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Abstract

A positive feedback mechanism linking reactor power and loss of coolant exists
in the current configuration of the CANDU® reactor. This mechanism creates a “coolant
void effect” ﬁvhich is accommodated in both the safety system gﬁd control system designs,
although a political incentive exists to reduce the effect's magnifude. This dissertation
includes a review of current methods and knowledge in the érea of CANDU lattice cell
analysis of the cooian; void effect, preser;ted in two parts: (1) an investiﬁg‘ationrof the

methodology and modelling, and (2) an ixivestigation of the contributing reactor physics.

This study als;) explores several rcutes toward the goal of Teducing the cdo_lant void

Ceffect, drawing from both existing work and original contributions. A novel approach to

CANDU fuel design is defined, combining the concepts of coolant displacement,

<

concentz\";*‘u\ﬁ\ular fuel, and differential uranium enrichment. Several variations of the

new design are discussed, as well as practical difficulties that would be-associated with

* the realization of this design. Finally, a corrective algorithm is developed and utilized

which cbmpensates for a modelling deficiency arising in the simulation of tubular fuel.
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Chapter 1

Introduction

This dissertation is an investigation of the. CANDU® reactor's inherent response

to coolant loss, embodied in 2 phenomenon called the coolant void effect. Included are

a review of analysis methodology in this area, and a search for fuel modifications that

minimize the effect, culminating in the definition of a new fuel design.

In this introductory chapter the foundation for the dissertation is established. Basic .

terminology and formulae are introduced, along with the concept of reactivity feedback

v o . -
which motivates the present study, and an overview of the CANDU reactor system.

Goals for the present dissertation are established, and the computer codes to be used are

described. The chapter ends with an outlih‘é of the-work presented in the fbllo&:ing

chapters, including indications of original research’contributions where they occ_l,g"_.

<

<

11 Background to the Problem’

Nuclear power reactors use the heat of a controlled nuclear fission reaction to raise

steam and drive”d steam turbo-electric generafor: The heat is generated in a vessel filled

v

with uranium fuel, through which coolant is circulated at high temperature and pressure.

The nuclear fission reaction involves the absorption of a neutron in the U-235 isotope of

EF’:

4
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Chapter 1: Introduction | _ 2

uranium, causing instability in the isotope and subseque_nt fragmenting, or "fissioning”,
into a pair of lighter noclei. At the same time about 200 MeV (8><'1(_)'12 cal) of energy
is releaeed, along with two or three high-energy oeutrons which are added to the total
neutron population of the reactor. The fission reaction is thus self-suppofting,‘ although

constant control must be exercised to maintain the supply and use of neutrons in perfect

~ balance, and the neutron population therefore constant with time.

: Change;in the neutron populatien can be induced by perturbations in the state of

. materials within the reactor (for example, "fuel‘temperamre- or coolant density), with a

typical time-scale measured in milli-seconds. If such perturbations have an increasing

¢

effect on the neutron population, special measures must be taken to ensure that the energy

producuon in the fuel does not reach unsafe levels (for example: the fuel's melnng point)
before the population increase can be terminated.

In the CANDU reactor {to be descnbed later) a posmve mﬂuence on neutron
populanon(;s 1nduced by the removal of coolant,’ e1ther by bmlmg or leakage from the

Q

system... Hence, analysm of this 'phenomenon is central to the design and hcensmg of

safety sys}enié for this reactor, and a "ruhaway" response of neutron population to loss-of-

, coolant accidents (LOCA's)‘i:s avoided in all credible scenarios.

- Nevertheless, a political incentive exists to reduce the coupling between coolant |

loss and neuron population; and this dissei‘tation is concerned with methods for achieving
¢

‘ thlS goal Also exammed here are current methodologles for analysmg tlus phenomenon; |

and- the reactor physics behmd the phenomenon Fn‘st however, it is unportant to

estabhsh the termmology and concepts that characterize this general area of reactor

S
e S

.o
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analysis.

1.2 The Role of Reactivity in Reactor Kinetics

In the study of nuclear reactor control and szife_ty. the fundamental parameter is the

ratio of total neutron production rate to loss rate, for which a value of unity indicates

“steady-state core multiplicarion, -

¥ & QDeutron production ‘rare
- npeurron loss rate -

A related parameter is the prompt neutron t‘gfetnne =, the average time between ‘the

productlon and loss of a prompt" neutron a neutron dlrectly created by a ﬁssmn event,

This parameter is found by dividing the tune~dependent total neutron populatton Nf1), by

~ the loss rate, .

[ = N1 _
- loss rate .

&

By substituting & and ! into a simple statement of populatmn balance, an exponenttal

relatlonshlp is defined, °

S g%—)- = source rate_ - loss rate o

R 02
S

y o

=}

having a period of 7 = l/(k-1). In the CANDU reactor the prompt neuu-on-lifétime is

- about 0.001 seconds, and since deviations from unity of 0.1% in k are not uncommon, it

o

Ly

(1:..1) '

(1.2)

(1.3).

IR
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is evident that Equation (1.3) defines a prompt neutron period much too small for
effective reactor control.

For this reason the CANDU core, as all reactor cores, is designed to utilize a small

fraction, B, of neutrons that are delayed in their release following a fission event. Such’

neutrons come from neutron-emitting fission products called delayed neutron precursors,
having half-lives ranging from tenths of a second to over a minute. The modified rate

equation taking this slower component into account is'?

aNGD - CB gy + Y ac) 14

dr _A

‘where A, and C(¢) are the decay constant and concentration, respectively, of delayed

precursor i, and the following substitutions have been made:

- k-1 no '
= 2 = ‘ . 1.5
P 7 ‘ | o (1.5) .

is defined as the reactivity ofthe system (the fr_actionﬂ deviation from unity of k); and ”

y|

l
ko ;09

~ is defined as the mean generation time of the system (the mean time _betweeri neutron

production and neutron absorption causing fission). The rate equation for each precursor

at

Taken together, Equations (1.4) and (1.7) are known as the point-kinetics equations'; o

_ Lo - >
c L s
[

&

I

BENO -ac . 0 an
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since they describe the kinetic behaviour of a "point”, or space-independent, reactor.

The effective neutron lifetime that takes the decay times of these precursors into

~account is approximately 0.1 seconds, or about 100 times longer than the prompt neutron’

lifetime. This is slow enough to allow. c;fﬁcient control by engineered powef_ regulation
“and safety systems. However, it is evident ﬁ;om Equaﬁon (1.4) that should a value of
reacﬁvity, P, exceed the delayed neutron fraction, B, then dN(1)idr will become positiirc
béséd .upon prompt neutron multiplication alone, This s.ituafion is termed prompr
criticality, .for which the kinetic behaviour reverts back .to the sirﬁpler form of

Equatioﬁ (1.3)1 with its muéh sﬁorter reactbr period. | |
The valu? of p#B theréfore representg 2 general limit on the size of reactivity that

can be safely int_roduced into a reactor core. In general, B is isotope.—depcndent, and thus

determined by the isotopic mixture in the core at'time r. For natural uranium fuels the .

value of B is ﬁpproximately 0.7%, leading to a prompt criticality limit of 0.(_)07. In tﬁis

dissertation the units of reacﬁ{rify are mk ("mﬂﬁ-k;), where 1 mk = 0.1% deviation in k
~-from unity.- “The prompt criticality‘ ﬁmit, therefore, i;s approximately 7 mk in natu.ral
uramum systems, and dependent u;;on‘ irradiation. time (qsually'termed.burnup; and
measured in units‘-o_f "mégawatbdayg per tonne of ihitial uranium”, MWd/Tez or “hgut?éns
| per kilobarn”, n/kb). ‘

13  Cross-Sections and Reaction Rates

In any fission event, prompt neutrons are emitted with kinetic energies of

¢ 7

4]

R ¥ 4
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approximately 1 MeV. In a thermal reactor these neutrons are slowed, or moderated, to

energies of less than 1 eV, in order to take advantage of the higher neutron-nuclear

cross-section and is measured in units of barns (1 b = 10 cm?), is shown’ in Figure 1.1
for fission in both U-235 and Pu-239. The extensive resonance structure in the mid-
energy, or epithermal, range is characteristic of absorption processes in all of the heavy

fuel isotopes. However, since only absorption‘ takes place at t.hes'e energies in U-238, the

‘most sbundant fuel i 1sotope, itis n-nperanve that neuntrons be removed from the fuel region

~as they are reduced in energy through this region. This concept is central both to the

demgn of thermal reactors, and to the particular mechamsm for reactnnty insertion studied

iz

" in this dassertatlon

. Knowledge of neuton—nudeér .'cross-section, d(r,E), nuclear density, n(r,E),
neutron population, N(r,t), and neutron velocity, v(E), leads to a statement of neutron- .

nuclear reaction rate per unit volume,

[}

" RGE) = (i E)o(6E) NGE) vE)

(1.8)

‘where use is made of two new parameters, macroscopic cross-section (in units of cm™), .

E(r,E) = n(,E)o(LE) | (19)

“and neutron flux (in units of cm%sY),

$@E) = NeEYWE . (D)

: Usihg this notation, Equation (1.1) for k can be stated in terms of reaction rates, switching

- to the conventional terminology of ., ("k-effective"), which indicates that neutron leakage
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from finite reactor geometries, L(r,E), is taken into account,

[[v2e dVaf_

ky= —YE — o BRIV
[[E.6+ LydviE |

VE : :

Here, the subscupts "f" and "a" indicate fission and total absorpnon respecnvely In the
numerical analysxs of reactors, the spat1al and energy dependence is usually ' collapsed"

into d1screte mesh cells, J, and energy groups g, for Wthh Equation (1. ll) becomes a

ratio of double summations,

E_: Vel e Pie -
k= —2£ - S _ - {L12)
2 (E aje ¢J;£' ¥ LJLP) | |

HE

.- which can be substituted into Equation (1.5) to yield a new statement of the definition of -

" reactivity,

E[ fjg~ -115' qb.u' LJg]
p = N (1.13)

o i E _ngE fie¢12?
' ig

the ratio of net to total neutron production over all energy aﬁ:d space. Two points shleul;
be noted here: (1) reactivity ‘is actually a noﬁ-linear pafameter, dependent upon neutron

flux, which is dependenf upon reactivity, i.e., p = p(¢(p)); and (2) both Koy and .p are
| global parameters; that is,- a reacti\ii@y perturbation may be referred to in local"ter-ms (such

 as a single fuel channel refuelling), but the implication is always of a global ef%ec;. .

N
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: 1.4 Reactivity Feedt_)ack

In an operating reactor; changes in reactivity are tntroduced by engineered control
sjstems in orden to maniputate the-'neutron population: and {‘t.hus the energy output, of the
reactor. At the same time reactivity is a_ffected.by: the temperature and density of every
‘material present in the reactor core.. which in tumn depend upon the reactor power It
follows that routine opmnuon of this core includes continuous compensation for the
reacttvxty effects of these state variables. ‘l

This non-linear t‘eedback situation is illustrated mthure 1.2, where reactot power
as the output parameter and “total" reactmty pm(t) is the sum of both the reactivity due
to feedback p f(t) and the reactivity extemally apphed pm(t) In an operating CANDU
reactor, p_ (1) would be supplied by a numbet:_: of light-water zone controllers and
stainless-steel adjuster rods, |

The sensmwty of p(t) to state variables assoclated with d.tfferent reactor core states

is measured by the reactivity coe_ﬁiczent

R
ill
|

. B S U

wher- xis the state variable. As an exa.mple, the ﬁzeI temperamre reacnvzry coeﬁ?c:ent
| . @, caused predommantly by Doppler broademng of resonance absorpnon cross-sections, |
~ isabout -0 0135 mk/°C for fresh fuel in the CANDU core and -0 0005 mk/°C at dtscharge

burnup Thts Creates a component of reactt\nty feedback (other components such as
_ _coolant and fuel dens1ty would be taken into account snnultaneously) that reactor control

-~ v
&
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systen;:y must accommodate when changing power levels through external reactivity ( P,.) |

!

manipulation. The irradiation dependence of the fuel temperature reactivity coefficient

in the e:;arnple above indicates the eigniﬁcance of irradiation ("burnup"”) and the ~

-corresponding impbrtance of accurate fuel history models.

Tlus dissertation addresses the issue of coolanr void effect, wh1ch 1s duectly related

to the coolant void reacn\nty coefﬁcxent the system response to removal of coolant. This

concept will be deﬁned fully in Chapter 2, butitis worth notmg here that two of the most _

.unportant factors in assessmg the. usefulness of a void effect calculatron is knowledge of

the precise definition of void effect used and the fuel history model used. The
methodology for calcularing reactivity coefficients, to be described in detaii in Chapter 2,
starts by reducing the problenr to a study o;’ a single lat{ice-ce!l model.” A Tattice eell is
the smallest repeatable structure in the reactor core, usually consisting of a fuel region ‘
surrounded by.coolarrt and/or moderator and support material, exterlding out to a.sﬁitable :

boundary condition representing the rest of the core. ~ Chapter 2 elabor_ates on the -

raniiﬁcations of this model, and Chapter 3 describes the CANDU lattice cell.

1.5 The CANDU Design and Philosophy

" The CANDU (which srands for "CANa&ian Deuterium Ura.nium") reactor is.a

' Canachan power reactor de51gn developed by AECL in the 1960's thh evolutlonary roots®

in the large research reactor mstallatlons at Chalk Rwer Ontano Flgure 1 3%, ﬂlusu‘ates

the . genenc CANDU steam-supply system The core consists of pressure tubes' (380 to

\
v
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480, depending on the design) that penetrate a D,O-filled moderator tank called’ f.hc

calandria and contain 12 or 13 half-meter long fuel bundles of 28 ("Pickering" design)

or 37 ("Brucc" design) natural UO, fuel pins, as depicted in Figure 1.4°. Net electrical

output ratings range from about 500 MWe to about 900 MWe, depending on the design.

More detail, with special focus on the commercial vcrsion; CANDU 6, can be found in

.Reference 5. | ) B | | | | s
'i“he central philosophy cf the CANDU design can be summa_rizcd with the phrase,

fiscal ecdnomy through nemron‘ economy. Canada originally developed a natural

ura;ﬁum-fuelled power reactor because this country possesses large amounts of uranium

orc,y aad“no large-scale fuel enrichment technology. This forced CAN'DU designers to

‘work with a strong mindset for né_utron economy (avoidance of neutron wastage by

parasitic abscrption) since this is the only way a reactor fuelled with natural uranium can

673 against other designs. They discovered, for example, that a cost’

3 advantag_e is gamed by'cooling the DEO moderater instead of letting it run hot, because

of the resulting increase in effective fuel fission cross-section’.

PR

An emphasis on neutron economy produces low total fuelh'ng costs in any reactor

. 'de51gn, but the lowest fuellmg costs are achieved with natural uranium and an extreme

C‘

emphasis on neutron economy As parasmc absorptxon increases an advantage is gamed

: with enrichment (for _example, the. opt:mum_ enrichment for u_ramum utlhzatlon in the

‘ CANDU core is arouhd 1 2%“) but fuelling costs are usually greater. Additiona]ly, high

neutron economy prov1des the CANDU demgn with the strateglc beneﬁt of bemg an

L mdusu-y leader in resource. unhzatmn, and of havmg available alternate fuel cycles such

(:
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as thorium fuels and recycled fuel from light water reactors™!1>%3,

The coupling of ﬁsca.lheconomy and neutron economy is not .absolu'te. and in some
cases a cost advantage is gained by accepting a certain wastage of neutrons. | For
example, the-thennodytnamic efficiency of the lCANDU system is'itnproved as coolant
temperatures are increased, ‘requirlng thicker pressure tubes that increase parasitic
absorption. 'The CANDU approach to neutron'ecenomy therefore does rtot preclude

compromise if appropriate mitigating factors are involved.

1.6 Coolant Voiding Scenarios in the CANDU System |

.For reasone to be outlined in Chapter 3 the coolant void coefficient 1n operating
CANDU reactors is positive. In coméensa/ﬁon for this, the!‘rea.ctors larec_!esig"ned'with a |
thoroughly distrtbuted ﬂux tletectiort 'sy_ste;tt, and a‘f;st' and reliable aystem of sh-‘ut'down‘ |

rods backed up by an independent secondary shutdown systerrt (liquid poison moderater

injection or moderator gravity dump, depending ontthe deeign)s. Large Loss-of-Coolant-

Accident (LOCA) analysis in CANDU safety studies therefore deals mainly with the. e

therma.lhydraulics of .a'suberitical or Shutdown core However in order to assess. the

] requu‘ements of a safety shutdown and core coolmg system in the first place it :s- :

necessary to accurately charactenze both the power pulse caused by the LOCA and the

resultmg state of the fuel (ﬁssmn product mventory, centre-hne temperature, etc. ) at the'- 3
o

- moment of shutdown. - This requu'es knowmg the neutromc reaction time of the fuel

during the ﬁrst tmlh-seconds of a LOCA and hence an accurate estxmate of the coolantl .

”~
i

o
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void reactivity‘ coefficient is needed. One must be aware of the dependence of this
- coefﬁcient;_ if any, on sﬁaﬁd distribution of voiding, and one mu-st. know the different
modes with which a LOCA can occur.

The CANDU primary cooling systefh is divided into two parallel circuits, each
servicing one ho;izohtal hélf of 'the cores.: This- fact aléne m:akes it very ﬁhﬁkely that
more than half the core will experience a LOCA at one tnne (détailed risk analysis and

; sys.tem behaviour will not be pftrt of this dissertaﬁon; however). Within either circuit is
a netWorklof piping With diameters ranging from roughly 1 cm (instrurriént tqbing, steam
generator tubing) to over .15 cm (header piping, headers), leading _fo a conesbox}ding

rangé of pressure drop rate and volumetric leak rate scenarios with leak probabilities

decreasing with increasing diameter. Countering these scenarios are three coolant - -

inventory contrc_:l' sjrstems uiégered by‘ different primary_preséure levels: 'nc_)rmal DO
feed, higﬁ-;ﬁreésure H,0 _injection, and low-pressure HZIO injectioﬁ. Even without external
control tﬁe_ pressure drop following a LOCA would take a finite amount” of time“_
dgpendihg:on the loéation'-' of the break, ﬂ'and the action_‘ of these control systems extends
the associated time conétaﬁ; to sever;l lmirmtes (stogping at‘g minimum pfes#ure level
_détennihéd by the _reéuirement fdr décay heat removal)™,
- The ‘bersF—case" LOCA scena'riol used in CAND'U‘safety analysis is a 100%,
:instaxf;aneous break u} either a reactor coolant ‘h_eader-of a pﬁmmy pump suction pipe.
. In coﬁgtrast. the calcﬁlﬁtion of the coolant void cbéfﬁciént .at the ‘la't_tice: céll level
o (einpioyiiig Equaﬁoﬂ..(l.14)) invélves a_n‘i_nsiant.a..n.eou.s reﬁlovai'.of coolant"in§¢ﬂfc;ry, as -

.~ described in detail in Section 2.1. '-"I"hé‘r_esult is a parameter for use in subsequent safety

£
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analysis, and not, in isolation, an indication of the system reactivity response 1o realistic
voiding scenarios. The parameter is also useful as a point of comparison in parametric

studies, such as this diss\ertation;

1.7 AECL Programme to Lower Coolant Void Reactirity B

Although in current CANDU design the coinplication of added reactivity at the

outset of a LOCA is countered by strict shutdown requirements for speed efficien'cy and-

- rehabihty, a potential marketing problem exrsts Non-domestic reactor licensmg agencres

such as the US NRC have generally not been exposed to demgn hcense applrcanons that :

include posmve coolant vord reactivity coefficients, and their criteria reflect this“ More

: 1r_nportant1y, a global shift towards desrgn s1mp1iﬁcation with less reliance on engineered ,
safety (so- called passzve safety) threatens the CANDU design's abthty to compete in- the '
future, if only because of this one characteristic“’ It is important to note that large

swings ‘_of reactivity in any direction can introduce instabilities to be designed against, and -

also that a negative void reactivity coefficient does not guarantee negative reactivity'in

all thermalhydraulic scenarios (for example, large void coIlapse in a BWR")

Furthermore, it is also noteworthy that the prompt neutron hfettme in the D,0O CANDU '
lattice i is about 30 times longer than in a typical LWR~‘ lattice'® L makingcthe termination '
of neutronic excursions a cornparatively easier task. This is.the case no't"o'nly becanse of
the l_arger time constant, but also because tlie's‘lope _o_f_the transient does n.ot". 'ch'nn'gei

appreciably upon crossing the point of prompt eritica'lity's. ‘Nevertheless, a_problem of -

P
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perception does exist with the positve void reactivity coefficient of the CANDU reactor.

AECL has ‘addressed this concern with a programme to develop Low Void

Reactxvrty Fuel (LVRF) for the CANDU core. The chief candidate de51gn at the moment

involves the addmon of bumable poison to strategw regions of the fuel bundle, combmed

with the_use of low ennchmen_t uranium (LEU) of varying degree throughout the bundle'.

. ThlS approach, which will be explamed from a reactor physics point of vrew in Chapter
\:4 Section 4.2.4, represents a relauvely easy target for LVRF in terms of R&D |
| cor_nrmmnent, and has c_urrently reached the physical testing stage™. In'calling for poison |

material to be added to the fuel, hov_.rever, this approach. el%o implies a major'departure‘

‘from ‘t'he principle of “maiirimurln neutron ecooomy.presented in Section 1.5. Thus e

‘penalty in uranium utilization can be expected as a compromise for satisfying client

requirements with respect to void reactivity in this manner.

One of the goals of tlus d1ssertanon is to pursue a more dlfﬁcult" target for
° LVRF in- the CANDU core — observmg neutron economy and thus adhermg to the

' orrgmal CANLU desrgn concept As such tlns work will explore the perlphery of what.

~

s pracncally poss1ble in the future development of CA.NDU fuel The expectanon of

?

bemg on the "penphery s mainly due to the added expense of fuel redevelopment and

: :_assocrated safety stud1es that wﬂl be reqmred for unplementauon Not unhke the current- |

AECL LVRF programme, this study‘ wxll,eeek a fuel design that is compatible with

<

(YR
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current CANDU systems. Fuel burnup, and thus resource utilization, must not suffer

significantly as a result of design medifications, for this will ampiify the economic

o~

argument against any necessary fuel redevelopment. For the same reason the fuel

throughput rate Ashould not be altered significantly; that is, a'fuel design with cornparoble

burnup to the current design should also require a comparable mass of ﬁssxle matenal

: Thennalhydrauhc parameters such as channel mlet and outlet enthalpy will be mamtamed

as wﬂl coolant flow rate; thus, the' steam supply characteristics will be -unchanged. The

moderator (and, in .fact, everything radially outward from the pressure tube) will also be

unchanged, although the effects of mochfymg the fuel channel and moderator matenals )

- will be examined. Keepmg w1thm the goal of neutron economy, the degrees of freedom

that remain to be probed are fuel geometry and ennchment Thts will be the dtrectton X

of this dissertation. T T O' :

Before this direction can be taken, it wlll be necessary to.exa'mine ‘the reactor S
physics of CANDU fuel and the nature‘ of coolant void reactivity feedback. Another goal . -
. of this dissertation is therefore to 1nvest1gate the current methodology for. analysmg the_‘:‘ -
coolant void effect in the CANDU lattice cell, in order- to clearly define the techmque to-.;‘ ¢

_ be used herein, and the bounds w1thm wmch ﬂ'llS techmque is’ apphcable Thns techmque R )

)
o - P

will then. belapphed to mvesttgate the cAuses of the coolant void effect in the CANDUA S

o

: 1att1ce cell separating the component effects mto spectral, spattal and matenal categortes .

in order to determme a dlrectton in whtch to seek de31gns W1th low v01d reactmty

It Wlll not be thhm the scope of tlus work to. perform afull-scale LOCA“

calculat:ton such as that usua]ly carned out in CANDU analyms A cofnpl_ete void
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reactivity smdy includes a coupled thermalhydraulics and-neuntron kinetics calculation

(using, fer example, CATHENA and -CERBERUS, respectively, at AECL),"'employing'a
lattice _cede to pfovide ﬂle modified material cross-sections™. It is within this latter
category that the ‘p\resent work will have ‘relevance, in _accerdanee wjth the various
assumptions and definitions to be described in Chapter 2.

A note should be made concerning what level. of void reactivity would be

considered "acceptable”. While any value greater than zero contravenes policy in some

* jurisdictions, it is recognizeG-ikat positive values have the benefit of providing a neutronic

mechanism for tripping the reactor's safety system. This is a much faster mechanism than

| ~ thermalhydraulic processes, although it demands high reliability and speed in the response

of the safety system, such as that found in the CANDU design. Therefore, while a

negative void teactivity will be sought in this dissertation, a positive value less than that

inducing ‘prompt criticality -will be considered acceptable. This _corresponds"' ‘to a

maximum value equal to the delayed neutron fraction, 6, which can be estimated at Zero-

Y e
“r~—_
—H—-ﬁ-T:_*:—_ ~ ’\
“—:‘*-::ﬁ

U-235 and Pu-239. At zero-burnup, therefore, the hm1t is 7" rnk\(B = Q. 007) and at

"-.

—

rmd-burnup the hnnt is 5 mk (ﬁmd = 0.005). The welghts for the calculau;ffof B were

msd

\-\

" each 0. 5 correspondmg to an approximately equal average cell neutron y1eld (vZb) frorn

each of these-isotopes at mld-burnup.

Any analys1s of void reactmty feedback in the LANDU lattice -cell will

< necessa:ﬂy have the fo].lowmg two charactensuos

(7]

(1) thh dependence on CANDU-sPemﬁc hterature, and

=
o

=
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(2) high dependence on computer simulation.
The ﬁrst pomt arises because the physics of coolant void reacnvxty is sensmve to lattice
detmls such as fuel geometry and composmon lattice pitch, structural materials, coolant
and moderator temperature, and burnup history. A.lthough other non-CANDU studies of
coolant void reactivity eaust'"“?"4 ‘they are of little relevance beyond the tllustranon of .
general concepts and methods. The second pomt arises because of the‘ ‘highly
heterogeneous nature of the CANDU lattice cell and the extremely detailed spectral

mformauon that must be accurately rnodelled With the advent of economzcal high- speed
hlgh-rnemory computers it has become routme to analyze . reactor lattlces W1th a degree h
of spatial, spectral, and (1f apphcable) time subdnnston that renders analyttcal andﬁ |

‘ emp1_1:1cal modelling _unnecessary (except where latﬁee analysis is integrated with larger
space-time kinetics “ or burnup anelysis"'”). ThlS creates a reliance on-nnmeri_caf_
rcaIculation which must be checked 'against experirnent and more t;u'ndamental calculations,
such as Monte C'arlo (see next section). These two points,ll‘"therefore. Wilt also

characterize the present dissertation. ~

19 Codes to be Used: WIMS-AECL and MCNP-4
- ~ The two-dimensional lattice cellnand.bumu'p code WIMS-AECL** will betused‘ |
to provide the calculations used in this dissertation. WMS-AECL uses the. method of
colhsmn probabilities to solve the mtegral form of the steady-state Boltzmann neutron

transport equation”, The collision probab1ht1es, P, represent‘ the probabtlity, in

3
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nmn

cyhndncal geometry of a source neutron in region "1" having its first collision in region

-"j", and are based on the transport kemel in cylindrical geometry,
=2 =X |
Kiy(x) = [cosbe=?ds ‘ (1.15)
. _ :
where the int_egration over 6 represents a uniform source along-the axial direction, and
xis t:ransport distance in mean free pathlengths. The more general Functtons Ki ( x) are

known as n™ order Brckley ﬁmctzonszs"”"‘ WIMS-AECL calculates group -wise, reglonal

ﬂuxes over a spatxally clustered (PIJ opuon) or annular symmetry CPERSEUS opnon)

lattice cell. Resonance regmn Cross- secnons are calculated on a case-dependent basrs ~

R

from tabulated resonance integrals, which are interpolated according to temperature and

' background or potenual scattenng cross-section. The hbrary resonance integrals are

apphcable for homogenous rmxrures of each 1sotope and therefore an equrvalence

- relation>®*? is used to relate these values to heterogeneous cometries. For this ose
| >332 is used t ‘ - _ 1s g purp

an escape.cross~secrion -which is a function of the volume-to-surface ratio of an average

, fuel pm is added to each nucl.rde s background scattermg cross-sectton for mterpolatlon.

\'m the tables In addmon to bemg calculated for an average pm geometry, the group

S "resonance cross-secuons are also calculated for an average pin composrtron and

= t'emperature Tlus model is acceptable for clusters of 1denttca1 pins, but it will not

e j.prov1de proper resonance cross-secuons 1f fuel composmon or georneu'y vartes within the

.'fuel cluster

Lcakage is treated by an added absorpuon cross-sect;ton DB2 where D isa Benorst. 3

M

dtffusron coefﬁctent (a sunple transport calculauon can also be chosen) and B?is a user-

g

T

/)
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supplied buckling value. WIMS-AECL can also calculate the buckling needed to create

a critical lattce.

WIMS-AECL' is based on a version of WIMS” supplied to AECL by the UKAEA

© in 1971, and since developed at AECL* for CANDU analysis. Two hbranes can be used,

‘a 69-group "Winfrith" library (24 thermal, 40 epithermal, 5 fast') based on the library

supplied by the UKAEA, and an 89-group "ENDF/B-V" library (24 thermal, 55

epithermal, 10 fasF’) based on ENDF/B-V data™*. ‘The Winfrith Library wil be used here

unless otherwise stated, due to the unavailability of the ENDF/B-V library to the author “

for most of the period of this project. In all cases the full'lib'rary energy'multigroup'
structure will be used. | |

WIMS-AECL is the mam lattice code used by AECL-Research for CANDU

analys1s, and it has tested favourably against zero energy expenments and numerlcal -

o

benchma.rks that include volded coolant conditions®™*. Nevertheless, it w111 be necessary-

to test the performance of WIMS-AECL under the non-standar& geometrles and.

compositions that will be exammed in this dlssertatlon For such testmg, the Monte Carlo

code MCNP-439 will be utilized. MCNP-4 is a much more fundamental code. '.nax. WIMS-_; —~
AECL, relymg on stochastic rather than determuusuc m@/ nd employing a “quasi- \}\ e

' contmuous pomt-mse cross-section library with as many as 22, 500 points (for Au- 197)

The library is denved from ENDF/B-V ‘and encompasses the energy range from 10°% eV
& ki . ] ‘

'0eV gt thennal <0. 625 eV < eplthennal <0. 821 MeV < fast S 10 MeV

202meVg therma.l S 0 625 eV < epxthermal < 0 82085 MeV < fast < 10 MeV

‘g-':—"

.
=

B
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to 20 MeV. In many ways an MCNP-4 calculation can be considered a benchmark

numerical calculation, within its own statistical calculation accuracy, the accuracy of its

: library evaluations, and of course the accuracy with which its user defines each problem.

In MCNP-4 2 statistical picture of neutron distribution in three: dimensions is

assembled by sampling the transport probability,

_p(X) - 'e-E,x " ‘ . _ (1.16)

and the reaction‘probability (cross-sections) over a large enough nurh_ber of "histories" to
attain. acceplable accuracy. In the case of a criticality calculation the code samples a
source distribution ,which converges as enough histories are followed. A vanety of

drfferent tallies can be comprled (ﬂuence current, reaction, energy deposition, etc.) and

several estimates of cnncahty (I\,ﬂ) can be made, all accompa.med by estlmates of

~ statistical accuracy : o

The. Monte Carlo method developed from early work by Fermi, von Neumann, and

Ulam at the Los Alamos Laboratory dunng World War II. MCNP-4 i is the descendent |

of this work,‘ capable of tracking photons and electrons as well as neutrons: It is quickly

becorrring.an worldwide industnj standard for numerical.benchmarking of deterministic

- analyses. although it is not rounnely used as a routlne analysrs tool itself because of the

&

tn-ne requlred for accurate calculanons Compansons of MCNP—4 and WIMS-AECL for
criticality and reactmty calculanons have been made‘“’f“, rarsmg some concerns that will -

be addressed when such compansons are made in tlus drssertanon '

It has only recently become practlcal to run a code like MCNP-4 on a personal

[ 2
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computer platfonn Unless otherwise indicated, all calculations reported here with both

MCNP-4 and WIMS-AECL were generated on an IBM- PC/486 computer,

1.10 Oautline of Dissertation

The background information for this dissertation, along with a statement of i
intentions, has been presented in this chapter. This section will now summanze what is

to follow in’ subsequent chapters, including indications of original contributions to the .

Yesearch in this field, where applicable.

T o :
Chapter 2 lays the groundwork for the present study, specifying important
definitions, methodologies, and Emitationst A critical review of methodologies for lattice

cell parametric redcti\_rity studies is presented. This includes a look at the varying

" Interpretations of "void effect”; and the sensitivity of the result when lattices with high

supercriticality are examined. The latter situations include CANDU lattices at zero-

g
e

".burnup and CANDU lattices COntaining enrich’ed or plutonium fuels This review

<

matena.l and the nomenclature suggested to clarify the interpretations, has not been

[

rpresented before in the literature. ThlS portion of Chapter 2 was presented as a separate ’

paper® by the author to the 1994 Canadtan Nuclear Socrety Slmulatmn Symposmm .
Also in’ this chapter are a companson of the drffusmn theory components of -
leakage between WIMS-AECL and MCNP-4 (presented as a separate paper"‘J by the

author to the 1994 Amencan Nuclear Society Toplcal Meetmg on’ Reactor Physrcs) and

an mvesngauon of the effect of accountmg for changes in neutron hfenme m latnce celI‘

i~
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parametric studies.  Similarly, the effect of accounting for heterogeneous void

distributions 1s examined (presented as a separate paper” by the“ author to the 1992
American Nuclear Society Annual Conference). AJl of these investigations represent
original contributions.

~ An important section in Chapter 2 formulates the methodology by which lattice
cell results will be separated into factors affecting criticality. This separation is a formal

process involving a Taylor expansion, with the result that the separated components sum

exactly to the total effect. This treatment is not original in concept, but in practice it has

not been used elsewhere since such internal consistency is only important when highly "‘

non—cntrcal lattices are studied. The application here is therefore original, as is the code

used to generate the components “This represents the main analysis- tool used throughout

 the dissertation.-
In Chapter 3 the spect:ral geometric, and matenal causes behind the v01cl effect -

in the current CANDU des1gn are mvestlgated Most of tlns rnatertal has been reported

(o)

in various forrns before, but this chapter repre'Sents a comprehensive study which, in

scope and detail of analys1s has not been published elsewhere. Certain ﬁgures, such as

RN

those showmg the net change in both neutron spectrum and spattal d1str1butlon,"are

ongmal presentattons The materral in this chapter is necessary for an understandmg of =i @“
Wanson

what is requlred to reduce the votd effect. Most: of this chapter comprises an invited

- paper™ to be presented: by the\ duthor to the 1995 American Nuclear Society Annual
- Conference. | |

. Chapter 4 is a wide-ranging investigation of the many types of changes.to the void -

€

=
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effect that can be effected hy manipulating the material and georrietrie properties of the

fuel. Also included, despite not being strictly within the goals of this dissertation, are the

 effects of making changes to the moderator and pressure tube materials. Many of these

areas have been investigated or suggested in other reports, but th.is represents another
eomprehensive analysis and review that has not been seen elsewhere. This chapter
provides the ihcentives for the modifications made in the next chapter, as well as
providing the pointers indicating which category of moldiﬁcation. is of more implortance.

“In Chapter 5 all remaining geometric constraints are removed and an optimum fuel

-shape is found in terms. of void effect reduction.  An annular shape located next to the

pressure tube wall is the result, which is then evolved to become either a nested tubular
or curved—plate fuel once thermalhydrauhc conmderanons are taken into account. l The |
final geometry is detennmed by numencal search based on thermalhydrauhc crrterm
Addmonal practicalities are addressed, 'mcluding' the issues. of manufactilring and‘ _
economics. Uranium enrichment and other fuel cycles are exarmned for both apphcablhty '
and as measures to further reduce the vo1d effect The basic 1dea of conﬁmng\ CANDU
fiél to an outer annular regloh 1_s not new, but the present applicati_qn,in the form of
tubular or Curved-plate geometry for the purposes of void effect reduetion in the CANDU
lattxce is original. The neutromc and thermalhydrauhc Jusuﬁcattons for the proposed.‘,

demgns and the numerical algorithm performed to determine the final geometry, are also

of original content.

Several rnodelhng concerns with W]MS-AECL are also raised in Chapter 5 and" '

a major issue concerns a defierency in the. calculauon of resonance group cross secnons

W
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for annular (tubular) fuel geometri_e_s.‘ The S/V kesonanée'Correcrion Model is developéd.
based_upoﬁ corrected modelling of the fuel surface-to-volume ratio (S/V). This correétidn
circumvgnts the major cause of this deficiency, although remaining concerns about the
resonancé treatment are h;:ft uncorrected. 'fhis correction model fo; annular geometries
in WIMS-AECL is an original contribution.

Finally,lc-Chapter 6 is a summary of the work put forth in this dissertation.
'Conclus_ion‘s and observations are stated, and suggestions for fur;}xer é.nalysis stemmiﬂg

from the work here are made.
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Figure 1.2 Model of Reactivity Feedback.
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Chapter 2

o

Method of Calculating Void Effect

Irt this chapter the terms of reference for a study of void effect in CANDU are
es_ta.blis'hed, beginning with the definition of “void effect” itsetf. Several- important issues
regarding methods and assumptions are treated sepa.ra'telp. leading in the end to & clear
statement of position that will be adopted for the'rer_'nainder of this work. It is intended

that: self-consmtency will prevail and although it is the intention of 'the author to remain
_ ;
consistent with the hterature as much as possible, it w1ll be necessary (where noted) to

) deﬁne certain non-standard concepts ThlS chapter will develop a methodology by which -

WIMS AECL. w1ll be used the main analysis tool in this dlssertatton and it will outlme

some of the hm1tatlons assocmted with such use. .

Sectlons 2.1 and 2.2 have been combined in a separate paper by the author
&
Also, material in Secnons 2.2.4 and 2. 4 is drawn from separate papers by the author, as

o

mdacated in those sections.

Q

2.1 ‘Def:initioln of Void‘.Effect

>

1

The coolant void coefficient is defined by Equation (1.14), where the state variable
"x" in this case is coolant void fraction®™ or void-to-total volume ratio, o (to avoid

.29
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confusion howeycr, the void coefficient in Equation (1.14) is usua;lly denoted. Oyv). A
rigorous calculation of this coefficient would take in;o account secoﬁd-order effects .
associated with coolant voiding. These ir—;:clude lattice geometry changés due to reduced:
heat removal (for exampie, rfuel swelling) ﬁnd spatial void distributions that would depend
on the dégrec Qf boiling and the fractional volumé of coolant lost {for e#amplé, surface
nuéleate boiling versus channel stratification). One Wduld also include the effects. of
global .iroi;l disp{‘ibutions,' givén that the entire core may not be losing coolant .

simultaneously or at the same rate. At the same time consideration must be given to

- global flux red1stnbut10ns initiated by these spaual effects. Such rigour would |

unnecessarﬂy comphcate and defocus the compansons to be made here, therefore, for the

- . present purpos‘;.es, and in keeping. with the intent of "lgttlce cell coefficient calculations

oy

o

described in'Sectionr 1.6, it ‘will be ‘assumed that the total ‘coolant inventory voids
instantaneously. Furmernior_e, the response of the reactor's reactivity regulation system

will not be accounted for, and neither will' there be any accounting of concurrent

RISt “ ] R kS

: l_reactivity:effec':‘ts during a LOCA (for example, fuel température coefficient or moderator

_ called the coolant vo:d eﬁect

'gensity coefficient). Hence, the analysis reported in this dissertation will be of an isolated
. physical effect, but indicative of its contn'bution to ‘core behaviour in a realistic upset

‘scenario. This approach is consistent with that of industry®#+, .

4

The "1solated phymcal effect” just descnbed is;an mtegrated quantity that will be

-

. 1
bvs [ s e o = e
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where o is the coolant volumetric void fraction, and the progression from oe=0tol

is assumed to take place instantaneously. However, further qualification is needed before

a complete definition can be adopted. The problem that arises in normal practice is that

lteﬁt as calculated by a lattice code before voiding, is almost never equal to unity, while

the operational core which one wishes to model is always held by additional reactivity
mechanisms at exactly k;=10. The result of Equation (2.1), therefore, is usually

expressed as a reactivity perturbation relative to the non-voided (or "cooled”) case, .

kr-1
Ap, = [ il

Au.rl Ak,
kogr

kg karko

where the supersc:_ipts V and C indicate "'voi'ded" and "cooled“ cases, respectively (this

2.2)

notatmn will be used throughout this chssertauon) Altematlvely, it is equally valid to .

express reactivity changes in the latuce cell as a simple perturbauon in kg,

[-. A

- In this dissertation the void reactivity effect, Apy, will be defined by Equation (2.2), and

Mgy = KRS . on-

the void criticality effect, Ak, will be defined by Equation (2.3). <Both terms'willtacitly,

apply to coolant voiding only, and both will be measured m umts of mk (although thls is

=  not ngorous) Both mterpretanons of void effect “have been used in mdustry, howcver

the speczﬁc nomenclature apphes only to tlus dissertation. It is proposed that thls

’ nomenclature be adopted by others, n the interest of clanty in reportmg

When & is close to unity the two tertns will be alrnost equal; when it,ﬂ, dlffers

' 51gn1ﬁcantly from umty, the lack of normahzauon in Equatlon (2.3) wm give a much

[

Sy
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different numerical result from Equation (2.2), sometimes suggesting an opposite

interpretation of the same physical effect. To illustrate, a result from a later chapter is -
introduced here, leaving the unnecessary detaiis for later explanation. Figure 2.1 shows -
a plot of Apy, and Ak, defined by Equations (2.2) and (2.3) respectively, as functions of

fuel enrichment (natural to 2%wt.), il.lustrating an obvious discrepancy not only in

magnitude of lthe "'void'effect"." but, more 'irnportantly, also in direction of the trend. In

both cases simple geometric buckhngs (B? = BR+BZ = 7.62x107 cm™) typical of the

" CANDU core were used to generate L,ﬂ;

The case cornpanng natural and 1.2% enriched fuel is presented in Table 2.1 for

closer examination. Here the method of Equation (2.2) predicts a 4 mk decrease in the

- void reactivity effect if 1.2%. enriched fuel were used instead of natural fuel, While the ]

method of Equatlon (2.3) predrcts a 1 mk increase. This relatwely small drft‘erence of -
5 mk between the two methods 1s not as 1mportant as the fact that one method leads to -

the conclusron of a. beneﬁt in moving to shghtly ennched fuel i in terms of rvord effect :

a
reductlon, whlle the other suggests a.getriment (for a zero-burnup core). )

[y

| The question' becomes: which definition is more - meaningful? Equation (2.2)s

7 certamly consrstent with the. neutron kmetlcs description in: Equatmn 1 4 but "reacnvrty“

@

= co

by 1tse1f represents a perturbanon to a crmcal system, makmg Equatron (2 2) A
A

a0y EAN - . "i‘ :
perturbatmn toa perturbanon The first of these pertur‘ze_tjlons, as drscussed would really
if - ! L-;-{_‘y \-. o e B
t..\.s ' )

Y A
r_\‘ - . Y

g

ongmal deﬁmnon of reactmty, str.ll represents an mtmtwe expressron of absolute change

¢
3
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‘modelling) one could reason that if the void reactivity effect (Equation (2.2)) were flawed, |

then a simple difference like the void criticality effect (Equation (2.3)) should still suffice

- to describe the proper trends. This question is further addressed in Section 2.2.2;

n

however, as much as possible, both interpretations of "void effect” are used in this

dissertation.

2.2 Concerns About Lattice Cell Modelling
~ There is a great advantage in using a lattice cell code like WIMS-AECL to

estimate reactivity effects in a CANDU core. 'Géometry and material perturbations can

be modelled with realistic detail, while the simplﬁ:ity of a cell model still allows

extensive parametric studies (including burnup) to be performed. Care must be taken,
however, to recognize all the needs and. shortcomings of this process when setting up -
cases and interpreting results.

(€%

221 Lattlce Cell Approxnmatnon o o

“

Foremost of these concerns is the 1att1ce cell appr oximation 1tse1f wh1ch assumes

a repetmve arrangement of 1dent1cal cells out to mﬁmty Any cell perturbatmns are
(_

therefore global m.nature- In Section 1.3 reactivity itself was descnbed as. a global

" _parameter but thxs is not the s same thmg A lattice cell code cannot predxct the "true":

o,
systﬂ eactmty of a localized perturbatlon

v.'..‘

'I%ls inherent feature means that results of snnple WIMS- AECL calculanons of
= . ‘r-_

‘.\i\
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reactiuity effects are valid only for homogeneously fuelled and homogeneously perturbed
cores. CANDU cores pas't tbeir commissioning stage are nener homogeneously fuelled,
typically containing fuel bundles at all stages of the fuel cycl , and therefore a WIMS-
AECL calculation at mld-bumup comes close to modelling reality (even a CANDU core
at start-up contains some depleted fresh fuel to nid in ﬂux flattening®). Indeed, it has
. been reported* that the leakage Spectrum at mid-bu_rnup with geometric bucklings most
closely rnodels equlhbnum conditions in a CANDU core. In CANDU simulations
chscharge fuel burnup can be estimated by integrating excess reactivity throughout-the
'. cycle until it equals zerc®, and usmg only WIMS-AECL this point can be approximated
when the nme-werghted average of L,ﬁ, equals about 1.02 (allowmg approximately 20 mk
' for unmodelled control absorbers)*. This s1tuat10n is illustrated in Figure 2.2. The point
- of mrd-bmnup then corresponds to a burnup fraction of 0.5, at which point a 100%-
" coolant void condition‘ can be modelled and a void %’I‘fect calculation made. Void effect
calculatlons can also be made at any other burnup- fractlon, although their usefulness will
‘be in quesuon o

A better apprommanon of the equilibrium CANDU cc:e:.would not be at the point
oigtd bumup, but the point of zero excess lattice react1v1ty This is the point, also

i

ﬂlustrated \1‘n thure 22, where Ky itself equals 1.02,-once again allowing for control
0

L-']

- absorption, The difference b_etween the points of mid-buﬁmpahd 2€ro excess reactivity
_' is_'show‘n in Figure 2.2 tﬁ be about 4% of burnup (about 300 MWd/Te), ‘which is the
51tuat10n for the reference 37-element case to be described in the next chapter. The

o

| _ dlfference in L,ﬂ— between Lhese two pomts is about 4 mk, and the dlfference in the void

S

'ff
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‘effect is negligible (< 0.1 mk). Since the much simpler estimation of mid-burnup lends

- itself readily to parametric calculations, this method is used in this dissertation. When

a final design is arrived at, however, this approximation will once.again have to be

éhecked for validity (Section 5.5).

2.2.2 Void "Reactivity" Effect vs. Void "Criticality" Effect

The crux of the prol;lem illustrated in Figﬁre 2.1 is the significant amount of

excess reactivity added to the CANDU lattice wheri enriched fuel is used. Under

. operating conditions this reactivity: would be suppressed with adjustable or burnable
absarbers, or with fuel shuffling, This situation could be approximated by adding enough

buckling to the el to produce & critical lattice (k, = 1.0), which will be referred to as .

using critical buckﬁ'n__gs. Such an artiﬁcial state of criticality, however, should not be
interpreted as an ac#urate model; spécu'um_ effei:ts.éoneSpdnlding to réaljstic ‘r;ac‘tivity
suppression wﬁuld not be included. It should be nated tha; ‘a recent. study”’ '6f
temperature feedback in PWR lattiées argues thaE the‘ leakage spef:tmm‘ uﬁder .such.
artiﬁciﬂ criticality is a reasonable approximation of the net .leakage.spectrum bet\‘v.een. .
adjacent core regions. On the_.assumptidn that k,; = 1 on a regional basis within the core,

3

this reference defines a more appropriate form of the right-hand side of Equation 2.2),

" . {(’ . ) . ‘ ] -
with a single £, present in the denominator determired by averaging the unperturbed and” . -
Q o

i

perturbed &, values. Under the imposition of critical buckling, thowever, such an

approach will not significantly alter the findings to be presented here. e

[+
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Using the critical material bucklings supplied by the WIMS-AECL bi:ckling search
for the cases of natural and enriched fuel (B2, = 2.85x10™ em? and 8.52x 10" cm?,
respectively), the summaries of results shown in Table 2.2 and Table 2.3 can be made.for
zero and mid-burnup cases, respecﬁvely. From Table 2.2 we see that the zero-burnup
void effect drops by about 9 mk if 1.2% enriched fuel were used instead of natural fuel,
according to the calculation using critical buckhngs “This is in contrast to the 4 mk
decrease calculated using geometric bucklmgs and Equanon (2. 2) and the 1 mk increase
predicted usmg geometric bucklings and Equation (2.3). Thus, at the stage of zero-burnup

when excess lattice reactivities are large,” both the void reactivity effect and void

. criticality effect show sizeable discrepancies between the standard calculation and the

aruﬁcmlly critical calculanon The void react1v1ty effect (Equation (2.2)), however does
demonstrate the same trend with both geometnc and crmcal buckhngs

| ‘ Lookm_g only at the vord reactmty effects in Table 2.2 (first row), an explanation
is needed for ihe disparity between rhe‘ 9 mk and 4 mk improvements 1n void effect'
predrcted usmg critical. and geometnc buckhng; respecnvely, when sw1tch1ng from
natural to 1 2% ennched fuel.  The answer lies in the relauve lmportance of leakage vs.

absorpnon to overall neutron loss in the cell For the cases using geometnc bucklmgs the

proportlon of leakage to overall cell loss is 3% for both natural and 1.2% ennched fuel -

: (calculated from the WIMS AECL output file information). When crmcal bucklmgs are

used, however ttus propomon increases from 9% for natural fuel to 22% for 1.2%

o ennched fuel, because of the larger bucklmgs necessary in the latter case in order to force

o ‘_cnucahty Since both fast and eprthermal leakage terms Wlll increase upon vordmg, this
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greater leakage ixﬁportance (by over a factor of two) with 1.2% ehriche;i fuel and critical
bucklings introduces_ é. significant increase in neutron loss upon voiding, tending to
coﬁnter the void effect contribution from a decrease in resonance absorption, while

supplementing tﬁe contribution from an increaée in fast absorption (these cdntn'buting

effects will be exj:la.ined in the following chapter). This is the major reason for the

apparent difference in void effect improvement, by more than a factor of two, although
Lt should be kept in mind that this is still Just a numerical experiment at this point. It

must also be pointed out that this crmcahty approximation relies heavﬂy on the WIMS- '

AECL leakage calculanon, which is suspect at this pomt48

Smce excess lattice reactivity decreases with burnup, it is not surprising that the |

differences between the void reactivity and criticality effects are much smaller in

Table 2.3 (£ 1 mk). The two methods both prechct about a 1 mk mcreaui\m mxd-bumup

void effect if 1.2% enriched fuel were used mstead of natural fuel and the calculations

using critical buckhngs give similar predictions. The void criticality effects with critical o

i

bucklings are about 1 mk less than with geometric bucklings, while the void rgactivity
effects are almost identical.

Therefore, based on this assessment the following summary can be made:

(1)  Zero-burnup (startup) lattices pi'esent a special problem for regctivi'ty'effect'
prediction using a lattice code. Evén'thouﬁh the assuniption of a uniform inatei“ial i
composition throughout the core is most realistic at this time, the high excess lattice

reactivity — which is suppressed in an operating core — distorts the precl_i_ctions_‘ made -

‘using conventional ideas of reactivity.

e
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(2)  The void re'activity effect (Apy), tends to produce res.ults with geometric
bucklings that are more consistent with the artificially critical situation shown here. There
is no basis, however, for believing that the voigl\ reactivity effect will be preferred for
évery scenario. o

(3)  The analysis at mid-burnup shows little discrepancy between the: void
reacti_vity and criticélity effects, and high consistency Bep;veen gpometric and critical
bupkling cases. This is simply due to excess l_étﬁce reactiv'ity_ at ‘this point being very
close tb zero. Since mid-burnup represents the _l_:est approximation that a lattice code like
WIMS-AECL can mike of an equilibrium CANDU core, it is therefore a good idea to -
always Cpipulate the void effect at this point. The exception, of course, occurs when the

void effect for a fresh core is sought. D o

2.2.3 Creatmg a "Critical” Zero-Burnup Lattlce with Borated
Moderator

The question that must be addressed is whether or not a lattice cell code like

WIMS can be used estimate the void effect in a fresh CANDU core. The sensitivity of

R

Ry

void effect to the choice of bucklings (geometric vs. critical) was demonstrated above,

. leading one to seek a realistic approximation. of system criticality for our component

~ (lattice cell) model. The inclusion in the model of a burnable poison such as boron, ”

u.sually added to fresh CANDU core moderators, is examinéd here (the use® of slightly

i} depleted fresh fuel (0. 57%) in some centre-region bundles of a new CANDU core for the

<
purposes of ﬂux—ﬂattemng has been neglected). In thls case, the same approach as with

Q
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critical bucklings is used: enough absorber is added to the moderator to create & critical

lattice. The difference here is the spatial location of the extra absorption, which one

expects would better approximate a realistic state of Zero-burnup reactivity suppfession.

With the same geometric buckling used previously (B2 = 7.62 x 10°S cm™), the

~ concentration of soluble boron in the moderator required to create a critical lattice was

found to be 0.001%wt (10 ppm). for the case of natural fuel, and 0.0042%wt (42 ppm)

. for the case of 1.2% enriched fuel. The void effects are about 21 mk for natural fuel and
about 25 mk for 1.2% enriched fuel. These “borated moderator” void effects are
cominared in Table. 2.4 with the void effects previously found using geometric and critical

‘bucklings.

With boron added to the moderator at zero-burnup conditions, this model predicts

a 5 mk penalty in void effect associated with the move from natural to 1.2% enriched

fuel, in comparison with the 4 mk and 9 mk benefits predicted with the models using

geometric and critical bucklihgs. respectively. Even more important is the large

disagreement among'thé void effects predicted by the three models for each fuel type.

“ The void effects when boron is hfcluded tend to be larger because the thefmal flux

decreaseé significantly in the moderator region of the lattice cell upon voiding (discussed

in Chapter 3), adding positive reactivity because of the boron’s présence in that region.

In going from natural to 1.2% enriched fuel this effect is enhanced by the higlcler boron |

concentration (about fourfold higher) needed to bring about a critical lattice.

An impo}tant dependence on criticality modelling is. thus demonstrated for the

situation of a fresh CANDU core. Compared to the "reference" non-critical case of using

® <

7

o
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simple, geometric bucklings, the substitution of critical bucklings tends to reduce the void

effect through enhanced leakage upon voiding in the epithermal and fast spectrum, while

- the addition of boron to the moderator tends to amplify the void effect through enhanced

thermal utilization upon voiding,.

2.2.4 Voided Lattice Leakage

The analysis here has employed identical buckling vaiues_for both the non-vdided
and voided lattlces With this assumpuon the change in leakage upon vou:hng depends
only on change in the WIMS-AECL dlffuswn coefficient and flux dxstrlbunon, reflectmg
void-inducg:d perturbations to material cross-sections and ‘neutron energy spectrum,
reSpectively. This assumptio.n‘ is coﬁservative, sihée buckling will generally increase
sliéhtly .with voiding due to increased leakage, reducing the void effect.

The issue théf arises with the use of critical material bucklings and "critically”
borated moderator, ho@ever, is thc? nature of any void-induéed changes in the control of

system criticality which these methods ‘attempt to model." This would include automatic

-

regulation such as the movement of control rods or adjustment of light-water zone control

units; however, the definition of void effect in Section 2.1 clearly excludes such systemic

-factors, and therefore the analysis here is consistent with this definition. Furthermore the .

results of single channel Monte-Carlo modelllng indicate little change in the axial
component of buckhng upon v01dmg

It remains to question how well WIMS-AECL models leakage in a voided core

[¢]
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through a modified diffusion coefficient, especially in the axial direction where one would

expect neutron streaming to increase significantly upon voiding. This is a question best

answered through comparison with non—deterministic analysis either by experiment or by

Monte Carlo calculations. In Appendix A a paper is mcluded which compares WIMS-
AECL and MCNP—4 in terms of the calculated relative pertur batlons in Ieakage and its
diffusion theory components. The results show a minor overpredtctmn in the size of the
WNS~AECL diffusion coeft'tcient 'perttlrbatioas and- a negative bias in the flux
perturbations, with a resulting cancellation that leads to reaso‘naf‘:le agreement in leakage
perturbation. It should\also be noted.that the CANDU core is a low-leakage sys‘tem in
the first place; therefore, the relattve discrepancies. calculated in Appendix A will result

in small absqute differences.

225 'C‘t.)nsideration of Neutron Lifetime

When using lattice cell analysis alor;e. to‘characterize reactivity perturbations the
traditional parameter for the purposes of optimization and'reporting of resd!ts is reactivity,
p (or manifestations thereof, such as the two void effects defined here). This is despite

the fact that Equanons (1.4) and (1.7) for N(1) and C(1) really depend upon the ratios p/A

and B/A, where B-is the de’ayed neutron fraction and A is the mean prompt neutron

generation time, def"med by Equatxon (1.6). The validity of neglecting changes in mean

generatton time, A, upon voiding is examined here. ' 0

; In Equation (2 4) we define’” in mulngroup diffusion form the prompt-neutron

-
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lifetime, [, and effective mulnphcanon kg - Substituting these definitions into
Equation (l 6) leads to Equation (2.5), the mulngroup expression for mean generation
- time.

v 3 (1/0,)3, S S 58,

| = . ; .keﬂ, {(2.4)

ﬂV—i‘/Sas+DSBZJ¢g - ﬂv 2,3 + D, B2 jdy
g=1 _ _

s "G
S I 16y )8,

- =1 ‘ '
4 - ey

S BT

(Note of clarification: In the above equations, W, = mean neutron velocitv in group "g”, -

and v, = nzean number of neutrons per fission for group " ") The numerator in

1
Equation (2 5) .can be expected to decrease in value upon vmdmg due to spectrmn

hardenmg (1e shrft to higher energies), while the denommator can be expected to

increase due to spectrum ha.rdemng (fast ﬁss1on component) and loss of thermal

upscattermg (t.hermal fission component), although the latter component will also decrease
l .

due to loss of c|e11 moderation; these concepts will be fully explained in Chapter 3. In
i L ’ .

general, one wonld therefore expect the neutron mean generation time, A, to decrease
l

upon vo1d1ng. leadmg to a burnup- dependent increase in the kinetics parameters p/A and |

- BIA beyond any behaviour predlcted with the assumption of a constant A The burnup
. '| :
deoendence is cslmscd by the effect of plutomum on thermal effective frssmn Cross-section

; :
-(also explamed in Chapter 3). - The question, then is whether or not thlS extra effect is

neghglble
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With WIMS-AECL and a full 69-group library structure, Equation (2.5) can be
-approximated using cell-averaged fluxes and cross-sections, and taking.tne group neutron

speed, @, to be the flux-weighted average of group boundary speeds,

@ = (9g = T (By = Zele’ Feaben g

> - +
mn ¢g + ¢g-l

where , is neutron rest mass. This was done for the "reference“ case of a CANDU ‘
lattice voiding with geometric:bucklings, at both zero-burnup and mid-burnup. It was
, found that the approximated values of A decreased by 5% for the zero-burnup case and

3

.v4% for the mid-buxnup case.
With these changes m A taken into aceeun_t the parameter p/A ‘Was fennd to
increase by 30%'upon voiding at zer‘o—bn'rnup. and 77% at mid-burnup, compared _with
"constant-A" increases upon vmdmg of 23% and 69%, respecnvely The parameter B/A
was found to increase upon vmdmg by 6% a.nd 4% at each zero- burnup and mid- bumup,
respectlvely, compared with zero change if B and A are assumed to be constant with

vmchng.‘ The delayed neuiron fractions at zero and mid-burnup were ap_proxindated '

according to the method described in Section 1.8. These results’ are summarized in

o

Table 2.5, along witn the effect on the combined parameter (p-B)/A which -a‘ppears in

Equation (1.4). S ¢
Thus. the -effect of including changes in mean neutron ge'neration tirne: upon '

voxdmg in the reference CANDU latnce cell at mid- bumup is a greater increase in the .

kinetics parameter {p- ﬁ)/A by about 10%, relative to: the constant-A case This effect .

Lo~

A
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should be viewed within the context of the isolated voiding phenomenon which has been

modelled here; concurrent physical effects such as thermal Doppler resonance broadening

‘ wul also decrease the mean neutron generation time in, compound.mg the effect, while

~ increasing cell absorptlon, countering the void effect. It is also important to note that full

space-time kinetics analyses do make estimations of the changes in A. Within the context
of the "void effect" defined here, howe{rer, it is sufficient to conclude that the effect on

reactor kinetics at mid-burnup may be 10% higl;er than that implied by lattice cell

calculations of void effect alone. At zero-burnup, with geometric bucklings and, _gﬁobo;on;

the difference in the effect on reactor kinetics is lower at 7%, but this is about 25% of .

the effect with A constant.

2. 2 6 Uncertamtv

o

In thlS dlSSEl‘t&thIl the uncertamty assoc1ated w1th a WIMS-A.ECL coolant void

calcuIauon will not be quoted,-and will be tac1tly assumed to correspond to that obtained

- from AECL*% (excepnons will occur :when the fuel geometry.is sufficiently altered

from the standard desxgn such that new analysxs is needed) ‘Since full verification of void
<
react1v1ty feedback in. an operatmg CANDU reactor is a pracucal impossibility,

S comparisons have been made by AECL between WIMS- AECL ca.lculanons and both zero-

energy expemnental reactors and Monte-Carlo calculations™*'. Bxpenmental comparisons

«in a cold, elean test core suggest an upper limit of _2 mk for uncertamty while Monte-

=

Carlo compansons suggest “1 mk (also mdxcated by the results in Table A.2),
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representing about 12% and 6% of the total effect, respectively. at this level of

approximation. It is expected that error increases with burnup, perhaps by another 2 mk

at mid-burnup. Added to this is the error associated with variability of input formulation
for WIMS-AECL, which can affect reactivity calculations by about 1 mk. A summary

of current industry attempts to formulate a standard method of reporting void reactivity

is given in Reference 21.

1227 Summat'y S ¢

e

Lattice cell calculations.—of the coolant void effect have been shown in this section ’

“to be mﬂuenced s1gmf1cantly by large devxatmns from cnnca.hty The nature of this

influence is dependent upon the deﬁmtlon of void effect being used and the method usedl _

to model a crmcal system (for example cntlcal matenal buckhngs or burnable moderator

Sy

~ -poison):- Vo1d effect calculations at mld-burnup, which come close to modelhng an“

equilibrium CANDU core, benefit from lower excess reactivity which removes many of

the inconsistencies, and the most consistent void effect predictions appear to be with the
void reactivity effect (Ap,) definition in Equation (2.2) at mid-burnup.

Modelling a CANDU core at iero-bumup presents a special problem for lattice

. cell codes because of the high excess reactivity of the fuel. If critical material bucklings.
instead of geometric bucklings, are used to calculate system leakage; the predicted void
effect is lower due to enhancement of the epithermal leakage contribution (normally

- negative) upon‘voiding.' I the mcderator is borated to achieve criticality, the predicted

A
LA

- f:)""
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void effect is higher due to enhancement of the thermal utilization eontribution (normally
‘positive) upon voiding. Both trends are more pronounced if higher enrichment fue! is
used. |

| Neglectrng changes in neutron lifetime can lead to an underestimation of the
increase in point kinetics parameters upoh voiding by about 10% at mid-burnup, estimated -
wrth a WIMS-AECL calculation of the reference CANDU lattice cell. If an increase in
fueI temperature (not modelled here) accompames the coolant channel vorchng, then a
fm1her reduction in neutron lifetime wouid be additive with the '\roxd effect described here
_whrch would be countered by the negauve fuel temperature coefficient. Furthermore,
advanced fuel designs could 31gn1ﬁcantly alter the relative change i in_neutron lifetime
upon voiding, and therefore stud1es hke th1s drssertanon seekmg to opumme reacuvnf : \\ o
effects of any k.md should not neglect, a przorl the other kmencs parameters

Fmally, the WIMS-AECL calculanons for void reactlvrty effect and void criticality | =

- :
* i
effect will have an assumed uncertamty of 2 mk maxrmum in the rema.mder of thrs JF?’J
.ow S

e _ - _ o

work. . o ’ ‘ - i

/

23 Data Interpretatipn

This section deals with the mterpretatwn of information g1ven in the output file e L@

L

: of a WIMS-AECL lattice cell calculation. In carrymg out the analy31s to be found in Iater '
o ¢ o .

chapters a sensmvrty to. subtle changes in output data interpretation was discovered. An

1::\\{
examiriation of the problems of flux nonhehzatron is given here (a ‘sensitivity to certain

: o E -
2 ) ' 0 B

Sy
g
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inpur specifications was covered earlier in Section 2.2.2). Also included is a description
of a FORTRAN code written by the author as an analysis tool for direct use with WIMS-

AECL output data.

{231 Flux Normalization

Lattice cell codes; by definition, cannot normalize flux p;oﬁles to global power
:- levéls, and so a local parameter is usuallj chosen. In the case of WIMS-AECL the user
may decide_betﬁeen total absorption and total loss (absorption plus leakage), the former
beingﬁthe default. .This has two implications of relevance tb _studiés". such as this

dissertation, Whiél; compare flux distributions between separate cases: (1) Only estimates

cof relative spectral shifts can be made, and never absolute magnitude shifts; and (2) All

fluxes should be renormalized to an independent parameter, since perturbations in |

absorpiion (if normalized t-o. absorption) will skew the-ratios of WIMS-AECL flux

Y | K Y .. | V.
where subscripts g and J indicate energy groﬁp and spatial division, ‘i‘esl;cctively;- and - |
superscnpts mdlcate case number. Normalizing to total ﬂux, Zdag i wxll Iead to
unblased spectral compansons, where the sum must be 'over -all groups (even for the

I

reporting of group-wise ﬂuxeS)’in order to properly capture d_istribution shifts 'bctween e
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groups. - An attempt was made to circumvent the restriction of the first point above by
normalizing to total cooled (non-voided) flux and thereby including absolute changes, but

this leads to the same skewing factor given in Equation (2.7), as Equation (2.8) illustrates:

[ a] | Ly
- c T a, . "
¢’_V _\F) %y, gj , : (2.8)
éc 35,— . ac- 2 V&)V - . )
¢ -———:&C. &7 Z 2 By

ry i o &7

Accordingly, all fluxes (and corresponding reaction ratesj will be normalized to unit total -

flux, with inde'pendent nofrrializati.ons for the cooled and voided cases,

3 C —_ . 3 . v =
¢ 3 > ¢g|j

A’.j - o =
.Z“ﬁg.f Z
& &J

S

V.
.\.
.E")\

: 232 Contributioh of Reactivity Coniponents
. o
When ;Iiscussing the neutron physics 5ehind the coolant void effect it will prove
- ° useful, becaﬁ;e of; the vast ;pecﬁ_'al range of the neutron flux, to. subdivide the effect into
energy-qependént factors. A method which usés tlus sﬁme approach is the six-ﬁ::étor
formuld?, e:'tpre;sed in Equation :(2'.“10), 8 relatively simple approach that has been aroﬁnd;;,
since the early days of ﬁssi_c;n reactor analysis. Although modern lattice cell c;des' like

WIMS-AECL permit much more pfec‘:ise calculations to be made, the analytical approach

- -of the six-factor formula (witl{ some modification) is still one of the most illuminating
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ways of interpreting the results of reactivity calculations.

ky = NfpePag Poy __ (2.10)

The formula _expressés k. as a product of six factors: ."? (number of fission neutrons per
fuel absorpﬁon), f (thermal utilization), p (resonance escape probability), € (fast ﬁssiop
| probability), Pgyq (fast non-leakage probability), and Prg (thermal ‘non-leakag-e
probability). Fron-m the point of view of this formula all neutrons are effectively thermal
neutrons, with adjusting factors accounting for the probability of a source neutpon (created ’

with probability 7 from a thermal neutron) causing fast fissions (e ), avoiding resonance

capture (p), and all the time remaining in the reactor core (Ppy Pry ). In this dissertation,

the single resonance escape probability will be factored into more meaningful “few-group”

escape probabilities, p,/ (g’ = 1,2,.., G-1; G = thermal group) such that p '=plp2...pG_1,
simply reflecting escape from loss in eaph group (éeé fpomqtes on pége f9 for a
description of the main few-group' ;lructure used heré). Furthérglore, the analysis will be
_ -simplified by treaiihg leakag;e ancI (n, 2n) reactions as positive .";nd negative absorption '.
terms (sumlar to the way it is treated in WIMS- AECL) and ehmmatmg the total non-
leakage probabmty, Poq P Tms approach means that Py r does not equal the group g . |
absorptmn escape probability, although the approxxmaﬂon \ :1s close since leakage and
(;1,2n) reapﬁon rates in the lattice ccll are two prders of magnitude less than absorp"tionl'

rates. In this dissertation this modification of the six-factor formula will be referred to

as the criticality Jactor formula, and its components the criticality factors, to make a

distinction from the original notation.
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In terms of WIMS-AECL few-group cell fluxes normalized to absorption,

8 T
b= —E— 5 (£=12....6G) (2.11)

G
o s
(2 a8
gl

the criticality factors m f. Pyrs and € can be approximated as follows:

_ _ E VGEfG&G
n = M, (G-= thermal group) (2.12)
%, & o |

‘ % as G
: Z zaaéa . ’ .
f = foel S - (213)

Z;(Eaa‘Jr DGBZ)(?}G‘
c X (Ea + D IBZ)(.ﬁ .r
. _ - ' £ £ . =
py = 1- R ; {g'=12,...,6-1) . (2.14)
- 2y 3 . =
Z:’ '(Ea‘” + .DguB )_(;bgu - :

£ ”“g N
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55 %28

fuel \g=1

(2.15)
Y VsZ f; bs

fuael
Although each .of these calculétidns is straightforward it would be impractical td apply
- them manually in é parametric study. Appenﬁ'B _lists',.the FORTR_AN source code
rwritten. by the author to prdcess a WIMS-AECL o’uf‘t:put fil_e ﬁsing Equations (2.12) to
(2;15) and then éaléulate void effect con&ibutions (both types of "\f_oid effect”). The .code
" runs checks on the WIMS-AE'CL output file to enﬁurc that all data heeded in Equatic.;ns
(2.12) to (2.15) is availablé, advising the user when'something is missihg. The number -
of few-group escape probabiliti;as is set by the use?'s choice of few-group number in the
_ _WIMS-—AECL input file, and is aqtomatical_ly accouqted for by the code. The inclivjic_.iual .
cﬂontribun'lons to tﬁe void effect are approximated using mulﬁ-variable Taylor expansions™ -

of Equations (2.2) and (2.3) truncated to second order,

[

Apz(l~p)[(A—‘D+£+M+M)'+
| P € f 7

. (2.16)
T | (ApAe . ApAf, ApAn , AeAf | AeAq AfAn]] | -
pe _ pf _ pn ef en . I ’
i . Ak, = [efn Apl+ fnple + npeAf+ pefAﬂ] +
fApAe + me ApAf+ efbphy + ) @17

L]

T,'pAEAf+ pr_:EAT, + epAfA-n]
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where only one few—grorup escape probability, p, has been assumed here for sﬁnpﬁcity.
The second bracketed group 6f terms in each equation, containing the products of two

"delta" terms, represents a second order adjustment that is divided up proportionally when

determining individual factor contributions. As an example, the contribution of thermal .

utilization to the void reactivity effect would be calculated as

: ar =

~ (1-p) | [AF) i 0 2.18

8fyp, = (1-p) [—}_- J e {(2"-order term) , (2.18)
P« f

o

and the contribution to the void criticality effect as

Sfy,, = NpeAF | mpeAf ) @¥-order term) . (2.19).

efmAp+ fple + npe A+ pefin

The error in truncating the Taylor expansion after these terms is negligible (< 0.1 mk).

If the truncation is made after the first term the error in some ‘cases can be significant

- (~ 1 -4 mk). Appendix B also includes a samplé of this code's oufput using a reference

CANDU lattice cell output file from WIMS AECL. A check of self-consxtency is

performed by summmg the conmbuuons and comparing against the effect calculated with

Equahons (2.2) and (2.3).

2.4 Heterogeneous Coolant Void Distributions N

o In keepmg with the descnpuon of the sunple vo1d effect to be studied here (see

Section 2.1), dlstnbutlons of partial vmdmg will not be treated in subsequent analysm

<

S

5
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Partial voiding can be treated in a similar manner to the: methods used here, after

- determining an effective coolant ‘density based on void fraciion. Before corhpiete!y _

dismissing void distributions, however, one must first be saﬁsﬁcd that important reactivity
fe_edback effects are not being overlooked. Pﬂéhly distributed ‘\;oids‘forn_l as channel
stratiﬁcatiqn“ during LOCA scenar-ios, or as localized boiling phenomena during either
routine operati.on‘l}'Br coolant pressure—drop scenarios. This section exémines one phase
6f localized boiling, known as film boiling™, using the results of a previous study™ by the
‘author‘? included in Appendix C _ | |

Film boiling begins when heﬁt is no longer transported efficiently frqm the fuel
U sheath by nucleate boiling. Bubbles coalesce and a period of fuel shea;h dry-out b:egins.

during which coolant no longer wets the surface. In a critical CANDU fuel lattice this

vy AT

condition is significant since it removes scattering réaterial from a location (between fuel

elements) of relatively high neutron importance. This boiling regime represents a radical

departure from operating conditions and therefore the lattice is not expected to be critical
at this_ time; however, it retains relevance to this discussion,

In the standard 37-element lattice cell the geometric maximum thickness of the

dry-out film is about 0.9 mm (at this point the film from a neighbouring element would

be met), representing a void fraction of about 43% if all elements had identical films..

The, main result of this situation, compared to the simple homogeneous treatfment

(effective coolant density), is given in Figure C.6 as a function of burnup.  The

homogeneous treatment underpredicts the void criticality’effect at 43% void fraction by

about 4% at zero-burnup énd 11% at full-burnup (about 8% at mid-burnup), primarily

]
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caused by a greatef increase in fast flux in the heterogeneous case. Obviously the two

predictions would converge as complete voiding is reached (see Figure C.3), and not

follow the diverging trend suggested in Figure C.e6. The effect is therefore minor m the '

reference lattice cell.

2.5 Summary of Method

The parameters optimized in this dissertation will be the void reactivity effect and

the void criﬁcaiity effeci deﬂned'by' Equations (2.2) and (2.3), respectively. In geﬁnefal

G

- these measorements are very close, but because of (a) the demonstrated possibility of

signiﬁcantly 'differing results, end (b) the.ose of both measurements by industry, as much
as p0551ble both mterpretatlons of void effect will be reported here The v01d effect
corresponds to a response of lattice mulnphcanon to total and instantaneous coolant
voiding, withoot accounting for concurrent thennalhydraulic or material effects that might
accompany loss of coolant. |

It is recognized that a lattice cell code hke WIMS-AECL will not, in general, '
model a critical lattice, and that methods to produce an artificially critical lattice can
sometimes produce quite different .results; This condition is considerably reduced in

severity when mid-burnup fuel is modelled, which reasonably approximates equilibrium

conditions within a CANDU core. The most accurate estimations of the void effect using

WIMS-AECL are assumed to occur when critical buck]ings are used for-the leakage
= : ’ - : -0

spectrurh and mid-burnup fvel is modelled. For practical reasons, however, geometric

RS

So?
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bucklings will be used in the calculation of k. and zero-butnup fuel will be modelled
-'_when many optimization runs are performed. - The total error incurred by this method is
considered minor alnd inconsequential as long as conditions are consistently applled to all
cases. \Importa.nt recults will always include burnup effects.

Analysis of contributing physical factors to the void effect will use a method based

8

dissertation. AH spectral infoﬁnation will be normalized to unit neut'ron'ﬂux'

The method used here is understood to imperfectly represent the complete phys:cal

process of neutromc feedback to coolant voiding, although it w1ll adequately mdlcate
trends. Aside from the basic numencal error assumed to be maximum #2 mk, the

neglect of changes in mean neutron lifetime, A, can effect an underestimation of the true

/.

change in kmeuC parameters by up to 10%. If the model for fuel sheath dry out 1s‘based :

on an interpolation of this method accordmg to vmd fraction, results can be off by 8%
(although the total effect is. mmor) The lattice cell code WIMS AECL is therefore used
purely as an exploratory" (as opposed to design) tool in this dissertation,\ and this chapter

has outlined its use as well as its limitations. o

-on the six-factor formula which is encoded in a computer programme written for this .

W
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Figure 2.1 Zero Burnup Void Effect vs. Enrlchment Ap, (Equation (2.2)) and
,m, (Equation (2.3)). '
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Table 2.1 Zero-Burnup Void Effect for Natural and 1.2% Enriched 37-Elemu|t
Fresh CANDU Fuel.

Method ‘ Natural Fuel 1.2% Enriched
Apy [Eqn. (2.2)] 17 mk 13 mk
Ak,,, [Eqn. (2.3)] 20 mk 21 mk

A

Avg. katl‘

Jv} A

4
o : ; '

05 102 Fe-mee o e e m - E s = , allowance
< b ' for control -
o 10 F-----=---"="cc-=- mmm e M e mmm J systerns
c ) : : '

@

.x%

ZEro excess
reactivity

mid-burmnup — | | —

0 ' 0.50 0.54 . 1.00
Fraction of Discharge Burnup

2

Figure 2.2 Method of Estlmatmg Discharge Burnup: . k, and Time- Averaged k,y
~ (Actually [Time-Averaged Yield] / [Time- Averaged Loss]) As a
Function-of Time (]]Iustratlon Only).
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Table 2.2 Summary of Zero-Burnup Void Effects for Natural and 1.2%
- Enriched Fuel Lattice, With Geometric and Critical Bucklings.

-' Natural Fuel 1.2% Enriched Fuel
Method For —
Calculating With With ~ With With
Void Effect Geometric Critical Geometric __Critical
: . Bucklings Bucklings Bucklings Bucklings
Apy | e
. 16.8 mk 15.7 mk 12.8 mk 6.8 mk
[Ean.(2.2)] - R}
PR 199mk | 159mk | 212mk 6.8 mk
[Eqn.(2.3)] )

Table 2.3 Summary of Mid-Burnup Void Effects for Natural and 1.2%
‘Enriched Fuel Lattice, With Geometric and Critical Bucklings..

Natural Fuel 1.2% Enrichec:i';-Fuel :
~ Method For {mid-burnup = 3800 MWd/Te) (mid-burnup = 10300 MWd/Te)
~Calculating Void With With With With

Etfect Geometric | :Critical Geometric Critical

: Bucklings Buckings Bucklings Bucklings
Ap, : N
[Eqn.(2.2)] 13.3 mk 12.9 mk _ 14,2 lpk 13.8 mk
ARy 141mk | 130mk | 149mk | 140mk
| [Ean23) —

-
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Table 2.4 Summary of Zero-Burnup Void Effects for Natural and 1.

2%

Enriched Fuel Lattice, Including the Case of Borated Modemtor

Natural Fuel 1.2% Enriched Fuel
" With With
Method For . . .
. G tric | . . ¢ . G
Calculating Void With with | Bﬁggiig; " With Witn | peomete
Effect Geometric Critical Geomatric Critical g
" Bucklings | Bucklings and - Buckiings | Bucklings and
_ ~ Borated Borated
Moderator Moderator
. Apy
16.8 mk 15.7 mk 21.3 mk 12.8 mk 6.8 mk 25.1 mk
[Eqn.(2.2)] T ; :
Akm‘v ‘ .
19.9 mk 15.9 mk 21.7 mk 21.2 mk 6.8 mk 25.8 mk
‘[Egn.(2.3)] 3 -

Ca

Table 2.5 Effect of Coolant delng on Point Kinetics Parameters. With and
Without Accounting for Changes in Mean Generduon Time, A.

CpIA | BIA (p-BY/A
Avarable || +30% + 6% + 33%

Zero-Burnup '
A constant + 23% 0% + 26%
_ Avariable | +77% + 4% +99%
‘Mid-Burnup ,
A constant + 69% 0% + 90%

I
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Chapter 3

' Void Effect in Current CANDU Design

' In this chapter the tools, methods, and assumptions outlined in previous chapters

are utilized to describe the void effect in current CANDU désign“. his will provide a

-rei;erence;ploint for further enalysis, while delineating the neutron transport phycics that
“applies to voiding scenarios in any form of CANDU fuel. The description of the void’

effect is divided into three sections of incr_easing complexity: the purely spectrum-related

effects are described first, followed by the spatial de‘pendence, and finally by the material

sensitivities. A growing synthesis links all three sections, which can therefore be taken -

as an increasingly detailed look at the same effect. The chapter begms with a br1ef
‘mtroducuon of the lattice cell of interest. Much of thlS chapter is also mcorporated ina

‘sepa.rate paper by the author’.

o~

3.1 37-Element CANDU Lattice Cell

The reference 37-element CANDU lattlce cell for this dlssertatxon is shown in

‘Figure 3.1, and a listing of the W]MS-AECL mput file used to.model this cell for this
Q Rl
chssertatlon is included in Appendjx D. The natural U0, fuel meat in each element is

&

o 1 22 cm in dlameter, surroundcd by 047 mm thlck zxrcaloy-4 cladding. Elements are

‘l'.:L‘

I

fi

'
o

()
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arranged into four "rings” of 1, 6, 12, and 18 elements Starting from the lattice centre,

with pitch circles located at radii of 0 cm, 1.49 cm, ﬁ.SS cm, and 4.33 cm. For clarity,
these rings will be referred to as Ring 1, Ring 2, Ring 3, and Ring 4 respectively. The
fuel in all rings is at & nominal _terripefat’ure of 882 °C._ D.O coolant at 290 °C surroundsl
the fuel elements to a pressure tube inner radius of 5.17 ¢m, giving a fuel-coolant-
cladding volume ratio of 1 : 0.8 : 0.16.

- The channel boundary is formed by a 0.45 cm thiﬁk zirconium-2.5%Nb pressure

tube, surrounded by an insulating gap of thickness 0.83 cm and a zircaloy-4 calandria

tube of thickness '0.15 cm. This channel arrangement is centred within a square lattice -

boﬁndaxy of side 28.58 cm (not shown in Figure 3.1), and the volume between thé
: G

calandria tube and this boundary is filled with D,0 moderator at 71 °C. The moderator

comprises about 83% of the lattice cell volume, but contributes only 1% to tota] cell

absorption.

3.2 Spectrum-Related Voiding Effects

In the CANDU lattice cell, the D,0 coolant accounts for only 0.03% of total cell
absorption, implying that about 0.3 mk of the void effect arises from loss. of absorption :

in the coolant. The remainder of the effect is tied to the coolant's role as a scattering* °

medium within the lattice cell. The large cell pitch in CANDU, or (more precisely) the
large moderator volume, creates two distinct neutron source regions; a fast source within

the fuel pins and a well-thermalized source within the moderator. Criticality, and hence

]
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reactivity, is affected by how well the fast neutrons from the fuel diffuse (.)ut to the
moderator region, and by how well the thermal neutrons from the moderator diffuse |
iflward to the fuel region — a situation illustrated in Figure 3.2. Voidiﬁg of the coolant
affects both these processes significantly since the éoolanf is the main diffusion medium

between the two regions. This section describes the physics of coolant voiding in terms

~ of three spectral groups: fast, epithermal, and thermal (see footnote, page 19). All

numerical results were calculated using the method described in Section 2.3.2, and are

summa.rizéd in Table 3.1.

3.2.1 Fast Spectrum Effects

The loss of down-scattering of fission source neutrons by the coolant creates a

hardened fast neutron spectrum in the fuel pins. This leads to increased parasitic

~ absorption, mainly in U-238, contributing -3.4 mk to the void reactivity effect of an

equilibrium lattice through the fast “loss"'escape factor, p;. At the same time the rate of

fast fission in all fissile nuclides increases, contxilguting +3.4 mk to the void reactivity

. effect through the fast fission factor, €. The net effect of the spectral shift in the fast

Q

range is therefore +2 mk in the equig\ibrium lattice, or about 16% of the total effect.

- : i
o )

3.2.2 Epithermal Speétrum Effects °

T Co : : -
The largest contributor \tq:the coolant void effect in the epithermal range is the

change in the resonance escape probhbi]ity of the lattice cell. A very common expression
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of this escape probability is the exponential approximation®, which assumes that all

resonance absorption takes place in well-separated resonances,

, - (3.1)

P = Hp,-' = exll—’

N,

where N, is the concentration of absorbing nuclei, £X s is the moderating power of the

cell, and /; is the effective resonance integral of the cell for resonance region i,

I = fﬁdEof(E)qb(E)‘ : | (3.2)

~which WIMS-AECL calculates for each case. Under operating conditions the coolant is

a minor source of resonance flux in the fuel pins, most significantly from down-scattered |

source neutrons but also from high-energy .epithe.rmal neu.trons re-entering the fuel
channel before complete thermaliiatiqn in the moderator. Upon voiding two c;)mpeting
forces affect the resonance integfﬂ: the reduction in epithermal flux reduces the
effective fesonancclintegral, increasing the ré_activity, while the loss of extra scattering in
the cell reduces the inod.era_ting‘ power, decreasing the reaéiivity. ‘Since th; coolant is a

minor contributor to the cell moderating power the first effect is prgdominant, leading to
a net‘cor}tribuﬁon to the void reacti\}ity 'effe'ct in an equilibrium iatticc of +10.‘9 mk, or

S :

about 85% of the total effect. Clearly the increase in cell epithermal escape probability

is the dominant phenomenon behind the Eoolant void effect in CANDU.

O
o

y
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3.2.3 Thermal Spectrum Effects

As stated before, the moderator in the CANDU lattice cell can be thought of as
a source of welI-thernia;ized neutrons, created in a relatively large, high scattering, low
absorbing, low temperature medium. The effect of the cotﬁant, with its equally high
scattering cross-section and 220 °C temperature difference compared to the moderator, is

to rethermalize (ie., make "hotter™) a portion of the incoming mederator flux and thus

raise the effective neutron temperature of the lattice cell. Upon voiding of the coolant

this up-scéttering mechanism is removed and the thermal spectrum shifts to a lower

~ temperature determined mainly by the moderator temperature. This shift is illustrated

gfaphically in Figure 3.3 for the W]Z;*IS-AECL thermal group-v&ise spectrum in thg
coolant‘ region around the central fuel pin, and in Figure 3.4 for the coolant region near
the pressure tube boundary; both figures are calculated at mid-burnup. _

The effect of this spec'tral shiff towards cooler temperatures depends upon the |
cross-section behaviour -of the fuel in this energy range. In"uranium the 1/E*

dependence of its absorption/fission cross-section will ‘cause an increase in both [

* ("thermal utilization”, or fraction of thermal neutrons absorbed in the fuel) and 7

("thermal yield efficiency”, or thermal yield-to~ai.';sorption ratio of the fuel). This effect
dominates any hardening of the thermal spectrum caused by loss of moderation in tflg
coolant. In a zero-burnup lattice, for example, WIMS-AECL calculates a +1.8 mk void

reactivity effect due to the increase in 1 upon voiding, and a +3.3 mk effect due to the

increase in f, fox;__a total thermal void reactivity effect of +5.1 mk. Another way to
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examine this effect is to set the lattice coolant and moderator temperature equal to each
other (at the temperature of rhe’_moderamri and in this case WIMS-AECL calculates a
void reactivity effect that is 3.9 mk lower than the réference case. Since the thermal |
spectrum under operating conditions will be different from the reference case, this is not -
a rigorous test of the thermal spectrum "cooling” effect, but we can estimate the effect
to be about 4 mk with an extra 1 mk coming from thermal spectrum hardening (7 v}il_l
decrease but f increases due to a U-235 thermal resonance). .

In plutonium the effect differs bécause of an extremely large thermal Pu-239 and
Pu-241 resonance at approximately 0.3 eV (see Figure 1.2). The "cooling” of the thermal
spectrum upon voiding causes a dfop in neutron yield and absorption in plutonium, with
resulting reductions in 7 and f . In equﬂibﬁum CANDU fu:; (es\gmated at mid-burnup),
wi:lere the average cell concentration ratio of all plutonium isot(.)pes to U-235 is about 0.5,
the contribution to the void reactivity effect through thermal yield efﬁc:1ency, 7,18 - i
2.1 mk, and through thermal utilization, f, is 2.0 mk. The latter conmbuuo; would be
roughly ﬁve—fold larger without the negative effect of plubomum (this point will be made
evic.’gent later in Section 3.4 where material-related effects are detailed). The total thermal
void reactivity effect in mid-burnup. CANDU fuel is therefore approximately zero.
Whereds with zero-burnup fuel the "cooling" of the thermal spectrum increases the void
reactivity effect, the opposite is trué; for equilibrium fuel. This can be further examined
by setting the lattice coblant and moderator féniperamres equal, and this time WIMS-

AECL calculates a void reactivity effect that is 2.3 mk hégher: than the reference mid-

burnup case. Again, this is not rigorous, but we can estimate the effect of thermal
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spectrum “cooling” in equilibrium CANDU to be about —2 mk (compared with

approximately +4 mk for zero-burnup fuel, as mentioned above).

3.2.4 Summary of Spectrum-Related Voiding Effects

. Two dominant shifts in spectral distribution upon voiding have been described in

this _sectiqn: a "fﬁ\Si shift” consists of an increase in high-energy n.eutron flux (> 1 MeV)
and a coupled decres!se in upper-end epithermal neutron flux, both caused by a decrease
in high-energy cell moderation; a "thermal shift” consists of a change to a lower effective
thermal neutron temperature caused by-ioss of coolant upscattering, as well as a slight
increase in low-end epithermal neutron flux caused by a decrease in low-energy cell
moderation. Each shift can be associated with two loosely coupled "somcés"' that is, the
“fast shift" is associated with the ‘fast ‘neutron source in the fuel, and the "thermal shift"
is assocxated with thc thermal neutron source in the moderator. The complete picture of
these spectral shlfts 1n terms of the WIMS-AECL group-wise specr.mm is illustrated in
Figure 3.5 for a zero-burnup lattice, and in Figure 3.6 for g mid-burnup lattice, looking

at the coolant region around the central fuel pin ("Ring 1") in both cases (the effect on

the spectral distribution would be expected to be greatsst in this region due to its distance

e
=

from the moderator and, therefore, its 'selnsitivity to coolant scattering). The main
resonancc:‘reglio‘n for the heavy nuclides (3 eV to 10 keV) is marked in both figures, along
"with the low-energy.isolated resonances of the plutonium isotopes in Figure 3.6. The y-

axes show absolute change in the normalized flux (normalized to unity).

f—

2
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These shifts in flux spectra upon vbiding manifest themselves in reaction rate
changes. The criticality factor spectral contributions to the void reactivity effect
described in the previous subsections were calculated using the method described in
Section 23.2. A summary of these results is given in Table 3.1 for both the void
reactivity and the void criticality effect, and for both zero-burnup and mid-burnup lattices.
The total void reactivity effect is 16. 3 mk at zero~burnup and 13.0 mk at rmd burnup
As Table 3.1 illustrates, in a current CANDU latncc cell at mid-burnup the fast spectral

effects (pr and €) almost cancel each other, as do the thermal effects (n and j ) leaving

sthe majority of the effect in the epithermal range (pg) Since this range includes the

nuclide resonances, this guarantees that the calculation of the void effect will be sensitive

to the resonance treatment model used.
As described in Section 2.2.1, the detailed burnup history of CANDU fue! cannot .
be rigerously modelled using only a lattice cell code like WIMS-AECL, and satisféctory

approximations can only be expected with a mid-burnup case (equilibrium core) or zero-

\

burnup case (fresh, clean core). Nevertheless, criticality calculations. as a fuhc_tion of

burnup made with WIMS-AECL will correctly illustrate the trend, and a knowledgc of

the physics behind the spectral contributions in this section can prov1de an explanation

W

for tlns trend. In Figure 3.7 both interpretations of vmd effect are plottzd against burnup

- fraction, along with £, for the cooled case. Note that the rate of decrease with burnup

is smaller for the void reactivity effect since it is normalized to decreasing criticality as
burnup increases. The void reactivity effect also goes through a maximum shortly after

zero'-burnup which is not seen in the void criticality effect, corresponding. to a local h
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minimum in k. caused by.U-235 depletion before significant Pu-239 growth. Generally,
however, burnup causes a decrease in void effect as U-235 depletes and plutonium and

fission products "burn in”, as will be described in detail in Section 3.4. All three of these

burnup phenomena decrease the void effect by reducing or reversing the thermal spectrum

effects described in Section 3.2.3; the fast spectrum effects are dominated by U-238

- ,)1 .
behaviour and are therefore highly unaffected by burnup. This fact is evident in the

changes in criticality factor contributions summarized in Table 3.1.

3.3 Geometry-Related Void‘ing' Effects

The same alteration in cell transport properties upon coolant voiding that leads to

" the spectral shifts just described also leads to a change in spatial flux distribution
: . . 3 ‘ :

S

throughout the CANDU lattice cell. The drop in thermal absorption, decrease in thermal
scattering, and increased streaming within the preSsure tube, all caused by the loss of

coolant scatteririg, creates a slight increase in thermal flux in the inner fuel regions (fuel

rings 1 and 2) and-a slight decrease in thermal flux in .the outer fuel regions and |

moderator. One way to demonstrate any change in neutron &msport properties is to

compare the WIMS-AECL first-flight region-to-region collision probabi}ities (Py) before

~ and after coolant voiding. Since the moderator is the effective bulk source of thermal

neutrons in this case, it is ﬂluminaﬁng to compare the thermal group Py's from the
moderator to each of the fuel rings. Table 3.2 makes this comparison by listing the ratios

of Py (voided) to P; (cooled), w_heré "i" is the moderator and "j" is each target fuel ring
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in turn. As expected, the greatest relative effect occurs between the moderator and the

central fuel pin, decreasing witk radius (and therefore proximity to the moderator). Note

I\

\\ -

that these results reflect a change in probabilities, not actual events. Note also that these

results reflect only the change in streaming properties since the firsi-flight collision

probabilities are being utilized; they are still indicative of the total thermal effect.

however.

The egitherinal flux drops inside the pressure tube due to the loss of the coolant

as a high-end epithermal source. In the moderator the epithermal flux increases due to

the increase in the fast flux entering the moderator, and the corresponding increase in

importance of the moderator as the sole thermalizing agent. The fast flux simply |

increases everywhere in the lattice cell due to spectral Eardening.

The spatial shifts in each of these three main spectral groups are visualized in

Figure 38, Figure 3.9, and Figure 3.10 for the thermal, epithermal, and fast groups,

respectively. These plots are intended for trend illustration only since two limitations

=

make them spatially inconsistent with a realistic CANDU lattice cell: (1) Flux is plotted

as a function of WIMS-AECL regional mesh layocut, which in general increasegl

numerically with radius (separate coolant subregions were defined to facilitate this)

although not perfectly because of the heterogeneous nature of the fuel pin cluster; 2

Average pomt—w1se fluxes are given thhout accounting for dlffenng mesh volumes Both'

" of these points affect the detailed structure of the plots but do not alter the general
behaviour. To assist in the phys1cal visualization of the spaual ShlflS the mesh pomts

corresponding to the four fuel rings and the moderator have been noted in each figure.

0
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Furthermore, in order to illustrate absolute changes as well as distribution changes, all
three plots are hbrmalized to the total flux (also in accordance with the rule adopted in
Section 2.3.1).

v, Irit:Figure 3.8 a "stationary node" in the thermal spatial shift occurs around the
location of the third fuel ring. Several spatial phenomena associated with thermal flux

in a CANDU lattice cell are also evident: - large thermal absorption in the fuel pins is

o

reflected in the flux depressions ‘at each ‘fuel ring mesh point, and the dominating
thermélizatibn of the moderator is obyibus (leading to the recognition of the moderator

as the smgle thermal source in the cell used in previous qualitative analysis). The overall

i
AL

. relative change in the thermal proportxon of total cell flux upon coolant voxdmg is
. —2.8 %, indicated. in Figure 3.8, ‘WhICh can be attributed to the decreass in cell
: moderating power. In Figure 3.9 the eplthennal flux distribution demonstrates a

! directional shift opposite to that of the the rmal case, as the region within the pressure t@be
/

- becomes a less important epithermal source and the moderator becomes more impo. ft

_upon coolant voiding. The "stationary node" in this case is in the pressure bouhdary
region between coolant and moderator. The overall'relative change in-the epltln'lermal
. proportion of total cell flux is +4.6 %. In Figure 3.10 the fast flux distribution is seen

i
N
l.l to increase at all mesh pomts ‘most significantly around the fuel as would be expected
i
£

(note also the fast ﬂux peaks at each fuel ring mesh pomt) The overall relative change

m thc fast proportion of total cell flux is +16.2 %.

i
/ Table 3.4 and Table 3.5 (for zero and mid- burrup, respectwely) summarize the

changes in flux at three sample locations in the lattlce cell _the coolant regxon around the

/i
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centre fuel pin ("Ring 1"), the codient region around the oute;‘ fu.e.l pins ("Ring 4"), and
in the bulk moderator. The propertion of ﬂux \fthirl 'egch'”gia‘u“p ie given for the cooled
and voided cases (normalized to 100% in each region)..‘ walong with the difference between
them. Al of the trends illustrated qualitatively in Figure 3.8 to Figure 3.10 are reflected
in these quantitative results (note the difference in nox_malization however: separate
normalization is applied to each group), with Table 3.4 and Table 3.5 giving a better idea
of the initial relative levels for group flux m each region.

The geometry-related effects of coolant vdididg will create di_fferential spectral
\‘Joid effects across the'la;tiee cell. Table 3.6 and Table 37 sdbdivide the void effect
spectral components of Section 3.2 into sepdrate fuel ring contributions, for zero-burnup
and mid-burnup lattices, respectively.  Results are given in both absolute terms (51mple
difference in ‘the cornponents value) and- relanve terms (percentage change in the
component's value). In order to calculate the individual spaﬁal]y-depeddent contributions
to Ee discussed here: and the material—dependent contributions discussed in the next

section, the numerators in Equations (2.12) to (2.15) were subdivided into the pOI‘thl‘lS

: contnbuted by each spaual (or material) category., These portions sum to the numerator

‘given in the or1gmal equations.

[

Before discussing these resdlts, a special note must be made concerning the.
perturbation to the fast fission factor. €, in this section on spatial dependence and the next'
on materlal dependence The fast fission factor was calculated in Equatlon (2. 15) using
the ratio of yield from all energy groups to the y1eld from the thermal group, Useful

information wﬂl not be gamed by simply pa.rtltlomng the numerator Equation (2. 15) into
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its spatially dependent additive components, since the results will be skewed significantly

by the large contributions of thermal fission. For example, it will suggest that U-235

- contributes the most to fast fission simply because of its large contribution to thermal

fission. Therefore, in the same Spi:it that the resonance cséape parameter, p, was
originally separated into multiple components in Equation (2.14) so that more relevant
information would be conveyed, the fast fission factor has been separated into a thermal

(e;) and non-thermal (e,,,) component for the anal.y‘sis in this section and the next,

Zvﬂ qss | Z(Evz ¢)

Gr = fuel : GNT = fuel . (33) X
Z VeI, qb G Y veE, d) ¢
fuel ] fuel

where_G‘denotes the thermal groﬁp, and € = €1+ €y = 1+€,7. The perturbation in"the
"non-thermal"” portioq, €\» Will truly convey the spatial (or, in the next secﬁon, material)
dependence of the fast-fission contribution to the void effect. Since the "thermal" p_ortion,
€, is always eqﬁal to unity, its individual perturbation will always Be z‘;ro. . Only the
relevaht “non-thermal" parameter, €, appears in Table 3.6 and Table 37 and. in the
analfsis ﬁppearing here:‘aﬂ}d in thp next section it will be referred to simply as the “fast
fission faétor". In“the case of U-238 there is no difference between éNT and € since it

is not fissile in the thermal region.

- In Table 3.6 and Table 3.7, the perturbations to both §trict1y thermal parameters,

thermal yxeld efﬁcxency (n) and thermal utilization (f), follow the same. trend by fuel

nng -the g;reatest relauve increase is expenenced n the inner fuel pin, decreasing with

radial position and ‘becoming negative in the outer fuel ring. This behaviour is not

@]

V]



Chapter 3:  Void Effecr in Contemporary Design 73

unexpected after stadying the thermal flux spatial shift in Figure 3.8. In the case of 7

the thermal yield of the inner fuel pins increases by a greater amount upon voiding than

~ the total cell thermal fuel absorption, and the opposite is true in the outer fuel ring where

the thermal flux decreases upon voiding. Similarly in case of f, the thermal fuel

-absorption of the inner fuel pins increases by .a greater amoun: than the total cell

absorption, with the opposite effect in the outer fuel pin. With both therinal compoheqts 'J

the positive effect of the inner pins dominates in a zero-burnup lattice (Table 3.6) and the

total contribution is‘positive. Ina mid’burnub lattice (Table 3.7) the negative influence

LR

on 71 of pll\ltoniu'm in the outer pins leads to an overall negative change in this component

(Section 3.4 illustrates this influence in more detail). -

The perturbations to the non-thermal parameters, fast (ps) and epith‘érmal (pe)

group escape probability and the fast fission factor (€xr). are all determined largely by

+ "U-238 behaviour ard are thus virtually independent of burnup. The fast fission factor

p _
perturbation, as with the thermal parameters, increases by the greatest relative amount in

the inner fuel ring. This occurs partly because of the increasing absoluie value of €y,

with radius, as ﬁséﬂe nuclei (U-238 in particular) become mofe’ abundaht, and partly‘ ’

because of the slightly larger increase in fast flux in the centre fuel rings. For the same

reasons the relative perturbatidns to pr and p, (a negative perturbation in.the case of p)
also slightly‘decre;‘ase with increasing radius. Note, however, that the perturbation to the

eﬁithér,_mal‘:” group escape probability is significantly lower in the outer fuel ring,

corresponding to the minor perturbation in epithermal flux in this region (see Figure 3.9,

o

)

or Table 3.4 and Table 3.5).

. T
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As would be expected based on the mwend of fuel volume with radius, for all

spectral components the greaiest absolute perturbations occur in the outer fuel rings.

33.1 Summary of Geométry-ReIated Voiding Effects

-The loss of a scat}éring medium within the pressure tube leads to a rcdisu'iL:»ution
of thermél and epithermal ﬂﬁx, an::l a generai increase in fést flux, across the lattice cell.
The m&eue in t.h; relauve mpo@w of thennal absorptxon in the inner reglons of the

\\
fuel cluster leads to positive local contributions to the void effect through the therrnal

o

spectrum parameter's, while the depression of thermal flux in the' outer region .g:rcatcs a

ﬂegativé local conuib:utior_l. In.a mid-burnup lattice this ncg'ativé influence in the cﬁse of .n.
is dominant, leading to a negative overall perturbation in this parameter,

The increase in fast absorption upon vmdmg creates an everywﬁere;ncganvc
contribution through the change in p,, and an everywhere-posmvc contribution through

the change in €, both decreasmg with radius in terms of relatxvc pcrturbanons 'I‘hc

4

) conmbunon through p; is also everywhere-posmve although sxgmﬂcantly small& in the

outer fuel ring. c

3.4 Material-Related V_oid'ing Effects - T

= The void effect contributions of the pdnciple fuel isotopes, U-235, U-238, and Pu-
239, have been alluded to in the prewous sectlons on spcctrum and geometry—rclatcd |

:'effects thls scct:lon examines this material relanonshlp in more detail. As a summary.

R c

[
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Figure 3.11 and Figﬁrc 3.12 plot the void criticality and void reactivity effects,
rcspcétivel_y, as a function of burnup fraction, along with the contributions of the relevant
fissile nuclides through their change in yield (A yield / tota.l. absorption). The pbint of
mid-burnup is marked on both plots, and it is worth noting that the éonuibuﬁof;s ff;m
U-238 and” Pu-239 at this point cancel ‘each other, making the U-235 contribution
approximately equal to the total effect. Once 'again, these two plots should be viewed as
trend indicators o;xly. except- perhaps for the zero-burnub and mid-burnup cases.
Narrowing thF focus to th; void feac_tiv_ig' effect alone, Tabie 3.8 and Table 3.9

" detail the spectral and geomerric components of the contribution of each fissile material

_in a zero-burnup (Table 3.8) and m@d;bumup (T éblc 3.9) lattice. The higher isotopes of

plutonium have been excluded from these tables because of their negligible absolute

-~ contributions to all spectral perturbations. All other non-fissile materials in the'lattice cell

contribute only traces through p and p., and have been likewise excluded.

As with the spatial information given in Table 3.6 and Taple‘3.7,‘ results are

o

quoted in absolute and r(.;:?ve terms, and therefore Table 3.8 and Tablé 3.9 can be taken

as a "material breakdown” of the previous spatial information. - A comparison between
the two sets of tables indicates the portion of each spatially-dependent absolute
perturbation contributed by each nuclide. The analysis here is separated into a discussion |

of the "thermal” and "non-thermal” 'eﬁjects.

#
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3.4.1 Thermal Range Material Effects

A§ Table 3.6 and Table .3-7 demonstraied. the genera] trendtin the thermal range
1s for the greatest_relative p;rtﬁrbaﬁon in criticality factors to occur near the centre of the
fuel bundle, decreasiné with .radial position and becoming negative in the outer fuel
region (Ring 4). In U-235 the negative shift of 1 and fin Ring 4 (caused by the negative
shift in thermal flux here upon voiding) decreases with burnup due to depletion and

competition for thermal absorption from burnup nuclides (fission products). The

=

significant localized depletion in this area is illustrated in Table 3.10 comparing mid-
burnup numbe; densities by fuel ringnormalized to unity in the centre fuel pin‘in the
case of U-235. Sirgée the absolute perturbétions o the U-235 thermal pérameters in the

inner fuel elements do not change assnuch with burnup as in the outer elements, the

: ;{Quter ring effect” leads 10 an increase (about three-fold) in the thermal contribution of

U-235 with burnup. This is evident when cgmpa:iﬁg the ﬁrst two rows from the zero-
burnup .(TabIe 3.8) and rriid~bumup (Table 39) results. “In fact, during theciﬁiti\;I'fuel
burnup tlus increasingly positive contribﬁtion dominates the effect of dépletion. lcadi%ag
to & maximum in the U-235 E:urve in Figure 3.11 and Figure 3.12. Note that the void
reactivity contribution of U-235 in Figtﬁ‘é 3.12is additionally:in.ﬂated duriﬁg early burnup |
by the rapid' redgf_;idn in kg which éppears in the denominator of ﬂ:e void rcactiivity ) ‘;
effect equation. The major isotgpe of uranium, U-238, does not .'contr'ibuté to the
pert'hrbatio:i in 7 since if does not produce thermal fissions, and therefore 7 is ﬂ_mrefore
not associated with U-238 in the two tables. U-238 does contribute aboit 34% of the

¢ /
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LN |
~1

thermal absorptions in a zero-burnup lattice and about 28% at mid-burnup. A sighkiﬁcant
portion of the increase in f upon voiding is therefore due to U-238, and this coniribution
increases with burnup for the same reason as for U-235. |

By rhid-humu?, Pu-239 supplies about half the lattice cell fission yield and has

a significant influence on the void effect. The bottom row in Table 3.10 compares the

ring-by—ring concentration of Pu-259 in equilibrium fuel, normalized in this case to unity

in the outer ring. Observe that the radxal distribution of Pu-239 is somewhat "ﬂatter" than
that of U-235 at m1d burnup, caused by the greater geometric self-smeldmg across the
bundle in the case of U- 235 compared with U-238 (wh1ch produces Pu- 239)
Nevertheless, the thermal kv'oid effect contribution of Pu-239 is stilcl influenced by the
radial dependence of 'thermal flux, as with U-235 » and stgniﬁcant radial variation is again
observed. | |
As outhned in Secnon 3.23 on “thermal spectral effects“ plutoruum has a

negative mﬂuence on the voxd effect through the thermal parameters. This is caused by

=

the shift of the equilibrium thermal spectrum to a cooler effective neutron temperature,
away from piutonium's significant thermal resonances. It is impertant to° note that the

isorbpic'thermalg‘yield/sfbsorption ratio for Pu-239, for example, actually increases upon

]

voiding, as shown in Table 3.11, which might lead to the conclusion of a posirive:

i

~* influence oft the void effect through the thermal parameters (as implied in Reference; 19).
This ratio, however, is not the same as plutonium’s conu'ibutior'i to the thermal yielgl

efficiency of the cell, 7, and thus does not convey the same, mformauon In tl'us instance,

<

although absarption in Pu-239 decreases upon*vmdmg by a greater amount than yield,

.}\
Y

4

oy
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leading to positive values in Table 3.11, total cell absorption slightly inércases. leading

to negative values in Table 3.9. For completeness, the isotopic yield/absorption ratio for

U-235 is also given in Table 3.11, and in Table 3.12 for a zero-burnup lattice. The- total

perturbation, in both cases, is positive (like Pu-239) but very sma'.ll;

In the inner fuel rings the significant rise in thermal flux (see Figure 3.8 or

Table 3.4 and Table 3.5) couﬁters the negative influence of Pu-239 just described, leading

to slightly positive perturbations in 7 and f in Tablé 3.9; the opposite is true for the outer )
- rings where the decrease in thermal flux adds coﬁsﬁnctively to the néggﬁve spectral effeci\

in pIutonium. The qvcrall effect is a combined therm.‘al contribution that is strongly G
negativé, reducing the’total cell f parametér by a factor of five (as pointed out :previousl'y
in mggﬁgpter), and forcing the total cell ) parameter signiﬁcangy negative. The spatial .
"summary” of this’ information in 'fable 3.7 indiéates that these two th;rm’al effects

Y [nd

effectively cancel each other.

3:4;2 Fast and Epitherhlal Range Niaterial E_l‘fects'n

Not surprisingly, the pemubaﬁons to the non-thgnnal pafafriet_ers (;;F. P and €,7)
are almost exclusively at_tributable 10 AU-238, and theréfqlie"indcpehdcntof _bgrﬁup. As
Table 3.8 and Table 3.9_indic§ted, these‘perturbatidns; ex’prééséd in relative terms, are |
greatest near the centre of the cell and décrea;c slightly tO\:rardé: the outer fuel ring (alsc: e

evident in the geometry effects given in Teble 3.6 and Table 3.7). Again the exception
< I T S

} - R S

is pp, which shows a much steeper reduction in its positive perturbation near the outer -

:"1 - I-‘_»:.
Fy e

i7
¢
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fuel ring.” In terms of absolute contributi:ons. the most significant perturbation is to p, for
U-238', with aboﬁt 80“%. of this occurring in the outer two fuel rings (see Table 3.8 and
Table 3.9). |

U-235 andr P1-1-239__n1ake negligible contributions to the void effect thl:;:ugh the

non-thermal -paraméters, simply due to their low nuclide density. Note, however, that the

~ relative ‘pe_.rt‘urbations to these parafnetérs is compé.rable to U-238, with the notable

exception that for both U-235 and Pu-239 the change in p, is negative ‘due to the

. dominance of their low-end epithermal absorption cross-sections. As indicated in

Figure 3.5“'A'br' Figure 3.6, this is 2 region of increasing flux with voiding.’

. 3.43 Summary of Material-Related Voiding Effects

;

- The subdivided contributions listed in this section have fbeen dedrmined by

apportioning the f_iumérato'rs in Equation (2.12) to Equation (2.15), with the modification

oz

. exbrgssed in E_guatibn (3.3), by isotope. The denominators have been taken as cell .

%\»
Sl

"iciﬁahtities. This tec?h’nirque, while of limited value for determining the perturbation in each

. isotope's individual behaviour, is a valid way of separating the additive contribution of

each isotope towards the void effect for the cell. This analysis is necessary for the

o C

o

.The analysis in Table 3.8 and Table 3.9 shows that the major positive influences

- on the void effect are through'7f for U-235 and through py for U-238. With burnup and

_ . @ _ -
outer ring depletion the contribution of 1J-235 through 7 alone increases four-fold and

i)
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equals the U-238 contribution thr;mgh Pe. At the same time the grow:h of plutonium in
the fuel adds a strong negﬁﬁve contribution Quough nf. thereby decreasing the overéll
void effect with increa"sing burnup. The data in the last célun;n of Table 3.8 a"nr_..i.
Table 39 correspdnds to _that appearing in 'the last column of | Tab1e_l3.6 and Table 3.7,
respectively. The sum of all contributions for each component in Tabie 3.S_land-Table 3.9
doesn't quité equal the corresponding value in Lthe previous two tables, since minc.)r:
contributions are made by other excluded materials in the cell
Asa summary of these matenal-related vmchng effects, Table 3.13 and Table 3. 14
(for zero and mid- burnup, respectively) compare the contnbunon to the void reacuv:ty
. effect of each fissile nuclide through its perturbauon to the overall cell yield. Rcsults are
listed by spcctral group, ahld‘the totéls fq_r each nuc_l@\de reflect the graphical inf;rma;.tibn
previously gi\}en in Figure 3.11l at the zero and mid:WJumu_p points.” Since thls way of
. looking at things ignores the cﬁx_;tribution through chapges iﬁ the relati\ie imp:.ﬁjance of |
group absorption, only the fas; group results are relevant for U-238, and thermal for_ U- o
235 and Pu-239: As with tﬁ/e information in the préviou.‘s sﬁ.bsections. th;se l"esult's‘-should
only be vi;wed m the cont;xt of their definition; the neutron yield is higﬁlighte(i in thxs

case. Once again the negatwe influence of U-235 in the outer ring'is evxdent decreaamg

oo (.._"‘\

with depletion, as is the strongly negauve contnbutlon of Pu-239 in the outer nng and N

overall,
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3.5 Summary of Chapter

The void effect in any conﬁéuration of CANDU lattice cell is the resultr ;f)f a
competition between component effects with -spectral, spatial, and isotopic dependence.
In the positive direction the most overwhelming .effec_ts are the increagé in the ep.ithermal
group escape probability in U-238, and the increase 'm_ thermal yield efficiency and
utilization in U-235. In the negative direction the most important countering effect is the
decrease in thermal yield efﬁciéncy ;}nd utilization in Pu—2§97. \_;’hich builds .as bur’nup'
progresses. ’

_The ﬁguresl in this chapteriillﬁsu'ating-tl'le ;pectral and spatial shifts caused by

coolant voiding provide very clear evidence for the phenomena that lead to these isotopic

effects. The loss of down-scattering in the coolant creates a hardened spectrum that leads

to increased fast absorption and fission as well as decrgased resonance absorption. In the

=2

thermal range this is countered by a loss of thermal up-scattering, reducing absorption and

. o

fission in Pu-239. At the same time a shift of the thermal and épithermal spatial flux

- distribution takes place, increasing the former and decreasing the latter in'the"inner fuel-

regions. The effects of increased thermal absorption and decreased epithermal absorption

are therefore greatest, in relative terms, near the centre of the fuel cluster.

The information presented in this chapter will be usedi‘n the next chapters to

attempt to design decreases in the void effect.

;

)
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- THERMAL FLUX

FAST FLUX
DIFFUSING

"X\ OUTTO

- \\ MODERATOR

~ DIFFUSING INTO :
FUEL CHANNEL T

Figure 3.2°

S‘impliﬁed Concept of Separated Spectral Sources in CANDU Lattice
Cell: Fast (and High-Energy Epithermal) Neutrons Born in the Fuel
Channel and Diffusing out to the Moderator; Thermal (and Low-

Energy Epithermal) Neutrons Born in the Moderator and Diffusing
into the Fuel Channel. '
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‘Table 3.1 Summary of Total Void Effect and Criticality Factor Contributions in
“a Zero-Burnup and Mid-Burnup CANDU Lattice.

L Void Criticality Effect Void Reactivity Efiect
Criticality . :
Factor Zero-Burnup |} Mid-Burmup | Zero-Burnup’| Mid-Burnup
{mk) {mk) (mk) - (mk)
- n 22 ~2.2 1.8 -21
1 £ 39 21 3.3 20
P -38 T35 | -32 -3.4
P: - 17 115 - 99 -10.9
€ 5.2 57 44 5.4
TOTAL N : c B :
EFFECT 2193 136 163 - 13.0 , G
[ “
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Figure 3.3 Effect of Coolant Voiding on Normalized Thermal Spectrﬁm: Inner
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" Normalized Flux (unity thermal flux)
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- {covled case) Vs. Burnup Fraction. !

" Table 3.2 wRatIO of Average Thermal Group Moderator-to-Fuel Colllsmn
Probabllmes. P, (vouded) /Py (cooled)

Target : . o -
“Fuel ng o5 _ g
Ratlo “ 18 16 13 ‘

;w_/

™~
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Table 3.3 Ratio of Average Fast Group Fuel-to-Moderator Collision
Probabilities: P (vmded) ! Py (cooled).

Source : . ) ‘ _
Fuei ng Ring 1 Ring 2 Ring3 | Ring 4
H‘ano_g__ 13 13 12 | 12 o o
0.026 : _
ST
< : ((;’,‘—-—-
0024)  FRACTION: -28% S

0.02291 . —— hoooledcase
------- voided case

0.014

Normalized Flux (total, all groups = 1)
o ©
2 2 g
2 » B8

0.012
. 15 20 25 ° 30 3
Mesh Point o

00—

Flgure 3. 8 Normahzed Spatial Dlstnbutlon of Thermal Flux Across Mid- Burnup -
CANDU Lattice Cell for Cooled and Voided Cases. : '
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0.01- i .

CHANGE IN EPITHERMAL
FLUX FRACTION: +4.6%

0.007 5 10 15 20 _ 35 30 35
Mesh Paint

.« Figuré 3.9 Normalized Spatial Distribution of Epithermal Flux Across Mid- '

" % Burnup CANDU Lattice Cell for Cooled and Voided Cases.
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* Table 3.4 Proportion of Total Flux by Location iit Each Energy Group Before

and After Voiding in a Zero-Burnup CANDU Lattice.

Proportion of Total Flux at Location

Lattice Cell | _Energy _ —
Location: Group Cooled Voided ! Ue,;g‘gce
< Case Case Voiding
| fast 16.1 % 184% | +23%
Coolant Near | o ipormar | 452% | 421% | -3.1%
.. Ring1 T ) e e
| 7| thermal |- 887% | 395% | +08%
0| st 9.6 % 13% | +1.7%
Coolant Near N, o | agao
1 Ring4 epithermat | = 36.1% .| 364 % +03 %
] thermal 543% | 522% | -20%
B fast 19%° | 23% +03% -
" Moderator | epithermal | 24.0% | 256% | +1.7%
| thermal | 7% | 721% | —20%
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- Table 3.5 Proportmn of Total Flux by Locatlon in Each Energy Group Be[‘m‘e

and After Voiding in a Mid- Burnup CANDU Lattlce.

Lattice Cell

Propomon of Total Flux at Locahon %

Duﬁerence e

Energy 5
Location Grou . Joitie
p Cg:;zd Voided " “Wpon
; Vouj_:ng -
. fast 17.7% | 202% [+ +25%
Coclant Near | o inermal | 403% | 455% | —38%
Ring 1 P : = =
thermal | 329 % 343 % +1.4% "
- fast 105 % 123% | +18% |
C°°F'l?:; ﬁea’ epithermal | 393% | 394% | +01%
- thermal | 501% | 483% | -18%
fast | 21% | 25% +0.4 %
Moderator | epithermal | 26.1% | 27.8% | +17%
| thermal |- 718% | e98% |--20%
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Table 3.6 Fuel Ring Contributions (Absolute and Relative) to Change in

Criticality Factors Upon Voiding in a Zero-Burnup Lattice.

Chgnge in Component Upon Voiding

Criticality
Factor | ype | Ring 1 Ring 2 Ring 3 Ring 4 TOTAL
n abs. | 0021 | .0084 0079 | -.0158 | .0026
rel. | 78% | 50% | 21% | -22% | 03%
f abs. | .0015 .0060 0058 | -o0t101 | .0034
. res. | 7.7% | 50% | 22% | -20% | 04%
‘abs. | -.0001 [ <0005 { -.0009 | -.0011" ]| -.0026
Pe rel. | -115% | -11.4% | -106% | -98% | -104%
abs. | .0003 | .0020 | .0040 .0037 0100
Pe *lrel. | 105% | 105% | 1041% | 54% | 77%
c abs. | .0002 | .0010 0018 | -.0021 | .0050
NT rel. | 71% | 69% | 61% | 53% | 59%
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‘Table 3.7 Fuel Ring Contributions (Absolute and Relative) to Change in

Criticality Factors Upon Voiding in a Mid-Burnup Lattice.

Cn‘ﬁ_cality- Change in Gomponent Upon Voiding
Factor | ype | Ring 1 Ring2 | Ring3 | Ring4 | TOTAL
o abs. | .0021 0082 | .0063 | -.0196 | -.0029
. rel. | 77% | 47% | 16% | -286% | -03%
f abs.| 0016 | 0064 | .0059 | —0113 | o026
rel. | 83% | 54% | 22% | -22% | 03%
_ abs. | -.0001 | -0005 | -0008 | -o0011 | -.0026
Pe rel. | -11.6% | -115% | -107% | -98% | -105%
abs.| 0003 | 0021 | .0041 0038 | .0103
Pe rel. | 102% | 102% | 97% | 51% 73%
] abs. | 0002 | o012 | 0020 | 0025 | “ooss
N lorel | 79% 77% | 70% | 62% | 68%

NS

i

N

3
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Table 3.8 Material Contributions bv Location (Absoluté and Relative) to Change
in Criticality Factors Upon Voiding in a Zero-Burnup Lattice.

Matesial Criticality = Change in Component Upon Voiding
Fador "I wne [ Ring1 | Ring2 | Ring3 | Ring4 | TOTAL
{ abs. { w0021 | .00 | co7e | -o154 | .oos0
m el. | 78% | 50% i-21% | -22% | 03%
p abs. | .0009 | 0039 | .0040 | -o0e0 | .0028
, rel. | 80% | 52% 23% | -19% | 05%
S abs. | .0000 | oo | oooo. | .oo00 | -.0001
U-235 Pr rel. |-125% --125% | -118% | <11a% | -116%
abs. | .0000 | o000 | -o001 | -ooo2 | -oo03 |
Pe el | -18% | -15% | -14% | -20% | -17%
_c|| abs. | 0000 | o000 | .ooo | oo | .0o02
Eyr | el | 08% | 05% 04% | 08% 0.6 %
p || evs. | o005 | 0021 0019 | -oos0 | o005
. , rel | 73%. | 47% 1.9% -21% 0.2%
' abs. | -000t | -0005 | -.0009 | -oo11 | -o02s
| Pr crel [-117% | ~116% | Z108% | ~100% | “106%
U-238
abs. | .0003 | .002y 0041 0039 0105
Pe rel. | 123% | 123% | 118% | 64% | s0%
abs. | .0002 0010 " |- 0018 .0021 .0051
€nr rel. | 9.7% 96% . | 87% 7.8% 85% N
2 Q

* Zero entfy indicates negligible result.
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Table 3.9 Material Contributions by Location (Abs. and Rel.) to Change in

Criticality Factors Upon Yoiding in a Mid-Burnup Lattice.

Materia; Criticality Change in Component Upon Voiding
Factor type | Ring1 | Ring2 | Ring3 | Ring4 [ TOTAL
abs. | 0016 0070 | .0080 | -0038 | .0128
n el | Mo | 7e% | asw | 1w | .20%
p abs. | .0007 | .0029 | 0034 | -0013 |- .c0s7
rel. 111 % 7.7% 41% ] -1.0% 21 %
& abs. | .0000 | -.0000 | 0000 | .cooco 0000
u-235 Pe rel. | -125% | -126% | -11.8% | -111% | -17%
) abs. | .0000 0000 | .0000 | -.0001 | -.0001
"Pe rel. | -13% [ -09% | -08% | —18% | —13%
, abs. | .0000 0000 | .0000 | .00t | .0001
€pr rel. | 06% | 03% | 63% | 10% | o6%
p abs. [ 0006 | .0025 | ooa0 | -o019 | 0042
el [ 104% | 79% | 36% | -12% | 15%
abs. | -.0001 | -0005 | -.0008 | -o0011 | -.0025
Pr el | ~11.8% |-11.7% | -109% | -100% | -10.7%
U-238 ‘ — —
. abs. | .0004 .0021 0042 | .ooe0 | 0106
Pe el | 127% | 126% | 121% | 66% | 93%.
_abs. | .0002 0011 0020 | .0024 .0057
€nr rel. 103% | 102% | 93% 8.4 % 9.1%
. abs. | .000S 0011 | —0017 | -0151 | -0153
n rel. | 37% | 14% | losw | s9% | -23%
£ abs. | .0002 0002 | -0012 | -oo71 | -.oo080
, rel. | 28% | 06% | -15% | -42% | -27%
: abs. | .0000 0000 | .ooo | .oodo 0000
Pu-239 Pe rel. | -125% | -125% [ -11.7% | -110% | -11.5%
) abs. | 0000 | .0000 | .0000 | -0001 | -.0001
= Pe rel. | -38% | 33% | -30% | -26% | -29%
abs. | .0000 | .0000 0001 | .0001 0002
€vr rel. 33% | 16% 256% 22% 24 %

2

* Zero entry indicates negligible result.

B
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CCU

) .

Mid-Burnup Lattice (Separate Normalization).

Table 3.10 Relative Fuel Ring Nuclide Densities for U-235 and Pu-239 in a

Nuclide Ring 1 Ring 2 Ring 3 Ring 4
U-235 1 0.98 0.92 079
Pu-239 | 083 0.84 0.89 i

| l ‘

. 9
Material | Ring'1 Fﬁng 2 | Ring3 | Ring4 | ‘TOTAL
U235 | +03% | +02% | +02% | +01% | +02%
Pu2se | s22% |'+19% [416% | +1.0% .| +13%

Table 311 Change in Thermal Yleld/Absorpuon Ratio of U-235 and Pu-239 by
: Lomtlon, Upon Voiding in a Mid-Burnup Lattice. '
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Tabie 312 Change in Thermal Yield/Absorption Ratio of U-235, by Location, -

Upon Voiding in a Zero-Burnup Lattice.

Material Ring 1 Ring 2 Ring3 | Ring4 | TOTAL

U235 I +03% | +03% | +02% | +01% | +02%

' Table 3.13 Contribution (in mk) of Fissile Materials to Void Reactivity Effect-
Through Change in Neutron Yield in a Zero-Burnup Lattice. -

Contribution to Ap, through yield (mk)

Material Eé}g_%’ ‘ _ _ - -

- " | Ring1 | Ring2 | Ring3 | Ring4 | TOTAL
. st | 00 | 06| 00 | 01 |01
epithermal || 0.0 0.0 0.1 | 0.2 . 03’

U235 | yemat || 15 | 68 | 77 | 51 [<109

| TOotAL | 15 | 68 | 78 | -a8 | 113

| — - — . .
: st | 02 | 10 |17 | 21 | 50

epithermal | 0.0 00 .| 00 | 00 | 00
u-238 | thermal 0.0 0.0 0.0 00 1 oo
TotaL | 02 | 10 | 17 |21 | 50 |

‘Total Effect:

—t
e
. W -

f
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A
v

Table 3.14 Contribution (in mk) of Fissile Materials to Void Reactivity Effect
‘ Through Change in Neutron Yield in a Mid-Burnup Lattice.

53

Materia!,_ g‘r i?g Gontribuﬁon to Ap, through yielq {mk) |
Ring1 | Ring2 | Ring3 | Ring4 | TOTAL
fast 00 | 00 0.0 00 | oo
| epitiermal | 0.0 | 00 | 00 0.1 0.1
U235 | yemat || 12 | 55 | 68 | -03 | 132
TotAL | 12 | 55 | 68 | -02 | 133
 fast 02 | 12 2.0 2.3 5,7‘=
~ |epthemat| 00 | 00 | 00 | 00 | 00
U238 | themat | 00 | 00 | 00 | 00 | o0
TotAL | 02 | 12 | 20 | 23 5.7
fast 00 | 00 | 00 | oo | oo
epithermal | 00 | 00 | 0.1 o1 | o2
Pu-239 | pemat | 04 | 13 | o1 | -80 | -2
TOTAL [ 04 | 13 | o2 | -78 | -60
., Total Effect: | 13.0
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Chapter 4

Reducing the Void Effect in the CANDU Lattice Cell

~ In this chapter several approaches to reducmg the vmd effect in CANDU w1ll be

discussed, based on the constituent physu:al analys1s of Chapter 3 contmumg to unhze

the methods of Chapter 2, and dlrected as much as posszble toward thc goals outlmed in
Chapter 1 (Section 1.8). 'I’herc will'be some exploration inconsistent with these goals,
parﬁcularly in the area of modification to lattice coﬁponents beyond' thg fuel channel, but’ |
such distractions will serve to deepen the know1edge of this phenomenon- and adc.ir
perspective. Other areas to be‘exp'lor_ed are changes in fuel rﬁatéﬁal'(iﬁcluding iso_tobic :
composiﬁbn or‘enrichment) and changesr in rod clﬁster geometxy (size, position). - Each |
of th¢§'§ modifications to the lé.ttice cell will seek to reduce thé voidl‘.eff_ect by either
altering the spectrum shift observed in Section 3.2, or exploiting the spaﬁal .shift observ.'e_d.

in Section 3:3, or exploiting the material dependence observed in Section 34, or a

"

combination of these three approaches. The analyéié explores several options and leads

logically to the novel steps in CANDU fuel design_taken"in the fOllbwir_iQ Chapter 5.- . -

&

. v}

4.1 Effect of Moderator Changes
This section addresses the effect of making changes to the mbdgratér_ ydlpme, :

5§ ' coy



Y

' Chapter 4: Reducing the Void Effect in CANDU - 105

composition, and temperature although such modmcanons obviously imply system

changes incompatible with the goals set forth in Section 1.8. The motivation for altering -

;h_e moderator:i;;; primarily its dominence_ as a thefn;a]izing agent in the lattice cell,
supported not only by its relatively lafge volume but also by its cool temperature and low
absorption cross-section. Since these characteristics all lead .to geod neutron economy,
the aim here is to discover wI‘_l‘at amount of void effegt. reduction can be attained without
uhacceptable sacrifice.

-

4.1.1 Effect of Moderator Volume

The current lattice pitch in CANDU (about 28.6 cm) is determined largely by

coolant _piping' and refuelling machine requirements, although as Figure 4.1 indicates this

- value is also close to the maximum of excess reactivity plotted as a function of moderator

volume peri unit lengtil bj changing the 'lat:ltice pitch (all else equal). This result is also

confirmed by buckling measurements for different geometries of 28-element fuel in the

ZED-2 reactor’.’ As the moderator volume (o;'_: lattice pitch)_is reduced the relative -

importence of the coolant as a thermalizing agent increases, which in turn reduces the

void effect, as will be discussed shorﬂy. Anothér way of stating this is that voiding

" makes the moderator more effective at creaﬁeg,ﬂlennal"ﬁEUu'ons for return to the fuel,

and reduction of the moderator volﬁine m'akes this a smaller increase in effectiveness.

Thxs is: shown in Flgure 4 2, where the void cnucahty effect (Ak,ﬂv) is calculatcd as a

funcnon of moderator volumelumt length (range 119 to 2000 cm®, corresponding to a -
Q ‘ -
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lattice pitch of 16 to 46 cm) in a zero—bu.rhup lattice. Since the rar'ige of Lm irioiudes

some quite unrealistic values for an_operating core it makes more sense-to look at the

void criticality effect (Ak,y,) than the void reaotivity. effect (Ap,) here'.' “Similar analysis

has been published elsewhere™, although not with 'the‘i_:_ichis"ic’fh_--of the criticality factor

~ Lt

contributions as in Figure 4 2,

~According to Figure 4.2, at a critical moderator volume/umt length of about o

347 cm® (lattice pitch of about 22 cm) there is a "knee" in the curve .of total voxd
lcnt:cahty,‘ indicating the on_set of coolant domm_ance as a cell thermahzmg agent, At
iattice pitches aoove this critical point, saturation occurs’ in almost all lc_n'fical‘it'y' factor
contributions as’ the slowing-down process reaches equilibrium in the moderator The
exception is the contribution from thermal utilization ( f) which increases slowly due to,‘
the drop in therrnal flux upon vmdmg in the moderator combined with the mcreasmg size'
of the moderator. At lattices pitches below thlS crmcal point the pertnrbanon to the |

epithermal escape factor (pE) becornes negative and drops off rapidly while the

: perturbanon to the fast ﬁss1on factor (€) rises rapidly, with the former (negatwe) effect |

‘dominating. = At these low moderator volumes these two factors are affected the most- -

because the coolant's large relative_conuibution to the cell slowing-down power leads to
an increasingly important loss of moderation upon .vo_idihg-(technically. the'systeni is
undermoderated). At a moderator volume/unit length of about 180 cm?, or a lattics pitch

of about 18 cm, the void criticality effect goes to zero, but observe from Figure 4.1 that

the system is suberitical (k,y < 1) at this point, Reference 44 indicates that exit burnup

- goes to zero at a moderator volume of about 300 cm*/unit length, or a lattice pitch of -

E
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about 21 cm, consistent with the onset of subcriticality in Figure 4.1.

The same beneﬁcial effect of reducing lattice pitch can be achieved by maintaining

S

‘the reference lattice pitch and inserting void regions into the moderator. In practice these

might be low cross-section gas chambers placed between calandna tubes. In
experiments™ these situations have been modelled with air-filled aluminum cans

surrounding the fuel channel. Figure 43 and Figure 4.4 display the WIMS-AECL |

- caiculations of %, (cooled case) and Ak,mv‘, respectively, for a reference lattice cell with

modcrato_r-voids, modelled both as an decrease in average moderator density and as an'
added‘ annular void region at the lattice‘cell ou&r boundary. Also shown in both figures
are the results of reduced lattice pitch for comparison. ‘In the region of interest (k,z> 1)
there is only a,minor decrease in the v01d crrttcahty effect and little’ difference between
the three dlfferent calculanons The changes in lattice pttch result in higher prechcttons |
of both k o and Ak, than the other two models, and the addmon ofa heterogeneous void

regron results in the- lowest pred1cttons of the three. The main contnbutlon to the shghtly :

lower vord crmcahty effect in the moderator densrty "moderator void" models is

’through the epithermal group escape probablhty Dz This suggests that backscattermg of

eptthermal neutrons. from the fuel in the annular moderator region immediately outside

. the calandrla tube accounts for the small dlfference inresults. In the "moderator densny"

and moderator v01 models this backscattenng into the fuel reglon would be reduced,

B and a shghuy lower eptthermal flux in the fuel regron would result
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4.1.2 Effect of Moderator Isotopic Composition

The effect of downgr.'adiﬁg‘ the moderator, or ihcreasing the molecular fraction of
-,O is shown in Figure 4.5. Both types of void effect increase mmally and then pass
through a maximum as the H, O content increases. In the v01d reactivity effect curve
(Ap,) this maximum is both forward-shifted and amplified due to the rapidly decreasing
value of £, with modem_tor denaturing (this is another illustration Of. the importance of
definition indicaied in Section 2.1). -The presence of H.O increases both the slowiri\'g'.-
down power and the absorption cross—section’of the moderator, bo;hof which increase the
' yoid effect. The increase in slowing-down power achieves Lﬁis by making the moderator
more effective at thermahzmg neutrons, thus amphfymg the role of the coolant as a
locahzed source of epithermal neutron flux. The increase in absorptlon cross-sect;on does -
~ this because the thermal flux drops in the moderator upon voiding (see Figure 3.8), thus
decreasihg cell absorption. As the H,O content increases te higher levels, however, the 3
importance of lthe coolahf as a cell thermalizing agentnincreases, leadiﬁg to a decg‘eese in
the void effect. |
The k;ﬂ curve in Figure 4.5 indicates the .high intolerance of the current CANDU
configuration for moderator denaturing. Figure 4.6, on the other hand, shows the re'sul‘ts0
of denaturing with sufficient fuel enrichment to maintain f.the reference’ criticality of
;k',ﬁ = 1'.078 at all times (note that this goal is unat_fainable after aboﬁt 50% HZO confent).

a

The curves: of each type of void effect follow a sumlar trend as that of AA,,., in

Figure 4.5, although the reduction in each effect occurs at much lower HZO levels due to
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the negative influence on the void effect of large fuel enrichments (see Section 4.2.1).
The point of zero void effect is reached at an H,O content of about 46%, requiring an
enrichment of about 80 %wt for sufficient criticality. Clearly this is not an operating’

regime of practical interest.

4.1;3‘ Effect of Moderator Temperatﬁre
In Section 3.2.3 the effed of thermal tpscattcring by tﬁe’ho_t coolant wés described
and esﬁmatéd to add about 4 mk and -2 .mk to the \ibid reactivity effectina zero-burhup
and niid-burnup lattice, respectively.” '“I‘his was approximately the re;ult fouﬁd by setting
the coolant temperature equal to that of the moderator (71l °C), a drop of 219 °C from the
: reference._l.attice cell case. One can élso reduce coolant ppscattering by raising the
teﬁperaMe of the moderatbr and thus 6btainin_g a higher effective neun'on'temperatufe.
This modiﬁca_tion avoids the detrimént to thermodynaxﬁic efficiency associated Wifh a
lqwer coéla'nt operating temperdture, but it is undesirable from a neutron e‘conomy‘ point
 of view because of thé thermal ﬁssi;m cross-section 1/E” behaviour.

| Figure 4.7 ii‘lustrates. the minor effect of moderator temperature change (without
cﬁanging dénsity) on both types of void effect for a zero-burnup and mid-burnup lattice.
.The total decreasg in these effects over a 50 °C range is ealch aboﬁt 1.5 mk at zero-burnup |
and 05 mk at mid-burfxup ) (discharge burnup is not altered significantly by this |
temperature range). Note that in this case the act of bﬁnging the coolant and moderétof

[

- temperatures closer together at mid-burnup creates a decrease in the void effect, which
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is a different trerid from the result in Section 3.2.3 referred to above. The difference here
is that the moderator is made hotter instead of the coolant being made cooler. This

creates a greater effective neutron temperature prior to coolant voiding and thus a greater

fraction of thermal equilibrium flux with energies in the 0.3 eV plutonium resonance.

The resulting greater negative influence on the void effect of this resonance (see
d;scription in Section 323) is reﬂect“ed in the decreasing void effect curve with
temperéture. At the same time thé. decreasipg ldegree of upscattering _with increa#ing
temperature will opposé this trend, leading to-an extremely small slope in this curve.

| O\.fer this same 50 °C temperature range k., decreases by 3 mk in a z;ero-bumup_
lattice and increases by 4 mk ina ‘friic.i-bumup lattice. Th};,; greater Criﬁcality in the mid-
burnup case is also caused by the non-1/E* behaviour otL' plutonium's absorption cross-

section in the upper end of the thermal fahge.

Il

4.2 Effect of Fuel Material Changes

This section will deal with changes to the fuel material, including enrichment and

the addition and substitution of matgrial to the: fuel meat, without altering the cluster

geometry of the reference 37-element lattice cell. The main approach of AECL's Low

Void Reactivity Fuel (LVRF) programme _l(seé Section 1.7) is described here also.

4.2.1 Effect of Fuel .En'richm_ent

Enriching the U-235 content in the fuel increases the thermal and _epithermal'.u__’_-
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abscrpticn cross-section of the lattice cell, as well as the fast fission cross-section. If the
coolant were a significant absorber in the cell this increase in ab‘sorpti-on cross-section
would decrease the void effect, relatiVe to the reference case, thrcugh a reduced thermal
utilization factor (f) contribution. In a CANDU lattice;_ however, the relevant
coxttribut.ions to a change in void effect are made through the group-escape factors (pp and
pg) and the fast ﬁssion factor (e). )

This much is ev1dent in Flgure 4, 8 whlch plots the void crmcahty effect ARy

along with 1ts crmcahty factor formula contnbunons agamst fuel ennchment up to

10 Jowit in a zero-burnup lattice. - The increasing unportance of thermal fission with

enrichment is md1cated by the decreasmg perturbatton to €, wh11e the increasing . -

1mportance of absoxptxon in the epithermal and fast groups is mdxcated by the mcreasmg

_ perturbauons to p and Dr m the posmve and negatwe dJ.rectmns, respecuvely At low

enrichments (< 2 %wt) th'e void criticality effect increase's primarily_ due to the change i in
P Beyond thls pomt the effect begms to decrease as pp and € start to have an effect
and at large values of enrichment (> 10 %wt) the vo1d crmcahty effect is lower than the
natural UO2 (reference) case. ° o : o .

As w1th the moderator. changes in Section 41 the values of the void criticality

effect (AX,qy) reveal a clearer picture of the phenomenon of enrichment than the void

reactivity effect (Ap,) due to the xttagnitude of k, for high enrichments. Since enrichment

'is of considerable practical interest, however, the results using the void reactivity effect

have been included here aiso, in Figure 49. Obscrve that the void reactivity effect

decreases rapidly, which is directly caused by &, increasing rapidly with enrichment (X
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increases from 1.0.7"8- to 1.715 over the enrichment range). The range from natural to

2%wt enrichment is expanded in Figure 4.10, a result which was quoted previously in -

Section 2.1 as an example of the sometimes large difference between Ak,m, and Ap,. In

that section four different values of the difference in void effect at zero-burnup between

™

natural and 1.2 %wt were found, depending upon definition and model: —4 mk for Aps, -
- +1 mk for Ak gy o -~9 mk if artificial bucklings were employed to force criticality (and

. therefore Ap, = Ak.z), and +4 mk if moderator boration were used to force criticality.

No clear conclusion was possible regarding which result is more realistic.

" The effect of burnup with enrichment hasﬁ been reported in Reference 44, which

uses the Ap, definition of the void effect. Using this definition the two main competing

contributions to the ch_ange in void effect with b_urnup are the reduction in k4, (as U-235 .

|

depietes) and the negative influence on Ap,, of plutonium as it burns in. Severaliscenarios

i

are presented with different starting enrichments between nia_tural and 1.3 %wt, with the

"equilibrium" point (constant void effect vs. burnup) occurring at about 1.0 %wt.

4 2.2 Ei’fect of Graphite in Fuel Pms .

‘\ o

o .‘;. Smce the majonty of the voxd effect in CANDU can be traced to the coolant srole

i

as a scattering agent in the lattice cell, -one possible method of reducmg the effect

" (without changing the geometi'y"of the fuel cluster) is the addition of an- extra, non-

"~ -

_v01dab1e scattering material to the fuel Plns This addmon would reduce the coolant s role o

in creattng the down-scattered eplthermal flux and the upscattered thermal ﬂux and thus,

Lo
o w
Ui “
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reduce the spectral shift upon voiding illustrated in Figure 3.5 and Figure 3.6.
This section examines the effect of adding graphite to the fuel pins® in two

geometries, elepictedlin Figure 4.11: (1) an outer graphite annulus surrounding a UQ.

. core, and (2) an ihner graphite core suiTOunded by a UOq annulus. - No cladding is

assumed to exist between the graphxte and UO, layers in these cases, and the graphne is
modelled at the average lattice cell fuel temperature (882 °C) For each geometry, two
fuel enrichment scenarios are examined: (1) usingnnatural U.O2 as in the _reference lattice
cell, and (2) employing "cons_ervatiqn of U-235 atoms" between the reference lattice cell

(natural UO,) and the modified geometry. _ Of the two proposed geometries, the first one

" would be expebted to have the greater effect since the grap'hite is not shielded as much

3

from the eplthennal and fast neutron flux by the UO,

The effects on the void cntlcahty effect (AA,N) and the void reacnvny effect (Apv)

in a zero-burnup lattice are reported in Table 4.1 and Table 4.2, each table represenu;;g

%

one of the two proposed geometries. Within each table the results are shown for four

dlfferent volume fractions of graphite wuhm the fuel pin, including a zero volume fraction
~ ’\

representmg the’ reference lattice cell. The results for both geometries are very similar,

mdlcanng only a minor shielding effect (the "graphite annulus" cases do have a consistent .

- but slight advantage over the "graphite core" cases).

‘Using natural uranium the maximum- reducnons in Ak, and Ap, at the 67 7%'

_ graphlte volume fracuon are about 6 mk and 3 mk, respectively,-although the Iattlce is

subcritical at this point. With the U-235 content conserved the maximum reductions in

- Ak,yy and Apy are about 5 mk and 9 mk, respectively. This high Ap, result is due to the

[}

o -
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large supercriticality of this lattce. and once again it makes more sense to consider only
‘the A, results in these cases. In terms of-relative effects, the Ak, results represent

a reduction of 25% to 30% from the reference case, depending on the enrichment used.

The reduction is attributable mainly to the epithermal group escape (p;) and fast fission

factor (&) contributons, as would be expected (the spectral results are not included in

Table 4.1 and Table 4.2).

4.2.3 Eﬁ'ect Bf Non-Fuel Substitution in Centre Pins

In Secnon 33 the s:gmficant role in the void effect played by the inner fuel rings "

was 1dent1ﬂed Smce this reglon is of lower 1mportance where lamce crmcahty is

concerned (see, for instance, the thermal flux dlSt[‘lbllth[l in Figure 3.8) the possibility

arises of substituting non-fissile material in-these centre fuel pins in an attempt to lower

the void effect. In this section the elueter gcor’nenujf of Athe refer%ncel lattice cell is
mnintained' in a later se'ction (Section 4.4.2) this constraint will be remoned

T\;lo material subbstttuuons are examined: z1rcon1um and graphite, both clad w1th
zircaloy-4 as with regular fuel pins. Zirconium is chosen for its property of high neutron
transparency, thus approximating the substitution of fuel with nothmg while graphne is
used to substttute fuel with a sxgmﬁcant seattermg agent 'I‘wo geomelric substnuuons
are also examined: replacing the centre seven fuel pins (the first two fuel rings), and
replacing the centre nineteen fnel pins (the first three fuel rings). The effeets of these two

&

geometric substitutions on both types of void effect and their criticality factor formula

[/
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contributions are listed in Table 4.3 and Table 4.4, respectively, again using a zero-burnup

lattice. The loss in k4 for the cooled cases (not included in Table 4.3 and Table 4.4) is

minor for the centre seven elements substitution: —12 mk with zirconium and —3 mk with-

graphite. For the centre nineteen elements substitution however, the loss in &, is more
severe: —66 mk with zirconium and —41 mk wnh graphite.
Usmg zirconium in hte centre seven elements (Table 4, 3) the total void cnttcahty

effect (Alt,gv) is reduced by about 4 mk and the voxd reacttwty effect (Ap.,) by about

3 mk. W1t11 graphite these reducttons are about 5 mk and 4 mk, respecuvely Usmg |

zirconium in the centre ninetéen elements (Table 4 4), Ak,ﬂ is reduced by about 9 mk

~and Apv by about 7 mk, wlule the correspondmg reductions w1th graplute are about 8 mk
‘ and about 6 mk, respectively 'I'he close résults from the two vastly different materials
(the moderating power of zn‘comum is about’ 200 times that of graphite) suggests that the

E prlme role of these matertals is the replacement of ﬁssﬂe rnatertal graphite plays only a

: secondary roleasa non-voiding scattering agent in the lattice. cell, accounting for an extra

-1 mk of rediction in the void effect. - e

_ Another effect to be considered is the increased absorption in the substitution

PN

matenal with vmdmg due to theds creaseo'thmhlch wold also reduce the void

.effect.' However since the thermal absorption macroscopic cross-section of zirconium' is

an order of magmtude mgher than that of graplute and yet its substitution has a smaller
: mﬂuence on the VOld effect this advantage is assumed to be minor. The low thermal flux

“at the clus_ter oen_t_re- combmed with the low thermal cross-section ‘of both substitution
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~materials further supports this conclusion. A method that exploits a high thermal '

absorption cross-section in this region of the lattice cell is examined in-the next section.

4.2.4 Effect of Adding High Absorption Material

In order to reduce thé. void effect by takmg advantage of the slight increase in .
thermal flux upon voiding in the inner fuel rings (see Figurg 3.8)..a material with a very
lax;gc cross-section is needéﬁ. This is the épproach favoured by AECL'S Low Void
Rcactlvny Fuel (LVRP) Programmc described earlier in Section 1.7. Lattice studles
charactenze one possﬂ:le design that has a void reactlwty effect (Apv) of 4.1 mk at zero-
burnup and ~1.9 mk at mid-burnup. This design employs 9.1 %wt natural dysprosmm
11:1 the inner seven fﬁel pins of the 37-element lattice cell. -In order to corﬁ'}Sensaie for this-
extra abSofption in tile latticel cell, an average fuel f)ﬁndle enrichment of 2.1 %wt is used,
distributed non-uniformly thr'.?ughout the t;undle in order to re'dulcl:e. the elgmént power |
peaking réﬁ;)s. The range pf ring egrichment is 1.10 %\Qt tc; 3.37 %wt, with the higher :
er‘u‘icﬁments in the outer rings. C;alculations‘ have also showrll58 mé£ this absorber content '
can be reduced if dgpleteci uranium (‘0.25 %owt UjZ\S']‘lS) is used in the geﬁtre elements, in

whlch case U-238 acts as a burnable absorber. | oA

- 7 As mentloned in Secnon 1.7 this method runs counter to this dissertation's goal =

. of -reducmg the void effect w1thout 31gmﬁcantly compromlsmg CANDU s prmclpl_e of- .

neutron economy. The presence of relatively large amounts of neutron poison in the

. lattice __cell is such a compromise, and therefore this approach 1s included .'heré for c
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information purposes only. It is interesting to determine the void effect reduction

achieved by using differential enri(:hment across the fuel bundle, but without the added

burnable poison. Two such cases, each with 0.25 %wt depleted uranium in the inner

- seven elements but with different enrichments in the outer two fuel rings, for an average

bundle enrichment of 0.72 %wt (natural uranium) and 1.51 Towt, are present;ed' n
Table 4.5. There is little or no improvement in the void effect, except for the Ap, results

with the 1.51 %wt average bundle enrichment where the high criticality values again have

an influence. It should be noted here that the resonance treatment in WIMS-AECL (see
Section 1.9, and also References 28 and 32) does not differentiate between pins within -

a fuel cluster, and therefore rachal vananons in ennchment will not be taken into-account ~

1n the evaluanon of resonance cross-sections. This is not of prime concem here, however,
smce it is a thermal effect that is bemg sought.

. Table 4.6 1nchcates the result if the thn'd ring of twelve fuel pins also consists of
0.25 %wt depleted uranium, in addition to__the inner seven pins. As before, the outer fuel

ring is given the appropriate enrichment necessary to bring the average bundle enrichment
o ‘

‘ 'again up to 0.72 %wt A _reduction of about 6 mk in both types of void effect is found

at zero-burnup, and a reduction of abcut 3 mk in both types is found at mid-burnup. The

greater effect of the differential burnup in this case is caused by the greater volume of -

depleted uranium included in the third ring of 12 fuel pitxs. A followup calculation was

‘ performed for this case with “forced cntlcahty“ using critical bucklings, as descnbed in

Secuon 2 2. 2 resultmg in a pred1cted v01d effect (both types) of about 6 mk Thls

represents a10 mk reduction from the reference lattice cell with crmcal bucklings (see,

i

e
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for example, Table 2.2).

4.2.5 Effect of Using Pu-MOX Fuel

' 'I‘he analysis in Section 3.4.1 showed that the growth of plutonium with burnup
has a negative influence on the void e.ffect'through ﬂge thermal [Sarameters -n and . This
suggests the strategy of mixing plutonium with the fuel at the outset and thus exploiting
ﬂli-s-advantage at lower values of fuel hiadiation. Intended primarily to reduce uranium
demand, plutonium mixed oxide (Pu-MOX) fuel .cycles have ‘been pr-lopé‘sed for most

thermal reactor types, including CANDU"® and other heavy water pressure tube

‘reactors®®!

. In these fuell cycles, PuO, i; mixed (in weight fractioﬁs of 1isuaf11y less than
1%)}witﬁ either natural or depleted UQ,. From:;a reactor physics point of view suél} an |
addition would have ti;le following significant differences cor'n_jpare_d to nan;ral uo, fueli:
(1) The nﬁcros_cgi)ic thermai fission cross-section; c;f, of Pﬁ-239 is about 1.3 ﬁmes that

“of U-235; k(z) The delayed neutron fraction, 8, of pa;-zsg is about 0.3 times that of U-
235; and (3) The avérage neutron‘number per'tﬂenpai ﬁsSiqn, V., Of lgu-239 is about 1.2

times that of U-235.

In order to examine the effect of using Pu-MOX fuel! the isotopic composition of
the plutonium to be mixe&‘Was assumed to be the same as that of pluténium in:fhc outer
ring of fuel piﬁs in a discl}gfged refel;ence fuel buncile, as estimat';d by a WIMS-AECL
burnup c‘alcﬁllation‘ (discharge ._b‘urnup" = 7500 MWde‘e), thereby approximaﬁng | thé

comp'osition of plutonium recycled from CANDU spent fuel. The isotopic ratios used are: .
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Npp2s © Npwaw  Npogy t Npyon = 1.0:0.44:0.09: 003 .

Figure 4.12 is a plot of both types of void effect and £,; as function of PuQ,

weight fraction up to 10 %owt, usiflg only a zero-burnup lattice. The .higher reactivity of
PuO, is evldent in the rapid increase in K, with its addition to the fuel mixture. As with
previous modifications 'prodocing high &, values the void criticality effect, Ak,z), is
probal)ly a better indicator of the realistic effect, while the void reactivity effect, Ap,, is
: significantly reduced by its normalization. Within the usu'al mixture range of 0 - 1 %vtrt
-a reduction of 4 fnk is achleved m Apy, relative to the reference case (0 %wt), efter which
Ap\, continues to.decrea‘ce clowly with increasing PuO, concentratioh. The behavi‘our of
Ak, within the 0-1%wt range is quite different, d1splay1ng a minimum between
. lO 1 %wt and 0.2 %wt where Al,ﬁv is reduced by about 1 mk, followed by a rapxd increase
that eventually peaks at about 3 %wt

This interesting behaviour of Ak, in the 0-1%wt rmge is tnainly-due.the trend
- in the contribution to Ak,w through. 7, whlch is shown elong with the other criticality

factor contributions in Figure 4.13. The reason for the minimum in the 7 contribution

curve is mamly the different isotopic responses 1n plutomum At low welght fractlons -

the o contnbunon is reduced as expected by the addmon of plutomum, cornmg mamly

= "
\.:'

O -\' e‘w\ ,.5-

from the effect of the Pu- 239 Cross- sectlon as. desé'hbed in Section 3. 4 1 However thh‘ﬂ

o greater concentrauons the effect of Pu-241 becomes sxgmﬁcant, while Pu-240 and Pu-242

_both maintain,ins;igniﬁcant 1 contributions due to their low thermal yield. The cross-

sectional behaviour of Pu-241, although including a thermal resonance near 0.3 eV like

i

o
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Pu-239, is such that its 5 édnuibutioﬁ in the CANDU lattice is slightly positive. Since |
~ the negative 17 contribution of Pu-239 almost cancels the positive contribution of U-235.,

the total 1 contribution thus increases and eventually saturates at about the same level

as in the reference lattice cell (O_%wt Pu0,).

The quantitative results at iefo-bumup anﬁ mid-burnup for two arbiu‘ﬁry cases of
_ initial PuO, concentration, 0.5 %wt and 1.0 %wt, are given in Table 4.7 along with those
for the referencg lattice ceﬁ (0 %wt) for comparison. Burnup is increased relative to ‘th'e

- reference case by factors of 2.3 and 33, respgctively, although there is no relative beneﬁf

to the void effect at mid-burnup. Table 4.7 also lists the average concentfations of Pu-

239 in the mid-burnup fuel for each case, relative to both the reference case and the zero-

burnup lattice of each case. Although the equilibrium Pu-239 concéntrations of the Pu-

MOX fuel are much higher _than in th_e reference case, they are also less than what each‘

Pu-MOX case started out with at zero-burnup.

In conclusion, a slight benefit in terms of the void criticality effect, Ak, is

achieved with low concentration MOX'fuel («1 %wt) using plutonium number densities |

estimated from spent CANDU fuel. This reduction is small in the current fuel design, but .

may become significant in a design with very low void effect. The increase in Ak at
concentrations greater that 1 %wt is caused by the positive contribution from the Pu-241

isotope. In Chapter 5 the ratio of the Pu-241 to Pu-239 concentrations in spent LWR

fuel” is estimated to be about twice that of spent CANDU fuel (see Tab‘le 5.18), whidﬁ |

would indicate that the influence of this positive contribution would be greater,

o

@

%
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4.2.6 Effect of Using Th-MOX Fuel

- Another potential CANDU fuel cycle takes advantage of the high n value of U-

233, created by neutron capture in Th-232, to further extend fuel reserves. Several

~ thorium fuel cycles have been studied'**% but the one to be examined here is a simple

mixed oxide fuel (T h—MOX) consisting of natural UO, topped with a smail amount of
ThO,. The 1ncent1ve for looking at Th-MOX fueI in this dissertation is the smaller
effective resonance mtegral of Th-232 compa.red with U-238; therefore, the void effect
contribution through p; would also be expected to be srnaller in comparison

Figu_re 4141is a plot of both types of void effect and It,_,ﬁ as a ﬁinction of ThO, -

_weight fracuon up to 6%wt Beyond this. pomt the lattice is subcrincal and not of

[

'ixiterest.' The void criticality effect (Ak,mv) does decrease shghtly_with the addition of

. @ . ‘ ' ' :
ThQO,, although the decreasing value of kg makes the void reactivity effect (Apv) increase

' substantmlly over this same range Figure 4.15 1Hustrates the effect of adding enriched‘

uranium fuel to the Th-MOX fuel in .order to brmg Koy (a.nd the corresponding burnup)

up to acceptable'levels. In this ca,__se tpe 1.0 %wt Th-MOX case was chosen, and the void |

 effect is plotted as a fuh__ctiqn of U-235 enrichment up to 2.0 %wt. There is a negligible

_ difference between this result and that for siniple enrichment alone shown in Figure 4.10,

43 Effect of Zirconium Enrichment

‘In this section we consider the novel approach of eni'iching the zirconium used in

the pressure and calandria nibes of the lattice cell. Following the discovery“ of a

78
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significantly lower thermal absorption cross-section for Zr-90 than previously reported,
an interest developed in enriching this isotope in CAN'DU fuel channel materials®. In -
particular it is estimated® that using an isotopic mixture of 99%wt Zr-90 and 1%wt Zr-91
in these zirconium alloys (normal abundance is 51.5%wt Zr-90,11 2%wt Zr-91,
’ 17.1%wt Zr 92,17.4%wt Zr-94, 2.8%wt Zr-96) w1ll reduce the effective absorptron Cross-
section of the pressure tube by a factor of 3.04 and that of the calandria tube by a facto:
of 3.50.
A lower absorption in these .materials will have two neutronic effeots of relevance

to this dissertation: (1) Criticallty' will be increased, which will. further re_duce Ap,

relattve to Ak gy through its normahzanon to criticality; and. (2) Smce the fuel channel - |

materlals are located ina regron of decreasing thermal flux upon vordmg (see Figure 3 8)
the decrease in absorpnon in thls region will be less important, and this will clecrease. the
- void effect. | |

] The use of 99%wt ennohed zirconium alloys can be approxrtnated ln WIMS-
AECL by reducmg the densmes of the pressure tube and, calandna tube materlals by the
factors gtven above The results of such a calculatlon gwen in Table 48 show a .
decrease of about 3 mk in the void effect and an increase in cr1t1cal1ty of 35 mk. . As
expected, the main contnbuuonl to this decrease in void effect comes from the thermal
utilization factor, £, since the lower absorption cross-section means a smaller change .in
 the spatial distributiotx of thermal ‘absor'ption upon voiding.
T_huls, a small .but\ significant deorease: in the void cffect ..can be achieved by: :

“

utilizing enriched zirconium in lattice cell structural alloys. This strategy will be revisited
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in Chapter 5, despite its breach of this dissertation’s policy of modifying only the

components within the CANDU pressure tube.

4.4 Effect of Fuel Cluster Geometry Changes

This section adds another degree of freedom by examining the effect of altering

the geometry of the fuel cluster. Two broad categories are envisioned: (1) Changing:

‘ ghometric specifications wh_ile maiﬁtainiﬁg fth'ejf-"i;uel pin cluster” concept, defined here as
_ a‘le'_lel channel sontaining only cylindri‘éai ‘UO'E pins encased in cladding and surrounded
.by soolann ar_lci t2) Rsmovihg some pins and substituting spacer- material for pins and.
: ‘.coolant, which is a more radical Iﬁove_ thsn the Simple fuel meat substifution examinesi
" in -Ssctiqn 4.2.3. These two categories will i)e add:essed in separate subsections, the latter -

‘subsection éonstituting a review of work already done in this area. - a

441 Effect of Chinging Pin Diameter

The incentive for chanéing‘_fhe fuel pin diameter stems from consideration of

o x.-espna:nc.e ‘aBsorptidn.. If the volﬁme of fuel is kept constant Bu't‘ she ‘number .of pins )
S feduced, thus reducing .the' surface-to-volume ratio (S/V) of‘ ti:e fuel, the ‘resonance
- . integral of 'fhe lattice cell is reduced due to .higﬁer geometric self-shielding of the
o réSonspéé energy ﬂuxi*"'.‘ Thus, one would expect the void effect to be reduced due to-
th‘eil'ower ixﬁpdstanse of réssnangecabsdrptisn_. A'19-elerhen; fuel clister was examined

~ (Figure '4'.1'6), _ha;\-)i‘ng a fuel volume identical .to‘fthe reference 37-element lattice cell, but

&
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an S/V ratio that is about 30% less. In 'l‘éble 4.9 the results wi.th this geometry are listed
along with the results using the 37-element lattice cell as a reference. Also included are
the results with a 19-element geometry and differential enrlchment across the fuel clu'ster'
usmg 0.25 %wt depleted fuel in the inner seven elements and 0. 99 %wt enriched fuel in
the outer twelve elements for an average bundle enrichment of 0. 72 Fowt.

Clearly, the 19 element case with natural uranium fuel effects a neghglble (<1 mk)

reducuon in the void effect, although the largest partial contribution (-~ 1 I mk) does come .

fronr_t the eptthermal escape factor (pg) as predicted. A_reduction in the S/Y ratio by 30.%

_‘_therefbre does not have a sign_iﬁcant effect. With differential enricllment across the fuel

cluster the reduction is slightly less than the reduction.achie\)ed with similar differential =~

enrxchment of a 37 element fuel cluster (see Table 46), partly because the volume-

fraction using depleted UO2 was hlgher in the latter case.

Another case with graded pin diameters actoss the fuel cluster (Figure 4.17) was :

examined,‘ also with both natural UO, and differential enrichment. The idea here is to

reduce the S/V ratio as .much as possible in the centre region where the telative increase .

in epitltennal absorption is the largest upoh vctiding. t;vhile‘ keep'mg the fﬁel vdlume ag.ain‘ ‘
constant. The dlfferentlal enrichment (0. 25 %wt in the inner. seven fueI pins, 1 4 %wt in |
the outer 22 fuel pins, average bundle ennchment 0 72 %wt) achleves the same goal as.

before of reducing thermally ﬁssﬂe material (UJ-235) f_rom the centre :egton. -}Thel effect 3

'.elemertt_ case (Table 4.6), again, due to a slightly higheér volume frac_t_ion of fuel with

o

of the graded geometry is negligible, as shown in Table 4.10, and the ‘effect using o

differential enrichment onl'y.sl_ightly better than the 19-element case ('I:ebler4.9) and 37- :
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’Such a radical approach is the subject of the next chapter.
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depleted UO,. As in Section 4.2.4, it must be noted that the resonance cross-sections in

WIMS-AECL do not account for variation in pin geometry or composition. In terms of -

differential enrichment this is not a significant issue since the effect sought is a thermal

one, but the intended effect of the S/V reduction in the centre fuel elements will not be -

reflected in the resonance cross-sections. It is true that, with proper setup of the spatial

mesh, the collision probabilities transport calculation will take the greater spatial self-

shieldin’g of these -pins ‘into account, but this is. iikely to be a second-order effect

compared to the effect on the resonance group cross-secttons

ThlS is an 111ustrat1ve rather than rigorous, examination of the effects of changmg

. the cluster geometty with and without dtfferennal enrichment. However, it md1cates that

a much more radmal approach is requued if the void effect in the CANDU lattlce isto .

be reduced to near zero or negative values, w1thout compromxsmg its neutron economy.

B /‘

,\
LS
(7

4.4.2 Effect of an Ahnular Fuel 'Cl‘tister o

: Followirlg similar reasoning to that summarized in Section 4.2.3 & new CANDU

N

fuci_ bundle has been proposed®s®’ which takes the extra step of replacing the centre seven

. fuel pins and associate coolant with a permanent void region or a: éraphite spacer. The
fuel cluster is’ thus restncted to an annular regmn conmstmg 'of the two outer fuel rings

| of the reference latnce cell, as shown in Flgure 4.18. Whereas in Section 4 2 .3 the simple

=

substitution of graphlte for fuel in the centre seven pins achleved a reduction in the void

o

P E
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N
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reactivity effect (Ap,) of 4 mk, or about 25% of the total effect, this annular cluster

design achieves a reduction of about 40%. This result was originally calculated with an ’

earlier version of WIMS-AECL, and similar calculations using both a permanent central |

void (air) and a central can of non-voidable D,O were verified against experiment® .

The 40% reduction in both types of void effect is also repreducible using the version of

WIMS-AECL and reference lattice cell input file (slightly modified) of this dissertation. .

Improvements to this design have been examined elsewhere® by making
perturbations to other cell parameters such as zirconium enrichment, fuel enrichment, and
pin size. -Of these modifications the largest reduction in the void effect is achieved

through fuel enrichment. ‘Depen_ding on the modifications, values of Apy are reported

between 4 and 6 mk for a zero-burnup Jattice and between O and 5 mk at mid-burnup,

achieved with U-235 ‘enrichment of 1.2 %wt and hifghcr. It should be noted that only

values of Ap, and not Ak gy are re.p'o'rted. and therefore the concerns expressed here -

regarding lattice cell void éffect representation with high &, values (see Section 2.1) must

»

- be kept in mind.

o

[

- Since ample attention has been paid to thisjdeéign elsewhere (see References 66

to 69), further treatmgnt here is not necessary. The use of a central spacer and the

resulting confinement of fuel to an anfular region near the pressure tube will be,revisited

in the next chapter.
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VOID REGION

Void Criticality Effect (mk)
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Figufe 44 Void Criticality Effect (Ak v) ¥S.-Moderator Volume Fraction (Zero-
' Burnup Lattice) as Modelled by Changmg Lattice Pitch, Moderator

'Density, and Adding Moderator Void Regions.
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o : GRAPHITE

o .‘ o .Fi\gure'4'.l‘1 Geometry of Fuel Pins with ‘Graph'it“e Added: (a) Graphite Core,

R I - . '(b) Graphite Annulus. Outer Fuel Pin Diameter Same as in
B ‘ Reference Lattice Cell, '

o ] : “ ‘ \\f '
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Table 4.1 Effect of Graphile Core Within Natura! and Enriched Fuel Pins in a

Zero-Burnup Lattice Cell.
Same U-235 Content as Reference Lattice Cell.)

("U-235 Content Conserve d" Case Has

in a Zero-Burnup Lattice Cell.
Has Same U- 235 Content as Reference Lattice Cell.)

Graphite's | Graphite Natural Uranium U-235 Content Conserved
Volume Core :
Fraction of | Diameter Koy Ak A K %wt. | Ak )
N :  BRayy Py . my Apy
Fuel Pin {em) (2:‘;‘:)" g | {mi) ‘i‘;le)d U235 | g | (ko
0.0% 0.0 1.078 | 193 16.3 nfa n/a ‘nfa n/a
10.8% - 0.2 1071 | 186 | 160 | 1118 | 81% | 19.0 14.9
 43.4% 04 - {1040 | 164 | 150 | 1271 | 127% | 175 | 107"
67.7% 0.5 0.979 136 | 140 | 1.429 | 2.23% 149 [ 72
- Table 4.2 - Effect of Graphite Annulus Around Natural and Enriched Fuel Pins

("U-235 Content Conserved" Cdse )

Graphite's | Graphite Natur:l ‘Uranium . U-235 Content Conserved

Ff\g‘lig?’%f fﬁmg:s k| ak A ko ) wwt. | Ak Apy

" Fuel Pin em) (2:;-:;:! | i ("ﬂ“)’: '_(?;osgd U235 | (kg '(,,f:(‘)’ _
0.0% 00 |1078| 193 | 163 | wa | wa | wa | na
108% | 00337 |1071 | 184 158 1118 | 0.81% | 187 | 147
43.4% 01505 | 1038 | 155 | 142 | 1271 127% | 168 | 103 |-
67.7% | ozs23 | 0977 | 13 | 135 | 1425 | 220% | 144 7.0

L]
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b

Table 4. 3 Effect of Substituting Zirconium and Grapbhite for Fissile Material in
: Central Seven Elements (Zero-Burnup Lattice): Void Criticality
Effect (AL, ), Void Réactivity Effect (Ap,), and Crltlcahty Factor

Contnbutlons
Void Criticality Effect, Akyy Void Reactivity Efiect, Ap,,
Criticality .
Factor Reference | Subst. Subst. Reference | Subst. | Subst.
Cell Zirconium | Graphite Cell Zirconium | Graphite
(mii) (mk)- {mk) (mk) (mk) | (mk)
n 2.2 23 23 18 2.0 19
f 39 32 3.6 3.3 28 31
P: 3.8 32 82 | -3z 27 | -27
ope 1.7 8.9 74 ' 9.9 7.7, 6.3
€ 52 | a3 43 4.4 3.8 37
TOTAL e ' |
EFEECT 19.3 15.6 .1 44 16.3 13.5: 12.3
k, : ' ' '
(cooledﬁcase) 1.078 1.065 1::075 1.078 . 1.065 1.075

[

A
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Table 4.4 Effect of Substituting Zirconium and Graphlte for Flssﬂe Material in

Central Nineteen Elements (Zero-Burnup Lattice): Void Criticality
Effect (Ak,,, ), Void Reactivity Effect (Ap‘), and Criticality Factor

~ Contributions.
Void Criticality Effect, Ak,,, Void Reactivity Effect, Ap,
Criticality ' - : ‘
Factor Reference Subst. Subst. | Reference | Subsl. | Subst. j
_ , - Cell  Zirconium | Graphite Celi eroomum Graphite
{mk) (mk) (k) (mk) (mk) (mK)
5 | 22 27 25 1.8 26 23
foo| 39 | 22 | 33 33 21 3.0
pr -38 -2 20 32 20 [ -19
Pe 1.7 a5 | 52 | 98 44 | a7
€ 5.2 28 | 25 a4 25 | 23,
ngE%T 1 193 99 113 | 163 95 | 104
r— —
(ookcasey | 1078 1.012 1.037 1.078 1.012 1037 -
= '4‘.:

L3

Lo
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Table 4.5 Effect of Using Depleted Uranium (0.25 %wt) in Inner Seven Fuel

Pins.
: Average Bundle Average Bundle
: Enrichment: 0.72 %wt. Enrichment: 1.51 S%wt.
Reterence Lattice Cell (Enrichment of Quter Two (Ervichment of Outer Two Rings:
Rings: 0.83 %wt.) 1.80 %wl.)
Zero- Mid-Bumup Zero- Mid-Bumup Zero- Mid-Burnup
(full bumup = {full burnup = ~ 1 (ull bumup =
Bumup | 700 wwarme) | BUMUP | go00 Mwarrey | BUMUP 1 2a000 Mwarte)
kﬂ” '\l .
{cooled | . 1.078 1.019 1.088 1.014 1.363 1.013
case) ‘ .
Akygy | 193mk | 136mk | 167mk | 123 mk 18.4 mk 13.5 mk
ap, | 163mk | 130mk | 139mk | 118mk | 97mk | 13.0mk

Table 4.6 Effect of Using Depleted Uranium (0.25 %wt) in Inner 19 F_‘tjel Pins.

" o

Average Bundle

Reference Lattice Ceil

Enrichment: 0.72 %wt.
(Ervichment of Outer Two .

Rings: 1.22 %wt.)
@ Zero- | Mid-Bumup Zero- Mid-Bumup
. Wy (hull burnup = {tull burnup =
. Bumup | 7500 mwarre) | BUMUP | 9000 MWaTe)
Kon : o - )
{cooled 1.078 - 1.019 . .1.100 1.020
-} case). I -
N Akny | 193mk +| t36mk | 127mk:| 102mk
Apy '“]L' 163mk | 130mk | 104mk | 97mk
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Table 4.7 Effect of Using 0.5 %wt and 1.0 %wt Pu-MOX Fuel: Zero-Burnup
and Mid-Burnup.

o

Void Criticality | Void Reactivity | . Average Average
] Efiect, Ak, Effect, Ap, Pu23g | Pu-239
PuO, Discharge (mk) {mk) Nuclide _Nuclide
Weight Burnup L . Density at | Density at
Fraction (MWdITe) . Mid-Burnup Mld-Bl_.lmup
A Zero- Mid- | Zero- Mid- (Relative to (gzli‘g:rg’
Burnup | Bumup | Burnup | bumup | o wi% Case) Bumup Case)
Owt% | 7500 | 193 | 136 | 163 [ 130 | 10 n/a
<2 05wt% | 17400 | 195 | 139 | 124 | 136 | 16 0.9
1.0 wi% 24,800 216 |-149 | 122 | 145 .:1.9 0.6
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L Burnup): Void Criticality Effect (Ak, ), Void Reactw:ly Effect -
(Apy), and ke,ar

i2



Chapter 4: Reducing the Void Effect in CANDU _ 147

Table 4.8 Effect of Utilizing 90 %wt Enriched Zirconium in Fuel Channel
Alloys, Approximated by Density Adjustment (Zero-Burnup Lattice):
Void Criticality Effect (A%, ), Void Reactivity Effect (Ap,), and
Criticality Factor Contributions.

S Void Criticality Effect, Ak, Void Reactivity Effect, Ap,
Cricality Ret - With Zr-90 Wth-Z 90
Factor e_el'ence - . I r- \
' Cell Enrichment ‘Refert(anr:‘(‘:)e Cell “Enrichment
(mky (mi) ‘ | (mk)
n 2.2 23 | 18 1.8
fFoo 39 . 2.0 33 16
Pe 38 - | - -87 3.2 29
T e nz o« 11.0 ‘g9 8.8
e Y 53 a4 42
ErrEoT 193 169 | 163 134
K 0781 ‘ |
o ase) to7sgy |tz 1.078 1112

L]
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Figure 416 Geometry of 19-Element Fuel Bundie With Same Fuel Volume as
: Reference Case. - ’
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Table 4.9 Effect of Decreasing Surface-to-Volume Ratio of Fuel Pins:
19-Element Zero-Burnup Lattice Cell With Same Fuel Volume as

Reference Case. "Differential Enrichment”" Case
Enrichment = 0.72%wt.

Has Average Bundle |

Void Criticality Effect, Ak, . Void Reactivity Effect, Ap,
Criticality -
Factor Reference Natural Differentinl | Reference - Naturat Differential
Cell uo, Enrichment Cell uo, Enrichment
(k) (mk) (mk) (mi) (mk) {mk}
22 2.4 -23 1.8 2.0 -1.9
f 3.9 44 38 . - 33 3.7 3.1
P -3.8 -38 -37 -32 32 ‘| -81
 Pe 11.7 10.6 10.0 9.9 =89 . 8.3
€ . 5.2 - 8.2 5.7 44 44 4.6
ceer | 193 18.8 133 13 | 158 11.0
-k, : ' -
(coal edﬂcase) 1.078 1.082 1.086 1.078 1.082 1.086

Y
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Figure 4.17

Fie]

Geometry of 29-Element Graded Pin Cluster With Same Fuel
Volume as Reference Case.
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Table 4.10 Effect of Graded Pin Diameter: 29-Element Zero-Burnup Lattice Cell
" With Same Fuel Volume as Reference Case. "' Differential
Enrichment" Case Has Average Bundle Enrichment = 0.72 %wt.

Void Criticality Effect, Ak, ~ Void Reactivity Effect, Ap,,
Criticality ' :
Factor | Reference Natural Differential | Reference Natural | Differential
, Cell uo, Errichment Cell UQ,- . | Enrichment
& ) {mk) {mk) (mk) {mk) {mk) (mk).
n 2.2 . 2.1 -6.6 1.8 1.8 -54
f 3.9 39 | 25 3.3 33 20
Cpe -3.8 -39 -4.0 - -32 -3.3 -33
Pe 11.7 | 116 | 10.8 9.9 9.8 8.8
€ 52 55 | 68 4.4 47 ‘5.4
por | 193 | ted 9.2 16.3 16.2 75
P | _ ; _
© mg"ws&) 1.078 | 1.079 1.107 ‘ 1.078 1.079 1.107
I
Q
i,
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Figure 4.18 30-Element Annular Cluster Design From Reference 67.
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Chapter 5

New Fuel Design

In this chapter a inajor radial relocation of the fuel within the pressure tube,

requiring a departure from the "fuel pin.cluster" concept, is examined as a strategy for

......

' lo?ﬁ\rmo effect CANDU fuel. An optimal design from a purely neutronics point of view

'\
is f/i_rigeveloped, which is thenrmodiﬁ'ed'to accommodate cooling and other engineering
reo;;olents. This modified result is then questioned further in areas of ‘thermalhydraulic
and material requuements, for which an extensive analysxs transcends the current scope.
The modellmg methodology w1th1n WIMS AECL is examined, pnmanly to test the abxhty
of the code to handle- such a_highly mochﬁed geometry, and secondanly to test its

sensmwty to mput parameters Several of the perturbanons to fuel content that reducecl

the void eifect in the prevmus chapter are also applied here w1t11 the hope of both further

1.

reducing the void effect and addressmg some remaining practlcai concerns,
‘:

i

‘.-‘ _ . :

2

51. Optlmum Geometrv Based On Void Effect

i
This section will establish the optirnum fuel geornetry from a neutronics pomt of

. 1
view, mmn‘ltammg ;he fuel volume and fu€l materials (ie., no substitutions, addmons, or

subtractioo{‘s) as the reference fuel cell. The aim here is to develop a sense of direction
i :

-

.
i 153
i
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that will guide a practical analysis to be performed later.

5.1.1 Rationai¢ for Optimum Geometry.

If one were to abandon the pin cluster concept of CANDU fucl,r}__,,\;.hat would be
the optimum geometry in terms of the void effect? \ VTo answef this question, consider
what has:been found so far. In Section 3.2.2 the greatest contribution to the void effgct_
Qas shown to come from the chahge m epithermal loss, accounting for 60‘;& of the effect -
alt' zero-b.u‘mup'and 85% at mid-burnqp (see Table 3.1). In Section 44 an attempt ._w'as_
made to reduce this by reducing the surféce-to-vélume (S/V) ratio of the pin clustér- fuel,
$hich had a Inegligible effect. Asa hypothetical sbenario, consider a fuel-ra.n'angement
with the lowest S[V ratio possible wh@le r_naintaining the same fuel volume as in the -

- reference lattice cell. Such an arrangemeﬁt is iilpstfatéd -in Figurg 5.1(a), where all.the
l’ f_}i'el is located in a single lump at the cenf;e of the fuelr channel, surrc;unded by a coolant
annulus. éladding material has not been included in this case. The S/V: ratio of the
geometry in Figure 5.1(a) is reduced by about'84%.frorn the reference cell-case, and with
the fuel volume solconstrained, this geometry offers the least probability of an intéractiqn _
bétwe&n a resonance-energy neutron located in the coolant and a r.esonan‘ce absorber
located in the fuel. This is reflected in the calculation of resonance integrals**, and

geometrié_‘reasoning provides an explanation: The moderator-coolant interface (ignoring |
the highly transparent pressure tube, calandria tube, 'andl annular void regions) is about N

40% greater than the fuel-coolant interface, and hence fast neutrons entering the annular
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coolant region from the direction of the fuel are more likely to stream or be scattered into
~ the moderator, compared to the case of a .cluster of fuel pins.

In Section 3.3, however, the importance of proximity to the bulk moderator was
in_truduced, and Figure 3.8 and Figure 3.9 cleérly demonstrate the thermal and epithermal
flux shifts that account for this. Accordingly, it was possible to oumin a significant -
reduction in the voxd effect by e1ther removing fissile rnatenal altogether from the centre
~ of the fuel channel -:in Section 42 3, or by reducmg the amount of thennally fissile

material (U-235) in the centre of the fuel channel in _SeCtion 4.2.4. It follows, therefore,

that the thermal spectrurh void effects should be reduced by iocating the singlle lump of -

fuel in Fjgure 5.1(a) as close to the moderator “as.possil‘ale, which is the geometry shown
in Figure.S.l(b). .In doing so the lump becomes tubuléxj in shape, as well as much smaller
X in‘ width 'since vdlurue'is cbnserved. However, by thus cf‘eating‘ a boncave fuel boundary
‘enclosmg a coolant region, wh1ch is opposxte to Fxgure 5.1(a), the probability of a s?uce _
"neutron downscattermg into. the resonance. region and then encountcnng a ;esonance
absorber nuclide will increase, and therefore so will the void effect. Also increasing the
role played by resonlauce‘_absorption‘in. the void-:effect is the higher S/V ratio of the
‘ tubular fuelngeoxgeuy of Figurg 5.1(b), which is 39% of that of the reference ;:ell case
(compared fo 16% for the geometry in Figure 5.1(aj)5‘» This poéir.ive influence on the void
effect with fuel location will be countered somewhat lix\r\ilj Si7;1'c:x1n‘11ty to the moderator,
which allows source neutrons leaving the outer fuel surfacewt\; ;;ream or diffuse d].rectly

into thc rnoderator and becomf_: thermahzed. e

These hypotheses are tested by modelling the two gébmetries of Figure 5.1 in

a
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WIMS-AECL (using the PERSEUS option™- for annular cell geometry) and including
several intermediate geometries as the central fuel lump in Figure 5.1(a) is “"moved"
outward t§ the location and shape of the tubular fuel lump in Figure 5.1(b). Annular
symmetry and fuel volume is cionServed at all test locations, The results of these
caiculaﬁons, without bumﬁp. are examined in the remainder of this section. Ls_ner in
Section 5.9..1, a signiﬁcant deﬁciencﬁ in the resonance treatment for tubular geometriés..'
\yill be‘ examined, and in light of this the effect of geometry on the epithermal parametc!rés:_

N
(pz and Apy), as described in the following subsections, will probably be underestimated. -

5.1.2 Void Effect of Optimum Geometfy

The void criticality effect (Ak,y,) and its criticality factor contributions are plotted
in Figurc 5.2 as a function of radial fuel poéitio'h_. Here the x-axis represents the ouiside
radius of the fue} lum;!),_. beginning at 370 cm, correspoﬁdinglté the C;lS; -wherg. allrt'"ucl
is located at the cehtré::"and ending at 5.17 cm, the innef radius of the pressure tube (the
inner radius 6f the fuel lump in the last case is 3.61 cm). Quantitative results for thé two
lirgiﬁhg cgseé depicted in Figure 5.1; ﬁs well as the reference lattice cell, are listed in
Table 5.1 fpr both typés of void effect. * |

Considering the void. ,.c.:riticality effect (Ak,,), a reducﬁon of about 7 mk is "
achieved relative to the referénce latfice cell when all fuel is lumped at the centre, and

“about 13 mk when all fuel is pushed against the pressure tube wall. In thé intermcdiﬁte_:

geometries the void criticality effect peaks before dropping off (see Figure 5.2), caused

3



becomes negative.

Chapter 5: New Fuel Design ‘- : _ 157

by the competing spectral mechanisms just described. With all fuel in the centre of the
fuel channel, virtually all of the void effect is due to the combined thermal contribution,

nf ,\which is about 2.5 times the corresponding reference cell contribution. As the fuel
0 ‘

._.:\" S L

. location moves closer to the pressure tube the contributions from both 7 and f decrease,

and at the outer limit where thermal flux drops upon voiding, the contribution from f

Ca L
R
- ——

—

At all locations the void efi:'ect contribution through the epithermal escape

_ prq_bability, Per 18 much less than that for the reference cell (at most 1/3) due to the lower

S/V ratio. With all fuel in the centre the p; contribution is slightly negative; however,
this is due to the increase in leakage upon voiding and not to an increase in resonance
absorpﬁon. As the fuel location moves outward, the p, contribution increases as the

: - . . i SR : et
central coolant region, and thus the localized resonance flux, becon.is’larger. At positions

- near the pressure tube, proximity t'b't‘he_ bulk moderator and the large size of the central )

= coolant region, both affording greater thermalization, tend to counteract the effect of the

-

docalized resonance flux and the p,-contribution levels off.. However, considering the

problem to be discussed later in Section 5.9.1 regarding the inadequacy of the WIMS-

e S

~ AECL resonance treatment for“annular geometry, the conclusions stated here for the

behaviour of App are suspect:-The trend in Ap; is probably correct, but the relative value

compared to the other void effect contributions is questionable.
. I {‘_

. In the fast spectrum both contributions behave as expected. The contribution 6f

-

- the fast fission factor, €, increases along with the size of the central coolant region since

- o

this region was a source of downscattering out of the fast region. The same phenomenon

W
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causes the decrease in the contribution of the fast escape factor, p,, with increased size

of the central coolant region.

5.1.3 Criticality of Optimum Geometry ~
Since the geometry being explored here represents a major departure from the
conventional CANDU fuel cOnfiguratiori, it is appropriate to examine the effect on

criticality of such a fundamental, albeit unrealistic, change. Figure 5.3 is a plot of k4 for

the cooled (non-voided) cases as a function of fuel position, along with the constituent

criticality factors, and Figure 5.4 isolates Lo for clarity. The quantitative results for the

two limiting cases, as well as the reference case for comparison, are given in Table 5.2,

The total gain in criticality, Af,, between the referende cell and the cell with all fuel at

the centre is +21 mk. As expected, a _sig"‘"'mﬁcant contribution to this increase is through

the epithermal escape probability, p,, because of the reduction in the S/V ratio. The

decrease in thermalization around the fuel also leads to an increase in fast absorption and

fission, indicated by a decrease-in p, and anﬁ_iﬁcreasc in €, respectively. The thermal

parameters, 17 and f, ére reduced by th_e presence of all the fuel within the region lof
lowest thermal flux across the cell. ' |

As tht“. fuel lump is "movedf' to its annular limiting pbsition where the thermal flux
is the greatest within the p}‘essure tube, these thgnﬁal parameters increase ab’ox.fe their
values in the ;eférence case. In this'sénse Tthe:rcfgrrencé ‘case can be thought of as

3

producirig a spatial avérage of the thermal parameters over the thermal flux diSﬁbUti-on
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within the pressure tube. With the growing S/V ratio the probability of escape from the
fuel lump increases and therefore p, becomes bigger alnd € becomes smaller. The
epitheiimal escape probability, pg, also becomes smaller as the S/V ratio and the central
coolant region increases, although in the outer limiting case it still remains larger than its
value in the reference cell.'- Overall, k increases by 8 mk l;etween the two limiting

geometries, for a total increase of 29 mk over the reference cell.

5.14 Uranium Isotopic Effects in Optimum Geometry

In 2 manner s?mila‘r to that in Section 3.4 where material contributions to the void
effect were examined, the contributions to the void critiéality effect from the fissile
nuclides as a funétion_o_f radial fue! position are plotted m Figure 55. As would be
c#pected based on Figux"e.S.-2, the bulk of the effect is ;iue to increase_d t_:ﬁtica;lity of U-

235 for the case with all fuel in the éentre location, and of UJ-238 for the case with all

fuel in the outer location. This suggests the beneficial use of differential enrichment

" within the {fuel volume, a tactic that will be adopted later (Section 5.11).

¢

o

o

5.2 Thermalhydraulic Considerations

Having established, in terms of ‘void effect réduction. the conceptual desirability
of relocating all fuel to the region near the pressure tube ‘wall, it remains to develop a
praética{ fuel design that exploits this strategy;. Although an engineering design of any

significant detail is beyond this dissertation's scope, several steps can be taken using basic

RN
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thermalhydraulic requirements. In fact, such an analysis mus necessarily accompany the
neutronic analysis if the goal, expressed in Section 1.8, of maiﬁtaining current CANDU
system parameters, is to be achieved.

In this section approximate calculations will lead to modifications of the geometry
in Figure 5.1(b) such that the following constraints can be addressed (detailed

explanations follow later in this section):

~

B maximum fiel temperatures must be acceptable;

2) total coolant mass flow raie mus-t remain unchanged;

3}  pressure drop across the channel ..should not exceed that of the current design;
4) a constant ratio of m;zss flow rate to power deposition must be maintained in all

6oolaht subchannels (regioﬁs betwee.n fuel volumes); and

5) the critical heat flux (CHF) rri‘.argin must be retained.

A casual appraisal of Figure 5.1(b) leads to the expectation that a significant amount of
modification will be neé\éssa.ry befc:re these constraints can be met, if at all. As geometry
changf;-s, so will the neutronics, And therefore characteristic parameter;: likewdriticality.
burnup, and (of course) void effect will eventually be included again in the seal:ch.
Where actual numbers are required in the following process (méan coolant tempefatur\jc.
ngminal bundle power, etc.), operational values or reasonable approxirﬁations will be
used. Many of the constraints are tested using & comprcheﬂsive FORTRAN code written

by the author (see Section 5.2.7).

R

ey
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5.2.1 Maximum Fuel Temperature

A primary concern is that of adequate heat transfer within the fuel, and the need

to keep maximum fuel temperatures below melting. For unirradiated UO, fuel the

“melting point is about 2800°C, decreasing slightly with irradiation®. The temperature

differences across the two limiting fuel geometries depicted in Figure 5.1 can be estimated

by applying the equation of radial heat conduction’,

I/ BNCEY

for which Equations (5.2) through (5.5), to be presented shortly, are specific solutions.

It is assumed that a constant thermal conductivity, & = 0.025 W/em-=C, and a constent
volumetric heat generaﬁo_n density, ¢ = 300 W/cm®, can be applied. The former is an

average thermal conductivity® for UO, and the latter is estimated by dividing the nominal

~ fuel bundle poweri of CANDU-6 (640 kW) by the fuel volume per bundle (2124 cm?®).

The difference in temperature, AT, between the centreline and outer surface of the
cylindrical fuel lump in Figure 5.1(a), given by™,

qHII.Z
a4k >

X AT _ = (5.2)

is about 41,000 °C, where r is the cylinder radius. Similarly, AT across the ring of fuel

in Figure 5.1(b), given by™,
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is about 16,000 °C, Where r, and r,, are the inner and outer radii; respécﬁvely. In the
latter case no heat transfer is assumed through the outer bounda:&/ of the fuel.

If the same ring of fuel in Figure 5.1(b) is assufncci to be cooled on .bﬁth
boundaries to the same temperature (obviously ﬁnrealistic, given the existence of the
pressure tube at the outer boundary), the maximum temperature rise can be calculated

from™

"2

. I '
AT = y;lla.x_Tsurfncc = q4km(1_a+a]n“) ) C (5.4)

where a = (rm_‘/?'in)2 = [(fom/fm)z‘l]/ (2lar,,/r) .

2] + .
Toox = \/(rfm—ri;)/(21nr0m/rin) = radius of maximum fuel temperature, and

T

max’

T

Surface = maximum, surface fuel temperature .

The difference in temperature between the surface ancj I'max iS nOw calculated to be
3639 °C, which is still unacceptal?}e. At conventional power densities there i; clearly a
need to subdivide the tubular geog{étry of Figure 5.1(b) and furth\er-increas;e its S/V ratio
“in the interest of higher heat‘conduction to the coolant. VIt will be seen shortly that
avoidance of the critical heat flux (CHF) will also require a maximizing of surface area,
although not necessarily the S/V ratio.
Achieving this éubdivision with as little compromise as pdssible to the "ideal”
geometry (from a neutrqnics point of view) of Section 5.1 sug’ges.ts‘ the use of concentric,
or "ﬁested", tubular fuel. An arbitra:y choice for such a geometry using two néstcd tubes

«is presented in Figure 5.6 as a basis for discussion. In keeping with the analysis strategy

so far, the fuel volume is maintained equal to that of the reference iattice cell. The fuel

a
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meat in each of the two tubes has an equal radial thickness of 0.8% cm, which is 0.33 cm
less than the fuel pin diameter in ihé referencé lattice cell. The spacing between the two
tubes, also chosen arbitrarily, is 2.0 mm, as is the spacing ‘between the outer ring and the
inner wall of the pressure tube. Another modification introduced in this geometry is the
addition of zir(_:aloy-4 cladding. around the fuel meat, identical in composition to that used
in the reference lattice cell_. The cladding is necessary for the containment of fission

products and the prevention of contact between UO, and D,0. In the reference lattice cell

this material is of radial thickness 0.47 mm, while in the geometry of Figure 5.6 a radial

thickness of 0.5 mm has been choser;:.. A determination of the actual thickness required

wquld have to take into account the ;tresses éxperienced by cylindrical fuel claddiqg at

the radii described in Figure 56 For the purposes of this dissertation the value chosen

is suf1"1cient, and minor perturbations to this value will not L.affect the neutronic analysis

appreciably. Finally, omittéd from Figure 5.6 are the zircaloy-4 spacers necessary for

mechanical support between the concentric fuel tubes andvbetween the outer ring and the |
pressure tube. | ' 7 | "

Equation (5.4), with the prior assumptions for & and g, can be used to calcﬁlate
the maximum temperature diffcren’cé across each of the fuel tubes in Figure 5.6. The
result is 1190 °C in both cases, due to the small difference in radius of t;:ach ring. To
dgtermine the suitability of this value of AT o;e must also calculate the temperature rise
froﬁ the heafed coolant, across the cladding, to the fuel f:itrface. It is not necessary here
to attempt to quantify the convective heat iransi;er cpefﬁcient bem&an the outer clad

surfaces and the coolant; it suffices to assume réhsonably good heat transfer properties
& |
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and a resulting AT, OF approximately 20 °C.

For the temperature rise across the clad, integration of Equation (5.1), with g /=0

inside the clad, results in

- H 2 2 )
AT - Fruel (Iou _}:m) In Tad-out B (5.5)
cIadk 4 -kcln,u _ Ql;d-ih ’ .

Where Fy o 80d 7., are the cladding outer and inner radii, respectively, and r,,, and’
1, are the fuel outer and inner radii, respectively. For this integration it has been assumed .

that fission heat will be transferred.in equal amounts through each surface of a fuel ring,

as in a slab geometry. Also, the existence of a gap between the fuel and cladding has
been ignored. With the prior assumption for q}ffil and kc,ud:O.ll chm-°C (from
Reference 2), the maximum value of AT, is calculated to be 16 °C.

If all other system thefmalhydraulic parameters are assumed to be identical with
bthe CANDU-6 design, then the maximum coolant temperature lcan be taken® to be 310 °C

(assumed constant radially across the fuel channel), and the maximum fuel temperature

can be roughly estimated at 310 °C +20 °C + 16 "C + 1190 °C = 1536 °C. Even with an .

additional temperature rise of several hundred degrees across any inevitable fuel-clad gap
(ignored here), it is clear that the maximum temperature difference will be well below the
“U0, melting point.

With this approximation, one can quickly assess thessiitability of new fuel

- geometries from the standpoint of fuel temperature. The other practical concerns listed

at the beginning of this section will be discussed presently, in the context of the multiple

nested fuel annuli concept established here.

£
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5.2.2 Effect of Subdivision on Void Effect

In moving from the idealized geometry of Figure 5.1(b) to the more practical (but
still not finalized) geometry of Figure 5.6, the S/V ratio of the fuel is increased from 39%
to 69% qf that of the reference lattice geﬂ. This increase, while neccssar_y for adequate
cooling; also increases the void effect. An increase in the contribution of the epithermal
escape probability, p;, would be directly caused by the increasing importance of this
parametér. At the same time the necessary relocation of fuel closer to the centre of the
fuel channel should prdduce a slight increase in the thermal parainctéi*s.

Table 5.3 compares both types of void c_ff;:cth and their c;iticalit:; factor

P i

contributions, as caléulated for the two. geometn'es/' ,.representéd by Figure S.i(b) and
Figure 5.6. An inc{:\{'ease of approximately 3 mk is experienced by both Ak,ﬁ‘;, and Ap._,,\
which are now calculated to be 9.2 mk and 7.6 mk, respectively, about 47% of the effect
iﬁ the reference lattice cell. As ekpected increases in‘the contributions from 7, f, and
Pe account for much of the increase. Additionally, the contribution of the fast fission
factor, €, is sxgmﬁcs.ntly reduced while the fast escape probablhty, pF, 1s significantly.
increased (each by about 1 mk), both reflecting the decrease in the sxze of the central -
coolant region. Criticality is reduced by 11 mk in the more practical design compared .

with that of Figure 5.1(b), caused almost exclusively by a decrease in thermal utilization

as fuel mass is shifted to a region of lower thermal flux.
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5.2.3 Coolant Mass Flow Rate and Pressure Drop

Since the steady-state heat production rate in the core, Qy, is assumed to be the
same as in current CANDU designs, and since the increase in coolant enthalpy across the
core, Ali, is also assumed to be identical, it follows from the heat balance relationship

in Equation (5.6) that coolant mass flow rate, W, must also be maintained,

Gs = WC(A]’C) . , | - (5f6)

The coolant mass flow rate is given by

We = PcdAcve o (5.7
where p. = coolant density, A, = coolant cross-sectional flow area, and v. = coolant
linear velocity. It is further assumed that coolant pressure and temperature, and therefore
density, are the same as in current designs. It is also the intent here to avoid altering the

linear coolant velocity since this will affect heat transfer from the fuel, which is assumed

0

" to proceed under the same conditions as in current deéigné‘. t follow%, therefore, that

ik
e !
A !

maintaining W, implies that A. must also be maintained. This last conclusion represents
a direct constraint on lattice cell geometry. A
- ) (}

At the same time, the pumping power of the cooling system, Py, is assumed to

be the same as in ¢urrent designs. The pressure d}op across the system, Ap, is related to

Pyup 80d the volumetric flow rate, V, through

. W,
P = Apr = Ap )(..._.C. ,-;'-_

| s ’ (58)
pump pC

[
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from which it follows that Ap should be maintained as well. The pressure drop across

the fuel channels, Apy., provides a significant fraction of Ap, and represents the only -

portion assumed to be affected by changes in lattice cell geometry. Apg. can be further
separated into the component contributed by the fuel geometry itself, Ap; and by other

restrictions in the fuel éhannel, Aponx (mainly the shield plug),

Apre = ApetApomer - (5.9

" For a given set of fluid properties and assuming single-phase flow, the proportionality

exists™ for Apy,

wat

_— (5.10)
Aé.sDFi.?.

Ap, «

f'whére ‘J‘DF = 44./Sg , the hydraulic diameter of the flow region through the fuelled

\pdrtion of the fuel channel, and Sg is the total wetted perimeter of this region. Note that,

) !
since W, and A, are assumed constant, A .;hould vary as § F.z_ G
. . . 7 \J' AT
Since it is recognized that an additional pressure drop can be supplied through the

Apouer term in Equation (5.9),"by, fof:giample, modifying the shield plugs with added

flow restricting orifices if necessary, the criterion of maintaining Apg. can be satisfied

o

&

using

Wt
[APF] ﬁewdcsign Ac” Déz rewdesign (5.11
oy e "
- | ref, cell o mc 2
G : A 27 [ p cen
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With both W, and A, assumed constant this ratio should be dependent upon the ratio of

wetted surface__alj;gg_rs_r;__ ([SFacw acsign/ [SE)et. '™ -

In Sﬁmmary, it has been determined here that:

1) the coolant cross-sectional flow area of any new design must equal that of the

reference lattice cell; and

2) the pressure drop caused by the fuel must not exceed that of the reference lattice

a
X
et

cell — a condition which can be approximated by the constraint Equation (5.1 l\)\.‘

5.2.4 Central Coolant Spacer |

[

The large coolant region in the centre of the fuel channel in Figure 5.6 presents
a major problem for adequate cooling of the fuel. While the analys;s of Section 5.2.1 -

assumed a constant coolant temperature rad1ally across the fuel channel this would not

be the case since this central region will represent a much lower hydrauhc resistance to

the coolant flow than the subchannels around the tubular fuel. _As such, this central

region would experience a signiﬁcantly higher flow rate than elsewhere in the fuel
channel, to the detriment of the cooling abiiity of the othee subchannels,

The solution to this problem is to insert a spacer of suitabletradillls in this central
region, displaciricg coolant and forcing total flow into smaller subchannel; around the fuel.

From a neutronics standpoint the presence of this spacer ‘will have several significant

pod

effects:

e

1) Cell absorption will change depending on the 'abSorptiq@.cross-section of the
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2)

3)

spacer material relative to the dispiaced D,O. If cell absorption increases, cell
criticality and burnup will decrease, and the redistribution of flux upon voiding

will be affected.

.y

e

. Cell slowing-down power will change depending on the moderating power of the

spacer material relative to the displaced D,O. If slowing-down power decreases,
the neutron spectrum will be "hardened” (shifted to higher energies) and criticality

and burnup will depend on the degree of hardening. Hardening in the thermal

' rangc will tend to decreasé criticality and burnup due to the reduction of thermal

- flux, Hardening in the epithermal range will cause a net decrease in resonance

[

flux, shifted into the fast spectrum, and tend to increase criticality and burnup.
The smaller volume of coolant will reduce the total effect of coolant voiding on
the rest of the cell. The amount of downscattering into the resonance region and

rethermalization by the hot coolant under normal operating conditions will be

reduced, and consequenti'élly the values of Ak, and Ap, should also become

smaller.

The total effect on kg therefore depends on the cross-section of the spacer material

-

.relative to the coolant, while the total effect on Ak,zy and Apy is expected to be a

1)

decrease. In an attempt to explore the various neutronic effects, five different materials

have been chosen for analysis:

Graphite (density® 1.6 gfem®) is a material commonly used in gas reactors, chosen

here as a replacement moderator for the displaced D,0O, surrounded by 0.5 mm

zircaloy cladding.

2
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- 2) Zircalov-4 (density 6.4 gfcm®) is _the material of the fuel cladding and c?ﬂandria
tube, chosen as a material with negligible moderating pdwer and low '-absorption
cross-section.

3) Quartz, Si0, (density™ 2.6 gfem?) is a common substance, chosen for its chemical
inertness, natural abundan;:e, and low absorption cross-section, sunounded by

—

0.5 mm zircaloy cladding..

4) Non-voidable Dzo, with the same properties as the coolant but designated as a .

'separate material that does not void, surrounded by a nominal 0.5 mm zircaloy
.cladding. A separate analysis included a more practical zirconium-2.5%Nb tube

with the same properties and thickness as the pressure‘ tube (0.45 rE:'r:n).

5) A voided region, approximéted in WIMS-AECL as a low-denéity He gas, also

" enclosed in a zirconium-2.5%Nb tube of shm_e thickness as pressure tube.

For the purposes of preliminary investigation, the above, five materials, with two

7

different container materials for the non-voidable D,O were given radii ranging from zero

to 2.59 cm and placed at the centre of the arbitrarily-chosen two"-‘elen}‘eri{t‘ geometry of °

Figure 5.6, leaving a #nm gap for coolant bet:wecn:the;spacér and iﬁncr fuel element

(similar to the other two coolant gaps). This limiting geometry is illustrated in
Figure 5.7. There are, of course, practical probllcms' associated with the placemént of
such materials in the fuel channel, especially with the creation of a separate D0 region,

S0 .

but these matters are not’of concern at this point.

- Figure 5.8 is-a plot of the void criticality effect (Ak,,,) as a funétion of spacer

e

radius for each of these materials. 'Clearly the spectral changes indupéc_i in the lattice cell

- ¢

2

5y
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by .the- spacers of different composition do not have a significant influence on the veid
effect, since the results are almost independent of composition. This demonstrates that
the dominant factor is simply the decrease of the. void effect bf diselacement of D,.O
coolant. In all cases the void criticality effect is.reduced by about half, te abouf 4.5 mk,

y
at the maximum limit of spacer radivs.

The criticality factor contributions using the graphite spacer are given as a function

of spacer radius in Flgure 59, witha hsnng of the quantitative results of the two' hmmng

_ - .
cases in Table 5.4. These results are also independent of composition and therefore only

the graphlte data is presented Most of the mdw:dual contributions are reduced in

magmtude as spacer volume in mcreased as expected. The excepnon is the com:nbuuon

- of the thermal utilization factor, J, and fast eScape factor, p, which-increase slightly as

the spacer volume increases. The main reason for this is the increase in leakage upon

voiding, which gem significantly smaller as the voided coolant volume gets smaller. In

this notation f is the ratio of thermal fuel absorptién to total thermal neutron loss

mcludmg leakage (see Equation (2 13)), a.nd since the change in absorpnon upon voiding

' does not change appreciably with the s1ze .of the spacer, the f contnbunon increases

&

~ : )

' shghtly Similarly, increased leakage of fast neutrons upon voiding becomes less

" important with increasing spacer radius, and the p, contribution i mcreas_es. '

The inserisitivity to spacer composition is\\not apparent in the calculations of
absolute cnncahty As Figure 5 10 ﬂlustrates the trend of l.,, w1th spacer radius varies
as the cross-sectional properues of each material, W1th an increasing volume of graphite

in the fuel channel the localized source of resonance flux is reduced because of the lower

-
<

@
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slowing down power of graphite. Criticality is therefore improved and graphite is the

“only one of the materials studied that has this beneficial effect. The non-voidable D.O

region with the thin cladding of course has a negligible effect on k,,, depressing it slightly
dve to the extra small absorption in its cladding. This extra absorption becomes
significant when the more realistic enclosure material is used (designated as "D20*" in

Figure 5.10). The voided region exhibits an interesting trend with spacer radius that goes

- through a minimum at apﬁroximately 2 cm. This is the result of two competing effects:

the increasing volume of zirconium-2.5%Nb (same thickness as'pressure tube at all spacer
Q . ) 2 - .: . ‘ .
‘radii) adds significant absorption to the latrice cell, while the increasing voided volume
puts upward pressure on k. through the same mechanisms as coolant voiding. For large

void volumes, and consequently smaller and smaller incremental changes in zirconium-

2.5%Nb volume, the latter effect begins to dominate. Fmally the zucaloy and SiO,

‘ spacers both decrease % mgmﬁcamly through their added absorpuon although only the

zircaloy spacer is énough of an absorber to evenrually force k,ﬁ below that of the

rc;fcrence 37-element lattice cell. 2
b \\_\ . .
Thc calculated v01d effects in a n'ud-burnup lattice are listed in Table 5.5. Once

again an insensitivity to composition 35 displayed in the void effect, with Ak, falling -

consistently within the small range of 2.2 to 2.6 mk. Discharge burnup is affected more

a i

noticeably, ranging from 6720 MWd/Te for the zircaloy-4 spacer case to 9190 MWd/Te

for the graphite spacer case. Except for thé zircaléy—4 case, all other values exceed the

o
)

{iis'charge burnup of the reference lattice cell, which was 7500 MWd/Te.
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5.2.5 Baiancing Coolant Mass Flow Rate and Power Deposition
At all locations in a reactor core the ratio of power deposition in the coolant, P,.,

to cooiant mass flow rate, W, must be constant for the system to be in equilibrium. ‘This

balanced condition must be maintained between coolant subchannels, as well as

macroscopically between fuel channels. Assuring this balance between the fuel channels
is trivial here once the assumpticn of identical system parameters to current designs: 1s
made; however, the situation between the coolant subchannels depends upon lattice cell

Power deposition in the coolant subchannels can be approximated by assuming
umform heat producuon in the fuel and 1denncal temperatures at each surface of a given

tubular fuel clement ‘as in Section 5.2.1. The formula used to calculate the radlus of

Jk [

mammum fuel temperature, (r,, in Equation (5.4)), can then be used to determine the

N ’ i -

volumetnc fraction of each element that will conduct heat through diffusion out to a glven
surface! If ry and r,, represent the inner and outer radu_, respectively, of a tubular fuel

element, then the fraction of power deposited in the coolant through the outer radial

- surface is

_ X Zlnrirm) L ' .
Pooy = —ele] _r,; L 612
| Vi fou)” ¢

I C

"=

"‘l

‘o

Y
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If it is. further assufncd that the fraction of total heat production produced by fuel elemens

k is proportional to its fraction of total fuel volume,

iy

o X V_ . . '.\‘:“
P AL/ T _, 5.14) &
PTOT VTOT

then ij , the fraction of total power deposited in coolant subchannel j by fuel elefnent k

can be estimated as

o
—

(5.15)

- Pror

where j, in this case, is either "IN" or "OUT" according to the subchannel's position
relétiye to fuel elément_ k, as introduced in Eqﬁations (5.12) and (5.13). The acmal
fractional ﬁﬁount of power deposition in subchannel j is then found by‘ summing the

contributions ﬁ‘bm all fuel elements w1th a wetted surfacé bordering that subchannel,

B = Y B | S (5.16)
F .

‘Eq_uatiori's (5.15)(.}énd (5.16) cén then be used in a param'en*icﬂsear.ch that does not
have to calchlgte actual fission power distributions from the average fission reaction rate
in each elerhent k, Ly - -'-‘ 'I'he: approximation is not a bad ;)ne since, as will be
demonstrated later in the finalized géometn'cs, the thermal flux does not vary widely with
fﬁe_l elemént k. Asan exé;nple. the two fuel elements inﬁFigure 57 rel;resent 42% ;.I.'ld
- 58% of the total fuel volume, for the inner and outer elem.ents ;‘espectively.f' A WIMS- .
AECL caichlg_ﬁon of t]us lat:tice cell gives the distribut_ibn of ﬁssi;)n power as 39% and

e

62%.. respectively. The error is acceptable for a parametric search.
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The fraction of total coolant mass flow rate drawn by each subchannel,. If ; can
also be calculated efficiently for a paramem'c' search, using Equation (5.10) and the fact
that Ap is constant in each subchannel (similar to electrical current division in a parallel

resistor circuit), -

- 23

/ ;VTOT

iA Jaces (53.17)
n*n
a

As an approximation, then, the provision that the ratio of flow rate to ptiwer. deposition

be constant is satisfied by ensuring simpl} that Pj = W; using Equations (5.16) and

(5.17). ) -

==

=

5.2.6 Critical Heat Flux (CHF)

‘\ Although steps can be taken to ensure that enough coolant passes down . each

subchannel to account:for a prescribed steady-state power deposition, it remains to be

_seen ‘whether the heat transfer across .the fuel surface is adequate.: Under normal

operating conditions heat is transferred to the coolant either by single phase convection

oy

or by \nu‘r}l_eare boiling™>", the latter being a preferred modcf because of its high

h‘efﬁciency. However, if the heat flux through the fuel surface, g “, is high enough, then

‘nucleate boiling reaches a point where surfaE:e bubbles coalesce and an extremely

inefficient heat transfer regime called film boiling is encountered. This is the situation

EX

examined for its neutronic iplications in Section 2.4 and Appendix C. V' i

G e

£
Kt

o
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This critical point is called the departure from nucleate beiling (DNB), and the
heat flux corresponding to DNB is called the crirical hea; jTux (CHF), which must be
avoidgd in any practical fuel design. The value of CHF is a complicaied functon of fuel -
geome‘t‘fy and c.oolax;n. conditions™"", and it will suffice in this digs'énaﬁon to maintain.
surface heat fluxes and flow properties that are coméarable with that estimated for tﬁe
reference lattice cell.

R

The a_vera:'gg heat flux of tubular fuel element £, 'q,:". is estimated as
T \\ .
: 5 " .
: - Vi A, '
.. g;-.f - QL k & % , - ‘ (5 18)
' \ Sty Aot Sy, :

| \ | : \
where g," is the heat production density of the fuel element (assumed constant}), S k. 1S

S .
the total.werted perimeter of th\e fuel element, and A; and Apq; are the element and total

. fuel cross-sectional areas, respectively. Here the assumption of Equation (5.14) has again

been used go—approximéte the powé§ distribution among the fuel elements.
Equation (5.18) can be used to \t':gmpare values of q,:f' between prospective designs

J
¢

and the reference lattice cell. A suita'bleﬁr\gference value of q,:” is that of the outer ring
N “(\ .

of eighteen fuel.pins in the reference

W

cell, estimated using the distribution of fission )
power calculated by WIMS-AECL. The reference-value of § ke is then the outer cladding
coircumference of a fuel pin multiplied by eighteen. The resulting reference value of 'q,:'

is the largest in the reference lattice cell, and will be assumed to represent an acceptable

. maximum value.
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5.2.7 Numerical Search -
- In this section, the prescription for a practical design is described by a numerical
| parametric search. A summary of this search strategy follows. defined by the criteria of

o 'f: ’ . . “
the previous SECEOHS;

For a given test geometry with coolant flow area, A, equal to that of the reference

cell,

1) evaluate the temperaturé rise across the fuel using Equatioﬁ (5;4). and determine
the maximum fuel tempaaﬁre,

- 2) evaluate the relative_preﬁsure drop (compared to the reference cell) ‘using .

Equation (5.11), = ' | , : | oSy

3) evaluate the ~relative subchannel flows ) énd ~ power depositions  using
Equations (5.17) end (5.16), and (,

4) evaluate the relative heat ﬂuxes‘ for:each fuel element using- EQuation (5.18).

b

5) If the test geome;tfy meets the criteria tested in points 1 to 4, store it as a potential
design and move to the next tést geometry. -
The starting point for this ;iearch is the generic geometry represented. by

Flgure 5.7; that is, a central spacer of variable radius plus a number of nested tubular fuel

elements of variable thickness and gap width between each element. The central spacer

and all fuel elements are clad in 0.05 mm zircaloy-4 sheaths. Although up to tﬁis point

< in the analysis total fuel volume has been maintained equal to that of the reference lattice |

= 0
rcell, it is recognized now that a successful geometry will require less fuel volume if the’

3
=
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criterion of eqﬁal A is to be satisfied. Thus, fuel volume, or more precisely, fuel Cross-
sectional area, Ag. is also a variable.

The source code for this search i; ﬁsted in Appendix E. The search algorithm in
this case ﬁssumed the use of two nested tubular elements; similar algorithms assuming the

use éf thfe: and four elements were also used. The search algorithm boundaries and

criteria are summarized in Tab1¢.5.6..

\

5.2.8 Summary of Therm‘alhydraulic Consi&élidtiﬁns

'fhis section on thermalhydraulic considérations has taken ;.*.hé;éptimum geometry
according to neutronic analysis ;at the end of Section 5.1, and develoggd a recipe for a
rﬁorc practical manifestatign using a broad approximation. However, the _numen'cal search

based upon this recipe is sufficient to provide a new and realistic focus for the neutronic

=

analysis. In general this tarigential'focus, while practically nécessary, will be to the

<@

‘detriment of the search for a reduced void effect. ~This occurs because any practical
' cpnfiguration will require fﬁél‘subdivision and proximity to the centre of the fuel channet

- for thermalhydraulic reasons, and both are factors shown to increase the void effect in

Chapter 4 and in Section 5.1 of this chapter. As pointed out in Section 5.2.4, however, .

&

one, particular modification suggested in this section will decrease the void effect

significantly: the central coolant spacer concept is as much a result of neutronic

requirements as thermalhydraulic, although its practical merit seems more intuitive in the

* context of the latter. For this reason, the description of the need for a central spacer
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progressed from thermalhydraulic constraints.

The results of the numerical search described in SectioriS.?..? will form fhe

direction and content of the remainder of this chapter.

5.3  Fuel Throughput Considerations

Before conducting the numerical search described in Section 5.2.7, the effect on

fuel throughput of discharge burnup and fuel volume must be discussed. since both ihese

parameters will be allowed to vary. F. wel throughput is the refuelling rate of the core, L

which will be measured here by the number of fuel modules per unit energy extracted

from the core {modules/MWd). A fuel niodule corresponds to a ﬁlwl bundle in ordinary

CANDU terminology, although the term bundle has become inaccurate in this dissertation
with the shift away from cluster geometries.

r

A high fuel throughput incurs an economic penalty due to the additional’demand

[

placed on the on-line refuelling machines, since a practical limitation occurs. Here, it is P

required that fuel throughput be at most Coﬁiparable to that of current CANDU designs

. (a lower tlfoﬁghput(‘woulcll be an added benefit). Fuel throughput, F, is expressed as a

o

function of burnup, B~‘WMC), and inittal fissile mass per module, M ('I[‘glmodule). as

o1 "
Fo= — MW . ‘ .
BM [modules/ ‘ d) (5.19)

Therefore, a decrease in either burnup or fissile mass per module will increase throughput,

and this parameter must be checked after the results of the numerical search based on

D
0

=

B
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_ thermalhydraulic parameters have been determined. Minimization of throughput will be

sought through a combination of maximizing burhup and fissile mass.

An additional concern relates to the possibility of solutions with low values of M.

If power output is to be maintained at current CANDU levels, lower values of M imply
that either neutron macroscopic cross-section or flux must be increased. Increased flux

is not desirable since the effects of component irradiation in the CANDU core have been

well studied at current operating levéls, and the goal of this project is to maintain system '

components from the pressure tube outward. Therefore, if solutions with less fissile mass

X o
N

occur, the neutron fission cross-section will have to be increased, either through

enrichment, using fuels containing nuclides of higher fission cross-section, or increasing

fuel density. These alternatives will be examined here.

5_.4- Results of Numericgl Search |

| As described in Section 527 thrgg separate’ main categories were considered:
mo-eleﬁent. three-element, and four-clement nested tubular geometries. Within these
catcgf;rie§ the spacer radius, total fuel volume, diétributioﬁ of .fuel.volurhe by element,

element thickness, element position, and coolant gap were all varied.

&

5.4.1 Results for Two and Four-Element Geometry Search

When the 'critefia in Table 5.6, with the exception of the last item (maximum heat

flux), are satisfied for the two-element category, the region of “success” illustrated in °

@

3,
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Figure 5.11 emerges. The coordinates used for this plot are fuel cross-sectional aréa. A
and radius of the central coolant spacer, rg, where rq includes the spacer cladding.” The

requirement of a constant coolant flow area, Ac. equal to that of the reference lattice cell

. becomes the overriding influence affecting the shape of this region. A smaller fuel area _

requires a larger coolant spacer, and vice versa, resulting in a région with negative slope
and a‘\.i'.'ridth_ determined by the s.ize. of acceptance margin for the A, criterion (2%, as
ipdicated in Table 5.6). The left and right cut-offs of this region are determined by the
fuel- terrll_peratur(e and m'inimum fuel thickness criteria, reépectively. As the size of thé
céntral coolant spacer is reduced, more fuel area ils rcqpiréd. corres_ponding to thicker fuel

annuli with higher maximum temperatures. As the size of the spacer is increased the

widths of the fuel annuli must be decreased until the lower limit is met. The bounds of

‘the region in Figure 5.1 are .
142 em® € A £40.2 em® and ‘ I3em<r g 3.lcm.

Within this region lie a range of fuel annuli widths and coolant subchannel widths which
LT . " $ o

- all satisfy the criteria of maximum fuel temperature and constant ratio of coolant mass

) : - |' N
flow rate to power deposition.  The bounds of successful A; values quoted .above

Jepresent a range between 33% and 94% of the reference cell Ay,

¢

Finally, all geometries within this regionﬂhave-mp\_c_h lower wetted surface areas,-

Sp, compared to the reference cell, leading to ratios of estimated channel pressure drop

compared to the reference cell ranging from 0.6 to 0.8. As indicated in Section 5.2.3, this

situation is not undesirable. S

Unfortunately, lower surface areas also lead to higher surface heat fluxes. The

RS
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result of this immutable relationship is that none of the successful geometries within the

region shown in Figure 5.11 has an average element heat flux less than 1.3 times the

nominal heat flux described in Sectior 5.2.6. It will be shown in the next section that

~ geometries with greater fuel volume are desirable, and for cases with greater volume in

Figure 5.11 the heat flux ratios are about 1.6. For\\thxs reason the results for the two-
elemeﬁt geometry are mentioned here but are considered unacceptable solutions and will
not be considered further. 'fhe issue of high heat flux is addressed again in Sections 5.7.1
and 5.7.2 in terms of strategies for increasing CHF, but it is not ',\glear if these measures
are endugh for the high fluxes encc;ﬁnte;ed here |

Sumlarly‘ the category of four-elemcnt tubular geometry is removed from further
consideration, but with dlfferent and perhaps \more straightforward motivation. In this
case the ‘width of -fuel eIements is below the cntenon°of 03 crr;, leading to impracﬁcal

geometries.

)

° 5.4.2 Results for Three-Element Gepmétry Search

o

The question gf, Optiinum fuel subdivision t}lefefore turns to the analysis of three-

clement nested tubular fuel Figure 5. 12 is an ana.logous plot to Figure's. 11 illustrating
the region where the criteria are satlsﬁed for thewfhree~element geometry, “in the

coordinates of fuel cross-sectional area and coolant spacer radius, Once again the criteria

= o

= of fngximum heat flux is relaxed. Note in particular that the range of “success" is much

“smaller in both coordinates compared to Figure 5.11, a result of the third fuel element

=
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2]
wl

being an exira constraining factor in the search process. In this case the bounds of the
region in Figure 5.12 are

26.8 em® < A £ 30.4 cm’ and  20em<r <23 cm.

_Thesle b"_ xds of A represent a range between 62% and 71% of the reference cell A
The pressure drop along the channel using these fuel geometries is éstim%xted to.fall '

between 90% and 102% of that of the reference cell. Thé larger surface areas that create.

I

these larger pressure drops, compared to the two-element case, also account for lower heat

fluxes. The.ratios of average heat fluxes for the cases in Figure 5.12 compared to the

reference value hive a range from 0.95 to 1.2 i

-

" A three-element nested tubular fuel geomeiry therefore exists which satisﬁés all
of the criteria listed in Table 5.6. It remains to examine the neutronic aspects of these

successful geometries in order to narrow the search further, - i}
‘ ‘ . - E . o c
o -

* 543 Burnup and Void Effect of Three-Element Geometries

The significant issues 6f fuel burnup and void effect for a .thr‘eer-element nested

c

tubular design are now addressed. Predictions can be made through ‘a’ qualittitive
neutronic assessment of the ciesign; specifically, the effects of fuel mass and fuel location

éan be described..

In Section 5.4.2 the successful three-element geometries were described as having .

a fuel ﬁolumc, and therefore mass, between’r 62% and 71% of that of the reference lattice

[ .

cell” This jower fuel mass, located nearer to the moderator and therefore in & region of
& s : ) ‘ _ :
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higher thermal flux, will tend to decrease fuel burnup relative to. the reference cell. The

reason is related te the fact that power output, proportional to the total fission rate, is

0
L
1

maintained the same as in the reference cell. In such a scenario the total fission product
inventory, while identical to that of the reference cell, has a higher density in a region of
higher thermal flux, resulting in greater parasitic absorption and shorter burnup. A

second-order effect also occurs due to the higher flux needed to maintain the current

" power output. The relative importance of parasitic neutron absorption in Xe-135, for |

example, is increased, which leads to lower burziup.
In Section 5.2.? it was discussed how subdivision of the fuel can increase the void

) effect through the necessary increase in the S/V ratio and the placement of fuel nearer to

the centre of the fuel channel, both compared to the “ideal" éeometry in Figure S.I(b). .‘

Both these factors will also affect geometries resulting from the,‘search, thereby te‘ndipg

to increase the void effect, with the added effect of the lower fuel mass, which will tend

" to decrease the void effect. One would expect an overall greater void effect compared

to that found for the arbltraty des1gn in Figure 5.7 (4.5 mk) since, as discussed, a
szgmﬁcant increase in coolant volume is requlred for a pracncal two-element design.
It was found in Section 5.2.4 that the use of graphlte as a central coolant spacer

matenal prov1ded the highest crmcahty, while the v01d effect was insensitive to materml

: For subsequent calculation purposes, therefore grapthe w1]l be the rnatenal of choice.

Calculations of fuel burnup and zero-burnup vmd cnucahty (A% ) for the test geometries

Q

- within the "success region of Figure 5. 12 are plotted in Figure 5.13 as a functlon of fuel -

qoss-sechonal area, Ag. 'I‘h1s absmssa was chosen because bumup in pamoular

© o
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demonsirates a high degree of dependence on fucl‘x_nass. approicimated by the least-
squares curve fit shoﬁ in Figure 5.1?;. Void criticality demonstrates an increasing trend
with fuel ‘mass; however, other factérs not included, such as spacing of fuel eléments {and
thﬁs volume of coolant between fuel eléments). size of cenn'glz,\‘f:oolgm spacer, and ‘
proximity to the pressure mbé wall, are clearly also important. Even for a givén fuel

mass these variables result in a number of successful geometries. Note that the spread

. in void effect for a given fuel mass is still less than 1 mk however, and therefore minor.

.

The inclusion of both burnup and void effect in- one figure provides focus for the

remaining choice of design.
In summary, discharge burnup increases, as expected, with fuel mass. However;

the geometries with highest discharge burnup in Figure 5.13 still on_ly attain 85% of the

burnup of the reference cell (7500 MWd/Te), which was alsd an expected ef_fect.’ Zero- f

binmup void ériticality also generally increases “with increasing discharge burnup, asa N

reéﬁh of the incréasing fissile mass in the lattice cell. | If natur.;ll_ U0, is to be'“thc_ fuel
mateﬁal, then a burﬁup penalty is expected, and this case is 'examinéd in Section 5.5. ‘If
enric;.hment is to be utilized then a differ.ent‘situa;tion arises, and this case -is deséribed
later. | | | |

a

i

la

Obviously many options remain; however, since the design of a ldwrvdicrl-e'ffcc't e

5.5 ‘Three-Element Natural UO, Design = 3 R v -

 fuel lattice has been established in principle, it suffices at this point to concentrate ona . .

da
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significant realizatdon. Following the strategy of Section 5.3, a geometry which
maximizes burnup and fissile mass will be chosen, which is a trivial process, since the
results in Figure 5.13 indicate that such a geometry is uniquely determined. Since the -

range of void effects in Figure 5.13 is small, the parameter of significance in this

maximization process becomes that of fuel element heat flux, the remaining parameter not

included in the original search. Thus the case with niaximum burnup and fissile mass -
§ :

which satisfies the heat flux criterion will be selected. This case'isrdesi'gnated "3E-NU-

GS" — a three-element, natural UO, case with a graphite coolant spacer. The geometry

of 3E-NU-GS is shown to scale in Flgure 5.14, and ‘described fully in Table 5.7. Note
the n'regular coolant subchannel w1dtha in Figure 5.14, resultmg from the matchmg of
coolant flow and power deposmon during the search process In partlcular, the two inter-

element coolant subchannels receive the highest power deposmon bemg bounded on both

_sides by heat sources, and are therefore the largest The WIMS-AECL mput file for Case

Table 5 8 lists the calculated values of K, A}t,ﬂ, and Apv for the tlns case at zero
and mid-burnup, including the values found if critical bucklings are used to force

criticality as described in Section 2.2.2. Also given in Table 5.8 are the discharge burnup

and the ratios of average el'ement heat flux, pressure drop, and fuel throughput to that of

the reference cell. The estlmates of heat flux have been calculated using the actual fission

power distribution calculated by WIMS AECL, although the results do not vary

T s1gmﬁcantly fro_m that found using the search approximation based on cross-sectional area

“as described in Section 5.2.6. . This result helps to justify that approximation. Additional

s
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cqmpm'isons of heat flux were marfewrth the mid-burnup and discharge burnup lattices,
with identical results rc‘ﬂicse given i\r\li‘-'t\{i‘able 58.

In summary, 3E—NU GS represems a three-element. nested tubular natural UO,
fuel design with a 13% penalty in burnup over the reference desrgn and 68% of the fuel

mass. Its void effect (either definition) is about‘\45 /a‘of that of the reference case at zero-
B

'. “\

" burnup, and about 21% at mid-burnup. With crmcal buékhngs these proporuons are 17%

and 13%, respecnvely Crmcahty is shghtly hrgher (< 10 m "}gthan for the reference case

at zero-burnup, and about the same as fer the reference case at mrd—burnup 'I'he higher

fresh fuel criticality will enhance the refuellmg ripple currently fouﬂd in the CANDU .

Nz X
Ny R

- core, and will require further study Average element heat fluxes are estunated to be the

same as the maxrmum element heat flux found in the reference design. Fuel throu hput

" is about 70% higher than in the reference design (caused by tl_le combination of discharg -
burhup and fissile mass both being lower). . |

The detailed results for 3E-NU-GS are next used to characterize the class of three-
element tubular fuel designs in general. In Table 5.9 thé criticality factors contributihg |
to the fvoid effect are presented, with and without the use of critical bucklings.
Comparing these results td those for the reference lattice cell in 'i‘able 3.1, itlis clear that.-;,'h'

 the significant contribution to the reduced void effect comes from the epithermal escape :

2

-

probability, p,, as expected With critical bucklings the resulting enhanced neutron

‘k B
leakage has a strong negative mﬂuence on the perturbations to bor.h Pe and Prs wtuch is
the main reason for the much 1ower vord effect, espec1a11y at zero-bumup These results

should be taken as mdrcators of the trend only, since quantrtatwe results are subject tg .
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the concerns about the WIMS-AECL resonance treatment expressed in Section 5.9.1.
The com.plete burnup history of £, (cooled case). Ak, gy, and Apy is illustrated in
Figure 5.15, sub_]ect to the validity concerns rega.rdmg burnup ca.lcx.lanons expressed 1n
Section 2.2.1 This can be compared to Flgure 3.7 for the reference lattice cell. The
_profile and ;nagnitude of k,ﬂ is very sumle.r to that of the reference case, and the profiles ~
of Ak and Ap, are also ‘.similar but of lower magnitude. At this point the eoncem
expl_'essed in Section 2.2.1 about the validity of the mid-burnup approximation to
equilibrium conditions should be revieweé since case éE—NU—GS represents a final design
much aifferent lfrom the reference case. In this case, t‘he poiﬁf of zero excess reac.tivityl
is greater than the point of mid-burnup by about 3% of burnﬁp (100 MWd/Te), which lis _
neghgxble and comparable to the difference found for the reference cell.
- Fmally, the thermal ep1thermal and fast ﬂux dlsmbunons across the lattlce cell
are given in Figure 5.16, Figure 5.17, and Figure 5.18, respectively. These plots are
normalized to the total neuﬁ‘on population of all groups, as in Figure 3.8, Fiéure 3.9, and

Figure 3.10 for the reference lattice cell. Also as in the earlier reference cell ﬁgures, the

3 Foe absmssa is the WIMS-AECL. calculanon mesh and not the rad1a1 coordmate so the given

g ﬂux dlsmbuuons are once agam only representanve of the actual spanal distribution. The

* important result to note here is that th_e"_ perturbetlonsﬂto all three group distributions upon

voiding are minor compared to the reference case. “This is readily a"s'cer'tained-b'y"noting R

the difference in y-axis scale between the reference case and the current one.
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5.6 Three-Element Enriched UQ, Design

At this point fuel enrichment is introduced in the geometry of Case 3E-NU-GS in

order to solve the problem of high fuel throughput (see Section 5.3). As indicated in

Table 5.8, fuel thi'oughput is almost twice that of the reference case, due to the lower

volume of fissile material in the lattice cell coupled with the lower burnup. The goal now

is to reduce the fuel throughput to the‘_lei#el_:of the reference case, or lower, without

can be used to increase the power output of a fuel module without mcreasmg;_ut‘_he ther_ma].

.
ST

flux in the module. Hence, the goal becomes two-fold: using enrichment, eompénsate

for the effect of lower fuel volume on (1) fuel throughput and (2) average module

thermal ﬂux.- (Cost—effecuveness must be con51dered as well, balancing the cost _ of
ennchment agamst the cost of high fuel-throughput, but &hlS is outside the scope of thzs

mssertanon )

The effect of enrichment on the zero-burnup void effect of the 3E- NU~GS
geometry is illustrated in Figure 5.19 and Flgure 5 20 for Ak,ﬂ and Apv , respectwely. o : ,

. for the range of 0 2 %wt to 2 0 %wt Also mcluded are thc cntacahty factor contnbutmns

Figure 4.8 and Figure 4.9, which were plotted over a larger range, it is apparent that the

maximum in A&, occurs at a much lower U-235 abundance. The location of this peak

:""'to Ak,m, and Apv In companng these results w1th those for the reference cell in - .

o
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depends on the relative importance of the pp conwibution: ' increasing enrichment
increases the importance of epithermal absorption in both the reference cell and the 3E-
NU-GS geometry (see Secnon 4, 2 1) but the overall importance of Pg 1in the 3E-NU-GS

geometry is srgruﬁcantly less There is, therefore, a net benefit in terms of both AL,W and

Ap, with the use C nnchrnent although the benefit is small regardless of which

' deﬁnition of vor “'ffectrrs used (compared to natural fuel 0.72%wt). Void effect will
therefore not p.lay alpart in the determination of opnmum enrichment.

Usmg Equatlon (5 19) the necessary chscharge burnup for the geomeuy of Case
3E-NU_ GS whrch would achleve a fuel throughput equal to that of the reference case is

E ‘-’celculated to be 11 GWdfl'e This represents a 70% increase in burnup relative to the

' _current value for Case 3E—NU GS, and a 50% mcrease‘ over the reference cell .
: Frgure 3. 21 isa plot of drscharge burnup as a functlon of fuel enrichment for both the 3E-
NU GS and reference cell geometry, mdrcanng that a burnup of 11 GWd/T e corresponds
to an nunal ennchment of 0.87 %wt in the 3E-NU GS geometry. The WIMS-AECL data
is fitto a su'a.lght line for both geometnes, and although a slight curvature of the data i is

- e ,.-suggested these lmear approxn'natrons are satisfactory for the purposes here As indicated -
.1n Frgure 5.21, the garn in drscharge bumup as a functron of ennchment is greater in the

. reference cell. L |
- ..-"‘I’h'e..second 'goal.ab.ove is concerned with maintaining the same fission energy in

i .:_,.=.'._“t11e fuel wrthout mcreasmg ﬂux levels A ﬁrst—order approxrmatlon for the degree of

_}nnchment reqmred to meet tl'us goal above would maintain the same amount of U- 235

‘ m the fuel as 1n the reference case. Tlns works out to an mmal ennchment of 1.1 %wt,
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indicated in Figure 5.21 with its coresponding ciischargé burnup (17 GWd/’l‘ e). Since this
burnup is greater than the ;ralue. determined above, which satisfies the fuel throughput
criterion (11 GWd/Te), this case vgill be isolated as another. final design, with an
enrichn;lent level of 1.1 %wt. Such an enrichment level is also am'acti;..ré because, unlike
the value of 0.87 %wt fequire’d for throughput equivalence.. the increase in U-235 ;:Qntgnt.
may be large enough to justify thé cap%tal eXpense accompanying any move toen.nched
fuel produc;tion from a natural fuel cycle.

'Tl‘le designation fof this case is ."3E-EU-_GS" — three-element nested tubular fuel,
r‘enrir:'.he:d uranium, graphite spacer, with“ the same geometry as Case'3E-NU-GS. The
calculated results for this. design “are given ih Table 5.710 along with those for thé :
reference cell. Discha:ée burnup ihc;eases by 227% relative t§ that of. the reference ceﬂ.
and by 262% over that of Case 3E-NU-GS (see ‘T‘able 5.8).

' _The §qid effect w1th ge;meuic_buc]dings is only élightly affected by the r’ncﬂ:ye"to '
1.1 %owt enrichedjfuel_. However, a strfking reduction in the zéro’-bqfnup véid cffegt
occurs when criﬁqal bucklings are employed, echoing a similar ﬁnding' for 37-element
fuel discussed in Section 2.2.2. In both situations a'signiﬁcant increase in the .importancg
of 'céll leakagé accounts for a large negative influence on critic?ality' upoff’voiding. This
-phcnornenon is fepx:gsenteci by a much larger contribution ﬁh.rough the p, and‘ pe factors,
ﬁese criticality factor contributions are summarized in Table 5.11 for Case 3E-EU-GS,
and can be compared with the cont;'ibutions_for the natural UO2 case in Table 5.-9. Again, |
‘the resonance modelling problém to be des;:ribéd iﬁ Section 591 must be_‘k.ei)t in mind‘ .

when interpreting these results.
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The estimates of heat flux and pressure drop are the same for Case 3E-EU-GS as
for C_ase 3E-NU-GS, since only geometry affects these approximations. Estimated fuel

throughput isnow only 70% of that of the reference cell, however, since the burnup is

' "‘Il_:ér_,g,er than that required to equelize this parameter.

,emai:ni}ng' Thermalhydraulic Concerns

The:ssue of whether sufficient cooling can be proQided for the three-element foel
e geometr} is.not yet closed, since a number of irnportenr concerns remain to be addreseed.
As stated earlier, the.scop_e of this dis_sertation does not include detailed enralysis in tlris

area, but several significant points will be mentioned and suggestions made. _

'5.7.1 Avoidance of CHF: Subchannel Mixing '
The avcndance of CHF (see Sectron 5. 2 6) at fuel element surfaces was a goal of

the geometry search using the companson of average element heat flux to maximum heat

flux in the reference cell as a criterion. Although this criterion. is san'sfied with the 3E- -

NU-GS, geometry, it is possible that this test is not strict enough and therefore further

measures to avoid CHF should be examined. The importance of this is clear when one
notes that CHF is a function of fuel geometry and coolant conditions, neither of which
can be equated here with the 37-element cluster case.

One pnmary difference between the reference geometry and the 3E-NU-GS

geometry is the isolation of coolant subchannels. In current CANDU fuel design the
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many interconnected subchannels create turbulence and flow mixing, tending to raise CHF
by preveoting high steam quality regions from collecting anywhere™. In the BE—NU-GS
geometry shown in Figore 5.14 such mixing is absent and low CHF regions might occur
at the top of each sobchannel.. |

One way- around this potential problem (other than reorienting CANDU cores
vertically, an impractical option) is to aliow niixing between the coolant subehannels. A
modification™ to the three-element geometry which accomplishes this is illustfated in
Figure 5.22, NAote that this figure is ooly a conceptual oepiction;- since the slots are drawn
with arbitrary width and locatioo and their shape would be more rounded to remove
pomts of hlg’& stress It is conceivable that the design would also reqmre specnal

mod;ﬁcatlons to the’ fuell.ng machine, ensuring approximate orientation in the fuel

channel' as pictured in the ﬁgu:e, in order to prevent low CHF values at the top of each '

o

tubular fuel element. e : ' e |

a . o~

The subdivision of the three-element geometry into physically sepérate quadrants
(or, in general, sectors) changes the search problem shghtly, but 1t is not expected that .
any of the neutronic results would be significantly different. The complexxty of thxs
' geometry precludes precxse modelhng with a code like WIMS AECL. however. With the
~ removal of separate flow channels the pressure drop across the fuel channel 1s predicted
to decrease, but this does ‘not take into account the turbulence set up by the new

c

geometry, which would increase the pressure drop:
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5.7.2 Av.oidari-cerbf,'CHf: Flow Turbulence

There is an additional need to creaté more turbulence within each subchannel,

since the flow conditions around the reference cell fuel stifaces are quite turbulent. This

is a desired condition since it increases CHF and thus maximum chéannel power in the

CANDU core™, and much research has been conducted into inducing further nlfBUIengp_

for this purpose™™.

1

.One envisions, theréfore, similar modifications to the subchannels of the three-
element nested tubular geometry.  Besides the necessé.ly spacers (see Section 5.7.3)
‘between fuel elements, which will add turbulence, extra fins can be added to impart a

. . swirling motion to the flow, lAllso,' the endplates that hold the three fuel elements and

o~

central spécer in place can also be appfopriately designed to provide additional turbulence. |
. All of these modifications will increase the pressure drop across the fuel channel, which

- was one of the reasons for allowing this parameter to be less than.that of the reference

Lo

o o ‘ fuel geomcu‘y. The bare 3E-NQ-G'S geometry in particular was estimated to have about

10% less pressure drop than the refererice geometry.
' 573 Avoidanlce of Subchannel Blockage
B : ' ‘ 0 .

An additional concern is that of subchannel blockage in an accident scenario

iﬁvblving fuel element swelling. Swglling can be caused by thermal expansion of the fuel
. . meat during a high'temperature transient, or ingress of the high pressure coolant into the

a

fu_d _elémems through claading breaches. Such swelling scenarios are not a subject of
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analysis in this dissertation, bpt once again a cursory assessment can be made. In
pafticular._the identical éurvarure of all the tubular fuel elements suggests that element
. expansion w1ll occur in the same radiﬁl direction, which is the motivation behiﬁd the
curvature of piate_ fu_el in MTR te;st reactors’’, for example. Should the tubular eiements
make contact, howe;ér; .rtlzié."siibch_a_n‘nels in the 3E-NU-GS geometry of Figure 5.14 will
become blocked and i-ead' to flow Smgﬁﬁﬁﬁni"and therefore this situation must be
“prevented.

In the reference 37-é}ement geometry flo;wlcan neverﬂbc stagnated in this mannér.-
because the intercqnnectjon of subchannels will always ﬁrovide a free path if one
subcﬁanng_l becomes blocked™. The subchgnnels interconnections sﬁggested m
Section 571 will perform this role also, although tﬁé optimum placement of thes_e.:
interconnections would not necessarily be as shown in the conceptua.i illustration be
Figure 5.22. In ac;ditior; tb these interconnections, spacers can be ad;led betWeen Gthe'\|
elements in a conﬁ;g,uration that minimizes element expansion. Such én ﬁrrangement of
spacers is suggested in Figur@-5.23, which also includes mgnsubchannel ipter@nnections
of Figure.5.22. The, number and size of these spacers, both chosen arbitrarily in -

Figure 3.23, would effec_:f a corresponding reduction in coolant flow area that would

o

require a further §eome&y modification to return this parameter to its nominal value. On

= .

the other hand, the presence of spacers would help in both heat transfer to the coolant and

Qcoolant mixing through additional induced turbulence.

P

L=
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not be addressed here
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5.8 Materials Concerns

This seotion addresses briefly the concerns that arise with the nested tubular
geometry from a fuel materials point of view. Two areas of concern are siugled out:
marrufacturing of the fuel eiements, and choosirrg a suitable material for the cenmral

coolant spacer.

o

- 5.81 Munufacturing of Tubular Fuel Elements

o

. In the geometry of Case 3};.-NU-GS the fuel cohsi_sts of three,__ldif‘fereut-radiithin- '
. -tvalled tubes of 1:703 fuel of approxitnate tluckuess 0.4 cm In the modified geometry of
‘ lFigure 5.22 the'fuel is best deso'ribetluscurved plate fuel'in a oonc‘:enu;i:o arrangement.
In erther case the manufacture. of such fuel elements in mass-produotion is predicted to -
' ‘be much more expensive than current CANDU fuel mtinufacrur'mg.' although no tee\hnical

... impediment is anticipated’m. A further design requirement ‘that must be met™ is the-

A
ﬂewobrhty needed to pass ummpeded through a slumped pressure tube; this concern will

o
<

On a prototype ba51s the tubular elements coulc be made by filling each tube with

' UO, under vibration unnl a sw.tably hlgh packing densxty is obtained, but this is not a

suitable pr_ocess‘for mass production *. Also of concern 1s the thinness of the tube walls,

which would make manufacture of separate zu'caloy tubes difficult. It has been

: suggested“ that coextmsron of the fuel meat and claddmg mlght be a way around thrs

' 'potenual_ problern. B

O
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The concepts of concentric tubular fuel and highly curved plate fuel are not new

to reactor engineering. Production reactors at Hanford and Savannah River have used this

geometry™™, with target regions formed in the centre of the nested tubes. The prdf)oscd

New P-oducndn Reactor- — Heavy Wateru Resctor (NPR HWR)'" of the US DOE

continues the use of nested tubular geometr) with targets in the centre and around the

'pemneter of the fuel. The Hzgh-Fqu‘Isotope Reactor (HFIR) * and the proposed - .

Advanced Neutron Source (ANS)*™ at Oak Ridge National Laboratory both utilize high-

curvature plate fuel, while SPR III-M®, the new fast burst research reactor at Sandia

" National Laboratories, uses rings of uranium alloy. An example of particular interes't‘is% . :

the Plutonium Recycle Test Reactor (PRTR)™ at Hanford which used nested tubular

UO. fuel under similar éoolant temperature, pressure, and velocity 'conditions as those

found in the CA.NDU system For that prolect much work was performed in the area of :

manufacturing ceramic UQ, fuel eIements in a variety of shapes

D

Itis concluded therefore, that the manufacturc of elther the nested mbular UO~

fuel deswns or the curved UO, plate desxgns described in thlS dissertation, and- the use.
of these fuel designs in the CANDU core, are techmcally ach1evable goals. The cost of"

_ such mass manufactunng is hkely to be high, but not prohxbmve in comparison with

current CANDU fuel manufactunng E

5.8.2 Central Coolant'Space; Material

&

In terms of lattice criticality, the cursory analysis of Section 5.2.4 isolated graphite

€
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" as the material of cheice . for the central coolant spacer. It is possible however, that
problems of uradtanon behavxour or chen‘ncal compatibility may preclude the use of
graphite in the CANDU lattice, and this section therefore bneﬂy examines these potential
problems and the use uf £ alternate rnatena.ls.

The potential problems‘of' irradiation bebaviour include in‘adiation-induced grouvth,
‘heating and energy st-o.rage (or self—heating). - Growth can be ruled out as a problem
because. studies-show that graphite- actually shrinks by a small percentage .\'.vith ‘high
‘irradiation at high temperatures “such as that found in. the CANDU core. L1kew1se
heating caused by neutron absorptton is not g problem either, due to the htgh thermal
conductivity of graphtte (about 1 W/em~K), its high melnng pomt (> 3000 °C) and the
. contact of coolant w:th the spacer surface. Fmally, the problem of energy storage, or self-
heattng, due to neutron bombardment is reduced by the self-annealn'lg86 that takes place
af the operatmg temperatures of the CANDU coolant about 300 °C. -
| The questton of chemtcal compatlb1l1ty is related to accxdent analysrs, smce under
B normal operauon the coolant spacer is isolated from other latuce materials by its own
" | claddmg. The two most_nnportant reactions that can take place in an accident scenario
" are the carbon-hydrogen reactton. producing mostly methane gas, and carbon o,ndatton
c Oxtdanon is a nnnor concern smce core floodmg is a rehable safety measure, but it is S
"‘somethmg to conmder in analyses of emergency coolant fatlure Methane productton .

o ee‘.

i mcreases w1th pressure and temperature, and ‘would be expected to proceed extremely

l-..{l- .

o

_slowly ' However, the carbon—hydrogen reactton rate is. known to mcrease thh -

a m'admuon and the degree to WhICh it is mcreased is larger at both htgher pressures and_ .

o
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lowe: temperatures®®. Once agaln, this would be an area requiring analysis in eccldent
scenat'ios.'

In Section 5.2 4 several altemate materials, representative of different cetegories
of neutronic and chemical compatibility in the Iattice,_ were examined. 'For the sake of

completeness the more practical of these materials zircaloy and $i0,, are examined now

' as candidate materials for the coolant spacer in the 3E-NU GS and 3E-EU-GS des:gus

In addition, a new candxdate material, s1hcon ca.rb1de (SlC densuy 3 2 gjcm3) is

included with the hopes that it combines the favom'able neutronic characteristics of carbon :

"with the chemical compatibility of materials like Si0,. SiC is chemically inert in a water

environment and melts at 2700 °C.
Table 5.12 lists the results for zero-burnup Ak,ﬂ‘and discharge bumup for each
of these materials, plus the graphlte case for companson As in the scopmg results of :

thure 5.9 and F1gure 5. 10 there is httle dependence of the vo1d effect upon, spacer' )

material, but a s1gmﬁcant dependence of cntlcahty, and hence burnup. . ‘This_ latter:“--

“variation thh spacer material is less pronounced when 1.1 %wt ennched fuel is used and:jj..‘

N

all of the matenals tested have enriched fuel burnups exceedmg the esttmated reqmred

value of 11 GWdI'I‘e in Section 5.6. If requxred the ennchment levels could also be ® L

“The enriched UO, cases, 3E-EU-ZS 3E-EU-QS and 3E-EU-SS are therefore au__. ey

_ | potennal demgns alongsxde the graphxte spacer case 3E-EU GS

\/

g =g
o .
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5.9 Modelling Concerns

The methodology of the lattice cell calculations used in‘:aJl of the analysis here
requires veriﬁcation in several areas. In Chapter 2 tllls methodology was found to be
sufﬁcient for pursuing the goals of this clissertation but the signiﬁcant deviation from :
cluster gcornetry found in this chapter demands a second look at this question.. In thlS

section the vahdlty of- the WIMS-AE\.L resonance treatment with nested tubular

~ ° geometries is questioned, and WIMS-AECL results are compared with resuits from a -

Monte Carlo coéle. The habit of ignoring neutron lifetime in lattice call parametric studies .

is again addressed, the effect of arbitrary changes in input specification is examined, and

calculations are checked against those ﬁsing the 89~group ENDF/B-V library. |

591 Resonance Treatment in WIMS-AECL

Of utmost '_concern ls the model used in the creation of resonance group ctoss-_'
sectiorigq in WIMS-AECL, ‘and how it applies to annular geometries such as those
examined-ltl this chapter. As described in Section 1.9, resonance integrals are interpolated

from tabulations in the nuclear data library, using fuel temperature and background

_ scattering cx‘oss-section as.interpolation parametersmz. This library data is based upon

homogeneous nnchde mixtures, and an eqmvalence relatlonshlp is invoked to calculate

heterogenecus mtegrals Tms relatlonshlp mvolves adchng to the background scattenng -

o cross-sechon a. quannty known as the fuel escape cross-secnon,

ne -

. =g L  (5 20)
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which accounts for neutron leakage t.hrcughl the fuel surface. Ae the S/V ratio increases,
so does the probability of a resonance energy neutron from the coolant or mot:lerator
penetrating the fuel mass and encountering U-238. The ratio is therefore directly related
to the level of resonance flux witltin the fnel,. ant:l consequently the resonance integral.
This calculation of resonance group cross-sections is based upon a simpliﬁed pin cell
geometry, -in which the S[V (surface-t o-volume) ratio is the only hnk by which the

heterogenetty of the ongmal cell enters the calculatton

The problem that arises, when solvmg for annular geomemes under the :

"PERSEUS" optton of WMS-AECL concerns the calculattcn of the fuel eSCApE Cross-

section. An investigation_ of the output of the resonance cross-sedt‘r_on module
("CHAIN 3") reveals that it lumps all tubular fuel into a single rod of equivalent volume, -

~ with the itnplicaticn that the S/V ratio, and thus the resonance group cross-'Sections. are

calculated too low. Geometry ‘effects are still accounted for m the main transport

calculation, but the results will be\affected by the error in the resonance cross-sections.

I

‘ Th1s error will next be estimated, and then a model will be mtroduced which corrects for :

i

much of the deficiency. ' -

A ﬁrst-order estlmate of the i 1mportanee of the S[V ratto in the case of natural UO2

is made by startmg with the reference 37-element latnce cell and reducmg the number of

fuel pins while conserving fuel, clad, and coolant volume. Ideally, a.ll aspects would be =~

Is]

conserved except for the S/V ratio, but in this exercise a secondaryd‘geometry effect. is o

included due to the arbitrary placement of these pms All attempts are made to keep the -

“amount of coolant surround.mg each pin constant in order to mmtmtze the secondary

°




Wl

Chapter 5: New Fuel Design - 202

effects. . The S/V ratio will vary from a minimum of 1.21 (five pins) to a maximum of .

3.29 (37 pins) or in relative terms normalized to the five-pin case: 1 to 2.72. In

Fxgure 5 24 the relativée’ conmbunon to Ak, (normalized to the five-pm case) of the

LY

epithermal escape parameter Apg, is plotted as a function of "relative SN" SV '

normalized to the five-pin case. This result suggests alrnost a 1l correspondence
between the two plotted parameters, although the: geomeUy effect must also be taken into
consideration before applying the result to general geometries. The stra1ght line in

Figure 5.24 is a least-squares fit, and serves.as an illustration of the trend only. In

" absolute 'termS, the value of Ap, in this comparison varies from 5 mk to 12 mk as a

function of "relative S/V".

A method is now developed by which the resonance cross-section module in - |

WIMS-AECL can be "tricked” into using a value of S/V close to that of the tubular fuel

| geometry being modelled. By running the code in "PIJ"_, or pin cluster, mode, one can

specify a number of false "fuel pins” located within one of the tubular fuelelements as

| shown in F1gure 5. 25 The' size and exact locanon of these ' fuel pms" does not matter,

as long as they are within a fuel annulus. The "tnck" relies on the fact that WIMS-AECL

calculates the resonance cross-sections using an average fuel pin of volume V/N, where

V is the total volume of all fuel material in the cell (including, in this case, material in

the false "fuel pins" and the fuel annuh combined), and N is the number of fuel pins

. ("NRODS" in the WIMS AECL mput ﬁle) Knowmg the value of V, the reqmred value

 of Nis obtamed by equatmg the SIV ratio of the N "fuel pms" to that of the ortgma.l '

‘nested tubular geometry; --------- S o .

P i . - ’ g
23 i

S
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NS (521"

Var

It is easily shown that only é;_ discrete set of S/V ratios can be represented this way,

determined by the value of V, which is fixed for a parucular case. For the 3E~NU GS s ;?;E-%'
- geornetry the closest value of S/V that can be represented is4 79 whtch is 1 5% greater '

 than the actual value of 4.71. - This corresponds to N=53 false "fuel pins". the case shown

in Figure 5.25.
Assuming' that the 3/V ratio represented is close to the actual value, as it is in this
case, this method should account for much of the_effect of heterogeneity in the resonance

cross-section calculations. It will be insufficient in the following areas:

1) TItwill not properly reflect certain transport probabilities, such as the probabili_ty |
of a neutron leaving the fuel and entenng the moderator In the actual geometry :

: the fuel volume 1s concentrated near the moderator wh1le the resonance cluster

treatment assumes a evenly distributed arrangement,

) '2) It will homogenize the central coolant spacer material with the coolant material.

The second point is likely not significant in the generation of cross-sections, but the first

deficiency may overestimate the actual resonance group cross-sections. In this

dissertatiqn the representation described here, and illustrated in‘Figur_e 5.25, will be called

the S/V Resonance Correction Model for tubular'fuel geom'etty

Applymg the SIV Resonance Correctton Model to Case 3E-NU-GS at zero-bumup, : .
it is found that the ApE contnbutlon to void cnttcahty (AL,N) increases from 1 4 mk (the .

va.lue in Table 5.9) to 7 .7 mk, 2 factor of 55. In companson. the ﬁrst-order esnmatton '

i
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of the effect on Ap, shown in Figure 524 suggests a factor of about 3, using the relative
SV rano modelled for Case 3E-NU-GS (4.79). The overall value of Ak 4, increases from
| 8.6 mk to 148 mk, a factor 1.7. Using the estimated factor of 3 for the chaage in Ap,,
the new Ak, would be 11.4 mk, or a factor of 1.3 greater than the original. \
These results are summarized in Table 5.13, along with those for Case 3E-EU-GS,
at zero and mid-burnup for each cese. For the mid-burnup results, the nuclide densities
- used were those lbelonging to the previous calculation that didn't account for the S/V ratio.
It was fonnd that the error incurred with this approximation is minor, and the effect on
the void effect unchanged. Such_en approximation wﬂl make it easier to'similarly che_ck:‘
cthe cnses' that follow in this dissertation. Note that the estimation using the re§u1ts in
Figure 5.24 cannot be taken .as taeing very meaningful since the estimation in Figure 5.24
‘was with natufnl Udz fuel. | |
In terms of Apy, the SN Resonence Correction Model applied to Case 3E-NU-GS | )

increases the zero-burnup effect to 12 8 mk'(from 7 2 mk) and the mid-leurnup effect to

8 6 mk (from 2.9 mk).” Apphed to Case SE-EU-GS the zero- burnup effect increases to |

) "9 7. mk (frorn 5.2) and the mid- burnup effect to 8.6 mk. (ﬁ'om 31 mk).

These approxunattons suggest a s1gmficant increase in the vmd effect over that

predlcted using WIMS AECL without accountmg for the S/V ratio, It 1is prudent at tlns

pomt therefore to- compare the calculattons of WIMS- AECL agamst a more reliable
. : calculanon and for this puxpose the Monte Carlo code MCNP 4 is used (see Sectton 1.9).
To expedlte the MCNP—4 calculanon a sunphﬁed mﬁmte latttce cell, shown in

-Flgure 5 26 was created w1th tubular geometry ThlS cell contams a central graphtte_ |
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spacer, one fuel region, and two coolant regions. Identical cases corresponding to this

geometry were modelled using bom.WMS—AECL and MCNP-4, with all nuclide -

temperatures and abundance ratios consistent between the two codes. ' All temperatures

correspond to nominal MCNP-4 library values, including fuel at 300 °K, in order to avoid

concerns™ about temperature modelling in MCNP-4. The input files for both the MCNP- .

4 and WIMS-AECL cases are listed in Appendix G. A total of 12 miltion MCNP-4 -

. neutron histories were calculated for each of the cooled and voided cases.

Table 5.14 summarizes the results of these calculations. The infinite lattice

criticality calculated by WIMS-AECL is greater than that of MCNP-4 by 13 mk (or -
1.3% error), but the void effects are in agreement. Disagreements between these two °

 codes in terms of criticality is not a new phenomenon®®, and it is not clear how much -

of this error is contributed by each code under normal circumstances. In this case, -

however, an additional difference would be caused by the lack of ptoper representation ‘ :

of the S[V ratio in WIMS AECL It would be expected that the resonance mtegral in
WIMS-AECL would be calculated too low, and hence criticality would be calculated too

htgh as is the case here in comparison with MCNP— :

, From the results in Table 5.14 it appears that a cancellation of errors leads to

reasonable agreement in perturbation calculations like the void effect. The statistical error. .

quoted for the MCNP—4 results con'esponds to one standard devmnon and the resultmg

relanve error of about 0 08 is conszdered to be acceptable ThlS agrcement in the voul

. effect contradlcts the result found w1th the SN Resonance Correctlon Model and thereby

raises questtons about the usefulness of that result It is. p0551ble that the deﬂcxencxes in-

r.
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geometry represen_tation mentioned earlier account for the discrepancy, but it is unknown
to what extent this is true. The S/V Resonance Corret_:tion Model is not a complete
adjustment for the inad'equecies of WIMS-AECL in calculating resonance cross-sections

for tubular fuel geometries, and it is plausible that other factors not described here are _

~ involved. ‘A more detailed study, including a variety of MCNP-4 geometries, would be

necessary to determine this.

In conclusion, it cannot be concluded that the void effect calculations for the

modified geometries in this dissertation are reliable results. Comparison with a Monte

Carlo calculation lends support to the results here, but the analysis of the WIMS-AECL

resonance treatment for these geometries, and the S/V Resonance Correction Model that

resulted from this analysis, suggest otherwise. With this werning in mind, WIMS-AECL

* results without the S/V correction will continue to 'be reported in the analyses to follow,

* while results using the S/V cofrection will be mentioned in significant cases for

cornperative purposes. All of the results given in tables like Table 5.9 will not include

the S/V correction.

]

Results for cnhcahty should not be accepted as rehable within about 20 mk, and

for tlus reason emphasm on these results have not been emphasued in this chapter It

'should be noted however, that a lower initial cnttcahty would reduce the enhancement'

‘\

of the power npple menuoned in Secnon 5.5, and also reduce dtscharge bumup

)
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5.9.2 Revisiting Neutron Lifetime

In Section 2.2.7 it was concluded that the effect Jof- p.ert_m"bation_s to neutron
lifetime should be ‘est'd'nated before drawing conclusions; about kinetic behavioue in
radically changed fuel geometnes based solely on lattice cell calculations. The method
of approxnnatxon used in Section 2.2 5 is apphed agam here to Case 3E—NU GS.

“In Section 2.2.5 the main parameter appearmg in the point kmetxcs equations, (p- B
[3)/A was estxmated to mcrease upon vcndmg by an amount 7% greater if the vananon ‘
in mean generation tirde, .A was taken into account at zero-burnup. and 9% at mid-
burnup. Performmg the calculation on the WIMS-AECL results for Case 3B~NU GS '
- these dlscrepanmes are 5% at zero-burnup and 4% at mid-burnup. - 'I‘he_ reduction, 1s.
mamly due to the ‘lower value of p to begin with. | l(
“ ) o Thie approximatit_m therefore indicates thet the level of eence;ﬁ _aboet und]dd'elied _

perturbations to neutron lifetime does not increase with the nested tubular geometries.

5.9.3 Effect of Changing WIMS-AECL Input Paﬁxmeters )
There is much ﬂe:ublhty in the spemﬁcatlon of 1nput for WIMS AECL cases, and

“it was mennoned in Secuon 2 2 6 that such vanatmn can affect v01d effect calculatnons

by about £1 mk, To explore the dependence on mput formulanon of Case 3E-NU GS at o

zero-bumup, several mput spec1ficat10ns were changed or removed as. descrxbed in thlS

-secuon and summanzed 1n Table 5 15 The chmce of specxﬁcanons used 1n th1s-. e

dlssertatlon was made to achxeve the most accurate result from the WIMS-AECL"-Q-:

SR
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calculation, and therefore { he effects of changing these specifications do not necessarily

indicate a range of valid responses. The intent here is simply to demonstrate a range of

possible responses; In the following, the anachronistic term "card" refers to separate input

| command lmes
| ‘ ANNULUS card: Input geometnes for "PIJ" calculations requl.re subchvrsron into
concenlnc annuli usmg the ANNULUS card. For "PERSEUS" .calculatmns a separate
. mesh is set up either manually or by the code. The "PERSEUS" calculauons used for all
| ‘the purely tubular geornetnes in thrs drssertatlon mclude ANNULUS cards mamly as.
_dehm1ters of phys1cally drfferent matenals and a check was made to ensure the~
- - meffectlveness of these cards by addmg many more and recalculatmg The result, using
an extra annulus within the spacer material and ﬁft‘eenlmore in t_he moderator (for an
L averaée annuh thickness in both cases of _about.d.S cm as recornmended“). is exactly,ﬂthe:—:-'
- same ds the original result. . - |
| BENOIST card The Bencust rnethods"' 8 of multtregxon, dlrectlonal “diffusion ;
- coefﬁcrent calculatlon is consrdered to be more; accurate than the other rnethods of srmple
' dlffusmn coefﬁclent calculatlon avaﬂable in W]:MS-AECL The BENOIST card which

i _ 'sclects tlus method was removed to test the affect of usmg the default calculatlon based

. "
;'\‘-

upon the transport cross-secuon, = (32‘,)‘ - The result was an mcreasc of 1 mk or

"“.‘:about 12%. in’ the vord effect and no mcrcase in cr1ucahty ‘The cxtra 1 mk was

= j" "-method predrcts a h: gher Increase 1n thermal leakage upon v01d1ng Th1s dlscrepancy may

0

contnbuted through‘-.he perturbauon in- thermal utrhzatron 1 mdlcatmg that the Benoist |
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NEWRES card:_? Two optional resonance treatments areevaiiable in WIMSQAECL.
and the newer one was selected mn thrs dissertation by includrng the card NEWRES in the
input files. Removi-i\ng this carti selects the default calculation. which is the "old" method
when using the Winfrith data Iibrary (the “"new" calculation is the default with the
ENDF/B library). The effect of thus chenging resonance treatments, using all &efaults\_
for factors related to the "old" &eaunent' was found to be an increase of about 3 mk in

void effect and no increase 1n criticality. The void effect Increase is contnbuted mamly

through the perturbation in the eprthermal group escape factor, pE, as expected The S/V

Resonance Correctron Model was not mvoked in thrs companson

5.9.4 Effect or Changing WIMS-AECL Libraries

Near the end of t.hrs project an IBM-PC version of the ENDF/B V oross~sect10n L

Lbrary® for WIMS AECL became avallable For the purpose of proper comparrson all

results in this drssertatlon are generated‘usrng. the Winfrith hbrary. but it would be )

mformatwe to recalculate a’ ‘couple of srgmﬁcant cases using the EN'DF/B-V hbrary since -

it is a newer database. The ENDFIB V library for WIMS AECL-?r has 89 energy groups

L“

-~

which is 20 rnore than the Wmfnth hbrary The extra groups mclude 5 more m the fast |

&

~ range and 15 in the. ep1thermal range ‘f EEEL

The results of recalculatmg the 37- element reference cell and Case 3E‘. NU GS _" S

_usmg the ENDF/B V hbrary are grven in Table 5 16 lookmg at both zero’ and mrd--. R

(o]

| burnup, and usmg both geometrrc and crrtrcal buekhngs Wrth the reference cell the

e

Slmat: 000

-(J_.'A-‘ B

Lo
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largest difference is a 3 mk disagreement using critical bucklings-at zero-burnup, and this
the only disagreement in Table 5.16 of any significance. The results for Case 3E-NU-GS

are almost unaffected by the choice of cross-section library.

5.10 Alternate Fuel Cycles

In Section 4.2.5 some success was found in reducing the void effect by exploiting

~ the beneficial effect of plutonium in MOX fuel. In”this section- this same strategy is used

with the nested tubular geometry in an effort to find a design wnh even lower void effect

In the same vein as MOX fuel. cycles is the DUPIC fuel cycle, which is also exammed
here. Both cycles sclve t]ae problem of adequate fuel throughput- without requiring
_ enric':hment',‘ although the problem of high flux levels remains and is not addresseddn this
| sectionr" Ancther tack taken here to avcid uranium enrichmerrt is to ﬁnd suitable fuel

materxal w1tb hlgh enough uraniim densny

All of the de51gns dlscussed,_here are variations of Case 3E-NU-GS, using the ®
. \‘
same geometry and. alterxng d;_e fuel ccnstlt_uentjs_‘.

ELo

510.1 MOX Fuel Cycle

‘ The results of uSing MOX fuel".in the reference 37-element' lattice'ceﬁ are given

in Flgure 4. 12 mdrcaung a minimum in Al,ﬂ w1thm the Pqu abundance region of 0 - *

| 1 %wt The same plot is shown in Fxgure S 2’7t using the nested tubular geometry of

Case_ _BE-NU‘-GS, and 1_n this case both Ak,ﬁ._v and Ap,,r'drspla'y minima around the point

g
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of 03 %wt PuO,. A detailed calculation was performed for this particular'oa'sei
designated "3E-MOX—GS“ — three-element, MGX“P.&&;-g.rapbdte spacer, and-the results
are listed in the first column of Table 5.17.

The zero-burnup value of Ak,m. for Case 3E-MOX-GS is reduced by 2 mk

‘compared with both the natural-and enriched UO, cases (3E-NU-GS and 3E-EU-GS,

respectively), and the results at mid-burnup are similar to both these earlier eas'es

Discharge burnup is estimated at 12.5 GWdJT e, whrch is more. than the 11 GWd/T e

needed for the fuel throughput cntenon, resulting in an esumated throughput rate that :s

about 90% of the reference case.

With the S[V Resonance Correction Motiel appl:ied as described in 'Seetion 5 9.1,
the values of Ak gy at zero and. rmd burnup are 13.4 mk and 8.5 mk respectwely The o

'values of Ap‘ at zero and mid- bumup are 9 1 mk and 8.5 mk, respectwely

5.10.2 DUPIC‘ Fuel Cycle

]

A fuel cycle of current interest to CANDU owners is DUPIC””, or "D1rect Use

of Spent PWR Fuel in CANDU“ This cycle utilizes PWR spent fuelina CANDU lamce'

after removing most of the volatrle and semi-volatile ﬁssron products (Xe, Cs, Ru. K.r I,

&

etc.), and is therefore one potennal solution to the problem of nuclear waste dlsposal

For economic reasons” this fuel cycle could be a sultable match for the nested‘ :

0

‘tubular demgns dlscussed here: the reprocessmg and refabncauon eomponents of. the N

o)

. DUPIC fuel cycle are an added expense_compared to conventional fuel»‘eycles, and against ‘.

co

P2

S
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such costs, the economics of fabricating nested tubuler fue) (see Section 5.8.1) would be

& smaller increment. Furthennore, the DUPIC fuel cycle presumably benefits from high

neutron economy since the spent PWR fuel still contains many parasitic fission products. '
For this reason, a major reduction in neutron econorny such as that of the LVRF

programme of AECL (see Section 1 7) would not be preferable.

\\

To appro:umate the effect of using DUPIC fuel i in. the 3E-NU-GS geometry, the
L

.‘ -\_ﬁssile content of spent PWR fuel” was assumed, i 1gnonng all flse}on products. This 1s
e.ssentialll_y mixed-oxide fuel with a dfffetent isotopic mtxture of 'both uranium and
_ .plrutonium from“ that discussed in fSectfon 5_.1(5.1.‘ This 'isotoptc mtxture is given in !
Table 5.18, and corresponds toa U'-2l3.5' enrichment of 0.87 %wt, and a PuO, fraction of -
07 %wt. Since this PulO, weight fraction differs from m’ét ‘whjch produces a void"effect
.mmunum in Fxgure 5.27, one would expect & thher void effect for tlus case. A.lso, the

" _ concentration rauo of Pu 241 to Pu«-239 from Table 5 18 is about twice that esumated in L

Secuon 425 for the maximum in CANDU spent fuel. "That sectton mdlcated that thc

T pos;nve thermal contnbuuon to the v01d effect from Pu-241 countered the negative effects- :

- Io'f Pu-239, and thus: one 'wou_ld expect a higher void effect for.this reason also. The - .
' 'deaignaﬁon" fori,this case is "3D-DUP-GS" -— three-element, DUPIC fuel, graphite spacer. |
' and the resuits"LOf the WmseAECL calculation are listed next to the 0.3 %wt Pqu results -

Erd

*{ m Table 5. 17

I

The zero-burnup va.lue of AI.,W does turn out to be 3 mk hlgher than that found

: for the MOX case, whﬂe Apv is uncha.nged Thts value of AL,,V is also shghtly higher - |

e o '(<1 mk) than that found for the namral and ennched UO cases. At :md-burnup both
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Ak 4y and dpv are almost 2 mk higher than the MOX case and UQ, cases. Discharge
burnup is twice the value for the MOX case, leading to a ratio o‘ fuel throughput
compared to the reference cell of 50% ' In terms of the criteria of this dissertation,
therefore, DUPIC fuel is estimated to be compatibie.

With the S/V Resonar_tce Correction Model applied, the values of Ak,;,_, at zero and
mid-burnup are 16.7 mk and 8.7 mk, respect'ively.. The vatuee of Ap, at zero and mid- = .V

burnup are 10.3 mk and 9.7 rnk, respectively.

5103 High Natural Uranium Density Fuels
" In Sectlon 53 1t ‘was suggested that i mcreasmg fuel densrty was another solutron
to the problem of high fuel throughput and thennal flux levels. Thrs strategy w111 be
explored here, focusmg on two candidate fuels: UN and USSx, The propertres of these.
two fuel matenals are hsted in Table 5 19 along w1th the calculattona] results found by -

S

substttutmg them for UO-. in the 3E-NU-GS geometry

Uramum mtrtde (UN) is especrally at'tracttve for 1ts hlgh melnng pomt and for o

| havmg one of the htgher uranjum densities™, and i is currently bemg mvesttgated"” at .

AECL—Research for its compattbthty in CANDU fuel. Of concern is its- chemtcal' e

o

reacuvxty in water. Another concern is the relatrvely htgh mtcroscoptc absorptton cross-

section? of mtrogen almost four orders of magnrtude greater than that of oxygen As S

o -

shown m Table 5.19, with natural uranium tIrus leads to a subcnttcal lattlce, desprte the

“hrgh dens1ty, and UN is therefore ruled out as an alternattve to ennchment

e
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Uranium silicides (U,Si,, U,Si) are another class of material that has been of
interest.to A.F'.CL—ReseatrchSM 93 U3,511 is chosen here for its higher melting point (1660 °C

e

" compared to 960 °C), although it is not as chem.tcally compatlble with hydrogen and
~ water as U,Si. Slhcoh has a m1croscop1c absorption cross-section almost three orders of
magnitude greater thanroxy_genz, but as' Table 5.19 indicates, the higher urenium density
is enough to allow ‘a crfﬁcaf lattice. Unfortunately, the discha’rge burnup is only 7
GWd/T e, which fa.lls far short of the 11 GWd/Te estimated to be required in this chapter.
U381-, Is therefore also ruled out as an altematlve to ennchment although it would require |
* less ennchment 1f the two strategies were combmed |
Uranium carbtde (UC) is another material wﬂh hlgh densny (13 63 glem’), but its
rapid dtssolutlon in hot water removes it from consideration in the CANDU core,
aithough it is a candidate fuel for 'gas.-coole.d reactorsm.
Itis concluded therefore that U- 235 ennchment is the best strategy for decreasmg

the fuel throughput and thermal flux requtrements of the nested tubular fuel geomctry.

* developed in this chapter.

0

5.11 leferentlal Enrlchment

In Chapter 4 -2 51gmf cant reductton in the void effect was achieved through a

- _radtal dlstnbutton of U-235 ennchment placmg more U—235 near the pressure tube wall

y ‘and less near the centre of the fuel channel Tlns strategy is iow apphed to Case 3E.—EU-

B ) 'GS whxch used 1. 1 %wt ennched fuel to achleve suttable fuel throughput and thermal :

o
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flux conditions.
The case studied here is designated “3E-DE-GS” — three-element, differential

enrichment, graphite spacer. It also has an average fuel enrichment of. 1.1 %wt, but

. achieved with the following distribution: 0.20 %wt in the inner fuel element, 0.72 %
~ (natural UO,) in itie middle fuel element, and 1.91 %wt in the outer fuel element. As a
consequence of this strategy the distribution of power production across the fuel has been R

altered significantly,"and the 3E-NU-GS geometry is no longer the -optimum one. |

However, as a oreliminaxjy analysis this mismatch can be ignored and the neutronic affect

oA

of using differential enrichment can be observed.
The results of Case 3E-DE-GS are _comparej/l with Case 3E-EU-GS in Table 5.20,

and it is clear that this strategy, as with the reference geometry, is successful. While

zero-burnup, and by about 80% (to almost zero) at mid- burnup The vord effect usmg

4
crmcal bucklings is negative at both burnup values.

o

With the S/V Resonance Correcnon Model apphed the values of Alt,m, at Zero and |

rmd ~burnup are 10.0 mk and 6.8 mk, respectwely The values of Apv at.zero and mu:l- -

burnup are 6 1 mk and 6.0 mk, respecttvely

=

‘compared ‘with the reference cell caused by the dlstnbuted ennchment The tngh heat' g

G

The degree of success of such a su'ategy, however, 1s mdtcated by a compamson thh o

Table 5 20 mdtcates a s1gmﬁcant rachal vanatxon m the esttmated heat ﬂux rattos

' cnhcahty and bumup are not affected, both Ak, and Apv are reduced by about half at ~

R

- .‘ﬁ‘-: .

' flux ratto of the outer element is unacceptable and the enttre geometry search process-. B

| must be recalculated usmg the adjusted power dlstnbuuon of this. ennchment strategy :
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identical geometries as in Table 5.20. ~
The geometry search was recalculated using the approximation in Equation (5.22)
“for element power fraction, in place of Equation (5.14),

P VE | 522
Pror Vior Eave o .

fwhere E, is the enrichment of element k, and E, g is 'thelaverage module enrichment.
~ The average enrichment chosen was 0.72 %wt, or natural abundance, and a MOX case
(0.3 %wt Pu0,) was calculated based on the successful geometry with largest fuel
volume. "I’his‘ case’, with slightly higher f_ulel volume than the 3E-NU-GS geometry, is
designated "3E-MOX-DE—GS“ —_ fhree~elemeot, MOleueI, differentially enriched UQO,,
| ‘g‘raphite coolant spacer. ,-«The fuelis a mixmi‘e of 0.3 %wt PuQ, and depleted or enriched
UO, with the followmg dmtnbunon frorn the msxde out Element 1, 0. 40 Towt U 235 ._
Element 2 0 65 %wt U-235; Element 3, 100 Yowt U 235. Case 3E MOX-DE~GS is
{ﬂ.lustrated to scale i 1_n Figure 5.28 and descrlbed fplly in Table 5.21.‘
'Table 3. 52 compares the calcolated results 'of this case with fhe MOX case using
natural UOz, 3E—MOX-GS Although fuel volume does not vary much between the two -

. cases, the geornetnes are quite different (compare Flgure 5.14 and Figure 5 "8) and hence 4
. . T e S : »T—'_ Voo
the results in Table 5.22 are not the pure result of differential ennchment However, it -

SR @

can be assumed that the geometry effect.is minor. Compared to SE-MOX-GS the voxd. :
- effect usmg deferennal enrxchment is reduced by 35% at zero-burnup and 50% at mid-
o burnup Wxth crmcal bucklmgs the void effect is mghly neganve at zero- bumup and_‘

. cffechvely _zero at_ mld-bumup. Esumated fuel thr,oughput is 90%_of the reference cell
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for both cases.
With the S/V Resonance Correction Model appliiad, the values of Ak, at zero and
. e

mid-burnup are 11.2 mk and 7.6 mk, respectively. The values of Apy at zero and mid-

burnup are both 7.6 mk.

5.12 Zirconium Enrichment

The use of zirconiﬁm alloys highly enfiched in Zr-90 was estimated in Séctioﬂ 43
to reduce t:he void effect in fhe reference lattice cell by 3 mk. This strateg& can be
expected to have the .samc general efféct on the cases discussed in th1s chap'ter‘..and a
survey of 51;ch regults is given in Table 5‘.23.. .
Sevefal observations éan be made from t-he;: results Generally.p vbid effe'cts‘for'
all cases are reduced by a constant value of about 3 mk. Dlscharge burnup is mcre;sed
for Case 3E-NU GS to 9 7 GWd/Te but this is snll lower than the 11 Gde'l"e csnmated
to be neede.d for adequate fuel throughput. The same is true for the_casg using U,Sl; fqel. | T :
The casé using UN fuel has increased criticality,'but is still."subcriti’cal. |
- Three cases of interest are singled out for further analysm mcludmg a look at mid- Lo
. burnup results. These are Case 3E-EU-GS (L1 %wt U0, fuel), Case SE-MOX-GSI_ o :
03 %wt PuO, mixture with natural UO,), and Case 3E-MOX—DE—GS. (sami as me_.i' N

prevxous case, but with dlfferentlal ennchment) The results for the ﬁrst two are hsted

Cin Table 5. 24 ‘where the designation "EZ", for ' ennchcd zxrcomum" has been added to."ij'. LT

 their case names The v01d effects usmg geometnc bucklmgs for each of these two cases'- '

T
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is about zero at mid-burnup, and slightly negative using critical bucklings.

The third case of tnterest, designated "-3E-MOX—DE;EZ-GS", is considered
separately in Table 5.25 since it actually represents a "cumulative case” accounting for
all the successful strategies discussed thus far:- th.reeflerrtent nested tubular geometry,
03 %thCl)X with differentially enriched UQ,, 99 %wt Zr-90 enriched zirconium alloys,
and a- grephite coolant spacer. Within the apptoximationé_ used to simulate these
strategies, and w1thm the approximations of the lattice cell method in general, this case
represents the. "best" reftult of this project. |

The void effect ef Case 3E-MOX-DE-EZ-GS ranges fromr slightly positive .te »
sﬁéﬁtly negative at mid—bumup (with the exception of the htghly negative value using
crmcal bucklings at zero-burnup. a result of the high excess supercnncahty at thls pomt)
| lDtscharge bumup is_about 14 GWde‘e and estimated fuel throughput is 80% of the
reference case.

| With the S/V Resonance Cdrreetion Modet epplied, tlte values of Ak, at zero and,
- .mic.i-btmmlup‘ for Case 3E-MOX-DE-EZ-GS are "8.6_mk and 5.6 ftxk__,: respectively. The

values of Apy at zero and mid-burnup are both 4.0 mk.

513 Summ.ary of Ch'apter .'

‘The development of the nested tubular concepts described in ttus chapter began |
~'with an optunum geornetry search based solely on v01d effect With fuel volurne as the

only constramt tlns exerclse deterrmned that locatmg all fuel in an annular regton next

E

i)
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to the pressuret'obe wall produced the lowest void effect. The two major factors leading
to this geometry were: (1) locating the fuel in the region of smallest thermal flux change
upoh "\ro‘iding; and (Zl reducin_é the S/V ratio of the fuel to reduce the imbortance of
resonance absorption. A reduction of 13 mk in the void effect, or about 33% of the
 reference cell value, was achieved with this strategy.

| Several steos were theh taken to develop a more practical design, beginning hrith
subchvision of this relocated fuel to permit adequate cooling. At the same time a central
coolant spacer was added to iricrease ﬂow'aro_uhd the fuel, with the added neutronic
.“be.nefit of reducing the void effect to ebout 25% of the reference cell valhe. The |
subclivision creeted alnested. tubular geometry, and the number, size, and spacing of these
. nested elements were determined by a numerical search. The psramete'rs used ir1 this -
‘search were: maxirnum foel temperature, t:otal coolant flovl: rate and prcsstire drop. . the_.‘ :
ratio _of subchannel flow rate to power deposition, and 's:urface heat flux. Fuelﬁrvolume -
was left as a vsrieble. | |

The result was a three-elerr:ent nested ""tubhlartdesign" (Case SE-NU-GS) .with.a H

zero-burnup void effect at 45% of the reference case, and 20% at mld-burnup This -

K des1gn is charactenzed hke all subsequent de51gns in tlns chapter bya s1gmﬁcantly lower__

fuel volume compared to the reference cell, and also by lower btirnup The combination .

makes Case 3E-NU-GS unacceptable for reasons of fuel throughput and necessary :
~ thermal flux levels and these problems were solved by ennchmg the UO fuel (Case 3E~ o
‘ U-GS) This case had httle change in the void effect but almost a threc~fold increase a

m dlscha.rge burnup Ttis worth notmg that the move to a nestcd tubular geometry _—
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~ removed the gains made in reducing the S/V ratio by relocating the fuel near the pressure

- tube wall.

With the neutronic aspects addressed, several practical concerns remained. The
nested tubular design, as shown in Figure 5.14, presents problems of adequate coolant

mixing and turbulence, as well as the possibility. of subchannel blockage due to fuel

~ swelling. Modificaﬁons were suggested, including subchannel interconnections,

' turbulence—'inducing attachments, and strat_egically located element spaoersg-rilhich deal

with these concerns without significant detriment to the neutronic goals. Other practical

concerns addressed'r.vere‘the»manufactun'ng of the tubular fuel elements and the material

I

7 used in the central coolant spacer. It was concluded that neither aspect presented an

msurmountable techmcal obstacle to the design.

Several quesnons about the modellmg process with WIMS AECL were ralsed ‘

‘beginning with the calculatlon of resonance cross-secnons A correction was applied to
' the WIMS-AECL model which, would make it account properly for the surface-to- volume .

ratio” of the fuel and this modrﬁcatron caused a srgmficant increase in the void effect.

The results of this correction are questronable, however, since a companson between the

uncorrected result a.nd that of a Monte Carlo code was favourable in terms of the v01d ‘

I~

.'effect (although cntrcality showed a-signiﬁcant discrepancy). An estimation of the effect
‘on neutron- hfetrme and thus the characterrstlc kmetrcs parameter (p B)/A, did not
o mdrcate a major devratron from the reference case results Fmally, several WIMS-AECL
1nput parameters. mcludmg the cross sectron hbrary, were changed without raising any

-doubts about the methodology used in the design approxrmanons
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Attention then turned to alternate fuel cycles, with the goal of either reducing.the -
void effect further or eliminating the need for fuel enrichmeht. A03 %wt Pu0, MOX
fuel case (3E-MOX-GS) decreased the zero-burnup void effect another 2 mk, at the same
time extending ‘bu‘r.nup sufl"lciently to meet the fuel throughput criterion. With critical
bucklinga the void effect""was‘highly negative~at zero-burnup, while at nild-burnup all
measures of void effect are ‘the sarhe as with natural UO, fuel. The queetion of the
necessary magnitude .of thermal flux levels remains with this‘ case, however since

although reactxvxty is higher than the narural U0, case, the f1531le mass in the lattice cell

~ is still lower than in the reference cell. A related fuel cycle, DUPIC was tested for

compatlblhty with the goals of th1s design, and was successful despite a shghtly lugher

: vord effect. Two mgher uranium dens1ty fuels, UN and U;,Sh. were determmed to be

__unsatxsfactory for reasons of low criticality and hrgh fuel throughput respecnvely,

although the vo1d effect was estimated to be hlgher in each case also S
leferenual enrlchment using depleted uranium in the mner element natural :

uramum in the mlddle element, and eririched uranium in the outer element decreased the

3
B

mid- burnup vord effect by 80% compared to the umformly ennched (1.1 %wt) case.
although geometry was not altered and the case was thus not compatrble with the cnterron‘_“

for acceptable heat fluxes. A d1fferent1ally enriched MOX case meetmg tlns cnterron‘ '

(SE-MOX-DEwGS) havmg an average module ennchment 0.72 %wt showed a 33% ‘

reduction in the zero-burnup void effect compared to the uniformly enriched MOX_case.'_- E

e L

Its mid-burnup void effect was near zero.
Finally, the novel stra-te'gy‘ of Zr-90 enrichment in the fuel channel ma_terials,;(ai :

o
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- modification outside the goal of this thesis) was estirnated to reduce the void effect,

regardless of the design variant, by another 2 to 3 mk. Three cases were s_ingled out for

:a closer examination, including a "cumulative case", 3E-MOX-D_B—EZ-GS, utilizing MOX

fuel, differential uranium enrichment, and enriched zirconium. This optimum scenario

 was calculatecl with geontetn'c bucklings to have effectively no'\'toid effect at zero-burnup '
and a slightly negative void effect at mid-burnup. With critical bucklings the void effect
s .highly negative at 'zero-burnu'p and slightly negative at 'rnid-burnup.

It is therefore concluded that the nested tubular geometry presented here is a=

feasible strategy for reducing the coolant void effect in the CANDU reactor. - It is

| amenable to a variety 'of \'\fuel cycle modiﬁcations that bring its neutronic and
| thermalhydrauhc behavrour within acceptable limits, as well as extendmg some parameters
'_L"beyond the nommal values of the current desrgn A plethora of pracucal concerns
"demand an extensive research and development programme which will lrkely combme
E | :w1th a mgher mlanufactunng costl to raise questrons of economtc viability. Such vrablhty .‘t |
Cowill be detemnned by accountmg for both the- beneﬁts to be gamed by this concept and‘ |
the offsettmg cost of new fuel cycles such as DUPIC One of the goals. of thts.
dlssertauon. whrch was the deﬁmng of a low (or zero, or negative) v01d effect CANDU
."fuel optton that preserves as much as pOSSlble the phrlosophy of neutron economy,
'appears to be achleved by the nestecl tubular desrgn vanants presented in thrs chapter I
. Whrle 1t dld become necessary to reduee neutron economy, evrdent in the shghtly lower
. 3 burnup values usmg natural UO2 fuel the comprormse was kept to a minimum. The |

o ,_‘_dommatmg requn‘ement for fuel ennchment in these des1gns is the need to restore. the o

-0
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energy outpﬁt of the fuel to nominal levels, due to the reduction in fissile mass. The
reduction in neutron economy is a secondary factor here.

Final conclusions about the neﬁn'onic suitability of this new -design cdrice'pt‘
requirés analysis with a lattice éode better sui.t‘ed to nested tubular georn%trieé. particularly .

in the area of thé resonance group cross-section treatmérit. In addition, full-core spatial

/

analysis is needed to determine how well these cell calculations extrapolate to realistic

conditions.

o

Q
Y
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RADIUS =3.70¢cm - RADIUS =3.61em

‘tmmus =517cm
. .

~ FUEL

COOLANT

CALANDmATUBE}'

~ INSULATING GAP ,
~PRESSURE TUBE/ R

I3
- T =

“ Figure 5.1  Two Singl‘e‘Lufmp Fuel Geometries With Same Fuel Volume as in
- - Reference Cell: (a) All Fuel at Centre; (b) All Fuel Near Pressure
_Tube. ' ‘ 2 o

-~ N . ;—T -
2 ; : o
2

‘0..
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- Void Criticality Effect (mk)
£

"Figure 5.2 -

b
)

38 4 42 44 45 48 5 52
Outer Radius of Annular Fuel (cm) '

Zero-Burnup Yoid Criticality Effect (Ak,m) and Crmcallty Factor
Contributions For-a Single Lump of UQ, Fuel Wlth Samn Volume
as Reference Cell vs. Radml Posmon

at
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" Table 5.1 Zero-Burnup Void Effect and Criticality Factor Contributions for -
Single Lump Fuel Geometries at Centre and Outer Region of Fuel
~ Channel, As Shown In Figure 5.1. -

Single Lump at Single Lump Near
.- Centre - Pressure Tube
(fuel vol. same as rell._ cel) (fuel vol. same as rel. cell)

' _ Reference
Criticality 37-Element Cell
Factor '

. ;Aker-r,v Apy Akeff,v Ap, ‘ Akemv Apy,
(mk) (mk) (mk) (mk) {mk) (mk)

n .22 18 | 47 39 |, 14 0.9
f | 89 | 83 | 107 | 88 -18 | -15
o 38 | 32 | 06 | -05 | -9 | -40
pe | 117 | 99 | -15 12 |- 44 | 36
e | s2 |44 | 09 | 07| 727 | ‘s8

PN

N size of SV ratio

reference cell , ‘ @ o

. 2 iy
C . P s T ] o
. L - t
’ - o - C . A
o : - T : c v
; . . . ) = ) .
Q . - i d . - : &0
vl ‘ : Lo T ‘ - : 2 ) -
) ' . o i o ' B = ‘
E K . - s A ) e e
B S T . s P JRER
- b n ' B
c. . TG ’ N ' - . T < - . C- g
= T ' ' . oL “ T
' E L R B . " e RO ke
- o W ' Co T & ' . o ' o
: T e ¢ L o’ . a o e r
74 . : t
: g e .
) R 5 .
® - ! R R &
s Al . A
. kS : e b = e
: =R K :,:1_’._ . . .
¢ : & v
= S g e -
B e
. @ . S 2
o = N
& . et .
. : RN B
. .
= @
E) F

EFFEGT _,19.; 163 |- 125 10.2 F:-_S | 48 b

compared to 100% - : 16% 39% R
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135
1.3- '“} “““““““““““““““““““““““““““
1.25- -
eta
1.27 TOTAL k-eft
$ 1.15 *
X
2 11 e
m ...............
0
2 1.057 p(F) - : *
© epsilon
1 + |
o] R ............
0.9 o / p(E}

- 08y 38 4. 42 44 48 48 5 52
e : ) -Outer Radius of Annular Fuel (cm)

[ o

Flgure 5 3. Zero-Burnup Crltlcahty (%, and Crmcallty Factors for a Smgle

Annular Lump of UQ, Fuel (Non-Voided Case) Wlth Sdme Volume . o

as Rel‘erence Cell VS, Radlal Position.

/,f? .
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1.108

1107+
= 1.108]

1.1057

e

.

-t
1

“Criticality (i-eff)
8

d.
ry
Q
r}) .

e % 42 44 48 48 5 5.2
. ‘Outer Radius of Annular Fue! (cm)

=

. 4)" - _ o ' .- ,/:L‘ - . .
Figure 5.4 Zero-Burnup Criticality (,,) for Single Annular Lump vs. Position.
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Shown In Figure 5.1.

' Table 5.2 Zero-Burnup Criticality (% ,» and Criticality Factorq for Single Lump
Fuel Geometries at Centre and Quter Reglon of Fuel Channel, As

. . |~ Single Lump
Criticality Reference S'"g(l.? Lump at |\ oar Pressure
37-Element | = Centre _ Tube
Factor (fuet vol. same as
Cell ref. call) {fuel vol. same as
. ref. call)
o p 1.307 1303, 1.309
r ' 0.918_ 0.910 0.934
P 0.972 0964 0973
A e | 0849 0.870 0.859
€ 1.088 1.106 1083
TOTAL k,, 1.078 1.099 1.107
Reductionin SV | , ‘
compared to - 0% 84% 61%
reference cell. .
(_';‘ =
0 .
® a

.
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Void Criticality Effect (mk)
[#)]

Total Void Criticality
Effect

/4

U-235 Contrioution’

U-238 Contribution

| Eigufe 5.5

38 4 42 44 46 48 5 52
Outer Radius of Annular Fuel {cm) :
- )
Void Criticality Effect (Ak,,) For a Single Lymp of UQ, Fuel With

Same Volume as Reference Cell vs. Radial Position: Contributions
From Fissile Fuel Isotopes (Zero-Burnup).



Chapter 5:  New Fuel Design | - _ 231

cladding |

coolant ~ °

Figure 5.6 Nested Tubular Fuel Geometry With Two Concentric Tubes of Equal

Radial Thickness, and Total Fuel Yolume Same as Reference Lattice:

Cell.



(A1

Chapter 5: New Fuel Design ‘ 232

Table 5.3

Vi

Zero-Bumup Void Effect, Criticality Factor Contnbutlons, and k;
.for Two-Element Nested Tubular Design of Figure 5.6, Compared
With Single Lump Annular Geometry at Outer Region of Fuel

Channel.

£

Single Lump Near Two-Hing Nested -
Pressure Tube, Annular Design,
Criticality ‘No Cladding . With Cladding
Factor (fuel vol. same as ref. cell} {fuet vol. same as rel. cell)
Alyyy Ap, AKegy Apy
- {(mk) (mk) (mk) - {(mk)
n 1.1 0.9 15 1.3
4 -18 -15 07 | 08
Pr - - -49 -40 43 -3.5
P 44 36 | 51c | a2
€ 72 | 58 et | 50
e | 59 | as 9.2 76
K. 1.107 1.096
| Size ol S/V ratio -
. compared to 39% 69%
reference cell - :

‘A
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_ Figure 5.7 Two-Element Nw.ted"l‘ubular Geometry With Central Spacer of | A
Radius 2.59 cm, Including 0.5 mm Zircaloy Cladding, AII Coolant  ~

Subchannels Are of Thickness 2.0 mm.
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10

Void Criticality Effect (mk)
~

LEGEND:

.
e,
-

w,
*ay
-
.

*LIMIT, r=2.5889 cm

n

 Figure 5.8

05 i 15 2 25 3
. Radius of Cenir;-;l Material, Incl. Clad

-

Zero-Bu.l.'nup Void Criticality Effect (Ak,m) vs. Radius of éentral' )

-Spacer Material: Five Different Materials {D,0*" and "void" “Are

Within Zirconium-2.5% Nb Tube, Same Thickness as Pressure
Tube; All Others Are Within 0.5 mm Zircaloy Cladding). -
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LEGEND:

Void Criticality Effect (mk)

LIMIT, r<2.5889 cm —_*

Figure 5.9 .

05 1 15 2 25 3
Radius of Central Material, Inc!. Clad

Contributions vs. Radius of Central Graphite Spacer. With. 0. 3 mm
ercaloy Claddmg

4l
Rt R

Zero-Burnup Void Criticality Effect (Ak o) and Criticality Factor |
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~ Table 5.4

0

Zero-Burnup Void Effect, Criticality Factor Contributions, and k,;
for Two-Element Nested Tubular Fuel With and Without Graphite

- Spacer (With 0.5 mm Cladding) at Largest Diameter, 2.59 cm.

No Graphite Spacer

Graphite Spacer with

fo referance cell

100%

Cladding, Total
Criticality {fuel vol. same as ref. cell) Diameter 2.59 ¢cm
Factor o (fuel vol, same as ref. cell)
Akerr.v Apy Akeff,-v Apy
(k) (mk) (m¥) (k)
n 15 13 [ 1.0 0.8
f 07 0.6 17 1.4
P: -43° | -35 -15 12
=N 5.1 42 12 1.0
€ 6.1 50 2.1 1.7.
gF(?FE%"T 92 7.6 46 3.8
ko - 1.096 1.098
' ‘Coolant flow 7
area compared 43%

&

Cy

2
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1.1 - - —

1.0851

S
(?

Q8

k-eff {cooled case)
7

-
o
<o

1
’
P

Reference 37-Element o O
- Lattice Cell, k-eff = 1.078 ' \\-

1.0757 | . - | G -
- - LIMIT, r=2.5883 cm _ij :

Y5 ] 15 3 25 3
iHaQi_us of Central Material, Incl. Clad .

o

Flgure 5.10 Zero -Burnup Criticality (Cooled Case) vs. Radius of Central Spdu.r
Material: Five Different Materials {("D,0*" and "void". Are Within
Zirconium-2.5% Nb Tube, Same Thickness as- Pressure Tube, AII

: “Others Are Wlthm 0.5 mm Zircaloy Claddmg)

f_

i
-

L
o
o
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- Table 5.5 Void Effect at Mid-Burnup for Six Different Materials ("D,0*" and
"void" Are Within Zirconium-2.5% Nb Tube, Same Thickness as -
Pressure Tube; All Others Are Within 0.5 mm Zircaloy Cladding) -

Predicted Discharge | “\oid Effect
Spécef Material Burnup |
= _ . (dene)' Akepy Apy
(REFERENGE GELL: 7500 MWd/Te) (mi) (mk)
graphite 9190 23 22
SO, 8160 {28 | 22
Zircaloy-4 - e720 1 22 24
D20. . 8160 . 25 | .24
e T D20t - | «-- 8000 26 25
void 8320 | 23 | 22
; SN R :’;
t‘;}\
C .
: ; - Gy "
N



Chapter 5: New Fuel Design

Table 5.6 Search Boundéri&e and Criteria.

i

Test Parameter i
- Criterion
Description Formula '
Max. fuel temperature,” o
. = £
minus clad-coolant AT T * ,AT“‘“ AT, <2000 C.
Min. subchannel width (Ardan 0tem
Max. rslative deviation betwean el
relative flow rate and relative |P; - Wy '
ISR 4 4 0.02
power deposition in each W, :
" subchannel 4
Min. fuel glement thickness - (A 0.3 em
* Max. relative deviation between A4 = _
fiow area of test and reference T 0.02
geometry Ac ya .
Max. ratio of pressure drops for —Afﬁ <11
test and reference cell Pt '
C
. Max. ratio of fuel element heat P <1.0
. i .
fl:.lt{:es for test and reference cell rGs
. o _
c
o
&
Hl
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&

G S G 8

Fuel Cross-Sectional Area (cm*2)
n
- @

g

- : S f _
2 14,16 18 ~2 22 24 26 2'_‘3);\._/.3 3o
- Radius of Central Spacer (cm) ==

7

Cop

" 'Figure 511 Region of Criteria Satisfaction (except Maximum Heat Flux) for
Two-Element Nested Tubular Fuel, Using Coordinates of Fuiel
.~ Cross-Sectional Area and Central Spacer Radius._. '

i
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o,

’ ff‘ . ‘ ’
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Fuel Cross-Sectional Area (cm*2)

: Pan 1% N
-‘N" n 8 N "m*' n 9 O
o3 a3 o8 ad o

Ay
N

n
U

Figure 5.12

195 2 205 21 215 22 225 23 235 24
Radius of Central Spacer (cm)- _ . '-

Reglon of Crlterla Satisfaction (Except Maxnmum Heat Flux) lor.‘
Three-Element Nested Tubular Fuel, Using Coordinates of F‘uc.l .

Cross-Sectional Area and Central Spacer Radius.
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6800 - 9.2
. 6600 + = void effect - 2-9
£ 64001 8.8 =
s . | 8
~ =
5 T
£ 62001 8.6 &
=1
@ 8
o 2
G
g 6000 = -84 5
2 - p=
L e LINEAR FIT FOR
5800 - BURNUP DATA 8.2
60055 % 285 37 275 28 285 29 285 30 308

= Fuel Cis-Secﬁonal Area (cm™2)

Flgure 513 Dnscharge Burnup and Zero-Burnup Void- Crntncahtv (Ak,;,) as a

Function of Fuel Cross-Sectional Area for a Three-Element Nested
Tubular Design with Graphite Coolant Spacer. '
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Figure 5.14 Geometry for Case 3E-NU-GS: 'i‘hree-Element,éNatura! UO,_,j

11N
110

. coolant

coolant
coolant

7

' = fuel ~

Nested Tubular Fuel With Graphite Coolant Spacer.

I

o '

_ '\‘fl‘ghl:e 5.7 Speciﬁcatioﬁs for Case JE-NU-GS.

; coolant

calandria tube

‘pressure tube

fuel element
fuel element

fuel element

graphite spacer

A

1 = graphite spacer

} L il = pressure or
: calandria tube .

Specification

Value “

Spacification

Value

radius of graphite spacer
outside radius of spacer clad
inner radius.of Element 3 cladding
inner radius of Elsment 1 fuel meat

outer radius of Element 1 fuel meat ‘

ouler radius of Element 1 cladding

inner radius of Element 2 cladding

inner radius of Element 2 fuel meat

outer radius of Element 2 fuel‘ meét ’

outar radius of Elamant 2 cladding

341cm

2.04 cm
2.09 cm
240cm °
245¢cm
2.86 cm
291 é:rn
3.36cm

3.85cm
3.90 em

innar radius of Element 3 cladding

~ inner radius of Element 3 fuel meat
- outer radius of Element 3 fuel meat
-outer radius of Element 3 cladding

inner radius of pressure tube .-
total tuel cross-sectional area
wid'.th of Elell'nant 1 fuel meal
width of Element 2 fuel meat
. width of Element 3 fuel meat
ratio of total fuel volume to ref. cell

- 4,36 cm

4.41cm
4.83 ¢cm
4.88 cm
5.17 ¢cm

292 em?

0.41 cm

. D44 em-
0.42 cm

68%
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Table 5.8 Case 3E-NU-GS:

Calculated Results Compared with Reference

Lattice Cell.
Caleulation Reference Cell 3E-NU-GS
zero-burnup k,,'(cooled case) 1.078 1.086
zero-burmnup AKX, - 193 mk 8.6 mk
) zero-burnup Ap,, 16.3 mk 7.2 mk
zero-burnup A4,,, with critical bucklings "15.9 mk 2.8 mk
= mid-burnup £,, (cooled case) 1.019 1.017
mid-burnup Alr,m,. 14.1 tnk 3.0 mk
_ ~ mid-burnup Ap, . 133 mk 2.9 mk
mid-bur'ﬁup Ak, with crﬁical bucklings 13,0 mk 1.7 mk
‘ discharge burn'up 7500 MWd/Te 6500 MWd/Te
. estimated ratio cf avg. heat flux for 10 09
Element 1, to max. reference cell value T
* estimated ratio of avg. heat flux for - 10 1.0
Element 2, to max, reference cell value '
estimated ratio of avg. heat flux for 310 ' 1.0
Element 3, to max. reference cell value
estimated ratio of pressure drop across 1.0 0.9
fuel to that of reference cell
estimated ratio of fuel throughput to that 10 17 y
of reference cell ‘ .
= a
O
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Case 3E-NU-GS: Summary of Total Void Effect ?and Criticality

Table 5.9
Factor Contributions for Zero-Burnup and Mid-Burnup Lattice,
| Void Criticality Effect. | Void Reactivity Effect | Vi o, ot
Criticality . . o
Factor Zero-'Bumu;; Mid-Burnup | Zero-Bumup Mid-Bumup Zero-Burnup Mid-éumup
(mk) (k). (k) {mk) )y |
N 24 -1.9 . 20 -18 2.2 -1.8
f " 35 1.4 29 | 14 2.0 1.0
p: -3.1 -2.9 -26 -28 -4.4 -32
Pe 14 16 [ 14 1.6 -15 1.0 -
€ 4.4 47 3.7 45 45 a7
TOTAL '
EFFECT 86 3.0 7.2 2.9 28 1.7
K, _ -
ooy casey | 1086 | 1017 | 1086, [ 1.017 1.000 1.000
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5 1.1
8. Void Crificalty Effect | | mi-bumup point 108
7..: -1 .06

\
— N e,
-é 6-' _-_-_": -‘--\-..h ”1-04
'.‘.“ .'\_-ss“ E . . =
g 5 \ ‘ ~i - k-eff, cooled case -1 02 g
- 4 ‘ . ..‘s"‘ . -1
Void Reaciivity Efiect | ™ - .
3“ | o ey . i 0.98
2i 096

2u.
Eree
L2
oa
.....

-
.....

1

"0 01 02 03 04 05 06 07 08 09 1

0.94
Fraction of Exit Bumup (6500 MWd/Te)

Figure 5.15 Case 3E-NU-GS: Void Reactivity Effect (Ap,), Void Criticality

Effect (Ak,;), and &, (cooled case) vs. Burnup Fraction.
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o
Q
7

0.0144
0.0134
0.012;

Normalized Flux (total, al

- 0.0114 .

CHANGE IN THERMAL
FLUX FRACTION: -3.0%

Outer surface,
graphile spacer

Eiement 3
Element 2

0.01

Figure 5.16 Case 3E-NU-GS: Normalized Spatial Distribution of Thermal Flux
) Across Mid-Burnup Lattice Cell for Cooled and Voided Cases.
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0.0035
cooled case
_ 0.00%H e voided case
" 0.0085{--"7" CHANGE IN EPITHERMAL
k! FLUX FRACTION: +3.9%
S 0008 | L :
= : =~ leag— moderator —ge-
E 75 i Element 1 _ N :
g 000751 Elemen N
X o007 | Eementa |
i ) ;
L
T Outer surface, !
g 0.0061 | graphite spacer :
2 ' P
0.0055
00— F 0 % & 25 30 35 40
' ' Mesh Point ‘

Figure 5.17 Case 3E-NU-GS: Normalized Spatial Distribution of Epithermal

Flux Across Mid_-Burnup Lattice Cell for Cooled and Voided Cases.
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0.004 ——
: : /! N~ \\\ cooled case
.. 0.00357 f', R R voided case
f - — ‘ '
i ool g
% 0.00257 Element 1 _ -. \ -
% Element 2
£ 0.002 Element3" \% i | ;
x ' et— moderator —f-:
IL 000157 { ‘
g L |
“E 0.001- Oﬁter_surface. _ ?
5 . graphite spacer /,K
< 00005 | S
0 : 3 — i . i : : : 1
0 5 1o 15 20 25 30 35 40
‘ Mesh Point

Figure 518 Case 3E-NU-GS: Normalized Spatial Distribution of Fast Flux

Across Mid-Burnup Lattice Cell for Cooled and Voided Cases.
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8] ' ' . ————— LEGEND:

Void Criticality Effect (mk)

%2 04 o8 08 1 12 14 16 18 2
: - Fuel Enﬁchment (Yowt)

anure 5, 19 Effect of Enrichment on Case 3E-NU-GS Zero- Burnup de
' \,rmcallty Effect and Criticality Factor Contributions. - ‘

<

T
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)

 Void Criticality Effect (mk)

------
----------
-----
-
-t

- "NATURAL FUEL, 0.72 %wt

%2 04 06 08 1 12 14 16 18 2
Fuel Enrichment (%wt) .

U

el

W]

LEGEND:

Figure 520 Effect of Enrichment on Case 3E-NU-_G’S: Zero-Burnup Void
Reactivity Effect and Criticality Factor Contributions.
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ENRICHMENT = 1,10 %wt
BURNUP = 17 GWd/Te

3

—
o

-t
@

-
»

Discharge Bumup (GWd/Te)
2

...
.
+
'0
3

b4

-

i BURNUP =11 GWd/Te . .

‘ ENRICHMENT = 0.87 %wt I .

LEGEND:

=

Test Geomelry
EY
Ref. Geometry

A

Lineqr Fit, Test

Linear Fit, Ref.

%7 075 08 0B85 09 085 T 105 11 145 12 1.25
' Fuel Enrichment (%wt)

Figure 5.21 Discharge Bufnup vs. Fuel Enrichment for 3E-NU-GS Geomefi'y
and Reference Cell Geometry, With Least-Squares Linear Fit.

&
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Table 5.10 Case 3E-EU-GS: Calculated Results‘Compared with Reference
Lattice Cell. - ' '

Calculation Reference Cell | . SE"EU‘GS

(1.1 %w1U0,)

zero-burnup £,, (cooled case) © 1078 1.263
zero-burnup A4,,, 193 mk " 8.4 mk
zera-burnup Ap, _ 16.3 mk 5.2 mk
zero-burnup A, with critical bucklings 15.9 mk -8.0 mk
“mid-burnup 4,, (cooled case) 1.019 1.022
mid-burnup Ak, | ' o 1Al mk ' : 3.2 mk
o mid-burnup Ap, 13.3 mk S 31 mk
mid-burnup A &, with critical bucklings 13.0mk 1.6 mk

. discharge burnup 7500 MWd/Te 17000 MWd/Te

estimated ratio of avg. heat fux for | -

Element 1, to max. reference cell value R 1.0 0.8
estimated ratio:of avg. heat flux for 4o ' 0
Element 2, to max. reference cell value |~ o o -
estimated ratio of avg. heat flux for , 1 O 10
Element 3, to max. reference cell value - : '
estimated ratio of pressure drop across 1.0 0.0
fuel 1o that of reference cell _ ) '
*-|1.-estimated ratio of fuel throughput to that 1.0 0.7
" of reference cell ST ' :
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Y

e

-

Table 5.11 Case 3E-EU-GS: Sufnmary of Total Void Effect and Criticality
Factor Contributions for Zero-Burnup and Mid-Burnup Lattice.

o Void Griticality Effect | Void Reactivity Effect | VO Eflect: Giitica
" Criticality -‘ 9
fFactor“ Zero-Bumup | Md-Burup | Zero-Burmup | Mid-Bumup | Zero-Bumup | Mid-Burnup
‘ (miq (i) (k) (mk) (mk) k)
n 22 -22 14 -21 1.7 -2.2
f 37 1.0 23 1.0 0.4 07
Pe -37 -2.9 23 | -28 -8.1 -33
Pe 1.8 2.7 1.1 25 |..-70 1.8
€ 4.4 47 2.8 44 48 47
TOTAL - - ' -
EFFECT 84 3.2 52 3.1 . ~8.0 16
oy casey | 1268 1.022 1263 | 1022 1.000 1.000 -
o6 _ i
0 * ) »
= L N e B
. _: o .

.,

2
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W

i,
Siots for mixing
between subchannels

= graphite spacer

ik = bressure or
A calandria tube
Figure 5.22 Conceptual Ilustration of Three-Element Nested Geometry

Modified to Allow Coolant Mixing Between Annular Subchannels,
Actual Slots Would Require Rounded Edges. . _ :

et
bl

o
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S

_ Spacers between
\ annular fuet elements

= fua!

= graphite spacer

_ pressure tube,
~ calandria tube, or
spacers

Figure 5.23 Conceptual Illﬁstration‘-‘of Three-Element Nested Geometry With
Inter-Element Spacers to Prevent Subchannel Blockage.

[\

B
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Table 512 Zero-Burnup Void Criticality Effect (Ak,z,) and Discharge Burnup of

Three-Element Nested Tubular Lattice Cell With Different Coolant
Spacer Materials.

‘ Natural UO, 1.1 %wt Enriched UO,
Spacer - - -
Material = Ak Discharge | Discharge

‘Case ;”"’ Burmup Case Akyyy Burnup
(mk) (MWd/Te) (MWdITe)
Graphite [ 3E-NU.GS | 86 6500 [|3E-EU-GS | 84 17000
Zircaloy 4 || 3E-NU-ZS | 8.0 4000 | 3E-EUZS | 77 15500
Sio, BE-NU-QS | 8.1 5600 [3E-EU-QS{ 80 | 16400
SIC' || 3ENU-SS | 83 | 4600 |3EEUSS| 75 | 15900
4:2‘
&
)
2% »

i
o 8

o
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Figure 5.24 Estimate of Effect of Fuel Surface-to-Volume Ratio (S/V) on
Epithermal Group E(‘iscape Contribution to Veid Criticality Effect

_ (Apg). ©
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|

Figure 5.25. 3E-NU-GS Geometry With 53 False "Fuel Pins" Embedded Within

Outer Element.

e
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Table 5.13 Estimated Effect on Ak, of Accounting for Proper $/V Ratio in
Case 3E-NU-GS and Case 3E-EU-GS. :

Akuny From Previous Eslt:l_ma‘::c; I;r:m BhY Resonar:d:t;ICu'rectnon
Calcutation ‘gtre S
Case Burnup {From Table 5.9 and . -
Relat| .
Table 5.11) elative Ay Relatrve_ Akpy
(i Increase in i Increase in (rnki
Ape Apg
zero-bwrnup - 86 3.0 14 55 148
3E-NU-GS
~ mid-burnup 3.0 3.0 82 46 8.7
- zero-burnup - B4 3.0 12.0 47 151
JE-EU-GS .
mid-burnup - 32 3.0 86 340 8.8

calandria tube

pressure tube

fuel

graphite spacer

graphk%spacer

. p&}?&?ﬁ}um

Figure 5.26 Simplified Geometry Used to Benchmark WfMS-AECL Using
MCNP-4. . ' g ‘

O
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Table 5.14 Comparlson of Criticality and Void Effect Between WIMS-AECL
and MCNP-4, Usmﬂ Geometry of Figure 5.26.

Parameter WIMS-AECL o2 Qﬁgl‘ffs‘l:ies)
k. (cooled case) 1.1618 1.1496 + 0.0001
Kk, (voided .case) 1.1648 1.1522 = 0.0001
Ak, - 29mk 26+02mk
Apy 22mk 2.0%0.2 mk

Table 5.15 Effect of Changing Various WIMS-AECL Input Paramtters (Using

Case JE-NU-GS).
' ' : Criticalit
Net Etfect on Ak,,, | Net Effact on Ap,; | Net Etfect on Factor
Changs to Input File |- v 3 k. {cooled Contribution
o~ [NOMINAL VALUE: 86 mx} (NOMINAL VALUE: 7.2'mi) case) ¢ Affected
maore annuli added none none none ~ none
simple D coefficient ; )
caloulation . +11mk | +0.9 mk .nona f
old resonance _ ‘
¢ treatment +2.8 mk - +2.2mk +1 mk Pe

i
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Table 5.16 Comparison Between Winfrith and ENDF/B-V Libraries Using
Reference and 3E-NU-GS Lattice Cellis,

iy

- Winfrith ENDF/B-V
¥ Library Library
(mk) {mk)
geometric Bk 19.3 - 188
bucklings S
zero-bumup | oy 163 15.8
critical
reference bucklings | Kenv 15.9 127
37-element : N
lattice cell D geometric Ak, 14.1 1 3.?_ s
bucklings
mid-bumup 4p, 133 .128
critical ‘
bucklings | “Ketv 13.0 1.9
geometric | AKenv 8.6 8.6
bucklings ,
> zero-bumup Apy 7.2 7.2
critical
i Ak, 28 26
3E-NU-GS bucklings A7
Lattice cell
geometric Bhery 3.0 35
bucklings
mid-bumup ‘ 4p, 2.9 33
critical N
buckings | Ay 17 2.0
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Y,
14 1 ‘55
Void Criticality Effect
.[3_ B 1 .5
4} ]
1-1_ "1 4 g
— B
£ 10] -1.35
g o 138
o O
— <
6 8- - o 1 .25 _a\
> Void Reactivity Effect -§ .
71\ / MINIMUM AT 0.3%wt PuO2 * 1.2 2
O
= R A S — -1.15
5 - T . ‘ 1A
A" y
! _
% 1 5 5 3 5§ B Y8 5 1%

g

- Figure 5.27 Effect of Using Pu-MOX Fuel in 3E-NU-GS Geometry, as a
Function of PuO, Weight Fraction (Zero-Burnup Lattice); Void
Criticality Effect (Ak,j,), Void Reactivity Effect (Ap,), and k,,

o
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Table 5.17

Calculated Results for 3E-NU-GS Geometry with Alternate Fuel
Cycles: 0.3 %wt PuO, MOX (Case 3E-MOX-GS) and DUPIC (Case
JE-DUP-GS). ' o
~ Calculation 3E-MOX-GS 3E-DUP-GS
‘zero-bumup £,, (cooled case) 1.225 1.398
2ero-burnup AK,,, 6.5 mk 9.3 mk
zaro-burnup Ap, 4.3 mk 4.7 mk
zero-burnup A%, with critical bucklings -8.5 mk -16.4 mk
mid-burnup &, (cooled caée) 1.014 1.041
mid-burnup A, 3.0 mk " 4.8 mk
mid-burnup Ap, 29 mk - 4.4 mk
mid-burnup Ak, with critical bucklings 2.0 mk 1.9 mk
):E ,dischargé burnup 12500 MWd/Te | 24000 MWd/Te
estimated ratio of avg. heat flux for 08 0.8
Element 1, to max. reference cell value’ ' :
estimated ratio of avg. heat flux for 10 ' 0.9
Element 2, to max. reference celt value ) :
estimated ratio of avg.-heat flux for 1.0 10
Elemeant 3, to max. reference cell value ' -
estimated ratio of pressure drop across 0.0 o g/f \f_'r‘r?
fuel to that of reference cell ' L f
estimated ratio of fue! throughput to that .\f
s D.g 0.5 -
of reference cell .

Table 5.18 Composition or'Approximated DUPIC Fiiel:

Isotope Abundance (%wt)
U-234 0.014
U-235 0.762
U-236 0.373

& U238 86.165
Pu-239 0.484
Pu-240 0.194
Pu-241 0.115
Pu-242 0.045
0-16 . 11.847

Q



Chapter 5:

New Fuel Design

265

Table 5.19 Properties” and Calculational Results for High Density Fuels.

. . Melting . U Density k Discharge
Material PL. Ponely | metatve 1o e ons | cockea | Bumup |
i C) . Ref. Cell case) (MWd/Te)
UN 2630 14.32 1.40 9.7 12.2 0.888 nfa
U,Si, 1660 12.20 117 9.4 7.8 1.093 7000

Table 5.20 Calculated Results for 3E-NU-GS Geometry Using Differential
- Enrichment: Case 3E-DE-GS (Element Enrichments From Inside
Out: 0.20 %wt, 0.72 %wt, 1.91 %wt) Compared With Case 3E-EU-
GS. Average Enrichment In Both Cases = 1.1 %wt. Note that
Geometry of Case 3E-DE-GS Is Not Optimized for Heat Flu\.

Calculation (fggélgj,ﬁs: 0 3E-DE-GS
zero-burnup &,, (cooled case) 1.263 1.275
zero-burnup Ak,,,,;, 8.4 mk 3.6 mk
zero-burnup'Ap,, , 8.2 mk 22 mk -
Zero-burnup A4, with critical buclliings -8.0 mk -13.2 mk
mid-burnup k., (cooled case) 1.022 1.026
mid-burnup Ak, 3.2mk’ 0.6 mk
mid-burnub Ap, 31 mk 0.5 mk
mid-burnup Ak, with critical bucklings 1.6 mk -1.3 mk
i discharge burnup 17000 MWd/Te" 17000 MWd/Te
estimated ratio of avg. heat flux for 0.9 02 °
Element 1, to max. refarence cell valus ’
estimated ratio of avg. heat flux for
Element 2, to max. reference cell vaiue ° 10 0.6
estimated ratio of avg. heat flux for ;0 17
Element 3, to max. reference cell value
estimated ratio of p;'essure‘ drop across 0.9 : 0.9
fuel to that of reference ceil ’ ’
estir;ated ratio of fuel throughput to that 0.7 ' 0.6

of reference cell

i

L
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calandria tube

prassure twbe

. fuel elemént

fuel element
fuel element

graphite spacer

coolant
coolant
coolant
coolant

= fual

graphite spacer

= pressure or.
calandria tube

N

Figure 5.28 Geometry for Case 3E-MOX-DE-GS: Three-Element, Differentially
~ U-235 Enriched, 0.3%wt MOX, Nested Tubular Fuel With Graphite
Coolant Spacer. Element Enrichments, From Inside Out: 0.4%wt,

0.65%wt, 1.0%wt. Average U-235 Enrichment = (.72 %wt.

Table 5.21 Specifications for Case 3E-MOX-DE-GS.

Specitication Value Specification Value

“ radius of graphite spacar ) 184 cm innar radius of Elament 3 cladding 447 cm

outside radius of spacer clad - 199 cm inner radius of Element 3 fual meat 4.52cm

inner radius ol Elemant 1 cladding 231 cm outer radius of Element 3 fuel meal 4.83 cm

inher radius of Etement 1 fuel meat - 236 cm ouler radius of Element 3 cladding : 4.88 cm

outer radius of Element 1 fue! meal 3.10 cm inner radius of pressure tube 517 em

“outar radius o! Element 1 cladding 3.15cm . lolal luel cross-sectional area 29.6 cm?

Innar radids of Element 2 cladding 359 cm . widih of Element 1 fue! meat ) 0.74 cm

* inner radius‘“ﬁl Element 2 fuel meat 3,64 cm width of Elemant 2 fuel meal 0.33 cm
" ouler radius of Elemant 2 fusl meat 3.97 em widih of Element 3 fuel meal 031cm
ouler radius of Element 2 cladding 4.02 cm ___ralio of total fuel volume 1o rel. cell 69%
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Table 5.22 Calculated Results for Case 3E-MOX DE-GS Compared wnth Case
3E-MOX-GS: Effect of anferentml Enrichment.

R

= . 3E-MOX-GS
Calculatlon (from Table $.47) 3E-MOX-DE-GS
zero-bumnup £,, {cooled case) 1225 : 1.236
\ﬁ\ T zero-burnup Ak, T ol L BSmk N 43 mk
« zero-burnup Ap, 4.3 mk 28k
zefb-burnup Ak, with critical bucklings ' -85mk - -10.2 mk
) mid-bumup k4 (cooled case) 4 1.014 = 1.015
mid-burnup A 4,, ) 3.0 mk 1.3 mk
mid-burmup Ap, © 29mk 1.2 mk
mid-burnup A&, with critical bucklings 2.0 mk - 03 mk
discharge burnup 12500 MWd/Te 12500 MWd/Te
estimated ratio of avg. heat fiux for 0.8 B 1.0
Element 1, to max. reference cal! value ’ ’
estimated ratio of avg. heatilux for 10 07 @
Element 2, to max. reference cell value - o ) : _—
‘ estimated ratio of avg. heal flux for 1.0 ) 10
Element 3, to max. reference cell value - -
" estimated ratio of pressure drop across = 0.9 0.9
fuel to that of reference cell ’ . T
estimated ratio of fuel throughput to that > 0.9 0.9
of reference cell e ’ .

3}

-

b
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Alloys at Zero-Burnup.

Table 5.23 Estimated Effect of 99 %wt Zr-90 E

nrichment in Fuel Channel

" Natura! Zirconium S0 %wt Zr-S0 Enriched Zirconium
Case . : K - ' k —
Ak, y Ap, ** . | Bumup || Ak,,, Ap,, ot Burnup
(mk) {mk) (Z"s:d (GWdITe) Pl (mK) (‘:‘x}d (GW/Te)
- 3E-NU-GS - 886 7.2 1-088\‘.' 65 3.8 48 1129 Q7 ¢
3E-EU-GS o ' - -
(.1 %W UG} - 84 5.2 1.263 17.9 5.3 3.1 1.306 19'7. .
UN fuel in . L ¢ ' -
3E-NU-GS 97 | 122 | 0888 | na 78 9.0 0.912 n/a
geometry ‘
.+ UySE, fuel in w ‘ )
' 3E-NU-GS 9.4 . 7.8 1‘093 7.0 6.6 5.1 1.130 9.9
geomelry” _ : . . . -
. #
3E-DUP-GS ‘ ' - s
(DUPIC fusl) 9.3 47 1.398 .‘ 24.0 6.6 3.2 1,398 . 27.0
3E-MOX-GS - . '
(MOX fual 6.5 4.3 1.225 12,5 3.9 24 1.263 :15.0
[« ) ! .
< By
3E-MOX-DE-GS || - : : N -
{MOX tfuel, ditferential [~ 4.3 - 28 1.236 125 13 0.8 1.254 13.8°
anrichment) . ' 2
- o o
ok . e
- : : o
c

[+

&
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Table 524 Calculated Results for Cases 3E-MOX-EZ-GS and 3E-EU-EZ-GS:

=]

Two Previous Cases (3E-MOX-GS and 3E-EU-GS) With Enriched

Zirconium Substituted.

Calculation = 3E-MOX-EZ-GS | 3E-EU-EZ-GS
zero-burnup £, (cooled case) 1.263 1.306
,- .zero-bumup Ak - 3.9 mk 53 mk
Zero-bumup Ap,, 2.4 rpk 3.1 mk
‘gero-burnup A:gi;,,,,with critical bucklings -1 4.3‘ mk =148 mk
_ mid"burnup £, (cooled case) .1.015 1.017
rﬁid;burnup Akyy 0.3 mk 0.4 mk
mid-burnup Ap, 0.3 mk ' 6.3 mk
mid-burnu;; AK,,, with critical buckﬁngs -0.7 mk -0.9 hk
_ discharge burnup 15000 MWd/Te 19700 MWd/Te
estimated ratio of avg. haat flux for 08 : 08
Elemant 1, to max. referenga cell value
estimated ratio of avg. heat flux for 1.0 ' 1.0
Element 2, to max. reference cell value
estimated r'étic_) of avg, heat flux for 10 10
Element 3, to max. reference ceil value —
estimated ratio of pressure drop across ¢
fuel to that of reference cell AN 0.8
estimated ratio of fuel thréughput to that 07 . 0.6

of reference cell

v

e
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Table 5.25 Calculated Results for the "Cumulative Case” 3E-MOX-DE-EZ-GS )
: Compared with Reference Cell:- Three-Element Nested Tubular
Fuel, 0.3 %wt PuO, MOX with Differentially Ennched Uranium,

and 99 %wt Zr-90 Ennched Alloys.

Calculation Reference Cell 3E-MOX-DE-EZ-GS
zero-bumup £,, {cooled case) 1.078 1.254
zero-bumup AK,,, 19.3 mk 1.3 mic .
zero-bumup Ap, 16.3 mk 0.8 mk
2zero-burnup A4, with critical bucklings 159 mk -152mk *
m:d-bumup k,, (cooled case) 1.019 1.010
mid-burnup A&, 14.1 mk -1.2 mk
\\ .
mid-burnup Ap, 13.3 mk -1.1 mk
- mid-burnup’ A&, with critical bucklings 13.0 mk ~1.9 mk
discharge busnup 7500 MWd/Te 13800 MWd/Te
estimated ratio of avg. heat flux for 4 i
.0 1.0
Elerment 1, to max. reference cell value -
estimated ratio of avg. heat flux for 1.0 0.7
Element 2, to max. reference cell value : - '
estimated ratio of avg. heat flux for 1.0 1.0
Elernent 3, to max. reference cell value : ’
estimated ratio of pressure drop across 1.0 0.9
fuel to that of reference cell ST )
estimated ratio' of fusl throughput to that
: 1.0 0.8
of reference cell .
] c
[
o
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Chapter 6

Summary and Conclusions . =

This dissertation has proceeded from a statement of goals in Chapter 1, through

a description of methodology in Chapter 2, an analysis of component effects in Chapter 3

in Chapter 5. The ‘content -of these chapters and the ‘major findings tlg;@r} are ~

summarized here, along with concluding remarks and suggestions for further work.

6.1 Incéhtii*e and Goals :

* and amelioration strategies in Chapter 4,t0a comprehensive look at a new design concept _

One of the main determinants of the safety s&t\ndown capablhty of CANDU is the

NA

: voxdmg in CANDU -is not & barner to safe operation, and in" fact provides a “Fast tnp

signal via neutr'c(:}nic rather than thermalhydraulic processes. Regardless of system safety

A

Q) . . . . . .
howéver. the simple exxstence of a posmve void coefﬁc1ent may become an obstacle in

potennal markets .with estabhshed non-CANDU power reactor programmes An incentive

»

therefore exists for thc developiment of a low void reactivity CANDU fuel bundle that

does not compromise the established system design‘ already familiar in these markets.

& - o
o The approach taken by AECL involves the strategic placement of neutron poison

N

2711 - 7

... reactivity msemon on loss of coolant. QThe pos;uve reactivity ‘coefficient of coolant .

~

0
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material within the contemporary bundle geomertry, cdmpensated by the use of slightly
enriched uranium elsewhere in the bundle. In calling for the addition of neutron poison |

to the lattice cell, this tactic represents a significant departure from the guiding principle
-I:: ‘\"‘.-,—:’-"[‘ . -
of maximum neutron economy in CANDU design. This dissertation therefore set out 1o

[

explore an alternate strategy which preserves this principle, as a research goal in its own

right and as supplementary resea_fch to the AECL programme.

The primary goal of this project was a preliminary design, based on lattice cell
calc111ati6ns using WMS-AECL; of a l;aw void‘pffect CANDU fuel bundle that does not
rely on acided neutron poisons in the lattice: This new fuel design would- be capable of
u;:e within & conventional CANDU core, implying tflat the design should Pot reﬁﬁire a
modiﬁcatioh to (1) System thermalhydraulic pa}ratnetéré, and (2) system com‘ponents
beyond the boundary of the pressﬁre tube. The target vdid effect. is anytﬁing less than

that inducing prompt criticality, for while negative reactivity satisfies the requirement of

\{‘ some customers, a low positive reactivity (sub-prompt critical) retains the neutronic trip .

characteristic described above.
A secofldary goal of this dissertation was a critique of methodology for analyzing

g{é‘:CANDU'voiq. effect using lattice cell codes, and the establishment of a consistent

T

| approach to such analysis. This apf:roach could then be applied to both the contemporary

CANDU lattice cell and a collection of pgrfﬁrbations that capitalize on one or several
_ _ .

component neutronic -effects.

o - . :

As such; this dissertation would then form a definitive statement of background, _

methodology, causal analysis, perturbation analysis, and new design’ :

I

Q

@
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6.2 Descnpuon of Methodology

A general_zed consistent approach 1.s..necessary in the analys1s of CANDU void
reécuvny. The concept of "void reactivity” itself is expressed in several slightly different
‘manners throughout the literature-, resulting in Signiﬁcantly different numéri_cal results
when &, 15 far from unity. In this disseriation the void criticality effect is defined as AR,y
upon 100%: instahiéneous vc;iding, and the void reactivié' effect is defined as d.p under
the same conditions. | |

" .queral “aspects of lattice cell modeﬂing bear Scrdtiny. The ‘ass‘umption of an
rinfi‘mite :ia?tﬁce:~means that non-uniform core fuéiling cannot be accurately modelled,

although a-mi‘c;l-‘burg'_mp“ results are a good épproximation of equilibrium conditions.

Imposing.cr'itica.l ‘conditions updn the lattice will avoid the problems of normalization, but’

3 the void effect Is sensitive to the method of forcing cnucahty (added absorptlon or added'

: leakage) In v1ew of thls sen31t1v1ty and the time requu‘ed to model criticality in each

case of a parametnc study, the supercntlcal lattice is used in this dissertation. The critical

~ lattice with added leakage is reported in significant cases for completeness.

Several other aspects of lattice cell modelling are briefly visited in this

v B - -

dissertation, but not explicitly accounted for in the parametric analysis. Core leakage is
a minor phenomenon in the CANDU core, and the éontribution"of changes in leakage to

" the void effect is correspondingly minor. WIMS-AECL has been shown to reasonably

o

~ reflect these changes through its diffusion coefficient, and any such effects are treated as

. ‘added absorption in the analysis. Another neglected parameter in the analysis is the

v
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change in neutron lifetime, which is estimated to increase the actual + 5id effect, in terms

of point kinetics parameters, by up to IQ% when compared with thz lattice cell results at
mid-burnup. .f_Finaily, the uncertainty associated with the WIMS-AECL calculations is not

quoted here, but is estimated to be about 2 mk at zero-burnup and increésing slightly with

burnup. The error associated with heterogeneous void distributions (partial voiding) is

5 :;\“1‘
judged to be insignificant. - ’

Small vagaries in data manipulation can sometimes skew one’s interpretation of

results. Absolute group flux, for instance, is a meaningless quantity in terms. of lattice

cell calculations, but relative group flux can also become meaningless -when the

normalization is not performed with care. The best approach is to normalize to total flux .

summed over all energy groups, with separate normalizations for the cooled and voided

o o

cases. A valuable technique Toi=interpreting data is to seperate all effects into their

traditional “six-factor formula" components. A cdnsistent\methdd. with slight deviation'S :
“from the exact "six-factor" formulatlon, is found in the crmcalm' Jactor approach defined

and used extenswely in th.lS dlssertanon This approach accounts for partial contnbunons

through a second-order Taylor series expansmn whxch is a detail not found in the

Jiterature,

The examination of methodology found here serves as a comment on the

techniques in general, as well as a necessary preparation for the analysis to follow.

.
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6.3 Analysis of Component Effects

-

An attempt to manipulate the void effect in CANDU begins with a detailed look

at the component phenomena that create the effect. These phenomena have spatial,

spectral, and isotopic dependence, and consist of many opposing constituent forces
producing a net overall effect. : The essential condition at the root of all else is the
heterogeneous distribution of spectral sources within the lattice:  high energy neutrons

originating in the fuel reglgyn and low energy neutrons originating in the moderator region.

=

The chief neutronic role of the coolant is to create an epithermal flux from these two

sources, through down or up-seattering. and consequently the Iargest contribuior to the

kﬂ' a

void effect isa decrease in ep1therma1 absorpuon Smaller contributions come from the

increase in ekt fission and, in low-burnup cases, thermal utilization.” In equilibrium or

“high burnup cases the presence of plutonium causes a ne\tglec\gease with voiding of
thermal utilization and fission neutrons per fuel absorption, leading to a lower void effect.

=

The v'oiding of coolant also effects a spatial redistribution of thermal flux,

increasing in the centre region of the fuel bundle and decreasing in the outer region and
moderator. In high burnup cases the decrease in the outer fuel region is a dominhting

-‘negetive influence on the qvoid effect, actin:g mainly throiagh the strong decrease in n for

Pu-239. Countenng this localized effect, the neganve influence of U-235 in the outer fuel

region decreases with burnup due to both depletion and absorption competition from -

) O

‘ ﬁssmn products At all burnup steps, however, the combined "outer ring" contnbunon ¢

&

of U-235 and Pu-239 to the vo1d effect is significantly negative. g

[

Ch
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6.4 Amelidr_ation Strategies

Strategies for reducing, or ;eversing. the void effet;:: in CANDU expldit the
spectral; spégial. or ‘material dependence of the phenomenon. Although changes to the
moderator a{e:incomlpaltible\ with the goals of this dissertation, reductionrin moderator

volume is a clear example of the spectral approach. The void effect in this case is

* reduced by decreasing lattice moderation, and therefore incréasing the moderating

importance of the coolant. The spectral approach can also be taken by increasing the

moderator temperature. ~ The void effect is decreased, albeit only slightly, by thus

- reducing the significance of rethermalization in the coolant. Increasing the moderator

D,O pui‘ity, and thefeby reducing absorption in a region of thermal flux depression upon

- voiding, is an'example of a spatial apprbach. The benefit achieved in this manner is

negligible however.
Several strategies involve modifying the content of the fuel pins, while maintaining:

the conventional 37-element fuel bundle geometry. Enriching the U-235 abundance in
’ . _ - Q
the fuel increases absorption throughout the spectrum and actually increases Ak, at low

. A
enrichment levels, while decreasing Ap due to the increase in criticality to which it is

normalized, A’ clearf‘bgneﬁt. regérdless of ‘deﬁnition, is gained by dcploy'ing different
isotopic abundances of U-235 across the bundle, from depleted UQ, in the centre to
e . a

slightly enriched in the outer nng This strategy works by placing most of the thermally

fissile material in the outer ring where thermal flux changes the least upon voiding.

= o

The next logical step is to remove fuel from the centre pins of the fuel bundle-

B
0
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This strategy is not in keeping with the goal of neutron economy established for this
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altogether, and examples using zirconium and- graphite as substitution materials
demonstrate a small benefit of this approach. A more promising approach replaces the
central seven pins with a spacer material, leaving only two outer rings of fuel. The use
6f a central spacer is crucial to the new fuel desig_ﬁ presentec;l in this dissertation. Anothér
idea in this vaiizis to leave the central fuel pins, but with high absorption material added
to them, using nat;lral or deple_téd_ fuel in this region and enriched.fuel in the outer region.
disser;ation, although it does kave the aavantage of simplicity ‘in fuel redevelopméfxt and
represents the approéch of AECL. |

Incorporating plutonium into the fl;el cycle atlthe outset, known as a Pu-MOX

(Plutonium-Mixed Oxide) cycle, has. the advantage of reaping the beneficial spectral

“effects of plutonium th:oughout the burnup cycle. When an initial isotopic mixturé of

plutonium corresponding to that of spent CANDU fuel is added as an oxide to UO,, this

benefit is realized only at very low PuO-.fUO, ranos in the case of AX,,. As W1th the case
of U-235 enrichment, the mcreased cn‘ucahty makes Ap léwer than conventional fuel at
any oxide ratio. |

“ Shifting the concept of enrichment to the material of the fuel channel tubes,
although another area beyond the intent. of tlus dissertation, achle\;es another small but:
sxgmfigant ‘ldecrease in the void effect. In this case the Zr-90 isotope, with much- lower;

cross-section than Zr:§1, is' enriched to 99%, End the ‘reduction in vbid effect results

because of the lower absorption in the outer region of the lattice cell.

Finally, _thé reduction in resonance absorpﬁon iif:on voidi:ng can be lessened by ¢
e N El " N

&
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increasing the surface-to-volume ratio of the fuel and thus decreasing the importance of
resonance absorption. Within the limitations of a cluster geometry, this means increasing
the diameter of the fuel pins slightly, but the effect wrns out to be negligible. The

concept can be better realized if the pin cluster geometry concept is abandoned, and this.

‘along with several other of the void effect amelioration strategies mentioned here, forms

the basis of this dissertation's discussion of a new design. .

6.5 New Design Concept

A signiﬁc.ant réduction in the void effect is achieved by iumping the fuel volume
into one mass and locating this mass in an annular shape next to the pressure tube. In
this manner the effect of both resonance absorption and thermal flux rediguibution is
minimized. A pracﬁcal manifestation of this approach has this annular fuel lump
subdivided into separate rings with coolant .p,assageﬁ; betweeﬁ each. A coolant spacer is
locatf:dfixlx-the centre of the pressure tube, significantly reducing the void effect further
through coolant disglacement. This latfer effect is%fa;irly insen;;itive to spacer material,
although a .scattering agent such as carbon will pr@uce the bt;st“results in f;pns of cell
criticality. R I

- I
r = [ag

An éxample of this concept, sigﬁiﬁtant_ly\mg?difiéd to meef.thennalhydraulic_and

structural constraints, consists of three nested tubular fuel elements of irregular width and

o spacing, a central carbon coolant spacer, and natural UO, as fuel. The void effect of this

fuel at mid-burnup is about 3_ml§,- which is less than prompt critical and therefore meets

43
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the criteria in terms of void effect reduction. The fuel volume is much less than in

contemporary CANDU fuel, however, and therefore fuel th}oughput, total energy output,

. and — to a lesser degree — burnup, all suffer. With uranium enrichment all of these

drawbacks are removed, and with differential use of enrichment across the fuel module .

the void effect is removed .a-ltoget.her at mid-burnup.

Several variations on this theme are worth consideﬁng. The most successful uses
a 0.3 %wt mixture of PuQ, and UO, (Pu-MOX fu@l) in conjunction with differential
uranium enrichment. The intent here is to avoid net uramum enrichment by Q;a;ying an

average module enrichment equal to natural uranium. ‘Another practicality is fuel

development cost, and for this reason the concepts presented here are ﬁerhaps' best suited

to CANDU fuel“éyclc‘s under consideration, such as DUPIC, which incur high fuel.

development cdsts in themselves. One variation that violates the goal of maintaining all

non-fuel components, but which provides further reductions in the void effect (becoming

negative), is enrichment of zirconium in the pressure tubes.

Several other practical concerns must be addressed, although a detailed treatment

¢

is beyond the scope of this dissertation. For reasons of necessary coolant mixing between

subchannels each ring of fuel must be further subdivided into gectors. For reasons of

*

structural integrity and the prevention of flow blockage, each of thesé sectors must then

be held in position with spacers. The result is a nested .arfangement of "curved plate”

* fuel, and a preliminab anélysis' indicates the manufacturing of such fuel for CANDU to

be‘f_easible. ‘

Fe Other concerns involve the ability of WIMS-AECL to model the nonstandard fuel

C = < G <«
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geomerries of this dissertaton. The most important issue concerns the caiculation of
resonance group cross-sections preceding the transport calculation, and a geometric model

developed to help the code approximate the correct heterogeneous parameters CAuses a

T
P

sxgmficant increase in the void effect. However, comparison with .a Monte Carlo
calculation tends to support the void effect calculauon albeit with & mgmflcant
discrepancy in the absolute criticality (k) calculation. Furthermore, reasonablc variations

in the WIMS-AECL input file, including the cross-section library, do not alter the result

significantly,_and concerns about the exclusion of neutron lifetime in lattice cell void

effect calculations are not made more acute with the nonstandard designs.

o

6.6 Conclusions and Observations .

In summary, the following conclusions and observations can be drawn from this

o

dissertation‘ : . | T

1)* A need exists for a CANDU fuel ‘design with low, zero. or, neganvc coolant vmd

¢ reacuwty and a de51gn which preserves the or1gmal CANDU’ pl'nlosophy of .

-oT

A neutron economy is desirable.

[l

2) The defﬁlition ocf “voidle_ffect" is not si#ndafd, and lattice cell calci.xlsitions are
‘sensitive to this definition. Calculations atmid-bumup: avoid much of this
problem. Distinctive nomenclature is recommended as a fneasure againétf
corifusion. |

3)" Calculanons with high excess reactivity, such as at zero-bumup. can be made .

c \?"
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artificially critical, but the method of achieving this must be chosen carefully since
it affects the v‘;ilue'of the void criticality effect.
4)  Neglecting neﬁ:r'on lifetime in lattice cell calcﬁlations can lead ‘to non-conservative
estimates 61" void reactivity, if based solely upt;n lattice cell results. Lattice celi
- parametric studiés involving significant departures f;ém conventional cell
properties should take this into account. |
5) l‘ He_t_t.zrogenousl void- distributions do not have an associated void effect that is

signi'ficaﬁtlyl different from that Tf_ound by a homogeneous approxima_tion.

'However, the level of significance of this difference may change if low void

&

: éffects are considered.
6)  The void effect in CANDU is caused primarily by the existence of two highly

fe

separated sources of fast and thermal neutrons, and the considerable influence that

the coolant has on cell resonance escape probability as a result. Second in
@ : ©

" importance is the coolant's influence on both the therrhal spectrum and thermal
spatial distribution,

= 7) * Within the two combined gﬁals of (a) maintaining non-fuel CANDU components

&

as in contemporary designs, a:_ld_ (b) mé.ximizing neutron economy, the most
‘ succes;fﬁl" .approach_to‘vréducinlg‘ the voi_ci efzfect‘ ihvolves the substitution of low-
éb_s‘onption .materiéi; qu fuel or c_oolliant.,-!or a 'cqrr:.;bination of both. A similar effect
that doesn't com'prqmise ﬁ.ssile'content can be a_chie‘):ed' with the use of differéntial ,

" enrichment across the fuel.

~'8). - A model for improving the resonsnce treatment in WIMS-AECL when working:

A

P
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)

10)

with tubular fuel geometries, called here the S/V Resonance Correction Model,

permits inclusion of the most important parameter in the calculation of resonance
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group cross-sections. This parameter is the surface-to-volume ratio (S/V). In light :

o Lo :
of a preliminary comparison with a Monte Carlo result, it is not clear whether or

not the combined effect of less important parameters tends to counter the effect

. of using thIS model. This may be an artifact of:the particular geometries used in

this dissertation.

A nested tubular or éurved-plate fuel design with a cenral coolant Spacer appears

to meet the goals set for this dissertation, although a définitive statement cannot -

:be made in lieu of more acch;‘ate ‘modelling of these geometries. The uSé of

differentially enriched fuel, or Pu-MOX fuel, or a combination. of both, further

>

lowers the void effect and achieves compatible heat fluxes, pressure drops.-apgl,

£

fuel throughput.

The fuel development and manufacturing costs of the fue'll design variants'
suggeéted here are likely to be high? but no fata_l technical *impedimcnt‘cé;il b; |

'f'oreseen. Projected costs should be weighed against the advantages of a fore

flexible and markétablg product. To a certain degree, costs may be absorbed if '

<

development is incorporated within an existing programme, such as DUPIC, for -

€

which new fuel design iS required anyway.

iy

4

Fr

Ui,
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1
Il

6.7 Extensions to Pres;:nti‘i;\;?ork
Further rese.arch aﬁd analysis is required in the.following areas:

1) More uncierstanding is required of the effect of supercritical inﬁniter latricg:s on
calcul#tion of §oid effect, with a view to &eveloping a consistent strategy _fox-"
forcing a critical lattice in these situations. This problem is diminished at inid—

burnup (or equilibrium) lattice calculations, but not removed completely since the

nuclide densities at- these burnups will be sensitive to the spectrum assumed at

. low-burnup.

2) :A 'cpnsistent approach to accounting for neutron iifetime in lattice cell calculations

| should be establishe.d, in 6rder ‘.that a more accurate kinetics representation may

- be i;lclucl_éd in concluSions based upon parametric lattice celll-stuc'\l:ies..

3) Consideration of hetérogeneous‘ partial void disujbutiqns should‘bel giyen in
studiés‘ of low. void effect fuel, since it is plausiblé tl_1§; partial voiding. may
“bec‘oiﬁe si_gﬁiﬁcant when the total void effect is low. .‘

4')T A more abcura;e latt_iée-cell 6alcu1ation‘ of tubuié_nr geometry fuel is required,

iﬁciuding a8 cabability to rﬁbdel enriched 'UO:MOX fuel, and other variants on

< .
contemporary fuel materials. This effort should include a proper accounting of

' resonance effects in WIMS-AECL, perhaps by including the S/V Resonance
_Confectioh Model directly in the code,"along with modifications to account for -

T bther_ effects of the geomen'iés'deséfibed here. These other effects must be sought ‘

. and fully understood. The ‘désigns presented in this dissertation should be fuliy

D
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'5)

6) .

7]

£l

e anglyzea using a Mﬁﬂ\te Carlo code like MCNP-4, which is recognized to be a

NN
- N

Loarmw

time-consuming process;-but absolutely essential.

Assuming that more "accufgi‘tfi\lqr.gice cell calculations confirm the p’osit.iverresults
foind in this scoping study:‘séy _tfi‘o_ré detailed design analysis is then required to
determine the feasibility of :hgef&nched fuel, plutonium fuels, DUPIC fuels, and

W

other variants explored here. A cdﬁﬁp'let\‘gitggrmalhydrauﬁc analysis of the nested"

~ o 8N

tubular fuel geometry is required, in ordéf:.:?_tx&%mperly address the many éonc_erns

W .

raised here, and others’that may develop.

S

The question of mé;nufact(uing the nested tubular fﬁcl.ErQﬁules requires extensive
study, including a determination of the fuel densities that can-be expected, and an
] . 2 ] \\\“\: N, N .
N & ‘Si\l::,\-._ A

analysis of the development and “manufachii_‘ing costs involved™

A

i

S, .
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ESTIMATES OF RELATIVE CHANGE IN AXIAL LEAKAGE
DUE TO VOIDING IN A CANDU REACTOR

. by
Jeremy J. Whitlock *. Michael S. Milgram > *, William J. Garland*

« McMaster University, Department of Engineering Physics
a ‘ ® AECL Research. Reactor Physics Branch

‘The Monte-Carle method and a deterministic method are used to estimate the relative perturbation in axial
. leakage from a lattice cell upon complete and instantaneous coolant voiding. With a Monte-Carlo code the

ratio of net current tallies at the axial boundary of the fuel channel is calculated and compared with
estimates from a two-dimensional detérministic lattice code, using estimated axial bucklings and nvo
different methods for calculating the diffusion coefficient. Results are grouped into four energy bins.

Al  INTRODUCTION - = = ‘ :

It is imporant to be able to accurately model each of the component mechanisms that contribute
to positive reactivity feedback induced by coolant voiding in an operating CANDU reactor. These

. mechanisms comprise a complicated mixture of spectral and spatial effects', thought to includz a change

in neutron leakage from the core. Leakage is expected to increase upon voiding since spectrum hardening
and increased streaming both lead to larger cell diffusion coefficients. - Generally, infinite-lattice cell codes
(like WIMS-AECL?Y), which provide these coefficients, are not designed to implicitly account for core

. boundary effects and require an explicit adjustment in the form of vser-supplied buckling values. In this

paper we investigate the accuracy of this methodology by comparing estimates of relative change in axial

‘leakage uvpon 100% instantaneous coolant voiding in CANDU, using WIMS-AECL and the Monte-Carlo

code MCNP-4*. Since MCNP-4 is a much more fundamental code this can be considered a benchmark
study of WIMS-AECL, within the statistical accuracy of our MCNP-4' ‘results. The routine application of

* Monte-Carlo codes to exten(ied criticality problems such as that described here, made possible by advances

in computer hardware, is a powerﬁ.ll addition to the suite of analysis tools available to the reactor physicist.
Previous studies of CANDU vmd reactivity in both infinite and finite geometnes using MCNP-4 have been
:eponed elsewhere®®,

A2 DESCRIPTION OF WIMS-AECL AND MCNP-4
“\

" WIMS-AECL uses colhsmn-probabmnes to solve the mu]n-group neutron transport equation in a

* two-dimensional infinite lattice (the PIJ transport option was used here). It has been developed by AECL

from a version of WIMS provided by the UKAEA in 1971. Diffusion coefficients can be calculated using

either the Benoist method™ or a simple transport calculation®, and both methods have been used in this
paper. The ENDF/B-V WIMS cross-section library wis used in its full 89-group format. MCNP-4 is a
stochastic (Moate-Carlo) three-dimensional particle tracking code, used in analog neutron transport mode

with a conmuous-energy cross-secnon hbraxy also derived from ENDF/B-V. Both codes were nin on a

workstauon 2
<

A3 DESCRIPTION OF MODEL

The lattice cell for WIMS-AECL and MCNP-4 was a cylindrical 37-¢lement CANDU fuel bundle

0
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surrounded by fuel channel material and moderator with a square reflective boundary of side 28.35 cm (see
also References 5 and 6). shown in Figure A.l(a). D.O coolant and moderator temperamure (600 K and
300 K, respectively) corresponded to MCNP-4 tibrary values. Fuel temperature (300 K) also corresponded
to the nominal MCNP-4 [ibrary value, to avoid concerns’ about temperature modelling.

Axial CANDU geometry was modelled in MCNP=4 by six adjacent 50.0 ¢m fuel bundles in a 300.0
cm half-channel, terminated by a 25.0.cm iron slab at one end and a reflection symmetry plane at the other,
as shown in Figure A.16b). A void region of zero imponance terminated this geometry axially. Partal
currents were tallied at the plane interface between the fuelled and termination regions. Additional
calculations used unrealistic half-channel lengths of 125.0 cm and 60.0 cm in order to improve tlly

 statistics at this interface'®. In WIMS-AECL these varying channel lengths were reflected in energy-

independent axial bucklings derived from MCNP-{ using the method of Reference 10. These bucklings are
listed in Table A.1, along with diffusion theory bare-core values’ for comparison. Since the estimation of

- collision probabilities in any 2-D lattice code such as WIMS-AECL includes an axial integration to infinity,

the adequacy of such a code’s radial flux calculation should decrease with shorter fuel channels. For
example, the cell diffusion length in CANDU is on the order of 20 cm and therefore one would suspect the
accuracy of a flux solution for the 60 cm half-channel case: however, the relative perturbation in axial
leakage upon voiding should be unaffected.

A4  DESCRIPTION OF METHOD .

The subject of i interest in this study is the accuracy of the relative change in axlal leakage upon

* 100% instantaneous voiding,

voided 100%_" ¢ coo ' IR
pe &L (A1) -
Lmo!d . .
where L; is net surface-integrated leakage, defined by Equation (A.2):
L= [(rBds=10; . - BN (W)

Here 5 denotes the axial surface area. The surface-integrated partial currents, L*, and L™, can be calculated
directly using the direction cosine current tally option in MCNP-4, which normalizes the tallies to one
starting neutron. The statistical uncertainty in L, is reduced by 2cowW(L", . L™,), the error correlation term
associated with the partial currents, which can be extracted from MCNP-4 indirectly’. The statistical errors
in the tallies for the two cases (cooled and voided) are assumed to be upcorrelaled. : &

In WIMS-AECL leakage is treated by a user-supplied geometric buckling. Two-dimensional

collision probabilities integrated to infinity in the axial direction account for an average over the third
dimension, so that axial leakage can be estimated using classical d.lffllSlOﬂ theory (assuming. D, is
independent of ),

The cell-averaged neutron flux, a was normalized 1o a unit source in accordance with the normalization
in MCNP-4. The axial diffusion coefficient, D,, was calculated with and without the Benoist method
selected (the code default is a simple transport calculation). Note that the bucklings listed in Table A.1 are

L_?z -fvpzv2¢~av='v05‘3§¢ S o (A3

o]
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vu'tua.lly independent of voiding, and therefore the ratio in Equatioa (A. 1) is aﬁ'ected mainly by the change
in cell diffusion coeFf.c:ent and flux.

AS . RESULTS AND DISCUSSION

After 24 million peutron histories (24 Mh) the MCNP-4 values of k., and k_ (nsmg the correlated

value from three different estimates®) converged to the values in Table A.2, compared there with the
.corresponding WMS-AECL results. Despite an overall discrepancy of 5 mk (0.5%) i i criticality between
the two codes (thought to be related to differences in temperature treatment). there is excellent agreement
in the predictions of void reactivity (Ak., or Ak, including the WIMS-AECL case without the Benoist
option. The presence of a constant 5 mk- discrepancy between the two codes in both the k., and k.,

. calculations demoanstrates that the overestimation by the lattice code is not due to the finite axial geometry.

. The relative changes in axial leakage upon voiding, calculated with MCNP4 (24 Mh) and WIMS-
AE(L using Equations (A.2) and (A.3), respectively, are given in Table A.3 for four energy bins. Although
- similar energy bins were used for both codes, the respective cross-section libraries do have different low-
energy and high-energy cut-off points: 2 x10° eV to 10 MeV for WIMS-AECL, and 16 eV to 20 MeV'
for MCNP-4. This is not significant since about 0.1% of the net current has energy below the WIMS-AECL
low-energy cut-off point (estimated from an auxiliary MCNP—4 run) and about 0.1% of the fission spectrum”
is above the WIMS-AECL hxgh-encrgy cut-off point.

‘ Both codes calculate a slight decrease i in thermal group axial leakage upon voiding, along with
increases of approximately 10% and 30% in the resonance and fast groups, respectively. With Benoist
diffusion coefficients the increase in total axial leakage (bottom row) calculated by WIMS-AECL is twice
the' amount calculated by MCNP-4. The results for the subdivided energy groups suggest that a modelling
- problem occurs in the resonance range, while the results for the thermal and fast groups are satisfactory.

. When the simple transport calcvlation for the diffusion coefficient is used the results are almost 2 -

- complement of those using the Benoist method: the resonance group result agrees with MCNP-4 while the
‘thermal and fast groups-do not (although the fast group result is still within the 95% (+20) confidence
- interval of MCNP-4) and the total change in ax:al leakage is just inside the 99. 7% (_30) conﬁdence
mtewal ) . ’
R
: : 'I'he results usmg a 250 cm and. £20 cm channel are listed in (A.4); Table A4 and Table A.5,
8 respecnvely While absolute leakage would be higher in these geometries, the relative perturbation upon
. vmdmg should remmnfaxrly constant since it is primarily a function of material propertles This is reflected
_in the MCNP-4 results for all three channel lengths (Table A.3 to Table A.5), with the exception of an
anomaly in“the thermal group for the 250 cm channel ((A4), Table A4). -Aside from this anomaly the
results for all energy bins do increase shghtly w1th decreasmg channel length but not by more than 3o from
the 600 cm channel case. '
S ‘Note that the 120cm channel results (Table A.5) show ve.ry good agreement between WIMS»AECL
(with Benoist diffusion coefficients) and MCNP-4 in all four energy bins. The MCNP-4 statistics are, as

S Aexpected bestforl.hlscase despltethefxtthat12thererunmsteadof24h:ﬂusmtheothertwocases
o aneduponthesemsu]tswecanlookbackattheGOOcmchannelresultsmTableA3andsuspectthatthe

'MCNP-4 calculation, especially for total leakage: had not yet converged satisfactorily. “This demonsu‘ates

o theneedforemaordmarylongnmumeswhensuchmnallpemubauonsaremvolved~

Ca!-'

p = In the mte:est of completeness the values of kﬁ,r and- Ak,,, For. the two short channel cases are

- -‘]'mcluded in Table A6 'Ihe trend of overestimation in-absolute cnncahty by.-WIMS-AECL continues, and

' . i these cases the dJsagreement in vmd reactmty is pmnamced Ttus is due to an mcrease in the Telative
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importance of leakage over absorption as a loss mechanism.

~ Some light can be shed upon the relative changes in axi:l teaknge in Table A.3. by splitting the
relative leakage changes into the constituents which change upon voiding — the cell diffusion coefficient, -
average flux and buckling in Equation (A.3). These partial contributions, Ry, R, and Ry (where R, = (dala) -
+ second-crder Taylor series term). appear in Table A.7 and Table A.8 for the longest and shortest channels,
respectively. For WIMS-AECL it is a trivial matter to generate the data in these tables; for MCNP-4 we

mist average quantities over the axial direction and. in the case of diffusion coeffi ment and buckling’, make
some estimations based on diffusion theory:

| N C
$(2) = 2[ L+ JH] 1 b= ; D=

X Ad)
fdz VB3 A4

Accuracy estimates for MCNP-4 average flux and diffusion coefficient have been based on the MCNP-4
error for the partial currents, and on the accuracy estimate for Bz (£ 02%). -
It can be seen that all energy. groups experience an increase in the cell diffusion parnnieter upon
coolant voiding, and that the drop in thermal leakage is due to a drop in thermal cell flux. The companson '
between the two codes indicates that WIMS-AECL. (with Benoist option) overestimates the increase in

 diffusion coefficient for all energy groups, but the effect is not significant for the low-leakage cases

corresponding to an operating CANDU reactor. The perturbations in cell flux predicted by WIMS- AECL "
have a negative bias in comparison with the corresponding MCNP-4 values, indicating that its calculanon\
of voided flux could be too low. These trends are true for both channel lengths, although the overall - -
leakage perturbations for the shortest channel case are similar for the two codes, as noted earlier. An earlier -
experimental work'' on D,0 coolant voiding in a natural UO, lattice predicts a value of 9% for total 6D
D based upon the ratio of void volume to cell volume (but different geometry)

SR

A6 CONCLUSION' ‘ .

~In gene.ral we find reasmable agreement between MCNP-4 and WIMS-AECL in lerms of

esnmaung axial leakage perturbanm upon lattice cell voiding, particularly for cases of direct interest o

operating CANDU reactors. An overestimate of the WIMS-AECL change in diffusion coefficient and a . . .

negauve bias in the flux change, both in comparison with MCNP-4, appear to cancel. The importance of

‘ensuring adequate convergence of the Monte-Carlo pmcess is demonstrated, as is the enormous dedication - "

of CPU time that is required. For these reasons it is clear that we describe a beachmark prooedure here
and not*a routine analysls method. The inadequacy of two-dlmenslonal lamoe codes in oenam finite

- geometries is noted

N
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RESSURE
TUBE

" GAP

" Figre Al (a) 37-Element CANDU Lattice Cell; (b) Axial Model Used in MCNP-d
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Table A2  Comparison of Criticality and Void Reactivity Between MCNP-4 and WIMS-
AECL for 600 cm Fuel Channel

WIMS-AECL MCNP-4 (6rror = o)

kaH' . ‘ _Km ' K
with without k. “Ken k.
Benoist | Benoist :

" cooled 11228 | 11227 | 1.1328 l-‘o‘o"(';’; 1.10%%#

voided || 11441 | 11449 | 11585 | ]335 | 11903

void reactivity || ... oo or | oo | 220 |- 219
h ) [ 2remi | 222mk | 27me | 00 L

Table A3 E Relarﬁve Change in Axial Leakﬁge Upon Coolant V_oidiné for 600 cm Fuel Channel

WIMS-AECL | . ponpa | w o
“with | owithout |- T LT
* Benoist | Benoist | - o= B

s
2

" ‘Energy Group -

o oteey | -12% | -sa% | —nezoyn | e

0o ST oy | +122% | +78% | vt

(0821 M;?ISt 10 M.eV). +347% | +303% | + (@118 %

© -?l%tal\lﬂe\f) N +60 % . +1 8 % + (261 03) % | BN

e

N
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Table A.4 - Relative Change in Axial Leakage Upon Coolant Voiding for 250 cm Fuel Channel

e S ] . : ‘JYIMS'AECL MCNP'4
Energy Group ‘with® without
‘ Benoist Benoist (error = o)
. _“l‘)eg;g'ev) -27% | -65% | 1(01%02)%
0625 v Mev) | * 105% | +58% | +(89%07)%
| fast 279 98.2 9 +08)9
(0.821 MeV - 10Mey) || +327% | +282% | +(31.3+08)%
(0- ‘tltgal\llieV) +45% -;-.0.4 % +{37+02) % )

° Table AS Rglative Cﬁanﬁe in Axfal Leakage Upon Coolant Voiding for 120 cm Fuel Channel
| . “WIMS-AECL MONP-4
Energy Group . with | without -
: Benoist | Benoist (error = o)
o Ihormal o) ~29% | -66% | - (21202 %
| ezs ':\3,9_"3'5‘;?'- Mev) || +104% | +52 % | +(10.4£0.2) %
; fast : :
(0.821 MoV - 10MeV) | +328% | +276% | +(283205) %
‘ o el oy | +49% | +08% | +@5t0n%

7
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‘Comparison of k_; Between MCN

Table A.6
o Fuel Channel
WIMS-AECL. MCNP-4
with without o
Benoist Benoist {error = o)
cooled 1.0778 1.0796 1.0730 %0001
250 om voided 1.0956 1.1006 1.0927 £ 0001 .
void reactivity A '
- 18.8 mk 21.0 mk - 19.7 £ .1 mk
IL (Akgy) 3 A . :
cooled 09336 | 09392 | 0.9295:.0002
120 om voided 0.9428 "~ 0.9557 0.9436 + .Q002
void reactivity
9.2 mk 16.5 mk 141+ .3 mk
(Akgy) - e

e

P-4 and WIMS-AECL for 250 cmn and 120 em

)
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Appendix B

The following is the fortran source code and sample output for FACT—EFF FOR, a tool
used cxtenswely in this d1$sertat10n for extracting approx1mate reacthty factors out of

a2 WIl\dS¥AECL output file. An explanation of the method can be found in Section 2.3.2.

‘B.1 Source Code ,

DROGRAM FACT_] EFF

Generates zxve(+) reactivity factors from a NIMS AECL output fllo,
based upon the effective Flux spectrum.

Jeremy Whitlock, Dept. Engineering Physics, McMaster Univevsity
93/02/26

P

Important:  Input file for WIMS-AECL case must include the pranting.
of .reaction rate data for at least the fuel materials (easlest to
print’ all reaction rates, by using the REACTION ALL option). This
means that, along with the presence of a REACTION card, the SUPPRESS
card must have entry # 15 = 0, -and the PRINT card must start with

"1 1 1 0". Also, the PARTITION card must be included. Errors
messages are printed and execution s aborted if these requirements
are not met.

* % * * * & *F ¥

CHARACTER RECORD*9GC, FLAG12‘12 DUMMY‘SS DUMMYZ‘IT DUMMY3+14
CHARACTER*13 DUMMY4(6)

CHARACTER DUMMY5*8,FLAGB*B,FLAG7*?,FLAG5*5, DUMMY6+*11, DUMMY? B T
REAL TOTNUFIS({2},FLUX2,ERRCRP(2),STOT(2), TOTABS (2} =
‘REAL ETAF (2}, F(Z) ETA(Z) EPSILON(Z) P{2),KVALUE (2}, ERRORK(Z)
INTEGER GRPBND(SD) NGRPEND (59}, FEHGPOUP(GQ)

REAL FLOUX(2, 69),ABSORB(2,69), ABSRATE(Z,GB} 5(2,69), PFACT(OQ)
REAL TOTFLUX(2,69),TOTABSR(2,69),PCONT(2,€9), DELTAS(GQ)

REAL ETACONT(Z),FCONT(2),EPSICONT(E).EFFECT(E).SUM{2);SUMP(2)
REAL ABSUMP (2),ABSUM(2),DIFF(2, 69), LEAKAGE (2, 62), TOTLEAK (2}
REAL THABS({2),THNUFIS(2},THDIFF {2}, ABS(2),FNUFIS(2),FDIFF (2}
OPEN (UNIT=1,FILE='FOURFACT.INP', STATUS="'UNKNOWN")

OPEN (UNIT=2,FILE='FQURFACT.TMP', STATUS="'SCRATCH")

OPEN (UNIT=3,FILE='FIVEFACT.TMP', STATUS='SCRATCH")

* Calculate eta-f,p,e

. IFLAG=D
¥ NUMTH=0 ¢
DELTAK=1.0E-3
DELTARKO=1.0 : : : ‘ .
10  FORMAT(A90) : L T
DO 200 I=1,2 : ;
“READ(1, 10, ERR=230) ‘RECORD
FLAGL2 = RECORD (4:16) L :
DO 11 WHILE {FLAGlZ .MNE. 'GROUPS..... ")



SN

Tty

Appendix B

305

14

11

pt]

. IF (RECCRO(1:11) .EQ. '> FEWGRCUPS') THEN
IFEWSR=1
IF
D6 5 IF=
IF (R *5')THEN
1FKEY=
IF
*) BECORD(12:IFEND)
ELSE B
IFEND=IF-1 ~
WRITE(3,*) RECOh. (Z:IFEND)
ENDIF
ENDIF
CONTINUE

IF (IFKEY .EQ. 1) THEN
IFEWGR=IFEWGR+1
“ REAB(1,10,ERR=220) RECORD
GOTO 3 -
ELSE k3
IF (IFEWGR .EQ. 1)THEN
"WRITE(3, *) RECORD(12:90)
ELSE
WRITE(3, *) RECORD{Z:20)
ENDIF
ENDIF
REWIND (3) : ) N
READ(3, *, ERR=8) (FEWGROUP (IFEW), IFEW=1, 52)
- REWIND{3)
ENDIF B . :
IF (RECORD(1:7) .EC. *> PRINT' .AND.

N RECORD(%:15) .NE. 'L 1 1 -0'}. THEN

WRITE(*,*) '*** ERROR *** "PRINT™ STATEMENT IN',
- ' EDIT SECTION OF INPUT FILE IS WRONG:
WRITE(*, *} * ° ‘ .
WRITE(*, *) RECORD(1:20)
WRITE (%, %) * _
WRITE{*,*) 'SHOULD START WITH "1 1 10 h..".',
- » " RERUN CASE.'
STOP S
ENDIF oo
IF (RECORD(1:10) .EQ. '> BUCKLING') THEN
WRITE (3, *} RECORD(12:90) B
REWIND (3)
READ (3, *} BUCKL, BUCK2
REWIND (3)°
BUCKTOT=BUCK1+BUCK2 -
ENDIF &
INUMTH=0 s .
IF (RECORD(1:11)° .EQ. '> PARTITION') THEN
DO 14 IR=13,89 -
IRR=IR+1 )
IF (RECORD(IR:IRj .EQ. ' ' .AND. -
RECORD (IRR:IRR) .NE. ' ')THEN
NUMTH=NUMTH* 1 i
ELSEIF {(RECORD(IR:IRR} .EQ. ' ' .AND.
INUMTH .EQ. 0)THEN ‘
NUMTH=NUMTH+1
INUMTH=1
ENDIF
. CONTINUE . \
WRITE(3,*) RECORD i ‘
REWIND (3) ¢
READ (3, *) DUMMY?, DUMMYE, (GRPEND (K) , k=1, NUHTE)
REWIND {3)
ENDIF -
READ (1,10, ERR=230) RECORD-
O FLAGL2 = RECORD{4:16)
CONTINUE
WRITE(2,*) RECORD
REWIND{2) ..
READ{2, *) NGROUPS

. REWIND({2)
. DO 12 Il=1,3

READ(I 10, ERR—ZBU) RECORD

£

-Ci

I
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15

25

30
31
30

L]

10
70

70

CONTINUE
DO 13 Iz=1,RNGROUPS "
READ(I,*). DUMl 0 Z,DUM2, ABSORB{I, I2),DUM4, DUNMS,
> FLUN(I, I2),D0M JHT,DUMS,DUME,DI?F( ,12)
CONTINUE
READ(1,10,ERR=230) RECORD
" FLAGLZ = RECORD{L:12)
DO 15 WHILE (FLAG1Z .NE. ' 2 GROUP&...')
READ(1,10,ERR=230} RECORD
FLAG12 = RECORD(1:12)
CONTINUE
WRITE(Z, *) RECORD
CONTINUE ‘
REWIND (2)
READ(2, 30) DUMMY, KVALUZ (I)
READ(1,10,ERR=230) RECORD
READ(1,10,5RR=230) RECORD
READ(1,10,ERR=230) RECORD _
READ(1,10,ERR=230) RECORD ‘
REWIND (2)
WRITE(2, *) RECORD
RERIND (2)
READ(2, 1) DUMMY2,FRIFF (1), FABS(I), DUMMY3, FNUFIS (D),
> . FLUX1
:ABS(I)¢(?ABS(I)+(?DIrF(I)’“UCKTOT))‘“LU\l
?VUrIq(I)—TNUWIS(I)‘"LU\‘
READ(1,10,ERR=230) RECORD
REWIND t2) _
WRITE{2,*) RECORD
REWIND (2) : i
READ(2,31) DUMMY2, TEDIFF{I), THABS (I}, DUMMY3, THNUFIS (D),
> FLUX2
- THABS (I)=(THARS{I)+(THDIFF (I} *BUCKTOT) } *FLUX2 -
THENUFIS (1) =THNUFIS (I)*FLUX2
TOTNUFIS(I}=FNUFIS(I)+THNUFIS(I)
FORMAT (A53,F7.5)
FORMAT(A17,F5.3,2X,E16.4,A14,E10.4,2X,E16.4} ¢
FORMAT (Al5,F4.1,A3) . ) <
ETAF (1)=TENUFIS (I) /THABS (I)
EPSILON(I)=TOTNUFIS (I} /TENUFIS(I)
P{I)=TEABS(I)/(THABS (I}+FABS(I}}
REWIND (2} ' :

€]

Calculate S({N): - a ‘

DO 702 Ki=1,2
DO 703 K2=1,62
TOTABSR{K1,K2)=00"
TOTFLUX (K1, K2)=0.
LEAKAGE (K2,K2)=0. .
3 CONTINUE ‘ =
2 CONTINUE '

DO 700 IFEW=1,NUMTH . P . -
DO=701 IMANY=1,NGROUPS .
.= IF (GRPBND(IFEW) .EQ. FEWGROUP(IMANY))THEN S K <
NGRPEND (IFEW)=IMANY . & =
ENDIF : . T . e
1 CONTINUE Lo T e &
. . o
IF (IFEW .EQ. 1) THEN
NSTART=1 - .
ELSE -
NSTART=NGRPBND (IFEW-1}+1 -
ENDIF : N
DO 710 IMANY=NSTART, NGRPBND ( IFEW) . - .
TOTABSR (I, IFEW) = (ABSORB (I, IMANY) *FLUX (I, IMANY) }+ : ’
> y (BUCKTOT*DIFF (I, IMARY)*FLUX(I, IMANY))+
> TOTABSR (I, IFER)
TOTFLUX (I, IFEW)=FLUX (I, IMANY)+TOTFLUX (I, IFEW)
LEAKAGE (I, IFEW) =BUCKTOT*DIFF (I, IMANY)* o
> FLUX(I, IMANY)+LEAKAG?(I IFEW)

710 CONTINUE

ABSPATE (I, IFEW) = TOTABSR(I IFEW) ’ ta l Lt

- TOTABS(I) = TOTABS({I) + TOTABSR({I, I?EW)

Lo

: -
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74

73

12

o

0

0

TOTLIAK(I) = TOTLEAK(I} <LEAKAGE(I, IFSk)
CONTINUE
DO 720 IFEW=2, NUMTH .

RBSUMI=C.

ABSUNZ2=0..

IBEFORE=IFEW~-1

DO 730 IZFEW=IBEFORE, NUMTH
ABSUM2=ABSUMZ2+R35SRATE (I, I2FEW)

CONTINUE

ABSUMI=ABSUMZ2-ASSRATE (I, IBEFORE)

S{I, IFEW}=ABSUMI/ABSUMZ -
CONTINUE

200 CONTINUE

22

70

a0

783

85

92

Cal
a

V VY VY

82

culate eta, f:

REWIND(1)

REWIND(2)

D0 210 I=31,2 _
"READ(1,10,ERR=70) RECORD PO
FLAG? = RECORD{:7) ’

FLAGS = RECORD(1:8) :
DO 80 WHILE ((FLAG7 .NE. 'NUCLIDE'} .AND.
(FLAGE .NE. '> READ 1M))}
READ(1,10,ERR=220) RECORD-
FLAG? = RECORD{1:7) ‘ :
FLAGS = RECORD{1:8} -

CONTINUE .

IF (FLAGS .EQ. '> READ 1')THEN
GOTO 220

ELSE

'HFLAGS = RECORD{1l:13) . .
IF (FLAGS .NE. 'U235 ' .AND. FLAGS .RE. 'u2ag ‘'

LAND.

FLAGS .NE. 'PU239" .AND. FLAGS .NE. °'TH232' .AND.
FLAGS .NE. 'U233 ' .AND. TLAGS .NE. 'U234.' .&AND,
FLAGS .NE. 'U23% ' .AND. FLAGS .NE. 'NP23%' .AND.
FLAGS .ME. 'PU240' .AND. FLAGS .NE. 'TH241' .AND.
FLAGS .NE. 'AM242' .AND. FLAGS .NE. 'PA233") THEN

GOTO .92 R

ELSE
¢ IFLAG=1 o
T - DO 82 N=1,9 ¢
READ (1, 10, ERR=240) RECORD
CONTINUE

IF (RECORD(l:7) .EQG. 'FISSTON') THEN

GOTO 92 '

ENDIF
WRITE(2, *} RECORD
READ(1,10,ERR=240} RECORD
DG B3 N=1, RUMTH :
" READ({1,10,ERR=240) chonn ‘ -
CONTINUE
WRITE (2, *) RECORD
REWIND(2)
READ({2,90) DUMMYS, (DUMMY4LS JTﬂfa.5)
:JTOT=1
IF (DUMMY4 (JTOT} .EQ. 'TOTAL ~ ")THEN
JTOTFLAG=JTOT-1 :
ELSE
JTOT=JITQT+1
- GOTO 85

ENDIF ' B : ?

FORMAT (A8, 2X, 6313)
READ(2,*) DUMMYS, (DUMMY4(J), J=1, JTOTFLAG) VALUE
THFUABS=THFUABS+VALUE
ENDIF &
ENDIF .
IF (IFLAG .EQ. 0) THEN

> WRITE(*, *} YOUTPUT FILE DOES NOT CONTAIN RAACTION‘

' RATE DATA. RERUN CASE.’ =

. 'STOP
ENDIF oo
READ(1, 10, ERR=240) RECORD

i3

o
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*

e

*

RECORI{1:™)
RECIRD{(1:%)

220

T=ETA(2)-ETA(1)
* DELTAE®=EPSILON(2)-EPSILON(L)
DELTAT=F {2)-F (1)
DO 200 IFEW=2,NUMTH
DELTAS {IFEW) =5 (2, [FEW) -5 (1, IFEW)
806 CONTINUE
. DELTAP=P(2)-2 (1)

Generate Method 1 void effect values: F

PMULT=1. i
240 'DC BOD IFEW=2,NUMTH )
PMULT=PMULT*S (1, IFEK) ‘
800 CONTINUE
" DO B10 IFEW=2, NUNTH :
PFACT (IFER) =ETAF (1) *EPSILON (1) *PMULT/S (1, TFEH)
810 CONTINUE

EFFE CT(T)=(BV&LU=(2) -KVALUE({1)) 1000

ETAFACT=P (1) *EPSILON(1)*F (i}
YFFACT=P (1) *EF SILOh(l)‘rTA(l)
EPSIFRCT=P(1)‘ETA?(1) . ~

DO 320 IFEW=2, NUMTH -
PCONT (1, IFEW) ~DELTAS (IFEW) *PFACT (IFEW) *1000
820 CONTINUE )
ETACONT (1) =DELTAET*ETAFACT*1000
FCONT (1) =DELTAF*FFACT*1000
EPSICONT (1) =DELTAED *EPSIFACT*1000
DO 825 IFEW=2,NUMTH
AESUMP(1)*ABSUHP(l)+ABS(PCONT(l IFEW) ) <
825 CONTINUE -
TAYLORY=DELTAP*DELTAEP*ETA (1) *F (1)
CELTAP*DELTAF*ETA (1) *EPSILON(1)
DELTAP *DELTAET*EPSILON(L) *F (1)
DELTAEP*DELTAF*ETA (1) *P (1)
DELTAEP*DELTAET*F {1} *P (1)
DELTAF*DELTAEP *ETA (1) *P (1)
TAYLOR1=1000.*TAYLORl

“r
VYVVY
+ + 4+ +

ABSUM (1) =ABS (ETACONT (1} ) +ABS (FCONT (1) } +ABS (EPSICONT {1} )

3 _+ABSUMP (1) ¢
ETACONT (1)=ETACONT {1} + { (ABS (ETACONT (1)) JABSUM (1)) *TAYLORL)
FCONT {1)=FCONT (1) +{ (ABS (FCONT (1)) /ABSUM{1) ) *TAYLOR1)
EPSICONT (1) ~EPSICONT (1) +{(ABS{(EPSICONT (1)) /ABSUM(1)}*TAYLORI)
DO ‘920 IFEW=2, NUMTH

‘ PCONT (1, IFEW) =PCONT (1, IFEW) + { (ABS (PCONT (1, IFEW) ) /ABSUM (1) )
> _ *TAYLOR1)

920 CONTINDE ‘

DO 925 IFEW=Z, NUMTH
SUMP (1)=5UMP (1) +PCONT {1, IFEW)
925 CONTINUE L
SUM(1)=5UMP (1} +EZTACONT (1) +EPSICONT (1) +FCONT (1)

ke

Generate Method 2 void effect values:

)
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EFFECT (2) =EFFECT (1) / (KVALUE (2) *XVALUE (1))
FACTORL=1.=((HVALUZ{1}-1.)/KVARLUZ(1l)}))
FACTOR2=1.-( (EVALUE(2}-KVALUE (1) } /XVALUE(1}}

DO 826 IFEW=2, NUMTH _
PCONT {2, IFEW)=DELTAS {IFEW) /S {1, IFEW) "1000*FACTORL
. B2% CONTINUE :
’ ETRCONT (2)=DELTAET/ETA(1) *1000*FACTOR1
FCONT (2)=DELTAF/F (1} *1000*FACTOR1
EPSICONT(2)=DELTAEP/EPSILON{1)"1C0C0*FACTOR]L
DO 827 IFEW=2,NUMTHE
ABSUMP (2)=ABSUMP (2) +ABS (PCONT (2, ITEW))
8Z7 CONTINUE

TAYLOR2=(DELTAP*DELTAEP) /(P (1) *EPSILON(1})

+ (DELTAP*DELTAF)/{(P({1}*F(1})

+ (DELTAP*DELTAET) /(P{1)*ETA{1))

+ (DELTAEP*DELTAF) ./ (EPSILON(1)*F(l})
*+ (DELTAEP*DELTAET) /(EPSILON(L1)*ETR{1)}
+ (DELTAF*DELTARET)/{F(1}*ETA(l)}}
TAYLOR2= TAYLORZ’lUOU.'FACTORl

VVVVY

ABSUM(2)=ABS(ETACONT(2))+ABS(FCONT(2))+AES(EPSLCO&T(2)r
+ABSUMP {2}
ETACONT(2)=(E ACON;(2)+((AES(ETACONT(2))/nESUF(Z))*mnVLORZ)}
> *FACTORZ2 -
FCONT(Z) (FCONT {2) + ( (ABS (FCONT (2} ) /ABSUN(2) ) *TRYLOR2) )
*FACTOR2 _
EPSICONT(Z) (EPSICONT(2)+((RBS(dPSICGN (2))IAESUM(2))* AYL OnZ))
> *FACTOR2 _ &
DO 940 IFEW=2, NUMTH
PCONT (2, IFEW) = (PCONT (2 IFEW)+((ABS(PCON;(Z.IFEW))/ABSUM(2))
*TAYLORZ))'fACTORZ .
940 CONTINUE »
DO 945 IFEW=2, NUMTH
SUMP (2) =SUMP (2) +PCONT (2, IFEW)
945 CONTINUE
SuM(2)= SUMP(2)+ETAC0NTt2)+EPSLC0NT(2)+FCONT(2)

* Write output, Mathods 1 and 2: . : “ae

WRITE{*,250) 'VOID EFFECT 1 = ',EFFECT(1),'(DELTA-K) ',

>  'YGID EFFECT 2 = ', EFFECT(2), ' (DELTA-RHO)'

WRITE(*,*) * ' _

WRITE(*,300) ' DELTA ETA = ',ETACONT (1), ETACONT(1)/

> _SUM{(1)*100,'  DELTA ETA = ',ETACONT(2),ETACONT (2}/

> SUM(2)*100 ‘ '

WRITE(¥,300) ' DELT2 F = ', FCONT(1}),FCONT{1)/SUM{1)*100,
> DELTA F = ',FCONT(2),FCONT{2) /SUM{2)*100

DO 830 IFEW=2, NUMTH : ,

3 WRITE(*,230) ' DELTA P{',TFEW-1,') = ',PCONT(1,IFEW),
> . PCONT(L, IFEW)/SUM(1)*100,* DELTA P(',IFEW-1,') = ',
> PCONT (2, IFEW}, PCONT (2, IFEW) /SUM{2) *100 ‘

B30 CONTINUE
WRITE(*,300) 'DELTA EPSILON = ',EPSICONT(1);EPSICONT(1)/
> SUM(1)*100, 'DELTA EPSILON = *,EPSICONT(2), EPSICONT (2)/
> SUM(2)*100 , -

* Hrite output, genéral: .
WRITE{*,300)
WRITE({*,350} 'COQLED', 'VOIDED' -
WRITE{*,400} * - ETA:',ETA{(L),ETA(2),
>. "(Neutrons per thermal fuel absorption)'
. WRITE(*, 400} ' L EFL{1),F (2}, .
> '(Thermal utilization) '
DO 840 IFEW=2,NUMTH v
IF (IFEW .EQ. 2)THEN

: ISTART=1 _
ELSE -

) ISTART=GRPBND (IFEW-2) +1 ‘
ENDIF. . L
TEND~GRPBND ( IFEW-1) - N
WRITE(*,450) '  PF(*, IFEW-1,'):',5(1,IFEW),S(2, IFENH),

> ISTART, IEND

o
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840 CONTINUE
WRITE(*,400) "SPSILON:',EPSILOM(1),EPSILON(2},
> '{Fast fission) '

T

Y OK-INE:',XVALUE(1),KVALUE (2}

* Check K-values Dy multiplying five factors together:
STOT(ly=1.
STOT(2)=1.
BC 850 IFEZwW=2, NUMTHE
STOT(1}=8(1, IFEW)*STOT (1}
STOT(2)=5(2, IFTERW) *STOT (2}
850 CONTINUE
ERRCRK (1) =KVALUE (1} - {ETA(L)*F (1) *EPSILON{1) *STOT(1})
ERRORK (2) =KVALUE {2) — (ETA(2) *F(2) *EPSILON{2) *STOT(2))
IF (ABS({ERRORX(1l})) .GT. DELTAXK .0OR.
> RES(EZRRORK(2)) ..GT. DELTAK)THEN
WRITE{*,*} " *** ERROR *** DLFFLREVCE IN K-VALUES',
> ' BETWEEN WIMS AND THIS CODE > 1 mk.'
ENDIT :

£

Check void effeet values by adding five factors together:

ERRORP (1) =EFFECT (1}-5UM(Ll)
. ERRORP (2)=EFFECT (2)~-50M(2)
IF (ABS(ERRORP(1)) .GT. DELTARHO .OK.
> ABS(ERRORP(2)) .GT. DELTARHO)THEN
WRITE{*,*) * *** ERROR *** DIFFEREMCE IN VQID EFrECTS',
> ' BETWEEN WIMS AND THIS CODE > [ m? '
ENDIF o

250 FORMAT(IY Al5,F6.1,' mk',1X,All,2X,Al6,F6.1," mk',1X, All)
300 FORMAT(1X,Al%,F6. 1,' mk',l\,'(' F6.1, '), 4%,
> . Al6,F6.1," mk',1¥,' (", FG.l,'%)')
330 FORMAT(lk,All Il1,A4,F6.1," mk',1X,"(',F6.1, "%}, 49X,
= All,Il, A4 F6.1," mk‘ 1%, (', F6.1,'%)1 ")
3a5Q FORMAT(IX oX, A&, 2X, AE)
400 FORMAT(1X,A8,2%,F3.3,3X,F5.3,3X,A38)
450 FORMAT(IX,AS.Il,A?,ZX.F5.3,3X,F5.3,BK, )
> ‘'([Escape from groups ',I2,' to ',I2,"1")
500 FORMA;(IX, ——————————————————————— e ———— - mmm e '

)

VOID EFFECT 1 = 21.4 mk (DELTA-K) VOID EFFECT 2

4 = 17.1 mk (DELTA-~REO)
DELTA ETA = 2.2 mk ( 10.4%) DELTA ETA = 1.8 mk ( 10.4%)
DELTA F = 4.2 mk { 1%.6%) © DELTA F = 3.4 mk { 19.6%)
DELTA P(l) = =3.2 mk { -14.8%) DELTA P(l) = =2.5 mk { -14.9%)
DELTA P(2) = 13.1 mk { #60.9%) DELTA P(2) = 10.4 mk { 60.9%)
DELTA EPSILON.= 5.1 mk ( = 4.1 mk ( 24.0%)

24.0%) DELTA EPSILON

COQLED VOIDED .
ETA: 1.307 1.310 . {Neutrons per thermal fuel absorption}
F: 0.937 0.940 . (Thermal utilization)
P(1): 0.974 0.371 {Escape from groups 1! to 3)
P{2): 0.857 0.867 (Escape from groups 6 to 45)
EPSILON: 1.085 1.080 (Fast fission)

=

o . K-INF: 1.108 1.130

- - Q
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The following is adapted from a paper presented at the 1992 ANS Winter Meeting,

November 15-20, Chicago (Trans. Am. Nucl. Soc., 66, 525).
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DEPENDENCE OF CALCULATED VOID REACTIVITY ON FILM BOILING
REPRESENTATION IN A CANDU LATTICE.

by
I.J. Whitlock and Wm.J, Garland

Depanmént of Engineering Physics
McMaster University, Hamilton, Ontario, Canada

The distribution dependence of void reactivity ina CANDU (CANada Deuterium Uranium) lattice is studied,
specifically in the regime of film boiling. A heterogeneous model of this phenomenon predicts a 4%
increase in void reactivity over a homogeneous mode! for fresh fuel, and 11% at discharge. An explanation
Jor this difference is offered, with regard to differing changes in neutron mean free path upon voiding.

C.1 INTRODUCTION

Parual voiding of a fuel chaanel can lead to complicated neutronic analysis due to hlghly non- -
uniform spatial distributions. Total void reactivity is usually calculated by modelling a lattice cell with and
without coolant and defining either an absolute quantity (Equation (C.1)). based on deviation in
multiplication factor {£), or a relative quantity (Equation (C.2)). based on deviation in reactivity (p).

Al

Ak = [A.(voided) - &,(cooled)] x 1000 mk (c.n
ap p(vmded) p(cooled) N km(vmded) Ka,(cooled) *1000 - mk . ) €2

fag

o

Such calculations of void reactivity in a CANDU lattice agree favourably wnth both expenmenls‘ ina small ‘
test reactor, and Monte-Carlo neutron transport simulation®. In pracuce there is only slight deviation in the
predictions of Equations (C.1) and (C.2), the latter having more direct relevance to kinetics calculations.
For simplicity, however, Equation (C.1) for reactivity differences will be used in this paper.

Partial voids can be modelled in a similar maener after determining sn effective coolant density
based on void fraction. . This study was initiated by curiosity over the legitimacy of such a homogeneous
treatment of partial voiding, given that voiding processes generally lead to highly heterogeneous partial void
distributions. In boiling phenomena, for example, there are several different spatial distributions between
initial and full boiling®. Although one could argue in favour of homogenous modelling i in the regime of

turbulence, it is not clear that this approach is valid in more spatially distinct regimes such as film bonhng

Film boiling begins when heat is no longer u'ansported efficiently fran the fuel sheath by nucleatc
boiling. Bubbles coalesce and a period of fuel sheath "dry-out" begins, durmg which coolant no longer wets -
the sheath surface. In a critical CANDU fuel lattice this condition is significant since it removes ‘scattering
material from a location (between fuel elements) of relatively lugh neutron importance. It should be noted
that this boiling regime represents a radical departure from operating conditions, and therefore the core is

Q
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not expected to remain critical. However, a study of this nature does augment cusrent knowledge of void
reactivity in the CANDU lattice. Tt should also be noted that concurrent physical phenomena such as
thermal expansion and fuel temperature rise have not been included in this analysts, in order to isolate the
film bomng effect. .

The effect on reactivity of coolant voiding in this lattice has been well-documented™. Upon
coolant voiding, loss of moderation near the fuel cavses a shift of the neutron energy spectrum. Less down-
scattering from the fast region (> 1 MeV) increases both fast fission and leakage, while decreasing
resonance absorption. Less up-scattering in the thermal region (< 0.625 eV) increases the yield in U™ by

 softening the spectrum, while decreasing the yield in Pu™ by shifting thermal flux away from the 0.3 eV
resonance. Additionally, thermal neutron flux increases near the centre pins and decreases in the outer
region and moderator. The net reactivity effect (see Equation (C.1)) is on the order of +20 mk for complete
voiding from operating conditions, decreasing with burnup but always positive.

C.2 DETAILS OF STUDY

A description of the CANDU reactor systerm can be found elsewhere®. The lattice cell used in this
study, shown in Figure C.1. is typical of contemporary CANDU designs. A cyhndncaJ array of 37 natural
Uranium fuel pins (each O.D. 1.3 cm) at 882°C sits in a Zircalloy pressure tube (O.D. 10.3 cm) filled with

D.O coolant at 290°C. This is surrounded by a Zircalloy calandria tube and D,0 moderator at 71°C, with

an overall square pitch of 28.6 cm.

The lattice code WIMS-AECL” and Winfrith 69-group library were used in this study of the partial
voiding phenomenon Two approaches were employed: a "homogeneous model” averaged partial void over
. -area, and a "heterogeneous model” used actual void distribution. Film boiling was represented as a voided

-annulus around each fuel pin, with thicknesses up to the “geometric limit” of 0.9 mm, where neighbouring
annuli intersect (void ﬁacuon 043) and further partial void expa.usxon can no longer be simply modelled
in the heterogeneous case. :

The effect was studied first at zero burnup, followed by an analysis over fuel burmup. Since
- CANDU cores are continuously refuelled, conclusions about total core reactivity have most relevance when
considering mid-burnup results, which best approxlmate equilibrium core behavious®.

'C.3 RESULTS AND DISCUSSION

Figure C.2 shows the two reactivity effects, defined here using Equation (C.1). The results show

" a small but distinct difference in the predictions of the two models, with a maximum deviation .

(heterogeneous _ homogeneous) of +0. 37 mk, or approx:.mately 4% of the predmted e&'ect o

To investigate concerns that this small difference m.lgh: be an amfact of the numencal treatment

in WIMS-AECL, a second geometry with a single, central pin was ‘studied (coolant and fuel  emperatives: C

600K and 300K, respectively). This amplified the effect by increasing the ooolant-to-fuel ‘Htiorwhich in
turn permitted verification of the results using MCNP 4°, a Monte-Carlo neutron’ ‘transport code (it was

unposs:ble to detect the effect in the 37-element fuel array using MCNP 4.due to the large statistical error

in k,, for practical run times). The results in Figure C.3 show & maximum deviation of about +10 mk

' around 50% voiding, with good agreement between WIMS-AECL and MCNP 4. This exercise helpsto

confirm the existence of a physzcal effect, as well as instill confidence in' the methodology

-Figure C4 ﬂlustrates the fast ﬂux spectral change in the inner fuel pin of the 37-element fuel array
with 0.9 mm annmlar void formatmn Average fast flux (> 0.821 MeV) increased by 5.5 % for the

3]
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heterogeneous case, and 4.5 % for the homogeneous case. A comparisont of flux change throughout the
fuel in three different spectral ranges is given in Table C.1. Note that the heterogenous model predicts a
greater change in most fuel rings and spectral ranges: the exception is the non-fast flux (< 0.821 MeV)in
the outer (fourth) fuel ring. The last column in Table C.1 summarizes the spectral effect alone.. ~obtained
by taking a weighted sum of all fuel rings.

The ongm of the effect is geometrical. A collection of dxscrete voids in the heterogencous case
allows a greater increase in neutron mean free path length within the fue! array, despite conservation of
average coolant density. - This is attributable to the prommty of fuel elements with the array, causing the
slightest film voiding to lead to both a larger increase in streaming between elements, and a larger reduction
in coolant moderation. The effect or the flux, evident in Table C.1. can be summarized using three groups:

(1) Thermal Flux arises from the moderator. Upon voiding, an incresse in mean free path length
leads to a spatial flux shift. towards the centre of the fuei array. The heterogeneous moxlel. therefore,
predicts an increase in this shift relative to the homogeneous modet, although cancellation between the outer
and inner regions causes the net effect on thermal flux throughout the fuel to be very small in both cases
(about 0.2 - 0.3 %). Additionally, ‘upon voiding, the spectral shift towards a lower average neutron

temperam:e is observed to be greater in the heterogeneous case, although this information is not presented
in Table C 1. A

(2) Fast Flur arises from the feel. Upon voiding, this component is incréased by loss of coolant
moderation and decreased by greater leakage to the bulk moderator. The loss of moderation is the dominant
effect, and the heterogeneous model predxcts a greater increase in fast flux across the fuel array.

(3) Resonance Flux arises partly fmm coolant moderation within the fuel array Upon vondmg -
reduction of this moderation leads to a corresponding reduction in resonance flux across the fuel array, with
a smaller effect in the outer rings. Accordingly, the beterogeneous model predicts a greater reduction in
resonance flux across the array, with a smaller effect in the outer rings.

Such differences in flux response will be manifested in nuclide reaction rates. 'Tabléﬂ. C.2 lists the

* partial reactivity (isotopic yield / total cell absorption) for U®* and U™ in the cooled and 0.9 mm annular _
_void (043 void fraction) cases. Since fresh fuel wds modelled, these partial reactivities are the only

components of fissile reactivity in the fuel. A total increase of 0.52 mk for U™ is observed between the _
heterogeneous and homogeneous results, while a slight decrease (-0.17 mk) is observed for U™, indicating

that the effect is not significantly related to thermal flux (for this geometry and for fresh fuel). Rather, the
difference between the two models appears mostly related to differences in predicted U™* reactivity across

the fuel, while a greater difference in U™ reactivity in the inner three rings of fuel is almost cancelled by
a decrease in the outer ring. _

The results for su:gle pin geometry. on the other hand, show entmel) Opposne behaviour, A
comparison of the cooled and 1.85 cm annular void (void fraction 0.24) cases in Table C.3 shows the
lmportant component here to be the doubling of U™ reactmty. since the U** contribution is small. This
is to be expected, since the absence of surroundirg fuel pms decmases the eﬁ'ects of fast fission and

- resonance absorption.

Figure C.5 shows the effect on reactivity of burnup in ‘the 37-element 0 9 mm film void case, as
predicted by the two models. The time-dependent discrepancy is shown in Figure C.6 in terms of both
absolute reactivity and a percentage of the total effect. At discharge burnup (7500 MWdfMg-lmual U) the
drfference is 0.70 mk, or about 11 %. At mid-burnup the difference is 0.56 mk, or about 8 % :

[o
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Figure C.5 is another listing of partial reactivities (isotdpic yield / total cell absorption). this time
at discharge burnup. and includes both Pu™ and Pu™'. Since U™ is fairly insensitive to bumnup its
contribution to both total reactivity and the film void model discrepancy does not change significantly. U™

* contributes less to both total reactivity and the discrepancy, due to depletion. Pu™ is affected by the same

opposing shifts in thermal flux across the foel array as is U™, although its net contribution is less negative
in the heterogeneous case than in the homogeneous case, adding +0.13 mk to the observed discrepancy.
The effect of bumup, therefore, is to increase the difference in predictions of the homogeneous and
heterogeneous models due to the depletion of U**, which has a reducmg effect on the discrepancy, and the
creation of Pu™, which has an enlarging effect.

C4 CONCLUSION

A :eai:ﬁvity difference is found when film boxh.ng is modelled heterogenecusly and_homogeneously.
An increase in fast flux, due to a greater increase in mean free path length, is the explanation. The effect

-increases with burnup due to depletion of U* and creation of Pu™. In contemporary designs the effect

is mincr (about 4 % and 11 % at zero and full burnup, respectwely) but a small effect could still be
sngmf cant in posmlated low void reactivity CANDU fuel bundles

: FUEL
COOLANT -
~ PRESSURE _ L
o (TUBE _ CALANDRIA
aap TUBE

- Figure c1 Gedﬁletry of 37-element lattice cell.

L

<
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Void Reactivity = k(voided) - k(cooled) . | 4
[ ] . /'/ > "
7 . - ////,//
o | . |- . | . L
E o /
% 5 Het?rogene}:us Moc{el . g //
. . Coeff. = 0.204 Ik/% void :
§4 St Efror=0.0004 —%// * | 1
o ‘ 1 ~ |
§ 3 / Homogeneoug Model | - '
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" -|._Std. Errpr = 0.0003 '
1T . ~ | geometric limit, 42.6% [T~
: i B T — N
5 10 15 20 25° 30 3 - .40 45

Void Fraction (%)

Figure C2 Void reactivity due to film boiling in 37-element cell, as a function of void fraction:
' ' Comparison of predictions using_hetéro_geneous and homogeneous models.
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m -
7011 Void Reactivity.= k (voided) - k (non-voided) § |- / _.
< Heterogeneous Mode! | . / A
E =0 ' I I d /q\
= | [mMcNP4|| [wiMs-AECL s -
8 a0 —5 — }4 // A
S 301— ~ WIMS-AECL —MCNP 4
/‘ﬁ/ 1 [T
20 Z ] Homogeneous Mode!
/ L~
10 / .
7
. 00- 10 20 30 40 50 60 70 80 90 100

Void Fraction (%) -

Figure C.3 Void reiactivity due to annular voids in single pin cell, as a function of void
fraction:. Comparison of WIMS-AECL and MCNP-4 predictions.

c



‘Appendix C

318

0.07

43% voided,

(=]
o
o

" 43 nided-
i MUIMIUUETIEUUS S G AY P L Y
7 heterogeneous
‘ —~
\\i /'/

. Normadlized Flux (1 n/sq—em/sec)
) . ‘ ‘

o

wn

PN
L=}

Figm_'e C4

Tt .2

- Median Group Energy (MeV)-

a
&

‘Fast neutron spectrum in inner fuel pm of 37-element cell, before and after .
0.9 mm annular void formation (43% void fraction): Companson ol‘ predlctmns‘
usmg lleterogeneous and Immogeneous models. o , '

o



42

Appendix C

319

Table C.1 - Changel(%) in average fuel flux spectrual distribution with 0.9 mm annular void
' formation (43% void fraction) in 37-element cell.
: Fuetl Fuel Fuel Fuel Total
Spectrum Model Ring 1 | Ring 2 | Ring 3 | Ring 4 Fuel
Range Used i _ ,
' (%) | (%) . (%) (%) (%)
Fast: heterogeneous | 670 | 626 | ‘559 517 5.52
(> 821 MaV) homogeneous 4.81 4.85 458 432 4.50
) het. fhom. _ 139 1.05 122 -1.20 1.23
_ Resonance | heterogeneous | -266 | -228 | —1.47 | -015 | -0s9
{625 eV - homogenous -2.21 -1.96 -1.38 -0.29 =097
.821 MeV) het. / hom, 121 . 1.50 1:06 0.53 1.03
Thermal heterpaeneous 1.50 1.05 0.16 -0.88 -0.17
(< 625 eV)‘ homogeneous | - 1.17 0.70 -0.03 - z0.93 -0.32
AT _ het. / hom. 1.29 1.50 4.66 095 .| 052

c

o

Table,C2  .Change in‘reactivity (A“."“f-'.w ;.;,,,,,;im) of U-235 and U-238 with 0.9 mm annular
- void formation (43% void fraction) in 37-element cell,

1 - Fuel Fuel - Fuel Fuel Total
v Model Used Ring 1 Ring 2 | Ring 3 | Ring 4 (mk)
- - _(mk) (mik) (mk) (mk)

- heterogeneous 011 | 052 0.99 1.17 285

| homogeneous 0.08 - 045 0.82 0.98 2.33

U | het - hom. 0.03 0.13 017 | o019 | ose
| % difference | 39.2% | 286% | 212% | 191% | 223%

_ heteroge'neous.‘ 0.65: 3.28 3.78 -1.68 6.03

. homogensous 059 2.83 3.50 -0.72 6.20
LU het. - hom, 0.07 0.45 027 | -09 | -017
: % difference 11.2% | 160% | 78% | 1329% | -27%

3
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Table C.3 Change in reactivity (A" Mww) of U-235 and U-238 with 1.85 cm anunular
void formation (24% void fraction) in single element cell. B

Fuel Pin
Model Used (mK)
heterogeneous | .. -0.16
N homogeneous - -0.03
S Uzgg--.m___\ N R ———
- . : het. - hom. -0.13.
¢ : % difference - 4333 %
‘ heterogeneous 19.37 2
homogeneous - 9.76
: ’ uss T . =
o ) het. - hom.- ¢ - 9.61
) % difference | 985%

£ .-

B
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Table C4  Change in reactivity (AY™/r, soemeae) OF U-235, U-238, Pu-239, and Pu-241 with
0.9 mm annular void formation (43% void fraction) in 37-element cell at discharge
burnup (7500 MWd/Mg-U)
Fuel Fuel Fuel Fuel Total
Model Used Ring 1 Ring 2 Ring 3 Ring 4 | - (mk)
: (mk) (mk) (mk) (mk)
heterogéneous | 0.1 061 | 1.03 1.22 298
: u‘~'='°” 7 homogeneous 0.08 _g_c_lf 0.5!:5;._ 1.02 243
‘het. —hom. | 003 0.13 0.18 020 | 055
% difference 38.1 % 279% | 21.3% 199% | 226%
heterogeneous 0.30 . 1.49 1.75 0.25 . 3.79 .
- homogeneous 0.28 1.35 1.67 0.456 '3.75
v || het - hom. 0.03 0.14 0.08 -0.21 0.04
% difference 894 % 107% | c47% | -45.8% 1.0%
heterogeneous |  0.23 101 | o063.| -250 | -0s4
homogeneous 0.21 0.87 - 0.50 -2.35 -0. 77
Put™ RS Ry Rt o
‘ _het.-hom. | 002 | 0.3 0137 | -015°| 0.13
& % difference | 7.7% | 154% |-260% | -63% | 17.0% |-
oA -~ B
heterogerieous 0.03 - 0.14 0.17 -0.15 0.19
homogeneous 0.02 0.12 0‘.13 -0.12. 0.19.
& Puui -~ rm———— - - y
-het. —hom. |- 0.00 -0.02 0.02 -003 " 0.00
e % difference 9. 9 % 135 % . 102% | -295% 0.3 %
1 . p . . EERI co -
s < e ‘ 4 o <
ERR “a K \ o f @ Q‘
o é ‘ . \_.\ [l “
.%, o o \‘,(L‘l !
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The following is the WIMS-AECL input file for the reference 37-element CANDU lattice

cell without burnup.

TITLE "WIMS 37-PIN NORMAL DESIGN, 92-08-1%, J.WHITLOCK®
SEQUENMCE PI.J- R

SCAN

NRCDS 37 -12 00 4 2 1

‘PREQOUT

ANNULUS 1 1.431 COOLANT
RNNULDS 2 2.17% COOLANT
RNWOLDS 3 2.926 COQLAKT
ANNULUS 4 3.674 COOLANT

ANNULUS
ANNDLUS
ANNULUS
ANNULUS

1
2
3
4
* BRNNULUS 5 4.421 COOLART
6
7
]
9

5.1689 COOLANT
5.6210 PT
6.4478 VOIDh
6.6002 CT.

NPIJAN #

POLYGON 10 4 MODER 14.2875
ARRAY 1110 0

RODSUB.1 1 0.6075 FUEL_}
RODSUS 1 2 0.654 CLAD.
ARBAY 2 1 € 1.48845 0 - . _y
RODSUB 2 1,0.6075 FUEL_2 . =

- RODSUB 2 2' 0.654 CLAD

ARBAY 3 1 12°2.8753 0.261798

_RODSUB 3'1 0.6073 FUEL_3 _
""RODSUB 3 2 0.65¢ CLAD o ¢

ARBAY 4 1°18 4.3367 0
RODSUB 4 1°0.6075% FUEL_4
RODSUB 4 2 0.634 CLAD
MESH ¥.

. WEWRES

FEWGROUPS 1 2 345% 7 8 51011 12 13 14 1516 17 18 19 20 21 §
22 23 24 25 26 27 28 29 30 31 32-33-34-33 36 37 3B 3% 40 41 42 3

©43.44:45 46 47 48 49 5051 52 53 54 .53 56 57 58 59 60 61 62 63 64 S -
. 63 66 67 6B 69

TOLERANCE 1E-3 -

SUPPRESS 101 11 1.1 1 1 1' 1 0 100 1 Lo

MATERTIAL COOLANT 0.80406 563.16 COOL Hl=.028 D2= 20.063 01b=7° 3098 ' .
MATERIAL MODER - 1.0835-344.16 MODE '+ H1=.017 D2=20.083 016=79.% . "
MATERIAL PT. 6.57 563.16 MODER 2R®1=97.5 NBS83=2.5 B10B=3.8E-§ : -

”: MATERIAL VOID 0.0014 341.16 MODER - HE4=100.

\(J[’/’

MATERIAL CT 6.44 341.16 MODER ZR91=9%.67 FE36=. 16 CR32=.11 NId3@=. 06 $
. (P10Be5.34E-5
ERIAL CIAD €.23 293.16 CLAD 2R91=99.67 FEEG= 16 CR52= 11 §158=. 06 s
:B10B=5,34E-5
HhTERIAL FUEL_1 10. 358 1155.16 FUEL U235= 0.6267 Ug39=alﬂ‘“5 0l6=11.8472
MATERIAL FUEL”2 10.358 11355.16 FUEL U235= 0.6267 UZAB=87:526 016=11.8472
MATERIAL FUEL 3 10.3%8 1155.16 FUEL U235= 0.6267 0230=87.526 016=11.8472

WRITE-1 -
BUCKLING

© . BEGIN .
BUCKLING "
S ROBOCK. -

.48265—4 2794E-4
.4826E—4\.21942~4 -

" MATERIAL FUEL 4 10. 358 1155 16 FOEL 0235- 0.6267 D238=B7.526 016=11.8472

o

" “BENOIST.1" ’
"PRIRT' 11101 o

G000 B . . . » . \

REACTION ALL . T P
PARTITIOR 3.45 69 R ®

CBEGIN . g o IR
“ READ .1"" ‘ S
DENSITY 0. 0001 o R
. BEGINT ... . .
L7 OBESIN. o S : SRR
USTOR. Ll L R S

325
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The following is thg fortran source code for FPT.FOR, a code u.sed_ to search for
successful two-ring nested annular geometn'és based ona balance of coolant ﬂow‘rate and
power deposition between the three flow subchannels,.checking also for centreline fuel
tempellat-lue acceptability. A similar algoﬁﬂun was uSEd t§ sea;_ch for three-ring and four-
ﬁng geometries. Output is printed in WIMS-AECL input format. An expl'anatibn' of the

‘method can, be found in Section 5.2.7.

N

PROGRAM FPT?

Calculates several two-ring nested annular fuel geometries, incl.
‘cladding, which satisfy subchannel flow/power balance, centreline
temp. conditien, delta-p condition, total flow area condltlon, and
heat flux approx.condition. All dlmenszons in cm.

*+ & % * ¥ ¥

_ Jeremy Whltlock, 24/08/16

DATA GRPIST GAP2ST, T1ST,GAPIMIN/O.08,0.29,0.0,0.1/ .
. DATA VOLST, VOLMAX, ICOUNTST/&UZO,GU.O.SOO/ '
" DATA GAPlINC,GAPZINC,TlINC.VOLINCAO:OZ.0.02,U.l,O.S/
DATA CLAD, RADOUT, RADIN, RADINC/0.05,5.1682,0.588%9,0.1/
DATA PI,BUNDLEP,MAXTEMP,FUELK/3.1415927, 640, 2000,0.025/
DATA COOLT, CLADT,RATMIN, T2MIN, PFRAC1/310,100,0.28,0.3,0.45/
DATA PDROPREF, SHEF,AREF,VREF/2.4704E-3,152.0,34.2,42.9%/
. DATA AMIN, DELPMAX SVMAX1, SVMAX2/0.02,1.1, 100.,100 /o
%" DATA FOMIMAX,FOMZMAX/0.,0./ . .
CHARACTER NAME*3,FILENAME*S, MULTINHM‘J
OPEN (UNIT=1,FILE='FPT7.QUT"} =
OPEN (UNIT=4,FILE='FPT.TMP', STATUS—'SCRATCH')
" OPEN (UNIT=35,FILE='SVMAX. OUT') .
OPEN (URIT= 6,FILE='SVCOMP ouT* )
OPEN (UNIT=7,FILE='C:\JEREMY\WIMSAECL\MULTI BAT‘)

3

* Start loops

PFRAC2=1-PFRACL
ICOUNT=ICOUNTST _ o
VOL=VOLST S S L co
DO 50 IRADIN=1,20 .  § ‘ po =
RADIN=RADIN+RADINC _ . ' ‘ - ; o
VOL=VOLST . _ o - T
DO 100 WHILE (VOL .LD. VOLMAX) .. . - ‘
GAP1=GAP1ST' o : e R
DO 200 IGAP1=1,100  , - - ' o
" GAPL=GAP1+GAP1ING
T1=T1ST -
DO 400 IT1=1, mo :
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Ti=TI+TIINC

GAP2=GAP2ST

DO 300 1GaP2=1,100
GAP2=GAP2+GRP2INC

* Calculate dimensions, volumes, flow areas and hvdraulic diameters.

R1=RADIN+GAP1+CLAD

R2=R1+T1

R3=R2+(2*CLAD) +GAP2 -
AREAF1=PI*(R2**2-R1**2)
AREARF2=VOL-AREAF1
VOL1=AREAF1*49.5
VQL2=AREAF2*49.5

RA=SORT (AREAF2/PI + R3**2)
T2=R4-R3

GAP3=RADQUT- (R4+CLAD)
AREAL=PI* ( (R1-CLAD) **2-RADIN**2)
AREA2=PI* ({R3-CLAD)**2- (R2Z+CLAD)**2}
AREA3I=PI* (RADOUT**2~ (R4+CLAD) **2)
TOTAREA=AREAl+AREA2+AREAI -~
Sm2*PI* (R1+R2+R3+R4)
51=2*PI*{R1+R2)

§2=2%PI*(R3+R4)
D1=4*AREALl/{2*PI*({R1—-CLAD)+RADIN})
D2=4*AREAZ/ (2*PI* ( (R3-CLAD) +(R2+CLAD) )}
D3= G‘AREAB/(Z*PI‘(RADOUT+(R4+CLAD)J)

* . Check for impossible geomntry.

IF (GAP3 .LT. GAP3MIN) THEN
GOTO 400
ENDIF
IF (T2 .LT. TZMIN) THEN
GOTO 500 .
ENDIF

* Calculate delta-T across each ring.

! )
PDENS1=BUNDLEP*1000*PFRACL/VOL1
. : POENS2=BUNDLEP*1000*PFRAC2/VQL2
e . RMAX1=3QRT ((R2**2-R1**2}/(2*LOG(R2/R1)}}
- RMAX2=80RT ({R4**2-R3**2}/(2*LOG(R4/R3) )
v ALPHAl={RMAX1/R1l)**2 ' .
ALPHAZ2n (RMAX2/R3)**2 . o
DELT1=PDENS1*R1**2* (1-ALPRAL+ALPHALl *LOG (ALPHALl)) / {4*FUELK) i
DELTZ=PDENS2*R3**2+ (1-ALPHA2+ALPHA2*LOG (ALPHA2) )}/ (4 *FUELK)

"* Check for unacceptable max. fuel temp.; try next IGAPZ on fa:l.

FUELT1=COOLT+CLADT+DELTL
FUELT2=COOLT+CLADT+DELT2
IF (FUELTL .GT. MAXTEMP .OR. FUELTZ .GT. MANTEMP) THEN
o GOTO 500 . _ -
L&, ENDIF . : ‘ ‘

v .

¢ % calculate fractional power load in each flow channel.

FRAC1Z={1+{{1- (Rl"Z/Rz"Z))/(2*LOG(R1/R2))))/(1—(R1**2/R2**2))
FRACL1=1.0-FRAC12
- . FRAC23= (1+({1- (R3"2/R4**2))/(2‘LOG(R3/R4)))}/(1-{R3“2/R4**2))
K FRAC22=1. 0-FRAC23 - .

B PLOAD1=FRAC11*PFRACL
PLOADZ-((FRAClZ‘PFRAC1)+(FRACZZ‘PFRACZ))
PLOADS-FRACZS‘PFRACZ

i

I

* - Calculate fractzonal flow rate in each. flow channel.

- CEXPR2./3. . s
. %+ " AD1=AREA1*D1**EXP.
‘ .+ AD2=AREA2*D2%*EXP
* AD3=AREA3*D3I**EXP -
. TOTALAD=AD1+AD2+AD3.
_WFRAC1=AD1/TOTALAD
. WFRAC2eAD2/TOTALAD

LN
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WFRAC3I=AD3/TOTALAD
* Check for equal flow area and delta-P ratio less than 1.1.

AREAERR= (ABS (TOTAREA-AREF) ) JAREF
EXP2=-1.6 ,
DELP={AD1+3D2+3D3) **EXP2
POROP=DEL?/?DROPREF
DELPRAT=DELP/PDROPREF

IF (AREAERR .GT. AMIN .OR. DELPRAT .GT. DELFMAX) THEW
GOTQ 500
ENBIF

* Compare fractional power loads and flow rates; try new IGAP2 on fail.

RATIOL~WFRACL/PLOADI ‘ : o )

RATIO2=WFRARC2/PLOAD2
RATIO3=WFRAC3/PLOADZ

IF (RATIOI .LT. RATMIK .OR. RATIO2 .LT. RATMIN .OR. RATIOZ .LT. RATMIN) THEN

GOTO 500
ELSE IF (1/RATIOL .LT. RATMIN .OR. L/RATIO2 .LT.
> RATMIN .OR. 1/RATIC3 .LT. RATMIN} THENW
GOTO 500 -
ENDIF

* HWrite results if acceptable.

ICOUNT=ICOUNT+1

WRITE (L, ™) ICOUNT .

WRITE(L, *) VOLUME= *,VOL, ' RADIN= ', RADIN
WRITE(i,*) ' Rl= *',R1l,' R2= ',R2,' R3= ',R3,"' R4= ',R4 . .
WRITE{1,*) -* FUELT1= '}FUELTE,' FUELTZ=" ', FUELT2 ’ - o
WRITE(1,*) ' PLOAD:. ',PLOAD1,PLOAD2,PLOADI :
WRITE(l,*}) ' WFRAC: ',WFRAC],WFRAC2,WFRAC3

WRITE{l,*) ' GAPS: ',GAPl,GAP2,GAP3

* Sort surface-to-volume ratios.

SVRAT1=S1/AREAF1
SVRAT2=$2/AREAF2 : : o
SVREF=SREF/VREF . _ . L
SVERR1=BBS (SVRAT1/SVREF-1.) ) . ‘
SVERR2=ABS (SVRAT2/SVREF-1.) '
IF. (SVERRL .LT. SVMAXI .AND. SVERR2 .LT. SVMAX2) THEN -
WRITE(S,*) ICOUNT,' SVERRL= *,SVERRL,' SVERR2= ', SVERRZ
SVMAx1=SVERRgf/, p
SVMAX 2=SVERR®,/
ENDIF . ‘ ‘ o
FOM1= SVERRl/DELPRAT o : : S
FOM2=SVERR2/DELPRAT ‘ e s
IF {FOM1 .GT. FOMIMAX .AND. FOM2 .GT. FOM2ZMAX) THEN ‘ i :
WRITE(6,*) ICOUNT,' FOMi= ',FOML,' FOM2= ',FOM2
FOMIMAX=FOML .
FOM2MAX=FOM2
ENDIF

WRITE(l,*} ' AREA= ', TOTAREA/AREF, ' DEL-P=',
> PDROP, ' §1e ',SVERRY, ' 52= !, SVERRZ
WRITE(1,*) * °

N~

* Write entire WIMS-AECL input file,.

REWIND {4) ‘ _
WRITE (4, *) IGOUNT 2 _ : e T
REWIND (4) : : . _ _ oL T
READ{4,*) NAME - ] E :
FILENBME="X"//NAME/ /" . INP" o o -
MULTINAM=tX'//NAME C . R
OPEN(UNIT=3,FILE=FILENAME)

. WRITE(7, 700) *CALL RUNCASED',MULTINAM
700 FORMAT(AlB,lx A4)

WRITE(3,*) 'TITLE "TWO FUEL RINGS. GRAPHITE éPACBR, BALANCED', * FLOW/POWER" " .
WRITE({3,*) 'SEQUENCE 2. 3' . . . ‘ e
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WRI

TE(Z,*

WRITE(3,*)

WRITE(2,10)
WRITE(3,10)
WRITE(3,10)
 WRITE(Z,10)
WRITE(3,10)
WRITE (3, 10)
WRITE(3,10)
WRITE(3,10)
“WRTTE(3, 10)
WRITE (3, 10)

329

T SCAN'
'PREQUT"

"RNNULUS ! ',RADIN-CLAD, 'CORE'

*ANNULUS 2 ,RAD&N,'CLAD’

'ANNULOS 3 RﬁDIh+GA”l,'COOLRNT'

'ANNULUS 4 ,Rl,'CLAD'

'ANNULUS 5 ',R2, 'FUEL_1"'

TANNULUS & ',R2+CLAD, "CLAD'
TANNULUS 7 ',R24CLAD+GAPZ, 'COOLANT'
"ANNULUS 8 ',R3,'CLAD'

TANNULUS 9 *,R4, 'FUEL_2°'

'ANNULUS 10*,R4+CLAD, *CLAD’

FORMAT {A10,1X,F6.4, 1X,A10)
WRITE (3, *)
WRITE(3,*)
WRITE {3, *)
WRITE (32, ")
WRITE({2,*)
WRITE{(3, ")
WRITE (3, *)

WRITE (3, *)-

WRITE(3, *)
WRITE{3, *)
WRITE(3, ")
WRITE ({3, *)
WRITE (3, ")
WRITE (3, "}
RWRITE (3, *)
WRITE ({3, *}
WRITE (3, *)
WRITE(3, *)
WREITE'(3, *}
WRITE (3, *}

WRITE(3, *}

WRITE(3, *}
WRITE(3,*)
WRITE (3, *)
WRITE (3, *)
WRITE (3, *)
WRITE (3, *)
WRITE (3, *)
WRITE (3, ™)

“ WRITE(3, ")

WRITE (3, *)
WRITE (3, *)
WRITE (3, *)
WRITE (3, *}
WRITE (3, *)
WRITE (3, %)
WRITE(3,*)
WRITE (3, *)
WRITE (3, *)
WRITE (3, *)
WRITE (3, *)

* CLOSE(3)"

*ANNULTS 11 5.1689 COOLANT'
‘ANNULUS 12 5.6210 PT" - -
PANNULUS i3 6.4478 VOID® : ;
*ANNULUS 14 6.5002 CT' '
'POLYGON 15 4 MODER 14.2875!
Ta
'MESH #°'
'NEWRES'
Tt
'FEWGROUPS' 1 2 3 45 6 7 6 9 10 11 12°13 14 15 146 17 18 19 20 21 §*' -
'22 23 24 25 26 27 28 2% 30-31 32 33 34 35 3§ 37 38 39 40 41 452 5 ..

43 44 45 46 47 48 48 50 51 52 53 54 53 58 5? 58 59 60 61 5263 &4 &
'65 66 67 68 69'
*TCLERANCE 1E-5'
'SUPPRESS 1 01 11 11111 1011¢Q0 -1t
'"MATERIAL COOLANT 0.80406 563.16 COOL Hl =.026 D2Z=20.063 016=79.950%"
TMATERIAL MODER 11,0835 344.26 MODE Hl =.017 ©2 20.083 Ql6=T7%.9"
'MATERIAL PT 6.57 563.16 MODER 2ZR91=97.5 NB83=2,5 BLl0G=3.8E-5"'
'MATERIAL VOID 0.0014 341.16 MODER HE4=100.!
'‘MATERIAL CT 6.44 341.16 MODER ZRQI 99,687 PESS=.16 CR52—.11 NISS- 06 5°
' Bl0B=5.34E-5"'
'MATERIAL CLAD 6.23 293.16 CLAD ZR%1=99%9.67 FE56=.16 CR52=.11=NISB=.06 5!
v ‘310B=5.34E-5" ' :
'MATERIAL FUEL_ 1 10.358 1135.16 FUEL U235=0.6267 U238=87.526 Ql6=11.847"
"MATERIAL FUEL_2 10.358 1155.16 FUEL U235=0. 6267 U238 87 526 Ol6=11.84T7"
'MATERIAL CORE 1.6 562.16 COOL €12 1.0 *
'WRITE 1
*BEGIN ' o
‘BUCKLING .48265—4 .2T%4E-4
TNOBUCK '
‘normalize loss '
'BENQOIST 1 '
'PRINT 1 1 1010 '
'REACTION ALL . ’ ¢
'PARTITION 5 45 &9 ¢
'BEGIN ¢
'READ 1 . '
'DENSITY 1 1 0.0001 !
'BEGIN !
'BEGIN '
'STOP '

v

WRITE(*, *) ' SVERRi= ',SVERRI.‘ SVERR2= ‘,SVERﬁiS

* . Increment counters and clese loops.

500

“400

200

100 .

S0

CONTINUE
CONTINUE

“END

CONTINUE . R o
CONTINUE
CONTINUE ‘
WRITE(¥,*) ' VOL= ',VOL,* CORE R= ',RADIN, ' HITS= ', ICOUNT-ICOUNTST
VOL=VOL+VOLINC

o

i



7

Appendix F

The following is the WIMS-AECL input file for Cas-:e‘ JE-NU-GS without burﬁup.

'TITLE "3E-NU-GS: TWO FUEL RINGS, GRAPKITE SPACER, BALANCED FLOW/POWER" -
SEQUENCE 2. 1

SCAR

PREQUT .

ANNOLUS 1 0.6796 CORE
ARKULOS 2 1.3293 CORE
BNWOLODS 3 2.0389 CORE
ANNDLIOS 4 2.088% CLAD
ANNOLUS 5 2.3989 COOLANT
ARNULUS & 2.4489 CLAD
"ANNDLUS 7 2,858% FUEL_1
ANNULUS 8 2.9088% CLAD
ANNULUS 9 3,3380 COOLANT

ANNDLUS 10 3.408% CLAD
ANNDLUS 11 3.848% FQEL_2
ANNOLUS 12 3.898% CLAD
ANNULUGS 13 4.3589 COOLANT
ANNULUS 14 4.4089 CLAD
ANNULDS 15 4.8336 FUEL_3
ANNDLUS 16 4.8836 CLAD
ANNULOS 17 5.1689 COOLANT
MNNULOS 18 5.6210 2T !

* ANNULUS 19 6.4478 VOID
ANNOLUS 20 6.6002 CT
POLYGOW 21 4 MODER 14.2875
L) .

MESH ¥ - -
NEWRES . = -

FEWGROUPS 12 34 5 67 B 810 11 12 13 14 15 16 17 16 18 20 21 S
22 23 24 25 26 27 26 29 30 31 32 33 34 35 36 37 36 39 40 41 42 §
43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 G4 §
65 66 67 6B &9 N
TOLERANCE 1E-5 ‘ ST
SOPPRESS 1 6111 21111 10100 -1
MATERTAL COOLANT 0.80406 563,16 COOL H1 =.028 D2=20.063 016275.909
MATERIAL MODER 1.0835 344.26 MODE M1 =.017 D2 20.083 O0l6=79.9
MATERIAL PT 6.57 563.16 MODER 2ZR91=97.5 NBS3=2.5 B10B=3.BE-5
MATERIAL VOID 0.0014 341,16 MODER HEA=100.
MATERIAL CT 6.44 3d1.16 MODER ZR91=89.67 FE36=.16 CRS2=.11 NI58#.06 §

B10B=5.34E-3
MATERIAL CLAD 6.23 293,16 CLAD 2R91=09.67 FE56=.16 CRO2=.11 NISB=.06 $

B10B=5.34E-5 . \
MATERIAL FUEL_1 10.358 155,16 FOEL D235= 0.6267 U238=87.526 Ol6=11.B472
MATERIAL FUEL 2 10.358 1155,16 FUEL U235= 0.6267 0238=87.526 Ol6=11.8472 °
MATERIAL FUEL3 10,358 1155.16 FUEL U235= 0.6267 0238=87.526 016=11.8472
MATERTAL CORE 1.6 563.16 COOL €12 1.0
WRITE 1
BEGIN :
BOCKLING .4826E-4 .2794E-4 S ¢ A
NOBUCK - : '
NORMALIZE LOSS ' ‘
BENOIST 1 . ‘
PRINT:1 11010 - R
REACTION ALL :
'PARTITION 5 45 69 N .
BEGIN . . ‘

READ ]

DENSITY 1 1 0.0001
“BEGIN

BEGIN -

STOP

330



Appendix G

The following are the MCNP-4 and WIMS-AECL input files for the single-lump annular

fuel case used as a benchmark the calculations of WIMS-AECL.

MCNP-4 Cooled Case

test éase, cooled L
-,80406 ~1 B 9 10 -11 12  imp:in=l vel=34.665345 S coolant

123
2 4. -10.359 1 -13 & ¢ 10 =11 impin=l vol=42.90326 5 fuel
33 -.80406 13 -2 8 2 10 -11 1mp:in=l vol=6.369768 5 coolant
45-6,57 -2 -38910-11 . : vel=15.3250% S D/t
5 6 -.0014 3 -489%10 =11~ vol=31,34833 § veid
67T ~-6.44 4 -538910 -11 val=6.247105 § e/t
7B -1.0835 58910 -11 -6 -7 vol=679.674¢ § mederater
8 9 ~1.6 =12 8 9 10 -i1 _
1 ez 3.3218; ‘ $ coolant
2 gz 5.1689 5 fuel
3 ez 3.6210 : S prit
4 g2 6.4478 5 void
5 g2 6.6002 5 o/t
5 px 14,2975 " & eell boundary
-7 opy 14,2875 $ cell boundary
*8 p 0.0 $ cell boundary
"+0 py 0.0 $ cell boundary -
10 pz 0.0 S cell boundary ’
11 p2 50.0 § cell boundazy

12 ez 3.3018
13 ez 4.9689

- mode:n
keode 2000 1.15000 20 10000 1CG00 ©
ksre 2.5 2.5 2.0 :
: 3.2° 3.2 2.0
.totnu . . o
m3 . 1001.50c 1.3405e-4 1002.53¢c 4.8233e-2 B016.50c 2.419%0e-2 5 coolant
me- . 1001.50c 1.0877e-4 1002.55c 6.5060e-2 BO16.50c 3.2593e-I % moderator |
m7 . .40000.57c 4.2374e-2 24000.50c B.202le-5 26000.55c 1.1106e-4 : “
29000.50c 3.9632e-5 3010.50c 2.0e-7 ' N 3o/t x
ms  B0L6.50c -1.0
mS  40000.57c 4.228%e-2 41083.51c 1.0646e-3 5010.5Cc 1.5e-7 § p/t
m4 .. 8D16.50¢ =-.1344410 92235.50c -0.00720 92238.50c -0,992300 § ring 1
m9 6012.10c 1.0 . :
mt3 hwtr.04t lwtr.04t
me8 hwtr.01t lwetr.0lt
phys:n 10 0 -
print 90 110 120 130 140 170 . . B -
prdmp 33 1 o . )

G.1_ MCNP-4 Voided Case

test case, voided ' ' -

13 -.80406e-4 -1 8 8 10 -11 12 . 1mp:n=1 vol=34.66543 § coclant

2 4.-10.358 1 -33 B 9 10 -11 ‘imp:in=l vol=42.90326 $ fuel

3 3 -.80406e-4 13 -2 B 9 i0 -11 imp:n=1 vol=6.369768 $ coolant: o o o

4 3 ~6.57 2 =-38 910 -11 impin=l vol=15.32505 § p/t = *
e 9 6=-,0014 3-480910-11 impin=1 vol=31.34833 5 void e

6:7 ~6.44 4 -58910 -11 impin=1 vols6.247105 $ c/t

0 7.8-1.0B35 38 910 -11 -6 -7 -1mp:n=l vol=679.6746 Simoderator
8.9 -1.6 ~ -128 910 -11 mp:n=)

Rl
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Appendix G

332

1 ez 3,3218 5 coolant
2 ez 5,1689 5 {uel
3 oz 5.6210 S p/t
4 ez 5.4478 $ veoid
5 ez 6.0002 § cit
“6 px 14.2875 S cell boundary
*7 py 14.2B75 $ cell boundary
=8 px 0.0 5 cell boundary
*9 py 0.0 S cell boundary
*10 pz 0.0 $ cell beundary
*11 pz 50.0 5 cell boundary
2 cz 3.3018
13 ez 4.9689
modetn
koode 2000 1.15000 20 10000 10000 0
ksre 2.5 2.3 2.0
3.2 3.2 2.0
totnu

m3 1001.50c 1.3405e-4 1002.55c 4.8233e-2 801¢.50c 2.41900~2 5 coolant

m8 1001.50c 1,0877e=-4 1002.55¢c 6.5060e~2 8C16.50c 3,.2593e-2 .5 moderator

m? 40000.57¢c 4.2374e-2 24000.50c 8.2021e-5 26000.55¢ 1.1106e-4
28000.350c 3.9632e-5 5010.50c 2.0e-7 5 c/t

mé 2016.50ec -1,0

m3  40000.57c 4.228%8-2 41093.51c 1.0646e=-3 5010.50c 1,.5e-7 5 p/t .

m4 8016.50c -.1344410 $2235.50c -0.00720-92238.50¢ -C.992900 § ring 1

mo 6012.10c 1.0 . -

mel hwtr.04t lwtr.04t

meB hwer.Glt lwer.0lt .

phys:n 10 0 : - o7

print 90 110 120 130 140 170

prdmp 33 1

G.2 WIMS-AECL Case

TITLE "TWO OUTER FUEL RINGS, EQUAL WIDTH, CORRECT Vc/Sf®

. SEQUENCE 2.3

- 5CAN

PREQUT . : : :

ANNOLUS 1 1.1006 C_ROD : - '

ANNULUS 2 2.2012 C_ROD ! )

ANNOLUS 3 3.3018 C_ROD -

ANNULUS 4 3.3218 COOLANT

ANNULUS 5 4.1454 FOUEL -

ANNULUS 6 4.9689 FUEL -

ANNOLUS 7 5.1689% COOLANT . i\
ANNOLUS 8 5.6210 PT : :

BENNULUS 9 6.4478 VOID

ANNULUS .1 6.6002 CT : .
POLYGON 11 4 MODER 14.2875 . ' <
MESH # : . : :

NEWRES

FEWGROUFS 12 34 56 78 9 1011 12 13 14 15 16 17 12 13 20 21 §
22 23 24 25 26 27 28 29 30 31 32 33 34 33 36 37 238 39 40 41 42 §
43 44 45 46°47 48-49 50 51 52 53 54 55 56 57 58 59 60 6l 62 63 &4 °5
65 66 67 68 69

TOLERAKCE 1E-3

SUPPRESS 1 0111 11111 1 0 100 -1

MATERIAL COOLANT D.804G6 600. COOL Hl =.028 D2#20.063 016=79,909

'MATERIAL MODER. 1.0835 300. MODE H1 =.017 D2 20.083 016=79.9

MATERIAL PT 6.57 300. MODER 2R91=87.5 NB93=2.5 B10B=3.BE-5 E .

MATERIAL VOID 0.00i4 300. MODER ©16=100. N

MATERIAL CT 6.44 300. MODER ZR21=99.67 FE56=.16 CR32=. 11 N1%8=.06 § ’
B10B=5.34E-5

MATERIAL CLAD 6.23 293.16 CLAD ZR°1=99 67 FE56=.16 CR32=,11 RI58=, 06 ]
Bl10B=5,34E~-3

MATERIAL FUEL 10.358 300. FUEL U235 0.6267 U238=B7.526 016=11.8472 -

MATERIAL C_ROD_2. 5 0.0 CooL C12=100.

WRITE 1

BEGIN

PRINT 1 11010

REACTICN U235=0 0238<0

PARTITION 5 45 69

BEGIN )

)

. READ 1
.DEWSITY 1 0.0001

BEGIN
BEGIN
STOP

2

s



