between adjacent rows, P1, 135
and adjacent columns, P2

Between adjacent sets of two 38
colummns, P3

%l 4. 24 ~ HI-STORM 100 % 2 4 473F 4 Table 1.4.1[10]

Orientation Nominal
Cask Pitch (ft.)

Between adjacent casks 18- 8"

@] 4.25 ~ HI-STORM 100 % 2 4 173§ 4 Table 1.4.2[10]
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Z 4.5~ o 5inoe & (68 )& F R & (120 23 4)

Total Strength

Strength
Source Region of ISFSI(120 casks)
(n or y/s/cask)
(nory/s)
FN Effective fuel 1.364x10%° 1.637x10%?
FG Effective fuel 7.568x10'° 9.082x10'8
LEF 2.367x10% 2.840x10'6
Effective fuel 1.078x10% 1.294x10'6
HG
Plenum 1.307x10* 1.568x10%
UEF 6.533x10"3 7.840x10'°
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-

Code package Hybrid method Cross-section data

ENDF/B-VII.0
multigroup 27n19g
(Denovo) +
ENDF/BVII.O
continuous-energy
(Monaco)

MAVRIC-v6.2.3 Sn (Denovo) + MC (Monaco)
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% 5.2 ~ HI-STAR 100 £ 452+ & p& /%

Source Forward Sy | Adjoint Sy | Total Sn MC Total
(min) (min) (min) (hr) (hr)

FN(108x2E05) 36.55 32.39 68.94 25.00 26.16

FG(124x1EQ7) 7.08 6.79 13.87 25.10 25.31

HG(120x1E07) 6.71 6.80 13.52 25.20 25.43

FN: 24l ? 5 FG: k5 ~ HG: B+

Forward Sn: # @ 4 22 ~ Adjoint Sn: ' 5g 4~ #272 ~ MC: 5+ + B2

% 5.3~ ik fa w4 B E

Source Dose rate (mSv/h) Error (%) FOM (/min)
Side n 1.21x10% 0.20 166
Topn 4.54x1072 0.41 39
FN
Side y 4.86x10 0.12 442
Top vy 5.02x10* 0.68 14
Side y 2.00x101 0.05 2280
FG
Top vy 5.98x10°® 8.72 0.09
Side y 3.46x107? 0.10 725
HG
Top vy 2.71x1073 0.18 194
Side 4.04x101 0.20 166
Total
Top 4.87x10% 0.35 15
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oW RO F O RRL B sy agE T pat kLo
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B 5.6 58445 AEFHA =87 LB B 57 5 H-STORM 100 :#
o MEF AT (= 5K RE > w5 EHTEI) A RIE R AL TP A
WA FREFAF A EHEFATARANAS B LELE Y FRES
A% 25em 2 550 cm AL Fl AR F I R A R E RA 0 P B s
FERT AF KT HEFAF EIRP HRFEIAEB80cm 2500cm § 77 o

(55 5.6 £ FFp o MIHE SR KT 53R TRk FUEE L 95 om At

B Y S HESF TR LT ARSI

H15.8 5 HI-STORM 100 3 4 4 & | £ & = ff4c & SR F 2 (= 5 0 Rlg
TR ERTEIN) c E R kI B pd T kI HEF A F F R
PR IR F A F o Bk £ A 80 cm(T #47)& 500 em( b )i
e ih SR SUEE R BRI < R N S S R ) O

2T e HIVH R F R R P AR FIE R A TN DB TN A R T

r—‘g o
# 5.4 ~ HI-STORM 100 £ §5 3+ & pF &
Forward Sy | Adjoint Sy | Total Sn MC Total
Source . . .

(min) (min) (min) (hr) (hr)

FN(113x2E05) 18.27 13.87 32.15 25.10 25.56
FG(101x1EQ7) 3.82 3.78 7.59 25.00 25.14
HG(26x5E07) 3.33 3.73 7.05 25.00 26.04
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£ 5.5 iR YA RS

Source Dose rate (mSv/h) Error (%) FOM (/min)
Side n 7.71x10°3 0.19 192
Top n 6.67x103 0.96 7
FN
Side y 7.67%x10° 0.20 169
Topy 5.04x10% 0.90 8
Side y 1.20x10? 0.06 1840
FG
Topy 2.61x10°3 1.86 2
Side y 2.44x107? 0.07 1460
HG
Topy 1.06x102 0.32 63
Side 1.59x10?1 0.19 192
Total
Top 2.04x107 0.96 7

MG R @HTHEFIMME

B 5.6 HI-STORM 100 £ 46 4 & # & F 3+ =% 7 L B
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FYaAPHN 221 d 07 A5G 2 Erra el B £ R0l &
TR o
# 5.6 hingc TR e H R
Source Forward Sy | Adjoint Sy | Total Sn MC Total
(hr) (hr) (hr) (hr) (day)
FN(600x1E06) 5.16 3.86 9.01 358.5 14.93
FG(375%x1E08) 0.95 0.87 1.82 343.5 14.32
HG(332x1E08) 0.77 0.88 1.65 376.0 15.67
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ABSTRACT

In order to assist the regulatory body to further understand the thermal behavior as
an indoor dry storage facility stored with different kinds cask, the Computational Fluid
Dynamics (CFD) method has been employed to investigate the thermal behaviors of a
hypothetical facility stored with several ratio of HI-STAR 100 and HI-STORM casks
in this study. The NRC approved SARs have been utilized to verified the accuracy of
the model of selected casks, the key assumptions such as the internal convection and
thermal load are examined in this work. All parameter including cask pitch, facility type,
cask ratio and arrangement pattern are also simulated by the established CFD method.
The results obtained from the facility model show that the technology of simulation will
not be affected under this situation. A further simulation results also show that the
temperature of SSCs of HI-STORM and HI-STAR will not significantly change under
different off-normal and accident condition. Therefore, no any regulation action need

be added as a facility stored with 2 different kind dry storage casks.

Keywords: Metal cask, Concrete cask Indoor dry storage, CFD, Thermal analysis.
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D45 2 /2 5 Diameter
CEHPM S Gap
: 7 % & §F ; Pitch

HI-STORM : D=3.36m

HI-STAR : D=2.44m

Pitch (m) Gap (m) Gap (m)
5.8 2.44 3.36
5.0 1.64 256
4.2 0.84 1.76
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42 PR

AP A BRI DBERREE AN TS GO RF L LA
SSCs #7 7 it 2 i dF{dbe el 17 S fe P2 iR d5 o B ¢ Holtite-A + 423 &

% Holtec #% < NRC 2 38 £ [40]#F B 1L ¢ 2 7 £%5 ~ 1% Tt (L 21 2 3 4R 2

N

AL ATH; a2 e flz. o B T2 LT3 A 4720 15 2 i i s /iR A R
BRWZEALPFTFIRFGHPEBETE @ WM L2 g% AP Y L7

HREF %" ARD 55 BIcrR s % 20 WHEA[2 37 TP 5 Lk

R
4.2.1 HEpHH
%2 37 F R R GEE
F B = Holtite-A
Conductivity (W/m-K) 0.65
Density (Kg/m?®) 1630.40
Specific Heat (J/Kg-K) 1335.55
% 4~ 7 445304 2 304L)% & 14
phiA & (K)
# OB @ B

296.72 352.27 463.38 546.72 657.83

Conductivity (W/m-K) 15.05 16.09 18.00 19.21 20.76

Density (Kg/m?3) 8016.37 | 7994.22 | 7949.93 | 7908.41 | 7858.59
Specific Heat (J/Kg-K) 483.98 503.24 533.38 550.13 567.30
Emissivity 0.36

% 5~ B4k (A-36 ~ A-533 2 SA-588)#t i 4 |+
A B (K)
296.72(352.27|463.38|518.94|630.05| 685.60

BB BB

Conductivity (W/m-K) | 41.36 | 41.59 | 41.88 | 41.01 | 38.77 | 37.54
Density (Kg/m®) 7861.36
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Specific Heat (J/Kg-K)

473.10

Emissivity

0.8

6B eEaRBEE

A & (K)
# OB oEF M
392 572 752 932
Conductivity (W/m-K) 14.33 15.16 16.61 18.06
Density (Kg/m?3) 6560.36
Specific Heat (J/Kg-K) 301.44 309.82 318.19 330.75
Emissivity 0.75
7 4 (V0% B 4
A & (K)
# OB o M
296.72 38394 |508.94 |633.94 | 758.94
Conductivity (W/m-K) 7.89 1720 5.75 4.90 4.40
Density(Kg/m?) 1578 11716  [1855  [1965  [2021
Specific Heat (J/Kg-K) 1658
Emissivity 0.85
o 8~ R F BN
i & (K)
#oB o B
296.72 352.27 407.83
Conductivity (W/m-K) 1.89 1.85 1.79
Density (Kg/m®) 2243
Specific Heat (J/Kg-K) 837.4
Emissivity 0.9
Absorptivity 0.6

11-38




l}‘-.”]‘"i,;

e

ARG R SRERIIEER IR SR EERF TR ER
BB S 33t SR AP LR S R SRR Y R A iR e o
& g g ;%::ri’fgrggf% 0 B - N —*ﬁi}&- AR LR A o (IR gL
2 R FGRF AR BB TG - TRAG T E A Rlag R Z 2
A2 B T I A O N TR

. kAdt
= dx

He g i RE R AkE ARIA S LRGSR B E GBS o %E'Jé.’%
B2 w2 FRFE A REFSARNF AL GHc2 > ARG REY Ry
SRS BES 2 P 2 BORERE W Rk da AR B I 15 2 A HERL S BE G (dXonoq) i
T G BETT o bl BRR AT ¢ iE 2 4 & 5 lom @ #0A] 5 5 45cm B

PIEZREFRGES 2 2 RO R 5 458> HE S v adF 2 v o !

_ 4. AXoriginal .
kmod - k -
AXmod
AXmod .
Pmod = pdx . ’
original

A Pyt PR 2 AR R AT & AT e
2 9B USHHERS FAZHBFNE
il B (K)
296.72| 352.27 |463.38| 518.94 | 630.05 | 685.60

ES N A

Conductivity@ normal 1861.2|1871.55|1884.6|1845.45|1744.65 | 1689.3
direction (W/m-K)

Conductivity@ parallel
direction (W/m-K)

41.36 | 41.59 |41.88 | 41.01 | 38.77 | 37.54

Density (Kg/m?®) 8029
Specific Heat (J/Kg-K) 473.10
Emissivity 0.8
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4.2.2 ¥

ol
ek
S

AT AR FROTIE YL BRI

210§ F RGP

A (K)
300 400 500 600 700 800
DENSITY | 1625 | 01219 | 0.09754 | 0.0834 | 0.06969 | 0.0611
(Kg/m®)
Cp
IKEK) 5193
VISCOSItY | 4 9905 | 243e-5 | 2.83e-5 | 3.20e-5 | 3.50e-5 | 3.82e-5
(N-s/ m?)
Thermal
Conductivity | 0152 | 0187 | 0220 | 0252 | 0278 | 0.304
(W/m-K)
Thermal
Expansion 3.33e-3
Coefficient
FRETINEE R
£ 2 (K)
300 400 500 600 700 800
DENSITY' |4 1614 | 08711 | 06964 | 05804 | 04975 | 0.4354
(Kg/m°)
Cp
(Kowy | 1007 | 1014 | 1030 | 1051 | 1075 | 1099
Viscosity

5 1.846e-5 | 2.301e-5 | 2.701e-5 | 3.058e-5 | 3.388e-5 | 3.698e-5
((N-s/ m?)

Thermal

Conductivity | 0.0263 0.0338 0.0407 0.0469 0.0524 0.0573
(W/m-K)

Thermal
Expansion 3.33e-3
Coefficient
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423 BB LB

AR R L TR PR L R R S R R S

3 ;F 4cuiﬂ%‘mb y 1l Fs? L2l B R o

312 prn TEREE AT SR Ry

2R F 4 7 d(W/m-K) o # % R
(K) i % LIS (k/kg-K) (kg/m®)
248.95 0.30904 3.91887 0.2328 4008.05
360.15 0.40084 3.76331 0.2583 4008.05
472.45 0.56595 3.54025 0.2772 4008.05
585.75 0.78485 3.36019 0.2927 4008.05
699.75 1.07126 3.36434 0.3052 4008.05
814.35 1.38840 3.41917 0.3140 4008.05

4.3 Pl #hpe §
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MPC -68 385 383.4
MPC outer Shell 166 158.1
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TEMP.(°C)

320
300
280
260
240
250
200
180
160
140
120
100
80
60
B 55 HI-STORM =t 2 ;5\ R ifit ¥ BiRT 282 B R A W
% 20~ & ;% %@ HI-STORM # 452 &+ 828
it LA FNERETE FUPEFEAEER | ERRER P ARAS
(°C) (°C) (°C) (°C)
Basket 314.9 298.6 16.3 111.7
BORAL 315.4 298.6 16.8 139
Cask 163.3 153.9 9.4 263.3
concrete 96.2 90.2 6 80.4
Dust Shell 53.4 58.3 -4.9 373.2
Fuel 344.2 330.0 14.2 55.8
Lid 104.6 100.4 4.2 322
Liner 97.0 90.8 6.2 329.6
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£ 021~ & 3% S8t HISSTAR E # 2 B X B2 58

~ it LA EREBFETRERE | FUHRETFARE RELEE FLEARAS
*C) *C) *C) *C)
Basket 350.3 346.8 3.5 88.5
BORAL 350.3 346.9 3.4 116.3
Cask 113.5 109.2 4.3 317.7
Overpack 98.0 108.3 -10.3 337.2
Holtite-A 103.3 99.3 4 451
Fuel 365.9 362.6 33 45.9
Lid 149.2 147.3 1.9 333.9
Grmma_shielding 110.5 103.3 7.2 329.6
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% 22~ R AR RE ¥ P HI-SSTORM G 2 B4 258

~ i LR BEBEY2Z BB HRE 2 A REE(CC)
~ #E R E(°C) ~ i+ 8 & (°C)
Basket 325.4 339.1 426.6
BORAL 325.7 339.2 454 .4
Cask 163.4 177.2 426.6
concrete 106.7 120.5 176.6
Dust Shell 63.4 77.2 426.6
Fuel 354.2 368.1 570.0
Lid 116 129.8 426.6
Liner 107.6 121.4 426.6

2 23~ B AR MIE ¥ HISSTAR £ 42 5+ 2 58

LA BEREY 2 BREEZ | BEARTE(CC)
AEERCC) | 2#EA(CC)
Basket 360.6 374.1 426.6
BORAL 360.7 374.2 454 .4
Cask 123.7 137.3 426.6
Overpack 108.3 122.0 426.6
Holtite-A 113.5 127.2 148.4
Fuel 376.1 389.8 570.0
Lid 159.4 173.2 471.3
Grmma_shielding 120.7 134.5 428.3
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LA ~ iR R (°C) B R E(°C)
Basket 368.0 426.6
BORAL 368.0 454.4
Cask 131.2 426.6
Overpack 115.8 426.6
Holtite-A 121.1 148.4
Fuel 383.3 570.0
Lid 166.8 471.3
Grmma_shielding 128.3 428.3
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% 25~ fusiET e F it HI-SSTORM ZE 4 2 & < 8548

]

A AR <28 R (°C) &R E(°C)
Basket 315.2 426.6
BORAL 315.2 454.4
Cask 170.6 426.6
concrete 112.2 176.6
Dust Shell 67.5 426.6
Fuel 345.2 570.0
Lid 116 426.6
Liner 112.9 426.6
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Temp.(°C)

360
340
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Nt ;,ﬁ; ;u,,,l;g(c) "
Basket 328.8 426.6
BORAL 328.8 454.4
Cask 174.4 426.6
concrete 110.3 176.6
Dust Shell 54.8 426.6
Fuel 355.6 570.0
Lid 120.1 426.6
Liner 111.2 426.6
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B 65~ HI-STAR -k L ¥ ™

TEMP(°C)

380
360
340
320
300
280
260
240
220
200
180
160
140
120

N X
Ea AT

% 27~k E & HI-SSTAR #4452 ~ 28

Ak LA < 28 & (°C) ERSER- 7S
(°C)
Basket 363.14 75.66
BORAL 363.15 103.45
Cask 121.73 309.47
Overpack 115.72 319.48
Holtite-A 110.92 37.48
Fuel 378.32 191.68
Lid 155.34 327.76
Grmma_shielding 113.87 326.23
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B 66 ~ HI-STORM =tk L F & 2.8 & i

% 28k X E&T HI-STORM # 52 ~ 28 B

LR ~ R R (°C) e A4S
(°C)
Basket 321.34 117.46
BORAL 321.34 145.26
Cask 164.30 266.90
concrete 100.0 48.40
Dust Shell 100.0 335.20
Fuel 349.35 220.65
Lid 117.76 365.34
Liner 100.0 340.10
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/* developed for 109FCMAO001
proje, idcludes HI-STORM, HI-
STAR V&YV fuel */

#include "udf.h"

DEFINE_PROFILE(friction_fact
or_ATRIUM_10,t,i)
{
real Xx[ND_ND]J;
real a,Dh;
cell_tc;
Dh=12.3225E-3; /* Hydrolic

Diameter*/

begin_c_loop(c,t)
{
a=sqrt(C_U(c, t)*C_U(c,
t)+C_V(c, t)*C_V(c, t)+C_W(c,
t)*C_W(c, t));

F_PROFILE(ct,i) =
0.1015*pow(a*C_R(c,t)*Dh/C_M
U_L(c,t),0.8)/Dh/Dh*1.7812096;

}

end_c_loop(c,t)

DEFINE_PROFILE(friction_fact
or_LAMt,i)
{

real x[ND_ND];

real a,Dh;

e F2.3 45

cell_tc;
Dh=12.3225E-3; /* Hydrolic

Diameter*/

begin_c_loop(c,t)
{
F_PROFILE(ct,i) =
32./Dh/Dh/1.7812096;
}

end_c_loop(c,t)

DEFINE_PROFILE(K_LTP_C,t,i
)
{
real XxIND_ND];
real a,Dh;
cell_tc;
Dh=12.3225E-3; /* Hydrolic

Diameter*/

begin_c_loop(c,t)
{
a=sqrt(C_U(c, t)*C_U(c,
t)+C_V(c, t)*C_V(c, t)+C_W(c,
t)*C_W(c, t));

F_PROFILE(ct,i) =
(21.47+168.1*pow(a*C_R(c,t)*D
h/C_MU_L(c,t),-
0.546))/2.301875*1.7812096*1.7
812096;
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}

end_c_loop(c,t)

}
DEFINE_PROFILE(K_LTP_P,t,i
)
{

real XxIND_ND];

real a,Dh;

cell_tc;
Dh=12.3225E-3; /* Hydrolic

Diameter*/

begin_c_loop(c,t)
{
a=sqrt(C_U(c, t)*C_U(c,
t)+C_V(c, t)*C_V(c, t)+C_W(c,
t)*C_W(c, t));

F_PROFILE(ct,i) =
(156.9+168.1*pow(a*C_R(c,t)*D
h/C_MU_L(ct),-
0.546))/2.301875*1.7812096*1.7
812096;

}

end_c_loop(c,t)

DEFINE_PROFILE(K_FUEL,t,i)
{

real XxIND_ND];

real a,Dh,Re;

cell_tc;
Dh=12.3225E-3; /* Hydrolic

Diameter*/



begin_c_loop(c,t)

{
Re=sqrt(C_U(c, t)*C_U(c,
1)+C_V(c, t)*C_V(c, t)+C_W(c,
t)*C_W(c,
t))*C_R(c,t)*Dh/C_MU_L(c,t);

F_PROFILE(ct,i) =

((0.620*4+0.4646*2)+(108.6*po
w(Re,-0.58)*4+2.196*pow(Re,-
0.084)+235.7*pow(Re,-
0.686)*2))/4.362577*1.7812*1.78
12096;

}

end_c_loop(c,t)

DEFINE_PROFILE(K_UTP,t,i)
{

real x[ND_ND];

real a,Dh,Re;

cell_tc;
Dh=12.3225E-3; /* Hydrolic
Diameter*/

begin_c_loop(c,t)

{
Re=sqrt(C_U(c, t)*C_U(c,
t)+C_V(c, )*C_V(c, t)+C_W(c,
t)*C_W(c,
t))*C_R(c,t)*Dh/C_MU_L(c,b);

F_PROFILE(cti) = (-

9.68+9.526*pow(Re,0.0046))/0.6
4389*1.7812*1.7812096;

}

end_c_loop(c,t)

DEFINE_SOURCE(core_peak_A

TRIUM_10, ¢, t, dS, egn)
{

int row, columes;

real XIND_ND];

real Fxz[5][5]=

{

[FXfh= B —*/

J*
*/500.,500.,250.,125.,125.,
/*108FCMAO003 check*/

1*z
*/500.,500.,250.,125.,0.0,
/*108FCMAOQ03 check*/

[*ih
*/250.,250.,250.,125.,0.0,
/*108FCMAOQ03 check*/

[*=
*/125.,125.,125.,0.0,0.0,
/*108FCMAOQ03 check*/

[*w*/125.,0.0,0.0,0.0,0.0
/*108FCMAOQ03 check*/

real A, B, f, p0, source,
height, Maxpower, act_length,
pitch, fuel_map, axis_x, axis_z,
shift_z, shift_x;
C_CENTROID(x, ¢, t);
height= x[1];
p0=0.3291975;
/*108FCMAQ03 check*/
act_length=3.796;
/*108FCMAQ03 check*/
A=(height-p0)/act_length;
Maxpower=1.0/(0.0181364
39847*act_length);
/*108FCMAQ03 check*/
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pitch=0.160122;
/*108FCMAQ03 check*/
shift_x=0.014975;
/*108FCMAOQ03 check*/
shift_z=0.014975;
/*108FCMAOQ03 check*/
axis_x= (x[0]-
shift_x)/pitch;
/*108FCMAO003 check*/
axis_z= (x[2]-
shift_z)/pitch;
/*108FCMAO003 check*/
row=axis_x;
columes=axis_z;

fuel_map=Fxz[row][columes];

if (pO< height &&
height < (pO+act_length) )
{
f=-61.266*pow(A,
6)+168.83*pow(A, 5)-
187.298*pow(A,
4)+109.4*pow(A, 3)-
38.146*pow(A,
2)+8.1456*A+0.3738;
}

else

f=0;

source =
Maxpower*f*fuel_map;
return source;
#if IPR_HOST
if (pO< height
&& height < (pO+act_length) )

{
f=-61.266*pow(A,



6)+168.83*pow(A, 5)-

187.298*pow(A,

4)+109.4*pow(A, 3)-

38.146*pow(A,

2)+8.1456*A+0.3738;
}

else

f=0;

source =
Maxpower*f*fuel_map;

return source;
#endif /* IPR_HOST*/
#if IRP_NODE

if (pO< height &&
height < (pO+act_length) )
{
f=-61.266*pow(A,
6)+168.83*pow(A, 5)-
187.298*pow(A,
4)+109.4*pow(A, 3)-
38.146*pow(A,
2)+8.1456*A+0.3738;
}

else

f=0;

source =

Maxpower*f*fuel_map;

return source;

#endif /* IRP_NODE*/

#if IPARALLEL

if (pO< height &&
height < (pO+act_length) )
{
f=-61.266*pow(A,
6)+168.83*pow(A, 5)-
187.298*pow(A,
4)+109.4*pow(A, 3)-
38.146*pow(A,
2)+8.1456*A+0.3738;
}

else

f=0;

source =
Maxpower*f*fuel_map;
return source;

#endif /* IPARRLLEL*/

}
DEFINE_SOURCE(average_AT
RIUM_10, c, t, dS, egn)

{

int row, columes;

real x[ND_ND];

real Fxz[5][5]=

{

PEX = e —>%/

J*
*/250.,250.,250.,250.,250.,
/*108FCMA003 check*/

1*z
*/250.,250.,250.,250.,0.0,
/*108FCMA003 check*/

[*h
*/250.,250.,250.,250.,0.0,
/*108FCMA003 check*/

e

*/250.,250.,250.,0.0 ,0.0,
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/*108FCMA003 check*/
/*%*/250.,0.0 ,0.0,0.0 ,0.0

/*108FCMAQ03 check*/
Al ¥

real A, B, f, p0, source,
height, Maxpower, act_length,
pitch, fuel_map, axis_x, axis_z,
shift_z, shift_x;
C_CENTROID(x, ¢, t);
height= x[1];
p0=0.3291975;
/*108FCMAQ03 check*/
act_length=3.796;
/*108FCMAQ03 check*/
A=(height-p0)/act_length;
Maxpower=1.0/(0.0181364
39847*act_length);
/*108FCMAQ03 check*/
pitch=0.160122;
/*108FCMAQ03 check*/
shift_x=0.014975;
[*108FCMAO003 check*/
shift_z=0.014975;
[*108FCMAO003 check*/
axis_x= (x[0]-
shift_x)/pitch;
[*108FCMAO003 check*/
axis_z= (x[2]-
shift_z)/pitch;
[*108FCMAO003 check*/
row=axis_x;
columes=axis_z;

fuel_map=Fxz[row][columes];

if (p0< height &&
height < (pO+act_length) )



f=-61.266*pow(A,
6)+168.83*pow(A, 5)-
187.298*pow(A,
4)+109.4*pow(A, 3)-
38.146*pow(A,
2)+8.1456*A+0.3738;
}

else

f=0;

source =
Maxpower*f*fuel_map;

return source;
#if IPR_HOST

if (pO< height

&& height < (pO+act_length) )

{

f=-61.266*pow(A,

6)+168.83*pow(A, 5)-
187.298*pow(A,
4)+109.4*pow(A, 3)-
38.146*pow(A,
2)+8.1456*A+0.3738;

}

else

f=0;

source =
Maxpower*f*fuel_map;

return source;
#endif /* IPR_HOST*/
#if IRP_NODE

if (pO< height &&
height < (pO+act_length) )

f=-61.266*pow(A,
6)+168.83*pow(A, 5)-
187.298*pow(A,
4)+109.4*pow(A, 3)-
38.146*pow(A,
2)+8.1456*A+0.3738;
}

else

f=0;

source =
Maxpower*f*fuel_map;
return source;

#endif /* IRP_NODE*/

#if IPARALLEL

if (pO< height &&
height < (pO+act_length) )
{
f=-61.266*pow(A,
6)+168.83*pow(A, 5)-
187.298*pow(A,
4)+109.4*pow(A, 3)-
38.146*pow(A,
2)+8.1456*A+0.3738;
}

else

f=0;

source =
Maxpower*f*fuel_map;
return source;

#endif /* IPARRLLEL*/
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}
DEFINE_SOURCE(checkboard_

ATRIUM_10, c, t, dS, eqn)
{

int row, columes;

real XIND_ND];

real Fxz[5][5]=

{

X %/

J*
*/361.12,125.,361.12,125.,361.12,
/*108FCMAQ03 check*/

1~z
*/125.,361.12,125.,361.12,0.0,
/*108FCMAQ03 check*/

[
*/361.12,125.,361.12,125.,0.0,
/*108FCMAQ03 check*/

5=
*/125.,361.12,125.,0.0 ,0.0,
[*108FCMAO003 check*/

[*r
*/361.12,0.0,0.0,0.0,0.0
[*108FCMAO003 check*/

real A, B, f, p0, source,
height, Maxpower, act_length,
pitch, fuel_map, axis_x, axis_z,
shift_z, shift_x;
C_CENTROID(x, ¢, t);
height= x[1];
p0=0.3291975;
/*108FCMAO003 check*/
act_length=3.796;
/*108FCMAO003 check*/
A=(height-p0)/act_length;



Maxpower=1.0/(0.0181364

39847*act_length);
/*108FCMAQ03 check*/
pitch=0.160122;
/*108FCMAQ03 check*/
shift_x=0.014975;
/*108FCMAQ03 check*/
shift_z=0.014975;
/*108FCMAQ03 check*/
axis_x= (x[0]-
shift_x)/pitch;
/*108FCMAQ03 check*/
axis_z= (x[2]-
shift_z)/pitch;
/*108FCMAQ03 check*/
row=axis_x;
columes=axis_z;

fuel_map=Fxz[row][columes];

if (pO< height &&
height < (pO+act_length) )
{
f=-61.266*pow(A,
6)+168.83*pow(A, 5)-
187.298*pow(A,
4)+109.4*pow(A, 3)-
38.146*pow(A,
2)+8.1456*A+0.3738;
}

else

f=0;

source =
Maxpower*f*fuel_map;
return source;

#if IPR_HOST

if (pO< height

&& height < (pO+act_length) )

{

f=-61.266*pow(A,

6)+168.83*pow(A, 5)-
187.298*pow(A,
4)+109.4*pow(A, 3)-
38.146*pow(A,
2)+8.1456*A+0.3738;

}

else

f=0;

source =
Maxpower*f*fuel_map;

return source;
#endif /* IPR_HOST*/
#if IRP_NODE

if (p0< height &&
height < (pO+act_length) )
{
f=-61.266*pow(A,
6)+168.83*pow(A, 5)-
187.298*pow(A,
4)+109.4*pow(A, 3)-
38.146*pow(A,
2)+8.1456*A+0.3738;
}

else

f=0;

source =

Maxpower*f*fuel_map;

return source;

#endif /* IRP_NODE*/
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#if IPARALLEL

if (p0< height &&
height < (pO+act_length) )
{
f=-61.266*pow(A,
6)+168.83*pow(A, 5)-
187.298*pow(A,
4)+109.4*pow(A, 3)-
38.146*pow(A,
2)+8.1456*A+0.3738;
}

else

f=0;

source =
Maxpower*f*fuel_map;
return source;

#endif /* IPARRLLEL*/
X

DEFINE_SOURCE(regionalized_

500_275w, c, t, dS, eqn)
{
int row, columes;
real XIND_ND];
real Fxz[5][5]=
{
<X s~ e —%/
J*
*/500.,500.,500.,275.,275.,
/*108FCMAO003 check*/
1*z
*/500.,500.,500.,275.,0.0,
/*108FCMAOQ03 check*/
[*ih
*/500.,500.,275.,275.,0.0,



/*108FCMAO003 check*/
Jx=
*/275.,275.,275.,0.0 ,0.0,
/*108FCMAO003 check*/
[*%*/275.,0.0 ,0.0,0.0,0.0
/*108FCMAO003 check*/
Al ¥

real A, B, f, p0, source,
height, Maxpower, act_length,
pitch, fuel_map, axis_x, axis_z,
shift_z, shift_x;
C_CENTROID(x, ¢, t);
height= x[1];
p0=0.3291975;
/*108FCMAQ03 check*/
act_length=3.796;
/*108FCMAQ03 check*/
A=(height-p0)/act_length;
Maxpower=1.0/(0.0181364
39847*act_length);
/*108FCMAQ03 check*/
pitch=0.160122;
/*108FCMAQ03 check*/
shift_x=0.014975;
/*108FCMAQ03 check*/
shift_z=0.014975;
/*108FCMAQ03 check*/
axis_x= (x[0]-
shift_x)/pitch;
/*108FCMAQ03 check*/
axis_z= (x[2]-
shift_z)/pitch;
/*108FCMAO003 check*/
row=axis_x;
columes=axis_z;

fuel_map=Fxz[row][columes];

if (pO< height &&
height < (pO+act_length) )
{
f=-61.266*pow(A,
6)+168.83*pow(A, 5)-
187.298*pow(A,
4)+109.4*pow(A, 3)-
38.146*pow(A,
2)+8.1456*A+0.3738;
}

else

f=0;

source =
Maxpower*f*fuel_map;

return source;
#if IPR_HOST

if (pO< height

&& height < (pO+act_length) )

{

f=-61.266*pow(A,

6)+168.83*pow(A, 5)-
187.298*pow(A,
4)+109.4*pow(A, 3)-
38.146*pow(A,
2)+8.1456*A+0.3738;

}

else

f=0;

source =
Maxpower*f*fuel_map;

return source;
#endif /* IPR_HOST*/
#if IRP_NODE

11-118

if (pO< height &&
height < (pO+act_length) )
{
f=-61.266*pow(A,
6)+168.83*pow(A, 5)-
187.298*pow(A,
4)+109.4*pow(A, 3)-
38.146*pow(A,
2)+8.1456*A+0.3738;
}

else

f=0;

source =
Maxpower*f*fuel_map;
return source;

#endif /* IRP_NODE*/

#if IPARALLEL

if (pO< height &&
height < (pO+act_length) )
{
f=-61.266*pow(A,
6)+168.83*pow(A, 5)-
187.298*pow(A,
4)+109.4*pow(A, 3)-
38.146*pow(A,
2)+8.1456*A+0.3738;
}

else

f=0;

source =



Maxpower*f*fuel_map;

return source;
#endif /* IPARRLLEL*/
}
DEFINE_SOURCE(average_414
w, ¢, t, dS, egn)
{

int row, columes;

real XIND_ND];

real Fxz[5][5]=

{

*X i o %/

J*
*/414.,414.,414.,414. 414.,
/*108FCMAQ03 check*/

1~z
*/414.,414.,414.,414.,0.0,
/*108FCMAQ03 check*/

[*h
*/414.,414.,414.,414.,0.0,
/*108FCMAQ03 check*/

[
*/414.,414.,414.,0.0 ,0.0,
/*108FCMAQ03 check*/

/*w */414.,0.0 ,0.0,0.0,0.0
/*108FCMAQ03 check*/

Al >

real A, B, f, p0, source,
height, Maxpower, act_length,
pitch, fuel_map, axis_x, axis_z,
shift_z, shift_x;
C_CENTROID(x, ¢, t);
height= x[1];
p0=0.3291975;
/*108FCMAO003 check*/
act_length=3.796;

/*108FCMAQ03 check*/
A=(height-p0)/act_length;
Maxpower=1.0/(0.0181364

39847*act_length);

/*108FCMAQ03 check*/
pitch=0.160122;

/*108FCMAQ03 check*/
shift_x=0.014975;

/*108FCMAQ03 check*/
shift_z=0.014975;

/*108FCMAQ03 check*/
axis_x= (x[0]-

shift_x)/pitch;

/*108FCMAQ03 check*/
axis_z= (x[2]-

shift_z)/pitch;

/*108FCMAOQ03 check*/
row=axis_x;
columes=axis_z;

fuel_map=Fxz[row][columes];

if (pO< height &&
height < (pO+act_length) )
{
f=-61.266*pow(A,
6)+168.83*pow(A, 5)-
187.298*pow(A,
4)+109.4*pow(A, 3)-
38.146*pow(A,
2)+8.1456*A+0.3738;
}

else

f=0;

source =
Maxpower*f*fuel_map;

return source;
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#if IPR_HOST
if (pO< height

&& height < (pO+act_length) )

{

f=-61.266*pow(A,

6)+168.83*pow(A, 5)-
187.298*pow(A,
4)+109.4*pow(A, 3)-
38.146*pow(A,
2)+8.1456*A+0.3738;

}

else

f=0;

source =
Maxpower*f*fuel_map;

return source;
#endif /* IPR_HOST*/
#if IRP_NODE

if (pO< height &&
height < (pO+act_length) )
{
f=-61.266*pow(A,
6)+168.83*pow(A, 5)-
187.298*pow(A,
4)+109.4*pow(A, 3)-
38.146*pow(A,
2)+8.1456*A+0.3738;
}

else

f=0;

source =

Maxpower*f*fuel_map;

return source;



#endif /* IRP_NODE*/

#if IPARALLEL

if (pO< height &&
height < (pO+act_length) )
{
f=-61.266*pow(A,
6)+168.83*pow(A, 5)-
187.298*pow(A,
4)+109.4*pow(A, 3)-
38.146*pow(A,
2)+8.1456*A+0.3738;
}

else

f=0;

source =
Maxpower*f*fuel_map;
return source;

#endif /* IPARRLLEL*/
}
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