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Abstract

Wuclear design of EKNGR(Korean Mext Generation Heactor) s performed to evaluate the
feasibility of full MOX(Mxed Omxide, Pulz-UCa) fuel loading in KNGR core, The reactor core
is designed to produce 3983 MWW fission power, 3-batch, 18-month cwcle length and Lowr
Leakage Loading Pattern scheme with minimal change in NESS designs optimized for T
fuel, & hybrid CEA confizuration, 5032 emriched boron i chemical shim, 5% enriched Qs fuel
in burnable poison rod hawve been adepted to guarantee the required shutdown margin and
satisty MWISLE accident requirerment,

1. Introduction

EBaszically, KMNGE utilizes the slizhtly enriched uranivm in uranium dicxide (UU0g) pellets, An
mmportant design feature of KMNGR iz that the core can accommedate, if necesgary in the
future, the full core leading of MOX fuel For thizs purpese, a nuclear design for the initial and
equilibrinm ¢wele hawve been performed to investizate the feasikility of full core WOX loading
and the results are degcribed in this paper,

It iz assumed that DO fuel is composed of tail vranium and reactor-grade plutenium from
eprocessed spent TTOE fuel with the 10-wear of cooling period, The reactor core is designed
to generate 3983 MWa  at hot full power condition and prowide burnup of 17500 LIWDWT in
the first cyele and 17800 BIWDYT in the equilibrium cwele corresponding to 18 month cvcle
lerngth, It is assurmed that all perameters except for the fuel tvpe are the same as O fuel,

The nuclear desizm for full MOX operation in KNGR was performed on the assumption that
the full WOX operation starts without any transition core, The full MOH core design is based
ol the follewing desisn principles,

- At hot full power, sufficient thermal margin should exist for operational flemikility,
- The moderator temperature coefficient(MTC) should be negative under all operational
conditions,



With the meost reactive contrel rod stuck out of core, the remaining contrel rods shall be
able to shut dewn the reactor with sufficient rmargin,
The effects of all accident situation in all Cwele will ke acceptakle,

The full core leading of MOX fuel should ke possible with minimal change in swstem
designs optitnized for s fuel,
EBurnakle poison rod should not use mixture fuel with MMOX fuel and polson absorber,

- The geometry of WD fuel assembly is the same as UDs fuel,

The nuclear design and analysis is based on the multi-dimensional diffusion theory
calculations for the entite core and the Westinghouse licensed PHOEMIX-F/ANC code package
iz used in this study, FPHOENIX-FP iz an assembly-calculation code, which generates the
homogenized few group constants for fuel assemblies based on two-ditmensional, multi-group
transport theory, The few-group constants for AMNC are caleulated as a function of burnup,
fuel tvpe, and temperature, ANC iz a two-group diffusion theory code that solves the
multi-dimensional diffusion equations as a function of  cowele bormup for all tvpes of core
geometries required to model the reactor core, Fuel shuffling, geometry generation (unfolding),
and cross-section interpeolation are handled internally by the code, & wariable search procedure
glves the capakility of searching on any parameter such as critical heoron, buckling, control rod
position, andfor power, The generation of nonuniform inlet temperature distribution is also
availahle,

I. Design Features of ENGR Full MOX Core

Core Performance Specifications

The reactor core is composed of 241 fuel assemblies with active fuel length of 381 c¢m, The
core performance specifications of KNGR full MOXE core are the same as those of Udse core

(Zee Table 1),

Tabkle | Core Perfarmance Specifications

Teotal Heat Output, IWMidth 3933
Heactor Coolant Temperature, deg F
Hot Zero Power ERG
Desizn Inlet, Hot Full Power 555
Design Core Awverage, Hot Full Power el
Neminal Systern Pressure, psi 2250
Peaking Factor Limit at HFP
Muclear 3-D Feaking Factor (Fq) Base on Zha
LOCA Limit of 139 KW/t
Awerage Linear Heat Rate, KW/t 1]

Volumetric Power Density, KW/liter of core 99,47



Burnable Poison Hod

Generally, burnable peison plavs a role in contrel the emcess reactivity at beginning of
cwele(BOC), suppression of pin peak power in assembly, reduction of critical boron
concentration(CBC) at BOC, One of the characteristics for MOX fuel loaded core is that
depletion is slower than UUOs fuel loaded core and lower CBC at BOC, So, the WMOX loading
core has lower burnable poison dependency than UQw core, Howewer, the full MO core of
EMGH utilizes burnable poison absorber to satisfy 18 month owele length and achieve low
leskage loading patterns, The full MIX core utiizes integral tvpe peolson rod, GdaOs+T0g
same as U2a fuel loading core, Enrichment of gadolinda  is limited to the ameount of 10
weight percent and slightly enriched wraniuvm is mized within peison rod,

In case of utilizing natural uranium in poison rod, power distribution control is meore difficult
than that of the core with slizhtly enriched uranium, Adopting slizhtly enriched(554) uranium
in poisen rod results in ease of peak power confrol,

Control Rod

When a PWHR care iz fully loaded with MEOX fuel, the contrel rod srorth is significantls
reduced, usually by akout 3022, due o the spectrum hardening effect, Consequently, it is
difficult to maintain the shutdewn margin required for full MMOXK core without any change in
core design characteristics,

Currently, there are 101 CEA (Contrel Element Assembly) locations including 8 spare
locations in KNGR as shown in Figure 1, In this studyw the same control rod configurations of
Figure 1 and Takle 2 are adopted,

In Ul core, the full strength CEAs use natural boron (19.8% B-10) in the form of BdS, A
prelitninary evaluation of the CEA worth for natural boren shows that the shutdewm margin is
slightly less than 6500 pem (500 pom is the shutdewn margin requirement for Uds corel,
implving that the shutdewn margin requirement cannot ke satisfied with natural koron BLC.
To guarantee sufficient shutdown margin in the full MMOX core design, B4s CE& with 9025
enriched B-10 iz adopted in this work,

Takle 2, CEA Ceonfigurations for KNGH full MOX core
(BAC with 90%% Enriched B-10)

CEA MNea, of CEAg Absorber
| 2 8 Inconel
F1 g Inconel
FHh 4 E4C
R4 a E4C
%] 12 E4C
B2 a E4C
Rl a E4C
SE 20 EBiC
SA 16 EiC

P = FECEA, B = Regulating Bank, S=Shutdown Bank



Chemical Shim

The natural soluble boron is used as chemical shim in KNGE Uz core to suppress the
initial excess reactivity and to compensate for the fuel depletion effect, In the cagse of full core
loading of MOXE fuel, the soluble boron worth is substantially reduced to about one-third of
that of D2 core because of the neutron spectrum hardening in full MOXE core, Consequently,
the required CEC is far higher than that of U2 core, and this wery high boron concentration
can give rise to several problems such as desizn changes in boron control swstems andlor
fuel corrosion enhancernent, eto,

There are several options to resolwve the problems such as the HME (High Moderating
Feactor) concepts and enriched B-10 soluble boron, In HWIR approach, the neutron spectrum is
made less harder by incressing the moderator to fuel ratio, Howewer, fuel rod andfor fuel
assembly design changes are inevitakle in this case, On the other hand, the enriched E-10
option can be implemented with miner changes in NSSS desizn, Becently, EFRI [EFRI
TH-19992, March 1998] has shown that the adoption of emnriched B-10 results in the
improvement of plant operability and fuel cwele cost with pavback time of akout 6 wears,
although the initial cost for enriched B-10 is fairly high,

In the current design, we adopted 502 enriched B-10 to keep the maxirum critical boron
concenfration for full MOE core similar to that of UOg core and also to exploit potential
adwvantages of the enriched BE-10 solukle boron,

M. Fuel Bod and Fuel Assembly

Fuel Assemblies

Ceometry and dimensions of WOX fuel assemblies are assumed to be the same as those of
Uz fuel assemblies, Each fuel assembly iz comprised of 16x16 array of 236 MO fuel rods
and & guide tubkes, MOX fuel is the mixture of plutonium snd tall uvrsniuvm diexides, where
plutonium iz the reactor-grade one from reprocessed LWE fuel (Fule-TUdp), Compesition of
plutonium isotopes utilized in the present design is gven in Takle 3, which corresponds to
typical FWE spent fuel of 46 GWDYT and 10-w1 cooling,

In the first ¢cwele of KNGRH full WMOX core, 7 tvpes of fuel assemblies are introduced for
17600 BIOWDYT cwcle burnup corresponding to 18-month cvcle length, In each assembly, a
simple plutonium content zoning was performed for assembly power distribution confrol as
depicted in Figure 2, In addition, 6 w/c gadolinia burnable absorber (GdzDz) was used to
reduce the critical boron concentration and also to flatten the assembly power distribution,

3 types of fuel assemblies and 9 w/o gadolinia burnable absorber are used in Equilibrium
cycle core,

Takle 3, Composition of Plutonium Isotopes

Izotope Arm-241 Pu-733  Pu-2389  Fu-240 Pu-#41  Pu-242
Fraction {wio) 1.08 183 h7.93 22,50 1106 G0



Takle 4, MOE Fuel Assemblies Data for Initial and Equilibrivm Cyele

Flutonium Mo, of Mo, of Poizon

assembly MNo, of Content Fuel Rod Foison Rods Enrichment
Twvpe Assemblies  (w/o Pu-tot)  per Assembly  per Assembly (wrdo GdaDs)

Al a1 32N E 164/20/R% Mo Shim -—-

EO 44 d2/32/2 2 164/20/52 o Shim ---

El 24 4232122 108/64 /52 12 B

BZ a d2/32/2 2 108/65/44 16 G

] 24 RZMEAE 164/20/52 e Shim -

Cl1 Za RZM 232 108/64/52 17 G

CZ Zd RZMEAE 108/68/44 16 B

Jo 36 BETTE 164/20/R% Mo Shim -—-

J1 16 BT E 108/64 /52 12 g

JZ 40 B THTE 108/68/44 16 g

I¥. Loading Patterns for ENGH Initial and Eq. Cycle

The loading pattern for each cwele is determined on the basis of 3-batch fuel managerment
scheme and is given Figure 3, Basically, Low Leakage Loading PatternfLLLFE) iz maintained
by locating the lower plutonium content assembly  in the core peripheral

Y. NHuclear Design parameters

Depletion Characteristics

The first and equilibrium ¢wcle of KNGR full BMOXE core has been depleted at HFF condition
by ANC using a 3-dimensional meodel of the core, In takle &, CEC and sewveral nuclear
peaking factors are given for warious burmup points, MNeote that 0 burnup in table 5§ corresponds
to ne zenon condition, Figure 4 and 5 show that CBEC as a function of burmup and azxial
power distributions for each cwele are given in Figure 6 and Figure 7. Figure 8 through 10
show radial power distribution, respectively,

CEA bank Worth and Shutdown Margin

In essential, reactor core must be safely shutdown with sufficlent margin, The rod worth of
geach c¢wcle are evaluated to maintam shutdewn margin for full MMOX core, Bod worth s
caleulated at EQC(End of Cwele) HZPlhot Zero Power) condition due to the minimum walue in
all conditions, It is conservatively assumed that CEA(Ceontrol Element Assemblv) bite position
worth iz 275 pemipercent mill), which is the same walue of Ul core, Uncertainty in M-1
worth calculation is conservatively assumed 6532, that is larger than 2~3 2% of UDs core, As
mentioned hefore, all FSCEAs are comprise of BaC, and Bank 4 and § is composed of natural



boron to minimize the rod worth in red ejection accident while other rods use 9022 enriched
boron, Therefore, Pl, P2 kank is not PSCEAs, Bank rod worth at HZF and HFF is
surmmarized m takle 6 Beguired shutdeown margin is determined by safety analwsis, Under
accident condition such as MSLE(MBEin Steam Line Break Accident), core should be safely
shutdown without return to power, Heqgquired Shutdeown DMargin is about 753 4 o and scram
worth at HFFP is 113 Ao, The boron capacity of BEWST(Refueling Water Storage Tank)
must be G000 pran, In takle 7, shutdowmn margin of ENGR core in Equilibrium cwele at HZP
has 7.7 A which satisfies required shutdeown margin,

Temperature Coefficients
In takle 8, moderator temperature coefficlent(ITC) and fuel temperature coefficient{FTC) at
BOC, MOC, EOC show remarkakle reduction than those of U0; core,

Boron Worth and Xenon Worth
Takle 9 and 10 show that boron worth and e worth at each conditions,

Kinetic Parameters

Kinetic pararmeters relate to delaved neutron are summarized in takle 11 and 12,

¥l. Summary and Conclusion

The full MOX core design for KNGE core is performed minimal change in NSSE5 system
designs optimized for Uda fuel, The reactor core is designed to produce 3983 MWW fission
power, 3-batch, 18-month cwele length and LLLFEP scheme, The main characteristics of Full
LADH core is as follows !

- B0 22 enriched boron in chernical shim is used to maintain CBC at BOC comperable to

those of 02 core
- All PECEA utilizes B4C instead of Inconel, extended CEA concept are adopted to maintain

the required shutdewn margin under all conditions,

- Gadolinia i burnable polson rod is rmixed with 5% enriched Uz in order to maintain the
cycle length and flatten power distribution,

- The 3 tvpes burnakle poison and a simple plutonium zoning is performed to flatten the
power Jdistribution in an assembly with 0,552 enrichment separation,

The mest important feature of the full coare MOXE design in this study is the adoption of
enriched keoron in both of chemical shim and CEAs The main objective of use of enriched
boron is to minimize NSES5 design change by making the reactivity control capacity remains
as similar as the UQz core, In wiew of nuclear design, safety analysis and  economic
consideration, the adoption of enriched horen can be a wiakle approach to full core DWICEH

loading,
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Pl g 3 : 4-Finger CEA 12-Finger CEA

3 & E 1
E - Lead Begulating Bank (4)
Fl Pz S 4 - Second Begulating Bank (8)
yiy 4 E A 3 - Third Regulating Bank (12)
F 1 5 ? - Fourth Hegulating Bank (8)
1 - Last Begulating Bank (3)
B B B E - Shutdowm Bank B (20)
3 = 7 4 & - Shutdown Bank & (16)
FZ - FSCEA Group 2 (8)
1 & Pl - PSCEA Group 1 (9)
3 5 S - Spare CEA Locations (8)

Figure 1, CEA Configuration for KNGR full WMOXE Core

4 4
4
4 4
D Gd Stira No Zoaing D Gd Stirn 2062 Zoting
/
Water Hele
[ ] MO8 Fuel (High Pu Content)
Bl D Fel (Low Pu Conter)
DX W Fel (viddle Pu Content)
Bl Erica) Rod (8 wio Ga)
12 Gd Stira B4/5Z Zoring 16 Gd Stira BB/44 Zoning

Figure 2. Fuel Assembly Configuration for KNGH Full MOHE Core
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Takle 5, Depletion Characteristics of Full IO Core(Initial and Eq. Cwele)

Burmup CBRC &3]
MWD | () | (t0ny | TP | FE2O| T
] 1135 1214 1427 1373 1,045
1] Da? .36 1417 1.ER7 1BLE
ehl BOR .60 1410 1.ER7 1.B1E
K00 BEZ 040 1414 1271 1,763
1000 BOg B.76 1413 1.£50 1,755
1500 761 B.a0 1416 1648 1.75E
eann Teh a.m 1416 1.E4B 1,754
ch00 EOE b7 1413 1236 1,731
anoo BB B.20 1.410 1.1 1,704
ae00 BaE 7.0 1,406 1.E0B 1.EBD
4000 0D | 738 | 1404 | 1199 | 1G4
] Al b.B3 1,200 1104 1,637
L] 4Bk b.E1 1,203 1176 1.E2l
To0o 43g b.16 1,301 1165 1,604
BODD Bz | EZB | 1387 | 11EE | LEOD
aooo a3k b.2? 1,385 1163 1,504
10000 £a1 b.4d 1.38¢ | 11G63 1,50k
11000 caf b, GR 1.283 1163 1,607
12000 el b, 46 1,2BB 1,160 1,608
13000 168 b.41 1.28¢ | 11EB 1,613
14000 131 B3¢ 1,286 115G 1.E1E
15000 0k h.0R 1,200 1150 1.ELE
16000 LB ] 1,200 1144 1,E0R
17000 Ee k.03 1,200 1138 1.kOE
17500 4 1,72 1,200 1133 1.kBT

Burmup | CBC [ &S]
QWD | (ppry | (100) | FF | PR P4
1] 1158 4B 1405 [ 1,227 | 1.B4D
1] 0og 1,E4 1485 [ 1,170 | 177
1] 0az, 1,72 1,484 1,179 | 1.YE0
ROO oo 1,72 1482 | 1,174 [ 1751
1000 BYE 4,50 1478 | 1,1E1 1,730
1500 B36 1.Y6 1.47% [ 1,162 | 1,730
£00n BOG k.00 1476 | 1,167 | 1.¥¢h
500 7 4,01 1476 [ 1,163 | 1.71E
2000 Tl E.05 1.47¢ ( 1,160 | 1,707
3600 708 .07 1460 [ 1,147 | 1,700
4000 B0 1,04 1468 | 1,141 150
EOO0 1] E.02 1463 [ 1,138 | 1,ER1
EOOO RE3 k.00 1,480 [ 1,138 | 1.E6¥1
7000 kOB .13 1,453 [ 1,13¢ | 1.6E3
BOoOOo 4EE bl 1,448 | 1,133 | 1.B5E
ooon 404 4,71 1444 1,125 | 1.E3B
10000 36d 164 1.440 ( 1,126 | 1 B3
11000 305 k.36 1,435 [ 1,133 | 1,636
1e000 ¢hB b7 1431 | 1133 | 1631
13000 £l3 E.EB 1430 [ 1,125 | 1E38
14000 1EB kB3 1428 [ 1,136 | 1,631
16000 174 b.OE 1.42¢ [ 1,138 | 1,630
1EDO0 Be. E.72 1426 [ 1,136 | 1.Ee3
17000 11 E.Ed 1423 ( 1,124 | 1.E17
1¥B0O0 1 b.Eh 1.4¢1 | 1,133 | 1.E13
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Figure 8, Hediel Power Distribaticn of [nitiel end Eg, Cecle (et BOOT {ITU, Eq. e, HFE)
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Figure 10, Hediel Foswer Distribution of [nitiel snd Eg Cwcle (et 17800 WTANTYIVIT U, Eq He, HFE)



Takle 6, Bank Rod Worth at EOC (Cycle 1 and Eq. Cwele, pomn)

Bank HEE H=F HEF HZF
1 pprmn, Eg Xe 320 ppn, Mo Xe 0 pn, Eg e 480 pomn Mo Xe

3] JE7 Nl | £3 231

Fi 360 301 a0E B

3] BYE TTE Bhd BED

B 1018 G4 B3E TEd

Rl 1205 1E0E 1035 533

BE 795 BB Edi 167

Pl 1315 1210 1118 1048

SE F146 1055 15B0 1265

Sh B1B1 7oy 76dA 7O7H
Total 19220 18333 17252 15855
Stuck Hod 5477 F135 h182 4578
-1 Werth 13743 12198 12070 11277

Table 7. Reactivity Bequirement and Shutdewn Margin at EQC (Cwcle 1 and Eq. Cyele, pom)

HFF HZF HFF HzF

B-1 Scram Worth 13743 12196 12070 11277
Uncertainty (65%) Bod 783 TEd 733
CEA Bite Position £7h £7h £7h £7h
Posser Defect ] £hol ] £hid
Shutdowm Margin 12671 R 11011 TTET

Takle 8, BMTC and FTC ws, Cwele Burnup at HFP, ARG, Eq, e

WTC ECC WALC ECC

(0 IOANTY VT (BO000 WIWLWIVITLI) (1TBOD DT BT LT
Cycle 1 (pomiF) -12.98 -2h13 -37.5h5
Eq Cwle (pemiF) -16.57 -E7.13 -37.36
ETC BCC WALC ECC

(0 bINTYIWITL (000 MWW IWIT LT (1TBOD T BT LT
Cyele 1 (pemiF) -1 678 -1 BB -1.k11
Eq Cwele (pemiF) -1 450 -1.45E =147

Table 9, Boron Worth at HFF Condtion

BOC ECC

(0 BIANDITITY (17600 B/TATDY DT
Cocle 1 0 Aplppod -0.002 -11,2E1
En Cvele [ Aafppom) -B6.BBE -G.456

Table 10, MOX & =21 (AEE)

BOC &IDC EOC

(0 IWIANTY VT CRODD BT IIT LT (ITEOD BT BT LT
Cyele 1 (porm) 1704 e0Z3 2304
Eq. Cyele (pom) 106D 1366 1573




Takble 11, Kinetic Parameters (Cycle 1)

cwﬁg?ﬁlim Group A fett
1 0.0129 0,000088
2 0,0305 0,000862
3 0,1315 0,000732
BOC 4 0,3447 0.001452
(0} 5 1.4404 0,000646
B 3.7089 0.000161

Total 0,003941
1 0.0123 0,000088
2 0,0305 0,000877
3 0,1313 0,000743
MoC 1 0,3450 0,001485
(8,000} g 14475 0,000664
B 3.7109 0,000161
Total 0,004018
1 0.0129 0,000087
2 0,0305 0,000894
3 0.1310 0,000756
EOC 1 0,3454 0,001523
(17,5001 5 1.4547 0,000684
Ei 3.7136 0000162
Total 0,004106

Table 12, Kinetic Parameters (Eq, Cwcle)

cwﬁg?ﬁlim Group A fett
1 0.0129 0.000083

2 0,0305 0,000861
3 0.1314 0,000724
BOC 4 0,3457 0,001 448
(0} 5 14526 0,000650
B 3.7023 0,000155
Total 0,003920
1 0.0123 0,000083
2 0,0305 0,000868
3 01312 0,000730
MOC 1 0,3459 0.001463
(8,000} g 14555 0,000658
B 3.7027 0,000155
Total 0,003957
1 0.0129 0,000083
2 0,0305 0,000876
3 0.1311 0,000736
EOC 1 0,3460 0,001479
(17,6001 5 14586 0,000656
Ei 3.7038 0,000155
Total 0,003394
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