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THE ROLE OF CRITICAL EXPERIMENTS IN THE
CHALK RIVER POWER PROGRAMME

A.G. WARD
ATOMIC ENERGY OF CANADA LIMITED,

CHALK RIVER. ONTARIO, CANADA

Abstract - Resumn - AmsoTastius - Resumen

THE ROLE OF CRITICAL EXPERIMENTS IN THE CHALK RIVER POWER PROGRAMME. Critical experi-
ments have fomned a considerable part of the reactor physics programme at Chalk River. The ZEEP reactor
has been used since 1951 for measurerpents of buckling, fine structure of the neutron flux distribution, and
other related studles. In l9S0 the ZED-2 reactor was commissioned for an expanded programme of lattice
experiments to support the Canadian effort on the development of heavy-water-moderated power reactors.

These mneasurements provide a basis for optimum-power reactor design. Current Interest Is In the use of
boiling H5O or fog as an alternative to DO coolant with oxide-fuel assemblies, and in the use of organic
coolant with uranium-carbide fuel. Precise measurements are being made to determine the ncutron balance.
They complement the buckling measurements and are important in the development of accurate lattice recipes.

Critical experiment; during start-up of large reactors have provided additional information and check
the validity of the design data. Problems for future study Include the lattice parameters for large fuel clusters.
accurate measurements relating to power and void coefficients of reactivity, and the we of plutonium to
simulate Irradiated fuel for lattice experiments.

ROLE DES EXPERIENCES CRITIQUES DANS LE PROGRAMME CANADEEN DE RfACTEURS DE PUISSANCE.
Les experiences critiques tiennentunegrandeplacedansle programme de ls phytique des tiacteurs. I Chalk River.
Depuls 2951, on utilise le riacreur ZEEP pour des mntures du laplaclen et de ia structure fine de a trEpartition
da flux de neutrons ct pour d'autres etudes connexes. En 1960. on a mis en service Ic riacteur ZED-2 en vUe
d'exdcurer un programme orfendu d expEriences de r&caux. dans Ic cadre du programme plus vaste de dEve-
loppement de rfActeun de puissance Il'eau lourde.

Cat matures fournissent une basc pour V'optimrsation des reacteurs de puissance. A l'heure actuele. on
slintressc I I'utilisition decau bouillante au 'leu de DsO comme flulde de tefroldissement avec la assem-
blages I Ioxyde d uranlurn. et I Plutillsation d'un flulde organique avec le carbure d'uranium. Des mueures
prfedses sont falter pour determiner l'economle des neutrons. Elles completent leu mesurtu aur Ic Itplaclen et
sonM importantes pour la mise au point de formula de ritfau.

Des experiences critiques faltes pendant le demarrage de grands reacteurs ont fournl des information
supplimentaires et Ont permia de Ydrifler lPexactitude des caractirlstques. Pour Plavenir. le programme des
travaux compotte l'ctade des paramitres de tsreau pour lea grappes d'clements de combustible de grande
dimension, des meaures pricises relatives au coefficient de temperanure et au coefficient cavitaire. es Putill-
ataon du plutonium pour simuler le combustible irradii dans les experiences de rcseau.

POAll KPHTHIECKHX 3XCnEPHMEHTOB D flPOrPAMME no 3O1EPrETHXE B 4OK-
PHBEP. XpHTH(40cKle sKcnepMMuassti CoctaajsAsT sHaMMTens1Hys, 'acTm nporpasuat no ft3iKe
peaXTopoa s *oiK-Pitep. PeaKTop ZEEP c 1951 roas Hcmonb3yectt AnR H35mepeLmx nannacataHa,
ossoHx rspyxTypu pacnpeAenemmx noroxa HefTpoHoa x HtpoDeAeHHX Apyrmx cmeaHLIX Hcc/eAOaHHiR.

1B 1960 roay peaKtop ZED-2 6un nepeCaat Anxs ocy0tecsranessn pacmmpemHoR nporpauuhr onUToD c
peme'Kaumm z tteaxx nojtAepscxm ycnmR, LspeanpMHswaemuix a KaH&ate no pa3pa6oTxe osepreTH'sec-
KHx peaxkopoa c TaitexsoaoaHWu 31514DAnXTeAeM.

3TH x3sepeHH11 o~ecne'saaxor ocatosy Ann pa3pa6SOsH OnTHMSaJILHoR Xo0HCTpyKsuH 51epreltm-
'secxoro poa0topa. B HiacToRusee apeasX npoXAanROTca He ocna6esaautA MHTepecIC S sonpocy uc-
nojszstoaHma KmnmireHl BOAU HnH napa B xa,4eCT8a a1sTepIIaTHDa TAlxenODOAIOY TenArutoCU'renat
C ?OnniNVHsINU C6OpisUH U3 OKHcH ypaaa i npu Mcnonhionai1Hx opraHRmecxoro TennOHOCUTenR c
TOnnHaBOU B assae tsap6Ma ypaHa. To'wue i3mepeulti npononRTc2 a NacTOXatee apeesa c Uenms,

.onpeaeneMIx 6aSnaHca MeRTPOMOB. OHM XBJIX0SfCX AOfOJnHHem K pa60sau no uM31epeOisD nsanna-
CH11a1tOn H npeAcTaa3sT nsazto. as3HameHH9e AnH pa3pa6oTKH T o04HMX MeTosto1 c npHemeHuHeu
pemeToXt.
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450 A.G. WARD

B pesynbsaTe npoSSAeeMNs XpHTmecI x x onXaxo. *o SpeMn nycKa 6onJbmHX peaXTopoa nojny-
USHa AonomixTensHI ax HmmopusuHm Hi ocymecTaIne"a npoaepxa npuroAHocTm npoeXHMux XaBHHX.
B 14Hcno npo6neu AnxR XCCJieAOSaHHR B 6yaymOY VXOAXT H3y4eHHe napauespoi pemeToK Atnn 6on.-
rHX Cc60poK ToniHsHUX wtemeHToa, nposgAeRee T0SHUIX H3mepeHHR uoMHocTi R nycToHIux X03o-
4t1HeHTo8 peOKTHaIeocsffT K 1pHreHeHNe BAYTOOIr * tlenAx aHUTKpOaaRHZU o6ny#euHoro .TonAlHaa
XnX OnbflTON c pemeTX&MN.

FUNClt5N DE LOS EXPERMIENTOS CRiTiCOS EN EL PROGRAMA DE REACTORES DE POTENCIA DE
CHALK RIVER. Los experimentos crfticos constituyen una parte Inportante del programs de (fstca de reactores
lievado a la prictlca en Chalk River. El reactor ZEEP se viene utilizando dude 1951 ptsa medicldn de los
lapLacianos. detemainacl6n de Is esuuctura fina del flujo neutr6nico y otcos estudla conexos. En 1960 se
puso en servicto el reactor ZED-2 a fin de ejecutar un progrm& anmpipado de experfmentos sobre reticulados.
con obleto de impulsar lot nabajos que se realizan en el Canadi con msras al perfecclonsmlento de los tescto-
rue de porencia moderados por agts pesada.

Estas mnedlclones sirven de base para proyectar Ice reactores de potencla en condiclones dptimal. Actual-
mente ie estudla el empleo de 120 hirviente o pulverizada par& teempazar &I DO utilliada comao refigemalate
de los conjuntos combustibles de 6xido de uranno. ascorno el empleo de refrigerante orgiflco con combus-
tible de carburo de uranlo. Se estin efectuando mediciones precisas pars detemminar el balance neutr~nlco.
Sirven de cotuplemento a 1i medlcl6n de IaplacLanos y faciliuan el esablecimiento de fdrmulas exactas par&

cilculo de reticuladow.
Lor experimentos crrilcos efeenuadot durasne Is puesta en serviclo de reascorea de elevads potencia pro-

porcionan Infonmaci6n suplementarla y sliven pita comnprobar Is validez de los datos utilizados en el proyecto.
Entre los problemas que se ustudlarin en o fuurom figuran los parimeiros del reticulado en el caso de grandem
haces de barras de ctnbustible, mediclonea preclas relativas a los coeficlentes de reactividad de potencla
y de vacro y el empleo de plutonfo pars. simular combustible irradlado con objeto de efectuar experimentos
sobre el rediculado.

Critical experiments have formed a considerable part of the reactor-
physics programme at Chalk River. The necessity for such experiments
and their value seem obvious to those who want to carry out the experimental
programme. The only problem is to put on paper convincing reasons to
justify the expenditure of effort and money. In this paper we discuss the
motivation for our current programme 6f critical experiments, the develop-
ment of the experimental programme and where we think further work is
needed.

Chalk fiver experience and interest is in heavy-water-moderated're-
actors. We have three large reactors at or near Chalk River, NRX which
went critical in 1947; NRU which started In 1957 and NPD which wentcritical
in 1962. In addition, the construction of the CANDU reactor to produce
200 MW of electrical power is well advanced and a new test reactor WRt-l
is just being constructed. NRX Is cooled with light water, NRU, NPD and
CANDU are cooled with D2 0 and WR-1 will use organic coolant in many
channels.

Exponential experiments were used in 1943 at the Montreal Laboratory*
to verify the lattice design of NRX. In addition the ZEEP reactor was de-
signed as a versatile lattice test facility and it first went critical in 1945.
The ZEEP reactor was used for a hectic series of experiments;* including
only one lattice experiment, during 1946 and 1947. Then the heavy water
was removed from ZEEP to be used In the start-up of the NRX reactor.
Critical experiments with the ZEEP reactor were restarted in 1951, to
assist in the choice of a lattice for the NRU reactor; These experiments
were carried out with mock-ups of the proposed NRU rod design. The choice
had to be made between experiments using a complete lattice of rods and

9,.
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perturbation experiments using fewer rod assemblies. The following ex-
tract is from an unpublished report written in 1953.

"There are three main reasons for performing a core experiment rather
than one with a complete lattice of rods;.

(a) A full lattice .may not react in the experimental system available
in this case (ZEEP).

(b) The lattice information is needed in the early stages of the reactor
design so that the time spent awaiting the fabrication of a full set
of rods is costly.

(c) In the case where several rod designs are to be tested, it would be
uneconomical in material and workshop time to fabricate a full set
of each type."

It is interesting that much the same type of argument for core experi-
ments is advanced today, with equal validity. Nevertheless for a variety
of reasons we at Chalk River have normally used 55 or more rods for buck-
'ling experiments, a number which canhardlybe classed as a core experiment.

By 1954 it became clear that Chalk River would work towards the
development of power reactors. The programme soon concentrated onD2 O
moderated and cooled reactors,.usingUO2 fuel. More recently other coolants,
steam, boiling D20, organic and fog, have been seriously considered.

With this background, it is natural that our lattice expdriments have
been concentrated on D 2 0-moderated natural-uranium-fuelled reactors and
the studies have been directed at obtaining more detailed and accurate know-
ledge of the neutron behaviour in such lattices.

The programme of lattice experiments which started in..ZEEP in 1951
has been a continuing one. By 1957 buckling measurements as a function
of spacing had been carried out on ZEEP rods, NRX rods, NRU rods, 19-
element metal rods, hollow metal rods and 19-element oxide rods. The
measurements on hollow metal rods were carried out as a part of a joint
programme with the U.K.A.E.A. ln 1952. The measurements on the 19-
element metal rods were carried out before we had realized the advantages
of oxide for water-cooled power-reactor rod assemblies.

In 1958 we decided to build a second lattice testing facility, ZED-2,
which first went critical in 1960. The reasons for building this facilLtywere
as follows: we felt we could usefully employ both ZEEP and the second reactor
ZED-2 onlattice physics experiments. The early studies of power reactors
of the pressure tube design indicated some advantage for designs with rela-
tively large fuel cross-section areas, of the order of 50 cm2 or even more
and correspondingly large spacings. The ZEEP reactor was not large enough
for critical experiments with such lattices. Further, the minimum value
of buckling which we can measure with a complete lattice in ZEEP is of the
order of 5 m-2 . On the other hand, this is close to the maximum value which
we can get with oxide lattices. We wanted to be able to make measurements
with spacings less than and greater than the optimum to check the validity
of lattice recipes. Finally, considerations of optimum power-reactor de-
signs lead to problems of flattened flux distributions, optimum reflector
thicknesses, etc. and ZEEP is not really suitable for such experiments.

These were the reasons which led us to build ZED-2. We'have sub-
sequently used it for most of the experiments for which it was built, except
for measurements on large rod assemblies. Fortunately there exists a set
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of measurements from Savannah River on large assemblies; however we
hope soon to include a set of measurements on large rod assemblies in the
ZED-2 programme.

The experimental programme on ZED-2 has differed somewhat from
our expectations. We have attempted to make complete sets of measure-
ments for the lattices being studied. Current studies are on 19-element
oxide rods very similar to CANDU fuel, but we are using D2 0, air and organic
in the coolant channels. Previous studies were on 7-element oxide rods.
Included in the measurements are experiments to determine the fast fission
factor, initial conversion ratio, fine structure of the neutron density in the
lattice cell, and values of the buckling. We also make measurements of
the neutron temperature as a function of position in the lattice cell and values
of the epithermal neutron density are measured. Recent reviews of these
measurements have been given by GREEN et al. Il] and by BIGHAM and
GREEN in a paper at this Symposium [2].

Although such measurements require a great deal of time and effort,
we think they are worthwhile. They provide a much better test of lattice
recipes and most important of all, they show clearly which components of
the recipes are in error when calculated and measured bucklings do not
agree.

Up to now I have reviewed briefly the history of lattice experiments
at Chalk River. Perhaps we should look at the usefulness of such experi-
ments. We make use of our results when we study the design of a power
reactor. Immediately we are faced with questions of optimum design, choice
of rod size and lattice pitch, prediction of power and temperature coefficients
of reactivity, the fuel burn-up life time, the pattern of power distribution,
fuel and control rod management, safety analysis, control and stability and
a host of other problems.

The information from the clean cold critical experiments provides direct
answers to some of these problems. One aim of reactor-physics experi-
ments is to be able to answer design problems accurately and quickly. The
required accuracy is sometimes difficult to judge. For instance, the choice
of fuel design and lattice pitch are vital to the choice of an optimum design.
However the uncertainties inherent In lattice recipes,, and the resulting
errors in prediction of fuel burn-up, may be small compared with errors
in estimating the difference in the production cost of different fueldesigns;

Lattice of natural uranium oxide and metal rods, moderated and cooled
by heavy water, have been extensively studied in many laboratories. In
fact, the only gaps in this information relate to details of neutron behaviour
in the lattices of rods with large cross-sectional areas. Generally speaking,
this lattice physics information is adequate for a reactor design. When the
coolant is changed to boiling light water, steam, fog, or organic coolant,
there are many gaps in the required information. This is partly because
the positive coolant void coefficients of reactivity need to be accurately known
for control and safety studies. Lattices of the type proposed for the
U.K.A.E.A. reactor SGHW are extreme designs which demand critical ex-
periments as well as a prototype reactor. Thus in the field of heavy-water-
moderated lattices, it is easy to be complacent about the state of knowledge
of the physics of some particular type of lattice; it is equally easy to be
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asked an important question on the merits of some particular reactor design
for which the answer is unknown.

Our future experimental programme at Chalk River is not rigidly
planned. I hope to see a complete set of measurements on large cross-
sectional area U0 2 rods similar to the current set for 19-element oxide
fuel. We have planned a few measurements on rod assemblies containing
carbide fuel and organic coolant. We are investigating the procurement of
some rod assemblies containing uranium carbide. Some measurements of
moderator and fuel temperature coefficients of reactivity and coolant void
coefficients are being considered. We would like to see- some laitice ex-
periments with depleted uranium mixed with plutonium. -.

Critical experiments during the start-up of a new reactor are always
interesting and instructive. An extensive series of measurements on the
NRX reactor were reported at the 1955 Geneya Conference 131. A corres-
ponding set of measurements was made on NRU and is partially documented
(4]. The start-up experiments on the NPD reactorhavebeendescribed by
WHITTIER [5]. In this latter case, cadium dissolved in the coolant was
used to calibrate the reactivity versus moderator level and the moderator
and coolant temperature coefficients were measured. There was some jugg-
ling with the loading of the depleted fuel, used to absorb the excess reac-
tivity of a fresh fuel load, as a result of the initial critical height measure-
ment near half tank. This measurement was of the order of 10 mk less
reactive than predicted; on the other hand the full tank reactivity was close
to the predicted value. Subsequent analysis has attributed the 10 mk dis-
crepancy in the initial critical height prediction to differences in fuel loading
assumed in the calculation and that used in the reactor, and approximations
in the use of a twodimensional analysis as applied to a relatively compli-
cated three-dimensional reactor. Another interesting result from NPD was
the loss of reactivity due to degradation in the D2 0 moderator in a fuelling
incident, and thecorrespondinglargealterationofthe moderatortemperature
coefficient of reactivity.

One important product of critical experiments is trained reactor physi-
cists. Each reactor which contains new features in the design may have
problems due to simple oversights on the part of the designers. The detec-
tion of power modulation of NRX due to waves on the surface of the moder-
ator came as a surprise and equally unexpectedly we discovered powermodu-
lation of NRU due to flutter of the control rods. Inthelattercase this caused
some difficulties with rate trip settings. It is to be hoped that such over-
sights remain of minor importance for the operation of large reactors. Well-
trained reactor physicists are a partial guarantee of this hcpe.

Finally, I would like to comment on lattice recipes. We at Chalk River
have made good use of the familiar two-group calculations and the old four-
factor formulae. Such recipes are badly strained by the current wide range
of accurate experimental data. Since experimental lattice work is readily
available to lattice designers only when condensed into recipes we have been
forced to look for newer and better methods of correlating the experimental
data. It is tempting to look towards the powerful models developed for H20
reactor calculations and a correspondingly painstaking problem to check
such recipes against the wealth of experimental data.



- -

454 A.G. WARD

Although one may hope for the day when the reactor-physics calculations
are confidently based on computer programmes, with no recourse to ex-
perimental or critical facilities, it seems likely this happy time will only
arrive when new reactor designs are no longer of interest.
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DISCUSSION

C.G. CAMPBELL: The U.K.A.E.A. experiments at Winfrith in support
of the steam-generating heavy-water reactor project (SGH1W). to which the
paper refers, have made extensive use of a heavy-water-moderated, light-
water-cooled exponential assembly, together with a high-flux subcritical
assembly fed by neutrons from the source reactor NESTOR. These as-
semblies have been used for studying uniform lattices and also. to get
bucklings and a wide range of reaction rates as a function of coolant density
in a variety of lattice arrangements. The critical assembly DIMPLE has
also been used for this work and for studying non-uniform lattice arrange-
ments. I might mention that we in the United Kingdom have been moving
away from simple two-group correlation techniques as a means of accounting
for the-sort of complicated physical processes going on in these dual
moderator systems.

A. 11ITCHCOCK: In his paper, Dr. Ward attaches some importance
to making measurements of reflector properties and flux distributions in
systems with control rods etc. in the lattice, i. e. systems of somewhat
larger than the minimum critical size available in a small facility. Does
he feel that the results which can be obtained justify the additional cost of
the larger critical facility needed for such measurements? These costs must
be rather considerable, especially if heavy water is Involved.

A.G. WARD: It 'is rather difficult to answer this question because thus
far we have not done a great deal of experimental work along these lines.
Studies which have been made of the effects of heavy-water reflectors in
our power reactor'designs show that we have been tending to over-estimate
the benefits from them. If we can find answers to some of the questions in-
volved, the cost of the heavy water needed in our experimental facility would
be largely offset by the resultant savings in heavy-wrater costs for even one
reactor.

P.F. PALMEDO: I should like to make a comment on the interesting
results from Chalk River reported by Dr. Ward. We at Saclay have started
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a rather extensive programme of detailed fine structure measurements on a
variety of oxide clusters, both air-cooled and in D20. Our experiments may
be of interest in relation to the Chalk River measurements, since we have
studied a cluster very similar to the 19-element CANDU type, as well as a
number of rather different configurations.

The first results from this series 'will soon be published, and I think
it would be very profitable to compare in detail both the results obtained
and the methods used in the two laboratories. As a general policy, I con-
sider that an increase in such detailed inter-laboratory comparisons would
be beneficial.

A.G. WARD: We shall certainly be interested in seeing the results of
these Saclay measurements.

E. HELLSTRAND: You mention in the paper that you would like to see
some lattice experiments done on depleted uranium mixed with plutonium.
Does that mean that you have definite plans for doing such experiments and,
if so, will you restrict yourself to this type of plutonium fuel?

A. G. WARD: We have plans for such measurements. At the present
stage, they are based largely on hopes of persuading our friends in the United
States to do measurements for us on depleted uranium-238 with plutonium
mixed in. I can't say any more at present, because the arrangements are
still somewhat tentative.

Y.E. GIRARD: On the subject of experiments with slightly enriched
or Pu-alloyed fuels, I should like to mention a programme that has been
started on AQUILON at Saclay, under a contract with EURATOM. In these
experiments use is made of fuels slightly enriched or slightly depleted In
U235 and fuels alloyed with plutonium (metallic bars, diameter 29.2 mm).
The first measurements have been completed and are reported in IAEA
Technical Reports Series No. 20.' The measurements on the first Pu set
(uranium metal, 0. 05% Pu, low PU240 content) are now under way. The two
other sets which are planned involve the use of 0. 2% U and 0. 3% Pu ivith high
and low contents of Pu2 40 .

The Spanish Atomic Energy Board is due to start measurements at
Madrid on organically cooled carbide elements. Under an agreement with
the French Atomic Energy Commission, the initial measurements were
carried out on AQUILON at Saclay, in June 1963.

A.G. WARD: We should certainly be very interested in seeing the re-
sults of the EURATOM programme when they become available. Our lack
of knowledge of the properties of plutonium in the neutron spectrum in the
lattices is the big question mark in present-day reactor design, hence, the
importance of experiments in which plutonium is used in the lattice.

* GIRARD. Y. et NAUDET. R.. * lRapport d ensemble tur rexperImentation AQUILON* et
cDescriptlon de quelques experiences recentes dens AQUILONo. Ikavy Watre Lattices: Second Panel

Report, LAEA. Vienna (1963) 93- 145.
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Abstract - Rsume - AsitoTailis- Rcsumen

LATTICE PARAMETER MEASUREMENTS IN ZED-2. This paper describcr current experiments wing
the Chalk River lattice-testing reactor. ZED-2. The fuel assemblies cloaely resemble the fuel channels of the
Canadian power reactors NPD and CANDU. The experimental fuel consisu of 19Lrod clusters of 1.42 cm
diameter, zircaloy-clad U01 of density 10.4 g/cm= which are boused In double-walled tube assemblies to
simulate the pressure and calandria tubes of the power reactors.

Ducklings are determined from macroscopic flux distributions and reactivity measurements. Micro-
scopic neutron activation distributions are also measured frorn which the thermal utilization f and thermal
diffusion area LI are deduced. The Westcott epithetmal neutron-spectrum parameter r and the effective
neutron temperature Tn are determined using In, Mn and Lu detectors. Fastrfisslon ratios and Initial conversion
ratios are also measured; these results yield values for the fast-flision factor e and the resonance-escape
probability p respectively. AL of these parameters are determined in hexagonal lattices for several pitches in
the range 18-36 cm. The measurements are being made with D2O, air (I. e. vold) or an organic liquid. 118-40.
which has the chemical formula CH, H2. filling the coolant spaces of the fuel assernblies. The moderator Ls in
all cases DO.

Descriptions of the lattice arrangements and the measurement techniques are given as well as a summary
of the results that have been obtained so far. These results for the 19-rod U0s fuel clusters are compared to the
results of experiments that were done earlier with 7-rod clusters of 2.40 cm diameter UtI2 which are similar
to some of the NPD fuel channels. The buck~lngs are also compared with the calculated values given by the
latest Chalk River lattice recipes.

MESURES DE PARAMtTRES DE RtSEAU AU MOYEN DE ZED-2. Les auteuas ddcrivent des experiences
courantes fates au moyen du reacteur dessai de rtsaux ZED-2 de Chalk Rlver. Ls cartouches de combus-
tible tessemblent de tres prcs aux canaux de combustible des riacteurs de puissance canadiens NPD et CANDU.
Le combustible servant A lPexprience est formE de grappes de 19 barres gainees de Zircaloy de 1.42 cm de
diamrtre, en UVa d-une densltc de 10. 4 g/cm'; ces grappes sont log~es dans des assemblages tubulalres I
double parol de maslare. A simuler les tubes de pressuon et ceux de la calandre de rcactcun de puissance.

Les auteurs dedulsent lar laplaciens de mesura des repartitions macroscoplques du flux et de la rfacti-
vitd. Ils meurent austs les repartitions micrrscopiques de lactivation neutronique d'of Us didulsent lutill-
sation thermlque f et l'aie de diffution thermique Lt. Ds diterminent le parametre du spectre des neutrons
ipithermiques. r. dit de Westcott, et la temperature effective des neutrons Tn en utilisant des detecteurs
I In. Mn et Lu. Us mesurent Egalement lea taux de fission rapide et lei taux de conversion Initlaux; ces
resultats donnent des valcurn pour le facteur de fission rapide c et pour la probabillt6 dichapper I la capture
pat resonance. p. Tous ces parambtres sont dtetrmins danm des rneaux bexagonaux pour des pas de riseau
compris entre 18 et 36 cm. Les espaces destinds I recevolr le flulde de refroldissement sont remplis de DO.
dair (cavttc) ou de C55H5 . Darn tout les cau, Ie ralentLueur etr du Dp.

LAs autcurs dorment une description des configurations de ruscau et des methodes de mesure ainsi qu'un
bref apernu des resultsa obtenus juquIa prasent. Lb comparent les rtsultats concernant les grapper de 19 barres
d-U0, et ceux d'expdriences faites antdrleurcment avec des grappes de sept banres de 2.40 cm de diamatre en
UoC, analogues I certains des canaux de combustible du rcacteur NPD. Us comparent atusl les laplaciens aux.
valeurs calculfes d'apra les demitres formules de treau de Chalk River.

U3MEPEIIH 1 IIAPAMETPOB PEIWETOK PEAKTOPA ZED-2. AlaeTCX oncHaaHe TeKy1QHx
onWssoa -Ha peaKTopO uRnM cnbT&aHHA P6oeTOK ZED-2 a 4OK-PHSep. ToriusaHase c6opKU peaKTOpOS
OOH&i noXoSsH Ha tonnuiusue xaHan aHiaCaKHx s9HepreTH4ecKsx peanzopoa NPD H CANDU. 3xc-
55ePHU9HT8J~taOoe TOnlulO COCTOHT H3 C6Opox, CoCTa~neHsHix H3 19 CTepasHeN U02 xHaUeTpOu
1,42cm C B UHpKannOeBOfg o61oitq4x nnoTrHocTbs 10,4 Krlcs3, KOTOphle noueutassTCX a Tpy6Kax c
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ABOAHHIYH cTeHxamu AnR Hx.HTmpovaHm AssneHux H 3 Tpy6xax LIHnNHAPHmecxoC t $opmu. HCnon -
3yewax B SHepreTx-aeCKHx peaXTOpaX.

Zannacumu onpeAenuMTCn no ARHHSM uMKpocxonH'ecKmx pacnpeAenelHR nOTOKOD n u3mepe-
HuMR peSKTHBIIOCTh, Taxe "X3mepxerTCX uHxpocxonC ecKoe pacnpeAeneHIe aKTH9aUHH HeRTpoHoa,
H H3 nonysenHux A8HHbX DIDOArTCX BeOjiuHH& HCnonf 3BaaS Tennoisix HenSpoHoD f H O6SaCTL
TepMoAHs4ty3HH V. C nOM0o2lb AOTOXTOPOD H3 HHAHOPOA, MapraHueaoft R AM)TeOumeso $onar.1

onpeDenJIr)TCR napauesp cnexTpa NsATaJnnoaUX MORTpoH1oa BecTKoTa r u St¢4lXrlana Teunepa-,
sypa T,. H3UepRnOCJ TaKxe 0THOOeHHX HHTeHCHSHOCTeR xeneHHX GICTP&IX HeATPOHOB U Hamaah-
Hue XO3M$INitHOHTu KOHeOPCUUH. 3TH p03ynRLTaTI IIPHBOART COOTseTCTseHHo x DenH'mHau Ko34-

ItHUH'Hta AeJIeHOR 6sr1CTplX HeRTPOHOB C H K aepoNTHoCTH pe3oiiaHcHOR YTe4XH p. Bce 3TU napa-
meTpO I onpezenXDTCN a rexcaroHanbHux peweTxax AnR HmCeOnLXHX 3HaqeHqin nocToSHHoR peeueTKX
a Auanalote 18-36cu. H3UepeHUX nPO1OAXTCX C D20 3o3AyXOM (T.e. a maKyyue) HnH C opra-

ituqecKoR XNHAKOCT1W HB-40, KoTopax mweeT XHuuH'ecxtye $opuyny C21112 R 3ationHxeT npoCTpaH-
CTB0 OX)IS&AeHHX 3 TonnnBHUX c6opxax. 3ameAnUTeneu DO 9cex Cny-4aRx clyxsr DZ0.

AaeTc onncaHSHe pactionoxenHHn peueTOX .4 ReTOA0o u1upeIuss, a Tsxwe o6o6jRaifTCX no-
JIYweHHhte pe3ynbTSTM AnX c6opoK, COCS3JIeHHIIX M3 19 cyepXK1ef C TOnnHDOM * s"Ae U0 2. 3TU

pe3yn-bTaTuL CpS3HH3aSTcR C pe3ynJTaT3S4H nOCT53JOHHb[X paH96 on0uros Co C6opKaMH H3 7 no-
A06HUX cTepxHeR aMaueTpom 2,40 cm, XOTOpue noxoRH Ha HISKOTOPue u13 TonnuBHlX 1aHano0
NPD. 3iiameHmx nannacHBHOB TaKXX CpSNHHanDTCR C pac'eTHUMNH 11OJIHMHUIM, nonyqeHuHuH
a pe~ynrare npussemeHHR B tiox-PH3ep nocneAHHX ueTiSoJ c HcnoCj!3oDaHHSe pemeTOK.

MEDICIdN DE PARAMETROS DEL RETICULADO EN EL REACTOR ZED-2. Lo autores describen la
expertmentw que se extin reUzando con syuds del reactor de Chalk River pars emsayo de reticulados. ZED-2.
Los conjuntoa combustibles son muy parecidos a los presentes en los canales de carga de la reactores de po-
tendsa NPD y CANDU del Canadi. El combustible experimental estc formado par baces de 19 baras de
1.42 cm de dlametro. de UOJ de 10,4 gm/cm' de densidad, con revestimlento de zircaloy. que van alojadas
cn tubos de doble pared pan simular Is preulon y lot tuboa de calandrua de Jos reacroros de potencfa.

Los Isplaclanos se calculan en funclon de las dlstribuclones macroscdpicas del flulo y en la& mediciones
de reactividad. Tambign se miden las distrlbuclones mlcroswcpicas de activacl~n noutrdnica. de las cuales
se deducen ls utillzacidn trmica. f. y cl Iret de dlfualon tErmica. Lt. El parimetro de Weatcott para el
espectro de neutrona epitdmicos. r. y U temperaturn neutrrnica efectiva, Tn. se determinan con ayuda
de detectores de In. Mn y Liu. Aslmalsmo. se determinan las razonos de filhln por neutronas ripidol y las
razones niidcales do convenldn; astar renalcadar pemnsren deducdr el valor del factor do fihlon por los neutronas
ripidosw. c y la probabilidad do escape a Ia captura por tesonancla. p. rospectivamente. Todoa esat para-
meuca se detenminan en reticulados hesagonales pars diferentes espaciamlenros comprendidos ntre 18 y 36 cm.
Las medidcones se reaslzan utlUzando comno relleno de los circutros de refrlgeracidn de lw elernentos combus-
tibles DlO, sire (es decir. circuttas vacros) o un lfquldo orginico. H3-40, quo responde a la fomulla qunmica
C1,H12. En todos Clot casas. el moderador consiste en D,0.

Se describen las configuraciones del reticulado y las tdcnicas de medicidn y se faciHta un resumen de
los resultadoa obtenidos hart ahor&. Esto resultados, correspondlentes a los haces de 19 barras de UW0, le
comparan con los de otros experimentosejecutada anterlormente con haccs de 7 barras do U02 de 2,40 cm
de dilmetro, que son parecidas *1 combustible Introducido en *Iguna de los canales do cauga del reactor NPD.
Las laplaclanos tamblin se comparan con Jos valores calculados aplicando las fommulas mis reclentos pars
cilculo do reticuladra establecldas en Chalk River.

1. INTRODUCTION

The ZED-2 reactor [1] at Chalk River is a DzO-moderated, zero-energy,
critical facility In which experiments are done to determine the parameters
of lattices of fuel assemblies which are possible contenders as fuel for nu-
clear power stations. In addition to obtaining information for a particular
lattice arrangement of interest, measurements are made for various lattice
arrangements, i. e. different lattice pitches and with different fuel con-
ditions, e.g. different coolant materials, to provide a broad experimental
background for the lattice recipes used by the designers of future power
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reactors. Since ZED-2 first went into operation in September 1960 detailed
lattice parameter measurements have been made for lattices of fuel assemblies
which are similar to the fuel channels of the NPD and CANDU power re-
actors. Experimental results for lattices of NPD type 7-rod U0 2 fuel
bundles were presented at the Second Panel Meeting on Heavy Water Lattices
held by the IAEA [21. This paper describes the results that have been ob-
tained for lattices of CANDU type 19-rod U02 fuel bundles.

2. DESCRIPTION OF FUEL AND LATTICE ARRANGEMENTS

Fig. 1 is a cross-sectional view of one of the fuel assemblies used in
the experiments. The fuel is in the form of bundles each consisting of
19 pencils of U0 2 having a diameter of 1.421 cm, and a density of 10.45 g/cm').
Each pencil was sheathed in 0.454-mm thick Zircaloy-2. More details of the
fuel bundles are shown in Fig. 2. Each assembly contained six bundles.
The main differences between the experimental fuel assemblies and the actual
CANDU fuel channels are different bundle end-plates and the fact that the
experimental pressure and calandria tubes were aluminium whereas in
CANDU they are Zircaloy-2 and Zircaloy-4 respectively. However, the
thickness of the aluminium pressure tube was chosen to give the same thermal
neutron absorption as the actual pressure tube. Seven assemblies were
also available having Zircaloy-2 pressure tubes (but Al calandria tubes)
.and these were used to determine the material bucklings of lattices of as-
semblies with Zircaloy pressure tubes. The physical details of the experi-
mental fuel assemblies are listed in Table I. Note that the bundle end region
is defined as that region lying between the U0 2 in adjacent bundles and
extending radially to the inside surface of the pressure tube.

AIRt ANNIUU)5

| /DIAMEER 1.421 cl.
be-__ / OEtlSiTY 30.45 g

LS ID. 160 cmOD .Wc
oa 00.444 C.

Fig. I

Cross-sectlon of 19-rod fuel assembly

Experiments have been done with three different materials in the coolant
space, viz. D20 of moderator purity, air (I.e. void) and an organic liquid,
HB-40, which is a yellowish liquid having a formula of ClBH 22.0 . a density
qf 1.00 g/cm3 at 25*C, and a temperature coefficient of density of -065% per
deg C in the range 0oC to 300°C. In the D2 0-cooled lattices the D2 0 entered
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Fig.2

Details of 19-rod fuel bundle

the coolant space from the moderator region through holes in the bottoms of
the assemblies. The air-cooled lattices were obtained by excluding the
D20 coolant with helium gas; each assembly was made airtight and fitted
at the top with plastic tubing which was connected via a manifold toacylinder
of helium gas located outside the reactor. The D2 0 was forced from the
coolant space into the moderator region. The organic HB-40 coolant was
sealed inside the coolant space and thus Isolated from the moderator.

Measurements were made in triangular lattices for a range of lattice
pitches, 18-36 cm for the D2 0 and air-cooled lattices and 18-28 cm for the
organic-cooled lattices. All measurements were made in arrays of 55 as-
semblies. For the D20 and air-cooled lattices at pitches greater than 21 cm
only 55 fuel assemblies were required. Extra reactivity was required for
all of the organic-cooled lattices and for the D2 0 and air-cooled ones at
21 cm pitch and smaller. This was provided by adding six of the assemblies
with Zircaloy pressure tubes and/or ZEEP rods [3] or NPD type 7-rod
U02 cluster assemblies (11 around the outside of the core. A typical lattice
arrangement is shown in FIg. 3, viz, the 21-cm D2 0-cooled lattice arrangement.

3. EXPERIMENTAL TECHNIQUES

The programme of measurements was aimed at the determination of the
following lattice parameters for several different lattice pitches with each
of the three coolants: the material buckling B2, the microscopic neutron
density distribution-throughout the lattice cell, the initial conversion ratioy0 ,
the fast fission ratio 6; and also the neutron spectrum parameters: the
epithermal spectrum index r and the effective neutron temperature Tn. The
experimental techniques used to determine them will now be described.
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TABLE I

DETAILS OF ZED-2 EXPERIMENTAL FUEL ASSEMBLIES

7-rod 19-rod bundlcsbDetail Bundles a Type I Type 2

Bundle length (cm) 47.31 49.38 49.38

UO, Fuel:
Length pet bundle (cm) 45.72 47.73 47.73
Diameter (cm) 2.400 1.421 2.421
Density (g/cm) 10.20 10.45 10.45

Sheath spacing (mm) 1.27 1.27 1.27

Fuel sheath:
Material Al ZR-2c ZR-2
Inner diameter (cm) 2.438 1.431 1.431
Wall thIckness (mm) 0.508 0.454 0.454

Pressure tube:
Material Al Al ZR-2
Innerdiameter (cm) 8.255 8.255 8.283
Wall Thickness (mm) 0.89 2.67 4.28

Calandria tube:
Material Al Al
Inner diameter (cm) 10.160 10.160
Wall Thickness (mm) - 1.42 1.42

Bundle end region:
Gapbetween UO (cm) 3.59 1.65 1.65
Volume of sheath material (cms) 59.52 23.48 23.48
Volume of air (cm$) 5.23 6.36 6.36
Volume of coolant (cm) 20.24 58.52 59.10

A The centres of the six outer rods lie on a 5.33-cm diameter circle
b The 19 rods are in a circular array; one rod on the axis, six on a 3.30-cm
diameter circle and twelve on a 6.38-cm diameter circle
C ZR-2 = Zicaloy-2

3. 1. Ducklings

The bucklings were determined from flux distribution measurements
made with Mn(11% Ni) foils mounted in thin Al thimbles which were placed at
cell boundary positions throughout the core. The resulting flux distributions
well-removed from the core boundaries (the radial positions used in the
analysis are shown in Fig. 3) were fitted by least squared to Jo or 10 Bessel
and cosine functions to determine the radial and axial bucklings respectively.
(The radial flux distribution was of the lo form in some low-buckling, tight
lattices where a large driving region was used and there was a net flow of
neutrons into the core from the driver region; in these cases the axial
geometric buckling exceeds the material buckling.) Since the fuel is in the
form of bundles, "flux'peaking" at the elevations of the bundle ends was
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ELEMET XC,
^UEL ASSEMBLY

*.CIXtMENT FUEL AISEMaLY

WITH Zft.2 PRESSURE TUBE

Fig. 3

21-cm D10-cooled U0z (19) lattice

observed particularly at tight spacings. The measured fluxes at the bundle
end locations were omitted from the axial fitting.

Material bucklings were also obtained for lattices of D 2 0-cooled as-
semblies having Zircaloy-2 pressure tubes by measuring the reactivity
effect of replacing the central seven assemblies having Al pressure tubes
with ones having Zircaloy pressure tubes. The procedure used was to
measure the critical heights for three different reactor configurations:

(i) The normal unpertubed reactor containing acoreof55fuelassemblies
with Al pressure tubes;

(ii) The normal core ((i) above) but with a 2.54-mm diameter full-length
Co wire located at the boundary of the central cell: and

(iii) The normal lattice with the seven central fuel assemblies of the core
replaced by ones having Zircaloy-2 pressure tubes.

The changes in geometric buckling, A 32, of the unperturbed lattice required
to compensate for the perturbations were assumed to be given by

AB 2E F(h) z 2 [ (h +Ah)2 j] (1)

where Ah is the change in height required to keep the reactor criticalwhen
the perturbation is made,

h is the extrapolated height of the unperturbed reactor, and
F(h) is a factor which allows for the dependence of the radial leakage

upon critical height. This is a reflector effect which depends
upon the height h and the reflector properties and is known from
other experiments to vary from 1.0 to 1.5 for the lattices studied
here.

Using one-group statistical weight theory it can be shown that

B2R ' BA I + W (4O 7 '?Al) (2X.
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where At4, &Biare the observed buckling changes for the Co wire and
the seven-assembly fuel replacement respectively, ob-
tained using Eq. (1),

BAR is the required material buckling of the lattice of fuel
assemblies with Zircaloy-2 pressure tubes,

BX1  is the material buckling of the lattice of fuel assemblies
with Al pressure tubes,

13o is the material buckling of a lattice of fuel assemblies
with Al pressure tubes and also a full-length 2.54-mm
diameter Co wire located at the boundary of each cell,
and

Wi' W7 are the statistical weights of the central cell and. the
central seven cells, respectively, of the unperturbed
reactor.

WI f J 02 dV
W2 1 02 dV

(3)

where f1 , J7 are integrations over the central cell and central seven cells
respectively, and a is assumed to be given by

* - Jo ( Xr)cos(pz) (4)

where X2 - B2
1 - p2 and 9 = ar/h.

Here only the radial dependence of 0 is required since the perturbations
are all full-length. All quantities in Eq. (2) except B&I are known from

measured flux distributions and critical heights. (B& - B11) was calculated

using the known cross-section of Co, measured cell flux distributions and
the flux depression factor for the Co wire which was measured separately.
In making this calculation n and c were assumed constant but the effect of
the presence of the Co on all other parameters was included.

3.2. Microscopic neutron density distributions

Neutron activation distributions were measured throughout central
lattice cells with - 0.10-mm thick Mn-Ni foils placed between fuel pellets
and 0.51-mm diameter Mn-Ni wires located in holes drilled ultrasonically
in the fuel pellets and at various positions in the coolant region and moder-
ator. These measurements were made in a special short fuel assembly
which replaced the normal central fuel assembly and which contained only
three fuel bundles, the middle one of which was the experimental bundle.
The measurements were made near the middle (axially) of this fuel bundle,
well away from the end effects.

The total activities obtained were corrected for the macroscopic flux
variation across the cell and for Mn resonance activation using the measured
neutron spectrum parameters (see below) to arrive at the total neutron density
distribution'throughout the lattice cell. Since the total Mn activation is
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proportional to

nu 0 (Gtg +G, so rrTF0 ),l

where n is the total neutron density,
Co is the 2200 m/s cross-section of Mni
G, G r are the thermal and resonance self-:shielding factors for the

detectors,
So s 47T0 /Tn and
g, r and s are the well-known parameters defined by WESTCOTT

et al. [4].
The relative neutron density distribution is obtained by dividing the measured

activities bythe appropriate (Gtg+Gtso r4T0 /To) factor using the measured

values of rlTn(To. G, values were calculated, g was taken as 1.000forMn
and Ggso values were measured in separate Cd ratio experiments using thin
Au foils as a standard. Graphical integration is used to determine average
neutron densities in the various cell materials.

3. 3. Neutron spectrum parameters

Measurements of the epithermal neutron spectrum parameter r, and
the effective neutron temperature T5 (a measure of the spectral hardening)
were made in the fuel at a cell boundary position in the moderator and on the
outer surface of the calandria tube. The technique used has been described
in detail by BIGHAM et al. [5]. Thin In-Al and Lu-Mn-Al foils were irradi-
ated together at several positions inside the fuel cluster and in the moderator
of the central cell and also at a reference position, either in the D20 re-
flector outside the core or in the graphite reflector below the calandria floor.
Once the specific activities of the In, Mn and Lu'76 detectors have been de-
termined, .the values of r and T, are deduced using the following expressions:

(An/AMx [(Gt g + (r JTnTO)x Gtso)jn 1[(Gtg + (rFTSTo)o Gr sO)Mnl

(A./A7 TL (Gg +G(r ) Gs o)Mn (Gtg + (r. o). Grso)ln j)

(ALU-176 /AMj r(G 1 g+(r4T5 /TGgso). 1 76 1 [ (Gfg + (r4T/T) 0GrS 0 ),l

(ALu-176/AMA ) (Gtg+(r4/TnJTO).GSo)Mn . (GtgO+(r JTifT0)0 GtsO)LU- 7 6 J.
(6)

where A is the specific activity, x refers to the position in the test cell, and
0 refers to the relector reference position.

The value of (r4T,/TO)O Is determined by measuring the Cd ratio for

thin In-Al foils at this position, (rJTn/To)o is small so that the uncertainty

in its measurement introduces a negligible error in the determination of

(r..TT/TO),. Values of Gtso for the detectors arc known from Cd ratio
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measurements and are based on the value so = 18.8 for In suggested by
BIGHAM et al. [5]. G, values are calculated and g values are taken from

WESTCOTT [6]. Thus values of r4T/TO are derived from Eq. (5). These

are used in Eq. (6) to deduce the effective neutron temperatures. The second
square bracket in Eq.(6) is determined from the activity ratio in the reference
position where the neutron temperature is assumed equal to the physical
temperature. Thus values of gx, which is a known function of Tn, are derived
from Eq. (6) and hence T. values are determined. Combining the values

r-JTT5 /Tc and T, gives r.

3. 4. Fast fission ratios

The fast fission ratio 6(the number of U238 fissions per U235 fission) was
obtained by measuring the fission product gamma-ray activities in natural
and deplete~d uranium metal foils. The foils were the same diameter as the
fuel pellets and were irradiated in.a representative cross-section of the
central fuel assembly. The fission product gamma-counting rates, (above
a threshold of 1.3 MeV) corrected for the U235 fission in the depleted foil and
the U238 fissions in the natural foil, give the time dependent quantity

Ry(t) (U238 gamma-counting rate (7)
U235 gamma-counting rate

The fast fission ratio is given by

6 P(t) Rat). (8)

The time dependent calibration factor Pit) was found by irradiating the same
foils in a fast neutron facility, where the fast fission ratio 6' was known, and
counting the gamma-ray activities to obtain 11(t) and hence P(t) = 6'/R4,(t).
A back-to-back fission chamber containing natural uranium on one side and
U235 on the other was used to obtain 6' by measuring the fission rate ratio,
RI, (natural U/U23 5) with the chamber in the fast neutron facility and the
corresponding ratio, RO, with it ina thermal flux (6 = 0). Then, 61= (R'/R0 )-l.

3. 5. Initial conversion ratios

Values of the initial conversion ratio, yo (the number. of PU239 atoms
produced per U235 atom destroyed) were determined by comparing the relative
neptunium and relative fission product activities induced in thin wafers of
natural uranium oxide in a representative cross-section of the central fuel
assembly and in a thermal neutron flux either in a tank of D20 attached to
the end of a thermal column in the NRX reactor or in the ZED-2 bottom
graphite reflector. The neptunium was counted using a coincidence method
which suppresses the fission product and natural background rates ten times
more than the neptunium rate. The details of this technique have been de-
scribed by TUNNICLIFFE et al. [7] and CHIDLEY et al.[8].

la
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The conversion ratio is given in terms of the measured activity ratios
by the following expression,

- . .[$e1r' [(19+a)r a 1
thra (~I + Ofue, J 235

where g
8, 25 are the absorption cross-sections of U238 and U235 respectively,

a is the ratio of capture to fission cross-sections of U235,. and

[ND239 activity (fuel) 1
[Np239 activity (thermal)|

Cc (10)
[U~e fission product activity (fuel)

Lu2 35fission product activity (thermal)

is the measured activity ratio corrected for U238 fission product activity.
Hence the absolute value of the initial conversion ratio yo is based on the

value of FE 0.562 and value's of (1+a)d~mt obtained from
L i vales of 1 +aTjZeI

reference [6] using the measured r-values and neutron temperatures. The
correction for the U238 fission product activity in fuel was the time dependent
quantity R,(t) defined above, that is,

(11235 fission product activity) (Observed fission product activity). (ii)

4. RESULTS AND DISCUSSION

The results of the buckling measurements are listed in Table I; The
values given have been corrected for the loading effect of the experimental
foils and thimbles and to the standard moderator conditions of 25°C and
99,63 at. % D20. 'The corrections were based on calculated temperature
and purity coefficiehts obtained from POOOF,' the latest version (due to
PRIMEAU [9]) of the' Chalk River lattice calculation programmd. The errors
quoted on the values of B2L1 are based on the error calculated from the
counting statistics and assumed foil positioning uncertainties or that given
by the goodness-of-fit of the measured flux distributions to the assumed
functions, whichever was the-greater. 'The Values quoted are the means of
at least two (irione case six) individual measurements. The values of B2

have larger -errors due to the uncertainty in the theory used to deduce

l0-
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TABLE 11

BUCKLINGS, FAST FISSION RATIOS AND
INITIAL CONVERSION RATIOS

Pitch B11 a BZR -

(cm) (md) (m<) 5

18 1.407 * 0.047 1.19 * 0.07 0.0564 0.9653
29 2.407 * 0.028 _ _ _
20 2.995 * 0.034 .
21 3.479 *0.029 3.30 *0.05 0.0543 0.8660
22 3.804 *0.024 .
24 4.065 * 0.014 3.89 * 0.05 0.0528 0.8037b
26 4.078 *0.014 _ -

28 3.952 * 0.013 3.80 v 0.03 0.0481 0.7454
30 3.690 *0.020 - - -

32 3.380 * 0.010 - _
34 3.052 *0.007 _ _
36 2.754 * 0.012 2.64 * 0.03 0.0475 0.7050

18 0.718 *0.086 0.0659 0.9951
20 2.768 *0.072 _
21 3.351 *0.055 0.0623 0.8442
22 3.717 M0.04S .
24 4.115 *0.036 _ 0. 0565 0.7875
26 4.174 * 0.023 . .
28 4.070 *0.018 0.0549 0.7.316
30 3.861 * 0.013
32 3.576 *0.022 . .
34 3.277 0.008 .
36 2.970 * 0.006 0.0532 0.6839

I

18
21
24
28

-0.365 * 0.062
1.214 * 0.035
1.568 a 0.019
1.528 i 0.012

0. 0581
0. 0536
0. 0521
0.0492

0. 9163
0. 8266
0.7839
0.7575

a Allbuckling values correspond tomoderatorcondiions of 2Sc and 99.63&atD 2o
b Average of nto measurement:

(BAI - BIR ). BZR is -0.2 m-2 less than B~1 at the lowest pitch but this dif-
ference decreases to -0.1 m*2 at the widest lattice pitch studied. The dif-
ferences observed are consistent with the differences in the cross-sections
of Al and Zircaloy-2. The 1321 results are plotted In Fig. 4 as a function of
lattice pitch. The curves shown In Fig. 4 are bucklings obtained with POOOF,
the lattice calculation programme. As is evident from the graph, the calcu-
lations give bucklings lower than the measured values at large spacings and
higher than the measured ones at small spacings. The programme attempts
to allow for the bundle end effects by assuming -that the ,cluster materials
are full-length but with effective areas consistent with the total volume of
each material.
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It should be mentioned here that there is a possible systematic error in
the buckling results. Recent work by HENDERSON (10], who has applied
the microscopic-discretp theory [11] to the calculation of flux distributions
in lattices similar to'those studied here, suggests that the effect of the flux
transient at the core-reflector (or core-driver region) interface is not negli-
gible at the outer points used in the present analysis to determine the radialt
bucklings. The results quoted here are derived using the five different
radial positions shown in Fig. 3 to give the radial buckling; Henderson's
analysis suggests thata more correct value is given bythe three inner points.
The effect is in a direction to give larger bucklings and is more pronounced
at tighter lattices. At the widest lattices the eftect appears to be -0.05 m-2

in 32 but could be much larger at the closest spacings. Investigation of this
effect is continuing. The effect could account for (at least partially) the
discrepancy between the experiments and calculations at the smaller pitches.

.

4-

COOLANT
* AIR

D20

_ --e HS 40

. ~ ~ ~ ~ .- 1, ,4 , ,- , , ,

la 20 22 24 26 Zs 30 32 34 36
HCXAGONAL LATCE PITCH (cn.

Fig.4

Buckling vemus lattice pitch for CANDU-ype fuel assemblies

The results of the microscopic neutron density distributions are listed
in Table III, normalized to 1.000 in the fuel. It is to be noted that these
results apply to the mid-bundle region, well-removed from the flux peaking
effect at the end of the bundles.

Inthe 21-cm D20-cooledlattice a measurement was made of the fluxpeaking
caused by the gap between the fuel in adjacent bundles. The results are
given at the bottom of Table III as "Flux peaking factors". The flux peaking
factor for the ith material is defined as the factor by which the mid-bundle
neutron density in the ith material must be multiplied to give the average
(axial) neutron density In that material. It is assumed that the peaking factors
are independent of lattice pitch and of type of coolant; the latter assumption
is borne out by other experiments in lattices of 7-.rod U02 bundles [2]. The
errors in the relative neutron densities'are thought to be +2%. Throughout
these measurements the moderator purity varied from 99.64 to 99.58 at. %
and the temperature varied from 22 to 28°C; no corrections have been made
for these effects.



TABLE III

RESULTS OF MICROSCOPIC NEUTRON DENSITY MEASUREMENTS

Coolant Pitch n n c pt fnag ct DM

18 2.000 1.033 1. 162 1.431 1.440 1.452 1.685
21 1.000 1.033 1.158 1.430 1.448 1.450 1.782
24 1.000 1.021 1.147 1.427 1.454 1.467 1.856
28 1.000 1.029 1.154 1.445 1.472 1.481. 1.989
32 1.000 1.032 1.147 1.452 1.479 1.489 2.087
36 1.000 1.024 1.164 1.454 1.481 1.486 2.192

18 1.000 1.024 1.105 1.330 1.350 1.363 1.607
21 1.000 1.023 1.090 1.330 1.350 1.358 1.713

AIR 24 1.000 1.025 1.102 1.321 1.337 1.364 1.820
28 1.000 1.033 1.110 1.333 1.363 1.409 1.946
36 1.000 1.026 1.109 1.350 1.381 1.401 2.117

18 1.000 1.048 1.195 1.650 1.701 1.713 1.863
21 1 .000 1.040 1.185 1.687 1.771 1.776 2. 085
24 1.000 1.034 1. 195 1.763 1.796 1.806 2.109
28 1.000 1.049 1.232 1.839 1.877 1.889 2.331

21 1.014 1.043 1.022 1.005 1.004 1.003
Flux peaking factors (D2O-cooled)

* Subscripts f. s. c.pt. ag. ct and m refer to fuel. sheath, coolant. preuure tube, air annulus. calandrla tube and
moderator, respectively

C,)

C.,

N

w~

Oscm
oD
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TABLE IV

NEUTRON SPECTRUM PARAMETERS

.clant,, Pith 1 a t Tm cT 5Coat (cm) rf i11 T C~ C *C

18 0.0886 0.0626 0.0694 86 37 51
21 0.0658 0.0428 0.0507 72 23 39

D1O 24 0.0487 0.0309 -b.0368 59 15 30
28 0.0376 0.0226 0.0283 51 9 24
36 0:0230 0.0120 0.0176 44 3 19

18 0.1001 0.0698 0.0805 86 43 64
21 0.0720 0.0480 0.0585 72 25 47

AR 24 0.0535 0.0322 0.0418 63 283 40
28 0 0402 0.0244 0.0316 58 14 32
36 0.0247 0.0128 0.0197 49 3 25

18 0.0687 0.0451 0.0473 80 26 32

HB-40 21 0.0537 0.0317 0.0353 72 18 26
24 0.0436 0.0242 0.0282 62 9 19
28 0.0339 0.0176 0.0208 53 6 10

I

I Subcripts C, m, s refer to fuel average, a position In the moderator halfway
between nelgbbouring rods, and the outer surface of the caLandria tube.
respectively
2 Tx Is the difference between the neutron temperature at positlon x and the
physical moderator temperature
3 This value appears to be i flyer'

The measured values of r and T, are given in Table IV. The tempera-
tures are expressed as hardening values, AT, where ATx is the difference
between the neutron temperature at position x and the physical moderator
temperature. We estimate the errors in r to be ±3% (mainly due to the
uncertainty in the In resonance parameters; the relative values of r are
felt to be.good to +1%) and in the AT values to be ±3*C. (We believe that
ATM for the 24-cm air-cooled lattice is a flyer! ) The values of r4Tn/To
AT are'plotted in Figs. 5 and 6 respectively against VU 2 /(VNO +3.753 Vnn. 40 )

where VU0 2 , VD2O and VH8-40 are volumes of U0 2 , D2 OandlIB-40respectively

per unit length of cell. The factor 3.753, equaltothe ratio (f rs) HB-40 /(C ~s)D2O

allows (at least nominally) for the greater moderating power of the HB-40.

(VD. 0 includes both moderator and coolant in the D2P-cooled cases.) The
corresponding results for 7-element lattices are shown in Figs. 7 and 8.
(Details of the 7-element fuel clusters are also listed in Table I. ) In each
figure the upper values are for the cluster average and the lower values
are for the cell boundary position in the moderator. The calandria tube
values for the 19-element clusters which are not plotted fall between the
fuel and moderator values.
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A linear dependence of rT/;ffTo and AT on Vuo, /(Vn2O + 3.753 VH1- 40 ) is
suggested and the straight lines shown as guides to the eye are the same in
Figs. 5 and 7 and in Figs. 6 and 8. The cluster values of both r4iTO and
AT must approach a constant isolated rod value at wide spacings (smallVU02

(VD2 O +3.753 VHB-40)) and this is suggested by the dashed extension of the

lines although there is no indication of such curvature from the results. For

the cell boundary results the lines through the rJTy/7To values pass through

the origin but the lines through the AT values have an Intercept of about-6 0C.
.This indicates a non-linearity at small values of AT or possibly an error in
the assumption that the reference neutron temperature was equal to the
moderator temperature.

These neutron spectrum parameters, when combined with the neutron
density results listed in Table I, can be used to determine values of the
thermal utilization f and thermal diffusion area L2.

The experimental values of 6 are listed in Table II and plotted in Fig. 9
against lattice pitch. Errors of ± 2% are indicated. An increase in 6 with
decreasing pitch is clearly shown. The curves are of the form

6 (d) 6(co)(l +6 exp [(d-2b)/R)]. (12)

where 6(oo) is the isolated cluster value, d is the lattice pitch, b - 1.5 cm is
a constant, and -= 4.6 cm is the relaxation length for fission neutrons (causing

LATTICE PITCH I cr)

Fig. 9

Fast fission ratios In 29-elernient lattices
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fast fission) in D20 [12]. The exponential term is an approximation for the
contribution from the six adjacent neighbours in the lattice. The values of
6(cc) = 0.0476 and 0.0538 for D20 coolant and air coolant respectively are
indicated. The HB-40 values indicate 6 (X0) = 0.0480, not significantly higher
than for D20.

The cluster average values of yo are listed in Table II. The values fob
D20 cooled lattices at spacings of 18, 21 and 28 cm are those given by
CHIDLEY et al. [8] but increased a small amount due to a reduction in the
correction for the small gap (-0.013 mm) between the wafer and the pellets.
This correction (<0.5%) was remeasured and found to be somewhat smaller
than that used by CHIDLEY et al. [8].. New measurements of 'yO were made
at 36 cm and 24 cm (two) and the values obtained are about 3% higher than
those listed by CHIDLEY et al. [81. The reason for this is not understood.

The values of To have been plotted against VUO2/VD20 + 3.753 VHB-40 ) in
Fig. 10. An almost linear dependence, with an indication of curvature at
large lattice spacings is suggested and curves have been drawn as guides to
the eye.

Lo -0.9-

- U HO-40

'06
-0.562 FOR MAXWELLIAN SPECTRUM

0.05 0Ln0 015

VD,/(VO 4 3.753 V".401

FIg. 10

Initial conversion ratios in 19-element lattices

The statistical counting errors, including uncertainties in the corrections,
were in the range ± (0.3 - 0.5)%, that is, comparable with the size of the
points in the figure. Measurements were made in all five elements across
the cluster and consequently duplicate values of yo were obtained ftr the
outer and inner rings of elements. The differences between these duplicate
values are a measure of the consistency of the measurements. The root
mean square difference for 27 pairs of To values was 0.73% which corres-
ponds to a 0.52% (0.73/42) error for a single value. The corresponding
average statistical error was about *0.4%. The larger root mean square
deviation indicates an additional error of about ±0.3%, perhaps due to mis-
alignment of the wafers between pellets or misalignment of elements in the
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cluster. There is also the systematic error of :LO.8%o associated with the
Maxwellian spectrum value (0.562) on which the results are based. More
detailed discussion of the corrections and errors is given in references [7]
and [8].

A comparison with the 7-element lattice values given by TUNNICLIFFE
et al. [7] is made in Fig. 11 wherethe experimentalpoints give the 7-element
values and the curves the 19-element results. The trends arc similar, with
the 19-element values for each coolant about 376 higher than the 7-element
values.

1<IS-ELEMENT CURVES

0.9

OA

7LEES WITH COOLANTS

* 149-40

0.562 FOR MAXWELLIAN SPECTRMa

C- t I I
c 0.05 clIo 0.15

Vvo,/(V~o + &753 V.",.*)

Fig. 11

InLtial conversion ratios In I & 19 element lattices

The values of 6 and 'y0 found here can be used in conjunction with the
appropriate expressions to yield values for the fast fission factor e, and the
resonance escape probability p.

5. SUMMARY

Experiments done in the criticalfacility ZED-2 to determine parameters
for lattices of fuel assemblies which are a close mock-up of the actual fuel
channels of the power reactor CANDU (and also NPD) have been described.

The results of these measurements can now be compared with the same
parameters obtained from the lattice recipes. The agreement between the
measured and calculated parameters may then be useful as a guide to the
development of better recipes. If the lattice recipes can predict correctly
the results of clean, cold lattice experiments such as those described here,
then some confidence can be felt in extrapolating them to the operating con-
ditions appropriate to an actual power reactor.
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DISCUSSION

J. WOLBERG: I would first like to comment on your measurement of
528. I was surprised to see that you reached asymptotic values of 628 at
about 28 cm. This is much larger than the distance at which this effect was
observed at the Massachusetts Institute of Technology for metallic, 2.5-cm
natural uranium lattices. Even though your clusters are of larger diameter,
it seems to me that the main factor influencing this distance is the fast neu-
tron mean free path, and this was the same in both sets of lattices.

I would also like to comment on your buckling measurements. We have
written a D20 reactor optimization code in Israel and have tested the nuclear
portion of the code against your measured values of buckling. The agree-
ment between our calculations and your measurements was good,.

I.A. MOSSOP: The paper refers to measurements of the conversion
ratio "in a representative cross-section of the central fuel assembly". I
assume this means that you have made a number of measurements within
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the fuel clusters and have then taken an average. If this is the case, arc
you able to indicate the observed variations in conversion ratio between the
various rings of the fuel cluster and also axially, particularly near the ex-
tremities of the fuel elements?

R.E. GREEN: We have determined the conversion ratio separately in
the three fuel pencils which are at different radii in the cluster. I do not
recall the values for the individual pencils offhand. As far as the variation
of the conversion ratio along the length of the fuel bundle is concerned, there
is certainly an effect due to the extra fuel surface exposed at gaps between
the fuel bundles. We have measured this effect in one lattice and found it to
be small. Ilowever, allowance must be made for this effect when deter-
mining the conversion ratio for the complete lattice.

G. CASINI: Could you give a few values for a comparison of the errors
in the buckling measured directly from flux charts with those applicable
when the buckling is deduced from detailed measurements (fine structure,
neutron temperature, initial conversion factor, etc.)?

R.E. GREEN: A correlation such as that implied by your question has
been done for the 7-rod U02 NPD-type fuel assemblies, and an internal
Chalk River Report is available on this subject. The same type of correlation
is being carried out for the 19-rod U0 2 assemblies and some preliminary
results of this work are also available. In general, the bucklings deduced
from the individual measured parameters agree with the measured bucklings,
within the errors in the derived bucklings. However, in the case of the air-
cooled assemblies the derived bucklings are consistently higher by -0. 1 to
0.3 m- 2 .
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COMPARISON OF THE WORTH OF CRITICAL AND EXPONENTIAL MEASUREMENTS FOR HEAVY-WATER-
MODERATED REACTORS. Critical nd exponential experiments In general produce overlapping Information on
reactor lattices. Over the past ten yeats the Savannah River Laboratory has been operating a heavy-water
critical, the PDP. and an exponential. the SE. in parallel. This paper summarizes SRL experience to give
results and recommendations as to the applicability of the two kinds of facilities in different experiments.

Six types of experiments are considered below:
(1) Buckling measurements In uniform Isotropic lattices

Here Savannah River has made extensive comparisons between single-region criticals, exponentials,
substitution criticals, and PCTR type measurements. The only difficulties In the exponentials seem to lie
In the radlal-buckling determinations. If these can be made successfully, the exponentials can offer good
competition to the criticals. Material requirements are greatest for the stngle-reglon criticals, roughly com-
parable for the substitution criticals and exponentials. and least for the PCTR measurements.

(2) Anisotropic and void effects

SRL experiments with the criticals and with critical-exponential comparisons are reviewed briefly here
and at greater length In a companion paper.

(3) Evaluation of control systems

Adequately analysed exponential experiments appear to give good results for total-worth measurements.
However, for adequate study of overall flux shaping, flux tilts, etc. a full-sized critical such as the PDP Is
required.

(4) Temperature coefficients

Exponential experiments provide an excellent method for determining the temperature coefficient of buckling
for uniform lattice heating. A special facility, the PSE. at Savannah River permits such measurements up to
temperatures of 215C. For non-uniform lattice beating criticals are generally preferred.

(5) Mixed lattices

Actual reactors rarely uwe the simple uniform lattices to which the exponentials basically apply. Critical
experiments with mixed loadings are used at SRL both In measuring direct effects in mock-ups and as a test
for heterogeneous and two-dimensional diffusion calculations.

(6) Criticaliy studies of heavy-water lattice fuel in lght water

The SRL exponenrials have proved particularly valuable for criticality studies to determine safe methods
of handling enriched fuel In light water.

* The information contained In this paper'was developed during the course of work under contract
AT(07-2) -1 with the US Atomic Energy Commission.
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Iligh accuracy is not required In this case. and the generalized exponential buckling studica are definitely
prcfcrable to the more particularized critical studles.

VALEUR RELATIVE DES MESURES CRITIQUES ET EXPONENTELLES POUR LITUDE DES REACTEURS
RALENTIS A L¶EAU LOURDE. En ragle generale. lea experiences critiques et exponentlelles sur des reseaux de
r~icteurs fournissent des renseignemersts qul font double emplol. Durant lea dix demrires annes I Savannh
River Laboratory CSRL) a fait f1nctionner ismultaniment un ensemble critique I can lourde (PDP) et tun en-
semble exponentiel (SE). Les auteuas cxposers brdevement l experlence acquise au SRL. Indlquent lea resultas
obtents et font des recommandatlons au uhtt de la possibilti dappliquer ces deux genres dlinstallations dans
difftrcntes experiences.

Les auteurs examircot la six types dexpiriences cl-aprcs:

I. Mesures du laplaclen dans Ia rueaux isotropiques uniformes

Le SRL a procidd I de nombreuses comparalsons entre les mesures altes I laide d ensembles critiques
I une seule region, d ensembles exponentiels, denaembles critiques I substitution et du racateur d eual des
coristantes physiques (PCTR). 11 semble que It seules difficultds que prcsentent let experiences exponentielles
resident dans les diterminations du laplacien dan lc se*n radial. Si l on riussit a faire ces determinations,
leu experiences exponentlelues peuvent eire comparea favorablement aux experiences critiques. Les ensembles
critiques I une seule region ndceasitent le plus de matiares; viensent ensulte leu ensembles critiques I sub-

stitutlon er lea ensembles exponentiels dont lea besolJs sont en gros comparablea: cnn le PCTR ob lea me-
*ures en exigent Ic molns.

2. Effets anitotropiques et effets cavitalres

Dea experIences i Paide dcrisembles critiques et lea comparaLsons faltes enre experiences exponenticles
et experiences critiques font Plobjet doun apercu dant le present mcmolre et doun expore detaille danm un autre
memolre.

3. Evaluation des barren de contr8le

Une analyse appropride des experiences exponentlelles semble donner de bons resultats lorsqu ll saS"t de
musures de l antiriactiviti t6tale. Cependant. *1 Von veut ctudier convenablement certalnes caractiristiques
du flux. 11 faut un ensemble critique de dimenslons normnales tel que le PDP.

4. Coefficients de tienperature

Lea experiences exponentielles offrent une methode excellente it Pon veut dterrminer le coefficient
thermlque du lplacien pour un chauffage de reaeau uniforme. Une Intallation spiclale (PSE) du SRL permet
de procEder I ces mesures i des tempEratures allant Juwqul 215C. Pour un chauffage non uniforme. on prc-
fer gdndralement utillser des ensembles critiques.

5. Reseaux mixtes

Dans les rdacteurs. on utilise raremnent la rescaux uniformes simples auxquels lea experiences exponen-
tielle slappllquent essentiellement. Au SRL. on falt des expEriences critiques I chargements mixtes tarq
pour mesurer lea effets directs dans des maqueetes de rcacteuns quc pour verifier lea calculs de diffusion btdrro-
gaes et i deux dimensions.

6. Erudes au point de vuc de Ildtat critique, du comportement dans I eau ordinalre d un combustible destine
I un reseau I cau lourde

Les ensembles exponentlels du SRL Ke sont rEvelEs particullirement utiles pour lea ctudes visant i dEter-

miner comment manipuler le combustible enrdchl dans Ieau ordinalre.
Ces travaux ne ndcessitent pas une trm grande exactitude; lea experiences exponentielles d un caractrc.

plus gencral Sont nettement prifdrables aux experiences critiques d un caract&re plus particuller.
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CPABHETItE M EIIIMOCTH KPITh4ECKMX Ht 3KCnOHiE!IUMAJbHblX H3MEPEIII i
.AR PEAKTOPOB C T.9XE3IOBOHbLIM 3AMER3ITEJIEM. KpHTH'ecKHe H 3XCnoH.HU4anbHbte
3KCnepHmeHTh AasDT, KaK npaBHAOs, 'aCliTitHO nepeKpmuaDItHeCR AaHHue no peaKTopIuIU pemeTKam.
D TeqeHHe noCneAHHX AeCXTH nes a Jla6oparopHm Caa1aHHa-Pumep pa6oranH napaniJieAbI1O TNxeno-
*OAHax XpHTHmecxax yCranoaxa PDP H SKCnOHeHUH4anfHaR yYCaNoBKa SE. O6o6znaercR onus c
uenbl) AaTb peXOieHAanHH B Oa OTH eHHH npxueHeHHx SSMX AByX YCTaHOBCK Xnn pa3naqHmX 3Kcne-
pHueHSoB. PaCcmaTpHBaDSTCX recrL aHAOC sKcnepHme11TOB:

1) i31ePeHpeum nannacHalla a OAHOpOAHUX H3OTOflHMX pemesxax
OcylnecTajieHo ZNHPOKoe cpaaHeHHe pe3yJtbTaToB, nonty'eHH34x npH OAHOpOAHUX KPHTH'eCKHX,

aKcnoHeHrtHa^HibX 1 noAcATa8o'Hrno-KpKPMTeCKKX H3amepeHHRx, a TaKxEe K3mepeHMMx THna PCTR.
B 3KCnOHeHUHwalHniX H3mepeHHXX TpyAHOCTH, flO-1HAHmOmy, 3aKAtO4a1)TCX eAHHCTBeHHO B OlpeAe-
AeHHH paAHanbHoro nannacHala. nIPH ynaqHoU *unomnetiiu 3KcnoHeHuiaJu6HIie H3mepeHHR uoryS
ycnemio KOlKYPpHPOBasT C KPHTHmeCKHUH. HSH6oJIbmee KonH4eCTBO marepuana Tpe6yecn AWIN
6A110301u1MIX ICPHTUH'CKHX H3OepeMHHt, npHiepHo OAHHaKoBOe KOAH'4eCTBO-Anx nOACT8HOBO'IHO-
XPHTH4'CKHX H uKcnoflOeiH4ajiLIUX H3UepemmHl H ueuee mcero-Ana 643MepeHMf Titna PCTI.

2) AHM3olponflHM H nyCTOTHMA 34eSKTU

CpaIHeHHX 3KcnepHueHTOB Jna60pATOpHK C XPKTH'ecKHMH H KpHTH'eCKH-vKcnoHeHuHa;bb1HwH
npHIoAxNcx a AaHHOR pa6oe, as 60nee noApoCHo ONH Hm3ararTCR B pa60se, KOTOpaw conpoaoxAaeT
AaHHyD.

3) OseHica cmcTeu ynpaBJIeHHR

OKa3anoc, 4no xopomo npa0HanH3HponaHHIe 3KcnotteHUMHa)hHue 3KcnepmiieHTM Aa8DT XopoMHe
pe3yJlbTaTU WIN H3uepeHHHk o6telt 3HaHh4OCTH. OxitaKo AnR maAnexahero H3ymeHHn opUtHposaal-
PImx o6tzero noToKa, yrnor NaKnOHa noToKa H S.A. ueo6xoAuiaa nOJIHoMaEcT4s61 a KPTpHsHmecKaR

yCTaHoaxa HanoA06He PDP.

4) TewnepalypHue Ko34l4HuHeHTu

3KCnoHentltansa"ue SxcnepHieHTU gSnXNDTCEo f npesocxoAmuI merozou onpeAexeHHX TeOnepa-

TypNoro K0344HUIHONTI nanacsIfCHa AnIt HnarpeDSHH01 OAHOpOAHoA peMeTKH. Huetnhaxcx B na60-
PSTOPKH cneuHaJIbHaX YCTAHO8Ka PSE flO38OJ1NRT npOH3DOAHTh TAKUe H3UepeHHR BnflsOT AO Tem-
nepasypY 215'C. AuIn HarpeBaHHx HeoAHOPOAHMX peeSTOK npeAnoGTeHHe, KaK npasHno, OSAaza-
JiocB KpHTHmeCKHM 3KcnepHmeHTam.

5) CmemaH"ue pemeTxm

Anx HaCTOXUHX peaXTOpOB peAXO npmHmNeH3TCX nPOCTme OAHOPOAKUe pezeTKH, AnR KOTOpUX
HcnOfiL3yDMTC B OCNOBNOm *KcnosteHUHaSbmmte H3mepeHHS. lKpHTH-ecxKe *KcnepHmeHTU Co CMO-
uzaiiUMH Darpy3KamH HcnCnOnb3yDTCA xax AnEx H;3mepeOHM npRmUX 3w 3eK0os B uaKeTaX, TaK H Ana
HCnMT8HHE pac'erom reTeporeHMoR H AlyXpA3uepNoR AM1H43HH.

6) HccneConaHHXP KPWTH4HOCTH TonMHa, Hcnojib3yeMoro a TIXeWnoDoAHUX pezeTK&X, 3 *B064HOR
*OAe aOAe

3KcnoeleHuHanJbiue H3uepeHHx oKa83JHCb oco6eHHo UeHHUMH AnX HCCJi0AOBaHKX KPHTH)iIOCTH
c uenSLK onpeAenHTL 6e3onacHue MOTOAM 046p&mHHX c o6oraRZOHMUM TOnnHBOM B o6uMioR BOAO.

B *TOM cnymae Hle TP*6y*TCX 6OJOHi T04HOCTH, H o6o6ftenibeie *KcnoiieHIHanSAHIe HCcjneAO-
BalNE nannqaCHaHa BJIXNETCX onpeAeneH11o 60uee npeAnfoitTHTeAlzMHM, iem 6onee xoHKpeTH3HpO-
DaHiite KpHHqeOCKHe HCCaeAODaHHX.

VALOR RELATIVO DE LAS MEDICIONES CROTICAS r EXPONENCIALES PARA LOS REACTORES MODERA-

DOS POR AGUA PESADA. Con lot conjunot crfdcot y los exponenclales se obtlenen generalmente Informa-

clones en parte repeddas sobre lot reticuladoe de reactor. En lot iltimos dlez alloS. en cd Laboratorio de

Savannah River (SRL) se ha venido trabajando con in conjunto crfilco de agua pesada el PDP. y con Un

conjunto exponenctal. el SE. en formn& paralela. Los autores presentan una resela de a experiencla rs ad-

a3
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quirlda en dlcho laboratorlo. exponlendo lor resultadosy formulando recomendacioneu sobre cu5l de lor dor
tipos de conjuntos resulta mis adecado para determinadoi experimentos.

A contdnuaclon se exponen scs tdpos de experimencos:

1. Determinacl6n del laplaclano en retciulados fiotrdplcos uniformes

En el SRL se ban lievado a cabo extemas comparaclones entre mcdlcloneu efectuadas con *yuda de'
conjuntos ctfticos de regldn unica, conjuntor exponenclales, conjuntor crfiticos de sustituclon y del reactor
PCTR (prompt critical test reactor). En-cl caso de lot conjuntos exponenclales. aparentemento rolo se tropieza
con dilfcultades en las detemninaclones del laplaclano tadlal. St se Ilegase a salvarlat, los experlmontw
exponenciales podrran rivalizar sin desmedro con los criticos. Los conjuntos crfticos de regidn inica son los
quc exigen mis material; les slguen los conjunror crfdtcos de sustitucldn y lor exponenclales, cuyas neceuldades
son, en tirminos generales, comparables; en iltimo tErmino figura el PCTR. cuyas exlgencias son mrnlmas.

2. * Efecta sanlsotrdpicos y de cavitacldn

Se examinan brevenmente la experimentos realizados en el SRL con conjuntos crftlcos y se establecen
coripaiaclones entrc c tos y los conjuntor exponeoclales; en otra memorla se trata el mlnmo tema con mis
detalle.

3. Evaluaclon de lo0 siSeMnas de control

Los experimentos exponenclales se preuan para cfectuar mediciones de la eficacia global, srcmprc que
sus re*ultados se anallcen adecuadamente. No obstante. para un estudlo cabal de la distribucldn general
del fluJo de los gradlentes de flujo. etc. , se requiere un conjunto crrtico de gran tamanlo como cl PDP.

4. Coeficientes de temperaturai

LW experlosentos exponenclales constidtuyea Un excelente ncitodo para deteriInar ei coeficiente t&smlco
del laplaclano para an calentamlenro unlforme del reticulado. En el SRL bay una Instalacfdn especial. el
PSE. que permitc establecer dlcho coefic;ente baits temperaturas de 215;C. En camblo, pars un calentarniento
no uniforme. sc preflere generalmente los conjuntos cirticos.

6. Reticulados mixtos

En los reactores en funcionamlento raramente se wan los reticuladca uniformes srmples a los cuales se
aplican bisicamente los experlmentos exponenclales. En cl SRL se recurre a los experlmentos crtilcos con
cargas mezcladas. tanto pars mcdir los efector directos en maquetas. como para verlflcsu la correccldn de
los cilculos de difuslon en medlo beterogineos y bldimensilonals.

6. Estudlos de la criticidad en agua ligera de tn combustible destinado a reticulados de agua pesada

Se ba comprobado que los experimentos exponenciales del laboratorlo del SRL son particularmntem
yallosos para lot eatudlos de criticidad encamninadot a encontrar mEtodos meguros de manipulacldn en agua
ligera del combustible enriquecido.

Estoi trabajom no exigen uns exactitud muy grande. y cabe seflalar que los estudlos de tdpo general del
laplaciano efectuadom en conjuntos exponenclales son'decididamente preferibles a Ie estudios especlaUzados
con con jtos ctfticos.

1.. INTRODUCTION

Over the past ten years the Savannah River Laboratory (SRL) has oper-
ated a large heavy-water critical facility, the PDP [1, 2], and an exponential

'.,
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one, the SE [3]. Since 1958 the Laboratory has also operated a pressurized
exponential facility, the PSE [4]. The purpose of this paper is to summarize
the results of this SRL experience and to give recommendations as to the
applicability of the two kinds of facilities in six fields of reactor experi-
mentation:

(1) Buckling measurements in uniform lattices;
(2) Anisotropic and void effects;
(3) Evaluation of control systems;
(4) Temperature coefficients;
(5) Mixed lattices; and
(6) Subcriticality studies of fuel for heavy-water-moderated reactors.

A great deal of data bearing on these subjects from the point of view of
experimentation at SRL was contained In two recent review papers by
CRANDALL [5, 6]. Where such data are relevant in the present.context
they will be discussed, but only referenced rather than reproduced. Data
given in detail in the present paper has been, for the most part, previously
unpublished.

All six of the above listed topics involve macroscopic lattice parameters.
Before dealing with them, a few words would be appropriate on the measure-
ment of unit cell parameters such as thermal utilization, fast fission ratio,
etc. by activation techniques. Although such measurements are more Usually
carried out in a critical than in an exponential facility there seems no
a priori reason why this should be so, provided that the neutron flux is suf-
ficiently high in the exponential. At SRL the neutron source for the SE is
a small reactor, the SP [7], and fluxes of - 109 n cm-2 s-1 can be obtained
at the bottom of the exponential tank. It has thus proved possible to make
activation measurements of all types in the SE. While there is some reason
to expect the measured microscopic parameters to change with leakage, in
general the effects are small and/or correctable. Some discussion of such
effects is given in the section on control systems. Extensive use of the SE
for activation measurements has proved extremely convenient and has per-
mitted the PDP to be used primarily for macroscopic measurements where
its large size is a more positive advantage.

2. BUCKLING MEASUREMENTS IN UNIFORM LATTICES

At SRL our most accurate values for the bucklings of uniform lattices
have been obtained by mapping the flux distributions in critical one-region
loadings in the PDP and fitting the data to the appropriate functions. Such
a procedure minimizes the possibility bf systematic error. However the
measurements are expensive, both in terms of critical facility usage and
of fuel requirements. They therefore seem justified in'only a few circum-
stances. Two types of lattices, in particular, suggest themselves:

(1) Lattices containing fuel assemblies destined for use in a prototype
or full-size power reactor. Here the fuel is already available and there is
strong incentive to obtain quite accurate results in order to optimize the
operation of the reactor.-
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(2) Lattices which cover an extreme range of lattice parameters. Here
the measurements have as their primary purpose the provision of accurate
experimental data for comparison with lattice calculations.

Since SRL, almost alone among laboratories dealing with heavy-water
lattice physics, has not been concerned in the immediate design of a proto-
type power reactor, we have felt free to pursue the second of the above alJ
ternatives in the PDP.- Fuel assemblies used have included natural-uranium
metal rod clusters [8, 9], natural-UO2 rod clusters [10], and, more recently,
natural-uranium metal tubular fuel assemblies. Since both sets of cluster
measurements have already been fully reported, the tubular fuel assembly
measurements are used as examples here. These latter measurements
utilized two types of fuel assemblies: a single tube, and a rod surrounded
by two concentric tubes. These assemblies are shown in Fig. 1. Bucklings
were measured over a range of triangular lattice pitches in the PDP, using
standard techniques [8, 10] . Both air and D20 were used as "coolants" with-
in the assembly housings. Buckling results arc given in Table I.

A secondary purpose which measurements such as the above serve is
to provide a set of reference lattices of known bucklings to test alternate
and simpler methods of measuring bucklings. Such measurements include
exponential measurements, critical substitution measurements, and null
reactivity or PCTR-type measurements.

TunE TUBE

CC

Flg.I

Tubular metal fuel assemblies

Tube O.D. 1.D. Material
(In) (in)

A 0.998 Natural U

8 2.120 1.760 Natural U

C 3.500 2.86) Natural U

T 3.890 3.840 Al (6063)

T' 1.090 1.026 Al (1100)
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TABLE I

BUCKLINGS OF LATTICES CONTAINING TUBULAR NATURAL
URANIUM FUEL ASSEMBLIES

Fuel Triangular Corrected experimental buckling
b lattice Coolantassently pitch B' ,D

(Inn) (m( (M')

Two tubes 9.33 Air 2.12 MOB6 3.78 *0.05 (5.9 0 vO.OB)C

and one DO 1.17 *008 3.74 0.03 5.52 *0.09

rod 12.12 Air 3.86 *0.06 2.12 i0.03 (5.98 0.07)

DO 3.32 i*.7 2.13 *0.02 5.44 0.07

14.00 Air 3.41*0.06 1.64*0.01 (5.05*0.06)

D'O 2.82*0.05 1.66i0.02 4.48M0.05

Single 9.33 Alt 1.98 0.05 3.74 i0.02 (5.72 0.06)

tube DO 2.90 A0.08 3.83 i0.03 6.73 *0.09)

12.12 Alr 3.12 i*0.05 2. 11*0.03 (5.23 *0.06)

D;o 3.43*0.05 2.16M0.04 5.59*0.0M

14.00 Air 2.71* 0.04 1.67 *0.02 (4.38 *0.04)

D1O ' 2.70 0.04 1.69 0.02 4.39 0.04

a At 99.59 mol.%Djo and 22-C
b See Fig. I
C Bucklings enclosed In parentheses refer to anrsotropic lattices

Exponential measurements of buckling have great potential advantages
over one-region critical measurements in terms of reducing time and ma-
terial requirements as well as the criticality hazards potential. The greatly.
reduced time requirements can only be realised in practice, however, if
the experimental measurements on a given lattice consist solely of measur-
ing the inverse relaxation area K2 . Such measurements are particularly
fast if the K2 measurement is made with a flux monitor -which is remotely
controlled and moves vertically in the lattice. The requirement for this
simple type of experiment to be feasible is that changes in the radial buckling
of the exponential tank with lattice loading must be small and calculable.

Strbng anomalous changes in measured radial bucklings with changing
lattice loadings were first'observed at the Argonne National Laboratory [11].
The Argonne experiments showed that the changes were independent of the
presence or absence of a small reflector and also indicated that the effects
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did not arise from external reflectors or foreign materials outside the
cadmium-covered exponential tank.

Similar observations were made independently at SRL in a programme
to compare bucklings measured in one-region criticals and in exponentials.
With an assumed constant radial buckling for the exponential, systematic
differences appeared between-the material bucklings measured in the twb
types of facilities [12]. Later measurements of radial bucklings in the ex-
ponential showed that essentially all of the differences could be ascribed
to anomalously large-changes in these bucklings [13]. The results of the
Savannah River intercomparisons are shown in Fig. 2 [61. This plot is, of
course, only one method of presenting the results. An alternative pre-
sentation of the same data is shown in Fig. 3. In this plot the exponential-
critical difference is essentially a single valued and rather linear function
of the material bucklings of the lattices. A physical explanation of these
results has not been forthcoming. Similar results have been observed in
Switzerland [14]. On the other hand, unpublished measurements referenced
by PERSSON (15] for the ZEBRA exponential gave radial bucklings which
fell within the range which would be predicted by standard reactor theory
[16].

4' 0.30
E

0.20 -t 3 - -

020 t0 O-- -25-s -- #0s9-0.10 B. - - -9 .- - 1n

-Q1 : i II : .3
20500 Rao

0 .~al

-- I L LJ4 .LLLL .... L .... .LL.. L IL

0 10 20 30 40 to 60 70 00 So too no
VOLUME RATIO-MODERATORIFUEL

FIg.2

Effect of moderator to fuel ratio on differences between exponential and critical bucklings
for natural uranium rods In D50

Rod diameter; 0.998 In. buckling at 99.75%D20
0 Single rods * 3-rod cluster
A 7-rod cluster A 19-rod cluster

Numbers adjacent to data points refer to lattice pitches in Inches;
Dashed flags indicate measured radial buckling
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-0.20 ' I

-0.30 - - - - ===C-02

0 .00 too 2.00 300 4-00 500 7.00 - 00 - - 00
DmI (POP) Amps)

Fig.3

Effect or buckling on differences between exponential and critical buckling for natural uranium rods In DO
* Single rods * 3-rod clustet
-02 rod cluster AI9-rod cluster

Another set of measurements bearing on radial buckling changes in ex-
ponentials was performed at Babcock and Wilcox [171. These experiments
indicated a strong dependence of radial buckling on the ,diameter of a cad-
mium aperture limiting the diameter of the source feeding the exponential.

The authors' conclusion from the above is that, at the present time,
accurate exponential measurements in general require a measurement of
the radial buckling as well as the inverse relaxation area x2, for each lattice
studied. Under these conditions, exponentials sacrifice their speed ad-
vantages, although the advantage, of requiring less material than the criticals
is retained. The accuracy of the bucklings obtained will be limilted by the
accuracy of the radial buckling measurements.

In practice, however, it is probably preferable to use values of the
radial buckling that were obtained from previous exponential experiments
or from intercalibrations with critical-experiments and accept the possibi-
lity of some small systematic error in the final result. Studies such as
the SRL correlation [11] show that, within a fairly limi ted range of lattice
parameters, the error may even be less than the error on a single measure-
ment of radial buckling.*:

*A related problem in exponential experiments arises from the fact that
it is rarely convenient to use a lattice pitch such that the lattice fits exactly
into the exponential tank, i. e. the number of fuel assemblies times the area
of a unit cell is usually not equal to the area of the tank. It is usually as-
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sumed that these effects do not change the radial buckling appreciably. This
assumption is not a good one when the diffusion coefficient of the lattice is
appreciably different from that of D20 [18]. Furtherinore, conventional
two-group theory does not adequately predict the change in radial buckling
[18]. It would thus appear advisable to measure directly the radial buckling
in lattices which combine reflectors with air-filled housing tubes. t

The critical substitution technique has been widely used at SUL as an
alternative to the exponetials using comparable quantities of test fuel. In
this technique the experiment begins with the measurement of the critical
moderator height in a one-region loading of some standard lattice. Following
this Xneasurement, one or more of the central fuel assemblies are replaced
by test fuel assemblies and the critical moderator height again measured.
If this process is repeated one or more times with different numbers of test
assemblies, it is usually referred to as a successive substitution technique.
The buckling of the test lattice must be inferred from the measured critical
moderator heights.

Of the random sources of error in this type of measurement, the most
important are (a) uncertainty id the measurement of the moderator height
itself, (b) uncertainty in the temperature changes in the lattice between
critical runs, (c) uncertainty in the moderatcur degradation between critical
runs, and (d) quality control uncertainties in the test fuel assemblies. At
SRL the relative moderator heights in the PDP are measured to ± 0.02 cm
and the relative lattice temperatures to ± 0.030C. These uncertainties con-
tribute negligible error to the results. Frequent remeasurements of the
one-region critical moderator height eliminate (c) as an important source
of error. Our largest source of random error in this type of experiment
has been in quality control of a small number of test fuel assemblies [19].

A more serious problem than random error is the avoidance of syste-
matic errors in the conversion of mgasured moderator heights into lattice
bucklings. A perturbation analysis described by PERSSON [15, 20] has en-
abled the Swedish group to obtain quite remarkable accuracy in interpreting
successive substitution measurements. The use of this method of analysis
at SRL has proved quite satisfactory. over a large range of fuel assemblies,
although quality control difficulties obscure systematic errors less than
0.05 m-2 [19]. As an alternative the two-group, two-region critical equations
for a single substitution measurement give satisfactory results if the mis-
match in resonance escape probability between reference and test region
is not large [19].

When fuel sufficient for an exponential loading is available, the same
fuel used in critical successive substitution measurements in an appropriate
host lattice will probably produce somewhat more accurate results with a
somewhat greater expenditure of time. Such differences are not very im-.'
portant, however. The greatest usefulness of critical substitution measure-
ments occurs when there is insufficient test fuel for an exponential loading.
With the substitution technique, bucklings can be measured to within 0.10
to 0.15 m- 2 with as few as seven test assemblies (assuming a hexagonal
lattice pattern).

There is no reason in principle why the substitution method could not
be applied in a subcritical exponential and indeed such measurements have
been performed at other sites [21, 22]. Random errors iI the C 2 measure-
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ments become important in such measurements, however, and the accuracy
of the results is lowered correspondingly.

The null reactivity method pioneered at the Physics Constants Testing
Reactor (PCTR) and applied to exclusively heavy-water-moderated lattices
at the Pawling Lattice Test Rig (PLATR) 123] requires smaller amounts
of material than any of the buckling measurements described thus far. Some-
what offsetting this advantage Is the more indirect nature of the measurement
compared to the others just described. That is, after experimentally veri-
fying that a given poisoned lattice has an infinite multiplication constant of
unity, a two-step calculational process must follow to obtain the buckling
of the unpoisoned lattice, which is the quantity of direct interest to the lattice
designer. These steps are, of course, the calculation of the k of the lattice
without poison and then the calculation of the buckling through a critical
equation.

The agreement between measurements of bucklings at SRL and measure-
ments of k. by the null reactivity method at PCTI1 and PLATR 123] has been
discussed by CRANDALL 161. The essential conclusion was that no im-
portant systematic difference between the two types of measurements has
been observed.

3. ANISOTROPIC AND VOID EFFECTS

Light-water lattices have an inherent anisotropy resulting from the
large differences in diffusion coefficients between the fuel and H 20. In
general, this is not the case in heavy-water lattices where strong aniso-
tropic effects are ordinarily encountered only when the lattices contain ap-
preciable amounts of gas voids. As with the isotropic lattices, bucklings
for the anisotropic heavy-water lattices are best measured in full-scale
criticals. Examples of such measurements from the PDP programme are
given in Table I and GRAVES et al. [10]. However, except for gas-cooled
power-reactor lattices, the voided lattices are usually studied only for acci-
dent analysis and the accuracy of a full critical is usually not justified. Here
buckling changes between the voided and unvoided lattice are usually ob-
tained by critical substitution techniques [191. Exponential measurements
are ruled out if the lattices contain large void fractions, because of the an-
isotropy of the lattices.

However, simply determining changes in buckling between the voided
and unvoided lattices is not sufficient. The primary usefulness of such data
is in safety analyses of the consequences of the coolant boiling completely
out of the fuel assemblies. In such analyses, the change in the effective
multiplication constant, not the buckling, is the crucial factor. Hence
changes in the migration area must also be known. Several methods which
have been used at SRL to obtain this information experimentally are de-
scribed below.

The first method of measuring migration areas involves positive period
measurements in a critical facility. This technique, as applied to U0 2 rod
cluster lattices, has been described previously [10, 6]. Briefly the proce-
dure is as follows. The pile is held critical at a constant power for twenty
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minutes or more to establish delayed neutron equilibrium and the critical
moderator height is measured. The moderator is then pumped to a larger
height, pile power being maintained constant by insertion of control rods.
After the new moderator height has been measured the control rods are
withdrawn rapidly, sending the pile on a positive period. The asymptotic
period is obtained by monitoring the flux after a suitable 124] waiting timd.

The change in vertical buckling can be computed from the moderator
heights and known vertical extrapolation distances, while A keff can be ob-
tained from the measured value of the period plus an inhour relation. Values
of vertical migration area are then deduced from (-Akerr/AB2) and a (usually
two-group) critical equation.

Errors in absolute values of migration areas obtained in this way de-
pend not only on errors in the moderator height and period measurements,
but also on uncertainties in the inhour relation and the critical equation.
Such uncertainties are considerably larger in heavy-water lattices than in
other lattices because of the importance of photoncutron production and the
uncertainty in the escape probability from the fuel of gamma rays giving
rise to photoneutrons. However, inhour equation uncertainties practically
cancel out if one takes ratios of migration areas in lattices with D2 0 in and
D2 0 out of the void channels. Such ratios are then subject only to the ex-
perimental uncertainties in moderator height and period measurements.

Previously reported results [10, 61 for this type of measurement in the
PDP agreed rather well with predictions based on the Benoist theory[25,26].
The most recent PDP measurements of this type were made using the single
natural-uranium metal tube shown in Fig. 1. Results are given in Table II.
In this case the Befioist three-region model cannot be used directly to obtain
calculated values. Instead, the Benoist theory was used to calculate the
change in vertical diffusion coefficient on voiding the housing tube-fuel tube
annulus alone, and the Behrens' theory [27] to calculate the change on
voiding the space within the fuel tube alone. The two changes were simply
added. Changes in effective thermal cross-section of the cell were com-
puted using the P-3 approximation. The resulting calculated values of
L2, + T. are given in Table II for comparison with experiment. The agree-
ment between experimental and calculated values is not bad, although out-
side of the assigned experimental error.

A less time consuming and in some ways more satisfactory approach
to the problem of measuring lattice anisotropy effects lies in determining
changes in diffusion coefficients rather than migration areas. Changes in
both the radial and vertical one-group diffusion coefficients following D2 0
coolant loss have been measured by this technique in the PDP. In the
vertical measurement a single test assembly is placed in the central lattice
position of the PDP with the rest of the pile containing reference fuel as-
semblies of well-known properties. The critical moderator height is then
measured with various levels of D2 0 coolant in the test assembly housing.
In the corresponding radial measurement ciitical moderator heights are
measured with coolant in and out of the test housing and with the test as-

*sembly placed in lattice positions at various radii in the pile. Remote ex-
pulsion of coolant must be used to take full advantage of the potential sen-
sitivity of the method. Both sets of measurements are analysed by per-
turbation theory [201 to obtain 6DZ/D and 6Dr/b. Lattice anisotropy can
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TABLE U

PERIOD MEASUREMENTS
Single tube assembly, 9.33-in lattice pitch

ChEx in Doubing Experimental* Calculated
pile -64 im

height tiC .AkBfflAB2  L 4 TZ L4 4z

(cm) (m-) (a) (Cm2) (cm') (cm').

AJr filled assemblies

1.87 0.0294 52 316i5

1.63 0.0256 61 325*5

1.46 0.0230 70 324i5

1.32 0.0208 80 328 6

1.08 0.0170 101 334 7

1.03 0.0162 109 330 7

Average 326*2.5 357*2.5 360

D2O filled assemblies

1.46 0.0403 52 230 i4

1.44 0.0398 52 232 4

1.23 0.0340 64 235*4

1.13 0.0313 74 230 *4

1.12 0.0308 74 233*4

0.97 0.0269 87 2385l .

0.97 0.0268 87 238i5

0.78 0.0215 113 241*6

Average 235*2.3 256 *2.3 245

(L + ) zair filled 1.39 0.04 1.47
(L+ 12 DF filled

* Assigned errors based upon known random errors only and do not Include possible
systematic errors in the experimental method or the period-reactivity relation-
shIp.

be obtained from these values. This method, as applied to U0 2 rod clusters,
has been discussed in detail previously [19, 6J.

Results are now available for changes in vertical one-group diffusion
coefficients over a rather wide range of U0 2 tubular assemblies at two tri-
angular lattice pitches, 9.33 in and 11.10 in. Cross-sections of the fuel
assemblies are shown in Fig. 4. The natural UO2 within the aluminiumrtubes



492 W. E. GRAVES and E.J. HENNELLY
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Fig. 4

Cou-sectdons of WU tube assemblies

Tube O.D. Clad. LD. Clad. Material Density
(in) (in) (g/cmI)

A 1.12 0.50 U02  8.896

B 2.10 1.48 U-o 8.849

C 3.08 2.46 UO, 8.872

D 4.06 3.44 W1  8.904

Tl 4.38 (O.D.) 4.30 (I.D.) 6061 Al

IP T 0.97 (o.D.) 0.89 (I.D.) 1100 Al

D. 2.10 1.18 Wl 8.928

C. 3.38 2.46 U05  8.868

h, 3.70 (O.D.) 3.62(I.D.) 6061 Al

NOTE: All cladding - 0.030 In thick, 1100 Al
ABCD oxide - 0.250 In thick
B`C'oxlde - 0.400 In thick
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was vibratorily compacted to a density of B.9 g/cm3 . The assemblies were
constructed to pernit the partial or total expulsion of coolant from any
coolant channel or combination of channelh by compressed helium. The
results obtained are plotted in Fig. 5 against void fraction in the cell. In
principle, of course, the values of 6Dz/D are not a single valued function
of the cell void fraction, but for the small void fractions involved in these
assemblies the assumption is justified in practice.

Two calculated curves are also given in Fig. 5. The lower one was com-
puted by homogenizing transport cross-sections. The resultant expression
is 6D/D= X/(1-X) where X is the void fraction (ratio of void volume to cell
volume). Since this method ignores streaming, 6D/D is underestimated.
The higher curve is based on the Benoist model [25, 26] and assumes that
6D/D can be computed for each channel individually and the results added.
The agreement between this latter curve and the experimental points is quite
adequate.

Another type of anisotropy measurement, this time again yielding the
change in migration area, involves only measurements of buckling changes.
First, the buckling change on voiding the test assembly housings is measured
by the critical substitution technique. Then the fuel assemblies are poisoned
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Change in vertical diffusion coefficient on voiding coolant channels In UO tube clusters
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down and the buckling change remeasured. It is important that the poison
be introduced quite close to the fuel, so that changes in flux ratios between
poison and fuel on expelling the coolant can be reliably calculated by P-3
or other means. For tubular assemblies, copper sheet is convenient. Using
one-group theory it is then possible to set up two simultaneous equations in
two unknowns, Ak , and AM2 on voiding, and solve for these. The technique
has been described in detail [28]. It has been used both with tubular and
cluster type fuel assemblies at SRL. Our general conclusions on this
method are that it is feasible but rather laborious and appears -to offer no
particular advantages over the perturbation method of obtaining diffusion
coefficient changes already discussed.

Although the perturbation method yields values of lattice anisotropy, it
would be desirable to have at. least a few examples of lattice anisotropy
measurements made in a more direct manner. The most direct method
of measuring anisotropy, and therefore the one least subject to systematic
error, would involve measuring the geometrical buckling of a lattice at cri-
tical in at least two different geometric configurations. A co-operative
programme with CEA-Saclay is presently underway at SRL to. make pre-
cisely this measurement in a highly anisotropic lattice. The fuel assembly
is a cluster of 19 half-inch diameter U0 2 rods on a 0.650-in centre-to-centre
spacing, contained in a 5-in outer diam. air-filled aluminium housing. The
latticq pattern is square with a 9.09-in pitch. The identicalfuclassemblies
on a 9.33-in triangular pitch were previously used in anisotropy measure-
ments by the perturbation techniques and yielded a ratio of vertical to radial
diffusion coefficient of 1.20 [61. Radial and vertical buckling measurements
at critical are being made on the square lattice, first using the full radial
size of the PDP and then a greatly reduced radius. The results should per-
mit the ratios of vertical to radial diffusion coefficients to be specified to
within ± 0. 03. Perturbation measurements are also being made for
comparison.

This same direct measurement of anisotropy can be accomplished by
comparing results obtained in two different exponentials of greatly different
radial bucklings. Such a comparison was made as part of an exchange pro-
gramme between A. D. Atormenergi, Sweden, and SRL. The fuel assemblies
consisted of four coaxial uranium metal tubes in aluminium pressure tubes.
Buckling measurements were made with D20 and with air within the housings
in the 1-m diam. exponential ZEBRA [16] and later in the 1.52-m diam. SE.
Data on the ZEBRA measurements have been reported by A. B. Atomenergi
[29]. The comparison has been summarized by ROGERS [30]. The result-
ing anisotropies are plotted in Fig. 6.

4. EVALUATION OF CONTROL SYSTEMS
v

Two major questions arise in connection with reactor physics studies
of control systems: the control system worth and the flux perturbations that
it can introduce. If the control pattern is regular within the lattice, then
the question of worth can be answered most conveniently by exponential
measurements. Care must be exercised in analysing the results, however,
as shown by the following illustration.
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An example of a lattice used for control rod measurements in the SE
131] is shown in Fig. 7. The triangular lattice pitch was 7 in. At this pitch,
61 lattice positions fall within the SE tank wall. Seven lattice positions were
occupied with clusters of control rods as shown. This lattice pattern has
been discussed previously in another connection [32]. Values of K2 were
measured with no control rods in place, and then with various combinations
of control rods in the clusters. To a first approximation, the bucklingworth
of any control rod combination is simply the difference between the K2
measured in that case and the X2 with no rods in place. To obtain a more
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Fig.7

lattice used In control rod worth measurements in the SE
* Fuel assemblies
* Control clusters
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accurate result, one must look more critically at the difference between
the exponential loading and the loading which is really of interest: i. e. a
large section of lattice with exactly a six-to-one ratio of fuel to control
clusters, in an approximately flat radial flux (B12 - 0). It is evident that
there are two effects in the exponential loading which would not be present
in a larger uniform loading In a flat flux: (a) There are twelve extra fuel
assemblies in the outer part of the exponential loading over and above the
part of the lattice that has a six-to-one fuel-to-control ratio: and (b) The
control pattern is centred in a highly buckled flux. The first effect will
make the "first approximation" result underestimate the rod worths, while
the second effect will make it overestimate the worths.

In analysing the SE experiment, the first step in taking account of these
differences was to perform a two-group two-region calculation to obtain the
buckling of the portion of the lattice with an exact six-to-one fuel-to-control
ratio. Theregioncomprisingtheinner49lattice positions was cylindricized.
The region from this boundary to the extrapolated tank boundary was as-
sumed to be filled with a lattice in which every lattice position was occupied
by fuel. The buckling of such a lattice was known from previous experi-
ments 1311. From calculated two-group parameters and measured values
of K2, the effective material buckling of the inner region was computed. This
buckling then had to be corrected to that which the lattice would have in a
radially flat flux. The latter correction is most conveniently made by as-
suming that only the thermal utilization is affected and calculating the change
in thermal utilization. It can easily be shown, if one ignores moderator
absorption, that for this lattice, centred on a control cluster,

1f fn 6EIJi (B,r) - EJO(]3rr=fI-f'(1
f ( ) fEJO(Brr)+ 6CI- f)EJO(Brr) a (1)

where f is ratio of fuel absorption to fuel-plus-control absorption in a
radially flat flux, f' is the same quantity in a flux having a radial buckling
of By, r is the distance from the central control cluster, E is the sum-
mation over the lattice positions at which fuel assemblies are located, and
El is the summation over the lattice positions at which control clusters are
located. Calculated lattice parameters were used to convert the results
of Eq. (1) to a buckling correction to be made to the "first approximation"
values of rod worths. The final correction curve is shown in Fig. 8. From
the direction of the correction it is evident that the favourable position of
the control system, with respect to the centre of symmetry of the flux, was
more important than the extra 12 fuel assemblies. The corrected rod
worths were in closer agreement with critical facility results than the unl-
corrected ones [33].

The purpose of presenting the above example was to-indicate that ex-
ponential measurements to determine the worth of control systems must
be interpreted with some care even if the control pattern is quite regular.
If the pattern is only slightly irregular, statistical weight arguments may
permit proper analysis of exponential results. For really irregular lattices,
however, one must resort to a mock-up in a critical facility. An example
of such experiments in which the control system played an important part
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is the set of measurements made in the PDP on a mock-up of the lattice
of the Heavy Water Components Test Reactor (HWCTR) [34].

As one moves from the area of control system worths to the flux per-
turbations that the control systems can produce, the only alternative to cri-
tical experiments becomes calculation. The need for direct measurements
in such an inhomogeneous lattice as that of the HWCTR [34) is obvious. low-
ever, these measurements can also be important for much more regular
lattices. This need is particularly acute if one looks on the control system
of a power reactor not as a producer of undesirable flux perturbations, but
rather as a powerful means of flattening the flux distribution both radially
and vertically and thus achieving a considerably higher total pile power
under the same heat flux limitations. Such control systems have to be rather
complex, and could lead to rather unexpected flux shapes if not used care-
fully. An example of such an effect was observed in the PDP some time
ago. A lattice similar to that shown In Fig. 7 was loaded into the PDP, com-
pletely filling the tank. The control rods were placed so as to be slightly
(;-- 2 cm) off the theoretical lattice positions, and all in the same direction.
The over-all pile flux was rather badly tilted as a result. Fluxes in many
lattice positions were 20% higher than the fluxes at the corresponding po-
sitions on the opposite side of the pile [35].

5. TEMPERATURE COEFFICIENTS

It is rarely possible, in exponential or zero-power critical facili-
ties, to measure directly the reactivity changes that would occur as
the result of the non-uniform temperature changes that would obtain in
the operation of a high-powered reactor. What is usually obtained by
a temperature coefficient measurement in a zero-power facility is the
change in lattice buckling as the lattice is heated uniformly. With natural-
uranium systems in which there are no poisonous (target) materials, how-
ever, such measurerments are usually sufficient to predict the actual
temperature coefficient of an operating high-power reactor. The work is
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most conveniently performed in an exponential facility because of the smaller
quantities of heavy water involved. At SRL measurements up to about 90 0C
are carried out in the SE [31 while measurements up to 2150C are carried
out in a pressurized facility, the PSE (41. Buckling measurements at va-
rious temperatures are straightforward and no special techniques are re-.
quired. An example of such measurements at SRL involved fuel assemblies
for the Swedish R3/Adam reactor 136].

The agreement of experiment with calculation for natural-uraniumnlat-
tices seems adequate for practical purposes [6] although the dependence
of Y7 on temperature remains uncertain.

Another type of experiment in which the small amount of heavy water
involved gives the exponential an even more obvious advantage over a cri-
tical involves measuring the reactivity effects of contamination of heavy
water with light water. Measurements in the SE have involved moderator
purities ranging from 99.8 mol. % D2 0 down to 92% D 2 0 [32].

6. MIXED LATTICES

Actual reactors rarely use the simple uniform lattices to which the
exponentials basically apply. The most obvious lattice irregularity is the
control system. The interpretation of exponential experiments in this case
has already been discussed. Additional lattice irregularities appear in lat-
tices which incorporate nuclear superheat,. "spikes", or Isotope production.
In heavy-water exponentials of conventional size, it would usually not be
possible to fit an integral number of the "supercells" which repeat the lattice
pattern into the tank. In addition the measured value of K2 is sensitive to
how the lattice is centred in the tank. For such lattices, critical'experi-
ments provide more easily interpretable measurements of reactivity.

There are two quite different sets of circumstances which have given
rise to critical experiments with mixed loadings at SRL: (a) A specific
lattice of a heterogeneous nature has been designed on the basis of calcu-
lation, but it is clear that the state of the art of calculation is not high enough
to depend exclusively on calculation, a close mock-up is therefore assembled
in a critical facility; and (b) it is desired to test fundamental methods of
calculating the flux ratios and criticality of mixed loadings in general.

An example of measurements of type (a) is the set of experiments made
in the PDP on a nuclear mock-up of the HWCTR [341. A lattice diagram of
the HWCTR is shown in Fig. 9. A glance at this diagram makes it clear
that the uniform lattice calculation methods generally used in connection
with heavy-water lattice physics are inapplicable here. The mock-up ex-
periments served not only toprove the feasibility of the design and provide
much information necessary to satisfactory operation, but also provided
a wealth of experimental data on which to test calculational methods. The
chief calculational method used thus far by the HWCTR group is based on
the Westinghouse PDQ-3 code [37] and the auxiliary codes necessary to
provide input information for it. Generally satisfactory agreement with
experiment has resulted [38].
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Such a lattice as that of the HWCTR is not ideal, however, for pro-
viding a test of theory. It is too complex, with too much room for acci-
dental compensating errors in the calculation. To provide a good test of
calculational methods, more precise critical experiments with simpler he-
terogeneous lattices would seem preferable. Such a set of experiments has
recently been completed in the PDP.

The philosophy behind this short set of experiments was to provide cri-
tical moderator heights and flux ratio measurements In a number of mixed
lattices chosen on the basis of availability of fuel components and on the
convenience of the predicted critical moderator heights. Cross-sections
and dimensions of fuel and poison assemblies used in those experiments are
shown in Fig. 10. All lattices were assembled at a 7-in triangular pitch
in the central 85 positions in the PDP. These 85 positions were contained
within a boundary of 36 poison rods. The five lattices studied are shown
in Figs. 11-15. The inner radius of the PDP tank wall is 247 cm, so that
the reflector beyond the poison rod boundary was effectively infinite.

Vertical flux traverses to determine the vertical extrapolation distances
were made by irradiating gold pins. These extrapolation distances were
applied to the critical moderator heights measured when the gold pins with
their holders were removed from the lattice. A small correction to the
critical vertical bucklings thus obtained accounted for the presence in the
lattice of a few aluminium guide tubes for control rods (the rods themselves
always being completely removed from the lattice at the time of the
measurement of the critical moderator height). To make this correction
the worth of a few representative guide tubes was measured by inserting
extra tubes, and the worth of the tubes already present was inferred from
statistical weights. These standard techniques have been described in more
detail previously 110]. The corrected critical vertical bucklings then cor-
respond to the idealized lattice diagrams of Figs.I1-15, a moderator purity
of 99.59 mol.% and a temperature of 221C.

During the irradiation to determine vertical extrapolation distances,
flux ratios were also measured between lattice components of different types.
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Fig. 10

Components used In mixed lattice experiments

(a) Natural uranium metal tube
Density 18.9 g/cm'
Outer diameter 3.500 in
Ihner diameter 2.860 In

(b) Clad uranium metal tube
Enrichment 0.947 wt.%U'35
Density 18.9 g/cm'
Cladding and Inner support tube material; 1100 aluminium
Clad outer diameter 1.974 In, Inner diameter 1.166 In
Bare fuel outer diameter 1.914 in, Inner diameter 1.226 In
Support tube outer diameter 0.832 in, inner diameter 0.532 in
Support tube rib diameter 1.146 In

(c) Natural uranium metal rod
Density 18.9 g/cml
Rod diameter 0.998 in
Sheath material, 1100 aluminium
Sheath outer diameter 1.090 In, Inner diameter 1.026 in
Air between sheath and fuel

(d) Enriched uranium-aluminium alloy rod
Enrichment > 90% U13S
5.0 wt.%U2z in aluminium
Density 2.82 g/cm'
Rod diameter 1.000 In
Sheath material; 1100 aluminium
Sheath outer diameter 1.090 in, Inner diameter 1.026 In
Air between sheath and fuel

(e) Natural lithium-aluminium alloy rod
Lithium In aluminium wt.%4.9
Density of alloy 2.35 g/cm'
Rod diameter 0.930 In

*Cladding and sheath material: 1100 aluminium
Cladding outer diameter 1.005 In. inner diameter 0.930 In
Sheath outer diameter 1.090 In. Inner diameter 1.026 In
Air between sheath and clad rod
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Fig. 11

Pile loading number I
0 *(c). see Fig. IO

Fig. 12

Pile loading number 2
*0 (e). O * (c). see Fig. 10

Copper foils machined to the same dimensions as the various fuel assemblies
were enclosed in aluminium catcher foils and installed in their respective
fuel assemblies. They were then irradiated and subsequently cut up and
counted. Cadmium-covered copper foils placed at a different level in the
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Pile loading number 3
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latticb permitted epicadrmtum activations to be 'subtracted off the bare foil
activities. A correction for the over-all radial flux shape In the pile then
yielded the ratios of thermal fluxes averaged over the different lattice com-'
ponents in a flat radial-flux. Results of these experiments are given in
Table Ill.
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Fig.15

Pile loading number 5
= (e).Ia =(c). 0 a(b). O-(a). seeFig. IO

TABLE III

RESULTS OF MIXED LATTICE EXPERIMENTS

Average Average
Critical subcidmIum subeadmlum

Lattice vetineut eutn
number S buckling nen ientron

density deasit
(m

5
3) ratios b ratiosb

1 2.69 -

2 0.98 -

3 0.97 (d)I(e)C 1;63 0.676

4 2.23 (A)/(c) 0.828 3.37

5 3.41 (a)/(b) 1.04 1.61

(a)I(A) 0.796 3.24

2 See Figg.11-15
b In assembly (b), the flux and absorption refers to the fuel alone, not

cladding or support tube. In assemblies (c) And (d), the flux and abi-
sorption refers to the one-lnch diameter components. not including the
aluminium containing tube. I assembly (e). they refer to the U-Al
aUoy alone. Ratios are corrected to an over-all flat radial flux.

C See Fig. 10
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There are two general methods of calculation which should permit com-
putation of the above results. One is the heterogeneous reactor theory
methods associated with the names of FEINBERG [39] and GALANIN [40],
while the other involves two-dimensional diffusion theory codes, such as
PDQ-3 [37]. Both of these methods will be tested against the data in Table
III, but calculational results are not yet available. t

7. LIGHT-WATER SUBCRITICALITY STUDIES OF FUEL FOR HEAVY-
WATER-MODERATED REACTOR

Most reactor physics studies with heavy water have involved the use
of natural-uranium fuel. However, economic studies [411 have shown that
improved operation can be achieved by slight enrichment of the natural-
uranium fuel with U2w. The recycling of plutonium in heavy-water reactors
c6ntaining predominately natural-uranium fuel is also attractive economi-
cally. Criticality problems will exist in the manufacturing, shipping and
storage of U 2 3 5 -enriched or plutonium-bearing fuel. A heavy-water ex-
ponential is an ideal facility for measuring the light-water reactivity of va-
rious arrangements because the usual size of an exponential (1 to 1.5 m
diameter) provides a facility with an effectively infinite reflector of H20.

The data are all obtained using exponential techniques. * The method
used at SRL is outlined below.

(1) The test fuel array is added into the SE tank without any moderator
present.

(2) The neutron multiplication is monitored as H2 0 is added to.the lat-
tice to determine that it is in fact subcritical. Safety rods and
safety circuits are provided which are actuated by signals from
the neutron monitors.

(3) Exponential measurements of c2 are obtained for the lattice being
* studied. Regular rectangular or triangular lattice arrays are used.

(4) . The transverse buckling is determined by measuring the vertical
buckling for two or more different sizes of the same lattice arrange-
ment. The material buckling is assumed constant for the different
sized lattices... In-this way it is possible to determine the value of
the reflector'savings and hence the transverse buckling that is con-
sistent with all of the measurements.

(5) Addition of the vertical or exponential buckling and the transverse
buckling.gives the material buckling,

BL = Bj v- K2-

Maximum values of buckling as high as go m-2 have been studied in the
SE for 3-in diam., 3 wt. %o U23; uranium metal rods. Maximum bucklings
as low as 2 to 3 m-2 have been measured for fuel of lower enrichment. Buck-
linge in the lower range cannot conveniently be measured in light-water
criticals because. the amount of material would be extremely large. The
exponential has the same inherent advantages as mentioned previously for
D2 0 reactor-physics studies.. Bucklings in the higher ranges can be
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measured in critical facilities especially designed for that purpose, but
in many cases the data are not as easy to interpret theoretically because
regularly shaped lattices are -not always achieved at criticality.

Experience at Savannah River has shown that the exponential technique
outlined above is very useful, does not rejuire additional facilities and the
exponential facility can readily be converted for D2 0 or H2 0 measurements,
as the need arises.
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DISCUSSION

R. HEINEMAN: It is interesting to note that many laboratories have
recently had to re-examine their assumptions concerning the radial (or
lateral) bucklings in their experimental facilities. Three years ago,
Dr. D.E. Wood at Hanford found discrepancies in the lateral bucklings in
graphite exponential piles. These troubles can be interpreted as chankes
in the extrapolation distance with changes in reflector thickness, lattice
heterogeneity, and position of the flux detector in the lattice cell. All the
work on this subject is described in the Nuclear Physics Research Quarterly
Report* of Hanford Laboratories. The difficulties encountered at the
Savannah River Laboratory in comparing critical and exponential results.
can evidently be explained in terms of variations in radial buckling. The
paper presented by Dr. Hellens ** describes the corrections to previously
reported results which are needed to account for non-asymptotic radial
bucklings. The one presented by Dr. Green gives results recently obtained
at Chalk River on variations in radial buckling. The troubles met with in

* HANFORD ATOMIC PRODUCTS OPERATION. Rep.HW- 64866(1960) 151 pp.
** ANDERSON. E. and HELLENS, R.L., 'Some problems In the interpretation of exponentialex-

periments", these Proceedings IL
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these cases may be due to different causes but, in any event, the situation
seems to be that the errors in bucklings derived in earlier years are all
larger than had been thought. It is interesting that these findings are com-
ing out at the same time.

I should also like to comment on your spoken remarks concerning buck-
ling and k,0 measurements. I think it Is fair to say that the reactor designer
wants to know both these quantities. Primarily he wants to know how much
larger than just critical the reactor must be, in order to ensure that the
excess reactivity is sufficient to overcome long-term, isotopic changes in
the fuel, to cope with temperature coefficients upon going to power, to over-
come xenon transients, and to allow sufficient control rod insertion to
ensure a shutdown margin in reactivity. If only one of the two quantities B2

and k,, can be obtained, the error in the final reactivity balance wifl be
smaller if B2 is known for small systems with high leakage and if kco is
known for large systems with low neutron leakage.

G. BLAESSER: As regards the applicability of heterogeneous methods
of reactor theory to the calculation of mixed lattices, I should like to mention
that we did Feinberg-Galanin and PDQ-calculations in a study of the physics
of the test reactor ESSOR, which has a configuration similar to that of the
IIWCTR. Both types of calculations agreed very well (even when we used
a two-group kernel in the Feinberg-Galanin approach). We also used three-
dimensional kernel-type calculations for control rod studies. Although no
experimental checks are yet available, we feel quite confident about the
reliability of these methods.

A. G. WARD: I was interested in Dr. Graved comments, in his oral
presentation, about flux shaping in large power reactors. In D20moderated
natural uranium reactors for power generation, fuel costs become high if
absorbers are used to shape the flux. In our studies we have chosen, in-
stead, to use the distribution of irradiated fuel as a means of controlling
the flux shape. Precise computation of the flux shape for very large power
reactors will subject our current methods of calculations to a severe test.
Since instrumentation for detailed measurement of the power distribution
is also costly, there is a strong incentive for relying as far as possible on
calculation.

A. HITCHCOCK: In connection with Dr. Ward's remarks on the matter
of shaping the flux by means of absorbers and other techniques, I should
like to report that we recently made some comparisons between the methods
of calculation used for this purpose in the AGR project in the United Kingdom
and those used at the Oak Ridge EGCR project. In the calculations of the
same system by the two different techniques, there were differences of up
to approximately 20% in the power distribution of selected channels and dif-
ferences of some 6-7% in the radial averaging factor. It is clear that there
is still a good deal of work to be done in defining these methods of calcu-
lation. I am therefore extremely interested in the case where the Feinberg-
Galanin and PDQ-calculations showed close agreement.

G. BLAESSER: We found that the maximum difference in k,0 was
about 1%.
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DETERMINATION OF DO- 2% ENRICtlED URANIUM LATTICE PARAMETERS BY MEANS OF A CRITICAL
SYSTEM. The paper describe a series of experiments performed to determine the basic parameters of a D50-2%
enriched-uranlum lattice. The fuel elements were hoL'ow cylinders, canned In aluminiaum and wetted by
heavy water both on the Inside and outside. The experiments were performed on the RB critical assembly of
the Boris Kldrld Institute of Nuclear Sciences in Belgrade. The clean geometry of this system enables a rather
simple theoretical interpretation of experimental results, and straightforward comparison with two-group
diffusion-theory calculations.

Measurements performed for ten different lattice configurations included determination of buckling.
water-level reactivity coefficient and disadvantage factors for thermal-and epithenmal-neutron flux Inside a
reactor cell. Techniques for these measurements are described. The experimental data are then used to
derive the lattice parameters defined by the four-factor formula and two-group dIffuslon-theory teamsent of
the reactor core. The results are compared with the standard calculations of the same parameters for measured
lattice configurations. Deviations are found in the value of ss and resonance Integral for U3". In conclusion.
an analysis is made of the usefulness and accuracy of information obtained from critical experiments for design
and exploitation of a research reactor. composed of D10 and enriched uranium.

DETERMINATIDN DES PARAMETRES D'UN RESEAU URANIUM ENRICHI A 2%- EAU LOURDE AU MOTEN
D'UN ENSEMBLE CRITIQUE. Les auteurs decrivent une sirie daexperiences qu'lls ont faltes pour determiner
les paramttrer fondamentux dunt reseau uranium enrichi I 2%-eau lourde. Les elements combustiblesitalent
des cylindres ereux. gaines d'aluminium et baignant dans l'eau lourde. IA intirieur conmme A I'extedeur.
Us se sont servis de l'assenblage critique RB de Plinstitut Boris Kidrid des sciences nucleaires I Belgrade. La
gEomEtrie de cet assemblage non empolsonnd a permls d'lnterpreter le rsultat expErImental A I'aide d'une
theorle assez simple et de le comparer directement aux calculs falts par la thdorie de la diffusion a deux
groupes.

Les mesures. pour dix configurations de reseau diffErentes. comporralent la determinarion du laplaclen.
du coefficient du niveau d'eau et des facteurs de desavantage pour le flux de neutrons therniques et epither-
miques I I'lnterteur d'une cellule. Le menmolre decrit lea mithodes de mesure. Les auteurs utilisent ernulte
les donnSes experlmentales pour en ddduire lea paramrtes de reseau diterminns par le calcul du carur du
reacteur asu moyen de Ia formule des quatre facteurs et darts une theorle de diffusion A deux groupes. is corn-
parent cus risultats avec lea calculs classiques des memem pararmtres pour des configurations de reaeau ayanr
fait I'objet de mesures. Is oant constate des iearts darn la valeur de n et de PlintEgrale de trsonance pour
53 U. En conclusion, la auteurs analysent ludtilite et lexactitude des informations recueliles I Paide des
montages critiques en vue de l'erude et de l'exploitatdon d un reacteur de recherche A uranium enrichl et eau
lourde.

OInPEAEJIEHHE C nloMOilbmo KPHThUECKOR CUCTEMbl IIAPAMETPOB PEMETKH
C 2%-HblM OBOrAIIIEI1HEM YPAHIA H C 3AMEIUIHTEJIEM D 50. AaeTCA onsIca1siq cepuH
onuros, a~snonHeHHux c itensD OnpeAenOHHR ocHOassux napamespoN petteTK5H C 2%-HUYs o6ora-

HsResht ypasa H c aa3 erHure,7eu a aHAe D0. Tonnxaserue anemeHtre u 17perZCT&a8an H co60R nonue

UANHNAP1H nOKPI5T1e anDismsHem N CUOMeHHUe Iaaa Clsapyxs, TaSK I H3HyTpH BOAnA. OnsrTu npo-

BOAKAHnC ha spsrH?'ecsmoR c6Opsre RB HHcrsTysa XAepssusx mayt Hm. Bopsca Kxapsma a BearpaAe.
YJto6oonresraeuan reomeTpa mecxrax IopUa rTOR CKCTeCm AaeT 1tO3MOMHOCIT6 CPa34HTen"HO npocTo
TeopeTW4*ecKN 06iSCHHsT pe3YJybTaTu onUToa H npoaecTss HenocpeAcraemsoe roToaoe cpasHeuHe

C PaC'eCa M5 AByxrpyrnnOOR TeOpHH AXHif3HH.
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113wepeHHn, aUnOnHeHHUIe AnX AeCXTH P83nH41115X KoHW~urypaUHd peeeTKV, sKnrqa8nH onpe-
AeneHme xannaczaHa, K0o3dfu49eKseT pcaKTsHaHOCTH YPOBI(R BOAM N 6Aox-344eKTa Ann 11OToKa

Tennoobix u maIsennosux meOkTpOHOu NHysp5u XaCePM peaKTopa. OrNcLusaeTcCR UeTOAHXa tTUX

m3MepeHHR. faHHie onbon4T HODcnoi1ymcDTCin AnX auaeAeHoH napauerpoa pemeTmi, onpeAenXe0ux
no $opuyne 'eTrlpex COMHOXHTeneR H npH DpH5eHeHHH K CKTHBHOA 3oHe peaXTOpa xayxrpynnoao91
TSOpUH AH444y3HH. Pe3yJsbTaTM cpanBuuanTc1 co CTBHAaPTHLIMH pacqeTauss TOX xe napaueTpos
Ana msuepneumx xomtmrypaufts pemerKH. Orue'aX)TCX OTKxnoieHHX a seJIHqHHe n H pe3oHaHCI1 oro
HHserpana U-238. B 3aKXnx)4eHH nPosoAHTCX aitaAH3 none3HiocTH H TO411OCTM nonyYeHHoA e pe.
3ynbTaTe nponexeHX KpHTH'eCKHX sxcnepHmeI1Ton HwtopUaUHH Anx npoetTHpOEaOKX H OKCnnya-
TaSUHH HccneAoaaTenscKoro peaKsopa Aia o6oraigeHHOM ypaHe C TsnxenCooAHWM 3ameanHXeJeu.

DETERMINACION MEDIANTE UN CONJUNTO CRfTICO, DE LOS PARAMETROS DE UN RETICULADO
DE DOO Y URANJO ENRIQUECIDO AL 2%, En la mnemnorla ie describe una serie de expermentos efectado; con
objeto de deternmnar los parimCtros bislcts de un reticulado dc lto y uran!o enriquecido al 2S. Los clnentor
combustibles consistran en cilindros huecos. revetiddos de alumfnlo, con agua pesada en el Interior y en el
exterior. Los experisnenta se reullzaron en el conjunto crrtico RB del Instituto de Clencias Nucleates
4c Boris Kildiezd (Beigrado). La geconetrra sencla de cite conJunto faclUta la Interpretaclon tedrica de los
resultado; experimentralcs. &sr como Ia comparaclro directa con cilculos cfecnuadog segdn la teorta de ditusu0n
de doe grupo.

Enrre ass moedicones cfectadas pars dlez conflguraclones diferentes de redculado, flguraban IA derer-
mlnadcln del laplaclano. del coeficiente de reactlvidad del ntvel de agua y de los factores de desventaja para
un lujo de neutuones termico y epitinnico dentro de una celda dcl reactor. En Is mernorla se describen las
ticnicas utilizadas en las mediclones. Los datos expertmentales *trvycron a contdnuacdn para deducir los
parimetros del reticulado. definidos pot la rnnsula de custro factores y el estudlo matemitico del cuerpo del
reactor con arreglo a Is teorra de dlfsldn de doe grupos. Los resultados dbtenidos se comnparan con los valores
corrienternente asignados a lot mlsmos patirnetros pars configuraclones de reticulados medidos. Sc presentan
las desvivclones balladas en cl valor de n y en Ia Integral de resonancla pars cl " U. En conclusion. se anAliza

la urilidad y precisldn de cLs datos obteaildos con los experLmentos criticos para la construcclon y cxplotacton de
un reactor de Investigacldn de D50 y urano enritquecido.

1. INTRODUCTION

In order to specify the experimental techniques for the few standard
measurements sufficient to give a consistent set of lattice parameters, a
series of experiments were performed on the RB heavy-water zero-power
reactor [1] using 2% enriched fuel elements of tubular shape. The results
obtained were compared with the standard two-group diffusion theory cal-
culation and the correlative data for basic nuclear constants, such as r),
effective resonance integral etc., were determined.

One can expect that by using the input data chosen in such a way that.
the conventional calculation methods can be applied for a fairly exact de-
termination of the lattice parameters necessary at the design stage of a re=.
search reactor.

It is known that this approach to the determination of basic lattice para-
meters is rather sophisticated. It is assumed that the standard calculation
recipes are exact, if proper input data are given. According to the results
published so far for different types of lattices, it is true for a rather narrow
range of reactor core compositions and usually fails when complicated fuel
element geometries, unusual core compositions or a high fuel-to-moderator
ratio are used.

In this paper-the experimental results as compared with the theory indi-
cate that the above method can be used with a high degree of accuracy even
for a complicated type of fuel element over a broad variety of lattice con-
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figurations. The reactor parameters thus obtained are reliable for the opti-
mization study concerning the criticality and the reactivity of the reactor
core.

2. CHARACTERISTICS OF THE RB REACTOR

The RB reactor is an unshieldedcritical assembly intended mainly for
lattice-parameter investigations in heavy-water systems. The reasons for
constructing an unshielded critical system were the following:

(a) To allow clean critical experiments in a simple geometry;
(b) To provide flexibility in performing experiments even incaseswhere

major changes in the core composition are to be made; and
(c) To reduce the time and cost of construction.
The present construction of theRB reactor satisfies most of these re-

quirements. On the other hand, all efforts are made to protect the per-
scnnel and ensure the highest possible safety in reactor operation. When
the reactor is operating, there is no admission to the reactor hall and all
operations are performed from a shielded control room. In order to avoid
high radiation levels in the reactor building and the radioactivity of the re-
actor core, the power for continuous operation is limited to 2W. Short ir-
radiations only are done at higher powers and these never exceed IOW. This
makes it possible to keep the radiation dose rate at the reactor tank as low
as 10 mr/h when changes in the core are to be made.

When operating at the standard power of 2 W the thermal neutron flux
at the reactor centre is about 2.5X107 n cm-2 s- 1 , which allows neutron
measurements in most experiments.

2.1. Reactor

The reactor tank is a cylindrical vessel with a flat bottom. The internal
diameter is. 199.86 cm and the height 230 cm. The bottom of the tank is
made of 15-mm thick aluminium, while the thickness of the side wall is
10 mm. An aluminium lid strengthened by radial ridges tightly covers the
reactor tank. The lid has a 50 mm XI900mm slot along the diameter which
serves for neutron irradiations inside the reactor core. This slot can be
hermetically shut with an easily movable cover.

The reactor tank is mounted on a platform and placed in the centre of
a basin with dimensions 8000cmX8000cmX1500 cm. The aluminium struc-
ture supporting the reactor tank is designed for a working load of 15 t.

Two platforms supported by a separate structure are built around the
reactor. These platforms are used by the personnel for all operations with
the reactor core.

No additional reflectors or shields are built around the reactor core.
To allow a broad variety of investigation lattices, a changeable lattice

pitch is procured by a system of fuel supporting plates. One plate is fixed
at the bottom of the reactor tank and other about 20 cm below the lid, on
top of the tank. The fuel elements are inserted in holes drilled in the plates.
The system of holes gives a possibility-of arranging about five different
lattice configurations. At present square lattices are being investigated



512 N. RA1§IC et al.

and the existing holes in the plates allow an arrangement of the following
configurations:

(a) Main pitch and integer multiples of the main pitch (na);
(b) Multiples of the main pitch with4r and n 'di, and
(c) A function of the main pitch of the form vr(`na)2+, where a is the

main pitch. t
With three pairs of supporting plates it was possible to arrange the

following lattices:

Main pitch (cm) 7 8 9

na F2 9.9 19.8 11.3 22.7 12.7 25.4

na 14 21 16 24 18

qr(2a) 2+a2  15.6 17.9 20.1

With a sufficient number of fuel elements it is possible to arrange a
radially bare reactor system. In the axial direction the reactor is bare
in most cases. This makes it possible to treat the reactor as a bare sys-
tem in a large number of experiments. By approaching criticality, the bare
systems with a buckling as low as 7. 6Xl0-4nMl can be investigated.

There are several facilities for reaching the interior of-the reactor
core. For neutron flux distribution measurements, dismountable horizontal
and vertical channels passing through the reactor core are provided. The
vertical channel is in the central position and can be used either for neutron
flux distribution measurements or for sample oscillations in connection with
oscillator work. The horizontal channel is at a height of 60 cm from the
bottom of the tank and it can reach either the central axis or pass through
the reactor. For neutron flux distribution measurements these channels
are used in connection with various techniques applied. Normally for all
measurements with micro-BF3 or semi-conductor counters the measuring
devices are moved along the experimental channels. When activation tech-
niques are applied the foil holders are directly inserted in the channels.

For all experiments where the fuel should be reached, there is a 7-cm
wide slot on the reactor lid. An additional opening on the tank lid serves
to insert and remove specially prepared fuel elements for intracell
measurements.

2.2. Heavy-water circulation system

When the reactor is not operating, the heavy water is stored in a
storage tank with a capacity of 7 t: The tank is located in an underground
room. The circulation of the moderator from the storage tank to the re-
actor tank and back is realized through a stainless-steel pipe system. A
canned rotor pump is used to pump the moderator into the reactor tank
through a tube 28 mm in diameter. By reversing the direction of rotation
two pumping speeds are possible, i. e. 2.5 cm/min and 0.8 cm/min of the
level raise in the tank.

The moderator can be dumped by gravity either through a stainless-
steel tube of 45-mm inner diameter or through the pumping circulation sys-
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Fig. I

Schematic view of the reactor

term. Pumping or draining of the moderator is controlled by pneumatic
valves which are actuated by DC magnetic valves.

The air pressure difference, between the reactor-tank and the storage
tank is equalized through an aluminium tube. A scheme of the water circu-
lation system is given in Fig. 1.

The heavy-water temperature is measured by a platinum resistance
thermometer which permits an accuracy of ± 0. 20C.

For continuous moderator level measurements one of the safety rods
is used. This rod differs mechanically from the normal safety rod because
a separate cog-whepl system with a synchro generator is added. The ac-
curacy of measuring the relative heavy-water level is better than ± 0.02 cm.

In addition to the continuous water level monitoring equipment, there
are two stable level meters in the reactor tank which'serve to control the
pumping speeds (fast pumping limiter) and the maximum height of the heavy
water in the reactor tank (maximum level limiter).

The fast pumping limiter is placed far below the critical level. Its
height is adjusted so that keff for a given system does not exceed 0. 9. After
reaching this level a contact probe activates a relay which stops the pump.

33
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The maximum water level limiter is placed above the critical level.
Its height is determined so that the maximum excess reactivity does not
exceed 600 pcm. After reaching this level the contact probe scrams all
safety and control rods and stops the pump.

2. 3. Control and safety

Reactivity of the reactor is normally controlled by varying the heavy-
water level. These operations are performed manually. In addition, there
is one rod which can be used for automatic power control. The rod position
is controlled by an error signal which is a function of the difference between
the actual and required power.

The reactor is equipped with three safety rods. Safety rod No. 3 serves
simultaneously as a follow-up point contact probe by which the heavy-water
level in the reactor tank is measured both manually and automatically.

Position of the follow-up level meter and of the control rod are indicated
on the control console by synchro position indicators while the two safety
rods are provided only with signal lights for indicating the limit positions.

The control console of the reactor is equipped with six measuring
channels:

(a) Two pulse channels with BF3 counters for operation in the sub-
critical range;

(b) Two logarithmic DC channels for the measurement of the power
level and period. The power indication from one of these channels is in-
cluded in the automatic power control loop. Both channels use compensated
boron chambers, type CCPlN10, with a sensitivity of the order of 1.5X 1014
amperes per n cm-2s- 1 .

(c) Two linear DC channels with compensated boron chambers, type
CCPlN10, for the power level measurement. One of these two channels is
used for the automatic power control.

Safety rods can be withdrawn only if all circuits are closed and if one
of the start-up channels indicates at least 5 pulses per second. To ensure
the presence of this minimum signal a Rn-Be source of 0.5 c is injected
pneumatically in a position immediately below the reactor tank where it is
locked by an electric magnet.

The control rod can be withdrawn only if the two safety rods are in the
upper limit position. To withdraw the third safety rod (the follow-up level
meter) it is necessary that all the safety circuits are closed. When operated
the safety system will result in (a) dropping of all three safety rods, (6)
dropping of the control rod, and (c) stopping any further increase in the
heavy-water level.

The safety system is designed on the principle of one of two. There
are 12 circuits which will cause the safety system to operate giving also
an optical indication of the fault that has caused the scram. A manual scram
button is also included in the safety circuits. Safety circuits of the instru-
ment channels are automatically blocked if the instruments are disconnected
from the main supplies.

3,.
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3. LATTICES STUDIED

In the present series of experiments 2%-enriched metallic uranium fuel
elements in different lattice configurations were studied. These elements
are normally used in the RA high flux reactor of the Boris Kidrid Institute
in Belgrade.

The fuel is manufactured in tube-shaped slugs canned from both sides
with aluminium.

Overall dimensions of the fuel slug are outside diameter of aluminium
canning 37 mm, outside diameter of the uranium tube 35 mm, inside
diameter of the uranium tube 31 mm, inside diameter of aluminium canning
29 mm and length of the slug 110 mm.

Inside the slug there is an additional aluminium tube,, serving as a
spacer for D2 0 coolant flow. The tube has an outer diameter 23 mm- and
1-mm wall thickness. The cross-section of a fuel slug is shown in Fig. 2.

Flg. 2

Cros-sectlca of thee fuel elemzent

2 D20; * AI; U2% U"3
Fig 2

Ten to fifteen such fuel slugs are placed in an aluminium tube whose
overall dimensions are 43/41X2250mm. Thus the total length of a fuel ele-
ment could be changed, in accordance with the requirements of experiment;
The shrouds could be either open at the bottom or closed if lattices with'
void are investigated. The total number of fuel elements is limited. In
most experiments 52 fuel elements were used.

The lattices recently investigated are made of square shaped cells. The
lattice pitches as expressed by the distance between the axis of two fuel ele-
ments are 7, 8, 9. 9, 11. 3, 14, 16, 17.9 and 19.8 cm.
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4. TECHNIQUES IN BUCKLING DETERMINATION

For all the investigated lattices buckling was measured by flux mapping.
Several neutron detection techniques such as; foil activation, semi-conductor
counter or BF3 miniature counter techniques were tested. Although the
measurements by means of a counter proceed much faster and the results
are suitable for theoretical interpretation, the foil-activation technique has
proved to be more reliable. The main reason is the difficulty in keeping
the reactor power steady when the counter moves through the reactor core.
Oscillation in reactor power usually introduce much higher errors in the
overall flux distribution obtained by counters than the foil activities plot.

The foils used are made of copper for thermal or gold for epithermal
neutron flux mapping. They are disc shaped with a diameter of 10 to 17 mm
and a thickness of 0.2 mm.

* To irradiate the foils, they are arranged oih an aluminium foilholder
and inserted in one of the channels passing through the reactor. The rela-
tive foil position was better than 1 mm and the mutual distance 5 to 7 cm.

The axial and radial flux distributions are measured separately. In
one distribution more than 20 foils are used. For each lattice thermal and
epithermal neutron flux distributions as well as the cadmium ratios were
measured.

The foils activities are measured by four intercalibrated G-M counters.
The measuring and waiting times are automatically regulated by means of
an electronic timer. The data obtained are corrected for radioactive decay;
the counter dead time and the foil weight by means of an electronic computer.

In all lattices studied the core configurations were arranged in such a
way that no axial reflectors were present. Owing to the fact that the number
of the available fuel elements was limited, It was not possible to avoid a
radial reflector in most lattice configurations. For close packed -lattices
the reflector was as large as 70 cm compared to the 60-cm diameter of
the reactor core.

4.1. Determination of a2 andB2

Owing to the fact that the reactor is axially bare, the thermal neutron
flux distribution can be represented in the elementary one-group diffusion
theory by the function n(x) -A sin a x. To find the axial buckling from the
neutron flux distribution it is sufficient to fit the experimental value to a
sine function and to obtain the a value by the least squares method. This
process is somewhat lengthy unless an electronic computer is used and in
our. case an easier method was adopted which gave the same accuracy.

From the flux distribution measured three successive points are
selected.

The three selected points on the sin a H distribution can be represented

as: n, =A sin a (H+ All)

n2 =A sin a (H)

n 3 -A sin a (TI -AH),
where a is the axial buckling and AH the distance between the points.
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By developing the expressions for ni and n3 as sin (a± 1(), adding the
two expressions and dividing the result by n3 one obtains:

13 ' arc cos n 3 .

Any set of three equidistant points can be presented in this form and
the 13 value obtained. The advantage of this method is that the distance
AH can be fixed with high precision and it is not necessary to make the
normalization. The mean value for P can be found from a series of by ob-
tained. The standard error can be easily determined by using the standard
deviation and the expression for Pi3.

In most of the lattices investigated the reflector influence on radial flux
distribution was very much pronounced, so the thermal neutron flux distri-
bution cofild not be simply represented by the AJo(ar) function. Cadmium
ratio measurements have shown that there was no pronounced region in the
reactor where the ratio between thermal and epithermal flux could be taken
as constant and where the simple one-group diffusion theory could not be
applied.

What follows is based on the two-group diffusion theory. It assumes
that the thermal and epithermal flux distributions could be presented by the
following formulae:

AJO(pr) - B1 0(v r)

=S 1 AJ 0 (pr) + S2 BI 0 (vr),

where p is the radial buckling to be determined. If the epithermal flux
distribution is multiplied by the reflector coupling coefficient S2 and the two
distributions added, the obtained distribution must have a Jo(pr) form, where
the p value can be easily found using the least squares method. Both distri-
butions have to be properly normalized beforehand which is easily done by
measuring the absolute ratio between fast and thermal fluxes at the reactor
centre. For this purpose the cadmium ratio at the reactor centre was
measured by means of thin gold foils. After self-absorbtion corrections
the Westcott r value was found and the absolute ratio between 2200 m/s ther-
mal and epithermal fluxes was determined.

where T is the neutron temperature in the core and To 2200 m/s neutron
temperature. The integration is made over the epithermal region. This
method includes the use of the theoretical value of S2, but the buckling ob-
tained is not very sensitive to-the possible inaccuracy in this value.

The factors affecting the accuracy of the total bucklings include the
statistical errors in the foil counting and positioning and uncertainty in the
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corrections applied, especially in S2 and Oth/'ept values. If all these errors
are estimated independently and statistically combined, the standard error
in buckling is i: 1%.

The results obtained reduced to D2 0 concentration 99.80 and temperature
201C are represented in Fig. 3.

5. FLUX DISTRIBUTION INSIDE A CELL

Thermal neutron distribution measurements within an elementary cell
were carried out on a specially prepared fuel element which was mounted
in the central position of the core. The fuel element was.drilled with a
3-mm diam. diamond drill close to the middle.of the active height and the
hole was painted with colourless lacquer to avoid a release of fission prod-
ucts. A special small tube with detector foils was placed in the hole. The
uranium in the fuel element is only 2-mm thick. To enable the detection of
particular thermal flux variations in different diffusion media, one should
obtain the highest possible resolutions between the points measured. Ac-
cording to the experimental results it was evident that a high statistical
accuracy of the activities measured and strict positioning of the detector
foils were required to make these micro-effects visible.

Small intercalibrated foils of dysprosium-aluminium alloy were used
as detectors. Owing to its highly effective activation cross-section, mod-
erate decay and slight departure from the 1/v law, dysprosium proved to
be a convenient detector for intracell measurements.

To define more accurately the positions of the detector foils, a special
small tube was made of Plexiglass of 2. 1-mm internal and 2. 8-mm external
diameter. Within this tube the foils 2 mm In diameter and 0. 15 mm thick
were arranged on a sandwich principle by using Plexiglass cylindrical
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spacers 2-mm in diameter. The distance between the foils was kept con-
stant (lmm or 2.5 mm) in order that the shadowing factor might remained
unchanged. All the elements included in the sandwich were machined to
an accuracy of ± 0. 01 mm.so that the relative position of the detector was
known to within ± 0. I mm.

Intracell irradiation was carried out along the side and the diagonal of
the square lattice. At least two irradiations were performed in each di-
rection for each lattice. The beta activities were measured in cycles with
four independent G-M channels of approximately identical efficiencies. The
measurement intervals were chosen in such a way as to obtain a standard
error of about ± 0. 3% in all channels.

The results obtained were corrected for the foil weight, decay and the
counter dead time to present the thermal neutron flux distribution inside
a cell. Fig. 5 shows the measured distributions for several lattice pitches.
Both side and diagonal direction distributions are given.

From the curves obtained experimentally the measured average thermal
neutron fluxes were calculated for particular material regions. The ob-
tained values are used to calculate the thermal utilization factor as well
as the diffusion length for the core composition.

According to the definition of the thermal utilization factor f, I. e. the
number of thermal neutrons absorbed in the fuel per neutron absorbed in
the reactor, the f value is calculated from the formula:

r = Nu Eau Vu Fu
NISaiViI 'i

where N is atomic density.
.at - BNL-325 absorption cross-section (for fuel absorption cross-

section allowance is made for the difference of 400C in neutron
temperature)

V - volume of the zone
Ft- thermal flux averaged over the material zone.

1.52

1.50 -

1.48
1.416 -

1.42 -

1.40 /
1.38

1.36 I

LATTICE PITCH (cm)
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Infinite multiplication factor
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The diffusion length is determined from the formula:

L 2 
eD/!?a

where 15 and E. are the mean values of the diffusion constant and the ab-
sorption cross-section for the core composition.

All the calculations were performed by means of an electronic com-
puter. The computer programme prepared for this purpose employs the
foil counting rate as an input, making all the necessary corrections, cal-
culates the average fluxes in various zones, the thermal utilization factor
and the diffusion length. Table I gives the result for f and L2 as obtained
for different lattices.

5.1. Determination of the infinite multiplication constant

The experimental data for bucklings and L2 offer the possibility of de-
termining the infinite multiplication constant k. using the two-group dif-
fusion theory expression

k_ = (l+L 2 B 2 )(l+7B2 ).

There is no direct method for measuring the slowing-down length and
the usual way to determine k. is to use the calculated 7r. This way of ap-
proach was applied in the case under consideration.
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TABLE I

RESULT FOR f AND L2 AS OBTAINED FOR
DIFFERENT LATTICES

Lattce pitch L

7 46.0

8 0.9488 61.0

9.9 0.9461 99.0

11.3 0.9432 137.0

14.0 0.9378 . 212.0

16. 0 0.9331 282. 0

17.9 0.9215 352.0

19.8 0.9205 430.0

The slowing-down length was determined from the expression

0( V. ( s0

The value To = 118 cm2 is adopted for 99. 80% D20. The above expres-
sion is recommended by DESSAUER [2] and out of several formulae existing
in the literature is chosen because of its simplicity. The infinite multipli-
cation constant as a function of the lattice pitch is given in Fig. 4.

An effective way of checking the calculated values for 7 is to measure
the water level reactivity coefficient dp /dH which can be expressed by:

dp 2:r2 2 2 +72)
dH v1+ J 1+L2 1+ TB2

where Ilex is the extrapolated water height at criticality. and a 2 /PA2 the
radial reflector coefficient.

By direct measurements of dp/dH it Is possible to determine experi-
mentally [L2 /(I +B2 L2 ) + T /(I +B2 T)] = M, and compare it withthe same ex-
pression obtained with the theoretical calculation.

The water level reactivity coefficient was obtained by measuring the
stable reactor period for a fixed value of All. The reactivity was calcu-'
lated from the Inhour relation. For this purpose a programme was written
for the electronic computer Z-23 where 14 delayed neutron groups were
taken into account. Photoneutrons were weighted by the non-escape proba-
bility for fission product gamma rays of energies higher than 2:23 MeV.
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From a series of measurements of the reactivity as a function of AH,
dp/dII. is obtained by the least-squares method, assuming a linear variation
of p as a function of 1I in the vicinity of the critical height.

The 8 a 2/Off2 is the radial reflector coefficient. It is primarily a func-
tion of the geometrical characteristics of the reactor core and can be ob-
tained theoretically during criticality calculations. When the criticality
determinant was calculated by varying the radial and axial buckling values,
the reflector coefficient is obtained as a ratio between

8cr2 al Iaep

The experimentally obtained results for M are compared with those
calculated on the bases of the theoretical 7 and the experimental B2 and L2 .
This comparison is shown in Fig. 6. As one can see, the theoretical curve
represented by the full line shows a rather good agreement with the experi-
mental points, although a number of points are scattered around the theo-
retical curve. This is due to low accuracy in dp/dH determination.

400
-L TC - VERSUS LATTICE PITCH

300 -

200 -

10 LATTICE PITCH (crn) 20

FIg.6

Comparison of experimental results for M. with those calculated on the bases
of the theoretical r and the experimental B2 and LF

This comparison shows that the values for T are rather well computed,
but at the same time indicates that the method of direct determination of
T by means of dp/dH is not suitable.

5. 2. Correlative data for ,7 and-the effective resonance integral

The k.. and f factors experimentally determined offer a possibility pf
estimating the value of aj and the effective resonance integral. The method
is described by MUMMERY 131 and consists in expressing the logarithm of
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k./f as a function of the fuel to moderator ratio NuVu/Nm Vrn . The straight
line theoretically given by

k. NuVu dE
log -f = log t17 -N~ I, a E

gives the logarithm of cry at its intersection with the vertical axis. The
slope of the straight line represents the effective resonance integral divided
by eas.

Such an analysis is made for eight measured values of k - and f, and
the log cry as a function of NuVu /Nm Vm. is expressed in Fig. 7. The ex-
trapolated value for log enl is 0.528 which, with ce 1.008, gives rlcor =1.676.
The slope obtained by least squares is 2. 99. When the usual value of 9a,
for D20 is used (gr, = 0. 177) one obtains for the effective resonance integral
kaodE/E= 15.92b.

0 _

02 0

0.1_

2 4 6

Fig. 7
Log c ? as i frunction Of Nuo u NnYm

6. COMPARISON WITH THEORY

Critical bucklings were calculated for all the lattices studied, using
the four-factor model and two-group diffusion theory. The BNL-325 cross-
sections with Westcott notation were used. Because some arbitrariness
in the choice of the formulae for lattice parameter calculation cannot be
avoided, in all cases where it was possible, the expressions which allow
a direct experimental check were used. For those parameters where direct
measurement was not possible, no special effort was made to improve the
calculation methods, but simple empirical formulae were applied.

In this way the lattice parameters were divided in two categories: (a)
where the definition allows a direct experimental check,. and (b) where a
number of miscellaneous processes are lumped together and no strict de-
finition is possible.
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The theoretical model gives a relation between these two categories
and offers the possibility of determining the correlative data for the para-
meters in the second category. As the measurable parameters f, e, L2 , and
B2 are taken, the correlative parameters are p, k., rl and T. This is an
arbitrarychoicebased on the existing experimental methods;

The results obtained as compared with experiments are as follows'.

6. 1. Thermal utilization

Computations of the thermal utilization factor were done using the ex-
pression previously mentioned. The disadvantage factors were calculated
according to the diffusion theory, using corrections based on the P3 ap-
proximation to the neutron transport theory.

The results obtained for f are higher by 0. 3% in comparison with the
experiments. For close packed lattices this discrepancy is somewhat lower.
The difference appears primarily from the error in moderator disadvantage
factors. As some preliminary calculations show, it can be completely re-
duced if more exact treatment of neutron flux distribution is made. The
fuel disadvantage factor is small because the uranium tube thickness is too
small and as a result the error cannot influence the result appreciably.

6.2. Fast fission factor

Although it was possible to measure the fast to thermal fission ratio
and obtain this factor the experimental way, the computed value was used
through the whole analysis. The expression identical to that submitted by
SPINRAD [4] was adopted for the calculation. The moderator influence in-
side the fuel element was not taken into account. The obtained value is
e = 1. 008.

6.3. Thermal reproduction factor in fuel

Using v= 2.46 and BNL-325 cross-sections, one obtains n =1.73.
As shown before, the ln k./f plot gives a much lower in value, j = 1. 676.
At the same time this is the largest disagreement between the theory and
the experiments.

6.4. Resonance absorption

The exponential expression was chosen for computation of the factor p.
From several rather different formulae for the effective resonance integral
reported in the literature, the semi-theoretical expression given by
GALANIN 151 for the same type of fuel element was taken:

p = exp -qt) and IP * 6 1. 2 + 0. 5 5 ( - p2)

This assumes a 477TMi dependence of the effective resonance integral.
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To allow for the influence of the moderator inside the fuel tube the sur-
face depending part of the resonance integral was increased by 20%. The
resonance integral computed in such a way appears higher by 12% in com-
parison with that obtained from the ln k../f plot. This influences the discre-
pancy in the p value ranging from 0. 2% up to 2% for close packed lattices.

6.5. Infinite multiplication factor

The discrepancy in n was completely reflected in k*.. The calculated
values are higher by 2 to 3%6.

6. 6. Bucklings B2

The most pronounced discrepancy between theory and experiments was
observed in the material bucklings. The percentage error in total buckling
values is of the order of 10 to 15%. The computed radial bucklings are in
a good agreement with experiments, owing to the fact that it is practically
the function of the geometry only. The axial buckling as the final aim of
calculation was influenced by all discrepancies previously mentioned
and the difference between calculated and measured values is rather high.

7. CONCLUSIONS

The experiments and comparison with theory show that if the directly
measurable lattice-parameters are determined with a reasonable degree of
accuraqy, then according to the adopted theoretical model it is possible to
obtain the correlative data for other parameters necessary for criticality
and reactivity calculations. In any case the lattice parameters where the
correlative data should be taken are n and the effective resonance integral.

In our case iC0 f = O. 969. n is recommended, which is in good agree-
ment with the reported values from critical experiments for natural-uranium
heavy-water lattices.

As the correlative value for the effective resonance integral the follow-
ing formula is recommended:

Ie,. = S. 68+ 21.1

which is the same expression as used by GALANIN [51, but the moderator
inside the fuel tube increases the surface part of the resonance integral by
4% instead of 20% as originally taken.

Critical bucklings calculated in such a way are in very good agreement
with experiments for the whole range of lattices studied except for very
close packed configurations, where the calculations are giving somewhat
lower values. This deviation could be explained by the fact that the fast
fission factor is calculated without the ineraction between the separate fuel
elements.



526 N. RAI9IC et al.

REFERENCES

(1] JOVANOV16. S. et al.. Zero Energy Reactor RB. NPY-Y-2 (1963).

[2] DESSAUER. G.. Physics of Natural Uranium. D5O Lattices, Proc.2nd. UN Int. Conf. PUAE 12 (1958)
320.

[31 MUMMERY. P. W.. The Experimental Bash of Lattice Calculation. Proc. UN Int. Conf. PUAE a
(1956) 282. 323. V

[4] SPINRAD, D.1. , Fast Effects In Lattice Reactors. Nuci. Scl. Engng. 1 (1956) 455.
(5] GAIANIN. A.D. , et al.. Experiments on D3O Reactor. Proc. 2nd. UN leat. Conf. PUAE 12 (1958) 380.

DISCUSSION.

C.E. COHN: Could you give us some further details on your automatic
power-level control system? What sort of servo system do you use, what is
the total reactivity worth of the automatically controlled rod, and finally in
what sort of experiments do you make -use of this facility?

N. RA181t:: Our automatic power system is operated by means of an
error signai which is based on the difference between the required-and the
actual power of the reactor. Details are given in the paper. The total re-
activity worth of the automatically controlled rod is between 300 and 400 pcm,
depending on the core configuration. Automatic control is used for irradi-
ation work whenever the reactor has to operate at high power for fairly long
periods of time.

C. E. COHN: I should have thought that you could avoid the necessity
of controlling the power level by using a monitor counter in a fixed position
and normalizing your traverse count against the monitor counter.

A.E. PROFIO: Since this is a critical assembly and has very little.
room return of neutrons, it should be possible to use it for investigating the
anomalous variation of radial buckling with lattice configuration. Have you
made enough measurements in assemblies without a radial reflector to be
able to say anything about this problem?

N. RAitld: The room return of neutrons is extremely small. We did
make some measurements changing the radial buckling but the idea was
really to determine experimentally the radial reflector coefficient in con-
nection with the interpretation of dp/dH. Unfortunately we did not carry out
simultaneous measurements of the bucklings so the effect you mentioned was
not observed. I hope however that we shall be able to undertake measure-
ments of this sort soon.
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VOID REACTIVITY EFFECTS IN THE SECOND CHARGE OF THE HALDEN BOILING WATER REACTOR.
The reactivity effect of volds caused by boiling Inside the coolant channels In the second fuel charge of the
Halden boiling Heavy Water Reactor has been measured both In void-simulated zero-power experiments and
under acnual power conditions.

The vold-simulated experiments consisted of measuring the reactivity effect of Introducing void columns
Inside thin-walled tubes to various depths. The tubes were placed at different positions between the stringers
In a single 7-rod cluster element practically identical with the normal second-charge fuel elements. This
experiment enables an Investigation of the reactivity dependence upon void fraction, and also the reactivity
dependence of steam-bubble position in the coolant channel. The experiment was carried out In the Norwegian
zero-power facility NORA. with a core consisting of 36 second-charge elements and with a lattice geometry
identical to the one in HBWR.

The temperature dependence of the void effect was Investigated in a zero-power experiment with the
100 fuel-clement core of HBWR. n a single fuel element the water level inside the coolant channel was
depressed to various depths, and the reactivity effect of this perturbation was measured at different temperatures
In the temperature Interval 50OC-220C.

The power void reactivity has been measured In HBWR as a function of nuclear power at different moder-
ator temperatures between 250'C and 230 C at poweri up to about 16 MW at the highest temperature. The
power-void reactivity coefficient Is an Important quantity In determining the dynamic behaviour of a boiling-
water reactor. The theoretical determination of this quantity Is. however, complicated by the fact that
knowledge about the void distribution in the core is required. The detailed power-void distribution is not
easily amenable to experimental determination. and accordingly the void-simulated experiments represent
a better case for testing the reactor physics calculation of vold effects.

Preliminary theoretical comparisons are mide for these experiments. Two-group diffusion theory Is
applied, and the conclusion can be drawn that fair agreement is obtained between theory and experiment for
the perturbations In the lattice parameters for a void fraction equal to one, both at low and high temperatures.
For Intermediate void fractions, however, somewhat less satisfactory agreement is found.

EpFETS CAVITAIRMES DANS LA DEUXItME CHARGE DU REACTEUR A EAU LOURDE BOUILLANTE DE
HALDEN (HBWR). Lauteur a mesurc, aussi bien lots dexpedrences avec vide sImutc I puissance nulle que
dans les conditions normales de puissance, I'effet cavitaire. provoque par l'Ebullltion qul se produtt I Ilinti-
rieur des canaux du tefroldisseur, dans la deuxilme charge de HBWR.

Lea expEences avec vide simuli ont contritd A mesurer les effets que prodult sur la tiactivitE le fait
daenfoncer I des profondeuns diffErentes des tubes plus ou motns vides A parol mince. Lea tubes ont ctc placfs
en plusieurs endrolts entre les barres, dana one scule carouche formie de sept barres en grappe et pratiquement
identique aux cartouches de combustible de la deuxiame charge. Cette experience permet de determiner
comment la reactivItt varie en fonction du volume cavitalre relatif et de l'emplacement des butle dans le
canal du refroldissewr. L experiencc a ctr effectuce dan le reacteur NORA de puissance zero, avec on co=ur
compose de 36 cartonches de La deuxitme charge de IIBWR et danr one geometric de raseau identique I celle
de cc reacteur.

LVauteur a observE comment lPeffet cavitare varlialt avec Is temperature damr un ensemble de puissance
zEro avec Ic coeur 1 100 cartouches de HBWR. Dans one sestle cartouche. 11 a abatssc le niveau de lPeau I
1 lntErieur du canal de refroldissement A des niveaux differents et mesure Ileffet de cette perturbation snt Is
rdactivitd I differentes tempEratures comprises entre 50 at 220C.

527
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Lauteur a mesuri leffet cavitaire. a lintdrieur de HBWR et dans let conditions de puissance. en fonction
de la puitsance nuclealre a des temperatures diffirentes du ralentisseur comprises entre 150 ct 230C et. I
IL tempirature la plus iievce pour des pultsances alant jusqula 16 MW. Le coefficient cavitaire ast une
quantit; qull Importe de connaftre lortqu'on veut determiner le comportement dynamique d'un rdacteur a
cau boulilante. or. Ia determination theorique de cettc quantit6 cst difficile du fait quIL taut connaftre en
deuail la tepartition des cavites dant le creur. Cette repartition dans leu conditlons de puissance ne se prette
pas facilement I une determination expirimentale de torte que lIU experienca aveCC vide simuli conviennent
mieux pour verifier les calculi de physique des reactesurs portant sur lea effecs cavitaires.

Lea donnca de cUs expErience. ont etE comparies aux rEsultats thEoriques. On a applique la tlieorle de
la diffusion A deux groupci et on peut conclure qu'll y a bon accord entre la theorie et l'experience en ce
qut concerne lus perturbations dans lea parametrs du tCScau pout un coefficient cavitaire'egal 1 1. tant aux
basses qu aux hautes temperatures. Toutefolts pout le valeurs Intcnnddiaires du coefficient cavitaite. l'ac-
cord ett moons bon.

Pour le calcul macroscopique de l'effet sir la r~activitE. on utilise une thioric de perturbation.

344EKTbli nYCTOTHIO PEAIKTUBHOCTH UO BTOPOR 3ArPY3KE IIBWR. 3¢oeKT

peaKTHBHoCTH nycToT, DU3BaNNSIX xtnemOeNU a mananmax AJIH TeWI1O1IOCHTenRx BO 8TOpOR 3arpy3Ke
XaJIAeHcxoro xanxnrero sTXuenosoAioro peaxTopa (lIBWR) 6uun m3MepeOH ax* a xcnepHueHTax
NynezoH MO1QHOCTH C HNMTButHeA nYCTOT, TaX M a ycnoBHRx itaKTHNOecKoR MoMHocTH.

3KcnepHNueITu C RUXTrpOBaNHN&IM nYCTOTAUH COCToJMN B H3uepeHHn 3fiteKla peaKTRa-

HOCTH1 nycToTHSIx KOAOHH, 1 DBOAHYUX * TOHKOCTeHHue Tpy6KH Ha pa3nHNHYiD rny6nHy. TPY6XH

6UJIH yCTaHoBJIOeH B pa3HUix nOJiOxSHmxX meKAy ipoAolnbimmN pe6paBtH * OAMNO4OIH c6opKe, co-
CiOgi~efl H3 COUH cTepxiel, npaBXtUeCsM HAeNTHN4HNO nopmanSMISM TOnnHBHMu SJeCeHlTam JTo-
*poH 3arpy3xu. 3TOT *KcnepHueHT no39onHnJ M3Y4HTb 3BscNmoCHTb PeaxTHeHOCTH OT nycroro

o6feMa, a T8KXe 3aBcHmUocTb peaKTNBHOCTN CT nonoSeHNMM ny3ipiKxoD napa B XaHae AIAX TenalO-
HocKarenx. 3xcnepumeHT 6unJI eunOnHeHi Ha HopoezKCoil YCT&HOBKe HyneOOR uo0rHOcTH NORA c
aITBaHoR 3O~oR H3 36 3JnemCHTOD BTopoN 3arpy3xH H c reoMeTpHeR peMeTaKHr, anaiorHqHoR reo-

UeTPHH peC5eTKH peaKtopa HBWR.
TemnepaTyptasi B3aSHCHMOCT, nycToTHoro 9$$eXTO 6uivna m3ymeHa NB SxcnepuueNTansboR

yCTaHO8se HynesoR UOIUtHOCTR, UMO~SISOR BKHTBHYas 3oHy M3 100 Tonr!nHBux SneMeMTos peaXTopa

IIBWR. B OAHxHOSo TOnjIIIHDOM sJIe@eHTe ypo0eHL BOAs U xBaHane AIR TennollocHTenx CHBMancS

Ao pa3JnHq'Hzx rny6mH H enHRNHe Ha peaKTIBHocT6 BToro OTKnOHeHHx OT HOPmBablbHX YCJIOBNI

H3UePXJIOCb np1H pa3JsHsHSiX reunepaTypax a MHrepHane Teurneparyp 50-2201C.
BJnHHHNe nycrorToHi PeKTHBHOCTH Ha UOUIHOCTB 6uno m3UepeNo Ha peaKTope HBWR xax

OyHKUMS MAeploft 3HeprxH npH pa3JnW'ss1X TeunepaTypax 3ameAxnTenz e AHaZna30He 150-230-C

npn mO5iHDCTIx AO l6mrST (nps camoll BscoxoH TemnepaType). KO3X24IHCHeT VICTOTHon peaxTx-

HOCTH HS MOSStHOCTU BanseTCR aXaLluM noxa3aTenem npH onpeAeJieHH1 AHHaUH4ScKOrO noIBeAOKHX
Ninxllero peaKTopa. OAHaxo TeOPOTK'OCXOO onpZeneInNe *Toro noxa3aTejsn ycjioxxeTCX TMu,

4TO N*O0EXOAHMO 3Harb PCnpeAIeneHme nyCTOT * *XTHrHOR 3oHe. IOApO6H1,Je ASHHure o anIntiMH

pacnpeOeAnOHaX nyCTOT ma MOOHOCTb TPYAHO 5IOAAaBsTcM 3KCnepHmeHTaJnbHOMy onpeAeneJHHK, N

no3Tohy s*KcnepNmeKTb1 C NMUTHpOSNNHHUMN nyCTOTaUH GunN npmroAtIIu AnnI nposepxH pac~eTOB

341$eXTO nycTOTM.

AfllH *THX 3KcnepKmeHTO9 Aenat)TCX nTpeACaPHTenbuLte 5 e0opOTN4ecxHe cpaBHeHNx. nplpme-
HxieTcx AsyrpynnosBO TOOpHUl AH)4y3HM, H NO0HO cAeniaTb BUBO 0 TOM, 'ITO AOCTHrHyTa cnpa-

sennBeax cornaconai1HIocT1 6ue)KAY TopHei N 3XCnePNMeHTOM AInm nePTyp6aUHi a napameTpax pe-
MeTXN INpH "yCTOTHOR MOCTN paBNHOA eANNUe 1PNH HUN3KOH U BbWCOXOR TeunepaTypax. OAH8Ko

An* npoMemyTow0 ux nyCTOTNH6X 'aCTSR YCTs5HoIneHa bMe~ee yAOnneTsopNTeIbH8aX.cornacoBNaHHocTL.

Jnnl MMKpOCKonHqecxoro paCmeT8a 34teKra PeaCTH3nOCTb npNmeHxeTcx TeopHIX Bo3ysye"HA.

EFFECTOS DE CAVITACJSN EN LA SEGUNDA CARGA DEL REACTOR DE AGUA PESADA HIRVIENTE DE
IMALDEN (HBWR). La ebulliclon que se produce en el Interior de lor canalas refrigerantes de la segunda carga
de combustible del reactor de agua pesada hirriernte de lalden provoca efectao de cavitaci6n que afectan a
la reactividad. Este efecto se ha medido unto en experlmento& con vacro simulado de potencia nMla corno en
condiciones de rEgimen normal.

Los experimento con vac6o sirslado conrsitieron en medir las alteracionaes de la reactividad &I intro-
ducir hbast diversas profundidades tubot vacfos de paredes delgadas. que se colocaron en distintas posicionci
entre las piezas de union de un haz combustible de alete barras. pricticamente Identico a lot que constituyen
la segunda carga de combustible. Este cxperimento perrntie InvestIgar las varlaclones de la reactividad en
funcdon del volumen relativo de log vadCos y de Ia poslclon de las burbujas de vapor en el canal refrigerante.
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Sc cJccut6 en el conJunto noruego de encrgra nult. NORA. can un cuerpo conslstente en 36 elementos de la
segunda carga dispuestos en un reuiculado de geometrya ldintica a la del reactor IMWR.

El autor estudl6 ls varlaclon del efecto de cavittcldn en funct6n de is temnperatura en un conjunto de
potencis sila provisto de 100 elementos conbustibles. En un elemento redujo el nivel de agua en el Intetlor
del canal refrigerante a varlos valores y mldi6 cl efecto quc ejercfa esta perturbacldn sobre la reactividad a
temperaturs comprendidas entre 50C y 220-C.

El efecto de los buecos sobre la reactividad a regimen normal se ha medido en el reactor IWWR en
funclon de la potencia para temperaturas del moderador que oscilaron entre l50TC y 230C. alcanzandose a
esua ditima temperaura hasta unos 16 MW. El coeficlente de cavitacidn en rcgimen normal constituyc un
parumctro que conviene conocer cuando se trate de determinar el comportamiento dinimico de un reactor de
agua hirviente. Sin embargo. su determinacl6n te&Ica se cornpilca por cl hecho de que es preciso conocer
la distrlbucl6n de las cavidades en cl cuerpo. Tampoco es ficil determinarla por vfa experlmental can exacti-
tud cuardo el reactor funclona a regimen normal y. pot tanto, los cilculos de Q ica de lIs reactores de los
efectos de las cavidades se comprueban mejor simulando los huccos expermcnalmente.

Se han efectuado comparaclones prelLmInares entre los rcsultads de csos expcrimentos y los datos tc6-
ricos. Los cilculos se realizan por una tcorta de difusldn de dos grupos y se aprecla que lot resuirados trericos
y experimentalea sobre las perrrbaclona de los parimerrcs del reticulado. para un volumen relitivo de los
vacros Igual a 1, concuserdan satisfactorlamente tanto a temperaturas bajas como a tcnperaturas clevadas. La
concordancla a menos sattlfactorla para valorcs Intermedlos del volumcn relativo de los vacros.

El cfecto de reactividad se calcula macroscdpicamente mediante una taorri de las perturbacloncs.

1. INTRODUCTION AND SUMMARY

The lHalden Boiling Water Reactor (HBWR) is a natural-circulatlon boil-
ing heavy-water reactor. Heavy water circulates by natural convection of
the moderator and steam is generated inside shrouds around the fuel ele-
ments. The heavy-water steam generated in the reactor pressure vessel
circulates by natural convection through a primary steam circuit to a heat
exchanger where the steam is condensed. The second fuel charge consists
of 1. 5 t of uranium oxide enriched to 1. 5%. The 100 fuel elements are 7-rod
cluster6 clad in Zircaloy-2.

A very important parameter related to the dynamic behaviour of a
boiling-water reactor is the effective void reactivity coefficient, expressed
for instance in pcm/MW, expressing the integrated effect of steam voids
under actual boiling conditions. The reactivity effect of these steam voids
in a given fuel geometry is a complicated function of space and temperature.
For the prediction of integral reactivity effects a good knowledge of the
boiling void distribution throughout the reactor is required. The void distri-
bution varies greatly over the core, the void fraction being zero at thelower
end of the fuel channel and having values up to around 80% at high-power
levels in the upper end of the channel. Comparisons between experimental
and theoretical values for the power void reactivity thus become a test of
the ability to predict the combined effect of a thermodynamic quantity and
reactor-physics quantities.

Low-power experiments with simulated voids (for instance by air) in
single elements, however, permit the investigation of reactor-physics
quantities alone, since the amount of voids is, controllable and the distri-
bution is uniform.

As a part of the reactor statics experiments with the second fuel charge
of HBWR, a series of experiments have been made in order to enable tests

34
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of the theoretical models to be made from various angles. The following
experiments were performed:

(a) Differential experiments in the Norwegian zero-power facility NORA
with a 36-element core of IlBWR fuel elements. The reactivity effect
of introducing void columns inside thin-walled tubes to various depths
was measured. The tubes were placed at various positions between
the stringers in the 7-rod cluster. The experiment enables an investi-
gation of the reactivity dependence upon void fraction and upon the void
position in the coolant channel to be made.

(b) Differential experiments in HBWR with the normal 100-element core.
The reactivity.effect of completely voiding one fuel- element to various
void depths at five different temperatures in the temperature interval
50 to 220'C.

(c). Integral experiments consisting of measuring the void reactivity as a
function of nuclear power at different temperatures between 150 and
230OC at power levels up to lb' MW at the highest temperature. The
measurements then give an rexperimental value for the power void
coefficient.
Some of the experiments have been compared with theoretical values,

a full theoretical comparison will be given in References (1-31. The theo-
retical values are based upon two-group diffusion theory, using the Swedish
lattice parameter recipe BURNUP 5 (4] when calculating the dependence
upon void fraction of the lattice parameters. The conclusion can be drawn
from NORA differential experiments that good agreement is obtained between
experiment and theory for the cases -with the largest void perturbations,
void fraction = 1, which is homogeneous radially within the coolant channel.
When the void distribution is strongly inhomogeneous, the theoretical ap-
proach of smearing out the void over the channel does not give good agree-
ment with experiments.. The disagreement seems particularly strong in
the diffusion coefficients and seems to call for. extension to a multi-zone
model in the diffusion coefficient calculation, if inhomogeneous void geo -
*metries are considered :to be of practical interest. Inhomogeneous void
distributions might be found in large clusters ..

The.temperature dependence.of the voided lattice parameters is further
well represented by.the theory. Since the radial void distribution inacoolant
channel of HBWR, is -expected to be. fairly homogeneous, the conclusion~from
the analysis.of differential experiments is.that the integral effect of power
voids should-be fairlyiwell predicted provided that -the void distributioncalcu-
lation can be relled-upon. A fair agreement -is'actually,found between ex-
perimental and theoretical values-for the.integral-void experiments, although
the theoretical values presented heredo not include -the effect of control
.rods, which were actually present in the core during.the experiments. .

Rather similar experiments, both differential and integral, -were per-
formed for the first fuel charge of HBWR; they.are reported in [5]. Since
these'experimcnts were- performed in HBWR itself at!a number of different
lattice positions With a- core geometry practically identical with the one used
for the power core, it was found possible to extrapolate from the pure ex-
perimental results of -the differential experiments in -such a manner that a
prediction of the power -void coefficient could be made.

14.
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In a general boiling-water power-reactor design, however, it is very
unlikely that differential void experiments can be made in the final power
core geometry. Such low-power experiments are normally made in a core
geometry considerably smaller than the power core. In this case, direct
extrapolation from the differential experiments to the power void reactivity
based upon experimental data only is not possible. The differential experi-
ments will then be used by the theoretical reactor physicist to test the
methods he wants to apply for calculating the integral void effect. The role
of.low-power critical experiments concerning void effects and theory thus.
seems to be of equal importance for prediction of power void reactivity in
a boiling-water reactor in the immediate future as long as new fuel elements
designs for boiling-water reactors are proposed and methods for the calcu-
lation of void effects are not well established.

2. GENERAL DESCRIPTION OF THE EXPERIMENTS

2.1. Fuel elements

The fuel elements of the second charge of HBWR consist of a cluster
element with seven stringers containing 1.5% enriched U0 2 pellets, 1.26 cm
in diameter and canned in Zircaloy-2. The stringers form a hexagonal
pattern, with one of the stringers at the centre of the hexagon. The design
of the fuel element is shown In Fig. 1. I

Each stringer is made up of two segments, which are screwed together.
At each end of the enriched fuel in a segment there. is a pellet of natural U0 2.
The stringers are connected to top and bottom end grids through Zircaloy-2
extension rods. The end grids are of stainless steel and fix the end position
of the stringers. A shroud made of Zircaloy-2 surrounds the stringer as-
sembly and serves the purpose of defining the coolant flow.

Spacing and stiffening of the stringers is provided by stainless-steel
spacing plates at the end of the fuel part of the stringers. The stringers
are mounted on the central spacer plate, which is supported by the shroud.
Thus, the extension rods are free to expand through the holes in the end
grids. The fuel element assembly is supported by the bottom plate .through
the extension piece screwed on to the lower end grid.

2.2. Reactor cores

2. 2.1. NORA experiments

The differential experiments in NORA were performed in a core con-
sisting of 36 llalden second-charge fuel elements in an open hexagonallattice
with a 13-cm pitch (Fig.2). The fuel elements were suspended in the
cylindrical tank of the NORA reactor *hich was filled with D2 0 to the level
where criticality was reached. The bottom cone of the fuel elements was
kept 5 cm above the bottom of the tank. Due to the presence of extension
pieces in the fuel elements, the fuel region starts at 49 cm above the bottom
of the reactor tank. The equivalent core radius is 50. 16 cm and the tank
radius 112.'5 cm, leaving a D20 side reflector of 62; 34 cm. Outside the
ieactor tank a graphite side reflector of 50 cm and a bottom reflector of
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ZIRCAOY SROUDOUTSIDE CIAM. 7.3 cm
WALL THICKNESS 0.1 cm

ZIRCALOY TOP EXTENSION ROOS

SS SPACER

* ZICALO CLAUNGOUJTSJOE.DIAM. 1.43 cm.ZCALOY CLADDING WALL THICKNESS 0 07 em

,NATURAL.UO 2 PELLET CAum. t3s1cm

1,514 WT.% ENRICHED UO2 PELLET, DIAM. 1.259 cm

DENSITY U0 2 10.54g/cm3 AT 20°C

Fl. 1

HBWR second-charge fuel element assembly

70 cm thickness were present. A full description
Facility is given in 161.

of the NORA Critical

2.2.2. HBWR experiments

The differential and integral void experiments in HBWR were performed
in a core with 100 second-charge fuel elements in an open hexagonal lattice
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Fig.2

Horizontal crous-section dutugh NOPA cote

o Fuel element
* Position of voided fuel element
* Safety rod

with a lattice pitch of 13.0 cm. A diagram of the core loading is shown in
Fig.3. The equivalent core radius is 83.6 cm and the D20 side reflector
has a thickness of 51.4 pm. The bottom reflector; consisting of a mixture
of D 20, steel and Zr, has a thickness of 38.3 cm.

For the differential experiment the reactor tank was filled with D2 0
until criticality was reached at each temperature. The water level was thus
considerably below the upper end of the fuel in all these experiments. No
control rods were inserted in the core.

During the integral void experiments the water level was high enough
to form a top reflector with a thickness of 13 to 21 cm, depending upon the
temperature. The excess reactivity was shimmed off by three to four fully-
inserted control rods and a regulating rod.

2.3. Experimental techniques

2.3. 1. NORA differential experiments

The differential void measurements in NORA consisted essentially of
measuring the reactivity worth of voids as a function of void depth in a single
test element. Fig. 2 shows the lattice positions in which the experiments
were performed. A full description of the experiment is found in [1]. The
coolant channel in the test element was subdivided into a number of sub-
channels by thin-walled aluminium tubes, and the reactivity effect of com-
pletely voiding various combinations of subehannels, using air, was investi-
gated. Two methods were used for measuring the reactivity effect, the os-
cillating method and the static method.
2. 3.1.1. Test fuel element. When operating HBWR at power, void fractions
(defined as the ratio between the volume of steam and the volume of the
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Fig.3

Core loading

Condens. in 2

C) Subcooled water-bottom 2

O Subcooled water-top 12

a Steam pipe drain 2

* Thermocouples

Control rods 10-19 bank I
control rods 20-29 bank 2
control rods 30-39 bank 3
control rods 20-22-23-25-27-28 are of smaller type
control rods 31-35-38 are regulating rods

C3 Ionization chamber
* Void element

o Pressure meter P14 and P5 I

3 Nuclear lnstr. 2

4 Bolas 32

o Plugged holes for exp. equipment 201

Q Control station 30

O Fuel element 100

0 Steam out 10



VOID REACTIVITY EFFECTS 535

coolant channel) between 0 and 0. 8 will occur. It is expected that the void
will have a fairly homogeneous distribution radially inside the coolant
channel. In order to simulate these conditions by using air, it is necessary
to subdivide the volume inside the shrouds into airtight sections. The coolant
volume was subdivided by the insertion of 12 aluminium tubes between the
fuel stringers, see Fig. 4. The void tubes were made of 0. 01 2-cm thick
aluminium foil by bending this around a rod and connecting the sides with
Araldite. In this way tubes with uniformly thin walls were obtained. Above
the active part of the core the tubes were glued to pipes with greater wall
thickness. Hexagonal spacers were keeping the bundle of void tubes and
spacers in the centre of the shroud. The tubes were grouped together in
groups of three as indicated in Fig. 4 to form a void channel. The volume
outside the tubes also forms a void channel.

tX tHaXAGONAL SPACER

VOID CHANNEL NUMBER

Flg.4

Fuel assembly with 12 void tubes

2.3.1.2. Oscillating method. The technique for oscillating void measure-
ments has been described in detail elsewhere [7] and will be only briefly
outlined here. Each void channel was connected to pneumiatic equipment [8]
by which the water level inside the individual channel or combination of
channels could be depressed to a certain depth. This water level could also
be oscillated automatically with a period of 36.5 s between any two preset
levels.

The response of the reactor to the coolant oscillations was detected
by a fission chamber and analysed electronically by means of standard pile
oscillator equipment, including a sine-cosine multiplier, synchronized with
the pneumatic system to rotate with the fundamental period of pressure os-
cillations. By means of the calculated zero-power transfer function for
HBWR, the fundamental mode amplitude of the flux response was converted
into reactivity amplitude. Uncertainties-in the calculated zero-powertrans-
fer function mainly caused by uncertainties in the delayed neutron data is
within + 4%, which is reflected in an equal systematic error in all reactivity
data.

The periodic oscillations of void depth were very nearly rectangular
in waveform. Small deviations in the waveform from the square wave were
measured and corrected for in the amplitude of the fundamental mode. In
most cases the correction was smaller than 1%.
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A large correction had to be applied to the primary reactivity data be-
cause of oscillations in the bulk moderator level, caused by the local os-
cillations in one fuel element. The displaced volume of water could be calculated
accurately and the water level coefficient of reactivity was determined ex-
perimentally with an accuracy of 0. 3% by oscillating the bulk water level.

With the pneumatic equipment the water level in the coolant channels
could also be adjusted manually to a preset depth. This could be done
In any combination of channels, independent of any oscillations In the other
channels. Interaction effects between voided regions could then be deter-
mined by measuring the void reactivity effect in a particular channel either
with or without void in other channels. Interacting static voids were always
introduced to full depth in a channel, because it was demonstrated [9] that
interaction effedts do not depend upon the depth of the static void as long as
this depth is larger than the one to which the water level is oscillated in the
other channel.

2.3.1.3. Static method. The manual adjustment was also used to perform
static measurements of void reactivity. The procedure was then to keep
the reactor balanced at a certain power level by adjusting the bulk water
level in the reactor tank whenever the water level in the void channels was
changed. The changes in bulk water level were measured with an electric
water-level feeler gauge of high sensitivity. They were converted into re-
activity by means of values of the water level reactivity coefficients, deter-
mined as described in 2.3.1.2. The level feeler gauge of the NORA reactor
operates automatically with a preselected period. The reproducibility of
consecutive measurements was usually within a few hundredths of a milli-
metre. In order to obtain an accurate determination of the water level each
measurement was repeated ten times. Standard deviations corresponding
to less than 0.2 pcm were obtained in many cases.

In the procedure of determining the critical water level enters also the
uncertainty In criticality of the reactor. With the available recorder on the
control panel of NORA a deviation of 0. 2% in power over 2 min can be de-
tected and corrected for. This corresponds to a deviation from criticality
of 0.5 pcm.

2. 3.2. HfBWR differential experiments

The differential void experiments in HBWR were performed in order to
investigate the void reactivity dependence upon temperature up to the maximum
operating temperature of HBWR which is 2304C. The coolant level in a single
fuel element was depressed by gas under pressure. The position of the test
fuel element in the core is shown in Fig. 3.

2.3.2.1. Test fuel element. The construction of one fuel element was
altered in such a way that there were no upper flow holes in its shroud. Its
upper extension tube and upper extension rods were removed and it was
connected to a tube leading to a flow system outside the reactor tank. The
connection between the tube and the reactor tank was made by welding the
tube in a standard plug of the reactor top lid. This construction could with-
stand operating temperature and pressure of the reactor without giving rise
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to leakage. The bottom of the fuel element was plugged in order to prevent
pressure effects from subcooler flow.

2.3.2.2. Pneumatic system. The flow system outside the reactor tank was
designed in such a way that pressurized argon from outside the reactor hall
could be led into the fuel element when a valve was opened from the control
room. The coolant level could be reduced gradually by using a pressure
reduction valve. A differential pressure cell was connected to the top of
the fuel element on one side and to the steam space in the reactor tank on
the other side.

The void depth in the test fuel element was determined by the readings
of this differential pressure cell. There were two calibration points: when
the cell was bypassed and the moderator level in the reactor tank was equal
to the coolant level in the shroud and when the argon reached the bottom
flow holes of the fuel shroud. The void depth could be determined with an
accuracy of + 2 mm. The reading of the cell was.continuously recorded.

2.3. 2. 3. Measurement of reactivity. The reactivity effect of voiding part
-of the test fuel element was determined in two independent ways. The first
method was to measure the positive asymptotic reactor period when a certain
amount of void was released. The temperature had to be quite stable during
the measurements. It was therefore monitored with an accuracy of 0.020 C
by reading the voltage of a thermocouple in the moderator with acompen-
sator. The asymptotic period method -i limited to the measurement of
reactivities between 60 and 100 pcm. If the reactivity is smaller it is no
longer possible to keep the reactor conditions stable over the long period
during which the asymptotic doubling time has to be measured. Larger
positive reactivities were not tolerated because of safety considerations.
For the present experiments the limitation was quite serious, as the re-
activity to only a few void depths could be measured in this way.

The second method consisted of calculating the reactivity directly from
reactor power with an analogue computer [103. In order to achieve this,
the space independent reactor kinetic equations were programmed on an
analogue computer in such a way that the output of an ionization chamber
in the reactor core could be used as input to the computer, which would
then give reactivity as output. In this way one does not have.to wait for
asymptotic periods to develop after a step in reactivity. The output from
the reactivity meter was recorded continuously (synchronous with the void
depth). This method is quite rapid and it allows measurements of small
reactivity changes. However, because of the rapid response of the meter,
iI is quite sensitive to reactor noise. At low temperature there was very
little noise, but at high temperaturethe noise was considerable. Many
measurements were therefore performed and the averages were calculated
for the reactivity effects of voiding the fuel element to various depths.

A systematic uncertainty both in the asymptotic period method and the
reactivity meter method of * 4% may exist because of uncertainties in de-
layed neutron data. The accuracy of the asymptotic period method is of
the order of ± 1% in reactivity, while the standard deviation in the reactivity
meter measurements is of the order of i 2 pcm. The uncertainty in'the
measured bulk water level correction introduces an uncertainty of the order
of ± 2% in the reactivity data.
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2.3.3. HIBWR integral experiments

The integral void experiments in HBWR were performed in order to
investigate the boiling void reactivity as a function of nuclear power. The
measurements were performed at different temperatures and also with
different degrees of subcooling of the liquid coolant entering the lower end'
of the fuel channel. The subcooling affects the void distribution in the
channels and thereby also the void reactivity.

A number of corrections, such as xenon reactivity and moderator
temperature drift, have to be applied to the experimental results. Since
the powervoid reactivity cannot be separated from fuel temperature reactivity
experimentally, the two effects are lumped together even in the theoretical
comparison.

2.3.3.1. Reactivity measurements. The experiment was started bybalanc-
ing the reactor at A power level slightly in excess of subcooling power and
heat losses, thus representing a condition of practically no void. The nuclear
power level was raised in steps and the reactor was rebalanced at each step
by means of the regulating rod. The regulating rod was calibrated reactivity-
wise bothin the condition of no void and at a high power level with appreci-
able amounts of void. In a boiling-water reactor the reactivity worth of a
control rod obviously depends upon the power level, since the presence of
voids normally changes the physics characteristics of the core considerably.
Calibration of the regulating rod at high power levels was enabled by the
use of the reactivity oscillator installed in the central core position. For
a description of the oscillator see [l].. The regulating rod was inserted
stepwise in the core, counteracting the added reactivity by removing re-
activity at a constant amount by changing the rotor setting of the oscillator,
while keeping nuclear power constant.

The constant amount of reactivity from the oscillator was afterwards
found by measuring the reactivity-to-power-transfer function when rotating
the oscillator at a frequency so high that the power transfer function is equal
to the zero-power transfer function. The procedure outlined was repeated
to cover the whole range of rod insertion.

2.3.3.2. Void fraction measurements. During this experiment an instru-
mented fuel assembly was present in the core. The instrumented fuel as-
sembly will be used for extensive investigations of the dynamic behaviour
of various parameters such as fuel temperature and void fractions, and in
the integral void experiment measurements of the exit void fraction could
be performed.

Instruments such as impedance void gauge and inlet and outlet turbines
were used in the void fraction measurements. For a description of the
instrumented fuel assembly see [12). Measurements of the exit fraction
thus indicate how well one can predict the void distribution in the core.
2.3.3.3. Correction for xenon reactivity. Corrections for the variations
in the reactivity caused by xenon poisoning had to be applied to the experi-
mental data. Some measurements of the xenon reactivity were made after
a sequence of measurements at increasing ppwer levels by going back to
the starting condition of no void. The corrections were obtained by simu-
lating the xenon equations on an analogue computer-and running the power
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history from the experiment in an accelerated time scale. The reactivity
results obtained are in good agreement with the xenon reactivity measure-
ments performed during the integral void experiment and also with a special
xenon experiment performed earlier. The uncertainty inthe xenon corrections
are of the order ± 30 pcm.
,2.3.3. 4. Corrections for temperature drift. The moderator temperature
as measured by thermocouples installed in the core could be measured with
an accuracy of 0. 025°C. By changing the moderator temperature while
operating at power, the moderator temperature coefficient could be measured
using the calibrated control rod. Temperature reactivity corrections for
temperature drifts during the measurements could thus be made.

3. EXPERIMENTAL RESULTS AND ANALYSIS

The experimental results as presented below represent onlyaselection
of all the various conditions investigated. For instance the NORA differ-
ential experiment involved more than forty different void geometries. Com-
plete descriptions can be found in 11-31.

3.J. NORA differentlal experfments

Some of the experimental results in the NORA void experiment are given
in Figs. 5 to 9. The curves show the reactivity effect of void as a function
of the void depth. It should be mentioned that all reactivities are negative.
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The symbolism used for indicatingthe void geometryis given bythe following
examples: 12(34) means the reactivity effect of voiding channels 1 and 2 (see
Fig.4) while channels 3 and 4 contain static void. 12(0) means that no static
void is present when voiding channels 1 and 2. The type of experimental
technique and the lattice position (see Fig..2) in which the measurements
were performed are also given in these figures.

For comparison between experiment and theory it is of course quite
meaningful to compare reactivity values directly. It is well-known, how-
ever, that the introduction of void in a coolant channel changes practically
every lattice parameter within the diffusion theory picture: diffusion co-
efficients and homogenized cross-sections as well as the multiplication
factor. The results from the differential experiment cah be analysed in a
manner which permits experimental parameters to be found that represent
in principle the void dependence of various lattice parameters separately
by a least squares fitting procedure. A more severe test upon the theo-
retical lattice parameter can thus be made. This procedure assumes that
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perturbation theory is valid. The assumption has been tested and it was

found that perturbation theory gives about 3% too low reactivity values for
a void fraction equal to one. The measurements have been analysed byfirst-
order perturbation calculations based upon two-group theory for an aniso-
tropic reactor.

Assume the following diffusion equations to hold for the fluxes in the

..

F.g .

r eDfa ctyfec o (oizd I fUPf+k Eches 0

ra(r Du 22) +a (D'am c E tcpt +p~f cpf0

pertrbaionthery is vaid The assmto a en etdadi a



VOID REACTIVITY EFFECTS 543

with the adjoint equations: (1)

r (rDz r )+D - (DfZ )lz+)Spft 1pif =0.

r Tr B r z zp

I a (rDtr !Tr )+ 5a (Ezat) (P++kS rtp ,

These equations have been solved with the two-dimensional code made
by HASSIT [13] for the unperturbed system. The fluxes and their adjoints
obtained in this way have been used in the following first-order perturbation
expression, which is derived from the two-group equations.

p *ofaAlk []E'I 0
1 

j-5(Ef)1+ 6(Pkf)I2+6(kE,)13k,.ff

(2)

- 6(rt)I 4 - 6(Dfi)I 5 - 8(Dtr)Ie- 6(Dfg) I7- 6(Dt,) Id

in which

Io 2mffvPf+(r, z)qcp(r, z) rdrdz

core

z

I =fcpf'(ri. z)qf(rj. z) dz

z0

I2 =f(Pt1 (ru, z) q,1(r1, z) dz
z=O

z0

I5fr Paf(rsz) (pL(ri.z) dz

z=O

IS (rl, z) ,(r 1 ,z) dz
z.O
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I, 22!+ (rj,z) (rj, z)dz

Is .Ja LL(ri. z) a z' (r, z) dz.

Z.0

In order to calculate the integrals Io - Is a code was developed for a
Ferranti Mercury computer. The integrals I, - IsR are calculated to anarbi-
trary depth at an arbitrary radius in the core. The flux matrices of the
two-dimensional flux calculation are used as input to the programme.

In Eq. (2) the integrals are calculated by the computer code to the same
depths at which p has been measured for a particular combination of void
channels in the test rod. If one inserts an arbitrary set of differential lattice
parameters in Eq. (2), one can then find a set of values for Pltted corres-
ponding to the experimental void depths. In order to define in a unique way
which set of differential lattice parameters shall be chosen, E(pfg1,- pITI7?)2

is taken to be a minimum. In other words, using the calculated values for
the perturbation integrals one makes a least squares fit' to the observed re-
activity data to obtain best apparent values for the individual differential
lattice parameters. A unique set is obtained if a sufficient number of
measured values to various depths is available for p.

There are two practical limitations to this procedure. In the first place
there is an uncertainty up to : 2% in the experimental values for p (not taking
into account the systematic uncertainty of + 4% in the transfer function). If
a large number of measurements to various depths are available for aparti-
cular combination of void channels, a least squares fit will still give good
results. However, another limitation is set by the computed perturbation
integrals. If some of them are nearly proportional to each other, the param-
eters calculated from the least squares fit may not represent the differential
lattice parameters, even though a good fit to the experimental points can
still be obtained. In this case the calculated parameters may become very
large without necessarilymaking the total value of the perturbation expression
large, as could occur when the parameters have opposite signs. Even in
this case the method can still be valuable in obtaining more detailed in-
formation about lattice parameters than the simple comparison of reactivities
can give.

For example, in the present case it turned out that the first six inte-
grals were proportional within a few per cent, though the fifth and sixth
terms are small due to the small radial leakage. The differences between
the first four integrals are of the same order as the uncertainties in the
experimental points. It is, therefore, not justifiable to use them separately
in a least squares fit so that a single integral (12) has been used for all terms.
The same holds for the integrals I7 and 18, so that the terms containingthese
have also been grouped together and a single integral (1.) has been used.
Least squares fits to the experimental points were therefore made with two
parameters, one (P) essentially representing the changes In multiplication
properties of the lattice contained in the first four terms, the other (Q) re-
presenting the changes in axial leakage due to voidage of a coolant channel.
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The factor AP tIo- 1 has been combined with the integrals and is there-
fore not contiined in P and Q. The parameters calculated in this way are
listed in Table I for various void geometries. The accuracy ofacombination

TABLE I

EXPERIMENTAL AND THEORETICAL VALUES OF
VOID PARAMETERS FOR THE NORA EXPERIMENT

Position 1.5

Experimental Theoredcal
Equivalent

void fraction

Void con-
figuration 2(0) 1(0)* 2(0) aeff. O -0. 105
P 3.16 3.02 3.23 3.03
O 3820 4510 3670 2314

Void con-
figuration 12(0) 12(0)* 23(0) aeffO.0o-0.2 11
P 6.30 6.66 5.42 6.68
Q 8070 9160 7880 4933

Void con-
figuration 34(0) 34(0)* 14(0) 14(0)* aeff* 0.0 -0. 211
P 4.72 4.77 5.57 6.19 5.68
Q. 7860 8480 7780 8510 4933

Void con-
figuration 1214(0) 1234(0) neff * 0 * 0. 422
P 11.2 8.21 21.45
Q 16600 23750 11346

Vold con-
figuration 5(0) 5(0)* aeffz=o -o. 564
P 13.3 13.2 15.83
Q 20300 21750 16680

Vold con-
figuration 12345(0) 12345(0)* aCeffs 0 - 0. 982

P 23.8 23.5 26.94
o 45300 44700 45990

Vold con-
figuration 1(2) 2(1) aeff0o. 05O- 0. 2 l1
P 3.15 4.33 2.66
Q 4280 3500 2619

Vold con-
figuration 1(34) 0 eaff 0.211- 0.317
P 3.02 2.91
Q 4250 3008

* Static method

,.
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TABLE I (Conted)

Experimental Theoretical
Equivalent

void fraction

Void con-
figuration 12(34) 14(23) 34(12) aeff-0.211- 0.422
P 6.38 5.43 4.73 5.77
Q 8780 9040 11840 6413

Void con-
figuration 14(5) 5cff-0.211- 0.14
P 5.33 5.03
Q 11150 10283

Void con-
figuration 1(234) 1(234)* ctefi= 0.318 - 0. 4 22

p 3.00 3.06 2.87
Q 4960 3660 3405

Void con-
figuration 5(1234) aeff=.042 2 -0.982
P 32.6 15.48
O 28400 34643

Void con-
figuration 1(5) aeff - 0.6 6 4 - 60. 9
P 2.89 2.23
Q 5350 4738

Void con-
figuration 1234(5) ceff=O. 56 4- 0.982
P 10.5 11.1
Q . 25C00 29309

Void con-
figuration .2(345) aeff= 0. 74 4 - 0. 880
P 2.70 2.77
Q , 6390 8064

Void con-
figuration 12(345). 14(235) 34(125) Cteff=O. 7 71 - 0.982

P 5.70 4.93 4.28 6.03
Q 13770 14200 14200 19026

Void con-
.flguration 1(2345) . . ae3O.8 77 -. 982
p 2.76 3.31
Q . 7620 10962

4

* Static method

Ss-
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of two parameters for a particular case is the same as the accuracy of the
experimental points, though the individual uncertainty of the calculated
parameters may in an unfavourable case be as large as 10%.

The fully drawn curve in Fig. 5 to 9 represent then the least squares
fitted curves, and it is seen that the procedure gives an excellent fit to the
measurements. The fitting has only been made down to a depth of 80 cm,
since larger depths are outside the core region.

The study of the dependence of void reactivity on void fraction in the
coolant channel of the test rod with 12 aluminium tubes is complicated by
the fact that the combinations of void channels do not represent a homogeneous
distribution of voids in the fuel assembly.

The experimental results for a void depth of 60 cm are shown in Fig. 10.
No inhomogeneity effect is present for the fully voided channel (point 12345),
and the straight line joining this point with the origin thus represents a linear
dependence on void-fraction. Inhomogeneous observed points lie onorbelow
this line, indicating that the curve representing the effect of a truly homo-
geneous void fraction lies slightly below the straight line. Point 5, in which
80% of the void lies outside the fuel, represents a lower extreme which
should lie below the true curve.

In Fig. 10 it was evident that there was a dependence of void reactivity
on the location of the void inside the fuel element. It is of interest to con-
sideir this variation in more detail. Ideally one should measure the effect
of equal void volumes at different radii, but this was not possible with the

12345

140

120

100

-60-

W60 1.34

1.0

20 -

20 - .40 60 s0 10O

c (%/ OF COOLANT)

* * * . Fig. 10

Dependence orvold ieactivity on void fraction
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present apparatus. However, if one expresses the reactivity effect of a
particular channel per cm2 cross-section of this channel, it is possible to
get an idea of the radial dependence of void reactivity, because the channels
are at different locations in the fuel assembly. It can be seen from Fig. 11

-- ELEMENT WITH IVan TUBE

-se5 .4 _ 20

w z

E, lilt C

11:0

10 14 18 22 26 30
RADIUS (mm)

Fig. 11

Variation of void reactivity with radial position within the fuel element

that the reactivity effect decreases in value with the distance from the centre
of the assembly. In particular there is no tendency towards a positive re-
activity effect in the centre of the fuel cluster. Because of void interaction
effects, it is not feasible to derive quantitative conclusions from the
measurements, qualitatively, however, the trend appears quite clear.

In order to investigate the mutual effect of voids in neighbouring
channels, a systematic series of measurements was made of interaction
effects on channel 1, which consisted of three tubes close to the centre of
the fuel assembly. The void reactivity effect at a 60-cm depth in channel 1
is plotted in Fig. 12 with void in various combinations of other channels. It
can be seen in Fig. 12 that an increasing void fraction in the fuel assembly
increases the effect of void in channel 1. The effect is not linear. Note
that the points including channel 2 all lie above the dotted curve, indicating
that the interaction effect per cm 2 is largest for channel 2. (This channel
is closer to the axis of the test rod than the other channels and closest to
channel l).

The fitted parameters show that more than 2/3 of the reactivity effect
of voiding channel 1 is due to axial leakage of neutrons when there is still
moderator in all other channels. The axial leakage doubles when all other
channels are voided. On the other hand the multiplication parameter de-
creases slightly (-15%) when all moderator of the fuel assembly is removed.
It can therefore be concluded that the main effect of voids in neighbouring
channels is to increase the axial leakage of neutrons from channel 1.
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Void interaction effect on channel 1

3. 2. IBWR differential experiments

The differential experiments performed in I1BWR at various tempera-
tures are analysed in exactly the same way as for the NO01A experiment.
The experimental values at different temperatures are given in Figs. 13,
14 and 15. The experimental P and Q values are given in Table II.

3. 3. IBWR integral experiments

The reactivity effect of power void and fuel temperature is presented
as a function of nuclear power in Figs. 16 and 17 at two differentmoderator
temperatures. The uncertainties in the experimental points are about
i 40 pcm and i 0.5 MW. The experimental points for exit void fraction in
the.instrumented fuel assembly as a function of assembly power is given in
Fig.18.

4. THEORETICAL COMPARISONS

The theoretical comparisons with the various void experiments given
below should be regarded as preliminary. They are made in order toobtain
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a feeling for the direction in which to concentrate further theoretical efforts
in order to explain void effects. Improved methods are at present being
developed and the final th~eoretical comparisons v*ill be found in T1-31.

For D20-moderated and cooled reactors, two-group diffusion theory
usually gives adequate descriptions of various reactivity effects and this
frame has been adopted for the interpretation of the H{BWR experiments.
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For calculation of the two-group homogenized-lattice parameters the Swedish
recipe called BURNUP (41 has been used. The main characteristics of this
code can be summarized in the following:

(i) Thermal neutron cross-sections. The thermal neutron absorption
and fission cross-sections are calculated using Westcott formalism.
In the present calculations the g- and s4 -factors from the 1960
Westcott compilation (141 were applied. The effective neutron
temperature is an input to the programme. The neutron tempera-
ture was assumed to be equal to the true moderator temperature
in the present calculations. The spectrum factor r is calculated
as for a homogeneous reactor,, but with corrections fornon-uniform
slowing-down density distribution and thermal flux depression in
the fuel elements.
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(ii) Diffusion coefficients, etc. The diffusion coefficients are calcu-
lated according to BENOIST |15J as modified by WEISSGLASS [16].
It should be mentioned that the calculation is made in a three-region
lattice cell model, the three regions consisting of the fuel and

coolant within a-rubber band around the fuel cluster, the remaining
coolant between the rubber band and shroud, and the moderator
outside the shrouds. The Fermi age, the thermal neutron diffusion
area and the thermal utilization are calculated according to the
methods presented by PERSHAGEN et al. 117] .

(iii) Fast-fission. Only the fast fission In U238 is treated by the pro-
gramme. The calculation isperformed according toALMGREN1181.

(iv) Resonance escape probability. The resonance absorption is treated
separately for U238 and materials of construction by the inclusion
of two resonance escape prob -abilities, p28 and p,. In the present
calculation the resonance integral'of U238 is divided in two energy
groups, corresponding to a two kernel fit of the measurements of
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TABLE 11

EXPERIMENTAL AND THEORETICAL VALUES OF
VOID PARAMETERS HBWR DIFFERENTIAL EXPERIMENTS

(a = 0 - 1 .O in all experiments)

Temperature Experimental Theoretical

(IC)

P 23.1 25.5
Q 46100 49300

117.8 p 24.5 23.4
Q 41400 49900

159 P 21.6 23.4
Q 38500 51600

220.3 Q 22.5 22.5
22.348200 52?00
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the slowing-down distribution in heavy water. The value of the

total resonance integral is taken from the measurements of
HELLSTRAND [19). The temperature dependence of the resonance
integral is taken from the measurements made by HELLSTRtAN.D.

et al. 120]. For cluster elements the Dancoff-Ginsburg correction
for the surface within the cluster is treated by the approximate
method of Carlvik-Pqrshagen[1717]. In the calculation of the resonance
escape probability, correction for the non-uniformn slowing-down
distribution is made.

This lattice parameter code has been used both for calculating the
parameters for the non-voided core which then were used for calculation
pf the unperturbed flux distributions as mentioned in sections 3. 1 and 3. 2,
and also for calculating the dependence of these parameters upon void
fraction both for the differential and integral experiments.
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4. 1. Differential experiments

Having calculated the dependence of lattice parameters upon void
fraction, the theoretical values for P and Q are obtained from the following

formulae:

Ptheor-(Sf )l I2-1+ n °(PE f)+ o(pEt)13 12 M-0o2t)442

(3)

. -o(Dfr)Is512 1-(Dt,)18I2 1

jand..

and QthC-6(Dz) -6(Dn )91i7-. (4)

The main limitation to tfoe theoretical comparisons with the NOIRA ex-
periment is the fact that the lattice parameter code cannot treat void geome-

tries which are inhomogeneous, so that direct comparison between experi-
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ment and theory can only be made for geometry 12345(0) and also for all
HBWR differential experiments. However, the various NORA measurements
have been grouped together in Table I in groups-having the same average
void fraction when the voids are smeared out over the coolant channel and
compared with the theoretical results for the same average void fractions.
The theoretical results are also included in Table I. It is seen that in most
cases the agreement between experiment and theory is not good, particulary
in the diffusion coefficient parameter Q.

For the case 12345(0) where void-geometry used in experiment and
calculation coincide, the agreement is good, the P values are somewhat
too high. This could be expected, since comparison between experimental
and theoretical buckling measurements for a number of voided lattices (21]
also shows the same tendency. In these measurements the discrepancy was
removed by using P 3 -calculation for the intra-cell flux distribution rather
than the approach used in the lattice parameter code.

In Table II corresponding comparisons are made for the HBWR differ-
ential experiment. Figs. 9, 13, 14 and 15 also show the calculated void
reactivity versus void depth for completely voided coolant channels.

One might conclude from these comparisons that the agreement between
theory and experiment is fair for the cases with void fraction equal to 1 and
that the theoretical approach of smearing the void out over the coolant
channel does not give a good agreement for the various void geometries.

Since a direct comparison cannot yet be made for void fractions less
than 1, an indirect comparison can still be made by transforming the ex-
perimental reactivity data in such a manner that parameters for homogene-
ously distributed voids with void fractions less than 1 can be inferred.

Reactivities for a certain void depth can obviously be added together
according to a principle demonstrated by the following examples:

p(l(0))+p(2(i)) p(l2(0))

or

p(l(0))+p(2(l))+p(3(12))fp(4(123))+p(5(1234)) - p(12345(0)).

Various cross-checks of this principle can be made from the measure-
ments. We now want to find thereadtivityvaluewithanarbitrary voidfraction
a equal in each channel. The assumption is made that the interference term
.for a certain channel caused by void in the neighbouring channel is linear
with the void fraction in this neighbouring channel, and further that the void
reactivity for a certain channel is proportional to the void fraction in this
channel. The assumptions are the same as used in [5] and [91, but there
a different addition principle was used. We then obtain:

p(a) ap(l(O)) + alp(l(0)) +alp(1(2)) -p(1(O))]]

+ajp(34(0))+alp(34(l2)) - p(3 4 )0))]] (5)

+a[p(5(0))+ alp(5(1234)) - p(5(0))11.
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The formula is obviously correct in the limit of infinitely smallchannels.
p can be substituted by P or Q, and P(a) and Q(a) inferred from the measure-
ments can be evaluated from Eq. (5) and compared with theoretical values.
Such a comparison is made in Table II for various als.

TABLE III

COMPARISON I3ETWEEN EXPERIMENTALLY
INFERRED AND THEORETICAL P- AND Q-VALUES

as 0.25 0.50 * 0.75 1.0

From Eq.(5) and F 6.0 11.9 18.0 24.0
measurements, Q 10000 21500 34000 48000

Calculated with p 6.8 13.6 20.5 27.3
BURNUP 0 6300 14000 26000 46000

It is seen that P is practically linear and is overestimated by the order
of 10% by theory for all a's.

The Q-values, however, agree well at a 1 I but discrepancies of up to
the order of 30% too low theoretical values are found for intermediate void
fractions. The discrepancy in P can probably be removed by performing
improved intracell flux calculations. The discrepancy in Q can either be
caused by the fact that the number of void channels used in the experiment
are too few, or that the diffusion coefficient calculation Is not adequate for
intermediate void fractions.

The preliminary conclusion can then be drawn from the differential ex-
periments that prediction of the integral void effect using the theoretical
methods described can be expected to show a fair but not close agreement
with experimental values.

4.2. Integral experiments

Fig. 18 shows the measured and calculated exit void fraction as a
function of fuel element power, indicating that the methods for calculating
void distributions in HBWR can be relied upon.

Knowing the void distribution, the integral void reactivity effect can
be calculated in various ways. One method is using perturbation theory
as for the differential experiments, this was the method adopted for the
first fuel charge 151. Another method can be used by performing two-
dimensional macroscopic calculations dividing the core into a number of
zones with approximately equal void fractions.

The latter method has been used in some calculations for HBWR and
the results of power void and fuel temperature reactivity versus nuclear
power are given in Fig.17. It should be mentioned that the effect of control
rods which were actually present in the core during the experiment were
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not taken into account in these calculations and further that the theoretical
void distribution calculation ls not quite consistent with the presentmethod
from which the results in Fig. 18 were obtained. Very detailed conclusions
can-thus not be made from Fig.17. The discrepancy between experimental
and theoretical values is of the order of 25%.

A computer code which enables to take into account the effect of controf
rods is presently being made, and detailed comparisons will be made in
Reference 13J.

APFENDK

LIST OF SYMBOLS

Dfr radial fast diffusion coefficient
Dfz axial fast diffusion coefficient
Du radial thermal diffusion coefficient
Dtz axial thermal diffusion coefficient

VI fait flux
q't thermal flux
kI infinite multiplication factor
p resonance escape probability
Zf macroscopic fast cro#s-section
r, macroscopic thermal crous-section
keff effective multiplication factor

6tQ) Qj-Qj. in which index 2 refers to the parameter 0
after the perturbation (differential lattice parameter)

A area of a lattice cell
p reactivity
12(34) void reactivity measured of channel 12 with static

void present In channel 34 (see Fig. 5)
(example of symbolism In Tables and Figures)
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DISCUSSION

C.F. HpJERUP: You mentioned that all the void reactivities measured
in your experiments were negative. Could you tell me what the moderator-
to-fuel ratio is in the second charge of the Halden reactor and how this is
related to the optimum value?

J.E. LUNDE: The moderator-to-fuel ratio in HBWR is such that the
lattice is slightly over-moderated.

G. LAUTENBACII: Do yOu make provision in the experimental set-up
for measurements of increasing fractional void distribution in the core during
operation of the HWBR? I would expect that there will be a greater specific
void fraction in the upper part of the fuel-moderated region due to the accu-
mulation of steam bubbles. Did you try to measure the void coefficient by
introducing a linear increasing void fraction in the upper region of the core?

J. E. LUNDE: The test fuel element is voided to various void depths
from the moderator water level downwards.

R. PERSSON (Chairman): The linear relationship between reactivity
and void depth shown in some of your curves is, I suppose, purely accidental
and depends on the lattice used.

J. E. LUNDE: Yes, the fact that some curves show linear relationship
between void depth and void reactivity in the differential experiment is purely
accidental.
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EFFECTIVENESS OF A LARGE NUMBER OF CONTROL RODS IN THE SECOND CHARGE OF THE HALDEN
BOILING WATER REACTOR. The reactivity worth of various control-rod configurations has been measured In
the second fuel charge of the Halden Boiling Heavy Water Reactor (HBWR) under low power conditions. The
second fuel charge of HBWR consits of 7-rod UO cluster elements with 1. 5% enrichment. A total of 30 control
rods is placed in the open positior of the hexagonal fuel-lattice structure. In orderto facilitate theoretical
comparIsons, measurements have been made on symmetrical control-rod configurations only.

The experiment consisted of measuring the critical water level for the clean core and with the different
rod configurations Insetted to various distances from the bonom of the reactor.

The temperature dependence of the reactivity worth was Investigated by performing measurements.
using a ring of 6 control rods. at the three different temperatures 34C. 150'C and 220-C.

Comparisons of the experimentaully-determined critical water levels and the calculated critical water
levels are presented. The critical water levels are calculated both by a method In which the control rods are
homogenized together with fuel and moderator to form a control-rod zone, and also by a heterogeneouS method
in which the fuel elements and control rods are regarded as line sinks to thermal neutrons and the fuel elements
are regarded as line sources of fast neutrons.

EFFICACIT& DE BARRES DE COMMANDE EN GRAND NOMBRE. DANS LA DEUXIEME CHARGE DU RE-
ACTEUR A EAU LOURDE BOUILLANTE DE HALDEN (HBWR). L'utcur a mesuri Iantir;activit6 de plusicurs
configurations de barne de commande dans la deuxleme charge de HBWR dans des conditions de pulisance
falble. La deuxlme charge de cc reacteur est constitude par des cartouches formmes de sept barres d'U05
enrichi A 1.5% en grappe. Trente bares de cornmande. au total, ont ctc dispoodes dans les places libres de
Is structure hexagonale du risesu de combustible. Pour Sdciliter la; comparalsons avec lea riultatu thboriques,
lea mesures n'ont portn que sur lea configurations symitriques de barres de commande.

L'expdrience a consistd I mesurer le niseu critique de lleau dans Ic cceur non empoisonni. lea dMfc-
rntes configurations de barns etant enfoncdes I des distances diverses du fond du reacteur.

L'auteur a ctudid comment l'antiriactiviti vaue avec la temperature en procidant I des mesures Sur an
groupc clrcuislre de six batrn de commande. stx temperatures de 34, 250 et 220'C.

I ctablit des comparalsons entre lea niveaux critiques de leau dEterminds par 1'expdrience et ces menes
niveaux obtenut par calcul. Les niveaux critiques de leau sont calculls. d'une part. aclon une mrthode dana
laquelle barnes de contrtle. combustible et ralentisseur conuidere; comme un tout sont homogdnlisis pour
former une zone de barres de contr8le et, d'nutre part, selon une mdthode hitiroge dans laquelle lea elements
combustibles et lt barres de contrdlc sont considirds comme des <<absorbantsxs lilniafres pour let neutrons
thenmiques et leu Elements combustibles comme des Sources liniaires de neutrons rapides.

30P4bEKTHBHOCTb EolnOrO XOJiH'ECTBA PErYAHPYio1miX CTEP)KIHER BO BTO-
POR 3ArPY3KE PEAKTOPA HBWR.' nor.Rootamstasa cnocoGHocTb perynxpyuorax Cvepxaen pa3-
jism'sol KomtmrypaumH Usna KsusepeHa *o asopotR 3&rpyJxe XanleHcsoro xmnasierO aXCenOBoAHorO
pea*Sopa (HBWR) a ycnosmsax pa6osnt ta ManoR YOuncOCTS. DTOp&a TOlnnHBHaX *arpy3Ka peaKTopa
HBWR COcTous H3 TOnUImBHIuX c6opox, a sataooR H3 KCOSOpUx no ceum CsepaKsei H3 o6orasteHHOn
xo 1,5% UO. B me3aH*sTu xsmeRfH rexcaromanbsoR IOHNCTpyKuis TonjniemoR pemesTK yCTauoaneHW
30 perynxpyeSotsx csepKsefl. Alnt o6nerneHSw TeOpe*TmsecKux cpaSHeilmR H3mepeOHL unm TonbKo
cYUdemTpHIecXne xoHnsHrypasuu perynspywansx CeTpA(HeR.

3xcnepxUeHT 3&KJzD')iJCX * x3sts*pelmt KPHTH'q*CKoro ypOisHR 1oAU AnS MsHCTOR axrustolt
30HUI C pa3JnxqHmHM Koi4nxrypatjUmXs CrepXHeOR, aBeAeHHLix sa pawsH'q"Se p&CCTOXHHX OT OCIIO-

ISHHX p0a8topa.
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TeuneparypHaX 31SIHCHUMOCTS cOMneHCHpytPV)eR CnlOCOGHOCTH. abipaxeHHOIl B eAHHHUaX peaK*
THXHOCTH, 6Una H3y4GHa nyTse npoeDSeiiH xKcnepHMeHTso C KOJbUob4 143 MeCTH peryntpysouux
CTsepXH9 npH TPOX pa3nJH4lZx Temneparypax (34, 150 H 220 C).

np,,o rHTcR cpasuHoue sxcnepuM9HTJn>bHIX H paC40THbIX Kps4THSeCKHX ypODHen 1OASI. AJIA

pacmesa ypOnaeA mcnonJI30sAHCb tcaK MorTA, npw xooopom perynHpyDtume CrepXHH rouoreHH3H-
ponaitu C TOInUiHOM m 3amsANJTenem AnM C03AaHHM 30CH1 peryjqHpy~UHX CTepzHeR, nax H resepo-
reNHut MeTOA, npH XOTOpOM TonnaHHue enemeHTM H perynHpyYiutHO CTepx"H paccUaTpHUsaOXTO
oaK J111HefluHe norioTHTeiH TennOeBiX HeRTpOHus, a TonnAH&HIe 3oneme"TU - xat AHeAlthe UCTOM-

HHKH 6(MCTPIIX meATpOHOD.

EFECTIVtDAD DE LAS BARaAS DE CONTROL EN LA SEGUNDA CARGA DEL REACTOR HswR El autor
determind la Influencia de lus barras de control sobre la reactlvidad, pars dittintas configuracloneS de dichal
barras. con la segunda carga de combustible en cl reactor de agua pesada hirvlente de Halden (HBWR). en
riglinen de baja potencla. Esa segunda cargade combustible del HDWR corsts de bhces de slete varLUas de Uq
enriquecido at 1.5%. En total se colocan 30 barrar de control en las poslciones ablertas del redculado bexago-
nal de combustible. A fin de facilitar isa comparaclones teoricau. las determinaclones so llevaron a cabo
solamente con configuraciones simetriec de las barras de control.

El experimento consistId en medlr el nivel crfilco de sgus pars cl cuerpo tllmploo , con is: barns en
diferentes configuraclones e IntroducIdas a distanclus variables del fordo del reactor.

Se estudld la maners en que varfa. en funcdon de Is temperatura, la influencla de las barrs sobre ls
ceactividad. efectuando mediclones con sels barras de control dlspuestas anularmeatc a ires temperaturas
distinrta. a saber. 34C, 150'C y 220 C.

El autor compara los niveles crrticos de aguas determlnados experdmentalmente. con los valores calcu-
ladca. Estos 91timos se encuentran apllcando un mitodo que ie bass en suponer que las barrs de control. el
combustible y cl moderador fonman homognearmente unba ocona de burrs de controlb.; y. usmrrlsno. applca ndo
unr mEtodo heterogineo en el coal se consIders que los elementos combustibles y las batras de control actdan
como tumideroa llneales de neurrones t6rmlcos. mientras que lo elementos combustlbles desempefan ls funcln
de fuentes lneales de neutrones ripidos.

1. INTRODUCTION

The relatively high excess reactivity of a cold fresh power reactor might
necessitate control rod installments up to 20 to 30% keff. In boiling power
reactors, the reactivity changes due to temperature, steam voids, fission
products and burn-up are considerable, which implies that the excess reac-
tivity which has to be shimmed off may vary strongly with temperature,
power level and during the reactor life-timc.. The most practical and
common way to compensate this excess reactivity is to have a number of
control rods spread out over the core.

An accurate prediction of the effectiveness of a large number of fully
or partially inserted control rods in a reactor is a difficult task. Avariety
of useful methods of calculation exists, but only meagre experimental ma-
terial is yet available for verification of the theories.

This paper presents a comparison of the experimentally and theoreti-
cally determined effcctivencss of some control rod configurations in the
Halden Boiling Water Reactor (HBWR). In order to facilitate theoretical
comparisons, measurements have been made on symmetrical control rod
configurations only. The experiment consisted of measuring the critical
water level for the clean core and with different rod.configurations inserted
to various distances from the bottom of the reactor.

Theoretical comparisons with experimental critical water levels have
been made by a method in which the control rods are homogenized together
with fuel and moderator to form a control rod zone. The reactivity effect

5'
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of this zone is determined by applying atwo-groupmulti-regionmacroscopic
calculation.

This homogeneous method is compared with a heterogeneous method,
based upon the theory of Feinberg-Galanin, for geometries fairly similar
to those experimentally investigated.

2. EXPERIMENTAL PROCEDURE AND RESULTS

2. 1.' The second fuel charge of JiBIVR

The second charge fuel elements'of HBWR are of the cluster type and
each element consists of seven stringers with U02 enriched to 1. 5%. The
stringers are formed of two identical parts of .83 cm length, separated by
5.3 cm of non-fissionable material. The core consists of 100 fuel elements
forming an open hexagonal lattice' structure with a lattice pitch of 13 cm and
control rods are placed in the open lattice positions to the number of 30. A
cross-sectional view of the reactor is shown in Fig. I..

The control rods are of ttwo fypes. 24 of the rods have an absorber
radius of 3.5 cm, while 6 have a reduced radius of 2.65 cm due to smaller
holes in the top lid. The absorber material is a 30% cadmium and 70% silver
alloy canned in stainless steel. Each rod has at the lower end a stainless-
steel plunger of 21 cm length. Fully inserted control rods are level with the
core bottom, while the steel plungers extend down into the 38-cm thick
bottom reflector.

2.2. Experimental procedure

The critical water level for the clean core was determined by the ap-
proach to criticality method. Water was added in steps to the reactor tank
which was loaded with 100 fuel elements.' The count rates were taken at
each water level with two BF3 -counters located in the bottom reflector.

From the plot of the inverse count rates versus water level andbyextra-
polation towards infinite count rates, the critical water levels were deter-
mined. The addition of water was stopped about 2 cm from the criticalwater
level.

The above mentioned procedure was also followed in order to determine
the critical water level for several configurations of control rods inserted
into the core. The measurements were carried out at three moderator tem-
peratures.:34, 150 and 220'C.'

2. 3. Experimnental results

Table I presents the measured critical water levels obtained for annular
zones consisting of 6, 12 and 18 rods. The rods are numbered as shown in
Fig. I by:

6 rods: 10 - 15
12 rods: 10 - 15, 20. 22, 23, 25, 27, 28
18 rods: 10 - 15, 20 - 29, 32, 37.



564 H. SMIDT OLSEN
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TABLE I

EXPERIMENTAL AND CALCULATED REACTIVITY-WORTH OF 6, 12 AND 18 RODS

Number of control Insertion Z Critical water level Temperature
If,,
11c Pc Pcalc Pcalc. Perp. eerte

rods (cm) (cm) (% ) (% )Pexp. ( 'C)

0 clean core 106.4 0 0 0 34

6 80 124.4 7.3 5.61 -0.23 34

6 60 135.8 10.2 8.26 -0.19 34

6 38 140.8 11.1 9.31 -0.16 34

12 92 126.4 7.8 5.23 -0.33 34

12 85 152.6 12.9 8.61 -0.33 34

is 96 150.0 12.5 8.55 -0.32 34

0 clean core 118.3 0 0 0 150

6 100 125.7 3.0 2.66 -0.12 150

6 80 149.7 8.9 7.60 -0.15 150

6 60 172.9 12.0 10.09 -0.16 150

6 38 181.8 12.9 10.73 -0.17 150

0 cleancore 132.0 0 0 0 220

6 100 172.5 8.5 6.09 -0.29 220

6 80 215.5 12.1 9.82 -0.19 220

Cn

0

0

0
;a

0
In1

w"

CA
U'CA'
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The Z values give the distances between the reactor bottom plate and the
lower end of the absorber section of the control rods. The critical water
levels are determined with an accuracy of ± 2 mm at 34WC and 150'C. Dif-
ficulties in stabilizing the temperature introduced uncertainties of ± 5 mm
at 220'C. This corresponds, in all cases, to an uncertainty less than *0. 2
in ker. . The total uncertainty in the measured reactivity values is p7%.
This uncertainty is mainly caus ed by uncertainty in the water level coefficient.
Fig. 2 shows the plot of the critical water level against insertion for the 6 rods
at 34, 150 and 220'C.

220

-co

NO 3 0 io0 10 TO 10 io 0 It 120 130 1U0

DISTANCE BETWEEN CONTROL RODS AND BOTTOM PLATE. Z. cm

Flg.2

Critical water level plotted against Insertion of the six central control rods

0 Experimental
X Calculated

3. METHODS OF CONTROL ROD CALCULATIONS

3. 1. The homogeneous method

Comparison between the experimental results and a theoretical approach
called the homogeneous method has been made. In the homogeneous cal-
culations the heterogeneous core without control rods is transformed in the
usual way into a homogeneous-nmedium which, if infinite in extent, would
possess the same mean neutron parameters as the infinite heterogeneous
lattice. The two-group homogenized core parameters are calculated applying
the Swedislh lattice parameter code, Burnup 5 [1].

The introduction of control rods between the fuel elements is .taken into
account by a homogenization procedure, essentially identical to the one des-
cribed by CARLVIK et al. 12J.. A certain core area is associated to each
control rod so as to form a cylindrical control rod cell consisting of the rod
in the centre, surrounded by the homogeneous medium with the known aver-
age neutron parameters. The equivalent two-group neutron parameters for
a homogenized control rod cell are calculated applying diffusion theory. The
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boundary conditions at the rod surface are given in terms of the extrapo-
lation lengths, defined according to KUSHNERIUK and McKAY [3] and at
the cell boundary by the condition of zero-flux gradient.

The macroscopic calculation of the composite system consisting of a
homogenized core, a homogenized control rod zone and homogenized re-
flectors is carried out applying the computer programme solving the multi-
group neutron diffusion equations in the two space dimensions, by HIASSITT
[41. An example of one of the geometries used in the macroscopic calcu-
lation is given in Fig. 3, showing the core, reflectors and control rod zone
when-six rods are at a distance of 60 cm from the bottom plate.

1252 _-i<ns~ii -

CORE RrOMIf Ow-Z NCISSOCT E MA.

t2S~~~aORSEE RErGlICH

0,0 REFLECTOR

lie 3b 83 C I
* R (rmff)

Fig.3

HiBWR core geometry
Six control rosat z = 60 cmn

3. 2. The heterogeneous method

The heterogeneous calculation; applying the source and sink method,
was first considered by Feinberg and Galanin. The fuel elements are con-
sidered as line sources of fast neutrons and line sinks of thermal neutrons
while the control rods are considered as additional line sinks for the thermal
neutrons. Two-group diffusion theory Is applied. A description Of the deriv-
ation of the critical condition is given by JONSSON and NASLUND [5). This
theory was modified by JONSSON [6] to cover three-dimensional problems,
which enables calculations for partly inserted control rods. A computer
programme named Iletero I 1 coded by NASLUND [7 ], is used for the hetero-
geneous calculations.

4. COMPARISON OF RESULTS

Calculations of ketf for all core geometries at which the critical water
level was measured have been madl applying the homogeneous method. A
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comparison of the experimental and calculated critical water levels for six
rods at the various temperatures is presented in Fig. 2. Table I gives the
absolute and the relative discrepancy between the experimental and calculated
reactivity values of the rods. (The experimental reactivity value, Peeps is
obtained by integrating the water level coefficient from the clean core criti-
cal water level to the level obtained with control rod inserted.) It is clear
that the calculations underestimate the reactivity value of the control rods.
The discrepancy shows no clear dependence upon the number of rods or on
the rod insertion. For six fully inserted rods the discrepancy is 17% and
for 12 or 18 partly inserted rods there is a disagreement as great as
33 per cent.

The heterogeneous method, which explicitly takes into account the
heterogeneous nature of the reactor, may give results which are more in
agreement ivith the experimental results. In order to facilitate compari-
son between the homogeneous and the heterogeneous methods, the reactivity
value of partially and fully inserted control rods in a reactor with a some-.
what simplified geometry as compared to HBWR, but with the same lattice
and reflector constants, has been investigated. Calculations have been made
applying both the heterogeneous and the homogeneous methods. The reason
for making the comparison of the two methods on an idealized core, as shown
in Fig. 4, is that the geometry of lIBWR is too complex to be treated by the
heterogeneous programme because of the bottom reflectors and the steel
plungers at the end of the control rods. The comparison is carried out for
annular zones of 6, 12 and 18 rods. Figs. 5, 6 and 7 show the reactivity
value as function of insertion for the 6, 12 and 18 rods respectively, all at
a temperature of 300C. Fig.8 presents the reactivity value versus tempera-
ture for six fully inserted rods. Table 11 gives the result of the calculations.
The agreement between the two methods is good except for fully inserted
rods.

Zrimm) I

CWROD

CSOE A0EG" % FLEM

. .

*so he_ --- Af
via =U ho
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Slmplified core geometry
Sir control rods at z= 55 cm
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5. DISCUSSION AND CONCLUSION

The results reveal clearly that the calculations underestimate the reac-
tivity value of the control rods. The reasons for this may be several, but
some points which may account for the discrepancy are:

(a) The method of homogenization of the control rod cell,
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Reactivity worth plotted against Insertion for 18 rods

PC.'.)

14

12-

10-

e-

6'

30 150 220
*T (IC)

Fig. 8

Reactivity worth plotted against trmpcrature for six rods

(b) The size of the homogenized control rod zone, and
(c) Epithermal neutron absorption in the control rods.

(a) The calculated reactivity value of the control rods is directly dependent
upon the average homogenized physics parameters of the control rod zone.
These parameters are obtained by a two-step homogenization procedure,
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TABLE II

COMPARISON OF CONTROL ROD WORTH CALCULATED
BY THE HOMOGENEOUS

AND THE HETEROGENEOUS METHODS

Numberof Insertion Z PHom Pliet Aps(PHom Pilet) temperature
control rods (CM) (%6) (C)

6 0 9.23 7.96 1.27 30

6 25 9.17 7.94 1.23 30

6 55 8.43 7.40 1.03 30

6 110 3.91 3.58 0.33 30

6 165 0.85 0.78 0.07 30

6 195 0.17 0.28 -0.11 30

12 0 14.29 13.65 0.64 30

12 55 12.84 13.08 . -0.24 30

12 110 5.12 5.09 0.03 30

12 165 1.06 1.12 -0.06 3 0

18 0 23.32 20.70 2.61 30

18 55 19.88 19.77 0.12 30

18 10' 6.38 6.26 0.12 30

18 165 1.34 1.39 -0.05 30

6 0 11.20 9.74 1.46 150

6 0 12.91 11.29 1.62 220

as described in section 3.1, which may give inadequate characteristics of
the control rod zone. * .
(b) The evaluation of the homogenized neutron parameters is based upon
the assumption of an infinite medium. This can of course never be fulfilled,
but in the experiment all the control rods were at the interface between the
two zones. It is not to be expected that geometries of this type are covered
well by the homogenized theory.
(c) The epithermal neutron absorption in the control rods has not been taken
into account in the homogenized calculations. Although the epithermal ab-
sorption tends to increase the reactivity effect, a rough calculation shows
that this would not account for more than approximately 3 to 5% increase
in p for rods' of the IIBWR type.

The comparison of the results of the homogeneous and heterogeneous
calculations shows good agreement, although the heterogeneous method gives
slightly lower values than the homogeneous method in most cases. This is
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in agreement with previous two-dimensional calculations [8]. The large
discrepancy for the fully inserted rods is, however, unexpected since these
cases represent the simplest geometry, where the axial flux distribution
may be represented by a pure cosine function. The difference is probably
due to the computational methods and not to the theory behind. This is, how-
ever, not yet investigated, but a more detailed and extensive analysis of the
work presented in this paper will be issued in a forthcoming HPR-report.

From the comparison of the two calculation methods it is obvious that
points (a) and (b) above cannot explain the discrepancy between the experi-
ment and the homogeneous calculations. Because, if it had been so, it was
to be expected that the heterogeneous calculations would give higher reac-
tivity worths than the homogeneous. Epithermal absorption is, however,
not included in the heterogeneous calculation either and these calculations
will therefore also underestimate the reactivity worth of the rods according
to point (c) above. The discrepancy between the experimental and theoretical
results indicates that the control rod effectiveness in a heavy-water power
reactor with large excess reactivity cannot be satisfactorily predicted by the
computation methods in their present form.

Experiments with groups of control rods of high reactivity worth, in
simple core geometries, for instance-in a zero-power reactor, will be of
great value for the improvement of the calculation methods. Due to the high
cost of each control rod and also because each rod adds to the complexity
of the plant, more accurate prediction of the total effectiveness of a large
number of control rods has a direct implication on the economy of boiling-
water reactors.
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DISCUSSION

J. COEHOORN: What was the reactor power during control-rod calib-
ration at moderator temperatures of 220'C and what was the void fraction
in the core? If there were no voids in the core, was it possible to calibrate
the control rods as a function of the void fraction?
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H.S. OLSEN: Calibration of single control rods at power was carried
out against a cadmium shutter of known reactivity amplitude. All the meas-
urements reported in the paper were performed at low power levels without
any void in the reactor.

C.E. COHN: Could you tell me how you determined the rod-reactivity
worths which you reported?

H.S. OLSEN: This was done by integrating the water-level reactivity
coefficient from the water level of the clean core to the water level as
measured with the control rods inserted.
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M. KOCHLE

KERNFORSCHUNGSZENTRUM, KARLSRUHE. FEDERAL REPUBLIC OF GERMANY

Abstract - Resume - Anioiattsa - Resumen

PULSED-NEUTRON MEASUREMENTS ON A HEAVY-WATER REACTOR AT ZERO ENERGY. During the
start-up of the reearch reactor FR2 reactivity mneasurments with a pulsed neutron-source have been made.
Because of the relatively long lifetime of the neutrons In a DO system. a correction for the build-up of delayed
neutrons during the prompt neutron decay bha been applied.

From measurements of the subcritscallty as a function of thc water level and extrapolation to the fua
tank. the excess reactivity of the reactor was obtained. The result agreed well with that of a boron-poLsoning
technique. A lot of reactivity measurements have been made from which only control-rod calibration curves
for different control-rod combinations will be reported here. The Information Is new. It has not been published
or reported elsewhere.

MESURES. A L AIDE DE NEUTRONS PULSfS, SUR UN RIACTEUR A EAU LOURDE. DANS LES CON-
DITDONS DE PUISSANCE ZERO. Pendant le demarrage du rcacteur de recherche FR2. on a fait des metures
de ja reactiviti A lPaideduunesourcede neutrons pulte. LEa neutrons ayant une duree de vie relativement
longue dans un assemblage I D10, on a appliqui un facteur de correction pour tenir compte de laccumulation
de neutrons retatdes pendant la decroissance des neutrons Instantanes.

On a obtenu l exccdent de reactivite du reacteur I partir de metures de Is sous-criticallti en fonction du
nlveau d eau. en faliant une extrapolation coraespondant au caisson plein. Le rdsultat concordait avec celui
obtenr par rne methode de l'empolsonnenent au bore. Lauteur a fait de nombretues mcurS de la ractiviti.
mail dant le present menmolre 11 ne mentionne que let courbes d etalonnage des barres de commande pour
differentes conbinaisons de ces barnes. Les donnes prusentesa sont nouvelles et n ont pas encore ctc pubilies
ou mentionnies ailleurs.

R3MEPEHIIH MiIYniCHblIX HERTPOHOB HA TSIXEJIODO3IIIOM PEAKTOPE nPH HY-
REBO, 3HEPrIH. Bo *pema 3anycxta HccnexozaTe*Jtcxoro PeSKTOPS FR2 6IAnH npOseAeHUim
NBMepefNHH peaarrusaocrM c nowossin toCNTOYHYKOB NMnyfibCHatX IfeRTpoHoa. DsHAy cpasnsTeres1o
npotoJnXHTeXiHoro apemeHn N35HH HOeTpOHOa a cmcTeme D20 npnmeHlnnac6 nonpasxa KM o6pa30-
Ba1HHe aanas3uassDmHx heRTpoMoa 3o Npebex pacnaia urNostHHUx uet0TpoHoO.

D peCynfbTaTO H3uepP*Hs noAxpTHna oCTHa trax OyHmsUHH ypOBHX *OAU M aKcIpenonsumm a0
Ha no1umAR 6sa 6una noJnyaeHa aeAsqsaHH H36UTORMON peaXTHSHOCTH peaXTOpa. Pe3YR16TaT XOpOSO
cornacyeTcX C a&HHUM4, no1tny4HHJM5H 1 p*3ysTaTae Hcnonirsoma1aHHs U*TAOAO onpexenemit no
CTene"soTpaaneuxit6opo. nlpoaelOAHO 60nosRuo 'suesCo M3UOpeMH , 54J nonJyqeHHbX A&HHbtX coo6-
raeTcX rtoni~xo o xpHaRix xann6pozaHasst perysnpyssstmx cTepXHet AnnX pawnu4HUx co'eTRaHR pe-

rynimpysDiaNx CTepXHelt. 3TH XaBHHze ny6numsy1)Tc Bnepsie.

MEDICIONES REALIZADAS EN UN REACTOR DE AGUA PESADA DE POTENCIA NULA CON FUENTES
NEUTRJ5NICAS PULSADAS. Durante la puesta en marcha del reactor de investigaciones FR2, el autor efecto
mediclones de ia resetividad con tin fuente neutrdnica pulsads. Debido a la vida relativansente larga de log
neutrones en un sistema de D20. Introdujo una correccl6o para tener en cuenta Lt acumulacldn de neutrones
retardador durante la deaintegraci6n de lot neutrones inrediatot.

Basindose en medicionus de la aubcriticidad en fundcn del nivel de agua y extrapolindolas a un tanque
Ileno midl6 el xceso de reactividtd de um reactor. resultados concucrdan atlsfactorfimente con is oo-
tenidos medlante la tecnica de envenenarniento par el boro. El autor efectuo tins merle de mredlciones de Ia
reactividad; en Ia snemoria solo presents lts curvas de callbracidn correspondientes a lus barns de control pars
diferentes 6ombinacionea de eats barrau. Estos datoa son Inclitos; no se han publicado ni divulgado en otros
trabsJor.
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1. INTRODUCTION

The pulsed neutron mdthod has already been extensively used for re-
activity determinations of reactors,[l], but very little has been reported
about its application to heavy-water systems. Therefore our experiments
in the FR2 might be of interest.

2. THEORY

The principle of the method consists in injecting a short burst of fast
neutrons from an accelerator into a subcritical reactor and observing the
prompt neutron decay. When the transients from the burst have died away,
this decay is exponential in time with a decay constant of

Ap (1)

where p is the negative reactivity measured from delayed critical, 1 is the
delayed neutron fraction and Ap is the prompt neutron generation time.
From measurements with the critical reactor a. = 3/Ap is obtained, and,
assuming that AP is independent of p, the reactivity in dollars can be de-
termined from

P a AC . (2)

To improve the statistics, not just one burst is injected, but the source is
pulsed periodically and the counting rate from a neutron detector is ac-
cumulated with a synchronized multi-channel time analyser.

In Eqs. (1) and (2) it is assumed that the decay constants of the delayed
neutrons Xi are very small compared to a so that the delayed neutrons can
essentially be treated as a constant background. This holds for a light-
water reactor but for heavy-water lattices the inhour equation

I [ p t er-(3)

has to be used instead of Eq. (2) [2] . The additional term is largest for
p=0, being 5% of P3 in this case.

Moreover, when I| p< 50 mk a correction has to be appliedforthebuild-
up of delayed neutrons during the prompt neutron decay. This effect has
been calculated by Fraude giving for the time dependence of the fundamental
mode

(t) 7 const. e F (t, p) (4)

with
p+l 1

F (t,p)z- i
j (1 Kif )2
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Here wi are the roots of the inhour equation and p is the number of delayed
neutron groups. The correction term F (t, p) depends on p and a, making
an iteration procedure necessary. First, rough values for p and a were
taken from the experimental curve; with these values F (t) was calculated
and a more precise value for a was obtained from a plot of 0 (t)/F(t) in a
semilogarithmic scale.

Fig. 1 shows as an example a decay curve with and without this correc-
tion. Only when the correction has been applied is a good exponential ob-
served. A fit of the uncorrected curve would lead to about a 5% error inp.

12

10 _

-0 60 so ODD no KS SO

fig I

Time decay of the neutron flux
* with correction for delayed neutrons
o without correction for delayed neutrons

We have so far assumed that the generation time does not change with
reactivity. This is true to a first approximation because AP= lp/Kerr and
the prompt neutron life time Ip changes in the same way as Keff does. If,
for instance, Kerr is changed by variation of B2, Ap remains constant ac-
cording to one-group theory and varies only slowly in a two-group
approximation. In our experiments, where B2 was changed by variation of
the water level, a correction for the variation of the generation time has
been applied. The maximum change of Apwas 2.5%.

When Kerf is varied by local changings of the absorption cross-section,
for instance by insertion of control rods, the effect is still smaller because
it enters in lp and Kerr very much in the same way. The situation is not
very clear yet for large absorptions where the flux distribution is distorted
appreciably. Therefore a constant value for AV has beeen used in the
evaluation of the measurements with absorbers, arguing that this is correct

37
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for small perturbations, and for far subcritical conditions a high degree of
precision is generally not required. To avoid this difficulty another kind
of evaluation of pulsed neutron experiments has been proposed [3].. Here
the additional information contained in the delayed neutron tails is used.

Little use has been made of this method in our experiments for the fol-
lowing reasons:
(1) For far subcritical conditions the statistics of the delayed neutron tail

is very poor and also the delayed neutron harmonics can probably not
be neglected; and

(2) There was often a background from delayed photoneutrons from previous
runs of the reactor which was much higher than the delayed neutron con-
tribution from the pulse experiment would be.
Eqs. (1) and (2) generally are derived for unreflected systems only.

In the case of lattices with reflectors one must be careful in distinguishing
between static reactivity, which is normally used in calculations, and
dynamic reactivity, as measured in the pulsed experiment. Therefore,
FRAUDE [21 has calculated the decay constants of our systems twice, first
based on the static elgenfunctions and then with the dynamic eigenfunctions
of the svstem. It turned out that the difference was completely negligible
for the normal loading, where the core radius is Rc = 120 cm and the radial
reflector thickness. d =35 cm. But even in a case where Rc= 55 cm and
d = 100 cm, which occurred during the loading of the reactor, the difference
in the a-values was only 2.4% for a reactor which was 8 $ subcritical.

3. EXPERIMENTAL ARRANGEMENT

The measurements were made during the start-up of the natural ura-
nium heavy-water research reactor FR2, a description of which was given
by WIRTZ et al. [4]. Fig. 2 shows a schematic view of the reactor.

The pulsed experiments were performed with (d,t)-neutrons from a
150 keV pulsed Cockroft-Walton accelerator constructed by EYRICH [5].
The accelerator was installed in front of the reactor and the ion beam had
to pass a 4.50-m long, 5-cm diameter tube which was inserted into a hori-
zontal beam hole. The target was mounted at the end of the tube, so that
the pulsed neutron source was almost at the centre of the reactor. The neu-
tron burst was produced by pulsing the extraction voltage. A 1-ms pulse
width with 1-mA ion current was used, giving about 108 neutrons per burst.
The repetition rate ranged from 100 ms to 1 s.

A BF3 neutroh counter could be moved inside a 1-in diameter thin-
walled aluminium tube going through the vertical axis of the reactor. The
signals from the detector were amplified and fed into a 256-channel time
analyser which also triggered the accelerator. The time analyser was open
only for that fraction of the entire time cycle during which the harmonics
had almost died away and the background from the delayed neutrons was not
too high. In general the waiting time was about 0.5/a and the interval for
the measurement 5/a.

After correcting for dead time, background and build-up of delayed
neutrons the results were plotted on a semilogarithmic scale and the true
exponential part and a-value were found by visual inspection.- The error

37*
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SAFETY ROD

FUEL ELEMENTTARGET

VERTICAL SECTION

l

CROSS SECTION

Fig. 2

Reactor FR2
0 fuel element.
0 shim safety rod,
i> control rod

obtained from this procedure was small compared to other errors. De-
pending on the harmonics present, the accuracy in a varied from 1 to 2%.

4. MEASUREMENTS

Of the many pulsed reactivity determinations which were performed
under various loading conditions, only those which are of more general in-
terest will be reported here.
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4.1. The determination of the neutron life time

Apart from its use for the normalization of pulsed experiments, fi/lp
is an important reactor parameter. Its determination from pulsed measure-
ments at delayed critical has the difficulty that the running reactor yields a
tremendous background of neutrons over which only a small number of de-
caying neutrons from the pulsed source is superimposed. Therefore the
following procedure has been adopted; after the critical control rod position
had been determined the readtor was made subcritical until practically all
neutrons had died away; the control rod was then taken out to the critical
position and the pulsed measurements started immediately. After about
20 bursts the neutron flux was so high that the reactor had to be made sub-
critical again. The whole procedure was repeated until the statistics were
good enough.

Fig.3

Detennlnation of ec

Another possibility consists in measuring a as a function of the water
level in a slightly subcritical reactor and extrapciating to the critical water
level (Fig. 3). The results of both methods agreed well within the limits of
error, giving for the full loading:

arc -9.5O0.2 [s-l1.

From a,, with the calculated value of PSef = 0.78X 10'2 [6], lp can be ob-
tained. In Table I the results are compared with the importahce weighted
lifetime for reflected reactors as calculated by FRAUDE [2]. Whereas
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TABLE I

NEUTRON LIFE TIME.

C d ac p (experim. ) 3p (theory)
(cm) (CM) (s) (ins)

69.8 * 85.2 '7.7iO.4 1.04 v 0.06 1.18

97.0 . 58.0 8.8 * 0.5 0.94 * 0.06 0.97

119.1 35.9 9.5*0.2 0.86 0.02 0.88

Rccord radius d-tefector thickness

there is a large discrepancy in the first case, the agreement is very good
for the latter two, especially when we consider that the calculation does not
include the effect of the beam holes.

4.2. DetermInation of the excess reactivity

Another important problem is the precise determination of the excess
reactivity of the cold clean'reactor, which is the positive reactivity that
would exist in the reactor if all control rods were withdrawn. This can be
found from pulsed experiments in the subcritical region only by some extra-
polation procedure. If, for instance, the shape of the control rod calibration
curve has been measured for the critical loading, where the excess reac-
tivity is zero, and the lower part of the calibration curve is measured again
at full loading, the excess reactivity can be determined, if we assume that
the shape of the curve has not. changed. This assumption is not well justified
yet and we preferred another method. This was a measurement of the re-
activity versus the height II of the D20 in the reactor tank.

According to one-group diffusion theory a linear relation between re-
activity and 1/112 exists which can be easily extrapolated from the subcriti-
cal state to the supercritical state. In the two-group approximation the
equation reads:

=r2(M2+2Bl .L 2) r 1 11 T 4L2 Fi 1
1K0 12 111J Kd.. [HV H'' (5)

where B2 is the radial buckling, H and HC are the water level and the criti-
cal water level respectively, H' a H+2X0.71 Xtr and lit He+ 2XO.71 X,.
When plotting

(H,) 4Z 1]

versus 1/H12 and extrapolating linearly to thd full tank, where H' Ho, the
excess reactivity is obtained from:
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Pea = P* (1o) + KA, [LHc 4 Hb4-

Since the second term is only a small correction, it is sufficient to use.
rough calculated values for L2, 7, and K. here.

Eq. (5) is valid for a reactor without vertical reflector and simple
boundary conditions. The real situation was more complicated. The fuel
did not extend to the bottom of the tank, but ended about 7 cm above the
bottom and was followed by structural material for the support of the fuel
elements. Moreover, below the bottom there was about 7-cm DzO which
belonged to the cooling system. Therefore a vertical flux map was taken
for the reactor with control rods withdrawn and lowered water level. By
fitting this curve with a cos-distribution, the effective extrapolation dis-
tance was obtained. At the top of the reactor the geometrical situation was
somewhat simpler and the reactivity effect of the upper 14 cm of the water
level was measured against a calibrated control rod. It was found to be
1.6 mk smaller than would be predicted from the 1/1112 behaviour.

40 mlnK

20-

0 l .
l 02 0.3 0 0.5 0.6 07 mn'

-20 -

-40

-60

Flg. 4

Determination of excess reactivity

The results of the measurements are given in Fig.4. Though there are
some spaces in the D2 0 due to horizontal beam holes, just in this region
of the water level the points lie fairly well on a straight line. When the'
above mentioned correction for the top part has been applied, an excess
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reactivity of

PeC = 6 6 .7 * 1.2 mk

Is obtained..
The excess reactivity was determined independently by a boron poi-

soning technique. The method consists in poisoning the D20 homogeneously
by adding D3B0 3 until the reactor is just critical with all control rods with-
drawn. The reactivity effect of the boron can be calculated.

The details of this measurement have been reported by DIEDERICHS et al.
[7]. The result was

Pex= 67.0 mk.

The excellent agreement is somewhat fortuitous especially when we
take into account the inaccuracy of the assumed Peff , which is not included
in the limits of error given above. In principle Pelf could be determined
from a combination of the two measurements. If this is done one obtains

neff =(0.783+0.018)X 10-2.

Moreover from the slope to the plot p* (H') versus I/H,2 .M2 can be obtained,
because K..is generally known to a much higher accuracy than is M2. The
term 2B3IT7 of Eq.(5) is only a small correction of about 3% in M2, and
can be determined from calculated values. In this way a value of

M2 (325+ 10)cm2

was found. A measurement of M2 was also made, with the boron poisoning
technique, giving

M2 =(323 + 13)cm2 .

4. 3. Control rod calibration

The FR2 has 16 shim-safety rods, the positioning of which is seen from
Fig. 2. Their total reactivity worth is about 20%. The control of the re-
actor is made with a control rod which has a reactivity effect of about I $.
The reactivity worth of several shim-safety rod combinations has been
measured to study coupling effects. An example is given in Table II. The
numbers of the rod positions refer to Fig. 2. One can see that coupling ef-
fects are small for symmetrical configurations but appreciable for asym-
metric arrangements.

Fig. 5 shows calibration curves, with arbitrary normalization,. where
1, 4, or 16 shim-safety rods were moved simultaneously. Included are cal-
culated curves for the case of weak absorption (a) and complete depression
of the flux between the rods (b). From the stepwise addition of boron and
measurement of the critical rod position the upper part of the calibration
curve was obtained again. The agreement with the results from the pulse
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TABLE 11

REACTIVITY EFFECTS OF GROUPS OF
SHIM-SAFETY RODS

Pods Inserted Rod number p (total) p (per rod)
(mk) (mRI)

2 Inner ring 2.6 28.5 14.2

4 inner ring 2. 4. 6. 6 65.2 16.3

8 Inner ring from I to 8 125.3 15.7

4 outer ring 9. 11. 13. 15 26.8 6.7

8 outer ring from 9 to 16 51.9 6.5

4 inner ring 2. 3. 4. 5 40.6 10.1
all [rom 1 to 16

£s

(a)

10

Wb)

Soo 1200 15
- OUT RODS IN-

1000 2100 mm

Fig. S
Control rod calibration curves

- (a) calculated, weak absorption
- (b) calculated, complete flux depression between the rods
...--- 16 rods,- -4 rods. O I rod

method was very good. The same is true for a comparison between pulse
and period measurements.



PULSED-NEUTRON MEASUREMENTS 585

5. CONCLUSION

The pulsed neutron method has been successfully used for reactivity
measurements of a heavy-water reactor at zero energy. With a correction
for the build-up of delayed neutrons the reactivity range covered went from
p =-0.5% to p = -20%. For p I <1% period mneasuremcnts arc to be pre-
ferred. The optimum region for pulse measurements is around p = -5%.
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DISCUSSION

A. WARD: Since you have a reflector, this facility can be described as
non-uniform. In view of the difficulties which arise in defining excess reac-
tivity for relatively non-uniform reactors, I am wondering what definition
you would use for purposes of calculation or experiment.

M. KOCHLE: The reflector is very small and so there is no problem
from this point of view. The excess reactivity defines the reactivity that
would exist if the control rods were withdrawn. Use is made of an extra-
polation procedure.

A. WARD: If you were doing a calculation for a reactor which was not
critical and you then wanted to adjust some parameter to obtain data for a
critical reactor, what parameter would you choose? Would it be the one
associated with the multiplication factor in the core only?

M. KtJCIILE: Yes, the multiplication factor in the core only.
A. WARD: Your method is a normal one but use has also been made in

the past of adjustments that correspond to adjustments of the multiplication
factor or the core constants that go into the multiplication factor in non-
multiplying regions.

M. KtOCHLE: Yes, this comes in in the difference between static and
dynamic reactivity but the effect is very small. It is even small in the case
of a thicker reflector.

C.E. COHN: The problem of defining the reactivity of a multi-region
reactor was considered by Avery in his 1958 Geneva Conference paper on
the theory of coupled reactors*. If the multiplication factor of each region
and the cross-multiplication factors between regions are known, the excess
reactivity can be calculated by solving the polynomial equation resulting from
the expansion of an n'th-order determinant, where n is the number of
regions. My own work, reported in Nuclear Science and Engineering**, and

* AVERY. R.. Proc. 2nd UN Int. Conf. PUAE 12 (1958) 182.
** COHN. C.E.. Reflected reactor kinetics. Nuc1.ScI.Engng 13 (1962) 12-17.
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relating to a simple reflected-reactor model with one multiplying and one
non-multiplying region, indicates that if the multiplication factor of the multi-
plying region, or core, is written as the multiplication factor at critical
times a coefficient. which is interpreted as the multiplication factor of the
whole reactor, the results obtained are consistent with the predictions of
simple one-region kinetics. I

F. FEINER: In your paper you mention that you extrapolate the excess
reactivity using a two-group model. What extrapolated value for the excess
reactivity do you obtain from a one-group treatment of the reactivity versus
water-height measurements?

M. KI)CHLE: The one-group approximation would give p - 6.87%.
With the correction for the two-group theory a value of p - 6.67% is obtained.

A.E. PROFIO: Did you use a tritiated target in your accelerator? If so,
did you encounter any difficulties with photoneutrons following the nitrogen-I 6
activity?

M. KOCCHLE: We did have a tritium target, but we did not make use
of the information contained in the delayed neutrons. In any case, the effect
of the photoneutrons you mention is probably extremely small.

S.K. WALLACE: I am not clear about the utility of measuring k excess,
since the value inferred from experiment is not appropriate to any situation
liable to occur during the life of a power reactor. For example, if you want
to ensure that there is sufficient reactivity to override poisons and to allow
for burn-up, you are in fact envisaging a situation which is quite different
from the situation used for the measurement. Another point is that it is not
possible to make accurate reactivity tables for different effects and then
sum these values.

M. KOCHLE: We need the value of the excess reactivity to be able to
predict critical loadings when different components are inserted into the
reactor. These effects do not add up in a linear fashion, but in any case the
excess reactivity is the quantity one has to start with.



FLUX-FLATTENING EXPERIMENTS
ON A HEAVY-WATER CRITICAL FACILITY
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Abstract - ResUme - AnHHoraIH5s - Resumen

FLUX-FLATTENING EXPERIMENTS ON A HEAVY-WATER CRITICAL FACILITY. The work Is divided
into two parts. The first one deals with thermal flux and cadmium-ratio measurements in a heavy-water

critical facility with three different geometries: (a) outer reflected; (b) Inner and outer reflected; (c) with
a black body inserted into the inner teflector.

The second part makes a comparison between experimental results and theoretical calculations, pointing
out the possibility to achieve core thermal fiuxr flatten"g, without high reactivity losses and changes In core
neutron spectrum by means of a black body Inserted into the inner reflector.

EXPERIENCES D'APLATISSEMENT DU FLUX VANS LES ASSEMILAGES CRITIQUES A EAU LOURDE.
L'itudeeat divise en deux parties. La premiare concerne let maures du flux d neutrons thermiques et du
rapport cadmique, qul ont Etc fataes dan un assemblage critique I eau lourde pour lea troas gecminla ci-aprbs
a) riflecteur externe; b) rcilecteurs externe et interne; c) corps noir Incorpore au rEfiecteur Interne.

Dans la deuxilme partie. let auteurs procedent I une comparalson entre lea rctultats experimentaux et
let calculs thcodrques et montrent qu'll at possible d'aplatir le flux de neutrons thermiques du cocur. sans
pertes Importantes de riactivlrti ni variations dtu spectre neutronique du ccur. en se servant dun corpt notr In-
corpori au rtflecteur Interne.

onbITLI no BbIPABHHBAIIHiO TIOTOXA HA TXZJEOBOAIIlLIX KPHTH'4ECKHX YCTA-
HOBKAX. Pa60Ta COCTOHT HS AoYx 4aciell. B nepaoR i acTH paccxabietaeTc1 0o6 4M3epeKH.x
n1oTon8 Tennoasux HeHlTpOHos N KtaAmHesoro OTHOIMOHHlt a vTaeJs1aoHsoA txpHKs-ecxoR ycTaHoaxe
c vpemx pa3nJmHtmuH reoMeTpHAIMH: a) C HIPPY^IENM oTpaiaaenem; 6) c J1yTpetHM H HapyziatHU
oTpasIjtaMsXU; B) c MepHuuM Tsou, *csaueHHutM *a aHyrpeHHtA oTpaSXaTenb.

Bo ssopoHR 'CTsH s8cnep"meHsanJhHhe pesyJsshTvar cpaaHHZ1%TcaT c X pTeOpT4eoclH)4M pac-
40e7a81; npt *TOM orsmemaeTca 6031OiHOCTb AaOCTSfXeRsM 3ltpaaHtsaaHf nOTOtO3 TenmoasUx heR-
SpONtOB a axKTiHatoR 30HO Ge3 6oCnbMx nosept pealKTHIHKOCTH 5 H3eKHi cneKrpa Heftposao ax-
TtsHOs 30Hu C 11uOM1,1oI %eploro Tenet, nometettHoro so SHyTpeKH4R p~hesXTop.

EXPERIMENTOS DE NIVELACION DEL FLUIO EN CONJUNTOS CRITICOS DE AGUA PESADA. La temorta
se divide en dos partes. La primera trata de mediclones del fubo tgnico y de la tazon de cadmlo en un
conjunto erftico de agua pesada con tres georncetrat diferentes: a) con reflector exterior. b) con reflectores
Interior y exterior, c) con un cuerpo negro Introducido en ci reflector Interior.

LA segunda parte de 1a memoria comparn log resultadot experimentales con los valores calculados * dea-
Uacanido quc et porlble nivelar cl flujo tirmico en el cuerpo del reactor por medlo do un cuerpo negro Insertado
en cl reflector Interior, sin que se produzca una disminucldn pronunciada de la reactividad ni una alteraclon

del espectro neutrdnico.

1. INTRODUCTION

The work is divided into two parts. The first one deals with thermal
flux and cadmium ratio measurements in a heavy-water critical facility
with three different geometries: (a) outer reflector; (b) inner and outer
reflector; and (c) with a black body inserted into the inner reflector. The
second part makes a comparison between experimental results and theoreti-
cal calculations, pointing out the possibility of achieving core thermal flux
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flattening without high reactivity losses and changes in core neutron spec-
trum, by means of a black body inserted into the inner reflector.

One of the goals in power reactor design is the achievement of a high
power shape factor, so as to get fairly balanced fuel utilization.

Instead of following one of the standard solutions for such a problem [1],
at CISE it was thought interesting to improve the radial power shape byt
means of the combined effects of an inner reflector of small dimensions
(I. e. by withdrawing a few central elements from a constant lattice pitch
core) and of a black body inserted into that reflector.

In fact the former improves the flux shape in the whole core except the
zone adjacent to itself, where the well-known flux peaking happens, where-
as the latter - when of proper size - can cut such flux peaking.

Preliminary calculations showed that a fairly good improvement in the
radial shape factor (from 0.74 to 0.85) could be achieved in the case of a
heavy-water-moderated pressure-tube reactor, having a core diameter of
about 500 cm and an outer graphite reflector, simply by withdrawing the
four central fuel elements and adding a cadmium tube 7 cm in diameter and
1 mm thick, which actually behaves like a nearly perfect black body,
because fast neutrons crossing it from outside are mostly slowed down by
the inner reflector (Fig. 1), and therefore absorbed by the cadmium while
escaping from the inner moderating region.

Al TUBE

INNER OUTER
REFL. COE REFLECTOR

Fig. I

Retctor section

Moreover, since the number of withdrawn fuel elements is pretty low
and the black body acts in a non-multiplying region, the reactivity loss is
particularly small (in the above-mentioned case arount 500 pcm).

Such calculations were performed by means of the-WANDA code [2] in
its version for the ELEA 6001 digital computer (named WANDEL). It is a
one-dimensional code, here used in its two-group version, accounting for
the transverse (axial) leakage by adding in both groups to the absorption
cross-section term the quantity DBJ, where D is the proper diffusion coef-
ficient and BI is the transverse buckling.
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The inner reflector is square, as is the lattice geometry, and there-
fore, because of the one-dimensional feature of WANDA, it is replaced by
a circular one having the same cross-section area; in addition, one is also
forced to apply diffusion theory inside the cadmium tube. The latter prob-
lem was solved by attributing cadmium with a fictitious thermal diffusion
coefficient and absorption cross-section, evaluated after WACHSPRESS'
theory (3] for a strongly absorbing slab, modified to account for the cylindri-
cal geometry involved here.

Thus it looked worthwhile to check the accuracy of the above-mentioned
procedure and chiefly:

(a) How accurate was the code evaluation of the reactivity changes due
to the withdrawal of fuel elements and to the insertion of the cadmium tube;
and

(b) How accurately the code predicted the neutron flux spatial behaviour
and the radial shape factor.

The measurements described below were aimed solely at obtaining the
information needed to answer items (a) and (b).

2. DESCRIPTION OF THE EXPERIMENTAL ARRANGEMENT

The RB zero-power critical assembly, installed at the Institute of
Nuclear Sciences Boris Kidrit,was used for the experiments. The RB as-
sembly, described in more detail in [41. essentially consists of an aluminium
tank, 199.86 cm inner diameter by I cm thick by 210 cm high, placed upon
a metal frame so that the closest scattering surface (floor and walls) is
4 rm away from the tank.

An upper and lower grid plate hold the fuel elements and criticality is
achieved by varying the heavy-water level inside the tank. No outer reflec-
tor is available, so that the assembly is actually axially unreflected and the
side reflection varies according to the extent of the fuel charge.

The fuel elements used during the experiment were of the type shown
in Fig. 2: the fuel is made up of 2% enriched, Al clad, uranium metal, and
all the other structural components are made of aluminium.

Preliminary calculation, by means of COCCO BILL, a criticality cal-
culation code [5 ), showed that suitable configurations to be investigated ought
to have moderator-to-fuel ratios corresponding to square lattice pitches
around 11 cm. Therefore, since grid plates pierced for a 8-cm square
lattice pitch were available, fuel elements were placed diagonally, as shown
in Fig. 3, so as to have a 11.31-cm lattice pitch.

The consequent disposition of fuel elements did not allow much degree
of freedom in selecting the configurations to be investigated. Therefore,
in addition to the reference configuration made up of 56 elements, the
following configurations were also studied:

(a) The two elements closest to the reactor centre withdrawn, i. e.
with an inner reflector of equivalent radius R - 9.06 cm;

(b) The six central elements withdrawn (but four elements added at the
core-outer boundary, so as to get 54 elements as in case (a), i. e. with an
inner reflector of equivalent radius R= 15.6 cm.
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Cases (a) and (b) were studied also with a central absorber made up of
an aluminium tube, 1 mm thick, having 0.7 mm outer Cd cladding.

Two different aluminium tubes were used, 3 cm and 4 cm outer diam.
In case (a) only the 4-cm tube was used, mainly because of lack of time.

Some preliminary considerations derive immediately from the very
qualitative survey of the configurations shown in Fig. 3. First of all, the
circularization of the inner reflector is rough indeed. Secorldly, the total
number of fuel elements isinanycaseverylittle;therefore also the assump-
tion of a core equivalent radius is doubtful and even the core homogenization
cannot hold very well. Last but not least, the dimensions involved are
rather limited and diffusion approximation is somewhat questionable.
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In conclusion, such experimental conditions are to be considered as
a limiting case; any discrepancy between calculated data. and experimental
results should consequently be taken as a maximum, which substantially
overestimates the corresponding case for a large power reactor.

3. EXPERIMENTAL PROCEDURE AND RESULTS

Flux measurements were performed by means of gold detectors 1 cm in
diameter and 0.002mm thick,cquivalent to a surface density of 3.776 mg/cm2 .

Gold detectors were placed upon a thin Al plate, at a relative distance
of 16 cm. The plate was inserted Into the reactor along a diameter forradial
measurements, as shown in Fig. 3, covering the fuel diameter when the Cd
tube was not present and half a diameter approximately with Cd tube. Axial
distribution measurements were performed by inserting the Al plate along
the central reactor axis.

vTwo sets of measurements were performed with bare and Cd-covered
detectors. Each irradiation was about 20 minutes long, with neutron fluxes
around 10 8 n cm-2s-' . Each detector was counted under two different G-M
beta counters. The final result, corrected for detector efficiency, back-
ground and dead time losses, is the average value of the two results col-
lected by the two counters, for the plate inserted along half a diameter only;
when the measurement covered the full diameter, since detectors were po-
sitioned two by two at centre-symmetrical points, the results represent
average values of the four results corresponding to the two symmetrical
detectors under the two different G-M counters.
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As far as axial measurements are concerned, the average of the two
G-M counts was taken.

The cadmium ratio RCd between bare and Cd covered detectors is re-
lated to Westcott' s epithermal index "r" through the following expression

Rd= gGxh + rsG(
rrK T~rsGF + rW TO G.

where g, r, a are defined according to WESTCOTTIs notation [61, I/Kis
a coefficient, also defined by WESTCOTT [6], to account for l/v epicadmium
activation, Gth and G, are the thermal and epithermal self-shielding factors
respectively, F is the cadmium transparence for resonance neutrons, T is
the neutron temperature and To = 293.581K.

From Eq. (1) the following expression for r is derived:

r= gG[t (2)

In the actual experimental arrangement it was

l/ K = 0.4 67 (derived from [6 D
F = 0.967 (derived from [71)
Glh = 0.97 (derived from [71)
G, =1 (derived from [81)
T TO-

Therefore,

0.05671 3
RCd_ I 006()

Since, moreover [6],

r=4, (4)

where f is the epithermal fraction of the total neutron density and p = 3.681 is
the cut-off energy of the l/E neutron spectrum in KT units [9], combining
Eqs. (3) and (4) gives

f 0.0667
RCd 1.006 (5)

and therefore, since

f (6)

(where 4M and 0, are the thermal and epithermal neutron flux, VM and Ve
the mean thermal and epithermal neutron velocity respectively), combining
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Eqs. (5) and (6) gives in each point the ratio of epitherrhal to thermal flux
as a function of RCd.

Then, if n is the total neutron density, as the bare activation is pro-
portional to

[nil - f) + nfI(gGth+ rBG,) [$+ ga] (gG1,* + rsG,), (7)

the system of (6) and (7) allows the evaluation of both OM and 0, .
Figs. 4 through 9 show the derived thermal and epithermal radial flux

distributions in the six configurations tested.
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Full configuration
5f elements
Critical level DatO: 111.59 cm
Temperature: 20-C

Fig. 10 shows the axial flux distribution measured in the full configura-
tion and that with an inner reflector corresponding to six withdrawn elements
only.

Since in both cases, I. e. with a measurement performed in the core
lattice and in the heavy water, the extrapolated length is 1.76 cm, this value
was assumed in all the numerical calculations (see section 5).

Figs. 11 and 12 show the behaviour of Rcdas a function of the reactor
radius; it is worth pointing out how a careful choice of the inner reflector
and of the inner Cd tube can leave the neutron spectrum unchanged, with
respect to the full core configuration; this is of some importance for the
long-term fuel isotope evolution in a power reactor.

3.
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Configuration without two central elements

Central absorber dlameter:41 mm
54 elements

Critical level D,O: 137.5 cm
Temperature:20-C

4. FINE FLUX MEASUREMENTS

As well as macroscopic flux distribution, fine flux measurements for
each configuration were performed across the reactor cell closest to the

-.
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Fig. 7

Conflguration wilthout six central elements
54 elements
Critical D20: 119.11 cm
Temperature: 20.78C
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Configuration without six central elements
Central absorber diameter: 31 mm
54 elements
Critical level DO: 139.3 cm
Temperature: 20.65 C

centre, as shown in Figs. 14 to 19, along the direction connecting the centre
of the element to the reactor centre.

Dysprosium metal discs, 0.2 mm thick and 2 mm in diameter, were
used as detectors. Detectors were separated by means of small Perspex
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Configuration without six central elements
Central absorber diameter: 41 mm
54 elements
CriticaI level D*0: 144.63 cm
Temperature: 20.8C
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Radial flux distribution

Curve I
Full configuration; 58 elements

Critical level: 111.75 cm; temperature: 20.6C

Curve 11
Configuration without six central elements: 54 elements

Critical level: 119.99 cm; temperature: 20.6 C
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Cadmium ratio - radial distribution
Fig. 11

Cadmium ratio - radial distribution

Curve I
FttU configuration; 56 elements

Curve UI
Configuration without two centra elements. 54 elements

Curve m
Configuration without two central elements
Absorber diameter: 40 mm; 54 elements

Curve I
Full configuration; 56 elements

Curve IV
Configuration without six (entral elements; 54 elements

Curve V
Configuration without six central elements

Absorber diameter: 30 mm

Curve VI
Configuration without six central elements

Absorber diameter: 40 mm
'IO
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cylinders having the same diameter; the whole arrangement was inserted
into an Altube, 0.2 mm thick, which was placed into the fuel element, as
shown in Fig. 13. The length of the Al tube was such that the detectors
covered the full cell length.

Fig. 13

Arrangement of detectos for fine flux measurements

Each irradiation took about five minutes with a flux of 108 ncm-2 s 1 .
The beta activity of the detectors was counted for about two minutes under
four G-M counters, rotating each detector under all the counting chains.

For the full core configuration the thermal neutron distribution, cor-
responding to the total measured neutron density, was deduced as follows:
one has

,( e n,){ gGth+%Ipsfi'

=ne(gGth+ 4 s) +nMgGth

* afle{gGsi( 1+ jf) +Žgs}

4 r
.Jaw { E9Jh }

Since ne can be taken as constant throughout the cell, one can obtain
ne by measuring the value of the epithermal index r.
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The upper curve of Fig. 14 shows the fine flux distribution once the epi-
thermal contribution has been subtracted and a correction has been made
to account for the macroscopic flux gradient. As one can see, such adistri-
bution actually exhibits the same behaviour as the one deduced from the

-TESTED ELEMENT

16.96 cm

I

a.s7

REACTOR__
CENTRE 2. 3 4 IS 7 81 9IO1UU1411 I 1 1

Fig. 14

Full configuration

DETECTOR NUMBER
AND POSITION

total collected counts, and therefore the above-mentioned correction was
not performed in all the other cases, whose distributions are shown in
Figs. 15 to 19.

An interesting result is derived from a qualitative comparison among
the different flux distributions. The use of an inner reflector substantially
increases the macroscopic flux gradient, wheras the additional insertion
of a proper Cd tube leads to a gradient approximately equal to the one
present for the full core configuration. Of course, since the uranium thick-
ness is here rather limited, the effect of the change in flux gradient is not
very high in the fuel itself, but if one considers that in a power reactor the
cell region occupied by the fuel is much larger, one can conclude that, as
for the case of the neutron spectrum, it is possible to design a combination
of inner reflector and black absorber which would not affect the neutron
behaviour inside the reactor cells.

5. COMPARISON OF NUMERICAL DATA AND EXPERIMENTAL RESULTS

As mentioned in section 1 theoretical calculations were performed by
means of two computer codes named COCCO BILL and WANDEL.
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(Two elements withdrawn)

Cd; R- 2 cm th= 0.7 mm
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Inner reflector
(Six elements withdrawn)

Cd; R=2cm th0.7nmm

For a given cell configuration COCCO BILL evaluates the corresponding
parameters according to a three-group model. The three groups are so
divided:
(a) Group 1 goes from 0.1 MeV to 2 MeV, i. e. covering the fission energy

range;
(b) Group 2 goes from the epithermal cut-off energy to 0.1 MeV; and
(c) Group 3 covers the thermal energy range.

The parameters that COCCO BILL calculates are the following:
Di :diffusion coefficient (i = 1, 2, 3)
Sal : cell removal cross-section (i = 1, 2)
El : cell absorption cross-section (i - 2, 3)
vYE: average cell fission neutron source per unit flux (i = 2)
f thermal utilization factor
p resonance escape probability
e fast fission factor, as defined by CARLVIK and PERSHAGEN [10]

i. e. accounting for all fission and capture events above 0.1 MeV
al :thermal fission factor

Such data for the same configuration used during the experiment are
listed in Table I.

WANDEL, however, is used in its two-group form:

V201 - (ol + El+ DB21 )l+C?7fE2Z 2 =0

D2V202 - (E 2 + D2B2)0 2 + Eu10I = 0
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TABLE I

CALCULATED CELL PARAMETERS

D L' z ~
Energy group (cm) (cm') Xcm') (cm -l) ( 'I Ie

1 1.5548 0.04446 -. . 1.0078

2 1.1240 0.01227 0.0009236 0.001390 . - . 0.9257

3 0.8362 - 0.007159 0.9473 1.7243

where, group 1 goes from the epithermal cut-off energy up to 2 MeV and
group 2 covers the thermal energy range. All the symbols have the same
meaning as those listed as COCCO BILL outputs; in addition , is the eigen-
value to which the code converges when the system is critical, and B2 iS the
axial buckling which, multiplied by the proper diffusion coefficient, gives
an integral value of the axial leakage effect to be introduced into the radial
flux calculation.

In order to fit COCCO BILL outputs to WANDEL inputs, the following
relationships were used (simple asterisk refers to WANDEL inputs):

1 1 1
E, 1** Er r2

ShiftL Sri rl
AU2= (L2+ LU,() St,*

E*] =PE**U3 (-)8l

The axial buckling for each configuration to be investigated was chosen
as equal to the actual experimental critical height plus twice the extrapolation
length, as deduced from the measured axial distributions (see section 3).

Radial dimensions were derived from the actual ones by reducing them
to the equivalent cylindrical ones. Of course the external reactor radius
was taken equal to the geometrical radius plus the extrapolation length, as
experimentally derived.

Therefore if the theoretical approximations represent the physical phe-
nomena correctly, the eigenvalue X should come out equal to unity. Table II
lists the calculated eigenvalues, each referred to the proper moderator
temperature. As one can see, they are all substantially different from unity
clustering around 1.04. Since the cell parameters derived from COCCO
BILL were in a very good agreement with Russian data for the given fuel
element, . and for large reactors WANDEL gives a much better approximation,
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TABLE 11

THEORETICAL AND EXPERIMENTAL RESULTS

Configuration of Acalc As X Enor Fh

Fig. 4 1.0493 0.774 0.012 0.810

Fig. 5 1.0503 40.0010 0.0079 413.2 0.715h0.011 0.716

Fig. 6 1.0430 -0.0063 0.0652 -9.7 0.916 *0.014 0.957

Fig. 7 1.0496 40.0003 0.0237 - 41.3 0.752*0.010 0.711

Fig. 8 1.0399 -0.0094 0.0729 -11.9 0.831 0.012 0.856

Fig. 9 1.0414 -0.00X9 0.0799 -9.9 0.859 0.013 0.884

as pointed out in section 2 the discrepancy is that expected because of the
peculiar geometry of the experimental facility. What is important is the
fact that all the eigenvalues are rather close to each other, therefore en-
suring that differential effects in rcctivity due to inner reflector and black
body insertion are pretty well accounted for by the criteria used to *get
WANDEL inputs. The maximum variation 6X in the eigenvalues with respect:
to the full core case corresponds in fact to 940 pcm.

Moreover, if the same calculations are performed for all the configti-
rations having the same height of the full core configuration, it is possible
to know the changes in A (named A in Table II) and to evaluate percentage
errors all but one clustering around 10%o. This error is not uncommon,
since it is related to calculations of a black body worth, and, in the case
of Fig. 5, to an inner reflector highly non-symmetrical; in fact, when six
elements are withdrawn (Fig. 7), the better symmetry leads to a very low
error.

As far as radial flux distributions, and particularly thermal flux be-
haviours, are concerned, the calculated flux shape factors Fth exhibit a
deviation from the experimental ones 4xp never higher than 0.041.

That is mostly due to the Inaccuracy by which WANDEL accounts for
the peak effect at the boundary between core and outer reflector, which, in
a small configuration, affects the thermal flux shape over the whole core;
on the contrary such an effect is less important in a large power reactor.
Moreover, the statistical uncertainty in the measured detector activities
leads to an uncertainty in the experimental shape factors of about 1%, where-
as the accuracy by which WANDEL evaluates the single mesh points in the
flux distribution is believed tobe (withthe chosen convergence limit of I X10 4

assumed here) of the order of 1%.
Consequently the discrepancy between measured and calculated shape

factors is to be considered rather satisfactory and anyway well inside the
hot-spot factors generally used in designing large power reactors.
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6. CONCLUSIONS.

The experiments here described can give enough confidence in the use
of an inner reflector coupled with a cadmium tube to flatten the thermal
flux inside the power reactor. In fact a proper choice of either can keep
in the core the same neutron energy distribution without modifying the fine
flux distribution in the fuel elements closest,to the inner reflector.

With a shape factor of 0.85, which is easily achievable in a power
reactor, without a substantial loss in reactivity, one is granted that the
long-term fuel isotope evolution is nearly the same in all the fuel element,
and, when different, exhibits a trend towards an additional flux flattening,
whereas in the case of variable lattice pitch the trend is the opposite one,
and in the case of different enrichment fuel regions one is compelled to a
more complex fuel cycle (with the solution here proposed it may be very
convenient, for reasons of economy, to choose a batch cycle solution).
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DISCUSSION

F. FEINER: How do you compare flux shape calculations with meas-
ured activations?
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G. B. ZORZOLI: The procedure was as follows. Experimental deter-
minations were made of activation with bare and Cd-covered gold. From
these two values we derived what we called the experimental epithermal or
fast flux and the thermal flux. By means of the two-group version of WANDA
we then derived theoretical values for the fast and thermal flux and made a
comparison. This is explained in the paper.

F. FEINER: What was the thickness of the gold?
G. B. ZORZOLI: The surface density was 3.776 mg/cm2 and the thick-

ness 0.002 mm. Moreover, in the calculation we evaluated both the thermal
and the epithermal self-shielding effect of the detectors. The values were
0. 97 and 1 respectively.

F. FEINER: Experimentally then, you were really determining the
thermal flux?

G. B. ZORZOLI: Yes, I was referring to the thermal flux. The epi-
thermal flux-was used for the sake of comparison because we were inter-
ested in evaluating the possibility of a high power shape factor. In this kind
of reactor the thermal flux is the most important one.

C. F. HPJERUP: You quoted a value of 0.85 for the shape factor of
this reactor. Was that the total or only the radial shape factor?

G.D. ZORZOLI: The radial shape factor.
C. F. IIPJERUP: I take it that this high value resulted not only from the

central reflector and black body but also from the presence of a thick outer
reflector.

*G.B. ZORZOLI: Yes.
C.F. HPJERUP: What was the radial shape factor before the intro-

duction of the central reflector and absorber?
G. B. ZORZOLI: The previous radial shape factor was 0. 74.
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