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Abstract —A liquid-metal reactor was designed for the primary purpose of burning the minor actinide
waste from commercial light water reactors (LWRs). The design was constrained to maintain acceptable
safety performance as measured by the burnup reactivity swing, the Doppler constant, and the sodium void
worth. Sensitivity studies were performed for homogeneous and decoupled core designs, and a minor ac-
tinide burner design was determined to maximize actinide consumption and satisfy safety constraints. One
of the principal innovations was the use of two core regions, with a fissile plutonium outer core and an
inner core consisting only of minor actinides. The physics studies performed here indicate that a 1200-
MW (thermal) core is able to consume the annual minor actinide inventory of about 16 LWRs and still
exhibit reasonable safety characteristics.

I. INTRODUCTION posal. Earlier studiés® have shown that greater long-
term safety could be achieved in the disposal of HLWs if

For the last 40 yr, the utilization of nuclear power gctinides are separated from the fission products and
has resulted in an accumulation of solidified high-levelpyrned in power reactors. If so, the actinides will be con-
waste(HLW). The hazard from the HLW can be classi- tinuously recycled and will not be discharged to the en-
fied into two sources: fission products and actinides. Theironment until the reactor is shut down.
short-term hazard is dominated Bgr and**’Cs fission Feasibility studies of actinide transmutation in power
products for the first 200 yr. A few other fission prod- reactors have shown that liquid-metal fast breeder reac-
ucts, such a¥Tc and*?l, have very long half-lives; how- tors (LMFBRs) offer an advantage because of a prefer-
ever, the low concentration of these isotopes diminishegntial fission-to-capture reaction ratio in the harder
their overallimportance to the waste hazard. Actinide maneutron spectrufi® and lower spontaneous fission neu-
terials such a$*’Am and**Am have even longer half- tron activity® Research groups at General Electridak
lives and dominate the waste hazard beyond 1000 yr. ThRidge National Laboratofyand Combustion Engineer-
?%'Np isotope has a half-life of 2 million yr, and its haz- jng® have studied the actinide transmutation in LMFBRs
ard dominates up to 20 million yr before th&U decay using specially designed target fuels loaded at the cen-
chain takes control. In contrast to the current strategy ofral zone of the core so that the actinides are effectively
permanent storage of spent fuel in a geological reposhurned in target zones while the actinide production and
tory, the transmutation or burning of long-lived actinidesdestruction are balanced in the rest of the core region at
by irradiation could be used as a method of ultimate disthe equilibrium state. Beaman and Aitkémised a typi-
cal 1200-MWelectrig LMFBR and found that 113 kg
*E-mail: choih@nanum.kaeri.re.kr of actinides, which is the amount of actinides from one
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LMFBR and three 1200-M\{électrig light water reac- design consisted of two homogeneous zones; the pluto-
tors (LWRs), is burned per cycle. Williams et &lalso  nium enrichment is higher in the outer core to control the
used a 1200-MWélectrig LMFBR but elevated the spe- reactivity and power distribution. Their metal fuel burner
cific power and core burnup by 15% from those of a comis capable of transmuting TRUs produced from eighteen
mercial LMFBR. At the equilibrium state, the actinides 1200-MWelectrig LWRs. Hill et al!” have applied the
from one LMFBR and one LWR can be consumed wherintegral fast reactéf (IFR) concept to a 1200-M\(ther-
target fuels are diluted 65% I3}?U to prevent local power mal) MAB design that was modeled homogeneously
peaking in the target zone. These studies have shown thafter a small change of fuel pin size. This MAB could
the physics characteristics of the system are not sensitivairn the minor actinides of twelve 1000-M¥lectrig
to the actinide target loading. LWRs. A similar study® by Rockwell International used
Robinson et at! proposed a 1100-MWtherma) ac-  a two-zone core concept for a 1160-Mterma) MAB.
tinide burner reactor with a very hard spectrum deterThis MAB could burn minor actinides of fifteen 1000-
mined by a sodium-to-fuel ratio of 1.01. ParametricMW(electrig LWRs, but the sodium void worth and re-
studies were performed for core geomdtngmogeneous activity burnup swing were estimated to be much higher
and two-zone cone fuel composition, lattice arrange- than those of Hill et al.’s design.
ment, actinide fuel type, and the concentration of molyb-  The objective of this work is then to perform phys-
denum diluent. This conceptual burner model couldcs studies of an MAB design with a minor actinide in-
process two conventional 1100-M®&lectrio LWRs when  ventory much greater than would be considered to be
optimized in a two-zone reactor. Balz et'dhave stud- practical with current nuclear fuel technology and to de-
ied minor actinide burning in the European fast reactortermine if an acceptable core safety performance can be
Parametric studies on the minor actinide content showeachieved. Specifically, this study will examine three of
that the void worth increased too much when the minothe most important safety performance parameters of a
actinide content exceeded 10% because the reactivitiguid-metal reactof(LMR): the burnup reactivity swing,
worth of 2’Np and?*Am increases much more than the the sodium void worth, and the Doppler constant.
worth of 228U upon core voiding. On the other hand, the
Doppler constant decreased too much when the minor

actinide content exceeded the limiting value because res- Il. DESIGN MORPHOLOGY
onance capture of*’Np and?*Am is less sensitive to
temperature change than that®tU, which is the most II.A. Design Criteria

dominant resonance absorption isotope in the commer-
cial power plant. Because of limitations on the minorac-  The neutronics design of a reactor core needs data
tinide content, the core design of Balz et al. can consum&om thermal-hydraulics and material analysis. Because
the minor actinide inventory of only four LWRs of the the properties of minor actinide fuels and the character-
1200-MWelectrig type. istics of the fuel assembly are not known at the begin-
Japanese research groups are actively involved ining of design analysis, some of these parameters have
transmutation analysis of minor actinides in fast reactoto be assumed based on similar core designs. The sodium
systems. Wakabayashi et ‘dlhave studied a 1000- advanced fast react® (SAFR) and Japanese actinide
MW (electrio LMFBR with a homogeneous loading of burning reactoi* (ABR) core models supply reasonable
transuranic(TRU) nuclides. In the case of oxide fuel, initial design data. The nominal design is the same as
the amount of TRU from six 1000-M®&lectrigo LWRs, the IFR core, which is the updated version of the SAFR
which is 5% of the total heavy-metal loading, can be transeore: 91.44 cn(36 in) of active fuel height, 0.724 cm
muted without any degradation of core performance. Haf0.285 in) of pin diameter, and 900 Mtherma) of
yase et al* have used mixed oxide fuel with a 10% reactor power. These parameters are to change, depend-
enrichment of minor actinides in a 1000-M®&ectrio  ing on the performance of the MAB.
LMFBR. They could dispose of minor actinides fromten  The fuel is composed of actinide material and 25%
1000-MWelectrig LWRs per year with a 35% increase of zirconium. The theoretical density is assumed to be
in the sodium void worth as a penalty compared to th&5% to allow for fuel expansion and a high discharge
core without minor actinide enrichment. burnup?® The fuel does not have an axial blanket in or-
There has also been considerable research on metaler to simplify the fabrication process. The design limit
lic fuels because of the benefits of the harder neutron speof the discharge burnup is 200 M\Wklg. There is no de-
trum as well as the possibility of a more compact andsign limit for burnup reactivity swing and coolant void
economical fuel cycle. Mukaiyama et ‘@l.have de- worth. But, the absolute value of the burnup reactivity
signed a minor actinide burnéMAB) with two alloy  swing and the coolant void worth should be as small as
fuels: Np{Pu-Zr and Am-Cm¢Pu)-Y. This MAB can possible, satisfying other design limits. In this study, these
burn the minor actinides from 12 typical 1000-M®&ec-  are tentatively assumed to Bel% k. The thermal con-
tric) LWRs. Sasahara and Matsumtfrdave also used ductivity of minor actinide alloy fuel is expected to be
metallic fuel in a 1000-MWelectrig LMFBR. Their core  smaller than that of U-Pu-Zr allgy.Comparing the values
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used for the SAFR and ABR designs, the thermal con- II.C. Fuel Cycle Model
ductivity of 22 Wm-K is used for minor actinide alloy

; : : In the MAB, it is important to “close” the fuel cycle
fuel. It is assumed that the pumping power is enough to ' o :
muainta;n a chJonant velocity 2?6 % g powert ug Such that the minor actinides are not discharged to the

The most crucial design criterion is the peak Iinearenvironment throughout the reactor lifetime. Because the

power because the fuel centerline temperature cannot e;gprt())cesscljng "Tnd fgbm(:jagon of mmordactlnl_delfuerl] h?sl
ceed the melting poir{il160°C). The design limit of peak POt. e(?n levelope an _emons_tra}e prgcfnsehy, i\AiBo-
linear power for the IFR is 49.2 kykh, but the peak power owing fuel cycle scenariois tentatively used for the
density of IFR fuel40.0 kWm) is used here for the reg- fuel cycle.
ular fuel pins in the MAB design to allow more thermal II.C.1. In-Core Fuel Cycle
margin. The nominal design data and design limits are
summarized in Table I. It is practical to assume that a reactor is operated on
a fixed fuel management scheme and maintains its crit-
[1.B. Cross-Section Data icality during normal operation. Under these conditions,
o ) ) the reactor condition is invariant for successive fuel cy-
The diffusion and depletion codes used in the workgles, and this core is calledkaconstrained equilibrium
are DIF3D(Ref. 22 and REBUS-3(Ref. 23, respec- core. The core can also be constrained with the discharge
tively, which require the cross-section data in the formaburnup, but only thé-constraint was used in the MAB
of ISOTXS. Argonne National Laboratory research groupgjesign. The equilibrium core is found by adjusting the
have generated a 9-group ISOTXS set by processingharge enrichment, which is defined as the volume ratio
ENDF/B-V for the analysis of an LMR such as the SAFR of class 1 to clasél+2) fuels. Typically, class 1 is de-
and the IFR cores. This 9-group cross-section setwas usgfled as the more reactive materials by the users. The
for all depletion calculations of the MAB conceptual de-following equations describe the solution strategy:
sign, as was done by the other stdélyn addition, three - Lo
21-group cross-section sets were also generated to eval- N, =M (T,e Nc)Nc oy
uate the void worth and Doppler constant for different Ne = Q, (NN, + Qf (NN 2)
reactor conditions such as flooded, voided, and hot core.
The flooded core has normal temperatures and coola@id
densities. In the voided core, the coolant that directly k=k(T,e,Nc) . (3)
comes into contact with the fuel rods is voided in the .
active core, upper plenum, and upper shield region. Th# Eq. (1), the discharge number density vechgris de-
coolant in the duct region and the nonfuel channel is agermined by the transmutation matiik and initial num-
sumed not to be voided because the voiding in these lowler density vectoNc. The transmutation matrix is
power regions is expected to be delayed compared witBxpressed as a function of cycle lengtfcharge enrich-
the fuel assembly. The hot core cross-section data wefgente, and charge density. Because the cross section

prepared by doubling the fuel temperature. is an invariant quantity and the transmutation flux is a
function of cross section and number density, they are

not shown in Eq(1). After each cycle, the charge den-

sity is re-calculated using the discharge density and ex-
TABLE | ternal feed densit\; in Eq. (2). The discharged fuel is
reprocessed and shuffled through the oper&iarThe
external feed material, which is LWR-discharged fuel in
Reactor powefMW (thermal] 900 this study, is processed through the fabrication operator
Active core heightcm) 91.44 Q; . If the k-constraint—which is expressed as a function
of cycle length, charge enrichment, and charge density

Nominal Design Parameters of MAB

F“&'a‘fgrsigrt'ype MA/Pu+ 25% Zralloy | 1N EQ- (3)—is not satisfied either at the beginning-of-
Theoretical density%s) 75 equilibrium-cycle(BOEC) or end-of-equilibrium-cycle
Discharge burnupMwd,/kg) 200 (EOEQ) state, the region-dependent charge derssity

linearly interpolated based on the previous estimate. The

Cooling time(yr) new charge density is calculated using the compositions

k,YXEZS}ZEEZEgg‘j ;ﬂg: § of class 1 and 2 feed material obtained from &). These
Fepessng imeneny : D oo o oo =TI s sasfed
Refabrication timgmonth 6 '
Recovery factors [I.C.2. Ex-Core Fuel Cycle

Xr/nilii/é\i/luAm and fission product 1'%904 The MAB has two fuel sources: LWR- and MAB-

discharged fuel. The LWR-discharged fuels are sent to
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TABLE I
1000 MWe LWR . . .
Isotopic Composition of Discharged Fuel from

Minor Actinide Burner
(Transmutation)

Fig. 1. Mass flow of MAB fuel cycle.

aClass 1 is the more reactive isotope group.
bClass 2 is the less reactive isotope group.

Discharged Fuel 1000-MWelectrig LWR After 3 yr of Cooling
Cooling 3yrs
- ! Class Class 2
Am, FP. ! 5
Surplus Pu .t Reprocessing and Partition ' 236py 1.26x 1077 23Np 0.491
v E (6 months) ' 23%py 1.14x 1072 24Am 0.227
Pu B : 5 239py 0.571 242nAm 1.00% 1073
Some ]| va U : 20py 0224 2Pm 0225
; : .. : 241py 0.151 242Cm  8.81x10°°
Disposal ‘ Fuel Fabrication ! 242p; 4.36X 1072 243cm  7.12X 1074
! (6 montty) i 24Cm  5.00X 102
i Cooling ] 2%Cm  4.60x10°3
P ‘ @ 5 246Cm 572X 107

the core geometry and other parameters are fixed, the
burnup swing depends on cycle length and fuel compo-

the pyrochemical plant after a 3-yr cooling time and re-Sition. The\6k3U| increases as the cycle length increases
processed with MAB-discharged fuels that have beeR€cause the fissile material is destr_oyed or bred contin-
cooled for 2 yr. In the pyroprocess, plutonium and uraiously during the fuel cycle. Itis possible to red{iks,, |
nium are collected on the cathodes with minor acti-Using arelatively short cycle length, but this requires fre-
nides?* Fission products and americium are not separated€nt reactor shutdown for refueling, and the fuel econ-
in this process and are sent to storage. But, the recoveRMY becomes poor because of low discharge burnup. This
factors of fission products and americium are assumed troPlem can be resolved to a certain extent by incorpo-
be 4%, based on Ref. 25, to allow for possible impuritied@ting @ multibatch core model that has an appropriate
during the reprocessing, and further partitioning of mi-Cycle length and number of batches.

nor actinidege.g.,?*’Np) is assumed to be done in the

second stage of the pyroprocegmstreprocegs Total [1.D.2. Sodium Void Worth

reprocessing time is assumed to be 6 months. After re- . .
processing, fuels are fabricated in the fabrication plant, '€ loss of sodium has a global effect of positive
and excess plutonium will be sent to a pIutonium—burnind;eacuv'gy in most LMR cores because of several mech-
core or to a storage facility. Therefore, minor actinides@MNiSMS”: spectral hardening, reduction in sodium cap-

except americium, which is not recovered in the onro_’ture, and change in self-shielding. If the sodium is lost,

processing, are enclosed in a fuel cycle that is composéHe neutron moderation is reduced, and the spectrum hard-

of an MAB and a reprocessing plant. The fabrication timeENS- The spectral hardening is the most dominant effect

is assumed to be 6 months. The overall mass flow is g2 Positive void worth. If the coolant is voided, the neu-

picted in Fig. 1. The isotopic composition of a typical 'ONS have a greater probability to escape the core, and
LWR-discharged fuel is shown in Table 1. this results in the negative effect on the void worth. Hi-

tach?® proposed a core that is loaded with partial fuel on
the upper boundary area such that éfleincreases con-
siderably on the boundary in the case of coolant voiding.
The pancake-type core has a large flux gradient, and the
I1.D.1. Burnup Reactivity Swing void worth could be negative if the ratio of height to di-
ameter(H/D) is very smalf® (~0.2). But, the neutron
The burnup reactivity swing is defined as the differ-economy of a high-leaking core is poor and requires more
ence of unpoisonekl 4 at the BOEC and EOEC states fissile material to compensate for the neutron losses.
(6kgy = Ksoec — Keoeo)- The unpoisonel is the ef-  Therefore, the burnup reactivity swing would be in-
fective multiplication factor when the core does not havecreased, and the minor actinide transmutation will be
poison material such as burnable poison or control rodseduced. The design options that can reduce the void
It is desirable to minimize thédkg,| because conse- worth will have trade-offs for other performance param-
quences of the control rod runout transient overpoweeters such as the burnup reactivity swing and minor ac-
(TOP) event can be minimizeéfwith near-zerdkg,,. If  tinide transmutation.

II.D. Safety Performance Parameters
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11.D.3. Doppler ConstaniK is performed for homogeneous core models. A homo-
eneous core was selected first as a base model for the
MAB design. The cycle length was studied to see the ef-

gﬁct on the burnup reactivity swing. Fuel assembly de-
iﬁg was studied by changing the pitch length and number
u

The Doppler constant is defined as the change inr
activity due to the relative variation of fuel temperature
The reactivity changes because the capture and fissi

resonances are broadened as the temperature mcrea% el pins. The effect of reactor power was studied t00,

(Doppler effect. In a typical fast reactor, the absorption .

in the region of well-separated resonances is much smalI%Q?efgﬁélyémiI‘;?rriggglmetry was altered to the pancake
compared to a thermal reactor because the neutron spec- '
trum is harder and the resonance peaks become flatter at
higher neutron energy.Because of the harder spectrum
and the nature of resonances at high energy, the Doppler
effect is dominant in the region of1 keV. It is impor-

tant to keep the Doppler constant negative to have

I1l.LA. Base Minor Actinide Burner Model

As a first step, the MAB core was modeled homo-
geneously. To simplify the fuel fabrication, we did not

prompt negative feedback from the prompt critical Coreconsider axial or internal blankets. The base core model

; ; lected based on the IFR fuel design with a reactor
in the case of a power transient because the control rogas s€
movement is slow after a prompt critical excursion. APOWer of 900 MWtherma). Several BC blocks were

relatively large part of the Doppler effect comes from, 2PP 20 (2 608 0 Epet e B Boe e ot
fertile material,2*8U or 2%2Th, because of their large in- : 9

crease in the effective parasitic capture cross sections. [He base core model are shown in Figs. 2 and 3, respec-
the MAB design.22U is not fed to the core to prevent Ively. The radial boundary of the core is reflected and

further higher actinide production. Because metallic fuef "i€!ded with stainless steel ang@blocks, respec-
is used in the MAB, the spectrum is even harder, and th vely. The fuel assemblies have an active core height of

magnitude of the Doppler constant will be very small. 1|'44 cm :N'tt?] af15.|4758-crtr)1|_latt|ce3%tzg In tht?]_hiﬁago—
As far as the Doppler constant is concerned in this studga. ?”‘?\3/' k;]. el ue c?iseim IeE'OaB ' r'](.;n;'l ~ 0\;ver
a core model with a negative Doppler constant will be?X13! Shield is placed below a 50.8-cm-thick lower pie-
accepted regardless of its magnitude. num zone. Above the active core, there is a 127-cm-thick

upper plenum and a 30.48-cm-thick axial shield. The ple-
num region is composed of sodium coolant and HT-9

IIl. HOMOGENEOUS MINOR ACTINIDE structural material. The axial shield zone is filled with
BURNER DESIGN

The presence of a substantial minor actinide inven-
tory in the fuel poses some challenging core design prob-
lems. For example, the buildup of the highly reacti¥#u
from neutron capture if*’Np makes it difficult to main-
tain both a low burnup reactivity swing and a low so-
dium void worth. The effort to minimize the buildup of
more TRU isotopes during core operation discourages the
use of fertile materi&t such as?®®U, and this causes a
very small Doppler constant.

The homogeneous core model is preferable because
it simplifies fuel fabrication and management. However,
the void worth of homogeneous cores becomes unaccept-
ably large(positive) as the minor actinide inventory is
increased because of the fast fission effect of the minor
actinides(e.g.,?*’Np). On the other hand, if the fuel vol-
ume fraction is reduced to increase the core leakage and
reduce the void worth, the burnup reactivity swing be-
comes unacceptably large, and the minor actinide in-
ventory is reduced. In general, the most important
performance parametefburnup reactivity swing, so-
dium void worth, and Doppler constartannot be sat-

isfied completely because the design changes that favor .

one parameter generally have a deleterious effect on the O Drivers @ Reflector
2

others? @ Control Rod @ BL4C Block

In Secs. lll.A through IlI.F the assumptions used in
the MAB fuel cycle are discussed, and a parametric study  Fig. 2. Horizontal view of homogeneous base core.
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TABLE Il

Characteristics of Homogeneous Base Core

Reactor concept
Reactor powefMW(therma)]

Active core heightcm)

Number of drivers
Number of control rod site
Number of B,C block

Fuel cycle
Capacity factor(%)
Cycle length(days
Fuel residence timédatch

Fuel data
Mass ratio(U/Pu/Np/Am/Cm)
Fuel pin outer diametgicm)
Clad thicknesgcm)

Homogeneou
900
91.44

138
24
7

80
304
2

4/5/72/11/8
0.724
0.056

T
30.48
Upper Plenu 127.0
g
Core Region & 91.44
s
O
r o
7 A
Low Plenums: 50.8
30.48
i
(cm)

Fig. 3. Vertical view of homogeneous base core.

the coc_JIant, structural material, anciG_B absorber. The 516 are summarized in Table 1V.
absorbing parts of the control assemblies are parked above
the active core. The characteristics of the base core are

given in Table .

The charged fuel of the base core is composed of

90% minor actinides, and a total of 877 kg of minor
actinides is accepted as an external feed from LWR

TABLE IV

The void worth at EOEC is somewhat smaller because
T 11% of the minor actinides is transmuted at the dis-
charged state. In this study, the void worth and Doppler
constant were evaluated only at the BOEC state for the
homogeneous core models. The Doppler constant is very
small at BOEC(Kp = —9.4 X 10 °Tsk/8T) and does

not change much during the cycle. Because there is no
strong resonance material, the Doppler effect comes from
the most abundant materi&’Np, which has its highest
resolved resonance at 130 eV. The properties of the base

Properties of Homogeneous Base Core

discharged fuel every year. However, because of th

restriction imposed on the recovery factor, 347 kg of am¢

ericium is not enclosed in the fuel cycle, and the net an
nual minor actinide consumption rate becomes 531 kg
yr. The most abundant materi@O0 wt% of charged fuel

in the core is**’Np, which through neutron capture be-
comes?®*¥Pu, which is very reactive in a hard neutron spec
trum. For example, the's of 2'Np and®*®*Pu are 0.94
and 2.46, respectively, in this system. Therefore, the tran
mutation of?*’Np and production of*®Pu lead to a neg-
ative burnup swinge.g., the core reactivity increases
during the burnup cyche The void worth is large and
positive because most of the minor actinides have a fa
fission cross section at a higher-energy regieh MeV.
Most of the positive effect comes from the increased fas
fission (due to spectrum hardeningf 22’Np, which is
most abundant in the base core. The leakage compone

is 5% of the total worth of the absolute value at BOEC

Minor actinide external feetkg/yr) 877
| Burnup reactivity swind% 6k) -2.1
Breeding ratio 1.18
Discharge burnupMwd/kg) 67
Peak linear powetkW/m) 40.3
Peak flux(10*® n/cm?-s) 3.5
Peak fast flux10'® n/cm?-s) 2.8
5- Charge enrichmen(ivt%)
Minor actinide 90.3
Fissile plutonium 0.3
Coolant void worth(% k)
5t BOEC 4.1
EOEC 4.0
t Doppler constant10-“Tsk/8T)
BOEC -0.94
nt  EOEC -0.94
NUCLEAR SCIENCE AND ENGINEERING ~ VOL. 133  SEP. 1999
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I11.B. Effect of Fuel Cycle Length and 91, which correspond to the pin pitch lengths of 0.960,
) 1.097, and 1.537 cm. The core volume was increased ra-
The base core was run with two cycle lengths—304y;5)1y (Figs. 4, 5, and Bas the pitch length increased to
and 608 days—using a one-batch mode in which all the,nserve the total fuel volume, and therefore, the larger
fuel is charged and discharged at the same time. Becauggre has a larger sodium fraction. Other fuel cycle pa-
the fuel residence time of the long cydle08 day$ is ameters are the same as the base core model. The in-
twice that of a short cycle304 day$, the minor actinide ¢ aa5ing sodium fraction causes spectrum softening, as
transmutation of the Io_ng cycle is almost twice that ofghawnin Fig. Athe mean neutron energy decreases from
the short cycle at the discharged stdEC). But, the 715 o 699, 666, and 592 as the number of fuel pins
annual minor actinide consumption is only 2% higher inchanges t0 217, 169, and 91, respectiyaind more neu-
the short-cycle model compared to the long-cycle model;q, jeakage. As the spectrum becomes softened, the core
The burnup reactivity swing is much higher in magni-peeds more fissile material to maintain the excess reac-
tude for the long-cycle model because m6f®u is pro- yity. Because of a lower minor actinide charge enrich-
duced during the cycle. _ ment and softer spectrum, the minor actinide consumption
The minor actinide consumption of the base cor§g considerably deteriorated in the core with a large so-
model, which has two batches, is slightly 1%) higher  gjym fraction. The burnup reactivity swing changes from
than that of the short-cycle model. And, the burnup re-_5 1 g 2.8%sk as the sodium fraction changes from

activity swing of the base core is almost the same as thaf 35 1o 0.73 because more fissile material is loaded as
of the short-cycle model. The void worth and Dopplerihe sodium fraction increases.

constant of these three models are close to each other. The void worth increases as the sodium fraction in-

For the short-cycle model with a single batch, the fuelyeases up te-0.6 and then decreases. The spectral and
fa_brication effort will be doubled because <_’:1II fuel assem eakage component are proportional to the magnitude of
blies are charged at the BOEC state, while only half o{he void perturbation and flux level. Because the varia-
the fuel assemblies are newly loaded in the base cokg,, of the perturbation and flux level is not a linear func-
model. Therefore, the multibatch core with the shortetion of the sodium fraction, the void worth increases in
cycle length has an advantage in burnup reactivity swingye yndermoderated region and decreases in the over-

and fabrication cost reduction if the cycle length is not,, qerated region, which leaves a void worth peak at the
too short. The effect of the cycle length is summarize ’

in Table V.

I11.C. Effect of Sodium Fraction and Core Size

[11.C.1. Sodium Fraction

There are 271 fuel pins in the base core fuel assem-
bly. The numbers of fuel pins were changed to 217, 169,

TABLE V
Effect of Cycle Length

BASE CY304 | CY608

Power[MW/(therma)] 900 900 900
Cycle length(day) 304 304 608
Number of batches 2 1 1
Number of drivers 138 138 138
Actinide consumptiorikg/yr)
Fissile plutonium -12 -12 -13
Total plutonium —252 —246 —238
Minor actinide 531 526 518
Reactivity worth(BOEC) O D i
Burnup swing(% 6k) -21 -2.0 —3.8 rivers
Void worth (% 5k) 4.1 4.2 4.2 @ Reflector
Doppler(10-4Tsk/5T) -0.94| -092| -0.91 @ Control Rod ‘ BL4L( Block
aCycle length equals 304 days. Fig. 4. Homogeneous core model with a sodium fraction
bCycle length equals 608 days. of 0.469.
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QO Drivers @ Reflector
@ Confrol Rod @ BL4C Block
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Sodium fraction = 0.36 (Base core)
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Fig. 7. Spectrum softening due to sodium fraction.

Fig. 5. Homogeneous core model with a sodium fraction

of 0.567.

Q Drivers
@ (onfrol Rod @ BLC Block

Fig. 6. Homogeneous core model with a sodium fractioncreased as the fuel inventory was reduced. It was as-

%D Reflector

of 0.727.

intermediate region, as sodium fraction increases. The
negative effect of the leakage component does not de-
crease the void worth until the assembly is mostly com-
posed of sodium(~70%) such that the axial leakage
becomes dominant through both the voided channel and
upper plenum.

As the spectrum shifts to the epithermal region, the
Doppler effect becomes large. The Doppler constant
for a high-sodium-fractio0.73 assembly is-2.7 times
larger (—2.4 X 10 *T8k/8T) than that of the base
core(—9.4 X 107°5T8k/8T) in absolute value. The fuel
composition also contributes to the Doppler constant.
Plutonium-240, which has a large resonance at 2.4 keV,
comprises 22.9% of the charge density for the core with
a sodium fraction of 0.73, while it is only 0.75% for the
base core. The effect of the sodium fraction is summa-
rized in Table VI.

[1l.C.2. Core Size for
High-Sodium-Fraction Assembly

The core with a high sodium fractidf.73 has 390
driver assemblies. This core was studied more closely to
examine the effect of core size on neutron leakage. The
reactor power was the same as the base core médel
MW/ (therma)], but the number of driver assemblies was
reduced to 294 and 222. Because the same reactor power
was used, the linear power and discharge burnup in-

sumed that the fuel pin could be split into smaller pins to
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TABLE VI
Effect of Sodium Fraction
BASE SF53 SFe SFF

Power[MW(therma}] 900 900 900 900
Cycle length(day) 304 304 304 304
Number of batches 2 2 2 2
Number of drivers 138 174 222 390
Fuel pin pitch(cm) 0.853 0.960 1.097 1.537
Fuel pins per assembly 271 217 169 91
Fuel fraction(100% theoretical density 0.385 0.308 0.240 0.129
Structure fraction 0.256 0.223 0.193 0.144
Sodium fraction 0.359 0.469 0.567 0.727
Actinide consumptiorfkg/yr)

Fissile plutonium —-12 —-14 -13 117

Total plutonium —252 —226 -113 162

Minor actinide 531 505 394 133
Reactivity worth(BOEC)

Burnup swing(% 6k) -2.1 -1.7 -0.4 2.8

Void worth (% &k) 4.1 6.1 7.3 3.3

Doppler(10-4Tsk/8T) -0.94 —-0.98 —-0.50 —2.40

aSodium fraction equals 0.469.
bSodium fraction equals 0.567.
¢Sodium fraction equals 0.727.

reduce the fuel centerline temperature if the peak lineasswing was increased by 0.568& from the unmoderated

core(390-driver core without BeO rogighe sodium void
Because the reactor power is the same, the peak fasbrth was reduced to 0.53%k at BOEC because the

flux of the 222-driver core is 1.6 times higher than thatscattering cross section was not perturbed much because

power exceeded the design limit.

of the 390-driver core. Therefore, the neutron leakage is
high in the smaller core because of core size and flux
level, and the reactivity loss is compensated for by the
high fissile charge enrichment. Because the fissile inven-
tory is large(~36 wt%), the burnup reactivity swing is
very high (7.1% 6k), but the negative void worth was

TABLE VII

Effect of Core Size for High Sodium
Fraction(0.727 Core

achieved at BOEC of the small core. The minor actinide
consumption is poor in the small core because the core |s

mostly fed with plutonium. The characteristics of the smal
cores are compared in Table VII.

[11.D. Effect of Moderating Material

One way to prevent spectrum hardening is to use scat
tering rods such that the neutron is still moderated eve
if the sodium is lost. The fuel assembly of a 390-driver
core(Fig. 6) was modified such that it contains 91 fuel
pins and 180 BeO rods. The BeO rod has the same si:
as a regular fuel pin, and therefore, the coolant area (¢

the moderated assembly is the same as that of the bgse

core assembly. In the 390-driver core, the replacement of
BeO rods with sodium induced more spectrum softent

SF7? | SF7MP | SF7S
Power[MW(therma)] 900 900 900
Cycle length(day) 304 304 304
Number of batches 2 2 2
Number of drivers 390 294 222
“Actinide consumptiorikg/yr)

N Fissile plutonium 117 | 144 192
Total plutonium 162 200 267
Minor actinide 133 95 31

e

fReactivity worth(BOEC)

Burnup swing(% k) 2.8 4.4 7.1
Void worth (% 6k) 3.3 15| —-2.0
Doppler(10-4Tsk/6T) —-24| -34 | —-61

ing, as shown in Fig. &reducing the neutron mean en-
ergy to 504 keV, and therefore, minor actinide
consumption deteriorated. Though the burnup reactivity
VOL. 133
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10° TABLE VIl
A Moderating pin = sodium Effect of Moderating Pins*
e Moderating pin = BeO
L . . SF7 | SF7BE | SF7HT
vvvvvvvv Moderating pin = HT-9
I Power[MW(therma}] 900 900 900
) Cycle length(day) 304 304 304
10t Number of batches 2 2 2
. b Number of drivers 390 390 390
e Moderating material - BeO HT-9
T
ﬁ Actinide consumptiorikg/yr)
g Fissile plutonium 117 169 167
5 Total plutonium 162 235 232
Z 107 Minor actinide 133 67 68
Reactivity worth(BOEC)
Burnup swing(% 6k) 2.8 3.4 3.9
Void worth (% 6&k) 3.3 0.5 0.2
Doppler(10 3Tsk/6T) —2.4 -3.9 -0.5
e | T R E U R *Ninety-one regular fuel pins plus 180 moderating pins per
0 1 2 3 4 assembly.
10 10 10 10 10 aSodium fraction equals 0.727.
Energy (keV) bSodium fraction equals 0.727, moderated by BeO.

) . . . °Sodium fraction equals 0.727, moderated by HT-9.
Fig. 8. Spectrum softening due to moderating pins.

TABLE IX

of the scattering rods. If the HT-9 is used as a moderating Effect of Reactor Power and Size

material in the same core model, the mean neutron en-

ergy drops to 465 keV, and it was possible to reduce the Base P60® | P330
void worth to 0.22%5k at BOEC, but there were trade-
offs in minor actinide consumption and burnup reactiv{ Power[MW(therma)] 900 600 330
ity swing. The effect of scattering material is summarized Cycle length(day 304 304 304
in Table VIII. Number of batches 2 2 2
Number of drivers 138 102 48
IIl.E. Effect of Reactor Power Actinide consumptiorikg/yr)
Fissile plutonium -12 -8 -4
Instead of changing reactor size, the reactor powgr Total plutonium —252 | —-169 | —33
was reduced to 600 and 330 Millerma), for which the Minor actinide 531 355 136
numbers of drivers are 102 and 48, respectively, to kegpReactivity worth(BOEC)
the same power density. For the 330-NtWerma) core, Burnup swing(% &k) -21 -18 0.4
the void worth was reduced by 1.98k from the base \é%'d "I"eorr(tlho(f{{’%'l‘()/&n 73'3 4 73'33 702620
core because the volume of the perturbed region is small PP ' ] '

in the spectral component of the void worth. The small  ageactor power equals 600 Mktermay.
core also has a greater leakage effect because the flux breactor power equals 330 Miermay.
gradient is larger. Therefore, more fissile is charged to
the core, and this changes the burnup reactivity swing to

a positive valug0.4% 6k) and reduces the minor acti- o _
nide Consumption. The effect of reactor power is Sum_The characteristics of these cores are shown in Table X.

marized in Table IX. TheH/D ratio changed from 0.43@®ase corgto 0.293
and 0.213 as the core height was reduced to 70.10 and
II.F. Effect of Core Geometry 56.84 cm, respectively. Because of greater axial leakage
in the smaller corédH = 56.84 cm, the charge enrich-
III.F.1. Reduced Core Height ment was increased slightly, and the burnup reactivity

swing was changed toward the positive direction. The con-
The core heights were reduced to 70.10 andumption of minor actinides was reduced by 7% in the
56.84 cm, which increased the number of drivers to 18@maller core because their charge fraction was reduced
and 222, respectively, to maintain the same fuel volumeby a similar rate. The void worth was reduced by 0.8%
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TABLE X
Effect of Core Height
Base PAN76 PAN57°
Power[MW/(therma)] 900 900 900
Cycle length(day) 304 304 304
Number of batches 2 2 2
Number of drivers 138 180 222
Core heightcm) 91.44 70.10 56.84
H/D ratio 0.433 0.293 0.213
Actinide consumptiorikg/yr)
Fissile plutonium —-12 -13 —-14
Total plutonium —252 —239 —213
Minor actinide 531 518 492
Reactivity worth(BOEC)
Burnup swing(% 6k) -2.1 -1.9 -1.5
Void worth (% k) 4.1 3.8 3.3
Doppler(10~4T8k/8T) -0.94 —1.06 -1.13

aCore height equals 70.1 cm, pancake-type core.
bCore height equals 56.84 cm, pancake-type core.

ok for the smaller core because the flux gradient is largecontrol rods are withdrawn. The neutron spectrum was
on the top and bottom boundaries, causing more neutramot softened much because the HT-9 rods were sparsely
leakage, but the absolute value was still hi§t8% k)  distributed. Compared to the first model, the variations
and positive. of performance parameters are small, i-e4 and 7%
reduction in minor actinide consumption and void worth,

lII.F.2. Annular Core Model respectively.

For a fixed fuel volume, the neutron leakage in-
creases as the core surface area increases. The annular
core was modeled by deploying severafBblocks in
the central zonéFig. 9), which increases the surface area
of both the inner and outer boundaries. The power peak
in the central zone could also be avoided with this ge-
ometry. Both the inner and outer boundaries are re-
flected with stainless steel blocks and shielded wit B
blocks. Three different models were studied, as shown in
Table XI.

The first model has the same number of drivgi38)
as the base core, and the control rods are all withdraw
like the base core. So, the control rod sites are filled with
sodium and duct material. Because of the increased leak-
age, the fissile charge was increased by 89% from the
base core. Though this reduced the minor actinide con-
sumption somewhdt-5%), the burnup reactivity swing
and void worth were reduced te1.6 and 3.6%k, re-
spectively. It was found that the peaking factor was
changed from 1.55 to 1.46 as the model changed from
the homogeneous base core to the annular core.

In the second model, the sodium of the control rod
sites was replaced with HT-9 rods, which have the same
size as a BC control rod. In other words, the HT-9 rods
are used as a parking portion of the control rod, and there-
fore, the control sites are filled with HT-9 rods where the

O Drivers
@ Control Rod

Fig. 9. Annular core model.

@ Reflector
@® BL( Block
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TABLE XI
Effect of Annular Geometry
ANN12 ANN2P ANN3¢
Power[MW(therma}] 900 900 900
Cycle length(day) 304 304 304
Number of batches 2 3 3
Number of drivers 138 138 378
Fuel rods per assembly 271 271 91
Control rod site Sodium HT-9 HT-9
Actinide consumptiorfkg/yr)
Fissile plutonium -13 -14 124
Total plutonium —222 —205 172
Minor actinide 502 484 118
Reactivity worth(BOEC)
Burnup swing(% 6k) -1.6 -1.4 3.1
Void worth (% 6k) 3.6 3.4 1.8
Doppler(10~4T8k/8T) -1.0 -1.0 —-4.6

aNumber of drivers equals 138, moderated by sodium, annular-type core.
PNumber of drivers equals 138, moderated by HT-9, annular-type core.
°Number of drivers equals 378, moderated by HT-9, annular-type core.

In the last model, the sodium fraction of the driverlarge(0.73 and the power density was high, such as with
was increased to 0.73, which is equivalent to an assena small corg222-driver coré Because the leakage be-
bly with 91 regular fuel pins. The number of drivers wascomes high in this core, the burnup reactivity swing and
increased to 378, and the control rod sites were filled witlthe minor actinide consumption deteriorate. A small void
HT-9 rods again. As in Sec. IlI.C, the softened spectrunworth is achievable using scattering material, which pre-
caused more fissile loading and a deterioration of the mivents spectrum hardening to a certain extent, but the
nor actinide consumption. burnup reactivity swing and the minor actinide consump-
tion are further reduced.

Compared to the pancake-type core, the annular core
model has an advantage in reducing the power peaking

Through the parametric study of homogeneous corgiithout significantly deteriorating the burnup reactivity
models, it was found that the improvement in one perswing and the minor actinide consumption. Further void
formance parameter has drawbacks for other parametegorth reduction is achievable by deploying scattering ma-
The minor actinide consumption depends on the amoungrial (e.g., HT-9 in the control rod sites.
of minor actinide material charged to the core, which is
determined by the neutron spectrum and leakage rate. The
sodium fraction and scattering material have a consider-
able effect on the neutron spectrum. The neutron leakage
depends on the core geometry and the sodium fraction
in the fuel assembly. The minor actinide consumption
significantly deteriorates when the neutron spectrum is  The homogeneous core models have difficulty in si-
thermalized. multaneously satisfying the MAB performance require-

The reactivity burnup swing changes from negativements of a massive minor actinide consumption rate, a
to positive as the fissile enrichment increases. Though lw burnup reactivity swing, and a low void worth. In
zero burnup swing is achievable without hurting the peakhis section, results are reported for modeling the core
linear power, the void worth is still high, and the minor with two different zonegdecoupled cone a minor acti-
actinide consumption is reduced because the minor actiride zone and a plutonium-enriched zone. The minor ac-
nide charge is decreased to accommod#fu buildup, tinide zone was used to burn the minor actinides
which is highly reactive in the MAB studied here. effectively using a hard spectrum, while the plutonium

In most cases, the void worth1s2% 6k. A negative  zone was introduced to compensate for the deteriorating
void worth was obtained when the sodium fraction wassafety performance due to heavy minor actinide loading.

1.G. Summary

IV. DECOUPLED MINOR ACTINIDE
BURNER DESIGN
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The decoupled core was modeled in annular geometry TABLE XlI
with HT-9 rods in control rod sites to prevent further spec-
trum hardening in the case of coolant voiding. After try-
ing several models, a decoupled core was selected as 1heReactor concept Decoupled annulg)

Characteristics of Decoupled Base Core

=

base model. In Secs. IV.A, IV.B, and IV.C, the property| Reactor powefMW(therma}] 900
of the base core is discussed. A comparative study is dome Active core heigh{cm) 91.44
for the cores that have different characteristics. Breeding ratio 0.15
Number of drivers
IV.A. Base Decoupled Core Inner core 114
Outer core 114

The base decoupled core has the same p¢aE0d :
MW!/(therma)] and core height91.44 cm as the homo- Fuliln%'?zoegr assembly 271
geneous base core. The fuel cycle length is the same  outer core 91
(304 day$, but the number of batches was increased t Euel mass ratio
three to increase the discharge burnup. There are 114
driver assemblies in both the inner and outer core zones. gﬂgr%%réwvg/?g{])cm) 5/77/%/21/21/8
The sodium fractions of the inner and outer core assen(- p/Fu
blies are 0.36 and 0.73, respectively, which correspond Discharge burnupMwd/kg)

1=

to 271 and 91 regular fuel pins per assembly, respe¢-  Inner core 64
tively. The sodium fraction in the outer core is larger to| ~ ©uter core 173
cause more neutron leakage. The minor actinide and plyi- Actinide consumptiorikg/yr)

tonium fuels are loaded in the inner and outer core zoneg, Fissile plutonium 121
respectively. The characteristics and configuration of the ~ Total plutonium —55
base decoupled core are shown in Table Xl and Fig. 19,  Minor actinide 342
respectively. The compositions of the inner and outer core  Burnup swing(% k) 1.04

fuel are given in Table XIII.

I 0,
Compared to the results of the homogeneous base Void worth (% 5k)

BOEC 1.16

core, _both the bL_Jrnup reactivity swing and the voic_i worth EOEC 151
were improved in the decoupled core, but the minor ac- )

tinide consumption was decreased by 189yg The Doppler(10~*Tok/6T)

burnup reactivity swing became relatively smdll04% ESEg :g'ig

ok) because thé*Pu buildup from the neutron capture
of 2’Np was compensated for by the fiss{iE°Pu and

241py) burning in the outer core. The sodium void worth
was reduced to 1.2%k at the BOEC state. Spectrum hard-

ening caused more neutron production in the inner CO'&ting pins, which somewhat prevent spectrum hardening
but the production rate in the outer core decreased mOxg,o coolant voiding. The Doppler constant increased
than the absorption rate because the total flux level deggq in magnitude because the spectrum shifted toward

creased to compensate for the power increase in the ifwe yesolved resonance region where the Doppler effect
ner core. Therefore, it was possible to achieve a smallgfas dominant.

void worth in the decoupled core. For the highly moderated core, the burnup reactivity
. . swing increased to 3.7%k. The minor actinide consump-
IV.B. Effect of Moderating Material tion was reduced by 59 Kgr compared to the base de-

) coupled core. The void worth was reduced to 0.4d%%
The outer core driver of the base decoupled core wagt the BOEC state, but the linear power of the outer core

changed to have 78 and 180 BeO rods in the mediumyye| pin was increased to 70 kWi. The characteristics
moderated and highly moderated cores, respectively, 6 the moderated core are shown in Table XIV. Though
soften the spectrum in this region. The moderating pifihe moderated core has an advantage in the void worth,
has the same size as the regular fuel pin. Therefore, thejs qoubtful that the moderated core would be attractive

sodium coolant area of the highly moderated core is thgecause of the large burnup reactivity swing and high
same in both the inner and outer core assemblies becay§gaar power.

there are 91 plutonium fuel pins of regular size. The core
configuration is the same as the base decoupled core. IV.C. Effect of Outer Core Size

As the number of moderating pins increased, the
burnup reactivity swing increased because more fissile The number of assemblies in the outer core was in-
plutonium was consumed by fission and parasitic capereased from 114base decoupled core mogéd 138
ture. The void worth was reduced by the use of moderand 210 in the medium and large cores, respectively. There
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are 66 control rod sites in both the medium and large cores,
while the base decoupled core has 42 control rod sites
that are filled with the HT-9 rods. As the outer core size
increased, the burnup reactivity swing increased. More
fissile plutonium was transmuted in the outer core, but
the minor actinide consumption was decreased because
the power level was reduced in the inner core. The minor
actinide consumption was decreased by 28 and 3§tkg

for the medium and large cores, respectively, compared
to the base decoupled core.

The void worth was smaller in the medium core
(1.05%46k at EOEQ, while it was largen1.62% 4k at
EOECQC) for the large core. The Doppler constants were
not much different in each core model. The medium core
showed the better performance in the void worth though
the burnup reactivity swing and the minor actinide con-
sumption were slightly reduced. In the medium core, the
peak linear power of the inner core pin had sufficient mar-
gin, and the discharge burnup was still below the design

limit (200 MWd/kg). Therefore, it was decided to ele-
Inner Core O Outer Core vate the reactor power in the final core model such that
@ Control Rod @® BLC Block the minor actinide consumption could be increased and
@ Reflector to use a smaller fuel pin in the outer core to prevent a
_ large temperature rise in the pin. The properties of these
Fig. 10. Decoupled base core model. cores are compared in Table XV.
TABLE Xl
Fuel Composition of Decoupled Base Core
Inner Core Outer Core
Atom Density Fraction Atom Density Fraction
Isotope (10** cm™2) (%) (10** cm™3) (%)
284y 2.3276E-042 3.08 9.2196E-06 0.36
235y 4.5884E-05 0.61 1.6718E06 0.07
236y 3.6302E-05 0.48 1.3370E06 0.05
238y 3.1716E-08 0.00 1.2380E09 0.00
28"Np 5.6839E-03 75.17 1.6948E04 6.68
2%6py 0.0000&-00 0.00 4.6719E09 0.00
238py 2.2506E-07 0.00 2.0889E 04 8.23
3%y 7.5849E-08 0.00 1.1958E03 47.13
240py 8.3310E-06 0.11 5.2813E04 20.81
241py 4.7635E-09 0.00 2.9405E04 11.59
242py 5.3103E-09 0.00 1.0258E04 4.04
243Am 4.7202E-04 6.24 7.6136E 06 0.30
242mAm 2.4800E-06 0.03 1.6950E 08 0.00
24Am 4.6590E-04 6.16 5.6975E 07 0.02
242Cm 1.9419E-07 0.00 3.9783E09 0.00
243Cm 4.4281E-06 0.06 1.0886E 07 0.00
244Cm 4.3143E-04 571 1.2013E05 0.47
245Cm 1.1793E-04 1.56 3.9201E06 0.15
246Cm 5.9245E-05 0.78 2.0951E06 0.08

aRead as 2.327& 10 “
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Effect of Moderating Pins in Outer Core

15

Base M78 M180°
Power[MW(therma}] 900 900 900
Cycle length(day) 304 304 304
Number of batches 3 3 3
Number of drivers
Inner core 114 114 114
Outer Core 114 114 114
BeO pins per outer core assembly 0 78 180
Actinide consumptiorfkg/yr)
Fissile plutonium 135 139 168
Total plutonium —-41 —37 1
Minor actinide 342 323 283
Burnup swing(% 6k) 1.04 1.82 3.67
Void worth (% k)
BOEC 1.16 1.00 0.47
EOEC 1.51 1.55 1.23
Doppler(103Tsk/8T)
BOEC —0.32 —-0.70 —2.08
EOEC -0.32 -0.63 -1.75
aNumber of BeO pins per outer core assembly equals 78.
PNumber of BeO pins per outer core assembly equals 180.
TABLE XV
Effect of Outer Core Size
Base 0138 021¢
Power[MW(therma)] 900 900 900
Cycle length(day) 304 304 304
Number of batches 3 3 3
Number of drivers
Inner core 114 114 114
Outer core 114 138 210
Number of control rods 42 66 66
Actinide consumptiortkg/yr)
Fissile plutonium 135 140 147
Total plutonium —-41 —26 -18
Minor actinide 342 314 306
Burnup swing(% k) 1.04 1.40 1.61
Void worth (% k)
BOEC 1.16 0.72 1.18
EOEC 151 1.05 1.62
Doppler(10 3T8k/ST)
BOEC -0.32 -0.34 -0.31
EOEC -0.32 -0.33 -0.31
aNumber of drivers in outer core equals 138.
®Number of drivers in outer core equals 210.
NUCLEAR SCIENCE AND ENGINEERING ~ VOL. 133 SEP. 1999
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V. FINAL CORE MODEL

The final core consists of 114 inner core assemblies
(minor actinide fuel, 138 outer core assembli¢pluto-
nium fuel), and 66 control rod sitgsame as the medium-
core model in Sec. IV.€ But, the reactor power was set
at 1200 MWtherma) to increase the minor actinide con-
sumption. Both the inner and outer boundaries are sur-
rounded with stainless steel reflector and shielded with
B,C blocks. The control rod sites are filled with HT-9
rods when control rods are not inserted in order to re-
duce the spectrum hardening in the event of coolant void-
ing. The upper and lower plenum regions are composed
of HT-9 structural material and sodium coolant. The up-
per and lower shields are placed next to the plenum re-
gion. The thickness of the plenum and shield are the same
as those of the homogeneous base core model. The hor-
izontal and vertical configurations of the core are shown
in Figs. 11 and 12, respectively.

The minor actinide and plutonium fuel assemblies
have 271 and 162 fuel pins, respectively. The fuel has
25% zirconium, and the theoretical density was assumed
to be 75% to allow for fuel expansion and high discharge
burnup. The isotopic compositions of the inner and outer
core assemblies were determined using the equilibrium
cycle capability of the REBUS-3 code. The inner core
fuel is composed of 70%*'Np, and the outer core fuel is
enriched to 50% with fissile plutonium. The plutonium

CHOI and DOWNAR
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Fig. 12. Vertical view of final MAB model.

fuel pin diameter is smaller to reduce the fuel center tem-
perature. Because the outer core fuel is highly enriched
and the inner core contains fertifé’Np, the power
shifts from the outer to the inner core during the cycle.
The general core characteristics and fuel assembly data
are summarized in Tables XVI and XVII, and the fuel

Inner Core
@ Control Rod
@ Reflector

Fig. 11. Horizontal view of final MAB model.

O Quter Core
@® BL( Block

TABLE XVI
General Specifications of Final MAB Model

Core concept Decoupled annula
Reactor powefMW(therma)] 1200
Fuel height(cm) 91.44
Number of assemblies

Inner core 114

Outer core 138
Number of control rods 66
Control rod parking material HT-9
Structural material HT-9
Capacity factor(%) 80
Cycle length(day) 304
Fuel residence timécycles 3
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Fuel type

Mass ratio(U/Np/Pu/Am/Cm)
Volume ratio(Fuel/coolant/structure
Number of pins per assembly

Fuel pin diametefcm)

Cladding thicknesgcm)
Pitch-to-diameter ratio

Fuel smear densit{o theoretical density

17
TABLE XVII
Fuel Assembly Data of Final MAB Model
Inner Core Outer Core
UNp/Am/Cm + 25% Zr U/Np/Pu/Cm + 25% Zr
5/71/0/15/9 1/8/90/0/1
38/36/26 1372/15
271 162
0.724 0.544
0.056 0.043
1.18 1.96
75 75
15.4686 15.4686

Assembly lattice pitclicm)

composition is shown in Table XVIII. The equilibrium The feed material for the MAB is assumed to be from a
cycle performance parameters are given in Table XIX. typical 1000-MWelectrio LWR after 3 yr cooling. At

V.A. Fuel Cycle

the completion of each burnup cycle, the discharged fuel
is recovered and fabricated with external feed material
in the fabrication plant. The external feed material is as-

The MAB is operated with three fuel batches and asumed to be provided as separate plutonium and minor
10-month cycle length. The relatively short cycle lengthactinide streams, with the isotopic distributions shown
is used to maintain an acceptable burnup reactivity swingn Table II.

TABLE XVIII
Fuel Composition of Final MAB Model
Inner Core Outer Core
Atom Density Fraction Atom Density Fraction
Isotope (10 cm™2) (%) (10** cm™3) (%)
234y 2.7395E-042 3.63 1.4224E-05 0.56
235y 5.3394E-05 0.71 2.6069E 06 0.10
238y 4.2162E-05 0.56 2.0733E06 0.08
238y 3.6006E-08 0.00 1.8415E09 0.00
2Np 5.3871E-03 71.40 2.0370E04 8.02
236py 0.0000E-00 0.00 3.9671E09 0.00
238py 1.7186E-07 0.00 2.3588E04 9.28
239y 8.2770E-08 0.00 1.1432E03 44.98
240py 8.8380E-06 0.12 5.2560E 04 20.68
241py 4.9449E-09 0.00 2.7791E04 10.94
242py 5.6265E-09 0.00 1.0289E 04 4.05
245Am 5.6880E-04 7.54 7.5428E 06 0.30
242MAm 3.0582E-06 0.04 3.0581E08 0.00
24Am 5.6166E-04 7.44 8.7251E07 0.03
242Cm 1.4922E-07 0.00 2.3248E09 0.00
243Cm 4.6273E-06 0.06 1.4191E07 0.01
244Cm 4.5769E-04 6.07 1.6445E05 0.65
245Cm 1.2242E-04 1.62 5.3990E 06 0.21
246Cm 6.0464E-05 0.80 2.8664E 06 0.11

3Read as 2.739% 10 “
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TABLE XIX 10°;
Equilibrium Cycle Performance Parameter i
of Final MAB Model Flooded core
----- Voided core
Inner Core| Outer Corg
Power fraction(%) 1ot
BOEC 45.64 52.31 ]
EOEC 54.18 43.77 X :
Peak linear powetkW/m) L r
BOEC 33.3 40.3 i I
EOEC 33.9 34.0 g
Power peaking factor 2 j0t
BOEC 1.72 1.31 E
EOEC 1.47 1.32 ]
Peak flux(10*%cm?-s) I
BOEC 3.33 3.43
EOEC 3.33 3.36
Breeding ratio 0.03 0.12 10 T T R
Discharge burnupMwd/kg) 82.08 198.70 10° 10’ 10° 10° 10*

Energy (keV)
Fig. 13. Spectrum hardening in inner core.

The MAB accepts 694 kgyr of minor actinides and
552 kg/yr of plutonium. The minor actinides are contin-
uously recycled in the core; however, 70% of the fissile  1¢°
plutonium is surplus material and is assumed to be used :
as fissile makeup in other plutonium-burning reactors. [ —— Flooded core
Considering 96% of the discharged americium is not re- [ - Voided core
covered in the reprocessing plant, the net consumption [
rate of minor actinides is 426 Kgr. Assuming the typ- [
ical 1000-MWelectrig LWR generates-26 kg of mi- 10
nor actinides each year, the core design here can consume
the annual minor actinide inventory from about 16 LWRS. %

V.B. Safety Performance Parameters

The reactivity of the inner core will increase sub-
stantially with burnup since the minor actinide fuel con-
sists mostly o*’Np (n» = 0.94), which results ir***Pu
(n = 2.46 after neutron capture. As the fuel depletes,
this reactivity gain is compensated for by the decrease in
the fissile plutonium inventory in the outer core, resulting
in a small positive burnup reactivity swind.19%:4Kk).

The dominant contribution to the sodium voidworth qgU— o voviin v vvvinnr v 00 ee,
is spectral hardeningFigs. 13 and 14 which is miti- 10° 10’ 107 10° 10*
gated to some extent by using the HT-9 rods in the con- Energy (keV)
trol rod sites. The isotope most responsible for the increase
in reactivity upon coolant voiding i$'Np, for whichn Fig. 14. Spectrum hardening in outer core.
changes from 0.94 to 1.09 as the coolant voids in the in-
ner core where the neutron mean energy changes from
625 to 670 keV. However, as the coolant voids in the outer
core, the neutron leakage increases because the neutrmore while it increases the power in the inner core be-
mean energy increases from 594 to 667 Kefectrum cause of increased fast fission. Because the outer core
hardening and the neutron mean free path increaseds predominantly fissile material, a decrease in the power
Spectral hardening causes a power reduction in the outeeduces the neutron production rate more than the

Normalized Flu
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absorption rate, which provides a negative coolant voidained using the relation of Type 316 stainless steel as
worth in this region. Because the positive reactivity ef-follows:
fect of the inner core dominates, the net effect is still a
small positive void worth; however, it is comparable to k (W/m-K) = 9.248+ 0.01571T , (6)
void worths allowed in conventional LMR designs.

Because the actinide burner does not contéib, whereT is temperature in kelvins. The calculated and as-
the Doppler effect is smaller than in a conventional LMRsumed thermal properties are summarized in Table XXI.
but remains negativé—0.35 X 10 3Tsk/ST). At the
EOEC, the core contains50%2%'Np, and therefore, the V.C.1. Inner Core Euel Pin
largest contribution to the Doppler effect is frofffNp
even though its highest resolved resonance is at 130 €V. The inner core assembly has 271 regular fuel pins,
The ?*°%Pu and**?Pu have their strong resolved reso- of which the outer diameter, clad thickness, and pin pitch
nances at-2.4 and 0.9 keV, respectively, but their con-are 0.724, 0.056, and 0.853 cm, respectively. Using these
tribution to the Doppler reactivity is small since they values, theP/D, flow areaA, wetted perimetePw, and
comprise only 6.8 and 1.4% of the EOEC loading, reeffective hydraulic diametdbe of a subchannel were cal-
spectively. The safety performance parameters are surgulated, which are 1.18, 0.1098 &n1.1379 cm, and
marized in Table XX for both the BOEC and the EOEC(.3855 cm, respectively. Then, the Peclet number Pe was

core conditions. calculated to be 356, and the Nusselt number Nu was ob-
S tained as 7.53 using the Borishanskii-Gotovskii-Firsova
V.C. Estimation of Fuel Temperature (B-G-F) correlation?® which is applicable for 1.1

IP/D = 1.5 and 206= Pe= 2000. Finally, the heat trans-

The ultimate safety of the reactor core is the fuef Hicient leulated f ther f lati
integrity in the case of TOP. Though the material and therc' CO€tlciENt was calculated from another formuiation

mal properties of the minor actinide and plutonium fuelfor the Nusselt number:

are not yet known, it is worthwhile to estimate the fuel K

temperature using currently available or assumed data be- h = Nu— = 142000 Wm?2.K . (7)
cause the fuel temperature must not exceed the melting

point. The thermal conductivity of the fuel is assumed to N )

be 22 Wm-K based on SAFR and Japanese ABR de-  The position of the maximum fuel-center tempera-
signs. The specific heat and velocity of sodium coolanture along the fuel element is obtained using the equa-
are 1.3 kJkg-°C and 6 nys, respectively, based on tionsin Ref. 34. The maximum coplant temperature rise
Ref. 27 and ABR design. The bulk coolant temperaturavas 24 K, and therefore, the maximum coolant temper-
is assumed to be 650 K. The sodium density and thermature at the peak position was 654 K when the inlet tem-

conductivity are obtained using the following relations:perature was 630 K. The temperature rise between the
bulk coolant and the fuel center was 225 K, which re-

pr (kg/m®) = 1011.8— 0.22054 — 1.9226 sulted in a fuel-center temperature of 879606°C). If
_ _ there is 115% overpower, the coolant temperature rise
512 913 ’
X107°T=+5.6371X 107°T (4) will be 28 K, and the maximum coolant temperature is

and 658 K. Then, the fuel-center temperature will be 917 K
K (W/m-K) = 93.0— 0.058XT — 273 + 1.173 Eiéllgoc’:c):’)YVhICh is considerably below the melting point
X 107%(T - 2732 , ©)

whereT is temperature in kelvins. The cladding temper-
ature was assumed to be 750 K for the initial calculation. TABLE XXI
The thermal conductivity of the clad material was ob-

Thermal Property Data

Fuel thermal conductivityW/m-K) 22
TABLE XX Clad thermal conductivityW/m-K)? 21
. I
Safety Performance Parameters of Final MAB Model Cc:zlgmemperatureéK) 630
Bulk temperaturdK) 650
BOEC EOEC Density (kg/m?) 862
. Thermal conductivitf W/m-K) 73
Burnup swing(% &k) 1.19 Specific heatkJ/kg-°C) 1.3
\oid worth (% k) 0.74 1.17 Velocity (m/s) 6
Doppler(10 3T8k/ST) —-0.35 -0.32
At 750 K.
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V.C.2. Outer Core Fuel Pin tonium fuel. The plutonium outer core offsets much of
. . the poor safety performance of the core, caused by the
The final core model has 162 fuel pins in an outery asence of minor actinides in the inner core. The HT-9

core assembly with reduced pin size. For comparison, thg,ys are employed in the control rod sites as a means of
fuel temperature was calculated for three different nums -tner reducing the sodium void worth.

bers of fuel pins: 91, 127, and 162, of which the pin sizes  Tne final MAB model can consume the annual mi-

are 0.724, 0.612, and 0.544 cm. Therefore, the materigly 4ctinide waste from about 16 commercial LWRS. Be-
volumes of fuel, clad, and coolant are conserved in theg se of the decoupled core design innovation, it was
three models such that the neutronic calculation will ”Obossible to maintain acceptable safety performance as in-
be affected. The Graber and Rieger correldtiovas used  gicated by the small burnup reactivity swing, the low so-

to determine the Nusselt number for the range of 125 qiym void worth, and the negative Doppler constant. The
P/D =1.95and 156= Pe= 3000. The fuel temperatures f,q| temperature was also kept below the melting point
are listed in Table XXII with other parameters. For theygip, in the inner and outer cores.

assembly with 162 fuel pins, the centerline temperature
was 640C. In the case of 115% overpower transient, the
fuel temperature increased to 683 and there was still a

41% margin for fuel melting. VI. SUMMARY, CONCLUSIONS,

AND RECOMMENDATIONS

V.D. Summar
y The feasibility of using minor actinides as fuel ma-

An MAB was designed using several parametric studterial in an LMR to reduce the long-term hazard due to
ies. For the homogeneous core models, the void wortthe minor actinides discharged from an LWR was stud-
became unacceptably largpositive) as the minor acti- ied in the work here. The principal problem of designing
nide inventory was increased because of the fast fissiomminor actinide burning reactor is the difficulty in main-
effect of the minor actinideée.g.,?*"Np). On the other taining a small burnup reactivity swing and void worth
hand, if the fuel volume fraction was reduced to increasavhile maximizing the minor actinide consumption rate.
the core leakage and reduce the void worth, the reactiun the case of a homogeneous core model, it was found
ity burnup swing became unacceptably large, and the mthat the burnup reactivity swing becomes large when the
nor actinide inventory was reduced. void worth is reduced because of a large increase in the

One of the principal innovations used in the concepneutron leakage. The minor actinide consumption rate also
tual MAB design is to maintain a homogeneous core laydeteriorates because the core is primarily charged with
out but employ two core zones: an inner core consistindissile material to compensate for the reactivity loss due
of minor actinide fuel and an outer core containing plu-to the increased neutron leakage.

TABLE XXII
Effect of Outer Core Pin Size in Final MAB Model
Fuel Pins per Assembly

Parameter 91 127 162
Outer diametefcm) 0.724 0.612 0.544
Clad thicknesgcm) 0.056 0.048 0.043
Pin pitch(cm) 1.524 1.219 1.067
P/D 2.100 1.992 1.963
A (cm?) 0.813 0.497 0.374
Pw (cm) 1.138 0.963 0.853
De (m) 0.029 0.021 0.018
m (kg/s) 0.420 0.257 0.194
Pe 2671 1906 1631
Nu 261 197 175
h (W/m?.K) 657000 685000 710000
AT oo1ant (K) 58.7 86.9 81.8
ATiyer (K) 357 257 202
Tfuel—center(K) 1 046 974 913

NUCLEAR SCIENCE AND ENGINEERING

VOL. 133

SEP. 1999



AN LMR FOR BURNING MINOR ACTINIDES 21

A conceptual design of the MAB was performed carried out under the Nuclear Research and Development pro-
using several parametric studies to maximize the corgram of the Korea Ministry of Science and Technology.
sumption of minor actinides discharged from the LWR.
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