415 59 W 7S SN Vol.41, No.9
2018 4 9 A NUCLEAR TECHNIQUES September 2018

BT AR T AT B IRB RS A B R 5

FER KR & E XY EERE
(R BEE R A R SRt R 5 Y1 518026)

WE G IREURRLE B (Inert Matrix Dispersion Pellet, IMDP) DL i 5 S A HEBR R AR AR, S A B
BN = 8 % [ [A] P4 28 (Tristructural Isotropic, TRISO)AEHRIURL FIVRELEAA, FHELARG M) UO, Ak}, JHm gL AR
fERAESASRE, RHEHARTHRMS ABAQUS, FAH_ITRIIGE, B ARTiFEAES, TR TR
JE - BRFE LA SRRLIORE 55 0 P AR AT A BEL X IMDP ARLE S R, 5 UO, MEMEEAT T .
SR IMDP A U 3 2 B RFE SR B I RN, BAEA R R RIREE T, IMDP AR 321
HEET UO, SR, MNHEIEFEIT LT, Mk U0, th8k, IMDP 8 &G R o0 0R g R
BERAR: URAh, RRMITORL 55 1 S A T AR AR 0~4x107* m?-°C-W ™' S FE Py X IMDP A 2 T R MR FE il
U

KRR FHOEH, MEYEEL, BREL, R

hESES TL33

DOI: 10.11889/7.0253-3219.2018.hjs.41.090604

Heat transfer performance of inert matrix dispersion pellet based on finite element analysis

LU Zhiwei ZHANG Yongdong LILei LIU Tong XUE Jiaxiang

(Nuclear Fuel Research and Development Center, Department of ATF R&D, Shenzhen 518026, China)

Abstract [Background] Inert matrix dispersion pellet (IMDP), based on the fuel technology of high temperature
gas cooled reactor, a type of accident tolerant fuel, takes inert material as matrix, has high thermal conductivity
compared to UO,. [Purpose] In this study, effect of temperature, burnup, thermal barrier between tristructural
isotropic (TRISO) and matrix on the effective thermal conductivity (ETC) of the IMDP is studied by finite element
analysis (FEA) method. [Methods] A FEA model is developed by ABAQUS combined its secondary development
function. [Results] The ETC of IMDP decreases as temperature and burnup increases. Under normal operation
condition, the centerline temperature of IMDP is 400 °C or more lower than UO,. When the thermal barrier between
TRISO and matrix increases from 0 to 4x10™* m?-°C-W ', the ETC of IMDP decreases approximately 16% and 19%
respectively at beginning of life (BOL) and middle of life (MOL). [Conclusions] IMDP has superior heat transfer
performance than UO,. Thermal barrier between TRISO and matrix has more significant impact on BOL IMDP than
MOL IMDP. Thermal barrier between 0 to 4x10* m*°C-W ' has more significant impact on ETC of IMDP than
other values.
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Table 1 Structure and material of fuel particle

Rk W sz

Material Thermal conductivity Outer diameter
/W-m K™ / mm

FHeAK Matrix 30 —

WRARHZ O Kernel 3.7 0.50

21 7 Buffer 0.5 0.69

IPy JZ TPy layer 4.0 0.77

SiC 2 SiC layer 16 0.84

OPy )= OPy layer 4.0 0.92
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Table 2 IMDP parameters

Z ¥ Parameter H{H Value
FEARH KL Matrix material SiC
AR 00 4ME Kernel outside diameter /mm 0.7

22 M2 47 Buffer outside diameter / mm 0.8

IPy JZ24M#% IPy layer outside diameter /mm  0.87

SiC JZ4M# SiC layer outside diameter/ mm  0.94

OPy JZ4M# OPy layer outside diameter / mm  0.98
TRISO %% 5 43 Lk TRISO packing fraction ~ 40%
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Table 3 Parameters of fuel rod

Z ¥ Parameter {8 Value
TR, DA HOKHERBRSE KIBAT TS HON 8442 Fuel OD / mm 2 1921131
Fehit, 115 IMDP SELIRE A, IS U0, Ok 17 41M% Cladding OD / mm 9.513]
HEATX EE 1,5% 4% Cladding ID / mm 8.36!13
AR S H R 3 . BIRE s o
4@&Kﬁ%%ﬁ§j\EG'fgiﬂlriﬁgy ﬁﬁ L)@H%E\ﬁ%-@%l‘fﬂ ﬁﬁ Gap thermal conductivity / Wm K
MR R IKHER IEHIBIT T ganex 16,7604
SH, BT REL 186 Weem ™!, WA IAN R Cladding thermal conductivity / W-m "K'
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1200 1400 1600
L@ - U0, . (b) - U0, - () - U0, o
Looob T, * IMDP _é" 1200 " "=na, o IMDP _g 14001===ua, « IMDP g
& .. 2 . S T | o [ S E
3 . o & | Yoot " 2| © ‘f; 1200 . s ¢
5 800r ., & s - S £ 1ooof - 5
‘5 -_- £ 800feccccccs,,,, = § 200 --_
> pecsccccccccccsccncas,, - e - ) Fooccecccecoces, '-.
g B y £ 00r Tteelyy § o0l 0 TTeeeedln
= L hi ) - [2 3
400 eees | &= 4001 . 400f Mea
200 i ) 3 4 s 2% I 2 3 4 s 2% I P 3 4 5

Distance from Center / mm

&8

EE 8(a)t, ZHYIHE IMDP ()5 fA T 23
FEAR R IR R R, WO AT R S LS
Oy FEALHERFTE 600 °C 247, 3 UO, B HUE 400 °C
PL ks

Distance from Center / mm

Distance from Center / mm

IMDP 5 UO, SHAR IR E AR EL () A1), (b) AW, () AHIR
Fig.8 Comparison of radial temperature of IMDP and UO,

(a) BOL, (b) MOL, (c) EOL

Kl 8(b)H, R8RS 2 IMDP #4515 2 R %,
HorutiE &7 3 800°C A4, (HEE R A&
1§ UO, VG R N4, # IMDP 1) A Cadisl BEAR 447 4
FFTE 400 °C L L.

090604-5



o R

201

8, 41: 090604

EE 8(c)H, [Fl UO, BEBAFEIE N T 2R FFEE T
B%, 1fi IMDP TERKRARE Rt & R A AT, Rtk
IMDP 7£ 75 $ R I 0 Fp O iR FE AR 3497 K 23T 600 °Co

AL UO, BREL, IMDP 847765 B F 4%, &=
k% IMDP B A BARMIHGiERE . BRI AR S AR
TR BN IS S5, DL 2 B P IMDP
M HRARERE ST, TR RN LB IT =

A

%F TRISO MREHEAR BATE mil <A HE LN
HZ 4, Hiil& T2, IMDP SHE T2
M S7E T TRISO BURLIR T SiC AR R il £ T2
RZ . T X TRISO FREL L 2R E M5, 153
A F AL e BER IMDP (OB, Rl 6 B
TRISO Hiki 5 SiC F 4k FIHE A HBE AT IMDP A 25 #4

33

SERMF MR RIFPE T, SR S & LA

9 25 T A5 IR 5 A TRISO MUk 5 L 4
[ FAFE XS IMDP A 204 S R s ma R . MK 9o /T
LA H, AFHVEREE 0~4x107* m*°C-W ' WXTE 2L
IFR P ONRUR, FEE RSN, AR
SR PR 24K T 4x107 m>°C- W 5,
IRBE X R AT IMDP A RS R m L 2k,
WHEIRE IMDP A3 2034 5 2 1 52 i ORI A5 i
2398

MAEEM 0 BnF] 4x107* m?°C-W ! i, fE
400°C+ 700°C 1 1000°C 154 F: FEHIAY], B2
G RPN EAK 15.5%- 17.5%F1 15.9%; 1E5 14,
H RS F AR 20%- 19.6%F1 18.8%; LA 175
B E B TRISO Mtk 55 8 4 (8] #4BH X 45 [ S 1 IMDP
A I T R B N UK

)
Lol ) —=400°C
'z 204 = * 700 °C
Z . 4-1000°C
-

S8 ——— . 0
e
S O
Tl
8 14; ° . .
= “a
£ 12F ay
E “ .
&0 : :

0 2 4 10

- 68
4 (b) = 400 °C
T, 64p, o 700 °C
2 ol s 4 1000°C
- A -
? 56+ =
-
= A =
H 521 a e "
2 5. N\ T .
S —
;‘ asp A T
« L2
E 44} s
g “ N
= 40 : :
0 2 4 6 10

6 8
Thermal Barrier / 10~ m?*-°C-W™*

8
Thermal Barrier / 10~ m*-°C-W™

9 TRISO WKL 5 FAR AP AIEm  (a) W4, (b) AW
Fig.9 Effect of thermal barrier between TRISO and matrix (a) BOL, (b) MOL

4 451

ASCE A PR IT 7724 IMDP B A b g
BT THFFL, 5 UO, O AL A REHEAT T X b,
SERR .

1) IMDP A 8033 32 i PAFE S Ui 2 1) 38 i ik
AN, BIEARGFHEAREE T, IMDP A 8#H 5
KEHE ST U0, T %,

2) 7N HEIER 1247 TR, IMDP OB
DR FEA L UO, UK 400 °C L5

3) TRISO %l ki 5 155 ¥ % fAk [a] & BH 7E 0~
4x10* m*°C-W ' U X IMDP [ S G
Wi 2 FE d AR HLAZ AP 4 8 5 1) IMDP A 2%
G R B T R

SE
1 Zinkle S J, Terrani K A, Gehin J C, et al. Accident

tolerant fuels for LWRs: a perspective[J]. Journal of

Nuclear Materials, 2014, 448(1-3): 374-379. DOI:

10.1016/j. jnucmat.2013.12.005.

2 Lee Y, Cho N Z. Three-dimensional single-channel

thermal analysis of fully ceramic microencapsulated fuel
via two-temperature homogenized model[J]. Annals of
Nuclear Energy, 2014, 71: 254-271. DOI: 10.1016/j.
anucene.2014.03.039.

3 Lee Y, Cho N Z. Steady and transient state analyses of

fully ceramic microencapsulated fuel loaded reactor core
via two-temperature homogenized thermal conductivity
model[J]. Annals of Nuclear Energy, 2015, 76: 283-296.
DOI: 10.1016/j.anucene.2014.09.027.

4  WuXL,LiW, Wang, et al. Preliminary safety analysis

of the PWR with accident tolerant fuels during severe
accident conditions[J]. Annals of Nuclear Energy, 2015,

80: 1-13. DOI: 10.1016/j.anucene.2015.02.040.

5 Lee H G, Kim D, Lee S J, ef al. Thermal conductivity

of SiC ceramics

fuel

analysis and fully

composites[J].

ceramic

microencapsulated Nuclear

090604-6



IRl T

BT IR TI7 I RS TR TR HUORME AR RERT 7E

10

Engineering and Design, 2017, 311: 9—-15. DOI: 10.1016/].
nucengdes.2016.11.005.

KouH S, Lu K T, Yu C C. Effective thermal conductivity
of composite material with spherical inclusions in
orthorhombic structure[J]. Computer & Structures, 1994,
53(3): 569-577.

Maxwell J C. A treatise on electricity and magnetism[M].
Cambridge: Cambridge University Press, 2010: 111.
Carson J K, Lovatt S J, Tanner D J, et al. Thermal
conductivity bounds for isotropic, porous materials[J].
International Journal of Heat and Mass Transfer, 2005,
48(11): 2150-2158. DOI:
2004.12.032.

Gonzo E E. Estimating correlations for the effective

10.1016/j.ijheatmasstransfer.

thermal conductivity of granular materials[J]. Chemical
Engineering Journal, 2002, 90(3): 299-302. DOI:
10.1016/S1385-8947(02)00121-3.

Stainsby R, Grief A, Worsley M, et al. Investigation of

local heat transfer phenomena in a pebble bed HTGR core

11

12

13

14

090604-7

(NROO1/RP/002RO1)[R]. United Kingdom: Amec Foster
Wheeler - Nuclear, 2009.

Terrani K A, Snead L L, Gehin J C. Microencapsulated
fuel technology for commercial light water and advanced
reactor application[J]. Journal of Nuclear Materials, 2012,
427(1-3): 209-224. DOI: 10.1016/j.jnucmat.2012.05.021.
Powers J J. Fully ceramic microencapsulated (FCM)
replacement fuel for LWRs (TM-2013/173)[R]. USA:
Oak Ridge National Laboratory, 2013.

Cheon J S, Lee B H, Koo Y H, et al. Evaluation of a
pellet-clad mechanical interaction in mixed oxide fuels
during power transients by using axisymmetric finite
element modeling[J]. Nuclear Engineering and Design,
2004, 231(1): 39-50. DOI: 10.1016/j.nucengdes.2004.
02.009.

MacDonald P E, Thompson L B. MATPRO: a handbook
of materials properties for use in the analysis of light
water reactor fuel rod behavior[R]. Version 09. USA:
Idaho National Engineering Laboratory, 1976.



