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INTRODUCTION

The Uniteé. States and the European Atomic Ehergy Community (EURATOM)

on-May 29 and June 18; 1958, signed an agreement which provides a basis

y for cobperation,in.programs‘fo,r the advancement of the peaceful applications
of atomic energy. "\I‘his agreement, i;'x part, provides for the establishment

of a Joint U, S. -Euratom research and development program which is aimed

at reactors to be constructed in Europe under the Joint Program.

The work described in this report repfesent,s. the Joint U..S. -Euratom effort

- which:is in.keeping with the spirit of cooperat;ion in contributing to.the common
good by the sharing of scientific and technical information and minimiziﬁg the
duplication of effort by the limited pool of technical talent avaiiable in Western

Europe and the United States.
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ABSTRACT

Severe boron segregation has been observed in vibratory compacted
fuel rods containing larger (20/25 mesh), self-shielded B4C particles. The
higher boron concentrations found in the upper portion of the rods are the
result of B4C migration through the vibrating bed. These results are in
direct contrast to those obtained with smaller (minus 325 mesh), B4C
particles. Incremental compaction is being pursued as a possible solution.
to this problem. (

A tungsten clad UO,-B4C element has been fabricated and will be used
to verify the stability of UO,-B4C mixtures in a closed system at tempera-
tures of 2100 to-2200°C. The relative potential for axial and radial boron
migration is being investigated by inducing UO,-B4C reactions in an open
system containing a test element operated at a fuel centerline temperature
of about 2500°C with a radial/axial thermal gradient ratio of about 250.
Boron analyses are in progress.

Defect clad samples have been fabricated. Testing has been deferred
until the fabrication of a loop, as part of another Atomlc Energy Commission

_program, has been completed.

‘ Negotiations for irradiation testing of two full length fuel rods in
Saxton have been initiated.:

ix




1. SUMMARY

A,A program was initiated to determiné:whether vibratory comp;ction

: method‘s’, -developed earlier in this'p'rogram could be applied .to UO,-B4C
mixtures in which the particle size of the B4C was increased from minus:325
mesh to the range of-20 to 25 mesh _(0'. 071 to 0.. 084 cm). - The-lafger sized
‘B;lc- particles are . desirable fof some water reactor conéepts on the basis of
_their better self-shielding characteristics. Results of boron analyses for
these rods indicated that the local boron concentrations were well outside the
limits of _+_20% of the nominal 1dading, established as a target for this program.
In all of the rods, there was a concentration of the B4C in the upper half of the
fuel column, indicating particle migration through the vibrating bed. These
results for rods containing the larger, se.lf-shielded B4C particles were in
direct opposition.to those attained earlier in the program for rods containing

. miﬁus ‘325 mesh, non-self-shielded B4C. Attempts will be-made to solve the
problem of particle migration in the vibrating bed by utilizing incremental
compaction,

A combination of the evaluations conducted.to date on thépotentia_l for
the formation of volatile‘boron species has indicatevd that less than 16'5 and’
10‘2 of the B4C present will react or decompose .in a closed . system’,
at 2000, ‘and 2500°K. An attempt to. verify ‘this’ ‘co'r.iclu"s.ioﬁ has. - -
been initiated in which a sealed tungsten clad test sample, containing a mix-
ture of UO,-0.05 w)o B4C will be heated for 100 hours a.tZlOO to 2200°C with

an axial gradient of 10 to 20°C/cm and with no imposed radial gré,dient.
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A“numb-(.ex; c;f ﬁr;succeséful attempts to indﬁcg a radial/axial thermal
gradient of about 250 at a fuel centerline temperature greater than 2000°C
were a}borted. A new test sa'.mple‘design. has been evolved and an element has
- been 6pe'rated with the desired. r'a..d.ial/ axial thermal gradient and at the
required fuel centerline temperature of about 2500°C. Boron analyses are
now in.progress, In this test, an attei‘npt was made to induce the formation of
large 'q:u-antit.ie,s of\\ ‘v,bl'lat'il-e : }:;O,anf_.afi.sp.ec‘i.e.s by _providing: ;an
open system. In this manner, the relative tendency for axial versus radial
boron migration ca.r'x be assessed under a radial/axial thermal gfadient typical
of that encountered in . water reactor fuel elements. .

Six rods, three containing UO7 and three with UOZ-O. 05 w/'o B4C, have
been vibratory compacted to-83 to 86% of theoretical c‘iensity and both pinholé
and slit defects have been.introduced in the claddihg.‘ The defected rods wiil
be tested in_; pressurized Water loop to determine the extent, if any, of
preferential 1eaching of the boron. Testing has been aeferred until the con-
struction of a loop, for another Atomic Energy Commission program, has been
completed.

Negotiations have been initiated foi' the irradiation of t§vo full size
elements in Saxton. These oxide elements'-will contain 0. 05 w/o of mix;lus
+325 mesh, non-self-shielded B4C. One element will be irradiated to the
range of 900.to 1800 MWD/ MTU whereas the second element will be irradiate'd
to 5000 MWD/MTU. Emphasis on post-irradiation examination will be

concentrated upon-axial boron distributions.

'
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II. . INTRODUCTION

This program is aimed at developing 'methodsi'f.or fabricating fuel
elements containing burnable pois;ons_ homogeneously distributed in UO2.

The principal objectives of the program are:

A, To develop vibratory powder compaction methods for producihg
.2 uniform distribution of a burnable poison in.high density UO, fuel elements.

B. To. investigaté the‘ poténtia,l‘ for r.edistribution of the burnable
poisqn-within the fuel element by means of ;)ut.-of-pile thermal gradient tests.

C. To investigate the potential leTaéhing pf the burnable poison under
defected clad .conditions by means of loop testing of defected rods.

D. To irradiate teét rods containing burnable poison to determine
the potential in-pile boron redistribution.

E. To develop fabrication proceciures for fuel elements containing

.large self-shield'edpoi'son particles..

During the first year's effort, electromechanical vibratory compaction
methods were utilized to produce UOjy fuel rods containing 0.05 w/o B4C
additions to densities of 88 to 89% of theoretical. The local boron contents
were maintained within +20% of the nominal loading.

The methocl'l. for boron analysis was developed and was based on fusidn
of UO2-B4C mixtures in sodi.um carbopate at 1000°C in order to transform

_the contained boron to a. water-soluble salt which was.then used to produce
boron quinalizarin coniplex solutions. These solutions were subsequently -

analyzed colorimetrically for boron.




The potential for axial migration of boron under exa.ggerated axial

. thermal gradient. conditions and decreased radial tHermal gra'.dientA conditions
at centerline temperatures approaching the melting point of the fuel was
.investigated. Fuel rods; containing an akially positioned tungstenl,heater and
compacted to ‘85 - 86.5% of theoretical density were tested in a helium and
argon a.fmosphere and were subjected for ‘t@o:hoursté an axial’* thermal
. gradient of 46 to 60°C/cm. -vThe radial thermal gradients were miﬁimized by .
"maintaining a clad.temperature of 800 to 1150°C. - A slight trend toward lower |
local boron concentration in hilgher temperature regions of the fuel was observed,
- although the local concentration of _4_-20% of the average boron value for the rod
was maintained.

i During the early part of this contract year, the potential for axial and
radial boron redistribution was evaluated under an axial thermal gradient
,from'8 to 12°C/cm at a centerline temperature up to 2000°C for approximately

" two hours. The geometry and method of preparation of these.test rods were
similar to those used in the first series of tests déscr.ibed'pre‘-viously..(1.)(2)

The results of this later 'series of tests indicated that:

A. Significant axial boron.migration had not occurred.
B. Significant radial boron migration had not occurred.
C. A higher boron concentration was present in the outer 20 v/o of

the fuel in both the as-compacted and thermally tested conditions. There was
no.significant increase in the content in.this ''skin'' layer as a result of testing . .

under thermal gradient conditions. Furthermore, there was no significant

* Emphasis was placed on studies of axial migration early in the program

' on the.basis that preferential loss of boron from regions of the fuel in
power peaks would increase the peaks and lead to potentially unsatisfac -
tory conditions. '

ek Typical of that encountered in power reactors.
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decrease in boron content in the other 80 v/o of the fuel as a result of thermal
gradient testing, The higher boron content at the ''skin' of the fuel was attri-
buted to.the increase in fineé in. this region‘resullting from the decreased
average interstice size found when large particles and physical boundaries.
(cladding) intereact.

In order to.explain the slight trend towafd lower local boron concentration
observed in the hig‘her temperature-regién.of the fuel under the 40 to 60°C/cm
axial thermal gré_.dient, during the first test series, and the absence of radial
boron movement under a. 3000 to 4000°C/cm radial thermal gradient, du‘ring

the second test series, a B4C-UOp stability study was initiated. Two series of
experiménts were conducted under isothermal conditions vinﬂowing argon.
Samples containing 3 w/o' B4C-97 w/o UO2 mixtures were held for 2 hours

at temperatures.ranging from 1600 to ZZQOOC. UB4 was formed at tempefa-
_tures as low as 1600°C. UB, was identified at higher temperature and appeared
to be an intermediate stage in the dissécia;tit;n of UB4. Samples containing 0. 2
w/o B4C-UO, mixtures were heated for up to 2 hours in flowing argon to
temperatures in the range of 1600 to-2130°C and showed a loss of 50 w/o of

the boron present at 1600°C and a retention of less than. 6 w/o of the boron at
témperaturés in excess of .1800°C, A comparison of observed weight loséels
-with thb-se predicted by various possible reactions indicated that the reaction
of UOé plus B4:C,to form CQOy (or CO plus 1/2 Op) plus UBy4, followed by |
dissociation of UB4, provided good correiations. Thus, in a flowing _a.rgo‘n
system, where gaseous reaction products can be continually removed, a

mechanism for boron volatilization and subsequent migration appeared to have

-5-




been established. An evaluatioh of the frée energy of the UO,-B4C reaction
‘between 2000 and 2500°K indicated that i:he equilibrium pressure of CO, varied
from about 7 %1072 to 4 x 10~% atmosPh;ereS between 2000 and 2500°K, res-
pectively. The amount of _B4C which will be reacted in an operating element
to produce this pressure was found to.be riégligible. ;I‘he formation of a
volatile boron species was dependént upor; whether an "open' or ”closeAd“

- system was used for testing. Since fuel elements are closed systems, it was
concluded‘that b‘oron.volatility 'should not be a problem.

At this point the information obtained in this program required reorien-
tation of the future experimental effort. The conclusions regarding the stability
of the UOZaB4C system in a_cloéed system needed verification. In addition,
in the unlikely event that volatile boron species could be produced, it was
required to establish, on'a firm basis, thé.t t}'1e boron would not move axially
under the axial and radial thermal gradients found in an operating fuél element.
The potential for axial redistribution must be negated if this method for burn-
able poison addition is to be adbpted. Majér emphasis has been placed in
this area. In additioﬁ, work on self-shielded bﬁrnable poison additions has

been.initiated.




II.  FABRICATION OF FUEL ELEMENTS CONTAINING
 SELF-SHIELDED B,C_ G

Reactor designs, based upon utilization of burnable poison control
*throughout .c':ore lifetime;, require the use 'éf larger boron-containing particles
.thax;.,those used to datg on this program.: TlAle'-minus‘ 325 -mesh particles, used
as a basis for.this program, will provide effective control for those designs
: baéed upon. boron depletion:well before the end of reactivity lifetime. A
program was initiated, during.this reporting period; to.develop a.fabrication
.process for incorporating larger, self-shielded, B4C particles into UQO3 fuel
_ element;-utilizing vibratory_.({:'ompa,ctionumethods previously developed. Particle
diameters, consistent; with a seif-shiélding factor of 0.5 and a loading of 0.06.
+ w/o B4C, were selected as the basis for this portion of the program. An
approximate rel‘a.tionship‘between B4C particle diameter and self-shielding
factors for a typical water reactor désigh is shown'in Table I. Sféle¢tion‘of
a self-shielding factor ofl0~. 5, required the use of particles:with diameters
near 0.076.cm. These particles were obtained by utiiizing the -minus 20
(0. Oé4 'crri), plus 25 (0.071 cm) mesh fraction screened from Grade 14F
'l"Nor-bide, "":'which is a high boron, fused 'B4C manufactu;ed by the <Norton
Company.

: As in the past, the B4C part_ic,les were mixed-wifh the UOz‘pa,rticles‘

.of one particle size fraction prior to final blending before compactidn.‘ In

.

this case, the:minus 30, plus 100 fraction of the particle size distribution,

shown in Table II, contained all of the B4C.
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TABLE 1

SelfQShielding Factors for >B4C Spheres

Average Particle | " Self-Shielding

Diameter (cm) o 4 Factor
0,003 o | 0.98
0.013 A 0.90
0.025 | 0.79
0.051 0.63
0:076 o : 0.50"

TABLE II

Particle Size DPistribution

"‘Particlé Size
(U.S. Standard

| ‘Material Sieve Siz‘e.)” | Weight Percent
uo, . -6, +16 60.0
B,C - -20, 425 | 0.06
vo, - -30, +100 | 15.0
vo, . -200 | 25.0

-8 -




A. Fabrication

An outline ef the.procedures-used for vibratory compaction.is
presented below. .

bl. -’i‘he minus- 200 mesh ﬁOZ powder was s'ieved.to:separa_te'
-.th‘e~200-/325- and-minus: 325 mesh fraction. .These-.particle sizes were combined
ih-.thel ratio of 85 to 15, on a weight percent basis, by dry blending,to provide
the minus 200 mesh UOZ' used for these studies.

2. The boron homogeneity was optirrﬁzed during loading by
utilizing a series of twenty-six, 30-gram charges, of U0,-0.06 w/o0 B4C
powﬂer mixture. Eaeh charge was prepared by first tumbling.a mixture of
the. 20/25 meéh size B4‘C particles and the - 30/100 mesh size UOj particles.
Thejreblended--mixture of the medium size particles (20/100 mesh size) was
‘blended with the coarse (6/16) and fine particles.'(minus 200).

The process used for loading ti’xe tube was identical to that
used previously on the program. Each 30-.gram charge was.spatula-loaded
-into a stainless steel tube to minimize segregation of the blended powder. .
The tube was loe,ded in the horizontal position, placed upright to insure uni-
form layering of the charge, and the~proeess was. repeated.

3. A steel ram was inserted into .the tube in direct conta.ct with

.the top of the fuel coli;mn. to minimize powder segregation during handling.
The tube was compacted on a -quel- C-10 Vibration-Exciter, driven by a -Model
’ T-35 l?ower Amplifier, rﬁanufactured by the MB Corporation. ' Puring compac -
tion, the fuel column was axially restrained by a 7 kg (15 pounds) spring

‘loaded ram. An acceleration force about 45 G, with a frequency continuously



Aosc‘:illatin‘g betweén-.ZOO-aﬁd 500 cycles per sevco‘nd, was applied for a period of
approximately fifte en. minutes.
'B. Evaluation

The compacted fuel density was determined from the wgight of f}lel,
the fuel compaction height in:.the élemeﬁt; and.the internal volume of the clad- |
ding. Densiti‘es up to 87% of theoretical were attained in the 76 cm long‘by 1.2
cm diameter fuel rods.

The fuel column was cut aleng its axis into one-inch long transverse
sections for boron-analyses. rTwo glements were analyzed by the HNO3 solution'
‘method, previously. reported.‘~(1) The carbor;ate -fusion-quinalizarin technique(l)
. was used for borcl)n ar‘lalysivs‘ of a third element. Results of boron analyses
were normalized to an average of 0.06 w/o B4C for each rod; based on.controlled
weighing operations during loading. Consistent with previous resu.lts(l) of boron
analyses for the non-self—shielded rods; all results were reported as an average
for each three-inch increment. |

Results of boron.analyses for these rods are shown in Figure 1.
In all rods the local boron éoncentration is well outside the limit set for the
program of +20% of the,no;nina.l loading. Thése results are in direct contrast
: with‘tho.se-‘found(l) earlier in.the program for similar rods containing non-self-
-shielded B4C particles of mipus:325 -mééh' size. Rods.compacted with these
smaller B4C particles exhibited an.axial boron variation well within the desired
"j—_ZO% of the indicated ya,lue.
As nqted in'Figure 1, there is a concentration of these larger boron

particles at.the upper end .of the rod. This:trend-was observed on-all three rods

-10-
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an& could be related to the large difference in density between UO7 and B4C
particles. The difference in results obtained as a function of the B4C particle
size employed is probably. associated with the ability of minus 325 mesh B4C
and UO; particles to é‘gglomerate,., whereas the larger 20/25'rr}e-sh~ By4C
particles are free to - move through the»vib'rating bed. The problem of boron
~migration dﬁring compaction méy*be resolved through the use of incremental
compaction. Rods will be fabricated by loading and compacting five 16 cm‘long
increments. Post-compaction boron analyses will indicate whether this approach
1;1as. been successful in minimizing the B4C migration problem, observed for
‘large B4C particles, during compaction. The basis. for the above approach‘ is
found in earlier work-(l) on this program which indicated gross local axial
density.variations at low average densities é.nd fairly uniform local axial
"densities at-high average densities. Thus, the tendency for particle migration
in the bed to occur decreases as the average rod .density increases. On this
basis, incremental densification appears to be a feasible solutio# to the boron
distribution problem.

Results of recent B4C irradiagtions"(?’) have indicated that large
‘boron carbide particles, with diameters greater than 0.05 cm '(self-shield.ing
factor of 0.6), break down into particles which have average diameters near
0.025 cm and 0.011 cni, corresponding to self-shielding factors of O 8 and
0.9. On this basis, .there is sc;me question.concerning the ability to .maint‘ain
a truly self-shielded particle.diameter during irradiation. Although it is
- improbable that cracking of the larger isolated B4C particles will adversely
influence self-shielding, on the basis that th¢ individual sections of the particles
probably remain‘in registry, such a phenomenon will have to be demonstrated

via in-pile testing if the concept of self-shielded boron is to.be further pursued.
-11-



IV. B4C-UO, STABILITY

Previous work on this program has demonstrated that volatile boron
species form as a result of the U02 -B4C ;eactionxat temperatufes as low -
as 1600°C in a -ﬂowing argon system (open thermodynamic system). UB, was
farmed at the lower temperatures and decompoéed to UBé and boron at higher
‘ temperatures.‘

In ..a" .closed " system, ‘Lt was:’ .shpW‘n‘.—(by;:' calculations).. . .
that the UO,-B4C reaction ceased when the pressure of one of the reactants,
CO,, exceeded 6.7 x 10-5’ and 4.0 x 10-2 ;tmospperes at 2000°K and 2500°K.
It was further shown that decomposition of B4C in-?a closed system would
cease when 0.0002% and 0.1% of the original B4C content had decorhposed at
2000°K and 2500°K. However, dissolution of oxygen,(produced by COy
decomposition) in the UO; lattice c'ould altér thesé equilibrium gas pressures.

A previous thermodynamic assessment had indicated that the potential
for B4C dissociatioq into monoatomic boron and graphite should be inhibited
at 2373°K when ;'—.1 monoatomic boron vapor pressure of 0.5 x 1076 atmosphere

is attained .after reaction of less than ~10'8

of tile amount of B4C present in a
fuel element; More complete data concefning the dis sociation of B4C accord-‘
: iﬁg to the formula 0.25 B4C(As) —> 0.25 C(graphit'e) + B(g) have been recently
published. (4)'('5) These data show that the B4C dissociation pressure at 2000
and 2500°K are 4:9 x 1078 and 4.4 x 1075, Then the amount of B4C decomposed
before the dissociation ‘process is halted is ~10-6 and ~10-3 of the amount

of B4C present at 2000 and 2500°K. Therefore, the potential for forming

volatile species from this source is remote.
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In an attempt to verify the above Acon(v:lAusions by means of out-of-pile

tests, a series of closed systefn exPeriments havc; been designed where
UO;, ~-B4C mixtures are enclosed in.t.uh'gsten tubes.and heated to 2200°C for
times in excess of 100 hours. | |
Tungsten was selected as a container material on the basis of its high
temperature préperties, low vapofl pressure and good compatibility with UO,.
‘The original concept of lining the tungsten tube with a UO3 sleeye was.aban-
doned on the basis that it offered little advanta.ge.'
- The fii'st, test sample,’ éhown,in Figure 2, has been cohser\};tively
. designed to provide for a large gas plenum to provide adequate space (without’
producing an interhal pressure which woul& exceed. thé 100 hour stress rupture
. life of tungsten at 2200°C) in the unlikely event that all of ti'le B4C will react
and form éaseous products.
One test sample has been prepared andA testing, at 2200°C with an axial
the;ma,l gradient ofilO to ZOéC/cm with no imposed radial thermal gradient,

will be completed during the next reporting period.
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V. THERMAL GRADIENT STUBDIES

Investigations of the poténtié.l for formation of volatile boron species
was emphasized in the previo.us section. Although thermodynamic calculations
have shown that the formation of volatile boron species in a closed ' . .
system.is: improbable, :it.was ;irﬁportan,t to dete tmine.fthe type 'of-bo-ron‘ :
migration which would occur if such volatile spécies were formed. As a result -
of the large ratio of radial to a.xiallthe,rmal gradient in an operating fueli'elmefngr;t,
condensation of .any vélatile phases should occur preferentially in the radial .
direction. However, the potentiél for axial movement must be assessed in
view of the grosé consequences to fuel element perfprmance resulting from
such movement,

A series of tests has- been attempted in which volatile boron species
were purposely generated by operating vibratory compacted UO2-B4C fuel rods
with an axial tungster;-rhenium heater at a fuel centerline tefnpe;ature of
2500°C foij periods up té thirty hours under conditions in which the gaseous
products welré removed from the reaction chamber (a2 thermodynamic open
system)., Helium was .continually bubbiea through the test chamber in contrast » |
to previous tests in which the sYstel;n was evacuated and back-filled with inert
gas (referred to as a ''semi-closed' system). A ratio of radial to axial thermal
gradient of 250 was selected for these tests on the basis that this represented
a more severe condiltion (lqwer potential for radial migration) than that encoun-
tered.in typical watér reactor fuei elements.

Two rods, described previously, (6) and containing <U02-0.‘05 w/o ByC
compacted afo.und a tungsten;ZS% rhenium heater, were tested ih the thermal

-14-



g.ra-d‘i.eﬁt—testA appaéétﬁé underéo’{nditiops cAlé,'skc ribéé..aﬁove. On. time basis (;f |
é;atisfactory pe rfoximance of Mylar wralpped ele'rﬁepts (in heli"um and in solid
metal environments) during.previéufs txeéts, it was belli.'eved tilat theldesired
a);ial thermal gradient could be iritr'ociuced by using diffe rent‘thicknesses' of
Mylar ﬁ_lr‘n“;ivrapped .around the stainle;s :steel_ cladding. Ilj fhis series of
tests,‘jwithi a w:a..ter coolant and w1th the My}ar film introduced as an insulator
between the,ciool#nél and the. elt;me;xt, the desir;‘:d fatio of thérmal gradient
cquld not be achieved.l Er.rat,ivc tempe;'atures were being rec'o';'dé.d along the
axis of the element, ix.1di;aft:_ii;x.g'_ only inte:-fmittent effgctivé-ihSMat:io-n.

Aft;er" two uhsucceséf'ul fest; run s "%ri‘th'Mylar wraéped elements, this
gpproach was ab;ndoped in f#vor of the éonfigu;ation shown in Figure 3, in
which variations i.n"cladding‘ thi’cknes:s..are uAsed to indu?:e the dési‘red radial to
axial thermal gradient ra:tio. 'Figure. 4 is @a:view of the test elc.enfien't, B
after notching, prior to compacftion. The notch was introduéed in the element
wall to minimize final machining after compaéti.ng the elémenf. ‘Calculations
of pdwer input requifeme'nts and radial to axial gradients are given in the
Appendix and Fhe_ ability of this particular dgsigh to pr;vide t_lheA desired test |
conditiops are demonstrafgdr» |

One‘of ﬁhe newly de'signec'l e}e.rhents‘ has been compacf:ed and tested with
~ the desired radial fo axial thermal g.radient'o;f 250., at a fuel Cente;iine tempe ra;
:j;ure' of AZZSOOO.C‘;and fqr a peribd:of thi,x"ty hOIJ;rs. This element has beén impreg-
nated with "'II.Jo'ct,ite"* and sections are béing analyzed for -borc:)n by ‘theAcarbonate‘
fusion-quinalizarin methodi Both a.xia)l and radial bo.ron d'istributibns will be

obtained. Visual observations of some of the sections, already obtained', have

* Previously shown to be boron-free."
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Figure 4 - THERMAL GRADIENT TEST ELEMENT



indicated that the desired reaction has probably c'cgﬁrred. "Thus, volatile
boron species have probably been formed, Therefore, this test should

provide results which will establish the mode of boron migration.
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VI. LOOP.TESTING OF DEFECTED ELEMENTS

The objective of this task is to compare the behavior of rods containing

.UO2 and B4C with those containing only UOp under defect clad conditions. In

order to evaluate the effect of density on the potential B4C washout and
dissolution when compared with UOZ; a set of six roas, three containing i)ure
UQZ and three céntain'ing' UQZ + O.'05 w/o B4C, were fabricated to a range of
density frofn 83.to 86% of theoretical.. A _c:orﬁpilation,,of fhe dens‘jity and ’composi-

tion of the six rods is presented in Table III. -

TABLE III

Density and Composition of Defected Elements

. -ComiJOéition:_ , | . % Theoretical
Element No. - U0z o U0 +0.05 w/o B4C Density
60 | . ' | X 83,3
70 - o X | 84.6
71 ' . . X o és. 9
73 X | , - 83.7
59 - X  84.8
72 X , | ~ 85.9

In order to ;pproximate conditions represe;xitativ_e of those éﬁcountered :
in a lérge water c.ooled power reactor, the samples were subjected for two
hours to centerline temperatures up to 2000°C. Subsequent to thermal treat-
ment, the samples were defected and stpred until such time Awhen va ioop, beiﬁg

presently designed under another AEC contfact, will be made available for these

‘tests.
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'Thelgeomet‘ry and 'the fabrication procedures for these elements are
similar to those used in previous thermal gradient tests“.f(z). Compaction times
were adjusted to attain the desired fuel density. After subjecting .the rods-to
thermal treatment, they were defected at.two pbs.i.tions as shown in:Figure.5.
One defect consisted of ; 0.5 mmAbdiamleter hole drilled thrdugh the clad.

. The second defect was in the form of a slot, 6.4 mm long and 0; 5 mm wide,
.and was .produced by sawing the clad with a high speed steel saw; just deep
-enough to break through the. ciad and expose the UO,. Extreme care was
exercised in.subsequent handling of the specimens. The defects:were covered
and an end cap was welded at each end of the rod. Figure 6 shows one of the
.completed specimens which is being stored in polyethylene bags during the
interim period between fabrication. and testing.

The test loop designed under another AEC contract will permit simul-
. taneous testing of six elements. Ldoé conditions can be adjusted to provide
540°F water at 950 psia and at velocities of about 760 cm/sec over the fuel

.sections. The scheduled test time will be a minimum of 100 hours.

\
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V1l, IRRADIATION TESTING

‘An "Invitation for Bid" for an-irradiation test program was transmitted
during the last quartér to four installations believed to be best quaiified to
undertake such a program.

The spgciﬁc objective of the irradiation p-rogram is to determine the
extent of boron migration under typical power reactor irradiation conditions.
Two options were included in the bid request.

. Option A: Irradiation of full length rods in a watér cooled

power reactor,
Option B: Capsule irradiation of 12-inch long fuel rods in
a test reactor.

It was specified that prime consideration would be given to. those proposals
offering an arrangement for irradiation under Option A.

The Invitation for Bid, suggested irradiation of two rods containing
UO,-0.05 w/o B4C compacted by Combustion Engineering to 88 +1% of theor-
etical density. . The Invitation for Bid requested that:

A, Irradiation be performed at a maximum fuel centerline tempera-
ture consiétent with the requirement that the melting point of UO,
will not be exceeded at any time during irradiation,

B. An axial gradient of approximately 10°C/cm should be maintained
under Option B. This requirement was waived in the case of
Option A where lthe axial temperature profile attained in the

power reactor is acceptable.
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C. The first rod should be irradiated for approxima.tely 900:'to:'1800
"MWD/MTU and the second rod to 5000 MWD/MTU.

D. A suggested prografn for p.ostmirrad'iétion testing of the fuel
element inéludihg .iriéual and dimensional inspection, gas collec-
tion and analysis for Xe, Kr, He, CO,, CO, radial and axial
boron distributions, and metallography bev outlined.

After reviewing the proposals submitted, the following conclusions were

reached:
L. All proposals were technically acceptable.
2. All did not provide adequaté sampling plans for boron
analysis.
3. All did not provide adequate methods for boron analysis. -

It was felt that items 2 and 3 could be resolved during subcontract
negotiations. A subcontractor has been selected and this selection has been
approved by the United States Atomic Energy Commission. - The bases of
selection were:

A.  The proposal selected prox-'ides a technically a;:ceptable

program at the lowest cost.

B. The proposal offers an irradiation program arrangement

1_mde.r Option A. This option, as specified in the bid reqﬁest,
did receive primé consideration.
Subcontract negotiations are being initiated with Westinghouse for

irradiation in Saxton.
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VIII. PLANNED EFFORT DURING THE NEXT REPORTING PERIOD

A. Incremental compaction of fuel elements containing self-shielded -
B4C pérticles will be completed.

B. Work on the .irracé.iation,te st program will be initiated.

C. Compatibility tests obe'cg)Z-B‘LC in a closed thermodynamic system
will be comp_leted.

D. The analysis _pf the rod tested with a radial to axial thermal gradient

of 250 in a thermodynamically open system will be completed.
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APPENDIX 1

Determination of Power Inpht and Radial to Axial Thermai Gradient Ratio
Per Unit Length for the Element Shown in Figures 2 and 7

Data - Maximum fuel center temperature = 2500°C

Clad temperature = 40°C’
Total radial temperature gradient (ATr(t)) from heater OD to
clad OD = 2460°C.

Assumption - The conductivity values are constant with temperature,

K=K K¢ has been selected for the temperature range of

effective’

interest and the K. s for the fuel includes the boundary conductance.

Calculations - The radial temperature drop in any successive concentric

layer of an infinite cylinder is given by the following equation:

Q In B7
BTy = 757 K
Where ATr = radial temperature drop (°C)
Q = inpﬁt powér (watt) |
1 = length of heated zone = 19,7 cm
Do = outside diameter of the layer (cm) .
Di = inside diameter of the layer (cm)
K = thermal conductivity of the material (watt/cmz/cm/OC)
AT

The value of —_5—1:_ is calculated for each section in the thicker

2l

portion of the element and the total value for the element from the
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Appendix (Continued)

heater outside surface to the clad sui‘face isi calculated by summation. ’

Do
ln =
AT, 7 H
. Po bi Do __]Ezc_) K , Q K
‘Section Material (cm) (cm) Di_ REBT  (watt/cm?/cm/°C) 21
1 UOZ 1,1938 0.1905 6.267 1.8353 0.018 -101.95
.2 304 SS -1,9050 1,1938 1.596 0.4675 - 0.173 ‘ C 2.70
'3 304SS 3.1750 1.9050 1.667 0.5110 0,173 ° 2.95
=1-2-3 ? . . 107.60
AT
‘Then, if Qr(t) = 107.60

27rl

Q = Arr(t) 10760 ~~ 2840 watts

Input power = 2840 watts

The radial temperature drop across the fuel (section 1) is:

101,95

ATrq) - BT = 107. 60

and the radial temperature drop per unit length across the fuel is:

101.95 x 2

‘ AT, 2 = AT
A NV T N

The radial temperature drop across section 3 (cladding protrusion) is:

o 2.95
ATr3) = BTpy x 107.690

The axial temperature drop from section 2 OD to section 3 OD per

unit length is:
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Appendix (Continued)

‘ 1 - 2.95 1
ATr(3) * Tength of taper (cm) | BTy x 107.60 ~ 3.63

Assuming that the axial ‘t,emperature profile of the center of the
element reproduces the temperature profile of the inner clad, the

ratio of radial thermal gradient and axial thermal gradient in the fuel

per unit length is:

o 101.95 2
s - DTrt) * 15750 * Do(l) - Di(l)
= A 2,95 1
Trt) * T07.60 * 73.63
_101.95 3.63 x 2 [N
R = —5 95 * (71,1938 -0.1905) - 20
R ~ 250
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