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Abstract 110 in】prove nuclear fuel utmzation e伍cle“呵and prolong hlf-1‘yclt

bunl—up．a tigho pitch htticc presstlred hca”y water rcactor was invcstigated船“【J
dternative of next gcIleration of power reactors It is shown that the hlzll conversl01l

ratio aIldⅡegativc coolant void reactivity cocmckIlt are dlallenges in thc rcactor co r．，

physics designs Variuus techniques wer。pr。posed to solvc LIle8e prohlcms 11l thl_

work，a ti91n pitch latnce mld mixed fuel assem嘶cs pressured hP州y water rea幽Jr㈤n．

。叩t was iⅡvestigated．By utilizing nuIIlerical silnulatlon techniqllc，it is demonstIa“、(1
that reactor core mi】c甜with Pu／u an(1 Th／u assenlh№s can achkve lliEh(onversim

ratio(I)98)，long burn一“p(60 GwD／t)amlIl。gative vold rea(tlvity coem㈣nts

K。ywords High conver8ioIl ratio，Tight lattice PI cssurcd hea”y wa¨r reactoI

Pu／u assembl y’T11／u asseTnbl y1 111lxed corP

cLc numbers TL32，TL423 A

1 INTRoDUCTIoN

Nuclear power has been demonstrated to be a safe，econo埘c aJld benign energy
source for the reduction of the gIobal war血ng，about 21％of electricity in the world is

generated by nuclear energy presently CoImercial power reactors are mainly colllposed
of light water reactors and Ileaoy water reactors，so calkd thermal neutroIl reactoTs

DeteT面ned by the phvsics characteIistics，thermaL reactors have some disadvanta只es
such as large reactivity burn—up swjng，10w b11rn·up and pooT fuel utilization efficiency

UraⅢ呲is a potential and abundant nuclear source．In theHnal reactor，only smaU
厅action of the fuel is utihzed．LMFBR(Liqllid Metal Fast Breeder Reactor)can use

these sources eff色ctively，but its cor眦lercial appbcatjon seeHls stiU unable to be soh，ed
at Dresent because of various d蠲culties
7r0 improve nuclear fuel utmzation e盘ciency and extend fuel cycle buTn up are the

chaUenge to the nudear power system of next generatlon The high conVersion reactor

concept bv reducing coolant fraction was studied by many scientists and institutes
11 2，

Ti臣ht lattice mixed fuel Pressured HeavyⅥhter Reactor(PHwR)，to be discussed in tllis

p8per，is an alternative for this objectjve The tight 1attice PHWR is based on presently

matured technolo譬v and ve。y siⅡ1ilar to PwR(Pressured water Reactor) Heavy water ls

used as coolaIlt to replace 1ight water and the neutron spectnun in the core is much harder
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than i工l LwR(Ljght water Reactor) MOx(Mixed 0 xide of Pu／u)and Th／Ij oxide

fuel aSsemblies Irdxed coTe concept was in、陀stigated to Te d11ce coo【ant void reactivity

coemcient Tb study and demonstrate its practicaUty，the numerical simulation method

was used to caJculate the ceU and core Dhvsjcs chaTacterlstjcs Tt js shown that the 11uxed

fuel tlght lattice PHWR has rnany advantages，such as small bllrn-up reactivity swjng，

high conversion ratio，10“g burn up，satisfactory safet y1 reduction of-nLe productioIl of

111inoT actjnjdes，10ng Uved 6ssion products and otller radioactive waste

2 REACToR LATTICE ANALYSIS

In tight lattice PHWR physics calculations，computer codes SRAC95H and WIMS 7

TDB were used to calculate the cell neutron spectnLnl，burn—up，few—grouP const甜lts

and power(王istribution SRAC95 is a reactor physics code system developed by JAERI．

The svstem consists of sever al 107．group nucIear data libraries(based on．IENDL一3 2，

ENDF／B一6，etc) and various numerical modulars，guch as c01bsion probabi】ity fPlJ)

calculation modlllar，ultra—Hne energy group Tesonance absorptlon(PEAco)c血culati。n
modlllar，Sn transport(ANISN，TWOTRAN 1 calcuIation modlllars，di丹hsion c al虬llatjon

(CITATl0N1 modlllar，and burn—up calclllatlon IIlodular．The code system i8 appbcable
t。core anaJyses of various types of nucIear react。rs

The wrMs／TDB code 5ystem was developed on the basis ofwIMS／D4．引69一卧oup
nuclear data ubrary was updated and extended based on ENDF／B一6 and cENDL一2 Bv

checkin譬with several lattice benchmarks，the caIculation accuracy with the new 1ibrary

was im口roved．TDB is a three．cbmensional，few—group，丘Ilite di雎rence co“for s01ving

the neutron diffhsion equation．With U1e heIp of burn—up—dependent f音w—group constants

g衄erated with WIMS，TDB can calcmate the KeE pin power distribution，fuel rod

temperature dist“bution，and power denslty peaking factor．The code is Very
fast and

sllitable for the IMR calculatlon． Because of the comDuter enviro啪ental li血tatlon，
WlMS／TDB is used for reactor core caIculatjon，whereas SRAC95 for vermcation ofl

1“tice computation in this research．

The nuInerical data for the ti屠ht lattice PHWR cell is given jn Table l，which refer

to design data of commercial power reactors． The fuel compositjon is given ill Table

2 Tb studv plutonjmn loaded lattice，two types of fuel，MOX and traIlsuranjcs(TRu)

were considered The composition of plutom咖aIld血nor actinides was taken IioHl
co衄erciaJ PWR spent fuel with bufn—uP 32 5 GwD／t and ten years cooling

’rable 1 Ti口hL lattice PHWR】aLtice dma

Fuel rud diameter／clIl

cladding dinrrIner／cnl

C1耐diIl￡nla‘erid

eooluILt

La“ic。gcomet。y

0 82

0 95

Zr一4

Hcavv water

The efFective rnldtiplication factor of the tight 1attice PHWR Varies with the latt儿：e

pitch nom Figs 1，2 and 3，it is clear that the effective m11ltjpllcation factor and collver—
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sjon rati。increase wjtll the Iattjce pitch reductjon for the MOX and TRU fuel It nleans

that the tight lattice or smaU c001ant Volume fractioll is bene矗t for皿eutron utilization

Table 2 Pu；nld MA is010pics hact；u11 (wt％)

IsutoDe MoX TRU

一11i一——一—i而广————————1瓦r一——一24“Pu 25 02 2l 46

241rll 918 7_85

。42Pu 5．80 5 0l

?37ND (1．0 8．17

2¨Am 【】0 5(】1

。‘3AlIt rlfJ 1 U2
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In tight lattice PHWR，the coolant temper砒ure reactjVity coemcient is Very sm“l，

therefore，its efrect can be neglected The fuel temperature reactivitv coe伍cjent varles

with the fuel composition and lattice pitch．MA(Minor ActiIlides)wiu reduce the fuel

temperature coe伍cient and in the situation studied，the fhel temperature reactivity cn—

emcient is n89ative

The coolaIlt void reactivity coe伍dent in the tlght lattice PHWR is positive for

pluto工lium and TRu fuel，but negative for 235u and TlL／233u fueI(Fjg 4)Fbr nuclear

reactor saf毫ty，it is necessary to study a tight lattice PHWR c。re with lligh converslotl

ratio and negative void reactjvity coemcient

FoUow血E the accumulation of矗ssion product and heaⅣy mlchde5，the Teactivity
coe伍cient fbr fuel temperature and coolant void is increased somehow in the tight lattIce

PHWR．

The burn—up reactivity sw血g is smau for tlght lattice PHwR(Fig 5)，especiauy
for the lattice 10aded with MA

§

0 1 Z ， 4 ) 6 ， b

Bu什up，10‘MWD t1

Fig．5 K础val ia‰n wi“l burn—up

3 MoX AND Th／U LoADED TIGHT LATTICE PHWR

MOX and Th／U fueled ti譬ht lattice PHWR core was studied in thjs work Homo—

geneous TRU and MOX fuels have l甜ge and positive c001ant void reactivity coemclents

therefore the MOx and Th／UⅡdxed core was investigated to keep the coolant vold

TeactiVity coe伍cient n。gatiVe．

Two reactor physics calcu工ation code systems，sRAC 95 and WIMS／TDB，were
utihzed fbr the siInulation of the tight lattice PHWR and the buTn-up—dependent fbw一

耵oup data were calculated with WIMS，power and temperature distributi。n with TDB

The few．盯oup nucle缸data，conv盯sion rati。，and temperatme coemcient were c11ecked

bv SRAC95／CITATION．

The height of reactor active core is 366 cm． The core is composed of 1 93 ftlel

asseInbks，as described in Fig 6 There are 129MOx asse埘Lbues a11d 64 Th／u assembhes

Each asseI工lblv c。nsists 0f 17x fuel or non—fue¨attices．The MOX assembly has one Ilon—

fuel lattice and the Th／U assembIv has 25 non—fuel lattlces．The contr01 rod is mserted

in Th／U assembhes．The data for the ti吐t lattice PHwR cofe are舀ven iIl Table 3
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M5 亿 Ml T1 Ml T3 M2 M4

亿 T4 TI M1 T2 M2 M2 M3

Ml T1 M1 T1 M1 ” M3 M4

Tl M1 Tl Ml T2 M2 M4 M3

Ml T2 M1 T2 M2 T3 M3

T3 M2 T3 M2 T3 M4 M4

M2 M2 M3 M4 M3 M4

M4 M3 M4 M3

T0tall93队
M—MOX assemb】y T—Th／U asseⅡlb】y

l～5一c”le nun击er

Fig．6 3400MW￡tigh￡Iat‘ice PHWR cⅢe

di89ranl(1／4∞rP)

A tight lattice pitch of 1．05 cm was

considered in t}Lis work．The fuel rod and

zircaIov cladding outer diarneters are 0 82

cm and 0．95 crn，respec幻vejy．re角，“)a

typicaj PWR’s『1lel rod data The ratin of

the 1砒“ce coolant to fuel volume is 0 7455

The fuel conlDosition is descnbed in Tabk

4．Four_batch fMOX assmblvl and t上1ree。

batch(Th／u assembIy)fuel management
strategies were studled for the core，wjtll

400 EFPD per cycle A low 1eakage load—

ing pattern was i11vestlgated．The 3rd a11(1

4th cvcle assemblies were located at tI¨!

c。re peripherH the行esh and 2nd cycle as—

seInbhes were located at the core center

n讧xed with Tll，U asseIrlbljes At tlle dis．

charged burn—up：the conversion ratio j s

1．00 for MOX assembly and O 94 f。r，r}l—I J

assembly，respectively The core average

inte盯ated conveTsion ratio is曲叭lt O 98

Table 3 Tight lattic(I PHWR corc dPscrip“n【l

T毗出power／Mwt 3400

FueI舳scmblv numbcr：

MOXfuc】 120

Th／UmeI 64

Total 193

Asse nLbb con^91Ira±ioJI

Fuel TDd8／asselnbly．

M()X而el

Th／U fucl

Activc c。re kII舭jl／cⅢ
EIITicllmelLt

MOX／％

(Th／u)／％
Fuel loadiI【g：

M(1X，t

(Th／u)／t
Fuel md diamcteI／cm

cladding diametcr／cm

Lat虹ce nhch，clll

Gy(Ie lc“gth／EFPD

D埘huge huⅦ‘11p／(GwD／t)
Power peuki“g factor：

B()e

EOC

M“hnuln fucl ttmper缸ure：
BoC／。C 1834

EoC／。C 1837
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T曲le 4 Tight lattlce PHwR fuel composition (1024 atom_cIIl～3

IsotoDe MOX Th／U

—_1玎矿一—————————了丽而可矿r————————————瓦矿————一
239Pu 2 030×10—3 0．0

240Pu 8 432×10～4 0．0

241Pu 3 078×】0～4 0 0

。4。Pu 1．944×10～4 0 0

⋯Th O．0 2．00×lO一2
23
3U 0．0 1 40×10—3

4 CooLANT VoID REACTIVITY CoEFFlCIENT

The reactors with a hard spectrum are usuaUy puzzled by the positive void reactivity

coemcient． Tllis issue is a coopeTative e丹谴ct of the neutron spectrm smft，neutron
leakage chaIlge aIld nuclea工cross·section Va“ation．

The coolant、砷id reactivity coefficient is strongly dependent on the core buckhng

aIld so sm丘Ⅱcore djmension with high leakage wiⅡdecrease the void worth，as described

in Fig．7．Lar即buckling wiu make much rnore neutron leakage from the reactor core m

hjgh void fraction situation，then the void reactivity coemcient is reduced．

The void reactivity coemcient is also dependent on fuel composltion 233U and 235U

loaded core has a negative or smaⅡc001ant void coefhcient，MA alld plutorLilun 1。a“d

core has a Dositive the void coefficient Hence the core mixed wi恤s血table fuel asseITl_bhes

can ad佃st void reactivity coe伍cients．In M0x and Th／U Inixed core，because of di艉rent

characteristics of 232Th，233U and Pu cross—sections，the void the reactivity coemcient iIl

reactor core can be reduced(F堙，8)．

．5¨0‘

F
5

10‘ tO

日uckIl“g，cm‘

Fig．7 Void reactivity coemcient札riatioll

with buckling
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COOIant vOid fractiO“

Fig．8 Keff variation witIl T11／u asseIIlbIy
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Reducing the c0Te heigm and using seed_bl瓶k technlques aTe e仟色ctlve Inet 11()一1s

to decrease the V。id reactiVity c。e珩cient for tlle tlght 1attice high convers】on react。Ts

On the other hand，these tech工1iques w川aggraVate t}l。power distribution and rc q【l晌
plutoniItm separati。n rrom blaIlket．The n讧xed core of MOX and Th儿f船semblies fan
Void these disadvantages

5 CoNCLUSIoN AND DISCUSSIoN

The tight 1attice PHWR concept was smllllated witll modern reactur口hvslcs cakl】
lation codes and analyzed jIl tlIe present work 工t shows some good chaTacteristlrs R)r

tllis type of reactors Fbr MOX fueIs，it can achieve a high conversion rati。。f ab011 t

1．OO)with b啦n—up 60 GwD／t，two times of PwR’s．Abundant th。Tlum s 011rce can¨
utihzed at hj曲e伍ciency．The tight】attice PHwR can be used to burn叫lnary and阳
actor plutonjum，reduce p1 Lnoniu瑚accumulatjon and eIlvironmeIltalimDacts．The“)t叫

pIutoILium in the reactors is a】most semconsistent，thereiore、pIuto工1ilml seDamti0nls Imt

necessa『y．It can prevent itsⅡ1ibtaTy usage

Tight 1attice PHWR system structure ls sinmar t()PWR、s and the heavv w。lIPr

coolant technique is also very matured{thcrefore，the tjght 1attjce PHWR is veTv praf—
tic出without seveTe technical，m呲uhcture and license issues The exjstin譬expcrl邮ce
扣ld long bnrn—up wjⅡmake t}le tight lattlce PHWR verv attractive on thP econonuf

viewDojnt

Com口ared with the coImerci“LWR．the ti911t lat“ce MOX and Thj U rⅢxed
PHWR possesses some safe dlaTacteTistics(smaU reactivity bunl—up swing，large and

ne层ative fuel temperatIIre coefnciem，etc) Theso characteristifs wm assuTe tlle reaftor

oDeration Even if control rod clusters were extracted out of the core，the reactor coul(1

be contr01led bv the fhel temDerature coe币cjent．

Based on the above c出culation amd discussion，we can cond、1de that Lhc Li里ht

lattice PHWR has the important characte“stics for t11e next generatioIl of nu clear I)『)wer

reactors．Fhture studjes of the concept should be focused on f“el n1旬1ageInent in detalI，

fhel cvcle econornic evaluation、as well as reactor trallsient anaIysis
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