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I. INTRODUCTION

A plutonium experiment is to be performed in the Experimentai‘Boiling
Water Reactor (EBWR) at Argonne National Laboratory and is a joint program
between Pacific Northwest iaborator& end'Argonne National L&boratory;“
This program which is to demonstrate the utilization of plutonium in a

, llght-water moderated power reactor is entering Phase 2, (1.2) the Startup
Experiments. In;this phagse of the progrem,‘the central portion of the
core will te loaded'with plutonium_fuel such that the core reactivity '
variation with burhup'will be eaused mainly by burnup of the plutonium
zone° Surrounding the plutonium none are uranium-fuel elements which will
be used‘es driver elements. Several rods will be inoiudedAin the plutonium
zone to obtainAburnup information from special fuel oompositionso'

A series of tests will be conducted during the initialvloeding of
the EBWR in order to measure the reactivity worth of fuel rods, safety
rods, voids, and boric acid in the moderator.

At various ‘stages of burnup, the’series of tests performed at the
time of the startup experiments will be repeated° Also, atmthese‘stages
a series of rods from the plutonium zone will be removed and returned to

' Battelle Northwest for reactivity measurements in the Plutonium Recycle

Critical Facility (PRCF) and subsequently analyzed for plutonium

concentration, isotopic composition and to obtain other data which will
describe the burnup characteristics. The results of celculationslof’the
reactivity changes expected at startup and throughout the burnup of the

core are presented in this report. Information obtained during. the

¥
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startup experiments will be used to assess the accuracy of the calculational
methods and identéfy areas of uncertaintybin the computatibns. | |
SUMMARY |

The maximum exposure at which the plutonium zone can be made critical
at low powér iS'expected‘to be about 5000 MWd/t with the moderator hot and
6000 MWa/t with it cold.. However, the plutonium zone is subcritical before
reaching 5000 MWd/f at full poﬁer because of large negative reactivity
effects due to void and xenon concéﬁ%rétibns. | '

A result from this study is that the plutoniﬁm fuel exhibits larger
variations of negative reactivity with increased moderator temperéture and
querator void changes than does the. uranium fﬁel which Surrounds it.

Another result is that the moderator températuré céefficient of
reactivity for the plutonium'zone alone becomes less negative with fuel
exposure, and finally goes positive near 5000 MWd/t. At an irradiation
which is gfeater than 7000 MWd/tAfor this fuel, the rea¢tivity change
due to moderator and fuel heating is positive.. cheVér, the reasctivity
change due.to moderator voia is calculated fo be negative throughout burnup
with a magnitude large enough to compensate for the positive temperature
effect. Thus, the reactivity effects at full power operation are exﬁected
to Ee negative uf to very high exposures (~ 15,000 MWd/t). For a pressur-
ized water reactor loaded like the EBWR the negative ?eactivity effects |

of a large void fraction present in the EBWR would be lost, and at

exposures greater than TGO MWd/t the reactivity response to temperature

increases would be positive for the pressurized system.
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CORE CONFIGURATION AND PROGRAM OUTLINE

_‘The EBWB core is divide@ eesentially into three zones.“’The central
portiqn of the core is the plutonium zone eqntainingA1296 rods (364'”
elements of 36 rods'eech), suprognded by‘zpneeeof en;icheé and netural
UO_ elements. The core 1eading'and_the'patterpAof’sPeeial rods Viﬁﬁip
the plutontun zone are shom in Figure 1. There are tyo fuel elements
ehownAcontaining special plgtqnium rods. Howeyer?-the eorrespoqding
elements in the rigﬁt hand quadrants of the cent;al fogr que@;ants
shown containing Pu02—U02 probably wil; coqtain spec%eluplutonium rods
alsof The general outline of the experimental program(3) is shown in
Figure 2f |

A series of starfup experiments will be conducted during the initial
loading, bqth at low power ané full power 0peratiqnf These teet$ will
include_determiniég the_critical‘masses qf the gpirrediated plutoniug
fuel, the measurement of boron and control rod wofths, kinetic sﬁudies
and foil irradiations. |

- At the completion of the startup tests the fuel will be_ir:adiated
to an epproximate 2000 to 3000 MWd/t ekposure. At this stage of‘burnup;

the series of critical tests performed at startup will be repeated.

“Thirteen rods, five of which are special rods, (see Figure 1) will be

removed from one of the plutonium-zone quadrants for pgst irradiation
analysis. ‘Using the results of all the experiments, a better estimate
of the.reactivity lifetime of the plutonium zone can be derived. With
this new estimate of reactivity lifetime for the plutonium zone, the
frequency at which the critical experiments will be repeated can befter

be determined.
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~ FIGURE 2

EBWR PLUTONIUM RECYCLE PROGRAM OUTLINE
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CALCULATTIONAL MODELS

Reactivity
The methods utilized in the calculation of effective multiplications,
keff’ are the same as that employed in the analysis of the approach-to-
(4,5) |

critical experiments which were conducted using thé,EBWR fuel. The

fact that the calculations and the experimgn@s agree.to within 0.5% in keff
lends confidence'invépplying these calculational<methods to.the EBWR
experiment. These methods cbnsiét of using the codes HRG,(6) THERMOS,(7)
and TEMPEST(8) to obtain homogenized cross seétibns for use by a one;
dimensional diffusion theory code,‘HFNS9) All'calculations which were

made for the EBWR core assume a four region leindrical model, as described.

in Teble I. As seen in Figure 1, the EBWR is loaded in square geometry;

_however, the calculations were made using cylindrical geometry. No

gquantitative assessment of the effects on reactivity of this square

"versus ¢ylindrical arrangement has been made; however, the values of

keff are expected to bé consistently higherlfor‘the cylindrical geometry

case., In calculating thelreactiVity variafiéhs és a function of
temperature and voids a few values of the independent'variable were
chosen. The modérator_temperatures selected are room tempefature (20°c),
and expected inlet (195°C) and outlétftemperaturésV(QSSOC). The fuel
temperatures investiga£éd were room témperature and that expected at-
full power operation (hTQOC). Moderator void concgntrations of no

voids (p H,0 =.0.791 gms/cc), 15% and .30% voids were considered in an

‘effort to bracket the expected range of moderator void content.



2)

3)

4)

- TABLE T

REGIONAL MATERTAL AND GEOMETRICAL DESCRIPTIONS

~ Equivalent

Region ~ Material ‘ .~ OQuter Radius (cm)
Pu0_-U0, Zone 1.5 w/o Pu0 in UO Uranium = 36. 5&25 '
2 containing 5. 22% U2235 ' ~
36 Elemenps (1296 rods)
Enriched Uo, | 6.0 w/o U235 in U0, with 0.158" w/o . 59.6736
Zone . Eu,0, and 0.0288 w/o Sm,0 -
_ e 273

Natural UO, 0.7% 0235' in UO, o o931

Zone : L

H,O Reflector  H,0 , - . 100.0

2 o 2

The'feactieity variations with‘burnupAwere.éelculatéd*utiliziné -
concentrations Qf fuel and psuedo fission products obtained from the
burnup calculationé. The effects ef xenon and samarium on reactivity
were omitted in the calculations because of'their'stroﬁg.dependence on the -
actual reacfer operation. Cell averaged cross sections were .calculated
using programs HRG, THERMOS, and TEMPEST for the materials'with'concenh‘
trations .corresponding to average: exposurés of;3030, 5970 and 38h0 MWd/t
for the temperature and void tonditions.already descrlbed .These4eell
averaged constants were then used in one-dimensional calculations
with diffusion theory assumptions using program HFN to determine these
reactivity variations. The conditions assumed for the calculations -

are summarized in Table IT.

* A11 exposures quoted are based on a ton (t) equal to 2000 1bs.
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TABLE IT

CALCULATTIONAL, TEMPERATURE, VOID AND EXPOSURE POINTS

 Bffect Points
‘Moderator Heating 20°, 195°, and 255° ¢
Fuel Heating . 20° and.k72°%
Moderator Voiding - 0, 15, and 30%
Burnup o
Plutonium Zone Only .- 3030, 5970, and 8840 MWd/t.
Burnup

Changes in fuel concentrations with irradiation were obtained
from calculations performed with a one-dimensional modei in cylindrical
geometry using the program ALTHAEA.(IO) The reactor is divided into’
five regions comprising a central cell consiétingyof fuel, cladding and
moderator of radius 0.8150 cm surrounded by the four regions listed in
Table I. For the calculations'only the central cell and the Puog-ﬁo2
zone were considered as being burnable. The burﬁuf behavior for all
speciai rods was determined by considering each rod as being in the
central cell. A constant power of 4O megawatts is assumed for reactor
operation and‘fission products eXclPding xeﬁon and samarium are
accounted fof by three psuedo groups of fission products. The values

for the thermal cross sections of Pu239 and U235 suggested by Leonard(ll)

were utilized. This choice seems reasonable since data obtained from

other experiments in which plutonium was irradiated have been compared




: . -9-
(12,13,14)
to calculations and the results agree favorably when the
L . .. . 11 -
Pu239 cross sections suggested by Leonard( ’ 5) are ut;;izgd in

calculétions with the Althaea Model. The thermai flux depression
factors and effective resonance integrals used in the bﬁrnup calcula~-
tions (ALTHAEA) were obtained from cell calculations utilizing
transport theory (program THERMOS) and slowing down theory (program
HRG) respecfively. )

The burnup calculations in this report were performed to aid

~in scoping the experiment. IEtailed calculations of-ihe&burnup

behavior for the actual core are underway to aid in defining the

-experiment.

PLUTONIUM ZONE REACTIVITY

Cold Moderator and Fuel

The initial experiment wi)l: be the determination of the critical

loadiﬁg for the room temperature, unirradieted zone of'Pu024U02{

The number of rods required: for the central 1oading is calculated

to be ~ 15.08 elements of 543 rods. Values of the calculated:
multiplication as a function of the number of elements loaded in
the core are shown in Figure 3. Following this initial experiment,

all subsequent experiments for this zone will be made with a 36

element loading.
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The . Kexcess.

fo; 36 elements is calculgtgd to be 115 mkf' Borqn'mixgd in
fheAmbderator will be utilized in controlling thisiexcgss.reagtiyipx.A(The
calcu;atgd phange in multiplication as a function O§_bor¢g_c9pq¢ntration
in the moderator is shown in‘Figure #. The‘émount of boron reqqired to

maintain a just criticél 36 element configuration.(k = 1.@) is

eff
* .

calculated to be 410 ppm. The curve isvapproximatelywlinear-and the

reactivity coefficient for boron changes is - 2.5 x 1@'1’L ( %; / ppm.

'_boron)atvkeff = 1.0.

Moderator and el Heating -

Thelgffegts Qf;changes.in moderator‘temperature on }hgﬂ;gactiYity of
the plutonium zone are shown in Figure 5. The temperature of: . the
fuel wasiassumed..to be cgnstantfatu2990nforhtheseft oo
calculations. AThe moderator temperatu;e reaétivity coefficiepts are
listed in Figure 5 épd»summarizeq in Table III. The gogffigienﬁg'at_’ 
?QOC, 195?C‘(inlet temperature) g@d 255?0_gputlet'tempe;gtgre)‘gre values
pf‘theAsippés'pf'thé éurve aﬁ these,tempgrétures;"The &alue fbr the
éverage coefficient_is the slope of a straight line conneqting the end
points .of 20°C and 255°C.

Théleffects of fuelgheéting on feactivity’are also shown‘in Figufe 5
aﬁd summarized in Tab}e iIIlfo¥ a constant moaerator temperature of 255°C.
The reaétivity variation is gssumed to bellinear withﬂfuel temperature
hand thg value of the Doppler coefficient for a fuel temperatpre.change.

5 bk

‘from 20°C to 472°C is -2.6 x 10~ 7=/ °C. The Doppler broadening ‘of-the

. plutonium 240 resonances contributes approximately 27% to this Doppier

coefficient.

% Defined- here as atoms of natural boron/million molecules of H20.
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Moderator Voids

The reactivityvchanggs bepguse of yqid_g;qduction‘in the goolapt or
mpdgfatpr (the coolant also serves asbmodeygto;)vqf‘thg'EBWR have been
caloulated. Two assumptions used in the calculations are that the voids
are rgpresgnted by.q density change in HéO agd tha@lphg ygiquonqeqpfatioh
-is spaﬁially ipdependént. The reac@ivity changes are sﬁppriplEigurg 6_}
and_represent the effect of an averagé-vdia sincg_the‘actual di;tribution
,Qf yoids varies both'radiglly and axially. The vqid”coeffig;ents“of
reagtivity listed in Figure 6 and summarized in TablgAIII are slqug of.the
curve at theAvoid fractions‘quoted and the average yé;ue is the slope of

fhg line drawn between the end points of © and 30% void.

Boron Requiremgnts

Values of the multiplication of the 36'element plutonigm_gone‘with'-
various amounts of boron have been calculated,for the moderator heateq tq
255°C (no voids) and compared to the values calculated for the case when
the.moderapor is 2®°C in Figure 7. The ambunt'of_boronirquirgd tp contro;
a kexcess of 115 mk is calculated po‘be 410 ppm with‘éqld.moderato; (2©°C)f
With the moderator heated to 255°C, the amount of borqn required to éontrpl
80 mk excess reactivity is 450 ppm. The concenfration‘of 410 ppm boron
in HEO at a temperature of 20°C is larger than the conqent;atiog of 450 ppm
in H20 at a temperature of 25500Nbecause of %ﬁe significanf change in.
water deﬁsity between 20°C apd 25500;» The boron concentration in grams
qf boric acid (H3BO3) per gallon of water is independent of water density
and these.units can be used to compare the relative concentrations of boron .
that are required. The cold kexcess of 115 mk requireé ~'12 gm/ga;

whereas the hot k

excess OF S@fmk”require5f~'1®;h gm/gal. Therefore the

calculated reactivity coefficients. of boron are 9.6 mk/gm/gal.at 2®OC

7
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and 7.7 mk/gm/gal at 25500. The difference in these cpefficientg refl¢9t§

the "spectral hardening" which occurs in going from cold to hot moderator.
d

This hardening results in about a 20% change in nfth ymal’

FULL CORE REACTIVITY

Cold Moderator and Fuel

‘ ?he effecﬁive multiplication, keff’ for the core% fu;ly loaded with the
PuOQ-UO2 zone, the enricheq UO2 zone, the_natural.Uogkzpne.and the HEO
reflector is calculated to be 1.159. Comparing this value to the multipli-
cation of.1.115 for the plutonium.zone hlone;sdeSAagh%'inCreése.in '

reactivity due:ito 'the:rest.of the reactor.

Hot Moderator and Fuel

Th¢ effeéts of moderator heating'on the réaetivity of thg'core has '
been calpﬁlated and afe.compared to those of the'plptoniﬁm_zone in;Figure 8.
The moderator.coefficients of~feactivity afe slight;y'smaller_for thé core
fhan for the plutonium zone (e.g., 9.6 x lG;S/OQ average for the core
compared to 9.9 x lG'S/OC for the plutpﬁium zone). The calculated'chénge
in reacti&ity upon fuel heating alone, at a conétént moderatorvtemperature
of 2550C, is thelséme for the core and the plutpnium zone. ngee, ﬁhg
identicai Doppler coefficients of reactivity'éfe-showﬁiin¢Figure§8ffor’
the two curves. |

Moderator Voids

The change in reactivity upon‘moderator voiding of the core has been
calculated and is compared in Figure 9. For a void change of @ to 3@% voids

the core has an average void coefficient of -2. 58 x 10 3/% v01d compared
to -2,92 x 10=3/% void for the plutonium zone. :

*Hereafter denoted as core.
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1.16 =
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Reactivity Variation with Moderator Temperature
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Boron Requirements

The amount of‘borpn'requiredlto cpntfol the c6?¢ exge§s regctivity Of
159 mk is calculqtea to be 615 ppm for cold‘modgrator andf76® ppm,fpr hot
moderator. The variation of reacti?ity with borbﬁ qonteﬁﬁ is compared
iﬁ Figure 10 for.the.cofé and plutonium zone.. .Thevreactiyity coefficients
of boron conceﬁtrations at keff %1;0 for each-qése is:algozliStedﬁin»
Figure 13. For.a-cohétant moderatOrftempératﬁré tﬁé~boron;hés.ailérgér _
effect in the plﬁtonium zone thanin the'éore;' I

General Trends

The various coefficients-of'reacfivity afé Summérizéd in Téblé I1T
for the plutbnium zone and the core. AIﬁ qil‘ééses th¢ fea¢tiYity N
coefficients for the plutoﬂium zone érevequal tO'or ;arg¢r £haﬁ thqse for
the core. Hence'it is expécted that the”uranium zdnés will.haVe_éoef%A
ficients of reactivity which.are less negative than thatlof,the.plutbnium
zone.:‘Thus, if the core ponsisted'of only ufanipm'fuel, the temperature‘
and yoid coefficients df reaCtivify would be‘smallef than iflfhe éoref

contained only mixed oxide fuel.
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TABLE_III _

CALCULATED REACTIVITY COEFFICIENTS

Moderator Reactivity Coefficient - Ak_../°C

Temperature - . ‘ Plutonium Zone i- : o Core

20°C - . =l x 1@32 = e x~1éf?"f'
2550C. -h1 x 207 =31 x 107k
avg. (20°C - 255°C) -1.0 x 107 -9.6 x 107
- Doppler Reactivity Coefficient - Akeff/igzl
Temperature o Plutonium Zone o . Core
Avg. (20°C - 472°¢C) 2.6 x 107 » 22,6 x 105
Void Reactivity Coefficient - 8k_../% Void |

% Void ' , ' Plutonium Zone -  ' . -  06re< N
0 : 218 x 1073 - 21.63 x 1073
30 : : -3.77 x 10-3 - _ '_.h3.3®lx'l®‘3
avg (0 - 30%) -2.92 x 1073 © . -2.58 x 1073

Boric Acid Worth at Critical - Ak ./gm/gal

Core (20°C Mod & Fuel)  Hot(255°C Mod, 472°C Fuel,

No void)

Plutonium Zone . 96x1003 0 - 7.7 x 1073
Core | -7.8 x 1073 - - 7.3 x 10-3
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REACTIVITY BEHAVIOR WITH IRRADIATION

The_ygriationAof réacfivity with bu?nup which was calgplatgdAfQ;
phe p;utonium,zone is shown‘in Figu;e l}._ The maximum expogp;gAgtvyhiQh‘
the plutonium zone would still bé critical (k pp = 1.0) is apﬁroximgtely
6600 MWd/t fpr'moderatér and fuel at r@om temperature andHSQOQ:MWQ/t'
for moderator gt_225°C (no voids) and h??ocvfuei, 4The;elgrelnegétive'
reactivity effects due to moderator void ana #gnon + samarium prqductioﬁ
Quring power operation. Tﬁﬁs, the plutonium zone would.be subcritical

at full power with an exposure of 5000 MWd/t; The exact exposure at

which_the.plutonium zone becomes subcritical during full power operation

depends on the void content and saturation quantities'of xenon and
samarium. However, fhese results show thaf the uranium fuel in the

zones surrounding the plutonium zone must supply reactivity to carry the

- irradiation of thé'plutdnium fuel to exposures up to and in excess of

A 5@9@ MWd/t. An average reactivity loss of 0.01917 mk/MWA/t is derived

for the plutonium zone, cold. Assuming that the core will lbse_reactivity
with exposure at the same rate as the plutonium zone, an estimate of the

core reactivity lifetime can be made. The k for the core is 159 mk

excess
and.utilizing the above reactivity loss with exposure valﬁé, the core .
would beAexpectedAto be subcritical at approximately 8600 MWd/t in -the
cold ﬁdndition., Since the burnup éharécteristiés of the core ére»

expected to be diffefent than that of the plutonium zone this number is
oniy an approxiﬁation., The réactivity characteristics of the core asv

a function of exposure are being calculated and will be the subjeét of

another. report.
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~ The reactivity(difference betweep cold and hot conaitipns for the
plutonium zone decreases with exposure as shownAin Fﬁgurg ;;. ‘This N
difference is ~ 35 mk ipitially and degreases,to ~ 10 mk at 6000 MWd/t.
Thus-it appears the moderato:_pemperature coefficients become less
negative with exposure. Calcﬁlations were made’to determine the yariation

of the temperature and void coefficients of reactivity with exposure.

Moderator and Fuel Heaﬁing _

The'effects of moderator and fuel heating on reactivity as a function
of exposure are_shown in Figure 12. Initially,Athe modergtor'temperature
qoeffiqientAof reactivity (the slope of the curve in Figure‘l2) is
negativ¢ throughout the range of moderator'temperatures. Atl3©®Q'MWd/t_,
the goefficient is positive up to ~'lh@oclwhere it bgcémes zérp and £hen
negaﬁiye‘for higher temperatures. An explanation fpg the positive
moderator temperature coefficient'is that the EBWR lattice beppmes_oyer_
moderated when the coefficient becomes positive. This could result when
sufficient plutonium has been destroyed to make the atom ratio Qf
hydrogep to plutonium 1argervthan optimum for a given temperature. The
value Qf_the qugrator temperature at which the moderator.coefficient of
reactivity changes from positiveAto negaﬁive (i.e., the slope_of the
curve of reactivity versus temperaturg is zero) changes from ~140°C at

/3®@@ MWd/t, to~ 170°C at 6000 MWd/t, and to 200°C at 9000 Mwa/t.

This is appfoximately a 3@90.change per 3060 MWd/t of exposui'e° Using
this value of a 3@00 increase per 3060 MWd/t to extrapolate to higher
exposures, it appears that the moderator reactivity coefficient would

be positive throughout the range of moderator temperatures (2000 to 25500)

at expesures of 15,000 MWd/t or greater. Also shown in Figure 12, is the
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reactivity change which occurs beeause of_fuelhheatingvfrqm ?@?C to.h72°C
at a constant moderator temperature‘of 255°C. ‘The reactivity ehenge Que
to fuel hegting ;ncreeses slightlj'with fuel burnup. AThe ;eaetiyity_less
due to Doppler broadening is lafge enough'to compensate for any positive
effects due_to,moderator~heating at ekposures of 3000 andA6®O® MWd/t.
At 9000 MWd/t, the nef reectivity:effect due to moaerator and fuel.heating
is almpsﬁ zZero. Thue,_for eXposures greater than 9000 MW@/t, a positive
feactivity effect uponwmodefetof.ana fuel heeting is eipected.
Votds 4 : _

The effect_of vbidsAen_reaetivity are shoﬁn ianigﬁfe 13 as a functim
of yoid.fraction.ahd at various sfages of burnupf A.less negative tregd
is ﬁoted in the void coeﬁficient as the.burnup proeeedsf‘ The difference
in reactiviﬁy between G‘and 3@%‘veidvis ~ 85 mk initially and decreases
to ~ 70 mk at 9000 MWd/t.

Variation of Coefficients

The ave;age coefficient'ef reactivity for moderatorAtemperature ehanges B
veid fraction, and_Dbppler effeets‘are compared in Figure 14 as a function
of exposure. The average moderator temperéture coeffieient is expectea to
g0 positive at aboqt 53@@ MWd/t. The negative Doppler coefficient is
calculated to be equal to.the poeitive moderator temperature coefficient
at ~ T600 MWd/t. The average void coefficient has a Slighf positive trend
which when extrapolated to higherﬁexposures ( ~115;00é MWd/t) is expected
to stay negative. ' Thus though the reactivity eould increase upon
moderator + fuel heating at high-exposures the net reactivity effects for
full power operation (temperature, void, xenon and samarium) would be

negative. Calculations of the reactivity invested in saturation xenon>
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and samarium fission products have not been made but is estimated to be

(2) 2ho

about 3@ mk. . The Pu

To 1llustrate the contribution of PuortC

to the total Doppler coefficient,
the percent contribution versus exposure is shown in Figure 15. This
contribution increases from -27% inltlally to ~'38% at 9000 MWd/t, and
is nearly constant at ho% at an exposure of about 12 000 MWa/t.
Conclusions

The results of~ca1culations show that the reactivity variations with
temperature changes and void changes are largest for initial conditions
(i.e. s startup) of the Pu02-U02 1loading proposed for the EBWR and tend to

become less negatlve as fuel burnup proceeds - These trends point out
interesting aspects of a‘reactor design. It appears that care must be
taken in seiection of a‘moderator to fuel'ratiO‘for the loading. Select-
ing a ratio too near the optlmum one could result in operational
difficulties later because .of possible p051t1ve temperature coeff1c1ents
at higher exposures.f It.seems feasible to select a moderator to fuel
ratio far'enough froﬁ the optimum one to ensuregundermoderation up to

15,000 MWd/t. This problem could be more acute in & pressurized water

power reactor where no large negative void coefficient is present as

there is in a b0111ng water power reactor. This problem is not unique
to a plutonlum fueled system because the results of SeCtion VI show.

that the plutonlum fuel 1s expected t0o have larger negatlve reactivity

coefficients than the uranlum fuel. The data cbtained from the startup
tests when compared to the results of these calculations will be
significant for ascertaining the'validity of the calculated reactivity

trends with increased fuel exposure.

Doppler coefficient is also shown in Figure 1.
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SPECIAL RODS

Additional useful physics data from this EBWR experiment will be

obtained from a series of special rods which are placed in the core as

shown in Figure 1. There are five different types of rods. There are,

rods made of natural.UQé, 3.35ﬂw/o PuAl of which ~ 8 or ~ 26 atom percent

of the plutonium is Pﬁ?uo,'and 1.5 w/o PﬁO“in(UOé4of'which ~ .20 or ~ 26

2
240

atom percent of the plutohium is andg~.0.22'atom percent of the -

uranium is U235. ‘In addifion, data will be available from the rods of

the base load which are 1.5 w/o PﬁOérin“UOE.

. U0, Rods

—_— A

Four rods cqptaining nafural.uranium dioxide are tolbe included in
the plutonium zone in order to compare uraniﬁm an& plutonium burnup
characteristics. At appropriafe irradiétioh intervals (~ 2000 to
3000 MWd/t) one of these rpds shall Ye removed with a}baée load
(referring to a 1.5 w/o Pu0,, iﬁ,UQé containing 8 pércen%lPuzuo )
plutonium rod. The simultanéous irradiafion of uranium and plutonium
fuel in essentially the’same neutron spectrai'environment should lead to
a valid comparison of thebburnup_behaviof of ﬁhese_fﬁels ih a reactor
moderated with light wéter; Since natural UO2 rods have been irradiated
and Pu02-U02 rods are being irradiated in the PlutoniumfRecyéle Test
Reactor (PRIR) which is D,0 moderated, a coméarison between the burnup

2

moderated reactor can be made.

behavior of this fuel in an H,0 moderated reactor and that in a D0

PuAl Rods
Eight rods made of a plﬁtonium aluminum alloy are included in the

EBWR core.tolocbtain physics.data:forchigh plutonium: -burnups. over -
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relatively. short irradiation periods (e.g., for a 1.8 w/o PuAl rod with
1k
6 a/o Pueho, 100 Mwd corresponds to an average burnup of ~'38%) (14)
The plutonipmAcontent of the PuAl rod was chosen such that the heat

generation rates in the rods are comparable to the base load rods. A

plutonium concentration of 3.35 w/o Pu results in a value for the ratio

ﬁf(vif/f ) which is equal to that for the fuel of the base loading.
8%thermal B

Since the PuAl rods dobnot contéin‘fertile material; the heat generation
of the elements should become less than that of the fuel used for the

base loading as the irradiation proceeds. Four PuAl rods containing ~ 8

240 2Lko

atom percent Pu and four rods containing ~f26‘atom percent Pu will

be inserted into the plutonium zone at startup and one of each type taken

out at various exposure intervals. The atom ratio of Pugho in Pu as &

function of exposure is shown in Figure 16 for the PuAl rods. A rod

containing 8% py2lo initially will contain 26 a/o Pu2ho after being

irradiated for about 500 full power days. If the atom concentration

ratio (NP?'QhO/NPu) is defined as a measure of bﬁrnup, & rod containing

2ko

26 a/o Pu therefore has initially an "equivalent" 500 day irradiation.

Thus an attempt to infer what is the behavior of a highly burned plutonium

rod will be made by combining the data obtained from the rods containing

8% and ‘26 a/o pu2H0 initially. However, the contents of a rod containing

2ho

8% Pugug having been irradiated until there is 26% Pu are somewhat

v ‘ : 2ko
different from those of an unirradiated rod containing 26% Pu . There-

fore corrections will have to be made to combine these data.” PuAl rods

have been irradiated in the PRTR,(12’13’lh)

so a comparison of the
burnup behavior of this type of fuel in reactors moderatedAby light or

'heavy water can also be made.
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Eight special rods:containing the mixed oxideé of élutonium andv
uranium will be inserted into the plutonium zone at startup. These rods
are included for a comparison of the behavior of this type of fﬁel with
that of the PuAl rods which contain varying édnéentrations of Puzuo. A
mixed oxide rod does not burn out as fast as a Pu;Al rod since Pu is'
being produced from U238. . Therefore, to ensure collecting data over a
wide range of exposure,_four additional mixed oxide rods each containing
~ 20% Puel+® will also be irradiated. Using the Puau@ to Pu atom ratio.
defined previously as a measure of inferring burnup, the burnup charac-

P20} up to sbout 15,000 MWd/t can be

teristics of a base léad rod (8%
inferred by an actuai irradiation of about only 600@ MWd/t on a special
rod containing 26% Pughouinitially. Tﬁis is shown in Figure 17 where

a mixed oxide rod with anAinitial 26% Puzho cpntenf undergoiﬁg an

irradiation of 6000 MWd/t has the same atom ratio of Pueho

to total Pu
as a mixed oxide rode containing initially 8% Pﬁ2h®'anduirradiated to
15,0@0 MWd/t. A final check on this method of inferring the characteristics
of fuel with high burnups will~bevmade by analysis of a rod from the base
loading after the end of the irradiation‘and comparing with the results

' obtained from a spéciai rod of equivalent exposure. |

A typical lifetime for fuel in a light watef moderated power reactor

would be of the order of:iS,OGO MWd/t; To éccumulate this exposure on
the mixed-oxide fuel of the base loading in. the EBWR would require an

absolute minimum of 1350 days* at full power operation and 100% efficiency.

¥Based upon a 40 MW power for the core with 36% of the power coming from

the Pu zone, and assuming the power generation- independent of exposure.
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Since a reasonable estimate of the plant operating efficiency,is_ardund
75%, thg time invdlved wﬁuld be approximately 5 years. For purposes of
a demonstration experiment, such a timé interval is prohibitive. Thus,
if successful, the "inferred burnup" scheme may prové to be very useful
in predicting the burnup behavior of Pu02-U02 cofes. Also, information

about the merits of mixed oxide power reactor fuels‘éontaining varying

Lo

amounts of Pu2 can be ektractéd from the results oflthese-Special rod

24

irradiations (e.g., what amount of initial Pu © leads to the most
constant reactivity variation with exposuré). Mixed oxide rods have been
irradiated in the PRTR and the comparison of burnup in reactors moderated
by light or heavy water'wi;l be made just as for U02 and PuAl rods.'

The calculated ﬁariation of atom céncentrationsvwith exposure (from

which the date - : plotted in Figures 16 and 17 were obtained) are

included in Appendix A for éll special rods.
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APPENDIX A

CATLCULATED ISOTOPIC CONCENTRATION VARIATIONS FOR RODS TO BE IRRADIATED ~ IN

THE EBWR

The initigl isotopic compositions of the special rods and of the base
load rod of,PuOQ-UO2 used in the calculations are preséntéd in Tabie Al. The
compositiéns of the rods actually used in the experimeﬁt will probably differ
slightly. The isotopic compositioné'of the rods as a function éf burnup of
the Pu02-U02 ;one are presented graphicallyiin-Figures Al through AT7. The
curves in Figures 16 and 17 were obtained by taking ratiosbof these isotopic
concentrations. ” | ‘

Burnup of the special rods was calculated with program ALTHAEA( O) which
is a two group, one dlmen51on(u51ng cyllndrlcal geometry), time dependent
diffusion theory code, The cross sectlons are based on the Westcotb

(26) n |

formalism, - ' G = %0000 (g(T) + rs(T) ], using the Al non-Maxwellian flux

shape. In the calculations, the Wescott formalismlis modified by

gopp(T) = &(T)/F

where F is the. thermal disadvantage factor and is approximated by:

_ "FEXD T
= FCONST * £, +e FEXP %%

and f; is the macroscopic fuel absorption .cross section for the Maxwellian
group of neutrons. Values of FCONST and FEXP are listed in Table A2 for the

various types of rods. Another modification is

_(T) + bg(T) - bgeff(T)

5 il 1
> C'N o,

1+ ==

Serr (T)

e ———————— . e S —




Iy

wvhere:
b  has the value 1.1762 (&b non-Maxwellian flux shape):
o, is the effective resonance peak cross section of the iﬂ?isotope
corrected for the effect of. Doppler broadening,
¢l are interference coefficients between isotopes,
by is the potential scafteriqg in the:fuel.regiOn{
is the éurface‘to volume téfm, S/h V, of the fuél region modified
by the Bell correcfion, | |
ni is the isotope density,
with

SCA =% +1/% .
P

The neutron temperature .is :
. _ Fa, j

. Ty =T |1+ 0.62 =
5%
1

where:

Tm is the moderator absolute temperature and EESI is the slowing down

' . 1
power . The Spectral index, r, is determined by

z
72
- (- Ra) (T, oy) +b T,

gLy
1

where: .Aui is 16.18 lethargy units. Values for f;l 5 Ets"; and RAYK1 are
\ ‘ .

also included in Tableh2. @




Lo

\

The epithermal resonance integral for Puzl",o is given by:

-1/2
'NZ

1+§E-A-

Terr = Tailute

where:

2.

%%

Zw | === 1) *scA/N.
Oers '

Values for the parameters which are listed in. Table A2 were obtained

(1)

from cell computations using %he thermalization codes THEBMOS and

(17) (6)

SPECTRUM and the ‘slowing down code HRG..




)

2)

3)

TABLE Al

FUEL ISOTOPIC COMPOSITIONS ASSUMED IN BURNUP ANALYSIS

"Rod
Mixed Oxides .

p = 9.873 gm/cc
Pu0,-U0, B

a) Base Load . 8% Puzv

b) Special 26%'Pu2uo

¢) Special 204 Pul*©

PuAl Special -

pPu-Al = 2.7 gm/ccA

a) 8% Puguo",‘

b) 266 PPHO

UO2 Special

pU02= 10.2 gm/cc

ko ;'.. 92 a/o‘fu

76,42 5/0 P’
-3.08 a/o szhl, and 0.328 a/o

. 92 a/o Pu239 and 8‘a/Q:Pu2

Cpmgositioh

1.5 w/o Pu0, in U0, 0.22 a/o U?37 in U.

2

239Land 8%'éu2h®*in~éu.

69.14 a/o pu239, 25.96 a/o PutO,

‘_:#.09 a/o Puehl, and 0.80% a/o pull2

, 20.16 a/o Pueuo,
Pu2h2'

39

Lo

| 69.14 a/o Pu?3?, 25.96 a/o pu2b0,

k.09 a/o Pﬁzhl, and 0.804 a/o Puzug.

" Natural, O.?liSta/o °3° in U.




TABLE A2

PARAMETERS FOR ALTHAEA TO CALCULATE BURNUP OF THE

SPECIAL RODS AND THE BASE LOAD PuO, ROD " "~

F

cbnst Féxp_ "222 : : "5251

Mixed Oxides 1.4606 - 0.81079 .0.0623' -0;22395.

UO2

PuAl  © 0.96793 0.35510 . 0.0266  0.25869

1.4606  0.81079 . 0.0383 'o.2u9h5 '

1.1423

1.9901

1.8820
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Plutonium Atom Concentrations versus Exposure for a Natural UO4 Rod
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