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Design Optimization of Duplex Burnable Poison Rods and Feasibility
Evaluation for Core Design
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Abstract — The duplex burnable poison absorbers concept was suggested by Korea Atomic Energy Research
Institute. This BP rod is composed of inner region of natural U-Gd,O, and outer shell of enriched UO,-
Er,0;. It is expected that this burnable absorber has same reactivity control capability with gadolinia burnable
absorber used in extened fuel cycle. In order to evaluate the nuclear feasibility of duplex BPs, the nuclear
design characteristics were compared with that of four types of burnable absorbers; gadolinia, erbia, IFBA,
dysprosia duplex BP on 24 months fuel cycle for Korean Standard Nuclear Power plants. According to the
evaluation results of nuclear characteristics, the duplex EPs were better than other BPs on k-infinitives, reac-
tivity holddown worth (RHW), pin power peaking and moderator temperature coefticient (MTC). The pos-
sibility of nuclear core design was also confirmed based on the optimized fuel assemblies which were
searched for a sensitivity analysis. Characteristics of core design with duplex BPs was compared with that of
reference core with gadolinia BPs for cycle length, power peaking and MTC. The duplex BP core had a lit-
tle longer cycle length by 4 to 7 days because of increased amount of fissile in enriched uranium at the
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outer shell of duplex BP. In case of power peaking, F, of duplex BP core was reduced from 1.5773 to
1.5335. MTC was also less —0.48 pcm/C than that of reference core. Finally, evaluation of fuel cycle econ-
omy was performed for the manufacturing feasibility test and fuel cost evaluation with duplex BPs. Fuel

cycle economy of duplex BP core almost was equivalent with that of gadolinia BP core.

Key words: Burnable poison, Nuclear design, PWR, Gadolinia, Dysprosium, Core design
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Fig. 2. Flux distribution with gaolinia BP and duplex
BP pins.

A] Erbiacll B)8] Gadolinia7} F7]% & Sxhg 2w
oM Hel st EEAlele} & 4= gl oA %
o] |@4& %7} Gadoliniadl B8] B12H =3 ErbiaZ $)
A o2 @ FEAL 2831 Gadolinia BPY)
Hl§ B% wg Sl vehles F4% 528 A4S
7¥4%F 4= glel. Fig. 4= Gadolinia BP9} Duplex BP
W Gd'®, Gd¥Y] dael nhE T W3S epd 7l
o|t}, TR el Hi= nls} 3ro] ol Wk Gadolinium
2] 7}47} Gadolinia BPEE} Duplex BP Welld o #



NFTE AWYSE AL A= P wd GuA Gy D) 245

20x10° —a— Gd-155 in an Assembly with Gadolinia BPs
Gd-157 in an Assembly with Gadolinia BPs

1.8x10°
Er-167 in an Assembly with Erbia BPs

1.6x10°
1.4x10° 4
1.2x10°
1.0x10° 4
6
8.0410° 4,

“n
8.0x10°+ ©

Number Density [#cm’}

4.0x10°

2.0x10°

0.0 4

T ¥ T T T

0 10 20 30 40 50 60
Burnup [MWD/kg-U}
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Table 1. Optimized duplex BP design parameter.

Parameter

Natural UO,+12 wt% Gd,0,
4.95 wi% UO,+2 wt% Er0,

Inner fuel rod material
Outer fuel rod material

Inner fuel rod diameter (cm) 0.54480
Outer fuel rod diameter (cm) 0.82550
Cladding outer diameter (cm) 0.97210
Outer annulus thickness 0.14035
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Fig. 19. BP pin location models with 16 duplex BPs.
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Table 2. Assembly design parameters of various burnable poison assemblies.

UO, Enrichment (wt%)

Burnable Absorber (BA)

Normal/Low Material Composition # of BA’s
Gd 8 wt% Gd,0, 16
Er 1.4 wt% Er,0; 140
4.95/4.45 IFBA 0.00125 cm (Boron Coating Thickness) 136
Duplex BP Outer Region : Natural U+12 wit% Gd,0, 24

Inner Region : Enriched UO,+2 wt% Er,0,

OLiXIZ3t A13d A4z 2004 118
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Table 3. Contents of erbia duplex BP.

Gd,0; Contents

Er,0; Contents

12 wt%
9 wt%
6 wWt%

2 wt%
3 wit%
5 wt%
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Table 4. Configuration of 24 month fuel cycle, 3 batch for Korea standard nuclear plant.

U0, wt% # of Rods Burnable Absorbers Cycle
Assembly type
Normal/Low Normal/Low Material wt% # of BA’s Used
A 1.40 236 1
B 2.87/2.37 184/52 1
Bi1 2.87/2.37 176/52 Gd 6.0 8 1
C 3.37/2.87 184/52 1
Cl 3.37/2.87 128/100 Gd 6.0 8 1
D 4.00/3.50 184/52 2
D1 4.00/3.50 176/52 Gd 8.0 8 2
D2 4.00/3.50 172/52 Gd 8.0 12 2
D3 4.00/3.50 124/100 Gd 8.0 12 2
E.F G 4.50/4.00 184/52 D Natural U+12 wt%Gd,0,, 3,4,5
4.95 wt% UO+2 wt% Er,0,
El, F1, Gl 4.50/4.00 172152 @ Natural U+9 wi%Gd, 0, 16 3,4,5
4.95 wt% UO+3 wt% Er,0,
@ Natural U+6 wt%Gd,0,,
E3, F2, G2 4.50/4.00 168/52 4.95 wt% UQ+5 wt% Er,0, 24 3,4,5
H LI K 4.95/4.45 184/52 @ Natural U+12 wt%Gd,0,, 6,7,89
4.95 wt% UO,+2 wt% Er,0,
H1, 11, J1, K1 4.95/4.45 172/52 @ Natural U+9 wi%Gd,0, 16 6,7,8,9
4.95 wt% UO,+3 wt% Er,0,
® Natural U+6 wt%Gd,0;,
H2, 12, J2, K2 4.95/4.45 168/52 4.95 wt% UO,+5 wt% Er,0, 24 6,7,8,9

Energy Engg. J (2004), Vol. 13(4)
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Table 5. Fuel cycle length of KSNP based on 24 month fuel cycle.

Duplex BP Core

Gadolinia BP Core 6 wt%_Gd,0,

9 wt%_Gd,0, 12 wt%_Gd,0,

.
71 5 wt% Er,0, 3 wi%_Er,0, 2 wt%_Er,0,
EFPD  MWD/kg-U EFPD  MWD/kg-U EFPD MWDAkgU  EFPD  MWD/kg-U

1 350 12922 350 12,922 350 12.922 350 12922
2 247 12.805 247 12.805 247 12.805 247 12.805
3 391 14.456 396 14.666 399 14.768 397 14.682
4 21 15.554 428 15.840 430 15.915 430 15.937
5 434 16.062 430 15.922 432 16.002 431 15.952
6 596 22.031 595 22022 597 2114 597 22.125
7 592 21.900 601 22268 604 22.375 604 22308
8 600 22.184 601 22274 604 22372 604 22304
9 597 22.103 601 22.265 604 22367 604 22389

Table 6. Power peaking factors.

24 month fuel cycle

.. Duplex BP Core Duplex BP Core Duplex BP Core
Gadolinia BP Core (Gd6_ErS) (Gd9_Er3) (Gd12_Er2)
4 42 (No Xenon) 1.7800 1.7568 1.7519 1.7363
AA4Z FHdzt 1.5773 1.6127 1.5654 1.5335

oxiEEr M13w Mas

20044 118
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Table 7. Moderator temperature coefficient.
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24 month fuel cycle

Gadolinia BP Core

Duplex BP Core

Duplex BP Core Duplex BP Core

(Gd6_Er5) (Gd9_Er3) (Gd12_Er2)
No.Xe. BOC -10.13 pcm/°C -10.91 pcm/°C —10.58 pcm/°C -10.76 pcm/°C
Eq.Xe BOC —-17.37 pcm/°C —-18.39 pcm/°C —17.66 pcm/°C —17.85 pcm/°C
Eq.Xe EOC =73.41 pcm/°C —73.77 pem/°C —73.44 pcm/°C —73.37 pcm/°C

Energy Engg. J (2004), Vol. 13(4)



258 F42 - ol¢)
370
~—&— Gadlinia_8
~&- Duplex(Gd12_Er2)}
368 Duplex(Gd9_Er3) | -7
--y~ Duplex(Gd6_Er5)
= 366
£ / B e
: =
384 Pt
% '/v “///
Z362d. W B o
g P
D 360 g
| |
£
358
3.56 vy MM |SAMARARAE RELAM T YT T
200 250 300 350 400 450 500
Fabrication Costs [$/kg]
Fig. 44. Fabrication cost vs. fuel costs.
370
—8— Gadlinia_8
11 —®— Duplex(Gd12_Er2)
3.68 4 Duplex(Gd9_Er3} v
4 | —w— Duplex(Gd6_Er5) /
= 366 ]
£ =
% / //// o
= " u
£ 36] L
g 360
]
U
3583
=T J E— . e . e — e
200 250 300 350 400 450 500
Fabrication Costs [$/kg]
Fig. 45. BP ore cost vs. fuel costs.
Tt Z AolE Ho)A] ¢t AEo| WSiH. Fig. 4
2} Fig. 45% A|Zw]45} 3098 w2 2 dr]e]
W3S vehd Zlo|o}h. Table 82 7zF SA)ghAw

74

2 £

8.

£ ATl AF7) 4RZM9 k-l AA
el £Ao B3 o|FTEIHE) 7t SR g
NEAS v weld). o F TR SR YEAL
Hrks7] 98 24 LF7] F=EEFHIAL vlad At
L7 Ao, o8 79| S84 ekER) vy
Aalsdet. ol F TR 7l S8 A3 Gadolinia %
ol w3l AF7) Ao B} &3EQ) kTl E
&g 5 glon, EEaly) FukxAgd nj2 vlefd-E Al
38 4 Qo =3 A 9SNNS AA =
Aol AFdsle] 24 714 Bl vix|ete s 7
AEAE B3l o] FTERE FXE AR GUF

5t vl SN 2 Ael7} 9SS Falskadt
g2

1. Jung, Y.H. et. al.: “Development of advanced LWR
fuel : Development of advanced LWR fuel pellet
technology”, KAERI/RR-2023/99, pp. 37-38. Korea
Atomic Energy Research Institute (2000).

2. Kim, C.H. et al., “Nuclear design evaluation for im-
proved core design characteristics”, TR.957J16.J1999.115,
pp. 9-10. Korea Electric Power Research Institute
(1999).

3. BMA 9 olFTE 7PAAASE AdAlte] M3 A
A A el o), AE9AEs A
WURI=FA, AF (2004).

4, Stammler, R. et al.: “User’s manual for HELIOS”,
Scanpower (1994).

5. Cho, B.O. “MASTER-2.0; Multi-purpose
analyzer ofr static and transient effects of reactors”,
KAERI/TR-1211/99, Korea Atomic Energy Research
Institute (1999).

6. Lee, D.-J. er al.: “Nuclear design characteristics of
duplex BP for extended cycle core”, Proceeding of

et al:

AW AR Aol

Table 8. Fuel costs [Mills/’kWe-hr].

GLOBAL2003 (2003).

Component Gadolinia (Gd_8) Duplex (Gd12_Er2) Duplex (Gd9_Er3) Duplex (Gd6_ErS)
8] 1.0670 1.0730 1.0739 1.0797
Ore Gd* 0.0211 0.0199 0.0149 0.0100
Er* - 0.0061 0.0091 0.0153
Conversion 0.1666 0.1675 0.1677 0.1686
Enrichment 1.6846 1.6979 1.6994 1.7086
Fabrication 0.6576 0.€488 0.6493 0.6528
Total 3.5970 3.6131 3.6144 3.6350

* : Ore Unit Cost : Gd-$ 1910/kg, Er-$ 2700/kg.
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