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AESTRACT

EFFECTS OF SOLUBLE BURMNARLE FOISON

oM THE RGE OF A RWR CORE

RALTEN, Serhat
M. 8. Thesis in Nuclear Engirneering
Supervisor : Asscc. Prof. Dr. Gumgor GUMDUZ

September 1387, 9% pages

The computer analysis of a PUR coare to inmvestigate
the effect of saluble burmable poisaon aon the age of fuel
lcading was studied. A multiermergy. cone  dimernsicnasl,

cvlindrical gecmetry unit cell depleticrm code of LASER was

used in the analyesis.

It was found that, almcst all core parameters could
be improved by using scluble burmable poisan due to
harderning af rneutron spectrumn. Spectral harderniing
essentially results in more meutron capture inm  resomance

regicr, thuse mcore plutamium producticwr, and comsequently,

irncreased core life.

idi



Amcry eight different boraticn strategies studied,
pericdic boraticon followed by deboration toward the end of
1ife, gives the highest power proaducticn per unit mass of

spernt W-235.

It was alsca found that 3.2 % fuel ervichmernt resulted

i the best fuel econcay for power productice.

Hey Words 3 PWR, Reactor control, Core age, Scaluble

peisar,  Boyvar.
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" DIET

COZUNUR VE YANAR ZEHIRLERIN

FWR KALEININ OMRUO UZERINDEKI ETKILERI

ALTEN, Serhat
Yitkhsek Lisans Tezi, Nikleer Mihendislik
Tez Yérneticisi : Doc. Dr. Gungér GUNDUZ

Eylitl 1387, 395 sayfa

Bu calismada c@zirnir ve yanar zehirlerirn FUR kalbine
yiklerner yakitaiw &mri Uzerinmdeki etkileri bilgisayarla
incelermicstir. Arslizde, silindirik geqmetrili birvim
hacimde, o¢ok ererji gruplu ve tek boyutlu yakit tiketimi
hesaplar: yapan LASER paket programi kullamilmistar,

Reaktdr kalbi ile ilgili butuwm degiskenlerin, cdziinidr
ve yamar zehirlerin kullamilmas: ile clusam r&tror
dagilamanar sertlesmesi rnedeniyle geligstirilebildigi
bulurmustur. Spektrum sertlesmesi rezomans bélgesinde daha
fazla &t ronm yutulmasina, daha fazla plutonmyumn

retilmesine ve kalp dmrinidn artmasivna meden clmaktadar.



Incelenern =sehkiz degisibk boron hullasram bicimindes
kivizi olar kesikli boron yithlems ve Smeidn soruns doden
borcrmy uzabklastivrma yortemi, tliketiler hivim yakit icin

encok emerji dretimini vermektedir.

Ayrioa, %* 3.3 zernginlestirilmis yvakaitaim gilc  Gretimi

acrerndan en wygun fenginlestivrme cldufgu bulurmustac,

Arnahtar Kelimeler : PWR, Reaktdr kortroalu, Kalp &mrid,

Caziriir zehirler, BRoran
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CHRETER 1}

INTRGDUCT ION

The world's Ffirst fossil fueled electric power plant

wernt imto aperation &t TED) KW capacity in New Yark city iw

1882, Ire the 20th cermtury, & new scurce of energy was

b, the Muclear Emergy. After the discovery of neatron

by Chadwick 1w 1332, ewperimernts on mewtronm bomba-dmerd of

Meawy atome were performed. Three scientists, Lec Szilard,

Ervrico Fermi, arcd  Otto  Habr, indenerndently did verwy

waluatrle warbk at abocut the same time, Althouoh Leco Szilard

patented the "Chairn Reactice" in 1934, first reactor was

built up by Emvcice Fermi at the Umiversity of Chicago. It

WaS & graphite moderated reactor, arnd reached the

criticality in 1343, The purpase of Fermi reactor was nat

the power producticn but the producticr of plutomium for

atamic bomiz.

Rfter the 2nd World War, the world's first nuclear

power plant was put intce coperation in 1334 in USSR,

Muclear technclogy advarmced gquickly dim the last few

decades to meet the world's ewnergy demand of the woarld as

it is the most comprehermsive emergy scurce after the



foassil fuels. In the first twoe decades of nuclear era,

Frescurized Water Reactors (FWR), Boailing Water Reactors
{BWR) , Gas Cocled Thermal Reactors {(GCTR)Y, arnd Heavy Water
Reactors (HWR) were the mairn reactor tvpes for proaduct o
af steam from raclesr ensrgy. FWR znd BUR use ernviched

wraniwn while the aother twoe use matural wramium Ffor Ffuel.

Since the sources of wramium are limited, the ruwclear

poaeer ivdustyy  is beimg plarmned out to ehift to the

breeder reactors in the coaming decades. Breeding is

defined &= the production of fissile isctopes fFram  non—
fissile fuel isctopes, e. g. FPu-233 producticon Froam U-Z38
{See Fig. Z.11). The mairn types of breeder reactors that
are under— develapmernt, are Liguid Metal Fast Breeder

Reszctars {(LMFER), Gas Cooled Fast breeder Reactors (GCOFR),

amd Malterr Salt Breeder Reactors (MSER) .,

With the advamce of the nuclear technclogy, nuclear
power became the primary energy scuwrce in a number of
canrmtries like Frawrce, Taiwar, Belgium, anmd Swedern [13].
Taday'?'s capacity of rnuclearspower plants and capaqity
prajecticons for the year of 13390 and 2000 for various
cocuntries were givern in App. A. It can be seen from Table

A.1 that, the rnuclear erergy is am important altermative

ta fossil fuels, not only for developed countries but alsc
far developing courntries. Although the types of reactors
were ot menticrmed im this table,

FWR is the mast commanly

used reactor all aver the waorld.

fu



Exrly wmuclear reactocrs were conmtrolled by using

stromg  meutron absorbers.  Such conmtral rode were said to

e "blach™. Straong flux depressions at certain locations
of reactors caused umsmocth  powers praduct i ooy, ard
inefficient bavring  of fuel, while thermal streszes

imtroduced early material failure pproblems, S, recent
cortral rads are made  from relatively weak neut roo

abzocrbere arnd these rods are zaid to be "gray'.

Arcurd 1364, & new coantrol aspect so—called scluble
burrnable poiscn controel was developed for  PFWRs. Strearmn
meutrors absorbers such as cadmium, indium, and boyron are
injected into the primary coclant system fraom the high
concentratiaon tanmks {See Fig. 2.68) for abscrbing  the
excess reactivity, defired as "k—-1", of the core. Owirg to
the sensitivity of the amount of scluble poaisaorn in the
core  bto the coclant/moderator density, scluble poison
canmtral ise a techrnalogy mainly for FURs, However, sCme
researche  are carried cut to hee it alsc in octher reactor
tvpes. By uszing scluble poiscrn, the valume of coantrol rods
fer abscrbing the excess reactivity carn be decreased due

te spectral hardewning.

7]



L. SCORE OF PRESEMT STUDY

The primary source of the economic advambages of

muclear power aover the conventional power sources lies i

the substamtially lower fuel costs of  auclese  power

reactars., Therefore, ars  extremely  important Facet  of
raclesr englaescing iovalves determininy the parameters of

et by, the idwmitial core as well as the subzsequent el aad

cores to mimimize Fuel costs., This toapic is hrcwn as irn—

core fuel marnagement, ard erternding the core life of the

reactor is the peimary aim of the curvernt studies.

Coaee TiFe ar owelz lenagth canm he defiaedl s the time

durivg which the core carn be hkept oritiosl for weach

Toading. If the loaded fuel is ervriched. 1t is

clbyvtous

that the core life will increase, but the ecconomy gxined

mayv ot always be of hiogh sipmificanmce. Fuel sveichment is
an expensive process which leads to an increase in  fuel

coste. Iri additiar, with the irncreacse inm  emrichment,

imitial multiplication factor of core will irncrease. This

thern increases the contral requirements of the core. Iw

cather words, more valume is rneeded foor absorbing excess

neunt rorns,

The aim of this research is ta finmd the optimum

amecunt of scluble burnable paiscon forr a givern ewmeichment.

The aptimum saluble burnable poiscon denctes the amount

which gives the maximun core age amd the maximum power



groduction per unit mass of spent fuel. The charmge in scme .
reactcor  parameters, suech  as U235 depleticey Fu—-239
prcduet or, izctopic power production rates, etc. viere

alec gilvern.

A sample FHR core data was vesed i the erxecution of
umit cell depletiorn code, LABER [1,18] which will be
dezcribed later in Chapter 3. The errichment of the Ffuel

loadiny was changed from 2.1 % to S.6 %,

The present study includes a brief descripticorn of iwm—
core fuel managemernt , contral methods arnd fuel decvletion
ivs Chapter 2. Chapter 3 cormsists of same introducticr
about LASBER code used and its data. Ivs Chapter 4, the
results of the study were giver. Discussicorm of results,
conclusians, and recommendaticne, were presented 1w

Chapters 5,6, and 7, respectively.

&)



CHARTER &

REACTOR BURNUIE PHYSICSE

2.1 GEMNERAL

Muclear analvsis of a reasctor core carne be divided
imta three as core oriticality arnd  powsr  disteibutiore,
reactivity and corntral, ard depletion analysis [33. A1l

three analysis reguire am accurate burrnup predictice.

The most accurate fuel burnup data can be aobtsirned by
experimental, destructive or nan—destructive methods. In
the destructive method, the irradiated fuel element is
arnalyzed hy radicchemical technigues to find the ocverall
burnur of fuel. The rnor—destructive method consists of the
gamma &y analysis of irradiated fuel [E1. But, in the
design steps of a nuclear reactor, & burrvup prediction is
required to get a knowledge about the future behaviour of

core, therefore, burrmupr calculaticrne must be carried cut

by using simulaticn computer programs.

Reactcr core behavicur can be predicted by
criticality calculaticrme over the core life while flux
distributicorn calculaticrms are mainly used to determine the

lcading patterm of fuel., . Both criticality ard flux



distributicor are dependent orn the depleticn of fuel.

The excess reactivity of fuel loading must be  Kecess
im design steps, tao achieve the best control strategy and
the fuel loaoading cattern for flexible arnd safe operation
wf & reactar, The fuel compositicon champe during the core
life amd the fissicn product accumelatices with the
depleticn of fuel must sxlsc be kncown by the desigrer  for

the above goals,

I ather wordz, a complete study of the time
dependernt producticon and depleticrn of muclel in the core
which is cxalled as depleticnm or burnup analysis, must be
perfarmed in the desigr stage«. The burnup analysis of &
reactor core iz used in the determinaticon of main praoblems
of core design, cormtrol mecharnismns, fuel mamagement, arnd
cansequernt iy, core age. The last one iz the most important
parameter used in desipgrn imwhich the optimization praoblems
are dovie for the better burnup of fuel. The better burnup

maturally mearns hipher core apge.

Core age (7)) is defired by the umits of power
produced in total 1ife of core per umit mass of fuel
lcaded (MWD/T)Y oo i unite of effective rumber of days
irnwhich the reactor has beer aperated at 100 % full power
cutput (EFFED)., Same cther umits can alsa be inmtroduced as
power proaduced during the core life per umit mass of spent

fuel (p5p= Specific power) which is used in this study as

a compariscr oriterion.



I  power reactors, core age in MWD/ T  depends upcor
same paramneters, as imitial fuel lozd amd srreichment,
B v . brurmable poisan wtilizatiorn. predicted conversiorn
et i, eto. . I¥ the different amcunt of atilizaticn of
contral mechamisms is called as "comoerol  strategy”, tre
relationshin betweern this stratepny amd core age is &

remarhbatle auestian. For & better approsch, SOINE Mo
details about the fuel mamagement a&and  the comtyal

mechanisms rneed to be introduced.

E. 2. FUEL MAMNRGEMENT

[
3
i

ruclesr reasctar core, radial flux distributican
for power distritratice shows a similar behavicur to
"arbhitrary flux" im Fig., 2.1 without the conteral elements.
The area wnder the curve ie proporticomal to the total
power gereratican, therefore the greater the area wunder the
CUFr Ve, the more the power generaticrn im the reactor. But,
thevre are some constraints about the Fluxw distributicr.
The maximum flux carm not exceed a certairn wvalue

because
the laccal temperature increases with the power generated
and with the lccal flux presenmt. Thew, the area cam nct be
arpitrarily improved by increasing the flux, if the desigwn
value of the. flux is close to the limiting value. Ors the

ather harnd, flux can be flattermed by using different

lcading patterwms amd/or proper utilizatiom of some controal



maechanismns. The most important loading patterns wsed

iy
practice are bkatch loading, zomal loadimg, arnd scatter
laading. By fluw flattewming, =some power cam be gained, i.e

reactor
boundary

flattened flux

arbitrary flux

Figure 2.1 Gemeral behavicur of rvadial change of thermal

Flux (4

area under the cuerve can be increased. The area which can
be ogxined lies betweer the =srbitrary flux curve and the
flatterned flux curve, that is the shaded area givern iwn

Fig. Ze la Flux flatterming is a fundamertzxl izsue in fuel

management .

A fuel marnager has the flexibility of usimg sonme
variables whern choacsing the relcad patterns menticorned

earlier. These variables are [41;

i.errichmert of fresh fuel,



Zogquartity of fresh fuel {number of rnew fuel
elements),

3. revse of used fuel.

4. length of & reactor fuel ovele, it.e the residence
time of each fuel bkatcoh in the reactaor.

S.detxiled reloading patterrg

6. altering the mechamical design

Q
v.h

the fuel
assemntxl v,
T.use of burmabhle poisons,
The last ore will be dizcussed 1y detail later. Tre
criteria uwsed ivm optimiziwmg in—-core  fuel marnagemernt
schemes can ke summarized a= [43;
l.maximizing average discharpge fuel burnupe,
Z.omaximizing cyvole lempth {lor koep,or ovole burnup,
3.mimimiziryg fresh reload fuel {(or ermichment),
.
H.mivimizing power peaking factor {(or maximizirng

CCrE W) .

The clde=st method of reactor core fuel loading is the
batch type irnwhich all the fuel elemernte haz the same
ervrichment in the reactor core. At the end of cycle (ECC),
all fuel elements are replaced with the fresh ormes, ard
this is repeated for each cvycle. Ratch type, or sc—called
simgle batch type laading has a great disadvantage, radial

flux o power distribution carmot be comtroalled by

lcading.

10



This tyvpe of lcading is the first modified case  of
Lateh loading which 1s alec called as the In—-0Out oveling,
v order to have flattermed flux distributicn or  mnore

Drame . & multi—-zonmed fuel loading patteras (Fig.

1s

fu
LY

HY)
A

sl ied irmwhioh the enrichment of each 2ane decreases

through the iLnmer zomes at the itmitial cyvcle. If the batoh

TR AR
\‘E*Eii

. A $)
SIS

?;' :.{‘; 3

2 4] B
SRS
ATEES

Figure 2.2 Simple sketch of three—-bkatch zonal lcadiwng

iz defirned as the certain fracticonm of core replaced during
each refuelling, thers zornes correspond toa sinmple batchs.
Irradiated (cr partially used) batchs are shifted towarde
the irmer zores while the central zome is withdrawn from
the core arnd fresh fuel is charged ta the cocutermast
zovie. The fresh fuel at the cutermast zome causes a strong
filux gradient at the core boundary, eriharncirng the reutron

leakage. Irradiated fuel at the certer of the core avoids



trigh power peasling. Irn larpe cores suabjected to high
bBurrune, appreciable digstorticms in the fFlux distribution

car arise which could lead ta large power peaking factors.

1Y

2.3 Beatter Loading

The dizadvantape of zonal loaading,. i.e rather high

power pesking factors had led a new pattern. Ivn order to

explatt the lacsl arid globsl flux flatteming
simultangscusly, fuel ig locaded in & scatter o random
patterr. I the modified irn-—cut scatter loading (Fiag.

Z.3), the fresh fuel is charged as first batch ta the edyge

of the core while the irradiated fuel in the cuter zorne is

ecatter lcaded i the inmer zomes. After the first Few

transzient cycles due to mainly fissicn product poisaning,

core reachs to equilibrium with egual power productiorn iwm

<
53
57
Mg V’,

1y 1§
3
sy
Ho]
2]

HEIEY

Figure 2.2 In-0ut scatter loading
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each cycle. Therefore, the radial power distributicn which
ie characterizing a scatter—-lcaded core, has a&a scmewhat
flattered form of the distribution characterizing a single
batch loading  cove, However, there are wvery small
distortions in the local power denmsity. Three—batch in—out
scatter loadinges are frequently used in FWRs while BURs

emclay wsually four—hkatoh scheme [E].

Z.iZ. 4 Axial Mamanement

Desigr specifications of fuel allow tao radial power

shaping in the reactor but a similar flux distributicn is
valild ive axial directiaonm. Ar altermative of axial flux
shaping is the change in fuel compoziticrn of fFuel elemert

axially. But  for the reascon of added fabricatiom costs,

FWRY & oo BWR'e fuel rodse are umifoarm in arnial directiad.

The axisl fuel management i= handled by contral
mechanisms which will be discus=ed later, arnd by coalart
management rather than axial emvichment zormes. Varving the
caxlant floaw rate affecte the heat tramefer ta the
cacxlant, angd consequertly, the fuel temperature. The
Doppler feedback couples om the corresponding reactivity

channe [683.

.2 Recent Develcpments

Recent developments cn fuel marmagement are based on

the out—irn scattering lcadimg patterw mainly. Methaed is



tmproved by using different emcichment loading pattern in
alsce successive cycles. Downar arnd Kim performed such &
patterer Forr captimiziong the bengivming of coyole (BOOD [HaEnT™
at Zicen Weit 1 PWROETI, Laading patters of Zicm Umit 1

comsiste of Ffour different emrichment iv each cycle which

means each batcoh has differenmtly enmriched fuel assemblies.

Hobsom amd Turiwnshy [813, appraached to the problem
with & wew method. Their cptimization model was hased oo
art additicrnal classification of fuel elements, called
Yoo, Each colar fuel assembly has different barnu
with differenmt reactivity. The color assigrment scheme was
based on fuel assembly reactivity racking, with coloar 1
beirng azsceiated with the lowest reactivity fuel assembly.
R kMind of cut—in scattering locading pattern has been used
by comsidering the coalaors, for maximizimg BOC oyele
reactivity within power peaking amd burnup comstraimts 1o

LEGRARD anmd FDO coades.

Econcomic amslysis of advarnced in—core fuel mamagemert

techniaues carn be seer inm the study of Andrews, Matzie and

Shapivrae [33.

2.3 REACTIVITY AND CONTROL MECHANISMS

Criticality of the reactoer iz described by the
conditicr of Mk=i" arnd disturbarces in the core is

expressed by the deviaticrm fram the urmity. The relative

i4



dewviat ior,

b—1

R |

b
iz kMrown  as the resctivity of the core where b 13 the
multivlicatiocn factor. Excess veactivity is compancated b
corkral  mechsolsme, Balarncing of reasctivity comoonents
which cauwse nepgative or positive change, cantinue antbil
zevo encess reactivity, i.e cove life. Here, the excess
reactivity is defirned as the case, all the comtral systems

are withdrawrn from the core.

The main comporent of reactivity is due to fuel which
introduces pasitive reactivity. A certain amount of
menative reactivity, coantrol reactivity must ke introduced
inmta the core for compencsating the excess reactivity of
the fuel. There are alsc some other corntrol resctivities

foer pproper contral of the core. These canm be classified

i

K= 3 i) scram control for shutting the reactor down  uwnder
iy cornditioans which requires wvery rapid negative
reactivity inserticon, i1) poawer regulation desigred to
cover the emall reactivity trameients due to changes inm
reactcor parameters, and iii) shim contral for compensating
lomg term reactivity charmges due to fuel depletion, ard

fissicorn praduct buildup.

Scey essentially two main reactivity chariges carm  be
described as lomg term anmd short term reactivity

deviations. The causes of long term reactivity changes are



the fuel depleticon and the fissicon product polsoning, arnd

theyv adversely affect each octher. Sivce the core is loaded

with & fuel more than the critical mass, & cevtailn amount

positive reactivity 1e already itvmserted into the core.
By fuel depletion, the reactivity of the zsvstem increases
witiy  the appearansce of about 2.4 nmewtronse e fission
process with the abkscrptiorn of =imgle meutrorn, Inverasely,
fuel depleticr  introduces wmegative reactivity due tao

fFizsiom product acocumulaticr. Each fissicon praoduct hazs =&

certain absorption oroass sectiaon but two of them, RETIC—

13%  arnd samarium—143 have very large oross sections.

Excess mneuwtroam abecrpticnm by Xe—-l138 armd Sm—1473 is khncwn as

fizssicorn product poisaning and it has a megative effect on

the reactivity. It must be rncted that, they are depleted

ot at

ey meuwtror abeEoroticr, while Xe—13% additiomslly undernpoes

radicactive decay, =T roth reach equiliberium in time.

Therefoare, time dependert effect of Ffissicarn product

poiscornivng must be comesidered in early times of oaperation

anly.

The eshocrt term reactivity changes are usually due to
spontanecus  events. Rapid charnges of some operaticnal
parameters of core cause changes ivn reactivity. The
temperature of fuel and of moderatcr are highly semsitive
ta flux charnges. Suddern charnges im  flux, i.e power
peakings result in change of temperature which affects the
fissior rate of fuel directly. Therefore, rnegative effects
of temperature on the reactivity must be achieved for the

is



safe operaticon of powner resctore. The charnge of reactivity
with the temperature ie given by foermulsas
du 1 db

o T e 1) mvsssrterim eovsreets aseniar s

‘ aT b a1

fu
L )
m

wbrereer RS ig the temperature coefficient of reactivity., and
f 1 the tenperatuwre, Egr. 2.2 1e apwolicable for both fuel

ancl moderat e,

The rezsponse of

P

reactor tao & change in temperature,

depends on the signm of the coefficient of reactivity. if

. is positive, an irncreasze in temperature resulis in an
irncrease in k. It then increases the power which in tar,

rezultse in arn irncrease in temperature agair. This leads
arncther iwmorease inm KR oamd s o Therefore, amy increase
i temperature will lead to the melt-down of the core iwn
the abserce of external inmtervent icer. Similarly. =
decresse  irn temperature will result in shut-down of the
reactar. If @ is wrepative, the process its entirely
different. Ary charnge in temperatuwre will result  an
irverse effect an power by arn cpposite chamge in k, arnd
that forces the temperature to return to its original
state. For instarnce, if the temperature of the moderator
increases, thermalizaticn rate drops, so fission decreases

and power decreases, then temperature decreases and

thermalizaticry rate irncrease to restore the original

state.



The fuel temperature coeffictent of reactivity is
megative Ffor all reactors owing to & phemomersn Boown &s

rivclesr Doppler effect [21. The maderator temperature

coefficient carn be agproxkimately written based on bthe

1M
Factar foormula as,
o =508 0. + o Za A

Tomaceh P f bep ¥, R

where f o is the fuel uwtilization Ffactor, P is the resomance
escape probabkdlity, and P is the ronleakage probability.
These are the temperature dependent properties of  well

b eauat 1o,

b= E F b N
and each term of Eon 2.3 is defimed as giver by Earn. 2.3,
for instance for f,

1 df
aT.'fx‘_m" R =
f a7

aT,f depernds cn temperature due to the expulsicon  of
scme of the liguid moderator from the core with increasing
temoerat ure. The reduced abscorpticn of moderatcr relative
ta abswrption of  fuel, results irm an increase in T,
therefore, oo will be pasitive. This effect i= especially
important im the case when the scluble poison i present
in the moaderator. Ejecticn of some moaderatcr due ta  an
inmcrease in temperature leads to a decrease in p which
results in a regative uy for a liquid moderatcor. Same
phercmencn  resuwlts inm a decrease iw P inm a more complex
marmer, ard causes megative LR This is simply due to
the fact that neutrons diffuse more readily through less

derse media, ard leakage of reutroms increases with

i8



increasing temoerature.

There are some cther coefficiemts, sucty &qe wored d
coefficient of reactivity.
i
0, e 2.6
oy
Far  woid  coefficient of moderator v, arcd it i highly

impartant i BWRw. Becides these imberent reactivity
channes, some  different methods of negstive reactivity
inserticon are used for different control requirementse,
mairsly foor balancing positive reactivity, such a=z control
rode, fixned burnable poiscons, ard s=solukle burwable

poiscns, i.8 chemical shim.

S2e 2.1l Movaldle Controel Rods

Cormtral  roads are used for many RUWrRposes, RoRE s
renulatiarn, scram  control, and partly in shim corntral.
Cluster type control rods (Fig. Z.4) are mainly used i
PR £33, Abhscrber rods used in FURs comoose of hafrnium
for indium), cadmium and silver geverzlly, and they absorb
neutromes from thermal and inmtermittent ernergy ramges. With
the irncrease in conmtrol reguirement irnwhich the comtreol
rads  are used, the tatal wvalume coccupied by them

increases, and it leads ta anm increase in overall size of

cCre.

13



For  soram, rods must have high amount of  rnegative
reactivity faor echuttivmg the reactor  down  in emergency
CRTE . Ceoveb el rade  have the most reliabkility for this

G 62, genecially due to mechamical avallability of

reoutred spesed of reactivity insertiarn.

Control-rod___
assembiy

_.Rod
absorber
_Top
nazzle
Fuet rod—. —Grid
assembly
Absorber rod
guide thimbie |
jl ~ G
assemibly

_Dasti- pot
region

Bottom
nozzte ~._

Figure 2.4 Cluster cantrol assembly for PURe

Yernor and samarium tramsients are alsa contralled by

corntral rods. Whern the fissicw increases after the start

up, fissicorm products accumulate in the time and they

intraduce & megative reactivity to the system. This

is
campernsated by the withdrawal of conmtrol rads  fram the
core. Simce the reactor started up with all rade Ffully

irnserted intca the core, a paesitive reactivity is irnserted

inte the system by withdrawal. The poasitive reactivity is



balanmced by the accumulaticr of Xe-138 and Sm—-149,

The small tramsients im the reactivity are comtrolled
ey the artial use of control roads. The hot spots 1w the

= -2

eell are alesa removed v the partial imsertice aof rods,

Fuel manasgement using controal methods i am important
sulxject ivaebiich wo modification of reactor core desige 1c
recessEary. By using comtrel rods, Flux disteibuticon can be
cankralled with a loss im mewbran ecormomy. Flux flatteminn
cam e cbtained with a proer atilization of 11 vades, but

oo puch meutrons muast be absorbed whiich is umdesirable.

Raditicrnally, anial digtribution of Fflux canrmoct ke
controlled with  full length contral  rods. Therefore,
corteecel rodde containminn neuwtron abscrbers amly a8t &
ceErtain particen so-—called Axial Power  Shaiing Rode

(ARSHRY) can e used. A fuel management study by using AFSRs
had been performed  for Ranchoa Seco corve by Ake et al.
E1D3. They tried to develop a new procedure of APPSR

withdrawal for extending the fuel cycle lenmgth.

e 2,2 Fixed Burnable RPoisan

A relatively rnew concept in the contraol of 8 reactor
is the wuse of fixed burmable pcocisoms  for  lomg  term
reactivity chaviges and it is the most suitable control
methaed forr fuel wmarnmagement. Burnable paiscn pine  are
placed irn arn assembly like the abscrber rods shown im Fig.

2elhra Burrmable poisorns are such isctopes that they have

e
s



high abscrpticn oross sections and are converted ik
rnuclides with  low absorgtion crose sections after the

mEentron abecent ior. The mostly used element iz boron

avicd

there iw a hiph tendenmcy for the use of gadolimiuvm alec,

Hurvmable poisons can be placed woi formly mixed with  the

fuel. Im +thie respect, gadolimiwm aoxide draw  moree
attent iarn bhas ooy hecouse 1t is moore compatible thar
oo carbide. S[inmce they have higher orase secticn bthan

the fuel, they burn  cut more rapidly  leaving minimal
poitaecr reeidue at the end o«f coveocle. Feoor borom based
burmable podsoans, residual poiscor can be ivn sigrnificant

amant arnd simce it is fixed mechanically, there 1w

]
way ta withdraw it.
Fadial PO e distributice cortral iz easily

achievalbrle with proaper lacaticon of the burnable poiaecr.
Sy prelaading determination of the polsorn contral design
iz required where Flexibility im placinmg different ol s
pims withiv ome assembly provides anm additicomal degree of
freadom i1n the desigr. The coptimizaticn of reloading of
the muclear reactors depends completely cm the successful

utilizaticorn of Dburnable poiscrms to provide the reguired

depletion cr pocwer distributicm 113,

Az mentioned earlier, gadclinium canm deplete at a

much oreater rate due to much higher thermal abscrption
crass  sectian, resulting in mimimum residual poison. A

compariscon of burning rates of these twoe materials were

fu
HU
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Figure 2.5 Comparisarn of depleticn characteristicse of

gadolinium amd borcoe

showrn  iwm  Fig. 2.5 L1237, It is seen that, sigrnificant

amcurt of EOC residual poizcrr still remairs in the case of

bBoron  ever in the miminum borcr concentration (i.e 1B  in

Fig. 2.9, Far gadal ivmium, ar important characteristics

can be seern fram the Fig.

=

2.3 that the slopes of curves

fo
0



largely depend on the inmitizxl concentratiorn, i.e the

mamlzer of polson rods per assembily. I additionm, TR
reaidual polacr remains i bwa af the thrvee cazes 1w this

scwdy, amlyv one of them enceeds cvele lenuath.

FPower  distribution can be sigrnificarntly improved by
burnakrle  poidsans For twe reassons $1313 1) contral rods,
ercept those veavirved for xencon and samariuam transient,
can  be removed from the core during operation which
reduces the flax distorticrn, and 11) a further imorovemsat
cars be abtaiwved by locatinmg the burnable poiscon where the

flux terds to peak, which reduces the peabks and leads to a

urii form power distributicn throughout the core.

The last impocrtant propercty of burnable poiscons that
must be pointed, i the tenderncy of burmable poiscnse to
make the reasctivity temperature coefficient of core more
repgative, which results in increased safety, stalxility and
self-regulaticn of core. The gereral tendewmcy irn the
design of wmew FWRs 1= to use amly burwable poisons for
steady aperaticar, and ta use controel roads  for akrupt

reactivity charnges.

2e.2e 3 Scluble Burvnable Paison

Scluble poiscr cv chemical shim is a Kind of conmtrol
based on a material havinmg high meuwtiron abscrpticw coross

gsecticry with sclubility property in the moderataor, Ecric

fo
>



aeid s used 1w most of the applicaticnms in ppm (parts per
millicm) uwits in the moderatore. Saxluble poizans are used
For lovmm term reactivity chanpes, and permits & reactor bo
e operated at Fall power, ivi the steady state condition
with all coantrol rads 1w the "out” position except For tihe
wmall tramsient controele. Therefore, & savioyg of more than
S % i the wamber of conteol rods, drive mechanism  and
aseociated eavipment is possible 133, But inmjecticn and
removal of the boric scid into and cut from the moderator
alsa vrenuire & comiles schems that cam bhe seen in Fing., 2.8
143, But this compolex scheme and poilscning takes place

away From the fuel region, i.e. there is no relaticn with

to turbine

Y
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frorD condensor
Y

primary
coolant
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Figure 2.6 A mcadel of coaclant and borom conmtrol system
{BE=boraticw, R=remcval, I=inactive)
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the - fuel wvalume. Thiz iz arncther reason why it i
preferakly  used. Both comtral yads and fixed  burnable
pecel SO &re v sueh positioms whiioh can also be used  For
Fuel ., Ivi weher words, some of the fuel element tubes are
zutietituted toyw  conteral  vod tubes, arnd fiwed burmable
prexizor btubes v & reactaor. But, the lezsened rneed For the
cortbral rods because of the addition of  socluable opoisorn
provides the possibility of inserting more fuel elements
imtae  the ocore. Hervscrez the corve apge oan be furtheo

increased.

-

_d
(a) b
Figure 2.7 Fower distributicon in three—-zone coare,
a) usirng rod cormtrol, b} using chemical shim

cantral
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Simce the scluble poisonm is  injected irnto  the

meodemator wed Foarmly, radial fluw distributics 1 mat

flattened but sauvessed, therefare, fuel laading pattern

daes motb essentially change compared to won-poiscn oase.

I

Solubkle poiscn atilizsaticr does not introduce comolewity

1vvbr the calculaticns of fuel manauvement. A coapperisogs of

fluax distributicn of control ot arcd soluble  polscon

utilization im & three batch leadimg can he seen 1w
Fig.&.,7 L[133. Cortral  rads, shcowr by crosses  irn Fig.
Ny J

e T disturl: the power digtributicn mere  than  the

acluble poliscr dows as seen ivn Fig., 2. 7. b.

The temperature coefficient of moderataor with scluble

o o hecomes less negative combpared to moan—pol Sorn OssEe,

becouse higher reduction in absorpticon of moderator ocours

with the expulsion of liquid by increase in  temperature.

Thie wmatuwrally means higher pogitive e £ ands/or  less
k)

mnegative Gy . In additicar, chemical poiscan  density

1]

decrea

i

2= with an increase in temperature, arnd this pive=

rise to positive component of reactivity which i= directly

proportional ta poisan concentraticn £137. Neutrow
apzcrptican by conmtral yoads contributes a negative

imcremernt to the coeefficient. But, sirnce the scluble

poiscern ig used irn comtrolling the excess reactivity with

coarityral  rade almost withdrawrs, the imitial temperature

coefficiert of reactivity becomes less megative as burnup

increases. After a certairm burnup, i.e certairn poisce

o
~d



carncert st 1o, it will be positive, especislly at lcw
temperatures as seern from Fig. =. 8. It had beern fFfound
that, with a zero o even poasitive temperature reactivity

coefficient, core  stability ie noet adversely affected 1 f

the wet oo F P roient el s o independent

Dogee: l e arici
moderat e ) TEmal e i ly slightly penwitive £13%.
Cansequent Ly, b beerrs the @ negat ive, imitial

concentraticn  of polscr loaded must mot exceed & certain

valuwe for certsxin laadinog.

W/uU=29

— o s enr. =3.5°/o
ol

5|5-1.0; 2000 ppm
-151 1500

-20 1000

500 .

i} 0,
0O 100 200300 40 S00 600
T (°F)

Figure 2.8 Change of mcderatcr temperature cocefficiert

with mcderator temperature at differermt boraown
caormcentration
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Firmally, arncther limitation forr bover utilization is

the rate of boroan injection and/or withdrawal into and cut

from  the svetem due to mechanical comstrainte. s imam

. . . o e e -3
meactivity irmjecticy vate is alout 3.0 E-05 £33.

Hewmce,
zoluble poison can be geed for oamly loang term  resctivitw

Charues.

g. 3.0 Receot Develoomernts

Forere and Galperin sunoezted & wew FUR cowmtroal svsten
irwhich gasecus absorber is used L1571, This method

is

bazsed oarn the introduction of a rneutron absorber gas, He-3,

which has a very high abecrpticn cross section, irmta the
reactor ccae., They proposed to inject the abscrber 35

it

into the guide timbles which canm be commected to tubes,
that the pressure of the gas in these timbles may be
contral led. R compariscn of three contral methoade and the

suggested one i= tabulated iw Table 2.1 [153.

Tabkle 2.1 Comparisarn of meutramic featuwres of conmtral

methoads
) radial wineces
axkixl power sSerry
methaod scram | vaid | power | power | distr. | meutron
of cortrel cormtr. | coef. | distr. | regul.| contr. | abscop.
Cormtraol roads Yes N Yes Yes Yes Nc
Burrnable poisce | Mo M Nce Mo Yes Yees
Scluble paison Mo Yes Nc Yes N Mc
Foisarncus gas Yes Nce N Yes Nee Mo




Galperin et 1. 163 proposed the substitution of
gxluble poison reactivity comtrcl system of & FHR O by
gacdaod imiwm &= a Fixed burnable polscr. Uzual lw, aorily the
firet covre is loaded with fixed buwwyrnable coilscrms, while iw

the  eouilibwium ovoles,. crily  the scluble poiscer amd

general ly woean ie used to comtral the core criticality.

N
5001
B Gd B
< cd
5 4004
S
0
5 300f
Kyl
L
529002 0z 06 08 10 12
neutron absorber (gr/it)
Figure &.9 Effects of different poiscms o

critical lattice

Wnile the traditicmal elemernt of scluble puisorn  is
s, Llayd et al. £171 praposed the utilizatiom of
gadolimium  and cadmiuwm sz scluble poisons. R ceries of
experiments had been performed to compare the effects of

paisans on the coriticality of water moderated lattice

assembly. Their results can be seern in Fig. 2.%9.



.4 FUEL DEFLETIOM AND POISOM ACCUMULATIONM

Duririg  the aperatice, the fuel composition will
champe az fiszsile isctopes ave consumed and fissicorn
peaduct s are produaced. Core l1ife analwvsis reguires
atudyving the time dependent depleticon and production
chaing foor privmcipal lsotopes. Ivi Fuel depleticr point of
Wl e, mair isctopes are uranium and plutonivm lsctopes,

ard theivr deoletion chains can be seewn iv Fig. .10,

Fuel depleticr arnalysis is concerned with predicting
the long term reactivity changes. Therefore, a detsi led
analysis of time dependent fuel depletion analysis is
reguired for defirning the core life of & reactor and ite

cortrol.

235 {rm, 7v) UZ36 {ri, v
Am2 ol
gle13 v
Py 33 (v, 1) Pu3ad {n, 7) PulZa4l {r, v) RPulZaz
gliz.a o
Mp239
Y23 min.)
Uz38 (r, r) K233

Figure .10 Fuel depleticrn chairn for uramium fueled
reactar
Simce the fissicown is almost always asymmetric, twee
fragments have different masses, and each fragment appears

with a certairn fissicn vield which is pivern as a furction



af mass rnumber in literatwe [2, 31, In this wide spectrum
of fragments, i.e betweern the mass rnumbers of 70 to 160,
twe of them, ¥e—-13% and Sm—1479 are important due to their
hinh abscorpticn orose  secticans. The thermal neatron

abzorpticaon oross secticons are 41000 barrms forr S8m—-14% arict

2.7 Eos barrme for Xe-135% [Z213.

Fraducticor and removal of Xe—135 can be seern iw Fig.
c. 11, But, half lives of scme of the precurscrs of Xe—-135

e s =mall, therefore, Xe-13% concentraticn at any time

t carn be expressed by comsildering the icdinme onmly as
fol Yowms g
&1
~f~—uJ>EF®(r,t)—th(r,t) 27
&t
&¥
=% F‘H b £ ) ):'r“" oy e i I o L ADIECY N LA S )
&t
O LB, B X, ) iZ. 8
. ¥

where X,1 are atomic rnumber densities of Xe anmd I,
rewnectively,
@ir,t) is the time arnd space deperndent Flux,
Myeh; are the decay constants of Xe and I, )

T n iz the microscopic abscrpticon crass section

¥ iz the macroacscapic fiscsiom ovross secticom  of

fuel, and

Q ,q are the production yields of Xe and I.

bl
[



Figure Z.11 Froducticorn arnd remcoval of Xe—-13%5 in fissicon

First  two termes of Ban 208 are the prodaction rates
of ¥e-1l4i% divectly from filesice  anmd  ladine decay.

recoectivelv. Last twae terme represent tne depletion rates

s T decay amd dizeimgreEnranc® due Too abxsaroit

2 — 3

SION |—=Md 143 ——— D ') —————= [nl 43

tetanle)

et e By v

Figure 2.12 Production arnd remcaval of Sm—143 in fissicorm

Similar armalysis carn be made for Sm—-149 scheme which

is given in Fig 2.128. But, in this case, Sm corcentraticon

mu=t be evaluated Ffrom the follocwinmg twoe equaticonsg

Py

=l BB, £) —A Ry t) 2.9
&t
55

=g P, ) g, L@, E) S, t) .10
8t ‘

]
0



where §,F are the time and space dependent atomic number
densities of SBm—~149 anmd Pm—149, respectivelw,
F,oer, are the fission yvield and decav cormstaet
[ £x k A

ot Bm—14%9, arnd

3

4. u 1% bthe microscooic absorpticon orozs  section
af Hme-199,

Ye-13%  amd Swm—-147 are especially important due bto fission
product poilsaming. They shaw & hioh rate of increase  at
the smtart upx and this= pericd iz called as the Xe  and  Sm
transients. Here.sigmificamt amcurnt of mepgative reactivity
is spoantanecsusly imtroduced into the sveten. Balarcing of
thie reactivity was discussed in previous sections, Rfter
the tramsient state, each reachs an eaquilibtviuvm value. By
lettimg the time derivative of Eornes Z.8 bt e,
gouilibrium concerntraticns of Xe—-13% (i.e. Xy, can be
found as L3];

) (5, +F] DI @ (0

fu
L ]

fary
e

eqmn™
Ata, L B0

where #{0) is the flux at time zerc. Similarly, Sg,, can

,

e writtern as £33,

I
Se(:"n= * . E’- 1&'
Ca, s

As seen from Eqr.s .11 and

o

'1

o

y equilibrium Xe—-13%5
caricentraticorn is deperndent om the imitial flux, while the

equilibrium Sm—143 cavicerntratior is indeperndernt of it.

Sirmce the acther fissicom products have small

absarption coross secticns {(e.g. 23 barns for cesium, 25



barme for kevptor, and 9 barns for lanmtharnum), they are
lumpsd in ore pseuwdo fissiorwm precduct inm the fuel depletion

armalveis inm LASER code.

b
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CHRRFTER 3

DERLETION CALCULATIONSG IN LASER

Hirce, the aim of the study iz to Finmd am oaptimal

strategy for scluble poiser uwtilization as coorb ol

mechaniom, amnd  to investigate the effect of irmcrease 1

ervichment an the coore age, the charmpe of reactor
carameters with the boron injecticon inta the moderator for
certain fuel envichmente will be irnvestigated inm  this
research. The calculasticons are based on the depletion of
fuel arnd of boron. The procedure that boronm affects the
core coriticxlity wasz discussed before in detail. I this

sect i, LASER, which is a ecyvlindrical core, spatial and

gnergy dependent depleticrm calcoulaticon program, will be

shaort ly descoribed.

3.1 A UNIT CELL BURNMUF CODE LASER

3.1.1 Descripticrn of LASER

LASER is a multienergy, oylirmdrical urmit cell burnup

praogram  writter ivw FORTRAN IY based on the slawinmg down



coade of MUFT and thermalizaticr tramsport theory progran

of THERMOS [1,3,4, 1871,

Ar eneroy range of O to 1D MeV is consildered in LABEF

oA

with 1. 855 eV cut—-off ernerny betwesrn the fact and  thermal

EEETY PETI e, Fagt and epithermal energy vange contains
S0 different  emevrgy groups coincidimg with that af

-

THERMOSY =. Thermal range has 35 groups of energy which

coxircide slsca with the MUFT's groue, The ernerugy mech of
thermsl regicry was  such set up that the accurate

retvresentaticon of 0,38 eV Pu—-2373 resomamce and 1.0 v Fa-

240 reoonancCe were considered.

The code was  restricted with e dimensicanal
cylirchrical geometry with reflected boundary oconditicores,
a el it carvies ont the depxletiorn caloculaticome For & umit
cell (See Fig. 3.1 conmposed of 4 repions which are fuel,
cladding, moderator, a&and an imaginary reflector. With this

P

geanetry, LASER &llows linegar o non—linear approach to

SRAaCeE, time, armd enerygy dependent sclutice of parameters
forr predetermined time steps. The rnumber of scace poaints
that can be defirned in the radial directionm irn the unit
cell, is 14, Therefore, spatial depleticr caloculaticms of
7 isctopes of wranium and plutcriium, Xencr, sSamarium, &nd
& lumped fissicon praduct in the fuel regiorn, amd the
calculaticr of spatial distributicom of Flux over the
ermtire cell are possible. I additicm ta 10 isctopes in

the fuel regicw, hydrogew, deuterium, oxygewn, aluminum,



zivoorit um, arnd steel can be considered in LABER as nan-—

depleting materials used ivw cladding and moderatar,

—

AAWER
NIZANVANY

1.fuel E
2.cladding
3.moderator 3 4

4heavy scatterer

NN

NPANPANY,
NPANPANY,

AN D
Y

Figure 2.1 Unmit cell of LASER fovr sauare batch

Iri moderator, water or heavy water carn be defined
with free gas scattering Kernel and/lcr scatterimg MNelkin
kernel L1,31, therefore, both PWHR o HUR type reactorse can
be simulated in LASER. There are two pseuwda materials in
LASER those must be menticomed. One is the wpseudo fission
praduct irmwhich all fissiconm products except Xe—135% and Sm-—-
143 are lumped, arnd the asscciated croass sectionms  are
calculated fram polyrnaonmials as a 2 fumction of burnup.
Cogfficients of poalyromialse are givern i LASER input. The
secorkd ore iz the heavy scatterer used in the cell
boundary for the reflecting boundary conmditicon assumptice.
LASER assumes that the umit cell ie identical over the
erntire core. This means the meutron currvernt fram a unit

cell to the adjacent four, will be egual ta the nreuwtran
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current from them to the umit cell. Iri other words, The

ezt currant throunh the boundaries of the uwit el l i

1]

zaorged boo ey merie I this vespect, foor simplicity i
caloulatiana, & Amanimary heaey scatteress le weed at the
becanmctarw of the oell. Theoretioal 1y, for full scattering
af meutrars, the thichwe&ﬁ‘mf the medium must be «t least
2 ta 3 mean free path of feutrons  in that  medium.
SGeatterimg oross  sectionm of the scatterer 1s  givenm  in

LASER data, arnd the thickrness of this imaginsry reflector

iz kept the came inm this=s study with the sample data.

The main progeam of LASER has 28 subrovtives, inwhiok
difFferaent limks hac been set up for different ot ione. A

flowcheart for primacy subrogtines was piven in Aop. B

Hevern data file defimitiocr is required in job comtroal
of LARER. Three of them are temporary Files uw=zed for
tramaferrivng data amorg the linke, One of the permarment
files ;5 the thermal library file for MUFT calcoculaticns.
The remaining omes are ome input arnd twe cutout files.
Hesides the ordinsry cutput file which i= primted cut, a
Kirnd of input is generated for each time steps, o for
predefined time =zteps which carn be conteralled in the

program only. This cutput file is used as & imput oo

contirmuing the problem which cam be utilized im & great
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ervtend due to system limitstions. A list and simecle

descripticone of filles are given in RBpe. C.

fut
1]
1
i
it
-~
oo
A
Ka
T
[
&
i
i

i,
PRlthogalt there ave sone correctione afF LSRN

Es e pribe!

ot v its manual £13, ecme further omes were meeded  to

Y. Some variables other tharn the ones defined unmder the
heading of twoe subroutises wereg reauired in converpgenmce
iteraticer of THERMOS calcoculaticwms {(See Apo. D). Besides,

the imitializaticorw of ame of the added variabkiles ta  the

hesding, muzt be 1nserted into the =same subvrout ineoc.

Since
the initial wvalue of ROLD affects anly the rnmumber of
Lteraticr, ars gstimaticon other thanm z2ero will ke

ceufficient.

LRASER  performse the depleticn calculations of U234,
U—-23e, U—-22348, Pu—-23%, Pu-240, Pu-241, Pu-2432, Xe—-1335
Sm—143 in  suabrcutine MORM. For havirnop the depletion of
b, some statements were added at the end of NORM. Form
amy  groue of energy, the form of depletion equaticonm is
simply,

Nit)=N{D)exp{(—c@it) 3.1

This additionm arnd some cther related omes were given in

Aop. D.

Beration of urmit cell is provided by insertimg a
variable to the imput of LASER irwhich the  borem

concentraticrn iv  ppm  unit must be givernn for each time
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steps. Same addition was alsc provided

commarnds and formats can be seern in App

3.E. Iyt OF LASER
The itrputs of LASER were based ooy

given iw Ref. 3, and the needed

SIS Were

ar File

. .

& samole

a.

P i

Related

data

tabulated beloaw.

Fome  of the ivnput data of LASER remained the same, elnce
they were gemeral parameters. The parameters such as cell
Tabdle 3.1 Sample PUWRE data
Thermal cutpout . 3411 Mt
Electrical aoutput 1150 Mbie
Efficiercy 2E.7 "
Fuel ‘ Uz
Cowdd ant /moaderat oo Hz0
Claddimg material Zivocal Loy
Core
Active heioght &6 cm
Eauivalent active diameter 337 cm
Fuel laading OS] b
Fuel element array 17%17
Mumber of fuel assembly/array 264
Total wumber of fuel locatiaon H5O3EZ
Fuel element pitch 1. 2% om
Fuel pellet diameter 2,819 com
Cladding thickrness 0, 0572 cm
Average lingar power demsity 178. 0 W/ om

dimernsicrs,

givern in Table 3.1.

simple equaticrms given ivn App. E.

eteps were calculated from the ¢

accumulaticn af equilibrium

cormcentrations.

arnd samarium, will be discussed later irn this secticr.

41

Xercrm

HEsCa

ime

avct

riumber dernsities were calculated fram the
These calculatiarns were based om
and samarium

required

data

the

time

fonr

sSamarium

Scluticns of Egqrs 2.8 amd 2,10 for

Xermcr



Table F.2 Input of LASER for sample PUHR ("+":  estimsted,
Mt wESSH umiitd

Buchkling QLE7TSG E-D3 0 omd
Thickmess of fuel vegiarn e B3I cm
Cladding thichmess O, R <M
Moderatar thichnesy 0. 238549 om
Effective fuel tempetaturel+) 14732, 0 £
Limeae weight of fuel 0. 48 E35F FE-03 tanSom
Limear power density 178.0 W/ cm
Mumber density of water (#) 2. 32478 E-O01  moelSemd
Mumber density of zircal loy (#) O 422% E-D01 atom/omi
Mogmal time stepe {+) . 184 E+D6 S,
¥Xenors time sten 1.728 E+05 sBe,
Bamarium time sten 1. 1232 E+0& sec.

The last data those must be calcoculated, are th
rumber demsities of Ffuel isctaopes and borar. Resultse of
gouvaticns  piven in Soo. E  for fuel compositicon at given
errichments used 1o this study, were tabulated belaow.

Booor concentrations will be given in poom unidits  oan
mass bacls., Unit of pom can be converted to number demsity’

by using the following relaticom,

KM
M, =N 2
1< I3, D330

[
iy

Qh

Table 3.3 Isatapic coamposition of UOZ fuel for different
errichments (¥E24 atcom/cm3)

Eraich. UZ3S NUEEB NDIE
2.1 « 438086 E-03 - 22926 E-01 « 46848 E-D1
3.2 . 75834 E-QO3 - 22668 E-0O1 . 46854 E-0O1
4,0 - 34866 E-03 . 22480 E-0O1 - 56858 E-O1
4,8 . 11384 E-QZ « 22233 E-O1 . 48868 E-D1
S.6 - 13281 E~-O2 « 22105 E-0O1 . 46867 E-0O1

$
o



where B, iz the density of water, Moo im the RAvagadra’s
vranbaee, By, s the atomic weight. amd M 1w  the wuamber

density. Ry substituting the rumericsl values as,

Moc: &, 02E8 E2E5 atomsmale,
ﬁbw 10,81 a&muw, and

B Q. FOLY gyiomd at 300 ¢

px]
N
.

ey canm Fimd that s

M= ®3. F0PE5T E-08 3.3
=] 8 3 eem
Comtral parametesrs for options werg selected for  the

dewired purpoases in each mum inm the inmput of LAZER.

2.1 Time Step Calculaticans

{
.
i

Eurrup caxloulaticrns  are performed in LASER  in the
crdes af,
i) imitial time zero calculations,
11) weram time stea,
iii) samarium time stepy, and

iv) regular time steps.

Imitixl core parameters are evaluated at the initial
time zerao calculatioms of LASER. Ther, Xe—-135% ard Sm—143
transients are cornsidered with two successive time steps.
Regular time steps start after these trarvsiernt steps, amdt

comtinuwe up to the givern time.

The interval for the regular time step was selected

&z 2 months by considering that the freguenmt amalysis will



yive better results. Duraticrn of xernon and samarium time

sterxs can  be calculated from the reduced cases of Eames

fu
s}

avich S 10 duae to LASERYs limitaticars. Foo Xe—1 25, the

egaualt 1o will be as fFollaws,

[ B

Y e S VS YR oy 2
-~w~w~1ﬁ hfui ‘M)‘ adqj<dx 2.4
ct

argd Fose Sm—14%, it will be,

Eoi—a 85 5.5
Soluticme  of above eguatione were given in Aooo. F. arc

reeilts were tabuwlated at table 3.7,

Ae it was ment icored esrlierr, the core 1ife oan e

discussed ivm different units but, uewally PRIDAT is used.

Sivmce the poawer producticon will increase with an IMcreases

im ermrichment, soame cther unit describivmg bBoth, burnuep and
Fuel utilization was used in thiz study. Thi= umit is the
tatal power production per umit mass of spenmt Fuel which

iz cxlled smecific power.

Herce, the total ererygy orocduced at the end of life

{EOL) will be egual to,

Ey= mass of fuel loaded*burnup 3.6

Ory the other hand, the total initial U-23% lcading can be
fourid by,
Ry
] =tctal fuel loaded

Uz3s

% ervichment 3.7

Ruge
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Thern, the masz of spernt fuel will be,

Spent U235= X depletion of UE3T * Mo

Comsequernt ly, specific power q‘n’

will ke egual ta,

?;D= Et/Spewt L2 35

im GWD/ kg soenmt U-233 after the umit

e
P e

uesed in this

correct L oms,

-

S

8

research

3
L 3
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CHARTER o

RESULTS

4.1 GENERAL

In three—zorne fuelling, the errichments used usuxlly
are 1.7, 2.1, 2.6, armd 3.2 %K. SBirce, boration cam increase
the core age by hardemning spectrum, and producing more
plutanium thraough the FESOTIance abscorpt iar. the
evrichments used irn these calculaticrms were takern azs 2.1,
3.2, 4,0, 4.8, amd 3.6 %. The drop irn the fissicon rate of
U-23% is compensated by the use of erviched fuel ard

higher rate of plubtonium producticem.

If wmot aotherwise stated, boraticy cr debacraticrm is
dome ta keep the effective multiplicatiom factcr at 1.0%,
except the initial boraticrm case. The effect of scluble
burmable poisaorn onm the core parameterse at different
ermichments were investigated for the following cases;
i) without bcrcon, ,
ii) beraticrn emly at the begirming,
iii) pericdic beraticrn, and

iv) pericdic boraticon followed by pericdic

deboration.
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Irn addition ta these, the effects of imitial boran
concerntrat icons, different boration stragegiee during the
cperation, and requirement to keep the keff at 1.03, were
alecx irnvestigated for 3.2 % emrichment. The criticality
borovs yeauirement of core at varicus evrichments of  the

fuel, was alsce carried cut, and used as a compariscrn data.

The following abbreviations were uszed to  shortly

dencte the several cases studied;

NE: Nc Boorar,

IB: cmly Irmitial BRoraticos,

FE: Pericdic Boraticr,

ED: pericdic Boratior followed by pericdic Deboraticn,

CH: Criticality Beororm concentratior,

BK: Boration plus deboration to Keep keff at 1.03,

DI: Different Imitial beoratiorm, and

DB: Different Boraticrn strategy Ffor initial boraticwm of

case IR,

4.2. RESUWLTE OF BORATION STRATEGY SEARCH

Gerieral behaviours of the core lcaded with 3.2 %
erriched fuel is given in Fig 4.1, in terms of the Keors
and rnecessary theocretical bororm concentration ta keep the
core critical, In Fig. 4.2, cell averaged thermal flux

charnges were plotted over the care life for the cases of

NE, IR, amnd BD. Fast flux charnge of these cases were given
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criticalit
keff y

boron conc.
1407} (ppm) 4
-3000
1.301
-2000
1.201 CB
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1.10-
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burnup
(GWD/T)

Figure 4.1 Charnge of kKgee and required oriticality boron
concerntraticon for 3.2 % enrichment

seen in Fig 9.4, Effects of differenmt amcurnts of imitially

weed boran comcentratiorn om the radial thermal Flux

distributicrs in the urnit cell was plotted in Fig 4.5 for

the cases of NE, IEK, arnd CEB. The charmges in keff at early

stages of the core were given in Fipg. 4.6 ta show the

effect of xercrm trarmsiernt state at 3.2 % errichment. This

is am erlarged scale view «f Fig.,. 4.7 irwhich the cverall

charnges of keff with burwup, for the same cases ivw Fig.

4.6 were plotted. The amcurts of boror iv ppm used in
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Figure 4.2 Cell averaged thermal flux

Takle 4.1 Boocorm concentrations im ppm (percent

values
refer to the deboraticor amcurt)

T.8. MWD/T| IR PR ED CE BK DI DE
irviiti. - 2800 | 2800 | 2800 | ~ 2700 | 2400 | 2800
Xe 74 - - - 2883 - - -
Sm oS2 - - - |&726 - - -
1 2791 -~ 2380|2380 [ 2546 | 2050 2200 | 2400
2 SO=3 - | 2085|2085 | 2257 | 1750 | 1800 | 2000
3 7268 - (177317731950 (1450 (1300 | 1600
4 [ITO7 = (187514751652 1150 - 1200
S 11746 - |1130]113901(1370| 850 ~-. | 800
6 13384 - 0| FEO0|1105| 800 |20 %S5 %
7 lezzs - 663 |[ 665 850 400 (40 A|S0 «
8 18462 - 430 430 613|230 £SO % (S0 %
9 20700 - - {50 %[ 38840 % |30 A|[30 %
10 22933 - - |90 %) 174 - - 125 %
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Figure 4.3 Cell averaged fast flux
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Figure 4.4 Cell averaged epithermal flux
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Figure 4.5 Radial thermal flux distribution for different
imitial beraticrm values at the imitial time step

]
(0



keh‘

1.05‘: /

1054

——BD,PB

1.05-

102-

1.014

10

N
v

3
burrup (GWD/T)
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Figure 4.7 Charnges of kgee at diffevent boration
strategies for 3.2 % ermmrichmernt

LASER for different strategies were givern in Table 4.1,
The bocrorm depleticrn was plotted for case CR in Fig. 4.8 as

an example of depleticorn characteristic of boraorm, boraticr,

ard deboraticr. The mainm critericnm for different
strategies is the specific power, ng which i= givern in

the last cclumrn of Table 4.2 together with cther related

parameters.
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Figure 4.8 Depletion characteristics of borern in case CHR

Table 4.2 Specific power calculations

T Uz3c depl. Spernt UZ35 psp

Case (GWD/T) (%) (kg (GWD/kn)
NE 23. 34 S7.177 1454, 7 1. 447
IR 23.73 S6. 322 1450, 0 1. 476
PR 21.76 S53. 063 1350.2 1. 454
ED 24, 00 S6. 6870 1441.8 1.301
EK 24.02 S6. 328 1448. 4 1.496
DI 24,03 S7.&26 1456.8 1. 488
DE 24,21 S57.334 1458.7 1. 4397

1)
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Additiconxlly, EOL results of isctopic accumulations were

given irn Table 4.3.

Table 4.3 Same isctopic accumulated results at EOL

Puz33 atom Energy producticon vields {%K2

Case dens=ity L35 uz38 FuZ 33 Fus4l
MNE 1. 3667 EZO 61.653 T.417 | 27.656 3. 205

iR 1.4111 EZD &0, 113 7.697 | 28,711 3.410

PR 1. 4554 E20 60,831 8.016 | 28.033 3. Q50

ED 1. 4681 E20O 58. 323 8.056 | 29.416 3. 543

BK 1. 4534 E2Q 53. 248 7.315 | 23,237 3. 5249

DI 1.4338 E20 S3. 444 7.823 | 23.148 3. S04

DE 1.4437 EZ20O =8. 3399 7.303 | 23,446 3. 563

.3 RESULTS OF ENRICHMEMT SEARCH

The charnges of keff foer differemnt errichmernts uwsed

in thi=s research were givern in Fig. 4. 3. The necessary

thecretical bororn comcentraticrns to abscrp the excess

veactivity were plotted iv Fig. 4.10 for three of them.
The borar used at different errichmerts to keep keff

at 1.01 was tabulated in Table 4.4. The charnges in K

eff
by using these bororn concentrations were plotted inm Fig.s
4%.11 thrcugh %.14 for the errichments &.1, 4.0, 4.8, and

.6 %, respectively. Cell averaged thermal flux of all

ervichments were plaotted in Fig. 4.1% during the burnup.

EOL results of the cases IR, PR, armd BED for wmew four



Takle 4.4 Horon concentraticons in each time step of ED
cases im ppm umits (X values refer to deboaratice)

TeBo] 2L1%IZ.Z% | 4.0% | 4.8% | G.EU[TS [3. 2% |4.0% | 4, 8%

S, B9
Ivi. (1250 |[2800 | 4000 | 5130 | 6330 10 (B0 | 760 | 1565 | 2420
Xe - - - - - 111 - SES 1300 | 21E%
Sin - - - - - f1z - 300 | 1040 | 1835
1] 2% |2330 | 3450 | 4555 | B700 13 - &0 “ 8D e
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3 - SO % 1000 | 1840 | 8730 |=1 - - - -
erm~ichmernts were tabulated iw Tables 4.5 through 4.8  in
increasing crder of ervichment. Irs additicr, EQL

accumilated fission product poisconings with the emvrichment

were plotted iv Fig. 4.16.

Table 4.3 EOL. results of 2.1 % emvichment

U3 Spernt
T depl. emergy yields (%) fuel P
‘BND/T\ *%* Uaas U238 ‘ 9u339| FuZatl kg GUWD/ kg

IR 12,16 |45, 926 |62. 322 | 7.347 |27. 404
FEj11.33|43.488183. 396 | 8. 103 |26, 586
EDI12.43146.4617161.705 | 8.120127. 195

Qa7 | 766.8311.430
87 T26. 1211, 407
2135 | 77S.0211. 447

m»‘m

Table 4.6 EOL resultes of 4.0 % ervrichment

U35

Spert
T depl. energy yields (%) fuel Pep
|GND/T| % uz3s uz3s Pu239 | Pu241 kg GWD/kg

IB}31.37|60.466(60.216 | 7.5363 |28. 275 | 3.853 |[1323. 00 |1. 467
FR|30.21|58.313|53.735 | 7.943 |28.431 | 2.743 |1854.53 (1. 463
ED|131.68160.181158.775 | 7.956122.156 | 4,013 11313.94 (1. 4933



BSED PN AT SIBUYDI TALD JUBASLITP IR

448, ;o saliueyy ¢°¢ auanbitd

(L/amo)dnuing
S 0% Gg o€ Y4 0¢ Gl Ol S 0
< —- — AL// * : — ot
I/I /. //
~— >~
/../ / mO F
..
//
FOILL
rGlL
021
°% 9G —— . .
°, 8% — N
h 07 === // AN
% € — /TmN.P
0\0 _‘N PP p—
AN
/_ﬁoﬂ
rGEl
\'4




critical boron
A concentration
(x 1000 ppm)

.\)

0 5 10 15 20 25 30
burnup (GWD/T)

Figure 4.10 Criticality becron concertrations for CR case
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Figure 4.11 Change of kpff for E.1 % erwichmerdt

Table 4.7 EQL recsultse of 4.8 % errichment

(ERAe Spernt
T depl. erergy yields (%) fuel Fan
\GND/T\ %* UZ3s uz3as U233 | PuZat kg GWD/ kg
IR |38. 38|62, 763 |60, 728 | T.435 |27.633 | 4.094 | 2395, 22 | 1. 443
FE|I7. 3060, 691 |23.367 | 7.86% 28,038 | 4,016 12316.15|1. 453
ED 139,43 62.3936 58,823 | 7,872 28,821 | 4. 3622404, 12| 1. 482
ket
103 —BD
——-PB
1.02
101 —~==T
S ~ o
1.04 — ~+ — — v > >
5 10 B 20 25 30
burnup (GWD/T)

Figure 4.12 Change of keff for 6.0 % erwrichment
[8
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Takle 4.8 EQL results of S.6 % enmrichment

Wz as Spernt
T derl. energy yvields (%) fuel Pen
lGHDﬁT‘ % thza3s 4IU338 FuZ39 ﬁui#l\ kg ‘GNDfRQ
IR 45, 21|64, 44861, 348 | 7.322|26.371 | 4.232 |286%. 92| 1. 421
FRIAZ.ITIES,. 27160, 463 | 7.782|E27.457 | 4,188 |2772.43) 1.453
BEDi46.41164.511 153,580 | 7.788128. 134 | 4. 362 12404, 221 1. 457

Finally, the resulte of spercific power calculations

were listed as a summary in Table 4.3, ard they were

clotted alea inm Fig. 4.17.

Table 4.2 GSpecific power calculaticons of

cazses RD at
differemt ermrichments

2.1 % 3.2 % H.Q % 4.8 % S.e %
T {GWD/T) 12.41 24, 00 31.68 33. 43 H6. 41
Spent U23S(kg) | 773.02 | 1441.80 | 1313.34 | 2404, 12 | 2872. 22
Pﬁp(GND/kg) 1.447 1. 501 i.493 1. 482 1. 457

o
fa
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CHARRTER %

DISCUSBI0ON

The mxiri philosaphy in decreasing the rnumber of
contral  yoads  iv the cove of a reactor, is tao have more
vl ume for fuel, and alza praduce moere plutormium due o
spectral harderning. Im & nuclear reactor, the controal of
the excess reactivity is ususlly dore by 1) comtral rads
ard i11) Fissionm product poisoning maimly by Xe—13% arnd Sm—
143, which have excengticomally high  thermal absorption
cross sections. Conmtral rods germerally comsist of isctopes
which carn be assumed ta be non—depleting materials.
Therefore, the rumber of conmtrel rods is directly
praparticonal to the maximum excess reactivity that must be
absorbed. If aone can inmtraduce a right amourmt of burnable
paoisarn into the core toa absorb part of exmcess reactivity,
thern the necessary volume needed for conmtral roads canm  be
decreased. Rlthcugh the past experiernce was to use fixed
burmable poisons, preferably for xXencorn arnd samarium

transient cycles, Galperinm et al. [181 proposed the use of

fixed burrnable poisorms in equilibrium cycles alsc.

In fact, the recent FWRs are desigrmed ta use the

moevable cormtrel rods onmly to aovercaome small tramsients and



b sorsun the reactor. The recent policy in in—-core fuel
maragement is  to coantral the reactivity mainmly by the

Firned anmdior the soluble burmable poisang, arnd to use

ez vl vzl awmly b comtral & smell Fractior of  the
T tiwrhoe, Therefore, in bthiits research. the comteral code
were AsEwned to control generally an excess veachivity of

D.001 at stesdy state cueraxtion, and bto comtror the rest by

colulzle burmable polsors,

Ir & muclesr ocwwes reachaoe, a tnree—-zone Losdiog 3

uewtally dome by o ueirgg 1. 7-20 1-3.2 % errichmente. Binmce the

neSE o b mabl e ey S necesslitate higher fuel
e i chimert e, .2 % was mostly used im0 ke unit cetl

caloulaticnz 1m bhids resaearcon.,

fer bhe wesrly stages OF cossrab 1o, Tine peEsacbivite
cot ol itg  of primary imnoortance, because there 1is na
sufficient amount of Xe—-133 build un., =o the reactivity is

at tts  maximum  value. Therefore, the coluble poaizan

requirenent, i.& boron in LASER, is at ite highest value.

With the use of koronm in the moderator, spectral
hardenimy and ite effects come inmtce sight in  the core.
Eucezsz absorption of thermal meutrorme causes demresszicm of
thermal flux, and hernce, fast flux relatively irncreases,
which i krown as spectral hardeming. Svectral harderning
aof  flux distributionm results iv i) the decrease in U-235

depleticn rate, ii) the increase inm fast fissiarn rate of

u-=38, amd 1iii) the irncrease irn Pu-239 production rate.
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The last ame alsc results in an increase iv the productiom

rates of Further heavy iscotopes of pluatomium such as, Fag—

Ty

41, and i1its fissicew rate. A1l these contribute toa  ar

increase in the core age.

I Fig. 4.1, the lower curve shows the chanpe of Heff
with coare age, arnd represents the amcunt of excess
reactivity that must be cornmtroalled. The upper curve shows
the theoretical amounmt of bororn meeded to keep the keff
at 1,000 xD,0001, At the very begirming, keff suddenly
drapse due to poiscorn accumulatian, i.e. renorn tramsient,
arid hence, necessary amournt  of thecretical boycrmn
cancentraticry drops  toc. Ther, keff and the boran
reaguirement decresase praduslly during the core life. At
the EQL, core age is increased from 23034 to 264.75 GWOST
by spectral hardening caused by boratiorn, az it can be

seers From burmup axis. This means 6 % gain in power.

Cell averaned thermal flux change cver the core life
cam be seen in Fig. 4.2. It cars be cbeserved that, the flux
shcws the =same behavicur whether boron is used or nct.
Thermal flux irncreases during the xeran tramsient stage to
produce same power cutput against the Xe—-13% accumulation
in the very early part of the curves in Fig. 4, 2. After
the xericrn tramsient is over, plutcnium producticrs by
resanance absorption increases. Sinmce the

plutcoium

fissicrm gives mcore neutron thar does U-235, the flux must

e7



decrease to heep the power corstant as seen from the first
part of curves im Fig. 4.8 for all cases. Besides Xe-l135
ard Sm—-149, the lumped fission praduct of  LASER alsa
increases with bkurnup, and introduces Further poiscrme into
the core. Wher burmup reaschs certain value, both effects
balamnce each other. This is the minmimum point iw Fig. 4.82.
After thewr, the megative effect of fissicrm praoduct build
up avercomes the positive effect of plutomium productics

and more flux is reeded to keep power production constarnt.

Theri. the thermal flux starts to irmcrease a= seen from the
second part of curves in Fig. 4.2. With the use of boror,
thermal flux is depressed as expected, as seen from all
three curves in this figure. It is wnoticed that, the
mirimunm palint of thermal flux shifts to the right as boron
concentration increases. This shculd be due ta the fact
that as boran, and thus spectral hardening irncreases
lezs U-23% is consumed and more RFu—-23% is produced. Sy
the fissiorn rate of Pu-239 alsc inmcreases.

Since the

fissicm of Pu—239 creates meve newtrons tharn that cf U-—

n

35, the wnegative effect of fissioam product build up caw

balarnce the pasitive effect of Fu-233 procducticonn at a

later stage.

If bevors is mot used, fast flux graduslly increases
with fission product accumulaticorn which alsa cause tao

spectral hardewing as seew  from Fiog. 4. 3. I xercon

tramsient stage, the champge inm fast flux is very sharp.

With the use of boror, imitial fast flux increases firam

&8



abbcut 1.76 Eil4 to 2.18 El4 mneuwtrons/omes. If i further
borors is uwesd, fast flua decreases as seen from IR curve
im Figp. 4.2 due to boraor depleticorn, umtil it is balanced
by fissicrm product accocumulatice. After thew, fast Flun
imcreases again as it is in NE case. But, further use of
ooro im successive burnups incoreases the fast flux as it
iz seen froam BD  curve. The epithermxl neutron flus
behavicure are alsc similar to Fast Flux as seewn ivn Fing.

4.4 due tao the same reasorn.

The effect of bororn cm imitial flux distribution aver
the cell radius, is shown irm Fig. 4.3. The thermal flux is
depressed in the mcderatcor region due to abscrpticon by

oo, whereas it is increased in fuel regiocwm to maintain

the power constant as seewn from the comparison of NE and

CEB curves.,

The results of the uvuse of boron o the sxerncon
tramsient can be zeen ivm Fig. 4.6 which is anm enlarged
platting of esrly =stages of Fig. 4.7. The keff shows =&
very sharp decrease due to combined effects of Xe—-135S
accumulation and the use of barornn at the very early
stanes. Therefore, imitial bcrorm comcemtraticon ie limited
with the value of the keff at the Xe time step, i.e 0.074
GWD/T burnup. Te keep the reactcr still supercritical
without coartral rads, initial borom comcentratiorn must rot
exceed a certain amcunt. If the initial boarraan
concentration exceeds 2800 ppm fer 3.8 % erriched fuel,

keff may fall belcw 1.0 at the xemar time step.
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If no more bovron is used than the initially injected
amooarst . keffshmwa a sharp increase due tao the depletion of
TP alai g awnd thern, begins to decresse with the depleticn of
fiezile materiale im the fuel as seen in IR case inm  Fip.
4, €. The 1B case resualts iw 23,73 GWDST age at the EQL.
With the furither boraon wtilizatices, the amcurmt of excess
reactivity that is azsumed to be coantrolled by the control
rode, car be decressed. The amournt of boron used iwm each
time step and deboraticrn percentages used when necessary,
were tabulated iw Table 4.1 for all cases plotted inm Fig.
4.6. In these cases, borcan depleticon calculations are
based o the exponential equaticons as described in Chapter
2 Since the boron concentraticon cam be comtrolled i
LASER anmly at the beginnming of each time step, the boran
camcentration shows a saw—tcoth like behavicur as seen in
Fig. 4,8, exponentially decreases bhetween two time steps
amd jumps up at the begirmming of each time step. Irs fact,
berors depleticw is so high at early stages of life that,
its concertraticon will not be sufficient to keep the k-eff
at desired level {(e.g. 1.01), umless additicmal boron is

imjected irnte the moderator. The burrups irmhich

deboraticon is started in each case, were pocinted by am

arrcw irn Fig. 4.7.

The use of bororn in the first three time steps after

the Xe and Sm ornes, keff was depressed from the curve IR

tce the curve DB as seen in Fig. 4.7 Iv« DB case, keff
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graduslly increases as in IR case, but &t quite slcwer
rate. Although deboraticn ie started at  about 14 GWD/T,
Heff heeps decreasing after 14 GWDA/t due to the depletion

af fuel alsc. Iy DB case, 24.21 GUWR/T buremuwp is reached at

the EQL which i 2 % more than that of IR casze.

If & egimilar boraticrn strategy is applied with the

lower initisl borsticer {(i.e. SH00 prap) as seern in curve
DI, 24.03 GUD/T was reached which is cbvicusly less thaw

that «f DE.

I the case of pericdic boration, K ee was decressed
downtoe a constant level of 1.01 im cases FEB and ED, ard
24,00 GWD/T  burnup was cobtained by uwsing deborsticon
through  the EOL in case of HD. PR i= the case, irmbich
highest amcunt of boron concentration were used in  each
time step . If the boron cornmcentraticon is wmot contralled
by alsc removal, the excess mneuwtyon absoarpticn due to
residual boron causes rapid shut dowrn of reactaor., I such
a case (i.e. the case of FE), arly 21.76 GWD/T ccore age
was achieved, which is considerably smaller than the cases
previocusly menticned. The core age has been improved by
deboratic approximatelly 10 % iw BD case aver the PREH

CREC.

The behavicur of keff at 700 ppm initial baororn
corcentratico, ard different bocraticn/deboration strategy

ta keep the kef? &t . 1.03, i.e. BK case, was alsc givern in
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Fig. 4.7. RAlmost the same core age 24.02 GWD/T burnup was

achieved im this case.

The main coritericrm  that will bhe used in the
comparisarn of all CaEeEs, is the specific power, which is
defined earlier as power produced per unit mass of spent
U-235, amd the results of psp calenlations were tabulated
ivt Table 4.2. Or this basis, BD with 1.501 GWD/hg spent
U~-23% showed the bhest fuel utilizaticorm amorng cthers, Eut,
the BK and DR, with 1.496 and 1.497 GWD/kg respectively,

have very close P » values to BD. In addition, DR achieved

the highest burrup with 24.21 GUWD/T which is 0.875 % mcee
thar that of BD. Sa, it seems that higher amourts of bosoowm
veed iry  BD, causes a slight loass in wneutron  ecarncay.
Bezidez core age and specific power, ane must alsc
consider U-235% depleticor, Pu—-239 proaducticr, arnd  wveolume
coccupied by comtral rods which i= higher iw DH, for &

complete fuel strategy.

The corntrol of BRD is simpler thaw DE case due to

steady characteristice of K as seew in Fig. 4.7.

eff Ir

DE, there were contivivcus chawmges due to incresing and
decreasing keff that must be simultarecusly cormtralled by
cantral roads. Rlthough the DR has 0.87% %4 higher core age
thar that of ED, im ng basis, BD case has better fuel
utilization due to low depletiorn percantage of U-23% at
QL. A qualitative comparison of all cases havirng close

psp values, were givew in Table S.1.

~
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Table S.1 Caze evaluaticn for variocus criteria

better WO s e
Comtral road volume | Bmall BD BH DR Large
Puz39 productiarn High ED B DE Lo
U23% depletioor Less ED BH DE Plooe
T Ccore age High DE B BD Locas
F‘SQ specific power | High ED DR B Lo

Coansequerntly, the best bcoron utilizaticw was found as
the pericdic boration—-deboraticon strategy toa keep the
reactcr at miviimum excess reactivity forr control rods,

1.e. O.01 iv this study, for 3.2 % ervrichment.

Four othey ermrichmernts were alsc studied in additicon
ta 3.2 K . 2.1 % errichment used iv this research, was
alsx & gernerally uwsed errichment iv multi-zomed loading

patterne of PUR's together with the 3.8 % . The other

enrichments were selected arbitrarily by inmcreasing the

ervrichments by 0.8 % in each case.

The amcurnt of excess reactivity inm each ewmrichmernts,

can be seern in Fig. 4.3 in terms of the keff . Al1l

ermichments show the same characteristics, but the amcunt

of excess reactivity ivcrexses with the fuel emrichment,
which result in higher core age. More excess reactivity

means more need for boronm to keep the reactor at

criticality as seew im Fig. 4.10. In all cwwves, Xe—-135



accumulation behavicur was aobserved to be similar to 3.3 %

erm~ichment as given in Fig. 4.6.

I Fig.s 4.11 through 4.14, keff behavicur of
different emvrichments for the case of BD were showr. It
can  be seern that the charnge in Kgee iz almost  similar
except xemnonm tranmsient. The magrnitude of the decrease iwn
Heff at xercw transient, decreaszes with the increaze in
ermrichment as seen in the very early stagese of Fig.e 4.11
therount 4. 14, This is due to the decrease in thermal flux
with the increase in ervichment (See Fig. 4,15, Xe-13%
accumulaticon rate will decrease as the thermal flus
decreases, which iwmturr, results iv higher keff at xernan
time step. This provides a flexibility in determinaticn of

imitial boronm carncentraticm.

Since the macroscopic fission oroass secticon of Fuel
increases with envichment, the thermal flux must decrease
to keep the power constant. The reswlt of the use of bororn
ie the flux depressicn, but as seew in Fig. 4. 15, the
ratia of the inmitial thermal flux ta the minmimum thermnal
flux, in cother words the depressionm ratic decreases with
errichmert. Sirce the flux decreases with ewmichment,
plutormium praducticr rate will decrease due to lower flux.
Ther, fission product poiscer accumulation may tend to
balarice plutormium production at early stages. In fact,
higher ernrichments produce higher amcunte of poiscrns as

seers from Fig. 4.16. Therefore, the thermal flux tends tc
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increase by poison accumulaticonm. Consequently, the mirnimumn
point resulte 1w & lower depression ratic in higher
ervichments. But, since enrichment incresses the core age,

& rather smcoethy flux  change is cibtainsed &t high

i

ermrichments as seewn in Fin. 4, 15, The mimimum goant i

alesa ehifted to the right at higher emvichments due ta

imcreased core age.

The Tables 4.5 through 4.8 show EOL  iszatopic,
accumulated results foor cases IR, ey, and BD  for  each
gnrichnernt. The BD casze 15 hetter than IR and PR as far as
U-235% depleticr, and energy vields of fissile isctapes are
coancerned. In Takle 4.9, a summary of specific powers, and
core  agese were tabulated. Simce the higher core ages are
erpected due to highly erviched fuel laading, core ane is
not used as a comparisan criterice. Rlsc, atom dernsity of
Pu—-233 produced, is such a parameter, increases with

ernrichmernt.

At 2.1 % erwichment, highest thermal flux results in
highest fuel depletianm rate. Besides, the initial loadirmg
of fissile isctope is s low that, it lcses its critical
mass im a very low EOL depletion percerntage of U-235.
Therefaore, specific power of 2.1 % errichment is fourd as
1.447 GWD/kg spent U-235, which is the lowest crme amcng
all errichments. With the irmcreaze irn errichment, borar
requirement, arid thus spectyral harderming irncreases. This
leads +to higher plutomium praducticon rates, and tao more

figgicr. Therefore, fuel utilization can be improved by



irncressing the enrichment. In 3.2 * ervichment, 1,301

GWD g spent U-235 specific power is achieved.

Further ircrease i1n ernrichment resultse in the use of
mosre boran, bence, further spectral hardewning, amd further
plutomium praduction takes place. Eut, it alzc results iwn
higher absorpticorm rate of ﬁeutréﬁs by borary, and increased
praoductiorn of fissicoe products. Re it is seern from lowest
two curves in Fig. 4.1%, further fissiowm product poisoming
cauvses higher thermal flux at EOL  thaw the bkegirming
thermal flux. This shcould be due to high amaount of Ffissicon

praduct anmd boraor in the core.

The overall sffect of emrichment on especific power
caw be seern in Fig. 4, 17. The specific power shons &
maximum at 3.2 #% ernrichmernt, lower anmd higher ervrichments

result im a decrease in the power cbtaimed per kg of U235

burmt.,

Therefore, the use of boroan at the maximum possible

corcentraticrn ta keep the keff at & law canstarnt wvalue

{i.e. 1.01) i 3.2 % ewrichment, gives better burriup,
better fuel utilizatian, ard better neutron

ecaricmy

campared to cther errichments, and boration stratepgies.
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CHARTER &

COMCLUSIONS

1. Scluble poizcorn carn be used instead of comtroal rods
ta absorp  the excess reactivity inm the core, whern

significantly large wegative temperature coefficiernt %=

pravided.

e

- By using borarn iv moderator, the specific power of
the core, U-235 degletion, Pu-233 praducticon, and ernergy
viglde of fiscsile isctopes can be impraved due to spectral

hardemning of neutrorn flux,.

2. The minimue point of thermal flux charmge during
the core life, is dependernt on the amournt of bororn  used,
and shiftz to the right om the burnup axis ({(i.e. more

burrnup) as boraonm comcentration increases.
4. Debcraticn improves the ccre 1life, arnd hewrce the

specific power toward the end of life, whern the depleticw

rate of borcor decreased downta a limit.
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= Rrormg different boraticr sirategies, pericdic

horation  falleowed by deboration toward the end of 1ife,
wag fourd to be the best boratiorn technique azs far = core

life and specific power are concerned.

6. Highly ewriched fuel composition causes a decrease
in the magmitude of the charnge in keff during the  sencrn
travsient =tep, mesning lower combined effects of boran
arnd Xe—133 accumulaticrm, and therefore, more imitial boron
conmcentraticn carn be used., This causes further decrease in

necessary contral rodes.

7% Ivn high ewnrichmernte, high amcurnts of boraon needed
tee kheep keff at 1.01, and alsc high figsicrm product
poiscming result in poor meuwtron econcmy, and the best
ernrichment for  optimum power praducticrn was fournd to be

3.2 %.
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CHARRTER 7

RECOMMENDATIONS

The moderator temperature coefficient of reactivity

is highly dependent on the borom conmcentration as it was

menticrned 1in Chapter 2. The expulsion of moderatcr from

the core by an increase in temperature, results in am

expulsicey of highly abscrptive material fram the core.

Therefore, with the increase in boraonm concentraticon, o
temdz to be positive, urill imgly. Hernce, it would be
better tao check % for boronm concentraticons used in the
moderat oo, Or  the other hand, o i a functicorm of

temperature derivative of k as given in Egn. iZeZa Since,

the tempersature of moaderator is taken as conetant ir

LASER, further improvement im LASER is wreeded.

The orne dimensional analysis of the core, as it is in

LASER, recessitates the sirgle batch loadivng of the core.

Sirce, the multi-zored core lozding patterns give better
results iv fuel management, LASER cade carn be modified for
twoe dimensiornal analysis which allows the applicaticorns of
advanrnced fuel marnagemenrnt techrniques. A similar woark has

beerr performed by Charg et al. £181, ard LASER had been

extended to twoe dimemsicrmal amalysis.

73



Firally, it Cars brea recommended that, the
investigaticrn of the effects of unit cell geoametry on the
core life, woutld ke useful to find cut the best gecmetry.
In addition, simce boraticr cauvses spectral hardening, the
pitch distamnce optimizaticrn irm a borated moderatcr is alsc

recommended.
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Table A. 1

AREENDIX

A

MUCLEAR POMER CAROCITY PROJECTIOMS

Nuclear power productior

(May 1385)

operable % capacity proajecticons
reactors af all 1330 SO0
Countries | unmit Me elect. urmit Mide urit Mue
Belgium = Sa7S 5.8 8 D47 93 886
Carada 1a 10381 12.7 21 135380 23 15342
Czechasl. 2} SEa0 1.6 10 3344 15 839z
France H'Z 33342 64.8 =3 56937 63 TOeAaZ
Germ. FR i3 18417 31,2 25 22982 25 Z238az
India 7 1265 Hai2 1Q 1325 13 3TS
Japars 34 23633 22. 7 42 317%8 58 4746423
Spain a8 SS77 24,0 10 7473 10 7473
Sweden iz 260% 4. 3 1z 960G iz [EODHS
Taiwar & 4884 53. 1 6 4884 a 6884
LK 38 11730 19,3 He 14220 H3 15320
usA 100 aE=3% 15. 5 120 (107358 | 1246 (112023
USSR =3 SEOOT 10.3 103 70748 | 117 8%7&6e




APFENDIX R
COMTROL LAaYQur OF LASER

The subroutines seen in Fig. B.l are the primary ones
af LASER whase descripticoms cav be faund im Ref. i irs
detail. Raditiconally, Fig. E. 1 is a KHind of simelified
flowchart which is more styraight fovrward but lormg inm the
mad program  due  to éhe comtral capabilities. In
simplificatice, contral parameters except the MOR and MM,
sclut icw chech covit ol awnd ccurt i g parameters
respectively, arnd scome initialized parameters are kept acut
which make the different configuraticorms necessary for each
type of time step, such a= iwmitial, REVICT, samariunm,

lirear, and wnonlinear time steps.

START

Y Is
this a con
timaaticy

[ comT]] 2
[SLOW]] N
INIT
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gﬁirgy/ FINDWFw
MOR=1 I

oY
I
i

TERM]]

Y Xe&Sm

time sterg
~

[memol]

M

Tegular
time sten

[RATE]

TNUmE]]
[50UR]]
[ELOW]]

bitt (4

RATE

RUKU

Figure B.1 Gerneral flocwchart of LASER maiw program



ARPENMDIX C

FILES OF LASER

Table €C.1 File descripticrns that are used im LASER

P file o Descriptionms

1 3 Temporary, THERMOS croass secticr and
Kernel data

2 4 Temporary, MUFT arnd THERMDS results

3 10 Temporary, nomnlinear burnup caloulationm
results

4 o] LLASER Iwput

=] & LASER Gutput

e a OQutput for comtiruaticon problem

7 9 Thermal library
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AFRENMDIX D

CHANGES IM LASER

1. 0ld headiwnug,
SUBROUTINE RELAR{ITONT, RNEW, OVER, EFS, ITMAX, REMORM)
muet be chawnged tog
 enea wenan . « « ERS, ITMAX, REMORM, ROLD, RELC, RELCR).

Same iz  true for SUBROUTINE RELAX and CALL commands of

theze two.

r

The riew variables seen in the Fig. D.1 are,

RFARSHE, rate of fast abzarpticrn of borcr,

REAESK, rate of epithermal absorpticrm of borcan,
RTAESH, rate of thermal absarption of boror,
FERHAT, boron concentration in each time step, and

FERHAN, & dummy variable.

Rates are calculated by LASER but in scme different
variables, therefoare, RFARSR, REAERSE, arnd RTABSR must be
equated related variables im subrocutine STERP asg

133 tovvenncnes

IF (I.NE.11) GO TO 135

RTAESE=RTABSE+SAEBTH (I, K) *VOL.UME (K)
135 CONTINUE ,
140 CONTINUE

RTAESE=RTARSE/VOLMOD

a7
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1‘:‘!:’
R R L A R I B I B A )

REAERSE=GARZ {11)
RFARSE=5RAR1 {11}

Rlec three of them must be initialized to zerae at  the
beginming of subvcutivne STER. In transferring of these rew
variables among the subroutinmes, the cowmand of,

COoMMON /s RFARSER, RENABSEHE, RTAESH, FERHAT (24)
mus=st be inserted to the heading part of the main program,

and subroutines INIT, STEFR, NUME, RUKU, MEMO, and CONT.

-

3. Sirce the writing to file 8 at MEMQ, and reading
from the same file at COMT are interrelated, formats must

matoch each other, therefore it is not s important. But in

IF(NONLI.EG. 1. AND. MM, NE. 2. OR. SEARCH. EQ. 2) 6O TO 30%
EMC{IZ)I=ENC{1D) EXF{{~1) # {RFARSE+REARSR+RTARSK) *RIL{ *
H#DT = XLAMDA (M) )
X1BAR{11)=ENC{135) *VOLMOD/VOLC
IF(FERHAT(MNT) . LE. 0. 0) 60 TO 30T
IF{FERHAT(NT).BT. 1.0) GO TO 330
FERHAN=FERHAT (NT) *100. O
WRITE{(&,218) XiBAR{(11),FERHANM
916 FORMAT(//, 10X, "REAL. BURNUF OF BORON: ",E10.3,///, 10X,
#F4.1," % DERORATION IS PERFORMED")
ENC(13)=ENC{13) % (1. O0-FERHAT (NT))
GO TO 307
330 IF(XLAMDA(MM) . NE. 1.0) GO TO 305
WRITE(6,313) X1BARC(11), FERHAT(NT)
915 FORMAT{(//, 10X, "RERL BURNUF OF RORON: ",E10.5,///,"NEW
HEORON CONCENTRATION IS: ",F6.1, "PFM", /)
EMC{13)=FERHAT (NT) #3. 303657E-08%0. 138
907 X1BAR(11)=ENC(13) *VOLMOD/VOLC
305 CONTIMUE

Figure D.1i Bcrcow depletion calculations added to LASER

as



reading the initisl parameters, F6.1 format was used. If
the wvalue that are read, is greaster thaw 1.0, it mearns the
berration im ppm units in veading amcunt. If it is betweern

0.0 ared 1.0, it corresponds to percent deboaration.

a9



ARFENMDIY E

SOME BASIC EQUATIONS

Buckling of a evlindrical core is given as (2,337,

. 405 n
RE= + E.d
R H

where H and R are the active height, anmd equivalernt active

radive im cm, respectively, arnd are given inm Table 3.32.

Equivalewt radius of cell can be calculated Ffor
s=quare lattice oitch fram 023,
r= pitch/Jn E. &
and for 1.29 cm pitch, 2.813 cm fuel pellet diameter, and
0.0572 com cladding thickress (Table 3.2), moderat o
thicknese can be calculated fram,

tm«:«d=v\_tfuel—tclad E.3

Linear fuel mass was calculated by krnowinmg the 30200
kg imitial fuel lasdinrg, S0352 fuel elements, arnd active

height as follows,

torme fuel lcoaded
TON= E. 4

# of fuel elementractive height

The rumber density of ordinary elemernt is egual to,

Nce
M=11

E.S

A

30



where No is Avagadra! s ranber,

i is the dernsity of material,
A iz the atomic mass.
Eut,

af the fuel, therefore,

1
A, =
% UZ3S % U238
-
R yzas R uzsse

Augz=Pu *2Rg

arcd

fuel wmumber densities are dependent on the em-ichment

pracedure will be as follows,

ThEﬂ; for the ith isatope of uranium inm the fuel,

Nc QU
R 3 Muoz
i Puosz
and for axyger,
MNee
Fodas Huoz
Ruoz
can be used. The canmstarnts were taken
as;

-

UE35=235-U439 gr/mole,
QU233=238.0508 or/mole,

[~

o 15. 99396 gr/mcle,

arnd

10.5 gr/cm3

Puaz™
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ARPFEMDIX  F

DETERMINATION OF XEMOMN AND SAMARIUM TIME STEPS

Simce the LASER comsiders only ome peeuda fission
product other  tharn the Xe—13% and Sm—1493, Egw. 2.8 is=s
reduced toa Eqgwm. 3.4 and this equaticor carm alsa be

written inm form of,

dX

+ Ay +Tg, x BX= I 0 F. i
dt

With the simple scluticrn of Firsgt corder differermtial
equaticrn (Aop. §G) Xe—1335 concentraticon depend on time can

be found as,

Ax*“a,xﬂ
Xty s=—orrorore———  { 1—Expl “(Ax*qa,x@)t ») F.
P wa

e

Scme tabulated values (2,31, amd iwmitial calculation

resultese of LASER for 3.2 % ervrichment were used in
scluticn of Egr. F.2. Thewn, for
A, =2.09 E-05 S},
“a,x=3'7 EQO6 barws with 0.8858 nom—1/v factor,

5 =0.064
Ee#=0. 36668 E13 fission/cm, and

#=0.31119 El4 w/cmis
where last three were takem from LASER, it carn be found

0

that,

T}
fo



X{t)=2.4618 EI1S {il-exp(—-3.3326 E-05t)) F.3
bWher Egm. F.3 is salved forr 95 % eqguilibrium, t ime
required was found as 31436 sec.., i.e. abocut 3 hours.
Ther, it was assumed that, 2 daye will be sufficient to
achieve equilibrium for all ermrichments. Therefore,; xencn
time step was chosen as 1. 728 E0S sec. arnd tabulated im
Table 3.3.

With similser reasons of xervcor, Eqwr. 2.10 is reduced

toe Egre. 3.5 for Sm—143 and that can be writter in form of,

ds

+ oy o BS= 1L Ic@ F.4
dt

It was easily seern that, in LASER, 8m—-14% i= comsidered as
a direct fissicn product agasinmst the actual case.

Scliuwticon of Egnm. F.S9 gives,

Sit)=s — (1-expi-u, _#t)) E. 4
O, =9

and with the additional data of,
Mg =0.0113
g, s=40800 barms with 1.7568 norn-i/v  factor and
sclution carn be writtern ass
S{t)= 1.8576 E16 (1~ exp{-2.2305 E-06%t)) F.8&

Duraticrn for 395 4 equilibrium accumulaticrm was foumd as
abaut 1% days. Thern 1S days was chosen for all cases of
this study as samarium time step. By comsidering the =2
days for xerncrn accumulation, 13 days, o equivalenmt of

1. 13232 EO6 secaornds was used.



AFPENDIX &

SOLUTION OF FIRST ORDER DIFFERENTIAL EQUATION

Conszider a gewmeral form of equation is as Ffollowss

dx

+ ax = b G. 1
dt

with the imitial cornditice of x{Q)=0 Eqgqm. G.1 carn be

modified as,

dx

= b—ax
dt

dx = {b—ax)dt

]
dx = —ai{x-— —-)dt
&
ax
= —adt G. 2
b
(H = ——)
a

By integratinmg twoe separated part, it carn be found that,

]
In{(t — ——)= —-at+c
a
b
(R — —)= pxpl{—at) *¥expi{c)= drexp{(—at) 6.3
: a

Mcw, the imitial conditicom carn be introduced to Egm. G.3

arnd comstarnt d can be found. At t=0,

34



[ o Tp— Y=Y P |

Thers,

S, Egrn. B.3 can

b

HELE ) S =

=]
I'l" Clthe‘.-\. V’C“"dS’

b

be rewittern as,

b
- *expi{—at)
a
o
exp{-at)
a

the scluticrn of Egn. G. 1 is equal te,

#{t)=——_(l-axup(-at))

&

- wo G.
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