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Geometric configuration of fuel assembly for small lightweight lead-bismuth reactor
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Abstract  [Background] The neutronics and thermal-hydraulic characteristics of lead-bismuth cooled reactors are
significantly affected by the geometric configuration of fuel assembly and lattice parameters. Reactor cores loaded
with different geometry type fuel assemblies have different critical dimensions and fuel loadings under the same
refueling cycle and thermal-hydraulic constraints. [Purpose] This study aims to analyze these key factors and select a
geometric structure of fuel assembly that is conducive to miniaturization and lightweight of lead-bismuth reactor.
[Methods]| First of all, the core model of a 4 MWt small lead-bismuth reactor was established, and simulation
analysis of reactor physical characteristics was conducted using the RMC Monte Carlo program developed

independently by the Reactor Engineering Calculation and Analysis Laboratory of Tsinghua University and the
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nuclear database ADS-2.0 released by the International Atomic Energy Agency (IAEA) in 2008. Then, three fuel

assembly schemes of rod bundle type, annular type and honeycomb coal type were selected for comparison and

analysis in term of fuel consumption characteristics, reactivity coefficient and steady-state thermal parameters under

the same core size, fuel loading, coolant flow area, cladding and air gap volume, 10-year refueling cycle and basically

consistent steady-state thermal safety margin. [Results & Conclusions] The results show that compared with the rod

bundle fuel assembly and the annular fuel assembly, the honeycomb coal fuel assembly has good steady-state thermal

characteristics and hard neutron spectrum. The core of the honeycomb coal fuel assembly can realize smaller core

size and fuel loading, and has obvious expansion negative feedback, and can effectively flatten the power distribution

and reduce the core pressure drop. It is a fuel assembly solution that is conducive to the miniaturization and light

weight of lead-bismuth reactors.

Key words Lead-bismuth reactor, Fuel assembly, Miniaturization, Lightweight
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Fig.1 Lead-bismuth cooled reactor core
X FITARBHAAT AR R BT 2 21T
FEN NIRRT 2 SR A B s I HE PP 3 R
BT i B HES YRR, T RRIME IR ok N Az
RO M 5 I T P B RERE ML
T HESS A T BE R 2. 25 . FE TR RARLE e

090606-2



T B NUERE YR S SHERORL AL T L S5 T

B2 BB BHERREHA T
(a) B, (b) IATE () B 0 LT
Fig.2 Diagram lead-bismuth cooled reactor fuel assembly
(a) Rod bundle type, (b) Annular type, (¢) Honeycomb coal type
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Table 1 Lead-bismuth cooled reactor core design parameters

ZH Y it NI 14 53 A
Parameters Rod bundle type Annular type Honeycomb coal type
#AI)% Thermal power / MW 4 4 4

i PE X 230 B 4% Active area equivalent diameter /cm 84.16 84.16 84.16

s PE X 5 Active area height / cm 85 85 85
1A%} 4EJE Fuel enrichment / % 24.63 24.63 24.63
WRELHA 127 H Number of fuel assemblies 31 31 31
£17¢ )5 FF Cladding thickness / cm 0.03 0.018 6 (/%) Inside/outside) 0.030 8
SRR JE Airgap thickness / cm 0.015 0.009 0 (/%) Inside/outside) 0.0143
Mt Grid pitch / cm 1.62 1.62 1.62
15247 Outer diameter of cladding / cm 1.290 1.425 1.288
4% L Pitch to diameter ratio 1.256 1.137 1.258

Y[ £ £ J% Component box thickness / cm 0.4 0.4 0.4

HETS P42 Core radius / cm 143.943 143.943 143.943
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Fig.4 Diagram of control body division (a) Rod bundle type, (b) Annular type, (¢) Honeycomb coal type
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Table 2 Verification results of rod bundle type fuel assembly computing module in STAC code (°C)

Z ¥ Parameters TR ZHAH AT 1R 22
Calculation Reference Relative
values values erTors

A HIF i KR Maximum coolant temperature 306.50 307.00 -0.001 63

A7 AR TH B K IEE Maximum outer surface temperature of fuel cladding 352.19 351.70 0.001 393

A58 P 3K TH 5 K 3EE Maximum inner surface temperature of fuel cladding 420.34 419.70 0.001 525

PRRL R T B K Maximum fuel surface temperature 736.56 738.34 -0.002 41

R 0y R K IR BE Maximum fuel center temperature 2329.56 2313.77 0.006 824

3 STACIEFHIMFPARIE T BARRIGIELE R (°C)
Table 3 Verification results of annular type fuel assembly computing module in STAC code (°C)

¥ Parameters THHEAE ZHH AR iR 22

Calculation  Reference  Relative errors

values values
19x19 HMaLFE AR TR & Outer surface temperature of outer fuel cladding 526.77 527.586 -0.001 55
ALfE HIMLFE P R 13 & Inner surface temperature of outer fuel cladding 534.33 539.41 -0.009 42
Assembly g 41, 15 Outer surface temperature of fuel 584.59 616345  —0.05152
WARHR il Maximum fuel temperature 692.40 707 -0.020 65
PRRL PN 2R 5 Inner surface temperature of fuel 591.29 602.46 -0.018 54
P9 BL5E PN R THTR JZ Inner surface temperature of inner fuel cladding 535.66 533.49 0.004 068
W BLFE /MR TR JE Outer surface temperature of inner fuel cladding 525.93 517.73 0.015 838
15%15 AMILFEANRTIRE Outer surface temperature of outer fuel cladding 538 531.53 0.012 172 408
ke AIMELFE P ZR TR JE Inner surface temperature of outer fuel cladding 550 543.35 0.012 238 888
Assembly iy 146 145 FF Outer surface temperature of fuel 620.1 635.96 -0.024 938 675
PR 2 T E Maximum fuel temperature 787.58 786 0.002 010 178
PR} Py 2 T IR F Inner surface temperature of fuel 608.43 630 -0.034 238 095
PN EL 5 P 2R THT L Inner surface temperature of inner fuel cladding 545.57 547.29 —0.003 142 758
WAL 52 AR TR JE Outer surface temperature of inner fuel cladding 535.84 519.704 0.031 048 443
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Table 4 Neutron energy spectrum of three cores

AE = XA el R

Energy range Neutron flux density / n-cm™s”™'

/MeV PR Wi e o
Rod bundle Annular Honeycomb
type type coal type

<1x10°° 1.856 78x10"  1.902 99x10"  1.97521x10’

4318 05x10° 4.193 92x10°
2.389 78x10"” 2.383 57x10"

1x10°~1x107" 4.414 23x10°
>1x10™ 2.391 71x10"
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Table5 Reactivity coefficients of three cores

55 Category SR FR L I F7 e IR
Reactivity coefficient /10° K" Beginning of life Middle of life End of life
#E i 1 Rod bundle type ap -0.172'5 -0.189 7 -0.202 7
0 -0.607 7 -0.617 4 -0.654 7
a, -0.2225 -0.2253 -0.226 5
Oy -0.106 4 -0.1112 -0.1115
¥ Annular type oy -0.167 5 -0.1858 -0.195 1
0 -0.5237 -0.566 4 -0.462 0
a, 0.2253 -0.2289 -0.224 6
0y -0.1111 -0.116 4 -0.106 8
14 5 J5 7 Honeycomb coal type  a, -0.158 0 -0.1379 -0.112 1
o -0.540 6 -0.5899 -0.5910
o, -0.2222 -0.2256 -0.2222
a -0.1519 -0.1557 -0.1510
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Fig.7 Radial power distribution of fuel element in core hottest assembly
(a) Rod bundle type, (b) Annular type, (¢) Honeycomb coal type
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Table 6 Distribution of energy deposition in different fuel assemblies

[X 4 Region Fe B Rod bundle type IR Annular type 14 55 S5 Honeycomb coal type
WREL Fuel / % 96.98 96.87 97.04

H £ Assembly box / % 0.32 0.33 0.41

£15% Cladding / % 0.16 0.16 0.05

A H17] Coolant / % 2.54 2.64 2.49
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Table 7 Main thermal-hydraulic parameters of three cores

ZH TR AR Wit ey gt

Parameter Rod bundle  Annular type Honeycomb
type coal type

$ETH % Raise pressure drop / Pa 85163 85213/85 139 85631

JEE 14 %5 [ Friction pressure drop / Pa 2297.8 1258.3/3 640 453.1

R B R KR Maximum temperature of fuel pellet /K 718 662.0 (P/4h Inside/outside) 651.5

A 5E i KR E Maximum temperature of cladding / K 651.1 653.1/651.8 (/4 Inside/outside) 637.0

VA HI5 B KR Maximum temperature of coolant / K 623.7 646.1/652.9 (/4 Inside/outside) 631.5

3.1 RFEEMES

PLHRE 10 = o8 i B AR eI T Tl R
0,55 B NI FE 2108 810 K N2 R 2644, Ak ik %
F 3 FlRRHA AR ER B I N HE BT S 4. i@
P /D A 0 T8 T AR OR Y /N ME S AR AR, HE TS A 257
U3 8 AR 3 B0 J 5705 - B0 RSO D S iz
BB BRI A B P B R T 15 )

& ko DT S 75 B PR AR 2 B DR R SR O 10
S ARG I R M TE I X R A B RRLE

BRI R &, R ER TS m AN
1 DAY D A SRS 5 PR P B B s B HE AR S R T
Y STAC H 8 R UL HE S D3 E T X &
YR} A5 R B AR A 23 5, i A I N HE R A 12
S8, KL H TG 3FHES RIS, R
FHAR SR IR T e 8 R LA R AL J5 v
PEIX A B 4> 5] A 266 392 em’. 254 281 cm’.
218 549 em’s MR Kl & & 75 mll N 1 502.80 kg,
1460.90 kg.1367.71 kg.

*8 MALERAIMAFRITIHETRITESH

Table 8 The design parameters of three optimized cores

G5 R HER 37 VR
Fusion core parameter Rod bundle type ~ Annular type Honeycomb coal type
#3)# Thermal power / MW 4 4 4

i PE X 2530 B 42 Active area equivalent diameter /cm  69.51 68.44 65.07

T IX 5 Active area height / cm 70.20 69.12 65.72

I PEX A4 Active area volume / cm’ 266 392 254 281 218 549
WAELE 4£ % Fuel enrichment / % 24.63 24.63 24.63
PR AF %7 H Number of fuel assemblies 31 31 31
£17¢ )8 ¥ Cladding thickness / mm 0.300 0.186 (N/4} Inside/outside)  0.308
SRR FE Airgap thickness / mm 0.150 0.090 (P4/4h Inside/outside)  0.143
MR Grid pitch / cm 1.310 1.287 1.216
15847 Outer diameter of cladding / cm 1.236 1.233 0.685

2H 1 &5 JE & Component box thickness / cm 0.4 0.4 0.4

A HIFIFIE A Coolant flow area / cm’ 1 053.57 1 049.87 817.85
PR 4% & Fuel loading / kg 1.502.80 1 460.90 1367.71
A1 7% 5 K E Maximum temperature of cladding / K 809.9 809.6 810.1

B8 25t T ARAL JE SR F AR AR A TR i 35 452
BRBHE A BE T (BRI S N HE ke BB (R AR 1R 00 . 3
T HE S M UE k., 2> B~ 1.017 008, 1.018 105.
1.022 219, ol 2 ) B2 36 JE 42 1) B3R o 78 8 g ) 1
N0, M T W ERAR SN &M T, R &
IR ZEL A P B Al S 7 HE L 4% 5 /N A 3 S R~
LRl as .

TG TG 3 FhHERS I T REVE , 7E TR fE
X 55 i BEIX, o700 5 IR K /N R < e g RS 3R
i E O RN =Y i I AN 3P U S 3t

MO IR R N 13.37%+13.32%+12.78% , ¥4
HF LB, PR AT B K% SO R R T /N
BT T RANUG kBRI R . [FIN¥A H15)
T T AR ) 2 A 49 0 B TR HE S 11 R T R G
b, Pu A RUZEAR b U KR G KB T T HEC 1
R R S PRSI b, [ A5 HE O AR R R R 2
B T AESRAS BORIIGA k. FE4ERR K30 R & 3
32 REMAERBSH

F 1045 H TR 3 FhHE O I I NPE R EL R
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Fig.8 [k, of three optimized cores vary with time
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Table 9 Neutron energy spectrum of three optimized cores

RERX[A]

H-f-J8 & % & Neutron flux density / n-cm™-s™

Energy range o Wit W Y

/ MeV Rod bundle Annular type Honeycomb
type coal type

<1x10°° 8.75253x10°  1.072 81x10" 6.676 79x10°

3.260 73x10" 3.558 31x10"
9.649 48x10" 1.089 07x10"

1x107°~1x10"" 3.189 88x10"
>1x10™ 9.250 69%x10"

BN GE . HEETF T ORISR R A
N B ISR, ol b R AL
WA 5 O TR A ZEL A M P 74 0 7R P8 A7 Bk 5
(AR AR FL 8 ORI AR B S 15 » T DR 8 14 [
A7 etk

#10 RLEIMETH R YR

Table 10 Reactivity coefficients of three optimized cores

Z55)] Category JSANREEY 4 7 ) A IR
Reactivity coefficient/ 10° K™'  Beginning of life Middle of life End of life
#E 5 Rod bundle type a, -0.164 0 -0.173 8 -0.163 9
o -0.394 3 -0.536 0 -0.368 8
o, -0.224 1 -0.2250 -0.2270
Oy -0.066 4 -0.069 7 -0.068 9
¥ Annular type Oy -0.1109 -0.160 2 -0.120 4
o -0.316 4 -0.299 5 -0.4199
a, -0.240 3 -0.247 1 -0.246 5
oy -0.062 5 -0.070 4 -0.067 1
14 55 J5 4 Honeycomb coal type  a, -0.090 7 -0.144 1 -0.141 8
o -0.2918 -0.2170 -0.261 8
o, -0.249 9 -0.248 6 -0.253 1
o -0.052'1 -0.052 6 -0.049 3

3.3 RESALEMSHSN

R TR A SR T e EREAR—
BURF P 3 FES TR SR TS AR
WL T i 83 OB LA R HE O I T A AR S 4

LB BRAE S 3 MR LA 1A 58 B R FEE L ¥ 207
B KR L HEAAH [F) S AER LS SR e KR BE DX O
FORLES B fie KR B R BN TR « i R > 1 63 1AL
RUSIATE o LR i B R AR TR AL BT
SEIF RS ST TR

x1 MAEIMESRNERERSALISH

Table 11 Thermal-hydraulic parameters of three optimized cores

ZH Y it W 0 B3 JREAY

Parameter Rod bundle Annular type Honeycomb
type coal type

2T+ £ [% Raise pressure drop / Pa 69 434 67933 /67934 64 759

JE {2 [ B Friction pressure drop / Pa 7 605.7 2989.9/5567.5 807.0

PRELE HUR KR & Maximum temperature of fuel pellet / °C 577.5 545.8 562.3

A1 57% 5 K ¥ Maximum temperature of cladding / °C 536.9 536.5/536.6 (N/4h Inside/outside) ~ 537.1

VA H157 B KR Maximum temperature of coolant / °C 536.7 536.4/536.3 (/4 Inside/outside) ~ 534.2

090606-8
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