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SOREH B —BE (AR RE N2 PRASFAE — i Y L LR R 550 C LA ), DMRIIESE #2242,

DB {1V A 4 5 R L 8 2% (30 A % 3 v K PO L R 3 B P 358 4, vl ) 4
FRR 00 X (bulk flow) , SMIENEE 5 FCT AYSE R b 1] 58 3Bk Ay 1) B X 38 ( gap flow ) .FCI

PR B ST R KRR /L | e AR IR S B o 25 5 JRINE, FCT B B AR b e A 0 B L (i 3L S
ol E , ARIES—BERSE A 2E 4y, R TT LIS C 9 PhLi AR B B e B AT hn i s 4
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SCPEL 1 R Bl g X6 S 17 e HR AR 1)y il T R ER ) 2 il 1) (R S0 1)) S i) e
WV E A st , o SCHE LT W43 ) R TED (8T 1T v R PR BETET ) 7 Hartmann BE
SOFAT T 137577 1) (P RE T (A I P v 2245 PR BE T ) SRS AR SO TR R = B4 4 8R4
AN 535100 Fe BE TRIBRIE  FCT A3 55 X Sk e M R Fe BE R 2% BE AN ) S0 a0 |, K
HAAEAIERE N 5 mm ARRL B Fe BERYAMI 4500 R AR, S RYIREE A 400 °C %
AR EN 4 000 W/ (m*>K) . Fe BE T2 ) (FEH « ) K 0.224 m, Fhpm (B y Hl) ok
0.324 m, N AR 2 m BRI A 58 B H R 2 mm, 5T 2~8 mm BR[RNE AL ; FCT 1Y
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Fig. 1  Geometry of the DCLL flow channel
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Table 1  The material parameters

material property value units
density p, 9 500 kg/m?
dynamic viscosity u 0.001 786 Pa-s
PbLi thermal conductivity K; 16 W/ (m-K)
specific heat capacity ¢, 190 1/ (kg-K)
electric conductivity o 8.5x10° S/m
density p, 2 500 kg/m?
thermal conductivity K, 8 W/ (m-K)
specific heat capacity ¢, 1200 1/ (kg-K)
SiC electric conductivity o, 0~200 S/m
elastic modulus £ 2x10" Pa
Poisson’ s ratio v 0.2 -
thermal expansion coefficient 3.3%x107° m-K™!
thermal conductivity Kj 30 W/ (m-K)
Fe specific heat capacity c5 480 1/ (kg-K)

FESERR T00H  PhLi i AR 3257 55 B3 0K 52 0z ™ AR 1) v - R, DTG 76 3 0 DX 3= A 1
2L rh RN IR Abdou S8 R 221158 T PbLi AR IR A2 2 IR ULE e 5k
FERA MR A FIIR A A TE N (1) Fs , Hop o R i ARAR , F2 50 K A0 Ak A o« il
Ka N ER XA SR, 4 FCLE 5 mm, MBI TE 2 mm B, @ 24 0.2 m 4 - FRIE G i 5
AR R Re R R T T T A

Q =30 x 10%xp[ - 10(x + a/2)]. (1)
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pi—l:+pu-Vu=—Vp+V-(nVu) +J X B; (2)
LT

Veu =0; (3)
Ohm ( BRUH) 5

J=0,-Vd +uxB); (4)
FL i S AE

V-J=0; (5)
(R

pCp(aT+u-VTJ=V-(KVT) +J—2+Q; (6)
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4 000 W/ (m*K) , 2 IRE N 400 C.

XFF FCL RN FIARTE (SR A, e 20 /2 P 22 iy B AR O A, D

(VARG iyy i
o+ fi=0 (i,j=x,5,2); (8)
JUfar 7
1
85,=5<u5,,-+u/,i>; (9)
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ot o, o, Flu, MBI PSRRI R D, JBEIREL, 7, 2R A4,

AH LG T A 27 R R R A 2 v sy TR iy R, eI A T R
ZH A5 B i HL B Poisson J5 2 A1y SPAE 5 B2 45 RIS, 76 B Jr RR HP 38 T Lorentz J7 U5,
FORAETH A R B A S TERG TR ) B A% X 5 I ATRATZ 0 A& S TR T B AR 2
SPREARS 3OS TR T T I R AR B % T 5 3 1 SRR SR 5 L Poisson
AR R] 0 2 Ak X S 470 1 7 2 58 Y 5 208 T AR 00 H Y 288 8 T DA PRIk L fer s 1 T35 H
J1a] DMRAIE S i <P .
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SRR St s O R A 3 JRE A 38 TRT st ) PR Ao Ml T MR 1 22 B F Fluent P MHD B
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Fig. 2 The analytical and numerical solutions in the Hunt flow case
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WA%TE I AT LA Y, 7R P 638 1) IO A B 1805 12 I, A3 BR T (e vl DAk B A 1
RiEE.

BARRY TR R B AT 8 S, SR BR AR X e dat A4 P 43 B 3 e T 7 R Ut 3 4
TR, )iy AT U A NG R LR AL POR A A5 3 38 BOIRIE S 00 Al SRS 0 T S & 5
T, SR FAM 2 SRR | SR A T IAT (AR5 4 PR At 22 Tea) (R C T, 26 S A R0 ] 1) 2 SR T 5 6 A2

Ty =Ty, ps =py, (11)
H T, Ty ps , pyp 7390 52 FUTHTAL [F AR B3 B2 R, SR P INAS AR e v A 7 5080 e

Xof it AR 1 A S ) >R FHAA BROT 5 125, THEE S5 A TR IR S R A R ) S 2L [RIVE TR 9z
B N ARFNR 1. H T SiC AR HL TR, FCT S5F9 LI DL L Lorentz J1 35748 /0N, R L 7
THEAE R P 200 L G 7 S ), 2 5% R AR M 1 38O e 4 A A .

2 HEERI
2.1 HESABL N

T, % IR R G R .

LA FCIJE 2 mm, gap % 8 mm BZEHA0 6, 71507 B = 1 T WAYIEEL, RIS T gm0
TEOUVERRTLE 18] 3 (a) Bz St 10 B a0 8 A il DU U B3/ T i s R e = AR 1
AR5 ELER ) BESHAE T B9 Lorentz J3 il 1 320 DX sl Lo w82 O3 3l 1 e T 5 G 3%
F107 W B B2 (D2 ) B B T 10 J L AT T #6391 , Lorentz 180/, PBL 5 1E 1 000 B B
AT YT, 7E S0 DR ] B DX bt BT P v B R Y MR B0 L 2 R 3 5 R Y ORI
PN N L AR JCRE VR R 7R 2 m KBS R S, 32 X ORI I T 43 & R
AR £ Y 88 3 A1, T 2 1 B AR A 20 A T 2 v DX Bkt 32 5 O - 2., ] it IX g ik
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Fig. 3 The velocity profiles and pressure drop for B = 1 TandB = 0T
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Table 2 Influences of the magnetic field on the temperature, pressure and stress fields

B=0T B=1T increase
bulk flow T, /°C 655 688 +5%
bulk flow Ap /Pa 3 729 +245 times
gap flow Ap /Pa 50 1 463 +28 times

FW T, /C 526 460 -12%
FCIAT,, /C 75 153 +1 times
Mises stress o, /MPa 401 357 -11%

XA MHD 8085 [ SRR TR SR , e ma B (R i A2 BB 2 TITSEZ e 1) FCT RIS —
BELEAE) i BE FERN, 3 23 AERE S ROVE R, 323 DX A 1) Bt 3t DXl ) 76 0 B 4 1 30 1 55F
Ui, X AEAS I ARTE I DR 12 ORI I, I TTTRRAIG 1 Fe BE b A0 oo L

R 2ILE T A MG TREGE T WL, 50 N 85 RAEREAERT , B IX
S P R AT B B, X O R PhLE AR B AL PR R AR R . D B T, T
Lorentz JJHIVET, A7 37V HI A 4 167 e B 8 4 s | S50 0P AR Ry B sl i A YL A 3(b)
Fs 8 1T BPFITCRESA T 76 2 m KA EZEBIRE b, 300 O R IR AH 22292 1 kPa, iX
55 Smolentsev 557 Y THALEE ARSI S b — B FLIR] B o0 7R g B b R R X L S
AEIE UL SEAL R =AE SO0, ATEAS SCRY K B B T FE 3 B 5 1 HY FCT — IR
WL IR/ I AR 2E 3 AN LA b R TESE G 3 B vh R B o I R R
22 HMHERIT

RGN IS FPFE LR G5 R 2 A 20, AR SO0 FCT JEEEE 33 80K 2 mm 3 mm,5 mm,
7 mm, XN gap FEFESTAA 2 mm,4 mm,6 mm,8 mm S5 ZFILEMEFE T B EE Y R N
TS FC1 A A 3EAT T 1T

FH T B RE AL ey 30 T 1) S5 B A B T Y B — BE b IR R A TR THT UL AR R FE IR
PRI IR 4 T LSS —BE EROIREE MBS 42, 45t T FCI I gap AN [R) 45 R4 49 A0k Fsf G A A0 17 3 32
oA ATV Y FCL RS ORI  Fe BE b A BE 7 A JE XA AN R ERLBE (A BT R, ik
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AR FCT B G R 2 BH 1 E 3 0 XS ) AL 1B 3] Fe BE I DUITRAAIREE —BE I A9 IR BE. i ALK 4
(b)) ATLAE H, 2 gap FoEHI KA, Fe BE I (W75 BE AN AEEE LA B FEAR, i HLAE 43 A =X 1
B AR Ak e DX 3k e SRR R 43 A A SR R S A MBS A X B TRES gap A TE
FEHER  WEHVER T gap TR 38 K, MHD 800 5 A gap T AUBHRH E T HZ Fe BE Y
Poig 15 Fe BE | BEE W SN05 B T M BUGE B A6 AE TR W BA W
ZEF| M IR A

T/°C T/°C
|’ ‘l 466\J 480 500
‘ Eoy IV 470 490
460 480
450 \/\}0
450 470
440 460
430 450
420 440
410 430
400 420
390 i 410
dyo=2mm  3mm 5mm 7mm y<_|40 dpo=5mm  Smm Smm
degp=8mm 8mm 8mm 8mm dep=2mm 4mm 8mm
(a) FCIJEEEE 5N (b) Gap SEBE MR
(a) Influence of the FCI thickness (b) Influence of the gap width

B4 REZHAER FW MRS G
Fig. 4 The temperature profiles of FW with various model parameters

FCI P AMEE [T 25 R A e ) — DB E B N R, — O T |, N ARIE P FRE TR 22 N
i 200~220 C. A& 5 AT LUE Y, 25 FCT RS INES , $2m 1 FRdAEae , JL N oM i 22 bl 25 4
KM gap & BERG AT, FCL N AMEEIR 2285 BRI, IF B e 2 i A Kok A | 3 22/ gap
HR SRR A R 5 . TR, FCT A JBE B X I 22 18 5% M 8 R AR ST T3, 2 FCT A 7 mm,
H gap AR, NAMSER RIR 22 B E 200 °C |, B0 R BR. IR itk , AREAIG FCT 58 A 5 1) )
& FCT JEEBEAN R A [a)BF AT A3 58 i fa] B 7 5

& 6(a) % FCI 5% 16 Tl [EIZ5FEE ), Fe BE b 000 5 5 T BE A 64T T A, A
O LA, FCIEE R gap S8 REXT Fe BEIRFE 19 52 00 [ AE B 2L FCT K, gap T8 FEHE R
HRFHAT Fe BE L 4 3R e ey Y I AL, T2 Mk AT FE AR SRy 11350, PR R et i A A 0L T (FCT
J& 7 mm gap & 8 mm Fl FCI J& 2 mm gap F& 2 mm FFMELL) | Fe BE IS il BEAH 2224 70 C
XA, SR AR JEL ) FCT FNER SE ) gap , AR IESE — BE BB} 4 20247 I 0. 1 45 Bl bR,
5 — BEGA AT B BRI A AR [H] , JE 208 470 ~ 550 °C |, A8 SCHH5 45 30 A e o U B AE — 2L
BN B AT G BB PR, USRS — B ) 4 AR 2 4 e R R AR FCT FNAR 55 1Y gap
ke SN

K 6(b) X FCI 2R 16 FlORRIGEHIFFHAERT , FCT A H B A fe i Mises B S {EHEAT T EL AT
DI FCT R EERS N, [B) BRI v FE RN, #4125 [ FCI 548 I 30 1) $5e R 83000 ) 34 hin AE 75
TR MR ASCR IR FC I 7 =28 PR 2, — 843 i FCT AP EEIR BEAS FE 5 i
(1), 75—t FCL A TREE 507 40G 0 2052 TR (AR SCH R 460 °C) 22 [ IR R 225 1.
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P, FE3n e BRI SE R A 0 T, BRSR PO AIMEE IR 22 B AIG, (H AR e BE 45/ (1B 5 A
150 CUk/NENZ 140 °C) i FCL - e i 1882 38 0 4 e BE 5K (A 703 C ] 772 <€) , X F
IRV N s 1 A SO F 2 Y A e s (Y s E P R e B2 R 05 605 AN 2 I VAP D 1B N O
DL L5 A XA [R] A ZE AL RRAE , 5 DR B Mises B S3BET T BR A 400 MPa' ™) U [E] 16 Rl H44
6 i B TR R IR BE , XoF LS — BE b A s iR EE, v LLE th, FCT JEEE AT gap 58 Xt FCI
[ HRK Mises B 77 USR5 5% Fe BE L H i 1R OS2I 58 A, B3 K FCT RN gap F6 %
Xt S —BE G ] % FCI S5H9 % AN F, i R T —XF 7 & R b, o T A 25 A3 1)
BT % AR T BT FCI G5 T R Ak T T 5 40 .
AT/°C
150

140
130

120

dpe=5Smm Smm
degp=2mm 4mm 6mm

dpe=2mm  3mm Smm 7mm
y 0 dwp=8mm 8mm 8mm 8mm
(a) Gap FERERIREM (b) FCI 5B KR
(a) Influence of the gap width (b) Influence of the FCI thickness
5 ARIZSAFFIER FCL P SMEETRL 2% 43 A

Fig. 5 The temperature difference distributions across the FCI thickness with various model parameters

535
o L - dye=2mm g 420F
b= 5251 —A— dpcr=3mm r
é F —o— dpor=5mm g 410:
g 9] 515i —o— dpey=7mm bE 4001L
o 2 r
5 505} 8 L
% & i & 390 i
23 45| % 380}
2 4g5) = 370} —= dyc=2mm
= L g F —— dpor=3mm
E 4750 Z 360} —o— dper=5mm

ast , £ 350 _~* ra=7mm

2 4 6 8 2 4 6 8
gap flow width dy,, /mm gap flow width d yp/mm
(a) Fe BE B2 (b) FCI KRR T)
(a) Max temperature in FW (b) Max Mises stress in FCI

6 REIZEHRHER 4550 S

Fig. 6 The temperature and stress results across the FCI thickness with various model parameters
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3 4t 7

1) FERESAPERTR D= A MBS BT A, 70 BE B 30 T B SUi  800 A A F A7 Rl 52
]« FRAR SR — BERE  $2 TSR B 5 0l /D FCT 25 M BN 3 AT A AN 52 0« 386 o 3 4
FIW s TR SR S AR A5 BRIXE I FCT N AMBE IR g 22 ;380 RCT — Wk by 7 AB A R0 2, 76 &
B FCT — RN S35/, JLF-1T L) 22 .

2) RIELIEM FCL I, HAG I m A« BFRAR T 25 —RE T 0w IR, 7B R T AR RS — BE A1
BEZE A AR A 6N T FCL _L BT RE A B RN By 7R 5 5 (%) [T B st , 5 01 R AR 38—
BE T A R E R BN T FCT B B A e K Mises N 7. BRI, 7660 )2 2504 B 3% 11
NLLEA 7 S Bl R4 A 22 42 (R R, BE 5 18 B 45 R4 R 1IE.

2 2% 3k ( References) .

[1] Holtkamp N. An overview of the ITER project[ J |. Fusion Engineering and Design, 2007, 82
(5/14) . 427-434.

[2] Wong C P C, Abdou M, Dagher M, Katoh Y, Kurtz R J, Malang S, Marriott E P, Merrill B J,
Messadek K, Morley N B, Sawan M E, Sharafat S, Smolentsev S, Sze D K, Willms S, Ying
A, Youssef M Z. An overview of the US DCLL ITER-TBM program|[ J |. Fusion Engineering
and Design, 2010, 85(7/9) . 1129-1132.

[3] Smolentsev V S, Moreau R, Biihler L, Mistrangelo C. MHD thermofluid issues of liquid-metal
blankets: phenomena and advances | J]. Fusion Engineering and Design, 2010, 85(7/9) .
1196-1205.

[4] Smolentsev S, Cuevas S, Beltran A. Induced electric current-based formulation in computa-
tions of low magnetic Reynolds number magnetohydrodynamic flows[ J]. Journal of Compu-
tational Physics, 2010, 229(5) ; 1558-1572.

[5] WANG Hong-yan, TANG Chan. Preliminary analysis of liquid LiPb MHD flow and pressure
drop in DWT blanket of FDS-1[ J]. Fusion Engineering and Design, 2012, 87(7/8) . 1501-
1505.

[6] NI Ming-jiu, Munipalli R, Morley N B, Huang P, Abdou M A. A current density conservative
scheme for incompressible MHD flows at a low magnetic Reynolds number—part I; on a rec-
tangular collocated grid system[J]. Journal of Computational Physics, 2007, 227(1); 174-
204.

[7] NI Ming-jiu, Munipalli R, Huang P, Morley N B, Abdou M A. A current density conservative
scheme for incompressible MHD flows at a low magnetic Reynolds number—part II; on an ar-
bitrary collocated mesh[J]. Journal of Computational Physics, 2007, 227(1) . 205-228.

[8] NI Ming-jiu, LI Jun-feng. A consistent and conservative scheme for incompressible MHD flows
at a low magnetic Reynolds number—part III; on a staggered mesh[ J]. Journal of Computa-
tional Physics, 2012, 231(2) . 281-298.

(9] Smolentsev S, Morley N B, Wong C, Abdou M. MHD and heat transfer considerations for the
US DCLL blanket for DEMO and ITER TBM| J]. Fusion Engineering and Design, 2008, 83
(10/12) ; 1788-1791.

[10] Vitkovsky I V, Golovanov M M, Divavin V A, KirillovI R, Lipko A V, Malkov A A, Kartashev
I A, Komarov VM, Ogorodnikov A P, Schipakin O L. Neutronic, thermal-hydraulic and stress
analysis of RF lithium cooled test blanket module for ITER[ J]. Fusion Engineering and De-
sign, 2000, 49/50. 703-707.



2 I fd B e fid W A ik AR #y 261

[11]

[12]

[13]

[17]

Sharafat S, Aoyama A, Morley N, Smolentsev S, Katoh Y, Williams B, Ghoniem N. Develop-
ment status of a SiC-foam based flow channel insert for a US-ITER DCLL TBM|[ J]. Fusion
Science and Technology, 2009, 56(2) . 883-891.

Sharafat S, Aoyama A, Ghoniem N, Williams B, Katoh Y. Heat testing of a prototypical SiC-
foam-based flow channel insert[ J]. Plasma Science, IEEE Transactions on, 2010, 38(10) .
2993-2998.

Ying A, Abdou M, Zhang H, Munipalli R, Ulrickson M, Sawan M, Merrill B. Progress on an
integrated multi-physics simulation predictive capability for plasma chamber nuclear compo-
nents[ J]. Fusion Engineering and Design, 2010, 85(7/9) . 1681-1688.

LIU Song-lin, JIN Qiang, WANG Wei-hua, LI Ming. Updated thermal-mechanical analysis of
DFLL-TBM for ITER[ J]. Fusion Engineering and Design, 2011, 86(9/11) . 2347-2351.
Smolentsev S, Morley N B, Abdou M. Magnetohydrodynamic and thermal issues of the SiC,/
SiC flow channel insert[ J]. Fusion Science and Technology, 2006, 50(1) : 107-119.

Hunt J C R. Magnetohydrodynamic flow in rectangular ducts| J |. Journal of Fluid Mechanics,
1965, 21(4) . 577-590.

Smolentsev S, Wong C, Malang S, Dagher M, Abdou M. MHD considerations for the DCLL
inboard blanket and access ducts[J]. Fusion Engineering and Design, 2010, 85(7) . 1007-
1011.

Aiello G, Giancarli L, Golfier H, Maire J F. Modeling of mechanical behavior and design crite-
ria for SiC,/SiC composite structures in fusion reactors[ J]. Fusion Engineering and Design,
2003, 65(1); 77-88.

Riccardi B, Fenici P, Frias Rebelo A, Giancarli L, Le Marois G, Philippe E. Status of the Eu-
ropean R&D activities on SiC,/SiC composites for fusion reactors[ J]. Fusion Engineering
and Design, 2000, 51/52. 11-22.

Mechanical Behaviors of the FCI With Various Geometric

Characteristics in Multi-Physics Fields

LI Ming-jian, CHEN Long, NI Ming-jiu, ZHANG Nian-mei

(School of Physics, University of Chinese Academy of Sciences, Beijing 100190, P.R.China)

Abstract: The flow channel insert ( FCI) is an indispensable component in the ITER. It serves
as the thermal and electric insulator in the blanket module. The mechanical behaviors of the FCI
were investigated under the coupling effects of magneto-thermo-fluid-mechanical fields. Numer-
ical investigations based on the finite volume method and finite element method were applied.
The velocity profiles, temperature distributions and structural stress states were analyzed. Influ-
ences by the magnetic field and geometric characteristics of the FCI on the blanket module were
investigated. Results show that, a stronger magnetic field causes lower first-wall (FW) temper-
ature and FCI thermal stresses despite leading to the MHD effects, a thicker FCI yields lower
FW temperature yet higher FCI temperature gradient and thermal stresses, and a wider gap

leads to lower FW temperature yet higher Mises stresses in the FCI.

Key words: multi-physics field; blanket module; FCI; thermal stress; fluid-structure interac-
tion
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