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A Proposal for Safety Design Philosophy of HTGR for Coupling Hydrogen Production Plant
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Japan Atomic Energy Agency

Oarai-machi, Higashiibaraki-gun, Ibaraki-ken

(Received, March, 28 2013)

Japan Atomic Energy Agency (JAEA) has been conducting research and development for hydrogen
production utilizing heat from High Temperature Gas-cooled Reactors (HTGRs). Towards the realization
of nuclear hydrogen production, coupled hydrogen production plants should not be treated as an extension
of a nuclear plant in order to open the door for the entry of non-nuclear industries as well as assuring
reactor safety against postulated abnormal events initiated in the hydrogen production plants. Since
hydrogen production plant utilizing nuclear heat has never been built in the world, little attention has been
given to the establishment of a safety design for such system including the High Temperature engineering
Test Reactor (HTTR). In the present study, requirements in order to design, construct and operate
hydrogen production plants under conventional chemical plant standards are identified. In addition, design
considerations for safety design of nuclear facility are suggested. Furthermore, feasibility of proposed

safety design and design considerations are evaluated.
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% Table 2.1 {2/~

HTTR-IS /KFHE > 27 MR AL T H HTTR KOV IS 7o & A2 K 5 /KFREREE >

,3,



JAEA-Technology 2013-015

OAER S5, HTTR TIIRFIFMiEx & LT, JRFIE, 1 IRGEERE, 2Kk~ 7 NREE .
JE -4 BR A 1 R O AE DR B OV BB R 22 24T 5 72D O RHBH A HIZR 0t . Bl RIS O 4R 0
SR HIBE AR B G D AR K DR BE BB R L 2 HIN & LT IF RSB AR S SR E STV 5,
1 RGHBREITF LOMmEAZ B E Uiz 1 IRINEARGEIES, KSR RS % ~2 % fhia 525 HiH
BZHASR N ERIE XU, HTTR-IS KFEHLE 27 A O ERSIEIRRFIZ X 1 RMNEK G ENES K OV 2L
s DAFTNEILEIL 20 MW, 10 MW (Tl & s NIEFEER ) 2179, 2R~V U LmHEIR
TR, —EE. BRRERL O HIMSEIC L RS, FREGTHIFC TN S - 2
RNV U LMITHEONE L LBV, A AESZ BB L, R ARl L CREREEx
DT vt ABRHECBA S L, BRI ERKOBARIC L VRSN, 2R~ 7 A7
REICE D FESh, “HEHEONELZ LB PRI ~R D, 2T 7L EEBSWE1T
T ut ARG IT, FRE RS - R L, 7B U RE TR D bR 2 AR
% SO; Jyfiftas M Ol oy e . HIx WK A Rie 32 HI ZKBHED U AR A 7 KO HI Z 50 LKFE %
AR D HI iRy 5o KRFRGERRZ I NA SRR T A 23R, TOHADICREYER %
RET 5, HTTR OFEMIZHONTIE, BE S V2B IS0,



JAEA-Technology 2013-015

Table 2.1: Major Specifications of the HTTR-IS system

Item Specification
Reactor thermal power 30 MW
Graphite moderated,
Reactor type Helium-cooled,
Prismatic block fuel
Fuel design SiC TRISO particles
Reactor outlet coolant temperature 950 °C
Reactor inlet coolant temperature 395 °C
Primary coolant pressure 4.0 MPa
Reactor coolant flow rate 10.2 kg/s
Average power density 2.5 MW/m’
Fuel Low enriched UO,
Enrichment 3~10 wt%

(Avg. 6 wt%)

RPV 2 1/4 Cr-1Mo steel
IHX heat rate 10 MW
ACS: Auxiliary cooling system PPWC: Primary pressurized water cooler
CIV: Containment isolation valve R/B: Reactor building
CV: Containment vessel RIV: Reactor building isolation valve
IHX: Intermediate heat transfer exchanger SGC: Secondary helium gas circulator
R fB ISIV: IS process isolation valve VCS: Vessel cooling system

5 Air cooler

Fig. 2.1: Flow diagram of the HTTR-IS system



JAEA-Technology 2013-015

Process heat exchangers Steam generator

Fig. 2.2: Bird’s Eye View of the HTTR-IS system
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Table 3.1: Requirements and Design Strategy for Applying the High Pressure Gas Safety Law to H, Plant
Coupled to HTGRs
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Table 3.2: List of Safety Design for HTGR Nuclear Hydrogen Production System (1/3)
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Table 3.2: List of Safety Design for HTGR Nuclear Hydrogen Production System (2/3)
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Table 3.2: List of Safety Design for HTGR Nuclear Hydrogen Production System (3/3)
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Table 3.3: General Requirements and Design Considerations for Safety Design of HTGR Nuclear
Hydrogen Production System
(Guideline 3 Design Considerations against External Man-Induced Events)
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Table 3.3: General Requirements and Design Considerations for Safety Design of HTGR Nuclear
Hydrogen Production System
(Guideline 23 Systems for Removing Residual Heat)
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Table 3.3: General Requirements and Design Considerations for Safety Design of HTGR Nuclear
Hydrogen Production System

(Guideline 42 Design Considerations for Control Room Protection)
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Fig.3.1: Boundary between nuclear facility and chemical plant for the HTTR-IS system
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Fig.3.2: Design consideration against abnormal events induced by H, plant in HTTR-IS system
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TR DG ORI 2 T4 2 FRE B RE GBIE) 2 W5, 3 Tik~7z X 912,
KRR T DG DIT & A SITRFIF R K O HEAREHE RN SN TWD DD,
—IIEEAMCEE STV D, BlZIE, HTTR-IS AKERIE S 27 AT 5 /A HEE O MBhm A
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KZERMHAZOCPRE 7 EN TS T 2, —F ., —BRIOITBRIC X D & — 7 JE TR BERE S K
ELRDITONWAT BT, KERIEER OFKE T EH & 2 SR R E & o Rk ik
L. it EabeE L KRS O E T EMOEREN b - & /NS WAL, Frd o e
(2T BRI EICE B L7Zd IO A TH4y & & 2 5,

JE -4 A R A D AMBE DA U (S 563 A PEIC W T, B EDORKRFHIEBWT 100 kPa Ol
2 80 ms Afif SN ETHIAED 27 U — MNEREOT A, 85RO K OV s AU Wi
TEOHFFRMEIZK L THIRENH DL ENRINTWD, LLan s, BEFHEIZ OV T
AEEERPREN LN, ZZTETORBELERT 2BLE0 0 a2 B — FERZHI
(ZHUE ST Rk UBLE SRR 23 S 72 1T AU 72 D2 W EREEOE ORI L LCTHW S
NV DHFRBETE 9.8 kPa 2 MW EHEL 325,

423 KFEREHE D OIRA W LI-ABT AT LD, JRFOEE B OBAERE )~ 858
AFEGIT D HIWTEEDO AR 2B 2 FIILL T &7 D,

vV HEHACELDEEE~OREEZRERE LR OEE LTI RETHD Z L

BB ASDRBIIK U THAE SN D 2[RI, BRBRRFFSCEBE R S0 U2 728 B UE)
NRINTWD, JRATIRER O IHIEHE OF H AT AREOFTFAEMIZOVNTIL, KERFHEHZE
KLV ARINIAEN AT DHIEE OB EMEFHEIC B3 2588t 2007220 T, KEENL I #% 4
i ERFFERT AMRE T 5 IR FUE Immediate Dangerous to Life and Health (IDLH) 2" Z#F2AME L L, RERF
2 2 7 LA EME LT 5, IDLH 13 30 202k S5 Lo OFEIRIRICEE L2V RE 2 Bk L
THRY., 20LNICHEY) 2B ERE 2 BUA AT B W CRFFARMIT I RIS 53 2 AR 25 2 07
ICBET 5, IS 7ot AT & 2 KFERENZ CNUT 2 AN A0 55 IDLH 28 THFAEARE
ENTWRVHNZ DWW T EES B R OB BRI DWW T RS 22 U T o 5 K ERBR#E TN ALK LT
% Acute Exposure Guideline Level-2 (AEGL-2) % i3 %, Table 4.2 ([CAHG x4 5 |7 FL v
R, 70k, KBREMRR ORGHIT—MRPEE R OB Z BT 2720, R sk 0% 2R
DBLED BAKBRIETENOT X CORBET ADRIFFRZ WA ERT LH20LENDH DS, £ T, HWEE
HEIIZUL T O EA ARA R 2 IRGREFMEE 22 v, JORES 1 28255451
TPRIRE 2 M 2 % 5% L HWrT 5,

C C C C C
I — S02 + S0O3 + H2S04 + ~HI + ~i2 (4‘ 1)
Tsoz  Tsoz Thzsoa Tmr  Trz

Z T, HZRAREMEIELE. C Iy ORBIRE, TIIHROOFRRETH D,

424 JRAFETERALE MY F U LAOKBZRE R ~DBIT
REGIHKT 2 HIWr K AED AR 7278 2 FIIRD L H 12725,
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Vo 2NV U LMEREA D b U F T L EE A R R TR T & D U R R OB IR (2B
T DIERMAT FIZ IRV TR 2 3 2 RN TR & U TE 2 S 412 i M O R 12 #1
AHZ &

BRIy 72 W BB B (20X, RRCIEAE L5 OXI5 & 72 D i & i3 2 [RIfr e sE O 5 & K R E
FHIE LT SCHERE SR TS E T 2R e EOMEL 2T 50 BIFRE— 2B
5 R F 7 AITKT DHCE 1X10° Bq R OVEEE 1X10° Bg/g 2 M T %,

4.3 T PRYRILTEETE

ARHEITIE, LR TR O E OT2 0 ORGEHG#HE N KFE G i O [ Ffisx] ko
12 DFEEERIE D TR SIMERERR OBLR D B Rl R & HRIZ OV TR 21T > 7o, aFffie 5
(3, SRR OO BT R0 K S S i R 0D % BT E H1S BAE & 72 > Ty HTTR-IS KRGS >
AT LET D, LUTICRHMI ik, MR S S ORGSR 2 iR~ 5

431 KRFBELEHEF TORFICREIT S 2 kA~Y 7 L5 IR T OIREE K OE )25 8

(1) B

ARERTIE, 71 RAZHIROBREE S K ORBVEBHEIFIZBT 2R, R
HEMRE, PREGSHERH O 1 RGERIRE, 1K - 2R~V U LZEE, FEEZ# O
2NV U LNRER O 2IRANY U AR EOEESE 25T 2 0ERH D, ZHET, FF Ik
T, @R AFKERE S AT DOl KO 1 RO T T v MR ER BT
S ATREZR S A T AT = — K% RELAPS 21— R P2 _—Z TR LTV 5 2, Az— FTiE,
RVa—beTyrrvarhbliandr7an—xy NU—27ICX 0 @i A A KRFERE S R
T LADJFEA iR O v ABSTHER DT T AL EAT 9, JRFIP R O BRI O G 3
(T % 3R REAUTIEL RELAPS 233 2 IARE 7 /L & FV U R Z 24U 3 2 B &
TRNF— K OEEREORE SR EZSESINTZZNENORY 2 — AZBWTHELS, £/, F
D, BB EICB T 2BBEIC OV T R OBRE F AL Z &L CRES M &2 FHE T
Do Fio. FEIENTIIBREHED B 7 JE T R 28~ Ol 7 [ 08 7 18~ O BURE K ORI &
HEBE ORI NG FEETH D, FHTIFENFREOFEMIZ X RELAPS IZHAGA E - @R T IET 6
FED 1 FUFERE AR Z WD, 7o ABZWARONY U ARKKIZOWTIE, &%/ — RiZEB
WTHER, =3 F—KNETEOIRE FREXE <, —FH, 7re 2K T, 2% L
7oA Tk U CTERERIL LT BW BN IR EE <, £0, ~U U LARK &7 r ' AREKEO
BEMEZ N LT RTOBMMEEF R AR 2 L TEBEI 2 EE 5, BB idk#E R
sk CHEETRE 8oL EMEEEBET D LI, K, T UMKFE, BiEL T UHEITON
TITRFA L KA OFIREEE BB FRECTH D, A — RIILPIGRORTI L, RS
DRERR S B REEABEE T OB RE AV TRIES TR P+ Gtz A L T0 5,
RELAPS =1 — ROFEMICHOWTIEBZE R P22 E -0,

,25,



JAEA-Technology 2013-015

(2) AT SR

Fig. 4.1 |\ HTTR-IS KFEHE L 27 LAONTE TV /) — R Z/RT, aHlixtREGL, KFER
WHIRR IR LT 2R~ U AGHEREORE R VEINCEBEE B2 5FLTHD, 7T rtAE
Mg T OREBUD L OBREE R, 7 0 A BT BVE IR & L=,

71 A g TORBIBD FGITB T, 2R~ Y 7 AR EIE R O E & OVE ) A EhiE
MRELRDZENTFHESNDBREGELREZHE L, 7ot 2B OREE L EHIRENS 1
BolksE 77y MBEEBZFMMT 2, REWAREZRIIOWTUL, HEFLDILH LD
70t AR E N K E 72D 2 LR TS LD HI S0l LR ) 2 1878 Uiz, EAE
AR IZ 81T 5 70 & ABVE B OREVE & . HI AR Y R A T 07 1t ZEE N EREE S
2.1MPa 76 KRJEIZEAD T 256 0BREAEE T1 R THRSE T T v MBEX# 2 i+ 5, &
BUERIRFLAHIIC OW T, EFIRE SRBER O 2585 L -2 1 Tafse 77
N E) & ST S, AEEICY b KFEREREH O RERHE TORRE 5B, MEUERO
VEENEE] 2 5 B, ARBVERIRIC SV TIENER 30 mm OAREEE O WA 2 R E Lz, 7. Bl
ERT COBAM IR EZ 2 < AL 2800, RO EEZHFEITH S 2.1 MPa —E
L7z,

(3) RAhAE R
a) 7'\ A B BRI D

Figure 4.2 (ARG AEGHADANY T LR, Fig. 4.3 (2 PRIBZHAGE KON 1T YIRS Alds
01 RGHAMIEE, Figdd 12 2R~V 7 A E K O EEHEE 2 I~ o AH DR, Fig. 4.5
IR N DS EIBAREE . Fig 4.6 (2148 H ) O I 2 Eha il 5 2 v 9,

7'a AR C ORI L D 7 m ABLHAR 0 TOANY U ARE ERICIZ, K
SFROE MR TO R A LM O OMEBNC X 0 ARKRAERAOASY 7 ARED 40 F[H
T620°C EAT5 (Figd.2), TEEEIERMPIER & FIRFICHEGRA DR B S 7B W7 o B ERIEA
Thiv, RRBAEBRAKBBAEND 2 & THEKIERBHOANY U ARE EFI3+1.5°C £ T
sz (Figd.2), ZRRFERMOANY U LREEENL 2 R~ U AGHERE O A 72 53
MR 2T L 1 IRIHIER I~ SR T 2 b 00, FRBZHER KON T SOnEKm A 0 1 ke
HMIBEOEE FRI1X, 2, 1.7°C, 0°C TH V| HIKEEHEL B L2 (Figd.3), 2%k~
U0 Lt B i ST DAFEN RV 3%FEEIERT 2 b D0, MM EEZ FTES Z i3
(Fig4.4), F£7=. PHEBGIHIHEO 2 KA~Y 7 AREO EHIT 0.60C BRETH Y, HIETEYEL B
L7\ (Figdd), ETFAQLEOCHOTONY v ABELT), FFHDEEECOWTE,
TNEN 1°C, 1% Td 0 WA A L 72y (Fig. 4.5, Fig. 4.6),

PLEDG, HTTR-IS /KFRIE S X7 MRV TIE, AKFREER O SR ITRR L7 8 ' 285
BB W CTRESD M E U256 T H AR AT L0 FF Ol BREWEIE DS et S, ]
TR B EER A T & D Rl L A5,

b) 7'mt AR HAZEER B K
Figure 4.7 \ZARKIAEMHA DAY 7 LR, Fig. 4.8 12 PRGSO 1 RAEAG A2 H
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O 1 RBHAMIREE, Fig.d.9 12 2 R~V © A8 L OB SR 2 IR~ U o A OREE | Fig. 4.10
IR N DS EIMREE . Fig 411 (40 HY D 0@ 2 B AT ks R 4 7~ d,

71 ZAEAS MR T OFREME KIC K 0 AR AEZRA O~ Y ¥ AR T 8000 FPIH] THY 125°C TBE
T % (Figd.7), ZXFEAER CTOMBENBAT 5 2 & TERKBAERTEINIE T L, BRBELSH
AU 7 MBI 110°CIKE F9 5 (Figd.7), ZOBEEKFIZE DAY U ABHEGRO/SA /SR
SAEESE OBREE AT 2 72 B #2810 5 1 IRIEMIREE TR 1E-15°C FREE 248
s, OB JFEAFE A DREHIESRIC X0 INEARGSHGEEOBRBEN TS, 1 RINE
KGHZBH DIZHT 5 1 RSEAMIBE L LR T2 b 0o HF LU i L 72 (Figd.8), £7-.
2WAY U LK OB RmEGH A 2 RSN U AREIZOWT B EELHE T 5
(Fig.4.9), F7=, FAHFEAOLOHAOTONY ¥ MREES), KA HAEBEICOWT Y, £
ALEIL1°C, 1%l Td 0 HIEr e 2 L7y (Fig. 410, Fig. 4.11),

PLE S, HTTR-IS AFREE S AT MR N T T ' ARG OREWERICH L, ~U 7 A
WA EORFHIAR A EHOICRET 5 2 & CRAFILEFEROME N B TH L Z LA LM
Iz L7,

c) 7'ut AR WA R ENVE R

Figd 1212 1K « 2R~V 7 AFEE, Figd 1312 2R~V U7 AGRE N OV RS #ags 2 Ik~ U 7
L DR, Fig. 4.14 (BB HER K OV 1 RN KR S EZHH O 1 RGHEHMIERE ., Fig.4.15 [ZJF 1
SAHN D EIRAIREE . Fig.d.16 (ZJE 747 H ) OB I B FHmAE R 2 <7,

7u AR B WD TREVE RN E U 5 & 2k~ U 7 W HIFE TR OmEIM A3k g
JEE A~ T 5 2 & T2V U LWERREEADN D L, 1K -« 2IREEPHKTHHDD,
1K 2%~ O LZEEHIEH RS OF) 212 X 0 JES) 213 40 PR CEMRMICEIE T 5 (Fig4.12),
2 WY U NEHERAE OJE BN 2 Y T AR EITEREIC ST LK 180%F2E & CTHY
KITDH0OD, PWHEHETH 5-7%% FEDH Z Lix7ev (Figd.13), iz, 7 vt AL OIR
BUVEIRIC KV 7 0 ABGTHERIZ I TRV A U 523, RIS AR 2R 001 B 25 B Fni e
(2 & 0 ISR B O 1 KA ISR 0 D 1 RS EIRF 0 BB ER 2 IR~ U 7 AR EZS
B3 1°C R fil =i d  (Figd.13, Figd.14), ZORER, FFAFARKGHRATONY 7 AR
FEZEE), JRAIFEH IOV T S, ZAEIL 1°C, 1%A0 T 0 HIlr i E 2 8w Ly (Fig. 4.15,
Fig.4.16),

PL BN S HTTR-IS AFRIE S AT MR W T F 0 ABSSHEs OEVERHRIC L, 1%k -
2D U LFEERIBERS 2 IRV U LR - SR ORGH IR Z MR ES D 2 L Tl
EHRIFICIS 1T D 1R « 2RV U ADJES) N ECHITEIE S v, R0 1308 5 EiR O D3 AT
FECHHZ LEHLMILT,

Table 4.1 (27" 1 & ZABAZHRER OFRBEAD . FREVE R K OMRENE WAl 7 12 36 1F 2 I 25 YR L2k
&3 % 7 AEO B RZEBE ORI R 2R, R R D S T OHWr AR LR RA
BES RIS 2 E NGRSz, T72bb, Bk om i, BEER. 2k~ U 7 LETE -
AR, 1k« 2 POEERER e EOBRGHISIC &V | KFERIEEZ OREIZ LS FHEFIFEO
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EIRZERT 2 Z LN TE D 2 D AFERITHT DRERIED KLY D Z LRSI,

432 IKFHRGERFE D O A U7z rIEME T AR 92 KK - J358
(1) FEAETE
Figd 17\ B0 . REGL, KERIERZR DD OBRET~DKFEORZ VD, KAFDOLER
LIKFTIT XL D AR G R/ DOBIEK O FRIEIR B R OIER D X 5 ICFEE PRS2, ATl TIX
MM%#E%%ﬁ%W B DK AICB W TKRREZRD D & L BT, Gl & RRIE L
L7258 DR AR B 2 18R 2 5540 U, RIS E A3 e 3 2 BfERR R 2 8 H 55, B
_$%@@®u£; BT DRl HEEZ IR~ D,

(a) KFERERR DD DEREEH ~DKFEDIFZ

IKFEOW 2\ BEFEOFIIE, IR & U TR % OREAR B 2> © 0 K 57 18~ 0> A7 BRI ]
WA WERRET 5, BERHAZTET 2B TR AV E, AREFZVERET 2581
1T, TR AR L OUR 2 OISR ORI 21T 5 . BRGNS B 1 B IR 2 VB, K FERLE fiRR 23
NETHKREDA v b LT 5, —F7, AREERIRZVRHCBITDIRA VR A= BT
— FOBEKT £ A A MEFHCERHE SRR IS4 2 DU D CRMET 5.

v BN EEARM (po/p > 1) DEE

qG=447xu)cmM(fﬂ{Gﬂé—eﬂ%? 4.2)

v N EHLLE (pg/pST) DEXE

y+1

_ M 2 \v—1
Q¢ = 3.16 x 10%cap ﬁygﬁyl 4.3)
=771
2 v
— v-1
r.= (;1;) (4.4)

T 2T qelEIR A VR [ke/s]. o 1EHRE (= 0.5) L a 13RI FLEAE [m?]. p 1RIR 2 VEIE ) [Pal.
po X REES [Pa]l. MITKIAEDE/LEE [kg/mol]. TIXRKZWIFEE [K]. yiXTRAEDOLEL, R
ITRARES (=8.314) [J/mol K] TH 5,

R Z O R R | IR ERE R DA >R P RIRZ VR TR L TRD A,
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(b) KRERHDZER EKFEIZK D AIRIERARDOBIT

KEHFDZER & AKFIZ X D aRHEIRE R OB Tk, BriFiH X OVERREFMR 2V & b, &
DRI ZEERIC —EETH D L WO REDHIZ, Bt - LR E W =558 605
REOSMAR TR AT 2ET LV THLIH TV AT V—LET VEH WD, KET VI, LT
77 v MRORFIFR COREFMR EICHWONTEY . ZOEHFEENREE THDH, TV X
T— AETIVIMEIAS P % Figd.18 12, FER 0% L FICRT,

c(x,y,z,0) = QFx(x, OFy(uqt, y)F,(uat, y) (4.5)
1 box—x+ust box+x+u,t

FX(X' = Fox{erf(\/fox(uat)) + erf(\/fox(uat) )} (4-6)
— L b0y_y box+y

Fy(uat,y) = o {erf ( Voo (Uat)) + erf ( Frosead (uat)>} (4.7)
_ 1 boy—z+h box+z—h box—z—h box+z+h

F,(uat,z) = Thoy {erf ( Vo, (uat)) + erf ( 725, (Uat)) + erf ( Tzo, (Uat)) + erf ( ﬁoz(uat))} (4.8)

=72 L.

oy = 0.13x (4.9)

oy = %Xb (4.10)

0, = C,ocx (4.11)

Cpo = (1025)053% % (4.12)

T 2T, XYz )R A OB t 12 F5 1T DI [kg/m’]. QIR AV VE: [kg]. bo [ [m].
Ua XA A S CORGE [m/s]. ol3HEH R T A —% | ab,c (FRRALEEIZ LD PE D EL (Table
4.3) . zo (THIFEHLE [m]. h i3 E S [m]. x (TR D & - E T o Jal a5 H o Bk [m].
y (TR B Rl AR £ TR A ELA TR OFERE [m], z (TR RO S [m], TS O
WRFHE [s]Zz 7,

(c) FIAMER B X DIETE
YRR B R OIEFE OB Tid, aHlim TS 258 0F 59 5 alRIET 2 B R UMBEFEIC &

D BHEX RIS N D IBERE 2 Mt 5, AR CEBERT A58 HE T 5 a[ R T A EIZOW
TiE. LRk %,

1fl ~ylfl 1f1
Qex = [y [2aly (.2 t)dxdydz (4.13)

777 L.
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{ f(x,y,z,t) = c(x,y,zt) (LFL < c(x,y,2z,t) < UFL)
f(x,y,z,t) = 0 (LFL = c(x,y,%,t),c(x,y,zt) = UFL)

Z 2T Qe TBEIITEH 59 2 Al RYED A B [kg]. xIf] [XJE A 7 [7) THEESE IR & 72 DALE [m].
yIfl VR B A 7 1) OSSR & 72 AALE [m], zIf] (3085 TR R & 7 p iRm0 6 D
S m]THD,

JBHIZ LV BRI S VD IBIRUE IR, IR I b ERR L CRAME T R & 22 s IRG LTzl
PAYETR A R O 1B BUE O EAEARAT#E FAT L 0 RO 7= MR ST EERE & B EE O BIFRIX (Fig. 4.19) Z W
7~ fB BT ML Td 5 Multi-Energy 1% V&2 V%, KUK SN BEERE (KT o) 13,
AIRPEIR A KOO E S WXV HENTETH Y . oL 10 DVEEICHEY T 25, BRoC
fEE (R) U TORPTROLND,

o R
R'= (Eex/p0)1/3 (414)
Eex = QexAH H, 4.15)

Z TR IFFHIESE D BB #E RIS £ TOREE [m]. Ee/TRBET KL — [J]. AHITBREEEN [J/kg].
HlZ=x /¥ —2h% (0.05~02) ThHod,

JREJEHE (L)L) 28ELE BT ERICE ko7 MERITCHREE) & TERICEERE & 185
£ ORI A AV CERTTEIEE (AR) (Fig4.19 fitdh) Z3Eh L. LA TFRIC & v Bhi#4ic
MY oA EEE (AP,) [Pa] 2R 5,

APy = pyAP,’

Z 2T, polIRXE [Pa]ThH %,

(2) fEMTSIE

AFEAT T IX HTTR-IS KRS S 27 A DK FRE R O 5 6, KFELZWNUT 5 R/ B DKE
A Xy N U QBRI R OERE LT 02> 6 OB TRIFRIF A WA EET 5, DL NICHEGOHREIC
P ) BB OFH TRV S AR,

(a) KFBRGERFE DO OBREEF~DKFE DA
ABFE OGN LB R AT S D IEE & 2 D% ERILZ LLTFIZRT,

v KFEA LR

KFA X2 B OREE RO GHE RS ML ECTH 523, HTTR-IS AKFEMiET 2
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T LD KFRGE R ISR N HED SN TV DR TH D | HEIRCRLE O AR )3 e
EL T, —J, BRRHFTHORN 2 HRT 28051, PR GIC i b 5135
JEIZOW TS5 -l & 22 D - h 2 VWA Z . THOTH D, £ 2T, Bk HTTR-IS /KFEH
AT LAORKE VD 5B, KFEENET DK OBVE ORI (Figd.20) x5 L L, BEN
K OBEZRNDIKFTEA o~ b OBR Z T o 7o, BENKFEA X0 b VIR FOREICEDS &
21T D,

BESNTKFIZ T VT AF v V5L A OKERPE Y » 7 72 L)
AR E K Sm

K FEHRUTE R © 1000 Nm®/hr

KRR 7 2 A [E ) ;2.1 MPa

Bl A i I PR AE : 30 mY/s

(— 7 b7 T v N OFTEMELLT O A F— LR 5 R E) >

NN NN

ENDOKFZEA X RV, LFOFIRIZ XLV FEHh 21T 9,

a) BEICEREDE T LTV D HTTR I T 2 KZEKQSUE LIS X 2 /KBRS fisk C/RFE2NDLT
D (LFLUSH, KRB M OBHiER) 2 & ORFE & BUE AEO 2 A

b) a) TR L AKAKUEE L IS 7' 1 AEOHIEOE WG | HTTR-IS KE#E S X7
DIZBIT DBEENKFEA X b VKT DHRNAKEA X b U D& EH

¢) FENKEA XU MVIZb)TRDZLLEZTFE L, HINKSEA V0 b 28

V'R ZOER O L ATAE
P LA, EOAE O WAL T 2 AR E LECERISEImAE D 25 L L, BEWNKEAS XN
OB CRO AR 2 W TEH LT,

(b) KRR DZER L IKFIZ LD AR A R OB I
ATEFR D FHAMNZ 4 B2 EAT S D IE B & 2 OREARML Z LT IR,

o JHHIRSE
FHIREIC DWW TCIE, BEEEWr 2488 L, N2 S0A FHY OELER TH D 78.1mm & T 5,

o HHREHIE
L\ 12 A DT B 7 iR A AE L 0.03 m™ 2 AT 5,

o JtHm X
HTTR-IS /KFEfE S 27 A OB E RPN TS HI St n o7 ot ARE O S LR
23mAEHANWA,
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o FTA A & T DR K OV

KRG E TR S 78 25 10 45/ (2002 45~2010 4E) O EGEIZEHIE S 14m 128
WT23m/s Th D, mE L RO 2 & UE L7235 it & 2.3 m TOFEEH T 1 m/s
LT L2 e, KFHETIEEHEAS S TOREEZ 1 ms &35, AT, KEOBITZ IR
SFRC RN 9~ 2 72D KBGO Pt R A & Lz,

s

o fE
FEFE LT HTTR 233% 1E S 30T D RS R PERT 0 db#E 36° & L7=,

(c) AIAMEIR AR DIRTE
AIEFE DRI LB 2R AT SRATF DI E & & DORBERILZ UL TR,

o JRBEEL
PRBEBM T 1T K FE OWERE 141.8 kg™ % IV 5,

o T XX —LhERK
TN RIT, bo b b RERBREL G2 DML R HERSN-HHOK A 02 %
%l]\éo

o JBJEEFEAE
IKEBRUE R & DI SMIIRRZER TH D Z L OIBEREFREICIT L2 & b IR E S S
NHLL 795 N5,

(3) RAMhAE R

i 2 48 L7235 A  HTTR-IS KFERIE S AT LD O A VRN 026 kg & 72 o7, £7=,
A BREFFEIN 2 O RFIZ 38 1T 2 23R B OV 2V OERERFIE] T 2 41241, 2.3 kg/s SO0 0.12 7 & Rl =
oo FEMmAS 5 A RREFEIR AW W TR A WREEE R 23/ h S < BRI & R CTh 5
EEZBIT LD, LIBOBEE TIIBRR U Ok LRl 21T - 72,

Fig.4.21 |2 AR B KO BB O M R 2. Fig.4.22 ([ZFAMEIR A K OB it BEHE X OEERR
B2 R, KBRS X 0 BRI ST KR ITER EIRER A L, BT B EE A
NN OBFT 5, FRMEIRARITRRIBGE & & HICH#ES ST 5 b0, Rz LY
FRSND DA B 15 %, IAVELHH 33 m OBV THAT 5 (Figd.2l,
Fig.4.22), F£7=. Wik & & HITEKNLEIIPESRITESL< SO D, WRIERA K[ &N D
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T 570, BRERMICLERERENRD T 2, FORR, HINEEL L T 5 72 DI L ER
FREEEE, T 726, AIBMER G K OB IERE & /8B EEIC L2 RO (Figd.22 2B
Safe distance) D KAEIFKI 41 m & 72 >7= (Fig4.22),

HTTR-IS /KFEES A7 A ClE, KFRIEMRICH - & bIEWVB#ENGIIRTFEETH D,
I E CORBEESRMNOBEND | R & K FRRIER M OBEREEREE 41 m DL EREfR
HTLIFARETH D Z ERERIN TN D, T b, HTTR-IS KFERIET AT AMTBW T,
LR T DG, ML ORI DL MR Z K5 Z L Ve X 5 FHARERE AT & B
S G A O RN 0 2R BB IEEE 2 TR 35 2 S IR TS RTRETH D . AFRITH T DA D
7o DFRFH RN T D Z R E LTz,

433 KRBEGEHEHDSIMA WV LIEAETET AL D, JFFIF OERS B O#EERE S~ H5%

(1) FEm A5

Figd.23 [T &80 REQIL, KFRIEHEED D ORBEF~OHFET ADRZ N, AmH A
OB, HREIEE R ZE RSB ONRBCA D 27 LA mH ADOFRFIHE~DRAD L H
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50 A DRI RE X BRI i M OHRER D & O A B ~DARFFREIR 2 WA EET 5, A
FH A DRI L 72 DAL K E RS B CEM, R, 35 & LCIREET b, BT
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T2 R, A R 2O REOIR 2 VI 2R 5,

T-Tp

f=Cprp

(4.16)

T AT Ty v R TIIHIERORE K] Ty XKL TOW A [K]. Cp 1 LA EY [Jkg
K]\ hb &i%,ﬁ?@?@%@?& [J/kg]“f‘&) %)o

7ed. ABREFHEN AW OTR W EROFHE T IEIZ A RET ZADPANERC LT 5,

,33,



JAEA-Technology 2013-015

(b) HEH ADB
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(c) FRAFIFEN~DRA
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dCCI‘l I V L ea
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=771,
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4.18
0 (t = tisolate) ( )

—~—
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in

T 2T\ Copn I ZHRBHTRNATHEY AWE [mg/m’], VIZTRHEIEEARE ], C, 13K Zegis
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(a) KFBRGEMEE DO OBRFEF~OHEHHT A DA
AIBFE O FEAM N B2 AT S D IEE & 2 D% ERILE LLFIZRT,

o HBHAAL LU R KOV \OEBO Y LA

BN AA Ry b ) OFHEREIE, Bk HTTR-IS KERES 27 LADOLEHK 0D 5 b, A
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o IRAVWEERT
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v r—24
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(c) RMAIEHEN~DERA
ATEFR D FHAMNZ M B2 AT S DIE H & 2 ORRERILZ IR D K 5 IR,
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(3) AP R
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%@@G@A%\Eyu%\ﬁzu%Tif%h%n\mﬁ%\mﬁ&ﬁ\xﬁﬁﬁﬁﬁﬁéﬁ
Rlieot, LbEDbiER B O 2 RTRICEHE T B8 5 LI OFEIC 3B 1 5 i ge
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HRHIEE 2R E Lol T, 2o, R E & KR RS [ O BEREERED 41 m fEfR S
LA, PRHEIEHEOGHENT ARAWVERICK LEEB 2 G580 A RENOET 52 L3
mf%éommfmbtiOL\HHKBK%%%VX?AT@\ﬁ%%@%kﬁ%@%ﬁ%%
DOBEREIEEREA 41 m DL EREfR T2 2 S IXARETH S, T/ HTTR-IS KFERIE S 27 ATIE,

EHEHF L2 A m A ARBENOBH#T 5 89 FHAEET & R O WIS 5y 72 BIERR PR 4 e
T D2 EIFLFHICARETH Y . KFRICKT DA DO DR HENELT 5 Z LIRS
iz,

434 JFFWETHRAELE N F U LAOKERERHRA~DOBIT

AFRTIE, 2%~ 7 DAHRRECET D Y F o MR 0K i A HIT 5 13035 5,
ZHVET, R HETIE. HTTR O SIRRBUELRRFZ 2 RN U AWMARMO MY F 7 LRE
HHZEIT>T0D Y, AetllfEZ b &2, LLTFOREIC LY HTTR-IS AFEHIEL 2T LD 2 %k~
U 0 IR R O il 21T - 72,

v HTTR O 2 RINEARGHGEEGE (R ED TOMERKGERE~D N Y F U LifiE &,
HTTR-IS KFHIEL AT LD T vt 2B (BT I v 7 AR ToORFRERR~D
N F U LAEZERERT ET5
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BAGIRLEE N %)??AﬁV&UﬁE&%;%W%E%ﬁE?é EDBHERR ST, Tabb 1
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MRS,

4.4 F&&
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ﬂnﬁﬁﬁo_mfﬁkm a2 WAL T T b RS ORI L U CRREE, AR K ONERL T
%ék@@m#ﬁﬁ#l%% TR D RIAB & 572, Table 4.5 |[2Z 4 EEE T & HE, fé
AR O A DT D ORREH T, KFROEMER O R AbIZm T 72 a5t
HIRSZHEREAT RS SR & A % ORRE DO — B A2 =T,
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AR T AR IR 5 kS« 1T K OV T80 AT & B IR -4 i B O HAERE ) ~ D BB %
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EWRETHZEERLMIC Lz, A%, 2% Y U AEHER KR RUE iRk O FH TR e
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W2 L EBFEFET D,

KRR OFHENEE R EENR & A% L LT D 5AICE, R TR % O 2Rl <,
KFRLERRE D DR 2N LT AT RS K % k5K - 1838 L R T A DO RGIEE~DRADE
NEDEEEBRETDHIENRDODONDETHAS D, ARETITFER T LI 2T 72 b D
D, KEIERIZL VR FIFREORAMENHER SN D%E . AEl ARZVBERFCHEE LS
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LEIRRIE (KRRZEE A) L LTWbH I L, Al A LKIEDORIRERZ WIZRE T OKERE
AR D A AICER L, [FIRER 2 WREO K SRR DRI R~ 2 2 BITEB L2 &
Mh, BRAEDEEBE LIZHA TH LANENEOFER RICK X REET R N B X D,

ARG T, IBETNEEREBRPRE LI RER G FEEEHHCE S ERET 21T o 72, 5% 1%,
JEFIIHRZ BRSO T THREF SN T DR EABOKRR 745 & x5 & U7 B I E O SR Bhn)
FEEZ . MBS U TUREDORELEZITY TETH S,
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Table 4.1: Evaluation criteria and results for temperature and pressure transient induced by H, plant in

HTTR-IS system

Evaluation results
P | Evaluation
rocess values . .
criteria Decrease in Increase in Heat transfer
heat load heat load tube rupture

Reactor power [%] +3 0 0.3 0
Reactor outlet

+7 0 +1.0 0
temperature [°C]
Reactor inlet

+10 +0.6 -1.0 +04
temperature [°C]
IHX prima

primaty +10 +1.7 - 15 +04

outlet temperature [°C]
PPWC primary

+25 0 + 8.0 0
outlet temperature [°C]
IHX secondary
helium outlet +13 + 0.6 -1.0 +0.6
temperature [°C]
Differential pressure
between primary +0.09 +0.07

+0.08 +0.08

and secondary loop | ~ -0.23 ~ -0.02
[MPa]
Secondary helium

-7 - 1.8 -0.7 -14
flow rate [%]
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Table 4.2: Evaluation criteria for leakage of hazardous chemicals from H; plant

Chemicals Evaluation criteria [mg/m3]
SO, 520
SO3 15
H,SO,4 15
HI 225
L 20

* AEGL-2 (30 min)

Table 4.3: Parameters for calculating dispersion parameters30)

Stability a b c
Very unstable, A 0.527 0.865 0.28
Unstable, B 0.371 0.866 0.23
Slightly unstable, C 0.209 0.897 0.22
Neutral, D 0.128 0.905 0.20
Stable, E 0.098 0.902 0.15
Very stable, F 0.065 0.902 0.12

Table 4.4: Evaluation results for leakage amount, leakage rate, and leakage duration for hazardous chemical

release in the HTTR-IS system

Leakage point
Case 1 Case 2 Case 3 Case 4
Leakage amount [kg] 13 1.4x10? 2.7x10° 2.8x107
Leakage rate [kg/s] 8.0x10 4.6x10™ 1.2x10? 4.5x10™"
Leakage duration [s] 15 3.1x10° 23 6.2x10°
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Fig.4.2: Transient response of inlet and outlet helium gas temperatures at steam generator during decrease

in heat load of H; plant in the HTTR-IS system
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Fig.4.3: Transient response of primary outlet helium gas temperatures at IHX and PPWC during decrease in

heat load of H; plant in the HTTR-IS system
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Fig.4.4: Transient response of secondary flow rate and IHX secondary helium temperature during decrease

in heat load of H; plant in the HTTR-IS system
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Fig.4.5: Transient response of reactor inlet and outlet helium gas temperatures during decrease in heat load

of H; plant for the HTTR-IS system
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Fig.4.6: Transient response of reactor power during decrease in heat load of H, plant in the HTTR-IS

system

,46,



JAEA-Technology 2013-015

300 : : : : 300
5 < | s 2
c Q | _| c Q
T | 250 § 3
§ Z 5 B
5 3 =

— * — ©
c g 200 205 S
) . - —+
g |'> = S
E € L S o
o .2 150 1 “ee 415038 <
5 o | 00— T meeeeeed 3 @
v ’ o o~

100 ! ' ! ' 100

-2000 0 2000 4000 6000 8000

Elapsed time [s]

Fig.4.7: Transient response of inlet and outlet helium gas temperatures at steam generator during increase in

heat load of H; plant in the HTTR-IS system
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Fig.4.8: Transient response of primary outlet helium gas temperatures at IHX and PPWC during increase in

heat load of H; plant in the HTTR-IS system
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Fig.4.9: Transient response of secondary flow rate and IHX secondary helium temperature during increase

in heat load of H; plant in the HTTR-IS system
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Fig.4.10: Transient response of inlet and outlet temperatures at reactor during increase in heat load of H,

plant in the HTTR-IS system
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Fig.4.11: Transient response of reactor power during increase in heat load of H, plant in the HTTR-IS

system
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during rupture of heat transfer tube process heat exchanger in the HTTR-IS system
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Fig.4.17: Sequential processes after leakage of combustible gas from H; plant to atmosphere
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Fig.4.20: Components and piping including hydrogen in the HTTR-IS system
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Fig.4.23: Sequential processes after leakage of hazardous chemicals from H; plant to atmosphere
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Table A.1 Properties used in the hazardous chemical release evaluations

Properties HzSO4 SO3 HI Iz HI-Hzo-Iz*l
Molecular weight . N . . .
g 0.09817 0.0800° 0.128™ 0.254™ 0.0891"
[kg/mol]
Vapor heat capacit . . N N .
P pacty 853" 632" 228" 147" 394°
[J/kg K]
Boiling point . " X * *
&p 6117 318 238™ 458™ 403"

temperature [K]

Heat of vaporization N N . . .
P 5.11x10°™ 5.22x10°™ 1.55x10° ™ 1.65x10° ™ 1.10x10°™

[J/kg]
Liquid heat capacit N . . . .
d PAEY ] 1gsx10°™ | 2.32¢10°" 678" 5117 838"
[J/kg K]
Liquid densit N . . . ¥
1 X Y 1.76x10°" | 1.91x10°™ | 2.80x10°™ | 4.93x10°™* | 3.91x10°"7
[kg/m’]

Saturation pressure . . . . .
P - 6.68x10°™ | 2.05x10°7 | 2.16x10° | 2.39x10°7 | 3.65x10°7
constant B

Saturation pressure . N . . .
P -56.17° -104™ -18.07 -147" -53.6 7

constant C~’

*1 HI:H,0:1; = 0.123:0.649: 0.228 (Molar ratio)
*2 NIST, NIST Chemistry Webbook, (Available at http://webbook.nist.gov/chemistry/,

accessed on January 16, 2013)
*3 OLI Systems Inc., OLI Stream Analyzer,” Morris Plains, NJ, USA.
*4 H. Fukui, Excel de tsukaeru kagakubussitsu no bussei CR-ROM, Maruzen Publishing Co., (1999).
*5 D. Neumann, Phasengleichgewichte von HJ/H20/J2-Losungen, Diplomarbeit,
Rheinisch-Westfalische Technische Hochschule Aachen (1987).
*6 The Society of Chemical Engineers, Japan, Kagakukogaku Binran., 7" ed., (2011).
*7 “Saturation pressure” =”Atmospheric pressure” x exp[A-B/(“Temperature” + C)],
A = B/(“Boiling point temperature” + C)
*8 R. H. Perry et al., Perry’s Chemical Engineers’ Handbook. 7th ed., McGraw-Hill, (1984).
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A2 KEHEBRMNSRBAVLI-AIREA RITER T KK - IRFEOFHEICEH 15 ER
B UORKKRTE E O R

(a) EHE
RFRLERERE D> O 2 U7 rIRE T AR 5 k5« JBIEI D CTRGE D R M A2 17 -
Too JEGERZ BRI SRMEIZ 432 Hi LR U & LTz, 3RS 5% Table A-2 12”7,

Table A.2 Comparison of safe distance for leakage of hydrogen for different wind speeds

Velocity [m/s] Safe distance [m]
1.0 (Reference case) 41
0 13
0.1 16
2.0 39

(b) KRKLEE
IR FERGERGRR 2> H IR 2 L2 Al R 2L R 35 KK« 1IN CRGE D B 5T Al 217 -
77o BURZFRS METSAEIZ 43281 & AU & L7z, FfiAG SR % Table A3 12”7,

Table A.3 Comparison of safe distance for leakage of hydrogen for different stabilities

Stability Safe distance [m]
F (Reference case) 41
A 13
C 23
D 35
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