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ABATHAST

Thres thorium-1.4% wt % 833 pantum alloy fusl tukes with
Zirsploy-2 gladding were fabricated. ¢ of the tubes were
ippadiated 1n HWCTR to an exposurs of 3500 MWD/Ta without
rsilurae.

Tria report descrlbes the Joind eﬁfart between Nuslear

Metels and the Sevannah River Laborstezy in the deavelcopment
of & coextrualon procees fop fabrication of thess tubes, and

inoludes the results of the irradimticn of the tubss 1n the
HWOTR.
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THORIUM-1.34 WP % 2 Pumanzin MgTAL ¥UEL TUEES -
PAERICATION AND IRRADIATION IN HWCTR

INTRODUCTION

The Du Pont program on power Teactor daveloapment ineluded the assass-

ment of the heavy-water-moderated and -oocled hraesder reaotor concapt -
operating on the Th-2330 fuel oyols. Fabrication of geveral Th-aady <354
alloy fuel slsments was undertaken 8 a Tirst step 1n the svaluation

ef & sdmulsted fual alloy, Thorium metal was preferred to thorium

oxlde for this purposs becgubs =

5] metal offers & higher potantial brasding ratio,

b} metel of suitable quality was on hand,

e} poms thorium fabricatilon experience had slready been
ohtalned, and

d) voextrualon techniques developed in the Du Font powér
reactor program for ur&nium metel fuoal could he applied
to the thordum case.

The cnextrudeﬁ test elements, having the following dimsnalons, were
designed for a asplen of irradiabions In the Heavy Water Componente
Test Eeactar (AWCTR).

futeide dismeter, in. 2,540
Ihn flde di&matﬁl‘; in. 1. B}D
Core thioknsse; 1n. 2.200
Cladding thicknees, in. =~ $.030
fverall length, in. 118.0
Core Jerngth, 1in. ' 108.0

Huzlesy Matales (NM) developzd and fabrieatad tha copper-jaoketed,
Zircaloy-2 clad billets of osst Th-1.4 wt % 2350 alley.. The extrusion
billete were tallored to [lt an extrusion press at Javannah Flver Plent
{8RP}. Sevannsh River Laboratory (SRL) extruded tha billets and sval-
nated the prototype elemente. Two olementa were ilrradiated In the HWOTR.

Inle report degerdbes the essentlazl development work and faprdleation of
two plle=worthy Ziresloy-2 «lad ThaE*5U fusl elements for the HWCTR from
July 1963 throueh August I954%, FHassulte of the Irradiation in HWCTR Freom
fuguat 1964 through December 195% are glse reported,



SmMMARY

Core camtlng techniques and blllat designe were developed for the
prepavation of Th-1.4 wt % 225U comxtruded tubuler fuel elamente.
Faul Blllets sontalning thordum alloped wlth natural uranium and
threa bBlllete qontainling thorium alloyed with enrleohed uranium were
fabricated et NM and subsequently sxtruded at 3RL.

Coextrusion condltiona were determined at N by small-socsle rod extru-
alona supplemented by hot-herdrnees messurementd of The bhlllet component
matariale, Two oore endshapes wers avaluated in protetyps billets; the
grne whioh providad the shorter end taper was adopted for the enriched
billlets.

Twe extrusicn campeigns were oonducted at SRL; In the firet, one oopper,
phe Ziromloy-2, and three prototype Th-U (natural] tubse were extruded.
ol thess, the Zireploy-2 tube 2nd one of the Th-U prototype tubes were
uged for simulated repotor coolant flow testa; the remalnlng two proto-
type tubex were destructlvely svalpated. Baped ap thg_bsuodess of thls
firet campalgn, & fourth Th-U {natursl] and three T™h-22°U alleoy billets
were extruded. Two Th-2257 fusl elements sultable for test irradiatien
in the HWOTR were produced. Thess were ilrpadigted in EWOTR to an expose
ure of 3500 MWD/ /Te wilth matlafactory performance,

DISCUSEION

In oonnesticn with studies of DsO=moderatsd-and-cocoled thorium bresader
veactore, s progran was underteken to dellver to HWGTE. twa pile~worthy
Zircaloy=clad ftubular alements of a Thel.% wt % 2550 alley. Detatls of
the baokground and daslgn of thie teat arg in Appendix A, Meltlug and
santing development of Th-T slloys leading te a sstiefgotopy bdllet
desigh wae dona at NM. This was followed by extruslen and svaluatlon

¢f the prototyps Th-U tubes at SRL (sew Appendix D) which led fo extru-
pion of the Th-222U gubsequently used for irradiation tests in the HWCTR,
Spmoificationa for the anriched tubes produced durdng this program are
in Appendix B, and the Tept Irpadistion Dereordiption is in Rppendlyx C-1.

Followdng preirradietion lnspection, the two Th-2257 fuel elemants were
irradiated in the HYWCTE under a test permit, included asy Appendix E.
Faaultm of thism frredistion are pressntsd in secticn IT of thls report.



T. PARRICATION

A. Castine of Billet Corse

1. Equipment, Materisls, and Methods for Castlng Th-U Alloys

The malting and casting of tharium base alioyr contalnibg samesll
rmoente of U presenta & nurber of problems, momt of which are the result
of the high meltlng polnt and shemloal reactlility of thorlum., The
Indvuetlon-meliing procadure used in thils work relied on opabed graphite
arucibles wlifth bottom-pourdng lnto graphlte molds designed for rapld
upward dirsctianal aslisgification.

8. Melting FPurnece

The aquipment for nslting (dee Pig. 1) conplated of & 100
EW, X00-cycle, wetsreocoled, vacuum-inductleon furnese of the guabte-
tube, bottom~pour type. The quarte tube had ap inner dlameter of 13
inthes., One adventags ¢f the tube-type furnace for thorlum melting im
thet the high level of radicsobivity of the velatile decsy produsts is
restrioted t¢ 8 limltsed, acoepelble area of the furnscs. The normal’
tilt-pour, tank-type furnece involves a sutstentlal Interlor surface
ares, wnich 1s moch more d1ffioult to dacontatinate =nd therefors wan

net uesd.

Be CIuplblap and Molda

Selsotlon of Cruoible Materisl. <oated graphite srueibles
wera Eolected, after giving scme conslderation to the use of ceramlc
crucibles for the melting of thorlum 1n order to avold the problem of
carbon plokup ecnccuntersd in melting In sraphite. Tha ceramie crucibles
thet ware aongldered wepe BE=f, Thia, ard Zr)s. Beryllie, in perticular,
exhiblis low attack by thorium and has gcod rasistanaa o thermal shock.
Far ceramnis cruelbles of the slze neceasary for thie work, however, tha
high firet soat and proableams in battem-pourdeg fpom refpacrary eruclblsa
opuld net be justified whan compared to coated graphita.

Freparetion of Cruelblss. Dense graphlite (grads 500-3)
malting cruoibles, 8-3/16-ineh ID X 12 inchee dezp, were hbrush-costed
with & heavy slutry of Jag-atabilized Zirconia wash(®). Pricr to being
soatad, the stopper rods {originally CR-graedas graphits, later chang=d
ko AUC-grade) and the ineide wells of the orucibles wers cleaned with a
HaCH solutlon and rinsed with water, fo ensurs that the ccating would
completely adhere to the praphite. DBefeore ineertlion in the melting
furnacse, tha sruciblea were sir-dried and then oven=haksd st 200%0.

fa) T.A.M. Stabllized Zirconis Waeh A ®lurry ih weter,



The melting oruolbls was contsined within & thin graphlite liner to

{1) gprevent any penetration of ligquid thorlum alloy beyond the crueible,
and [2) facilitate the changing of eruciblea. fhraphite granules were
paslced betwaen the graphite liner and the quertz ftube for ineulation.

Cruelbles 12 inghes high were adequmte for 1TE-pound melt charges. How-
ever, the form and shape of the thordum melting atook was suoh that whan
the charge welghte were lnoresmed to 200 pounds it was necesssry to
lengthen the orualble by attaching & F-inch-long pgraphlte slasve Lo com-
teln the aolld charge.

Molds., The melts were bottom-poured from the erusible [by
lif'ting an internal atopper rod) into s bare graphlte (grade 800-8) mold
whease top was gbout 5§ inches belew the bottom of the malting crueible.
Prior to uge, the mold for the enriches castinge (Fig. 2) and 1te oors
were vacuum degeeped to 1T700=18007¢ to eliminete volatiler thet might
form gam or resmct with the liguid metal bedng poured. Durdng the melting
cyale, the mold waa prehested only by radiation from the cruslble spaembly.
The Dottom of the mold was b irches thick to promots rapid directicnal
aollddlfivation of the metzl from woftom to top. The diameter of the
bottom portlon of the furneee wsa auch that the mold w3 pleosd 8o that
the pour atrasm sntered the mold nesrer to the 2gpre than the mold wsll.
Inmulation «f the tep partien of tha meld with a wrappad leyer of Fiberfax
pamisted In meintaining & peal of liguld metal to supply the feader head
atd therehy El] form the shrinkage cavities gs near the top aE poseplkble,
end (2) minimiees the aizs of the shoinkege epvitios.

¢, Charge Mpterlsla

nalloyed thorium was aupplied for this program in mevaral
shepea, an rfollows.

o Vaouum-mglted ingoet hot topa from Daviaon Chemlesl Co.,
moetly about Hal/=inchee dlameter X 2 to G=inches long.
Theas plsoem aould be identifisd and individual carhon
ANplyEas ware ENowt.

o Fuel sluge, 1 to 1-1/4 inchee diameter X 6-inches long
Trom Netional Lesd Compeny of Ohic (individual carbeon
andlyswes not known bubt inferped from analysss of simllep
maberdml).

¢ BRtruded rod enda aprroximately 3 Lnohes dismefer
¥ & to 2i-dnohes lgng from stowvsps st SAP (individusl
carben analyees were net known but wera Inferrad from
aralyses of aimdimr matsriszl].



The natural ursniwn and oralloy (93% Z35U) wepe utilized in the form of
laingh dismeter short-lewgth sylindera. .

In order to arrange the charge moet fudielously in the melting emusidle,
it wag necessary to out the large hot-tep thorium eeotlons in haif.
one-inoh dlamster urenium cylinders wera plscsd in holes drilled in the
tep of the hesavy thorium pietes. In this way, superhest of the fnitisl
molten uranium pool and the consequent carbon plokup were minimized.

The metsl was charged into the cruclble carefully to avolid mgratohed or
Punctures 1in the osramice coatling. After the firet few melts, TH-U alloy
hot tepe, este., generated in thim prograh were Teoyolad.

d. Heating Seheduls

In the melting of these mlloys 1t 1s depirable to u—e repld
heating with o minimm time and temperaturs of asupernsst to minimire the
polutlcn of oarbon in the melt. A typloal hestdng schedule for 5 200w
pound malt of Th-1.61 wt £ U alloy 18 ag follown.

Input Melt
Tane, Power, Vaeuum, Tempe ratue,
minutee kw miorsne °g Romg rka
o 1 ). - -
20 &5 20 - . Urenium Ie liguid in
aavity dn Th pleoe.
28 £5 80 - Liquig¢ Th-U alloy
covera bottom of
arualibhlm.
7 E5 al 167R Moaltern pool.
4o 65 150 iTon -
b2 L 200 1725 -
35 45 250 1750 Poursd melt,
45 off 1780 -

Temperaturst wers measured by means of an opticel pyrometer. A pominal
pouring temperature of 1750 “C wam usad, or about 75°% above the ohasrved
Uguldua of the alloy. Thig tempernturs wes high encugh to provide good
Pluddity of the metal when cast, and yat was lov encugh to minimiBe the
Eime to reach pouring temparature.




2. Prototype ﬁnutingg

For pubEequent aspembly into s blllat for extrusion, 1t was
heccasanry to produce ceetings which would olexn up on machinlng ta
§.59-1nohey 0D, 2.69-inchem IL, and S8-inpches long., In order to obtaln
fgound billets S-imphas long, 1t wes necsgsary to pour castinge 12 lnches
Iong to allow for the solidification shrinksge oavitles. For the therium
glloye used (about 1.5 wi € uranium) no serlsus compesitlon sspregatiocn
problem waE encountered. Thls could ke explained by the relatively small
temperaturs spread betwsen the liguidus snd #olidua asompared with that
for higher alloy=. Homogenelty was promotad by the rapid selidifiocaticn
effested by the thick-bottomes mold (¥ig. 2}. The reaction between the
1lguld thoriwm elley and tha bare graphita mold was limlited to a very
thin akin, presumsely of thorium sarbide, which adbered te the meld
walle eftsr removal of the caeting from the mold., The meld-metal
reastion wes minimized hy rapld solidificmtion of the fhoerdum alloy 1n
contact with the graphite bacauss of the low hest of fusloen and low heat
pontent of thorium. This rapld golidifisstion of thorlum zlsc resulted
in the formstion of ocld shute and tramaverse lape on the casting sur-
faces, tecessltating the removal of conalderable metal by mashining.
Thess aurfacss conditicne are often fownd 1n sonfungetlon with amall,
olean, spheriesl, subsurface gae holer extending deesper than the surface
flawe. It im hypothesized thet these small gar holes oripgdnated from a
watsl-mold regotlen. Time wee pot svellabls for invesatlgation of thlas
prabla. '

a, Frotofype Melt Conditions

A& summary of the conditione end rasults of the prototiype
melts ig shown in Tatle L.

Initially, & 175-pound charge welight waa mslected for the nominal
7ol-inch dlameter sasting of & 1,5 wt % uranium glley. The fipet ogating
fMi-1%70) was unsetisfactory bedause some metal leaked through the
ptopper nod-srmoeible megl befors the melt wes poured. Subseguent sxand-
nation of the arusible indiceted srgeion snd attack of both the taperad
portion of the etopper rod and the crucible meat at the locatdon of the
lgak, The attack wae attributed te (1} overheating of the crueikle 1In
thia partigular ares, becauss no cherge metel had been placsd in the
immediete proximity) (2) insulflclent eeramioc ocoating hetwesn siopper
rod and peat, z2llowing = metal-graphlfe reactlon apd submegquant pene-
traticn of the s=gl., To sorract thie yroblam, in all auberaquent melta
the stoppar pods wars machined from a denser grade {AUC) of grephlte,
more ooating waa applisd on the stopper rod, and tha thorium aharge
metal wae placed sdiscent to the aesl to Insure more uniform heatlng.




In & duplicate 175-pound melt [TX=1373), the jaating cuter and inner
surfages showed transverme lapm typlsal of thdrium alloye, and roughness
due to metal splashed during the pouring of tha matal.

Tpon asctloning the casting, two aecondany ahnink heles, sbhout 1/9-inah
diameter, were found abeut F=1/F=inohes from the bottom and nearspr the
inelde than the outside wall., The primapy shrirnkuge csvities {pips)

were gdjacent o and abeove the peinted pnrtiuﬂ at the top of the graphlite
DO,

1 i
Two changes wers made for the next meilt (T~1382): (1) the meld and
oore desaign wWad modifisd with the mold inaide |@lameter increased to
T.5 inches and the ocore tepersd from 2.2-ineh [dlameter at the bhottom te
1.8=1nch dlameter &t the top, and (2] the melt sherge was inorsased %o
160 pounds. With the thlcker gamsting, both inside snd outelde surfaces
clamned up during machining. One very small Inelusdon, howaver, wWas
noted on the innsr surfece of the mophined Aleeave. The uere of a tapared
gore lmproved dirsetlonnl solidifiosticn, «liminating the escondary
shrirkage defepte, whereas the primary shrinkage cavities ramained in
the zame area as previously. .

; .
For melt No. TX-1204, the diameter of the tapersd cora was unifermly
deorsssed by 0.1 inch. Also, the uranium ocontent of the slloy was
Ingreased to 1.01 wt % U. The onsting appearsd normal excspt for some
graphite granulee sttmohed to tha hottom eurtaps. I6 apneers that,
Juat pricr to the melting eyele, & Emall quentiity of grephlits grahulss
was aucked fhrough & srack in the upper ziroonis supporting plate end
Fell inte the mold. This caused A conaiderabla ineresss in the carbon
eintent of thle casting. The ¢&AtIng surlacses appesrded sound aftar
machining. Radlography indlsated two small spote in the casting wall,
probakly reprasentlng Ineluslons of graphits gramiles.

The next thres camtings [TX-1407, 1414, and 1419%, with natural uranium
or the prototype billet cores, were m=ds in an identiosl manmer ag
TH=129%, with the nelt oharge Inereased to 200 pounds. Thie lerger
charge incrsssed the over=all casting length to &bout 12 1inches, thereby
increaaing the length of the useful portion of the caeting. With the
larger melt charge, mares of the charge mmtal wam ahove the field of the
heating ooil end, ag & result, the ¢rucible mkulle wers acmawhat larger.
Aftar mashining, sll of theee caetlvge had good surfzces, end the radie-
graphs indloated no internal defects in the capfing walle. No changes
wars made An the gendral procedures vaed for the three enrlched caatings
and Tor an mdditionel natural casting for a prototype (TX-1454) sxtrusion,
However, bsaed on revised celoulstiend For irradistion, total uraniunm
aontent waR redused te 1.505 wt % {1.40 wt & 235U,




b. Casting Analyvses

Carbon Plekup. Esch ¢agting wae ssmpled ahout 1/4-1noh from
ths hottom and about -3 4-inches £rom the bettem, uming lathe chips
tmker: BorosE the entire wall at approximatsly the fipal machined ditenmione.
The carbon analyses sre reported in Table I. '

The following factors are known to afTect carben centent in the thorlum-
uranian alloyat

1) Initisl carbon content of cnargj raterizls
2} Holding time of molten alley

3} Melt temperature |

4} Efficlency of orucible cozting 4n preventing metal sttack.

Bacause the carbon conbent of only & portion of ithe therium charge material
{gee pection A,1,¢) wam known, the Sata on oarbdn plekup are necesaarlly
bteeed upon assumptions regarding the unanalyzed materdsl. The initlsl
cspbon comtent of the thorium charge materizl averaged go0-800 ppm, and
most of the pastings contained 1200-1500 ppm carbor. The apparent zarkon
plokup is thersfore in the rangs af 500=800 ppm. For the vastlng made
engiraly frem remelt materfals {TN-1352), an ingrease of only about 250
ppm carbom was Indieated, In melt Tx-13G4, the'very high carben sontant
{3060 ppm) resulted from the presence of stray graphite granules in the
mold, as previcusly deagrlbed. Castlng T¥elbkld ' had & scmewhat higher
carbon centsnt than the other cestinge, for no bnown reamsn. For one
casting (TX-~1407), drill samplem were anelyzed from the lnelde, middle,
and outelde well arasa at bottem mnd top, both on the wall directly
beneath the pouring atreem and the opposite wall. No megregation of
carbon was found in any of the aress pampled.

Uranjum Homegenelty. Samples ware gnalyzed for uranium
oontent from chips taken in the mame sreze as for carbon sontant. The
urgnium &nslyses, reported in Table I, Indlceta good homogensliy in the
castblngs.

B. Blllet Development and Fabrlcatlon

1. Deterpivatisn of Deformation Resletanca

Knowledgs of the deformstion redistance of the Th=1 oore alloy
at saleveted temporatures was needed to ald the dealgn of core prashapes
arnd the geleatlion of &n optlmum temperaturs for coextruslon with Zircalcoy.
Batrusion conatants for Th-1.5 wt % U elloy were defermined by rod extru-
slons in which temperature and garben content were studied ap vardiables.
Trnis waa aupplsmented by het-hardness tests over a wlder tempearature
TaATIg® .




8. Extrusign Constanta

Thres rods were extruded under the conditions glven dn
Table IT, Two of the extrusions wers made with compomite billets
(1404-1 and L404-2) consieting of cylindera 1.BS-inches 1n diameter X
1-1/2-inches long, sseembled end-to-end in the order of (1) copper,
[2) Zircaloy-2, (3} Th-U alley, [4) Eirealoy-2. (5) copper, and sealed
within an avaouatsd coppsr dan 2-inohes 0D ¥ 1.B70-inches ID. The
third billat (1429) wee eimliar except that 1t hed two cylindera of
Th-U of diffaring carbon oontent intsrposed between the Zlrcaloy-2
eylinders. The ThoU was machined from hot tope produced 1n the caetling
development phase of this program. Nickel-free Zlrealoy-2 wes used 1n
the blllets bacsguse 1t wmp avallable in & sultabls size and had previously
appeared indlptinguishable from standard Zireslsy-2 ln extruslon behaviop.
Extrusicn comatante wers osloulated from extrusion pressure values taken
Tor esch segment of the composite Billeba.

Even undar the most favereble conditiong (low € content and high hillet
tamparature), the Th-U alloy axhibited an extruslon constant 11% gremtor
than the Ziraalay-2 (see Teble IL, No, lé0k=Z2}., It wae poncluded that
the Th-U oores in the composite tubas would he 19-20% "etiffen" during
sxtruslon than the Zircaley-2 and seals., Thik conclusion wes based on’
an antlcipated serbon conbent ol about 1400 pom and sn extruslon temp-
sraturs of 730%C. Lower ¢carbon contents seemed unllkely in view of the
resulite obtalned in the ¢asting development work, while a substantially
higher hillet temperature would inereaps the riak of reaction betwean
the copper can and the Zirasloy-2 cladding comtpenants.

The extrusion constent of 19 tal for Zircaloy-2 in rod extruslons at
»30°%C apraes c¢logely with that obtained for standard Zircaley-Z in
previous work mt Nuclear Metmle, If the TheU core alloy were to exceed
the Zirraloy-2 end seals in extrusion constant by no mors than 20§, the
mexirum forea required for the desired extrusion of the fulleseels tubes
would approximate 2350 tons. Henoe, coextrusion of Zircaley-2 clad
Thel.5 wt ® U &lloy could eafely bta undertaken on & 2750-tan prese at
the Aavennah Fiver Plant.

b. Hot Hapdnaess

Spanimens of the Th-U alloy, niskel-free Mrealoy-2, and
standard Zircsloy-2 were evelusted for hardness st 620°, 675°, and T30,
The dets shown in Tebls IIT Bhow the Thell to be mush harder than the
Zirealoye st all thres tewperatures. The hot hardness valuas did net
sorrelete well with the extrusion congtants shown in Table IT, eb—ve &0
further offoft waa mades to oorrelate these observatlons.
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2. Preparatlion of Ppototyps Blllaty

Four somposdite Billets with patursl uranium in the core malloy
ware prepared for extruplon at Havennah Fiver., EEG girut thtee hlllsta
tegtod twe oendldste c¢ors preahapes {contour of ands pricr tao
sxtrueion) deeigned to produce minimum end teper ip the extruded enrlohed
tubes. The fourth prototype wams extruded to confirm the cholee made din
the firaf round.

a. Desipn of Billet Components

& tubylar blllat zsszembly of the type used in this program
1m shown in Pig. 3. The blllet compenente were patterned after thoams
umed in the pesant program on driver tubss Ffor the AWOTRE {NMI-7263).

W0 seta of oors pregnapesd, &30h g6t oonelsting of & front and a rear
preahapa,; were depigned for teating in the prototype Blllets. Croe msat,
Flg. 4, wlth the matching end meala in ¥Fig. 5 wap dealgned to glive short
core snd tmpare in the axtruded tube, Because of the pogspitllity of
soma thinning of the placding Wwith thia presghapa, the zeoond sat

{Flga. & end T7) wae deslgred to glve more gradual sors end tapers wlth

e corresponding reductlon of thinning of the cladding. The cutalds
diamater of the core Is Q.O030~lmoh leas then that of the snd peals %o
pompansata for dffersntlsl thermal expansion during billet hesting.

The Zimeloy-2 outer snlesve, Fig. 8, and inner slaave, Flg. 9, ware
desipgned to pive & olsdding thickneas of F1-1/2 mile 1n the ap-extruded
tuba, thus allowing for the removal of 1-1/2 mils in finzl stohing. A
nome pleges, Figp. 10, of zireonium rather thaty Zlrealay-2, wasa ussd in
order to reduce the force regquired to indtliats extrusion ('"break-through
pressurs” ). Copper oans were used with front weld plates perforated
with thres equally spaced 1/16-inoh-diameter holes, Thess holee pers
mitted alight oxidetlion of the copper snd Hresloy-2 dutdng blllet
heating, pedusing the Ssgpas of copper=-Fircaloy murfase lvbarsoetdon.

b. Freparatisn of Cemponents

Thorjum-IUraniun Cores. Four ingotsa from the casting develop.
ment phase of this program were uasd to provide the cores for the proto-
type hlllete. Thres of the as-caat ingsts were machined to the dimensions
shawn in FMg. 4 and ons wam machined as indicated in Fig. 6. 'The maohined
gored were inspeoted for surfeoe defects atid measwred to eneurs thelr
ponformance to dimensicngl apaocificaticns. Table I pressnts the dsta
sbtained for the prototype billst ocgres, Burface diaceloratien on the
cored cauged by macshining was removed by mbrasicn, When sll other 2om-
ponsnte for & blllat ware rasdy for sapembly, the ogre wie Porubhed in
an pguaous sqluticn of trimodium phosph&ate, ringed in wetsr, and sended
in a lathe wlth 2E0-grlt emery paper untll all surfaces were {'res of
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dlacolarztion, The core waer than welghed, glven & Pingl eleaning with
trichloreathylens, and rinsed wlth acetona.

Ziraalony-2 and Zirgonium Compongnis. The Zdrsdloy-2 forpings
used for the lnnar and puter elesves ware bdte heat-treatesd and worked
by mxtruslon to refine graip esire and to mivimize forgsd textura. Normsl
forged textore and large graln size may reudlt In rough exfruded surfacea.
Jinee the atmetunrs of the ond geals and noge piedes o oompoplte billetm
1z less pritiosl, the Ziresloy-2 and zirconium forginge uded for theee
copponente were hata-trested wilthout submeguent extruelon. Tehle ¥V liste
the praparation glven £o the blllet conponent satock.

The meohined comporents sucszsafully passed viausl and rediographic
irepeation for flaws snd were mazsured %o ajsura ponformence to dimensional
ppaclflceationzs. Theay were then elsaned in Irupuration f'or sseembly intoc
blllets by acrubhing in &n aquesus solitdon of trieodiom phomphate, rdneing
in water, and stching in & ecluticn of 43 parts (by volume) sconcentrated
HNC.. £ parte concentratsd HF, and 49 perte HpQ+ The compensnta were
rinfsd in successive betha of tap water, delonized water, and ethancl.
Metal removal during etehdng was 1 to 2 mlle on g dlameter, with the
worikpléos submarged in the stahant [4E5-5290) for 40 zedendn. Adequacy
of metal remosval wap sstabliahed by welghing each ¢ladding component
befora etohing and again after finel vineing., The atshed componesnts
wera inepectad to eneurs freaedom Crom etaing,
|

Copper Componente. The outer coppar cans wers made I'rom
commercial meamlemm tublng 7.ll-inches cutelde diameter with a 0,088
fnch-thiok wall. The tubing was out inte 16-1noh langtha with one and
of esch length lormed to the approximate contour of the internal opom-
pornente (Fig. %) by epinning over s greaphite mendrel. 'The inner coppsr
pane ware mede from 2-Iinoh-cutslde-diameter commerslal ssamless tublng
by drawing the tubinhg to 1.9587-lnsh-cutalde-diametar and & 0.08E-1nch-
thieck wall., Tha coppar weld plates were meshined fram 3/8-inchethick

conmmerclial plate,

Aftar inltisl etehdng in nitrdo s0id, the oopper gan oomponenteR were
subtected to a farrgoyanide test for detectlon of tremp iron pertdclsa
whial could Jaed to surfsce dapreasicna it the cledding during extruslcn,
Tha test oonaiated of awsbbing ths copper with a selution of 100 ml HO1
And 900 ml of dlstillsd water to whioh wese added EO ar K,Pe(CN)g . M0,
Tha sppaarancs of n diativnet blus spof danotes the presenge of an iron
partinle, Followlng thia temt the cane wera re-atched to snaurs clean-
linsas gnd then steorsd in plestls bags wlth the frashly stched weald
plates until needed for & billet aagenbly.

- 11 =



e, Asgembly of Eillets

The ocpper ccmponente wepre fully prepated wall in advencs
of thelr use, but the Zlrcaleoy-2 and mlraonium compensnte ware prodssded
through thelr atehing stepe within fwo heurs of tillet aseserbly end the
sors was given a finel clesning within several minutes of asssembly.
Inmeddmtely fallswing sepaxhly of tha billet compenents, the Zirealoy-E
reaar and-peal and zireonium nese place wers Hellare wealded to the
Zirealoy-2 plasves, The wealded maaarbly was svacumted by upe of the
raar and-=smpl vent holes, tested for weld Integrity wWith 5 hellum lesk
detsotor, and trensferred to g vaocuum ohamber. The vent hole was then
sealad off by pln-aeal welding in g 0.05-mloron Vvaouum.

The pin-s=22l weld head was milled flush to tha surfscs of the rear end
san]l bafers the asaembly wae plmosd in a odpper oen. Ths canning opar-
ation was somplsted By Hellsre welding the copper and plates to the
1rmer and sutar sopper slegves, The completed blllet wmm painted on
211 exposed purfaces with two coats of sthanol-jguadeg in preparation
for peoking and akdpping to Savapnah River for sxtrualen. The eoating
waa preperad by thoroughly mixdng 1 part by volume &f the ccrmerslal
Aquadeg consentrata with 2 pards sthanol, then atralning the mixture
through olsan cheess gloth.

X, Epepazation of Duwey Pillsts

Thres Blilets of nickel=Prsa Eitenloy-£ gammed 1o sopper, and
Four Billets sovalating entively of sopber wepre prepared for prallimlnary
sxtrunion tripls.

The Ziresloy-2 uaed in the dummy billlata was proceased from a fOXging.
a# indieatad in Table V. Two of the Zirezloy-2 billets (Hoe. Q-1 and
D=2) wars prepared with firconium noms pisesy gimllar to the noee plecas
uged for the ocompesite billete, eXeept nalthar the cutelde nor inadde
BUrfeces were reosazed (il.e., the cubslide Alameter was £.951 inches for
the rear l~inch of length &and the inside dimmatar was 1.281 Incheg fop
the sntirs 1-3/4-inoh of lemgth). The noms plesas wWere woldad to the
Fdroeloy-2 mraund the sutside periphary of their juneture. The third
guroy tillet (Ne. ©-3) was meehined in ones plece with the contour of
the usugl noss plece on the front of the billet, The Eiresloy-2 Blllats
were washed in an aqueous solubion of trisedlum phosphate, ringed Ln
tap water, and camned in ocapper in the seme manner ae the compoglite
billata. :

The cogpper blllets were machined in one pless from cast sopper. Beth
the copper billets and the copper-canned Zircaloy-2 hillets ware acated
with Aquedsag beforse bsing packed For skdipment.
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4. Preparstion of Epriched Bdllets
Mheee billets with 1.4 wt & 235y (1,508 wt & total U} in the
cora alloy wers prepared to provide tubuler fuel =lemsnts for irradiaflon
Eapting.

a. OCamting of Core Stock

Trrse castings with a target compesition of 1.4 wt & 235y
{1,505 wt ¥ total U) were mads {0 provids oores for the thres billets.
The usstings were made under oonditicons pimilar *ta the laat of thé pro-
totype vastinga, sxcept that the urenlum wad chargad In the drilled
holes in the top of the thorium in the ferm af atripa about J=-lnohes
long by 5/5-ineh wide and l/8uineh thiek. Chemical analyses Tor the
castinga are given in Teble VI, .

b, Ereparation af comgonanba

Preliminary evilusmtion of fhe protobype mbular =lamanta
tndlcated that both billet deaignas were satisfaciory. However, shortar
gars uggfg ars wWers obtained with the short tepsr preshapen {Pign. 4
end Elﬂ ngg?gkufﬁﬂbthrae suriched billets. Only one deplgn change wWas
mede; the length of the ofore gompenents was desorezesed o T.5k8 + Q.005
inches, %o yisld =n ever-gll sore 1length in the enriched tubma more
cloaely approximating the target core lsngth of 108 inches. Desoriptlon
af tha smTished cores used 1n the bllleta and notep on thelr final
ipapectien are given in Table VIL.

¢, Amsmambly of Billets
Aspembly of the enrleohed blllazte followed the procsdurss
previously deserdibed for the prototyne blllste.

K, Bhipment of Billets

Seven composite billats and seven dumay hillets were pevit to
Savarnalh Biver, &ee Table VIIT.

%. Tuba Ixtrusion and BEvaluatlon

Two axrtrusicn campaigne were oonduscbed at Savanneh River: extruslion
of the prototype tubuler ¢lementa for evaluation of ths proomed, and
axtruglan of the Th-225U siements for irrsdistion tests in HWOTR.
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1. Frototypa TheU Tubaer (Natural Uranium

In the firat campsign, one oopper, oneé IHAreaeloy-2, and thras
prototype thordum-natural uranium tubulsr elemente were exiruded. Two
af the prototype tubsp were evaluated destrustively to detmrmine 2cre
and taper shapes, Integrity of the clad-to-eore bend, and unifoewmity
of the ocore. The Ziresloy=2 tubs and the third prototype were utilized
for flow tests.

2. Bxtrurlon

The 2750=ton Watmon 2tlllmen preass in Bullding 3E0-H at
Savarnek Fivar Plent was used for cosxtruelon of the Th-U tubes. 0One
coppar, ofne firealoy-2, end three prototype Th-U tubes ware extruded
in April 1664 weing the prosedurs in Appendix D. lata are presented
in Table IX. A meximum force of 2000 tony was used for extruding the
prototype bllleta, which weres prshaated te 775%C for 18-22 hours (£-10
haurs preferredj priar ta extrusion, Tha liner and dle tempereturs
was 315°C for this group of tubsm, During the extrusions, three of
the integral dies and cones orscked but ceused no demags to the tubea,
Zome deviatlions from the prepersd progedurs were snoountared, suoch as
excepaive billat heatdng time, 2 time lapees of € minutes and 20 saacnde
from the removal of the billet frem the Iurngee to ipitiation of extru-
Bion, and malfunetion of the temperature reoccrder., Howsver, the Zlrealey-
2 end three prototype tubee were extruded wlth sstilafeotory resulte.

e Tube Evaluutinn

Twa of the prototyps tubea {Noa, 1,1 and 1,2) were evelugted
destructively. The two tukes hed different Tlllet dedigna to glven
difrerent end tepers. The gopa tipa of these tubes were loceted redlo=
grephinglly and the tubes wers pubmequently out up for detalled svaluation.
Timenslone of the Ltwe tubes were within spescificaticoms (Appendix B) and
ahowed no aylidence of sladding thirming. Data for tubes ne. 1.1 and
1.2 ara in Tablea X and AI.

CoTe tip mhsapes wers determined by longiiudinal sectloning of the snd
aestione of both tubes. Although both tubsr had antisfastary cors snd
tapers, tube No. 1.1 had the shorter ens, 5-25/32 inches veraus B-7/16
ivehes Por the front end and 3-11/16 inohesa versus 7=1/2 inched for the
rear end. The billlet de=ign umsed rfor tube No. 1.1 wes therefore adopted
for the snriohed Th-U fuel slsments with 2 elight redustien 1n blllet
gore length [from 7.640 to 7.545 inchesa) to reduce the ovar-sll oors
length from 10§-1/8 inchea to the neminel 108 incham. Ceore tip data

for tubes Mo, 1.1 and 1.2 are in Tablesa XII snd XIII.
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Although a1l tubee pasaed the noteh-fractirs test at the Ziroaloy-2 450 7
Zrsalay-2 end manla [mpestPiad in Appendix B}, 1t was found that f:his
types plf temt whE toQ Aevere €& detarmine ﬂirﬂ&lar-ﬂ tladding to Th-T
core bond atrength. A etud test wes formilated using 3/16-inch-ddanater
Zlresloy=2 ptuds welded to thae oladding with siroumfersntiel and sximl
mill cute through the cladding on the four sldes of the ptud., To ann-
trol quality of tha thoerium-Zirealoy-2 bond, an average pupfure strass
for four studs of £0,000 pai wes apecifted for indioatihg & satlafactory
bond. A minimum rupturs valus of 25,000 Psi for any one of the four
gtuds was plec apscified. Eilght ptud tests mads on untform core msactiona
of fube Ha, 1.1 ren from 50,000 pel to 108,000 pel, with an average of
959,000 pal. Tt was concluded that the Zirpaloy-2 ¢lazdding to Th-17 oors
bond weas adejusts for drredistion, ) .

2. Thorlum-Enrioched Uranluw Tuhap

During July 1354, the sassond group of tubuler elements wag
eXtruded at Savannmh River. This group conslisted of two copper tubes,
the fourth natural Th-U tube, &hd three enrliched Th=T tubsa. Twn of
the enriched Th-U tubes were ssatlafastory for irrediaticn In the HWOTR.

L. BFErtruaten

4 pegnented die and ocone smsambly (Pig. 11), desigred and
fabrloated by Nocelk Teol end [de Works, Deatrait, Mishigen, waim succaza-
fully usad in thie second campalgn. The deviations In progsdurs sipars
lenced with the integral dies and cone used during the firvst compalpn
were corrected in this campaign. Extrualoh date for the Th-2350 tubas
are In Table XTV.

¥y Tube Byaluation

Two of tha thres sandldate tubes, Nos. 2.1 and 2.5, wWers
azceptable for lrrediation. Surface appearance end dimensions ware
aatiafactory. Ges Table 3V for a summary of dimensional charsctaristlcs.

Arter extrueion, both tubes wers stralghtansd by zag pressinz to within
0. 050=lnch mlngle~throw bow. Ultrasonic inspection revealed no nonbonds
larger then 1/8-inch dlameter (the 1imit of inetrument sensitlvity).
Shif't and cora and tapers, ap determdned by redlography, wiere slmilar
o profotype tube Ne. 1.1.

Zlrezloy-2 pladding to Th-U sore bond strength, and mininum eladding

thickness for the irvadlation ¢mndidates were both matisfeotory; besed
on demtrustive evaluation of prototyps tubea,
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Zirealey-2 oledding to Th-U oore bond strengths by etud-weld technlque
on the protatype tubes exoeadsd the mpsoifiaed 50,000 pal average for

L ptuds and the =peclified minimum 25,000 pai for any one stued, Minimum
oladding thickness on the prototype tubeg wes 0.025=Inch.

The thipd sandidete, tube Ne. 2.2, was unacceptable for lrrzdlation
veopues of ring markings on the inner surface et each end of the tube,
These DerYkings wers not obeerves on any of the ather tubes and could
he wvalumsted without demtroying the tubs. The taper &t the sore ends
for thin tube waa alsc shorter, as determined by radisgraphy, than for
the other twe tubes. This tube, together with tube No., 1.4, was given
ne farthap avaluztlon.

II. IRRADIATION

A, PMew Test

Tha third prototype tube, Ne. 1.3, wam used for leng-term flow tsate
an part of test assembly Neo. TMT 1-1 (#ee Appendix C-2). Inepactlon of
the msfambly Folléwing & S7-day Flew test in the CMX Fower Flow Loop
revenled ne mignifioant wesr or damage to any of the fuel asmembly com-
ponents] the fuel mepsembly deslgn was consldered matiesfactery for tedt
1rradistion in tha HWOTR. The test waa run with 250°C water having a
pH af 10 at & Llow rate of 150 gom.

B, MCTR Irradiation Reaulta

The two 'I'hwE""EU fusl aseemblisa were operated in the HWITH under a
teat permit ettmohed &p Appendix B, Thelr histories are suwmarized

balow.
THMT 1n& THT 1-

Btert of irradiaticn B/gr/04 B/25/6h
Frnd of irradiation 1271/ 64 18/1/64
Maximum ascumylated exposurs, MWD/Te 3518 3489
vaximum apeoeillc axpaaurej*ﬂHfTa 49.1 yr.8
_JI:J;.:ﬂ.mum oqntrgl metal tempe turﬁ,’{ Sg 4E5 Léz
¥ Tiemwe ’ 5%#&A:gw;
Ircradtatlon a two afasmblias was intercupted when the HWOTR obebda-

tion was tarminated.

Barple irradiation dats, tabtuletsd by the ROTAH IEM program for fuel
salowlstions, ars prepsnted in Figs. 12 through 15. The Flrst twe
tigures for each ssaembly, Fge. 12 and 13 far TMT 1-2 and Plga. 16
and 17 for THT la®, preapnt an early and the finel lletdng of datfs,
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a8 f'ollews, The ROTAH asda: (1) liats the date, input flow, and AT;
{%) shows ths calouletsd alement powér; ard (3) praments date represen-
tative of the oonditions in eash fusl esgembly at the 21 layers under
conaideretion. These 21 ROTAA laysrs &e epassd equally on the fusl
pieaa over a length corresponding to the mame core welght &r volums

with uniferm erops meation, 1.m., an equivalsnt aonre lgngth. Thum the
FOTAE column begins and ends not at the core extremitiss but in the
tapered mection of the cora, Fig, 23 ahows 6 gohematic sketskh af the
layer positions. layer 1 ia 108 inohes abobe the Bottom of the fusl
tubs, Intermediote layars are aquelly spaced every 4.9 inches, and
laysr 21 ip & ipohes above the battes. DabE iimted for esch isyso Bre
for: ({1} power shape, which are dimensionless numbers Tepresenting
axlal power dletrdbution for the time Interyel of the deta; (2) spasific
axposure; (3) channel temperetures; (i) fuel surfeoe tempereturen;

(5) murfaoce hemt fluxes; (6) volumetric heat generaticn and (7) mpeaifin
power. To gensrate the pbove dats, the ROTAH input data, =2 shown in
Flg. 20, were uged for the $wo fuel slsmeants.

Irradiation data were calsulated by tha ROTAH IBM program for fuei
calsulatiens., The Eima~welghted average values for gore tsmperature,
surface tempeérature, surface heat flux, and apeclfic power for the
entire lrrediation period ere given In Fig. 14 for TMT 1-2 and Fig., 1B
forr TMT 1=3. TFor the hottest region ¢f enoh emsgembly, &1l the data
from the first exposurse interval to the last are presented (Fig. 15
for TMNT 1-2 and Fig. 19 for THMT 1-3). Temperaturee given are welghtad
aver eaab exposure intervel and do not reflect 21l the temnperatunre
variaticenze thet may have gosurred daring the perdod.

Expoaurs Ilntervals uged for gll the ROTAH IEM talculaticns demordibed
above are In Fig., 21l. FRather than record all of the changes for all

of the fuel asawablies In the HWCTR, Lt 15 gesumed that the power in
each masemply i8 propartleonel to total resctor power mnd, thue, apa=mbly
axporure I8 proporticnal te reasstar exposurs. For thie reason, &n equl-
valent tima interval (Fig, 21, column 5) tassd on a oonstant resstor
pover 1s ogloulsted. Thie may inalude periedd when the reactor is shut
downt engd alpo periods when oonditiona are changing, muah am startup and
Power asoansion. The equivelsnt tima intervel ie derived in the fallow-
ing menmer. All resctor powar lavels and the duretion at thode levaels
{Wwithin emoh resl time interval) are recorded to permit acsurats calsou-
lation of totgl reactor sxpssure within the real time incerval, At a
veprsssntative point (Flg. 21, ocolumn 2) within the resl intesval,
reactor powar snd fuel salsment powers {(Fflow snd AT) are recorded. The
reastor exposure (column 3) Aivided by that reactor power (column &)
¥ielda the squivalent time intervel (colwm 5) reprasantative of all
oparation during the resl tims Intarval., Idkewiss, the flow-AT power

of sach fuel sssambly {(on sash ROTAH gheet! for the equivelsnt intervel
¥lelda data representative of its gperation through the resl time Intenval.

- 17 -



Fower levelg for the lrreadigtion perlod of the Th-EEEU fusl asssmblisn

are in Flg. &2, Shown are the deily power levels which have bagn avereged
for the ROTAE IEBM dete within the eguivalent tims intervals describad
ahove.

C. FPostirredistion Ingpaction

Prelrradisticn measurements of the inalds and cutelds Sleneters of
both Arradiaticn azndidates, tubs Ne, 2.1 (ABsasbly TNMT 1-2) and tubs
Wou 2.3 (Asasmbly THMT 1-3) were made prior to delivery to the HWCTR
(aee APpendix -3}, Following irradiation of the two test elements in
the HWGR, thay were removed and postirradiation meamuremsnts were nmsds
on ope tube from Assembly TMT 1-2. Jompardman of the pre- and peatlrrad-
1ation data {Pig. 22) Indicetes that the volums chenge in the reglon &f
Waxtwum sxposure and sere tempergture wag about 0.8% pfter an seoumulated
exposure of 3500 MWL/Te. The volume change repulted from an inerease of
akout 0.008-inah of tha 0D and an increpme of ahout 0,.001l-lneh of the ID
of the tube., 3ince operationm of the HWCTR was terminsted, ne further
1rradiation of the two Th=2°57 sssemblies 1s planned. Eoth test sasenm-
blies heve basen stored in the recsiving basin for off-site fuel (RECF)
at the Bevgnnah HRiver Flant,

- 1B -



APFENDIX A

HWO'TR
TEAT IRRADTATION PROFOSAL j_i

Ergpared by: G. L. Tusr Date: Mareoh 2, 1964

Objestive: To determine irradistlon stabllity of soextrudsd tubes of
thorium metal of gpproximate dimensiona and aperating con-
Qltions predicted for prototype breeder reactor.

Type Elemant: Coextruded Zircaloy~clad Thel.5 wt % U235 fuhes having
"S0T=-E" external dimensions (1,e., 2,540-ineh outaide
diagmeter and 1.830-inoh inside dlameter) with 0,030-
inch eladding on each purfacs and & nominel total-
core length of 108 inchea.

Number of Assemblles: 2

Comments: The proposed lrradiation reprepente the firet attenpt at
SRF {0 irradiate thorium=uranium alley under approximate
power reactor conditlons. The teet lg the first af & pro-
posed seprles of sbout ten samemblies that willl be iprradipted -
to defarmine the effect of varlous fuel compomitions on
irrediation atabliity. These firat two slements will con~
tadn no alloying additlone; thelr performence will serve
2e 5 ztandsrd for comparison with materials used in leter
tests. Iata from thespe teste will provide the baais for
design of & fuel element fop use in & prototype breedsr
reastor.

A. BACKGROUND

Du Pont has undertaicen a program of deslgn studlws for both a
reference and a prototype Dol-moderated-and-ceoled power and/or
breeder reactor based on the Th~U233 fuel oyols. This program,
whieh is deaeribed in DP-BOY includes a continuing eerdes of test
Arpadiatione in which materialm, proceasing, and axposure varlablss
will be evaluated, and in whioh date will be obtained for defining
the operating limlts end feasibility of future eosxtruded fuel

tube deaigns.

No prior lprrediation experience exlasts on Th-U slloya at SRE.
Work at other sitea has Included fabrication development work at
Nuelear Metals Incorporated, om Zirealoy-ealad Th-U alloy tubes
{NMI-7003), irradistion of Henford-fabricatsd epecimens of Th-U
alley in NakK-filled capesules at temperaburss up to 400°C¢ in the
BTR (HW-77052), and & serlies of NaX capeule irradistiens at temp-
eratures up to 1000°C and with uranium contents in the Th-T alloy
up to 31 wt % by ANL {ANL-5674).
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BACKOARQUND, Continued

Trredistion data from the sbove programa {see Plg. 1) suggest
that, with thorium metal at temperstures of less then 550%0,
exposures greater than 20,000 MWD/T {~2 atom § burnup) can

be schisved with swelling ne greatesr than 6 to 8 volume percent.

One of the oblectives of the Th-U irradiation program ia to
develop at SRP and SRL & cepebility for fabriocating and
evaluating new power fuel elements as they may be required.

. In opder to do thim & cooperative fzbricatlon progtam has

been arranged with Nuclear Metals Incorporated in which NMI

wlill do initial davelepment wopk on extrusion charescterixtics

of ipductlon-melted Th-U alloys, will design and febripate the
extrualon billets; SRP willl be responsible for extruding the
tillets on the 2750-ton press in Building 320-M and for finlshing
ernd avaluating the tubes that are made.

Tha two elements described in this teat irradiation propesal

are the Tiret in e proposed serles of about £ to 10 teat =lements
that will be identicel except for sare compesitlon. Spealfic
obieotives of the proposed teets are:

1) Start irradiation of thorium tubes 1n FY-1964 at
minlmum cost.

2} Determine lrradiation behavior of thorium~uranium
alloy metal tubes for a tube pilze and operating
conditlons approximately mquivalent to theose in a
powar reactor,

3} Betablish reference polnt for future maferials tente
planned in this serlea of irradlation.

4} Provide SRP and SRL with experienca 1n fabrication
gnd evaluation of cosxtruded tubes of Th-T alloy

clad in Zirealey.

5) Provide data For deciding on the sultabllity of the
coextrusion procees for the remote f;griuatian of
fuel tubes when recycle thoriun and hesome
avallable.
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ELEMPNT DESCRIPTION
|

gize , !
The two tukea propossd hers for irradiation have the externsl dimensions of SOT-6
slements with the sxesptlon of lenghbh; the dismetral dimensions ara
58 Tollows:
| Suggesated
Hominal, ingh Zolexance. insh
Cuteide dtamater 2,540 0,003
Iralde dlameter 1,830 ! 0.0
Total wall thickness 0,355 i 0,008
Cledding thickmass 0.030 | 0.003 Average over full core
0.023 i Mitdmom at end defescts
Cors thickness 0.29% i 0.008 Averags

Tontative nemdnal dimenaions of the finished tubs gre shown on STMDRL-5722 (Figuore 2). |
Final deiailed apeclfication of dimensione und tolérsnoes will be established on tha
bauim of demitpuctive svaluation of development tubwes.

Langth

The tubes willl have 4 noinine? over=all lsngth of 1]18.1/8 inches, & nominal full-cors
length of 108 inghes including both and defeots, and a nominal over-sll snd=-defact
leangth at sach tube end of & Inchea, The maximum molmem tobal-oore length
{incluling end defacts) are 112 and 104, respectively.

Numercus edvamtages would be gained by performing the ipradiation test on tubulap
asmerblies having Z to 5 longlitudinal segments; hewever, Lnitisl avallability of time
and funde did not parmit the work whlch will be nesessery to devwlcp the segmsnted tube
deaign; thls development has therefors hbeen postponed to subssquent irradiations.

Sompopibion

The lnitigl uranium concentration in tha Th-ll alloy has besn chesen gt 1.5 + .05 wt £
T.Tﬂazgddad as waniun metal having sn atom enrichment of $3.5 wh %. This concenteation
of U235 In the alloy wes selscted in order 4o sppraximate an optimum gvepage apesific
power and maximum eors temparature throughout the irradistlon cyele. A4 higher initigl
U235 gpontent would result in a more proncunced initisl decrsare in reactivity {the
po=called "reactivity treosient!) while a lower composition would have provided a »ig-
nificant pardiod of lew power and temperaturs during the perded U233 i building into
the fusl, In Flgurs 3 1a shown the predicted maximum fusl terperatures ve exposture curve
in en ouber ring pomition of the HWCTR for a tubs of tha dimsnaions above,

The thorfum-uranium will be irradiated as & binery alloy in the pressnt test to minimigs
soount of allcy development work raquired. HAPG has favored the use of mbout 2 wb ¥
sieccring as a ternsry addition to the alloy eleiming ecms fabrdcating, exposurs, and
sorrosion adventages. The questicn of ternary additions will be raised st a sultable

lster point in the program.

Ersirradiabion Eveluablon

Two prototype tubes will be gosxtruded that will comtain Th-U alloy made up with natural
urenlun but contaloing the sape total urenium oontent sz the irradiation tubes. Thess
tubas containing neturel wraniuw will be destrustlvely svalvated to determine end-defect
shape (including taper, shift, and upsst) ss that billst design and/or end-plug
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compopition can be sdjusted as required. Secticns of the full core and of the and plug
will be metallogrephically examined to determine cladding and core hardnoss, cors
structure, and smount end distripution of hpdride in the sladding and end-plug Ziroaloy.

Gorrosicn soupons wAll be saved frem the enduplug materisl at esch smd of beth the
dywaddstion tubes and the tuces oontaining naturel uranium ocres.

A dotpiled evslustion test acheduls will be preparsd prior to time of actusl evaluation
work.

REQUESTED OPERATING CONDITIONS |

Tn ths test lrradiaticns proposed here, it is desired thay the maximun cors teaperature
during irradistion be kepb as comstant ss possibla st a ue of 510°C; this tempevaturs
18 a ressonabls satimste of the maximum temperature that deours ih an aparsting power
resctor of the present prototypical design {PIM-1); it furthermore ropressnte an upper
1imit on the temperature thet can bs achieved with 180°C Lnlet scolant tamparature and
80T-6 dlmenslons. It is vealized that Ulevel-tempsrature* operation will be imposaible
for a oma- op twe—tube insestion in HWCTR, but that a tempersture transient simllsr to
that in Figurse 3 will cocur; the effects of this trsnsient shiculd be sinimiped by moving
the test masemblisa from cuter to inner test positions at an sppropriate time during the
lrradiation.

It is requestwd that one tibs be frradiated to 20,000 MWD/T and the seccnd to 20,000
MWD/T. The predicted variation iz gpesifis power with exposure (FL 2) indiocatsd
that an average menthly acoumlation of exposure of apeut 1100 MHD/T will ogour
{sssuming an everage of 22 opsrating days per momth)}. Thus a probable tolal éxposure of
9 to 10 momtha and 18 to 20 months for the 10,000 and 20,000 MWD/T sases ars indisatsd,

peapectivaly.

Asauming that the cooling water would have an entrance temperaturs of 1809, the calcu=
1gted indtial temperaturs distribution over the length of the element ls glven in
Flgure 4, Ths variatiesn of mocimm core temperatwre and xinlmum turn-cut safety fastor
with apscific power ls shown in Figurs 3. '

Tt 1s deplred to have thorough data on the irradiation testing of the two alaments
propossd in this test. This data showld include s monthly summary ofi 1) assently
power ve time, 2} flow and tempsrature monthly recorde for sash of the two tubes, and

3} ealoulsticns of ccre temperaturs and surface temperature as & function of tube length)
the caloulations should ba bassd on the pest avallsble computer code. A final data
supmary should be glven for each tubs s soon as poseibles after the consluaion of lia
irradiaticn perded.

It 1g recognized that handling of full length 180-pound lrradiation tuess is a strong
deterrant to axtensive evaluation wurk oh tubes during ths ccurse of an irradiation;
however, & certaln smount of dimensicnal checking 1s necedsary particelarly on the firat
tubss of a given Lyps to be irradlated as in the present case, It la re usatead that

1) both of the tubsa be examined and reinserted abt 4,000 — 5,000 MWD/T, R) the 10,000
MWD/T tube be examined at the conclusion of its irvediablon peried, 3) the 20,000 MWD/T
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tube be =xamined and reinserted after 14,000 - 16,000 MWD/T, end 4)
that the same tube be examined at the end of the 20,000 MWD,/ T ilrrad-
iation period. Following this planfthe firet examination would ke
about September or October 1964 with new oheervations about every

four months theresfter. The above nondestructive examinations, which
presumably will be made in the recelving basin for offasite fuel, should
ipnelude the ususl visual examination mespurement of ocuteide and Inside
dismetera over the length of the tube, and megeuremant of how. The
volume inorease of & tube (awelling} 18 probably the mopt uselul means
of determining reactor performance im & nondastructive tent.

Destrustive evalustion will be performed in the ERL High Level Cave feollity.

Sarples for this evaiuaticn should be prepared in the RBOF and shipped 4o SRLj; these
gamples will include two or Lhree 2-foct-long seotlons frcm each tubs; a detailed
gampling plan will be lzausd for anch tube pricy to the tine it is %0 be sectioned. The
asctions will by examined Iin detail for oladiing and core dimensicnal changas, for
ohanges 1n the over-all tube density, and for chenges in hardness and micromtyuoture..
Btuduweld teata will be mpda of the cladding-bo-ccre bond layer.

SCHEDULE
The following is the approsimate over-all sghedule for the firet Th-U alloy jrradistions:
1) Initiel fabricstion development al I - Eeg;?har 2, 1963 to February 13
. Qbdy»
2) Extrusion and evalustdcn of natural -  Mamch 15, 1964 to Aprll 15, 196k
ursnlvn msck-up tubes
3) Extrusion and evaluation of enrdched o April 15, 1964 to May 15, 1964
tuhen
4} Delivery of enriched itubes teo HWGTR - May 15, 1964
5) Charge enriched tubes in HWCTR - June 1, 1964
&} Shift of tubes to immer ring - -  September 1, 1944 to Gctober L5,
fdret sxcpmination in EBOF 1964
7) Removal of 10,000 HWD/T tube - Apeil 1, 1965
8) Examingtion of second tube afisr -  Saptember 1, 1365
15,000 MAD/T
9) Removal of 20,000 MHD/T tube ~  Pebrusry 1, 1966
10) Completion of mxamination of tubes - Juna 1, 1966

fron this test

QLT:sh)
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APPENDTR B

July 1, 1964

DUPONT SPRCTRICATION

JHORIUM-URANTIUM ALIOY TUBES FOR HWCTR

Thie epecification covere the technlo % requirementa for the
coextruded Zircaley-olsd T™h-1,.4 w/o U§'5 tubss for the HWOTR,
Each tube ocnziste of a core of thorium allayed with a Egggnal
sonoentration of 1,51 w/e uranlum enrinhed to 93.5% in U230,
Th; anrga are fully olad with Zircaloy~2, ineluding integral
end asals,

A. DIMENSIONS
1. External Dimensiocne

The finieghed tubes shell comply with Du Pont drawing
¥a, 3T-MDX4-5722, Rev., 1 (attached) and the following:

4. Maximum Escentrisity

Ecconbrlolty shall bte defined ae the difference
hetwasn maximum and minlmuy wall thickness in eny
tranaverss ring ssction, uﬁaximum sacentrlelty
ghall bs 0,030 insh.

b. BEow

Dow ahall be delined as the deviation of the exterral

surfaos of the tube from a taut wire or stping
atretohed betwasn two pointa on the supface ang
rarallel to the axis of the tHube, Maximum bow
cver entire tube length: 3/32 inch, Maximum bHow
over any one-foot length: 0,010 inash.

¢. Ovality

Dvality ehall be defined as the differance betwsen
the maximum and winimum oufeidse dismater on any
transverse croes saction. Meximum ovaliiy shall

b 0,015 1inoch,
2. Internal Dimanmicns

The finizhed fubes shall sonferm te the following
ragqulremsnts for intempel dimensionst

8, Cladding Thickness (sas Santion D)

A#ar&se thioknesn
over unifom core: 0,030 + 0.008" (10%).

Minimum thickness: ©.,023",
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b, Core Thickness (mep Sectien D)

(1) Corse thielmens, avereged
over sntire unifors core: 0,250 + 0,008" {3%),

(2) Maximum core thickness
including ecoentrleoitys ¢, 320"

¢, QCore Length and Shape

(1) Cora length, tip-to-tip,
as determined by radiczraphy: 108" nominel
112" maximum
104" minlmum

(2) Maximum taper, .
each end: 7" ineluding shift, as detemined
vy destructive sxaminatlon of

prototype tubes,

(Tapar 18 definad s the dlstance rfrom the core
tip to the point whepe the cora is 904 of the
nominal thickness, )

(2) Mipimum end asel: 1" from core tiz ta point
where oladding is maahined,

(4) Moximum ghift of :
sore tip (by rediogreaphy): 1"

B. ESTARTING MATERIALS

de

Eni_ﬂhﬁ d Uranilum

The enriched uranium used in the core preparatlion should
be vaouur melted and produced from a camcede produstiopn
of the diffusicn isatope asparation process. The 1lpe-
topic oompe g ien of the enriched uranium shall be 93,5
+ 0.5 w/o . The uranium 'h‘11~°°“§§%§ s maximum of
T, 1 w/o U234 and a maximm of 5.9 /o .

Tmpuplty levels should not exceed the limitm apecified
in the table beloew:

~Elemant ,  ppm _Blement ~ ppm
Aluminum B0 Hydrogen 2
Boron 10 Iron 00
Cadmium 10 Magnesium 5Q
Carbon 5G0 Menganese 50
Cobals 10 Wickel 100
Cepper 50 Silicon: 200

e .



B

CdJuly 1, 1954
51r¢alng-2

Sieeve atock was Ernuurad Trom Harvey Aluminum, Ine.
in the form of thick-wall tubing., FPFricy to axtruslon
the blllet was beta heat trested and water queanched to
ramove prefeyred orlentation induced by foreglng,

Bnd peal stook wae procured fyom Haprvey Aluminum, Ine,
in the form of r'orginge with & drilled center hole.
Fricr t¢ flnal machining the forging was hata heat
treated and water dguenched,

The Zircaloy~2 starting materisl used in the manulag-
ture of these tubes shall vonform tg "Du Pont Reguipe-
menta for Zireonium and Zircaloy-2 gnrgings“, datag
7/31/63, 'The pertinent technical rdquipements of this .
dooument ars listed below: :

&, 0Only reastor-grade zirconium ahmil be used,

b, All ingots shall be made by the double THGUUN
arc-nelting procesa. :

¢, No resyols metrl shall be used ﬁn fabrioating the
inget unless otherwiss indisatsd in the specific
order, For the ingots preperad for thesse tubes,
15€ recycls metal was uged, :

4., The finished Forged bars shall ultrascnioally
inepeotad for defects, A Sperry Reflsotroacops,
Model UR-50 {er squivalant), uhuhl be naed, The
equipment shall he operated with & 1-1/5-inch
diameter, 2.25-megecyele oryetall with eil acuplant,
Calibration shell be such that & 1/16-inoh diameter
hole drilled in a 2irgaloy atanderd will show a
I~insh helght indication on the pseilloacops, 4all
the forgings shall he tested 100 percent, and any
forging showing indlcation(s) equal to or Zreater
than ?516 inch shell be ceuse for rejaction.

¢, The composition of the alloying slements in the

forging ashall oconform Lo the reguirements shown
in the Fellowing table:;

Composaition

Element (Weight pereent)
Tin 1.20 to 1,70

Iran 0,07 to 0.20
Chromium 2.08 to 0.2

Nickel 0.0% to 0.0

Zirconium Remainder less impurities

Tha sum of the iren, chromium and nickel aontente
shall be withln the range of 0.18 te 0,38 w/a,
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f. The impurity levels of the rinighad forgling ehall not
exceed the iimits specirfied in the following table:

Limit
Elesment

Aluminum TS
Boron 0.5
Cadmium Q.5
Caurbon 270
Cobalt 20
Oopper 50
Hafrium 200
Brdrogen 25
Lead 130
Megnesium a0

Limit
E;&mant

Marngansse B0
Malybdenum SG
Kitrogen 4]
Oxygen 1000
Siliqon: 120
Sodium - 20
Titanium 50
ptar BQ

Uraniumi {total} 1.5
Vanadiuh 50

g. The hardness of the finished fcrsihga ehall net exceed
180 BHN using a 3000-kg loed.

The thorium used in the manufacture of thass tubes is

serap matal resulting rrom & previcus Du Fent progran.

Thise uuraﬁ came from unildentified ingots that wers sup-
]

va conformed to "Du Pont Espential Material
T™ha pertinent technleal regquira-

&, The ingots ashall be mads using thorlum powder pro-
duced by caleium redustion of thorium oxide or
thorium powder produced by fumed-salt electro-refin-

Thorlum

peaad to

Specifisation No, 109",

mants of this dosument are listed helow.
ing of thorlum metal acrap.

b.

melted.

The 1ngot charge may be eithern ara- or induction-

a. The charge for an induction-heated melt wmay eontain
20% maximum #olld metal serep.

d, The impurity levels of the finished ingots should not
exceed the iimits specified in the feollowlng table:

Element Ppm Hlement ppm
Aluminum 200 Iron 40
Beryllium 300 Magnesaium 20
Boren 2 Manganess EQ
Cadmium e Nickel 100
Caleium 100 Potassium 100
Jarbon & nitpogen 500 Samarium 1
Chlorine 100 511icon 100
Chrominm TH Sedlum 10Q
Gopper 50 Thorium oxids 1% #
Fluorine 100 Uranium 100
gadolinium 1 Zine 100
Hydrogen 10 Zipconium 100

*Thorium oxide nontent for scerap materdsl used ls bebtween

1 and 2 pereent.
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o, The hardneas of the rinished ingot shall be 1in the
rangs 50-50 BEN using a 500-kg load,

QORE CHEMISTRY

Tha nnr&ugg aach tuba shall have & nominal compositlcon of
1.4 w/o ® in therium added sa uranium metal having a
nomingl atom enrichment in U235 of §3.5 w/o, The raquire-
?uggs for the soncentyation of U235 in the tubesa are as
‘ollows

1. Uranium

2, The average wt % of total uranium in the core ea
detarmined by chemlcal analysis shsll be 1.51" +
Q.08" (4%} (L.a., 1.45 te 1,57 wt %), A wminizum
of slx distinct =amplee {3 top and 3 bottem) shell
be fiaken in determining this average, If any
individuel sample fells sutside the range of 1.35
to 1,66 wt % ursnium two new pamples shall be taken
from the same regilen and enalyzed, If aither of
the tuo chack aamples rall cutside o tha 1,36 to
1.66 wt % range, the ingot shall be rejected, All
aemples shall be inecluded in the inal average for
8 glven ingot, :

b, The mashined oore welght pricr to billet asaembly
shall be 39,600 + 400 grams,

0. Weight of U235 in any indlvidual tube, am deten-
wined by blllet core welght and anelysiar 559 +
28.0 grama {(+ 5#), ,

d. Welght of U235 in any one-foot length of -uniform
cora peatlon, where core thickneas is within 2% of
neminal ag determined by billet analyeis and cal-
culated agre oross section: €5.8 + 5.2 g
{+ B}, gs.e = 559 & 102 inohes o lea

®. Maximum U235 oontent in each square ineh of wall
segment as datermined: (1) by Blllet core chemioal
analyses and oore thiockness measuremsnta derived
from tube-wall thiocknegse measursments and ealeunlated
ocladding thickness or (2) by gemma-soenning messura-
ments of the finlshed tubs: 0,873 grams (nominal

plus 104),

The astual maximum fop the tubes to be irpadipted
will be determined to permit the calaulation of
hot=-gpot factora.

- Carban

The carbon eontent of the core should be within the range
of 800 to 2500 ppm, to be determined by billst cors analyals,
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CLADDING AND GORE THICKNRSIS

1,

2

Average clad and core thiokpneas over the upiform ¢ore
shall pe caleulated from measured wvaluss of oslad and
core component thloknzsses 1ln the hllle:, =xtruslon
reduction ratls and thiskneas of oladding removed dup-
ing etohing after sxtrusion,

Minimum ¢cledding thiekness at the end defecta shall be
detemined by a2utorsdlography of both the outer znd
inner guprfacee of both tube ende, The sutorzdicgraphe:
ghall extené from the end of the tube to & pelnt at
lsast 16 Ainchas towerd the tube center, Calibration

ef ¢ladding thickneee measuremente shall be eatablighed
by destructlve evaluation of companlon protetyps tubes
and confirmed by use of Zircaloy foll atripa over the
Gl&dding.

BOND QUALITY

Acceptable bond quality shall be determinsd by the follow-
ing testn,

1,

3.

Stud Test (prototype tubes only}

A minioum of 4 astud tepts will be performed in the uni-
form ecre wegicn of eash protsatypse tube, The svarage
kond rupture etress must ga at lasst 60,000 peil with a
minlmim of 25,000 psl for any one stud,

Neotoh-Frasture Teaf

A ring aectlon approximetsly £-insh long shall he
srapped from the end seal region of each snd of each
tute and subjectad to & notch-fracture test, The ring
sectlon Bhell be preépared as shown in Flzure 1.
Practures are reted according to the system described
in Flgure 2, Acoeptable bond quality is Indicated by
g fracture rated sither "good" or "excellent'.

Ultrasonic Bond Test

Bach tube shall be subjected to ultrsaonic test for
lagk of bond between core and olad. A transmisslon
type of text shall be used, The scanuing Asguance
Ehall be such that the surfaces over the entire sors
reglon, inaluding end tapera, are ssanned,

The relection level shall be set at & reaponse equlva-
lant to that produced by an unbonded area t-inech
dlameter and veargllel to the tube surface in a standard
teet gpeclmen. The sensitlvily of the equipment shall
be adjusted so that this atandard defect can ke san-
slutently deteected,
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Boend Line Corposion

The surfacea at both ende of all autoclaved tubee and
ring sections [sse Sectlon F) shall be viaually
inspected, Any white or gray corroelon product at
Ehetzlad—tﬂ-&nd s2al hond line phell be cause fopr re-
eatian,

¥isual Inepectlion for Blisters

Bligtera on sither the ineside oy suteldes surfaces of
the finished tubes shall be caues for rejectlon.

CORRCSION RESISTANUE

1,

Oompleted ™ibes

BEach tube 1n the final maghined and bright-afched
conditlon mhell develop & lustrous black Film with

no white or gray corroslon product 1n excess of that
ghown on g etandard epecimen (selected from prototype
tube sestlona op angd geotlony fiom radiation tubasg
after axposure to 24 hours in 850 °F water Follawed
by 24 hours exposure to TS50°F stesm st 1800 pai.

Tube Spegimensg

A ring sectlon of the Zipyealoy cladding and the
Zircaley end seal approXimately $-ineh long shkall

be cropped frem each end of eacsh tube and subjected
£0 8 gorroslon test. Theme tept asctions shall have
ne mere metal removed from thelr surfeces prlor o
teating than will the finished tubes prior to auto-
slaving. This corroslon teat ahall conalet of 3 days
exposure to THO°F steam at 1500 psi. After tast, all
aurraces of the sample thall exhibit a lustrous black
film with no white or ghay corposion produat in axoeess
of that shown on a stendard specimen. This standarpd
13 to be selscted from sectlons of prototype tubea,
In addition, the sample phall heve a2 welght galn of

17 + 5 mg/dm?,

SURFACE FINISH

Both the lneide and the outside cyllindricml surfaces of
the tube should have a maximum surface roughness of 63
RMS In the longltudinal direction and 25¢ RM8 1in the olrp-
pumferential direction,
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SIRFACE DEFECTS

July 1, 1564

Requirementa f{a) through (e} belew shall apply to the
finished tubes; regquirement (L) ehall apply to the tubes
after etehlng dput pelor to autoclaving., Notwithstandling
any of the raguirements below, the minimum slad thloknese
gpeallfieation of 0,023" must be met, Visual inapection
ghall be used to determine compllance With theae requirs-
ments. Boreacope Inepection ahell he uped on the lnalde
surfaces prior te flnal etching.

{a) A1l surfaces of the tubes ghall be free of
eracks,

(5) '™e oylindrical surfaess of the tubes shall
he Cpee of laps or folda.

{¢) The eylindrical surfaczs of the tubes over
the core reglons, lnoluding end tapera, shall
be free of stpisatlons that are less than 0,010"
wide and greaster than 0.002" deep.

{d) The cylindrical surfaces of the tubes over
the core regicne, exeluslve af the end tapers,
ahall be frea of handling or tool marke (e.g..
goratohes, gouges ¢r dopape marks) greaten
than 0.005" in depth,

{e} The eylindriczl surfaces of the tubes shell be
Tree of ingluelons,

{r) The eylindrleal surfaces of the tubes over
the core peglons, axclusive of end tapera,
shal]l be fnee of pits that are elther black
in aoler, grester than 0.004"7 deep, or do
not ghow 2 Iustrous rounded bottom.

ITCENTIFICATION

Eacikh tube Bhall he marked with 2 serisl number, located 1in

secordanee with the sappliceble Du Pont drawing, This
number ghall be relamted to the complete set of rabricatlon

and inepecticn records for that tube.

PACKAGING AND SHIPPING .

When cowpleted, each tube shall Le packed 1in g container
1n such & way &g to avold damage to the tube during
storage and shipping.




J‘ul:r 1, 1964

K. REPCRTS

A resord of the fabprication histery and inapestion dsta
shall be complled for saoh tube. Thia record shall in-
¢luds the papameters used in the eritical process steps,
puch a8 melting, esating, extrusion and all finel inspec-
tilon deta lnoluding the followlng:

{1) All final diameteyr readings,

(2) Agag?ge core and eled thileokness (inaluding minimy
ala - .

(3) length of cora.

(4} Bow (amount and location},

{5) Leading of U235,

{6) Average loasding of U235 per feot of uniform core.
{7) Maximum U235 per square 1nen of wall segment,

{8) Any reworit required to meet raguirements of Ssetion
H, "Burfagce Defeste”, Any proposed work shall bs
- dlscwsesd with i Pont prilor to axegution,

(9) Autorsdiographs and radiographs (or prints thereof),
A brlef report shall be preparéd containing the date noted

above for esch tube, This repert will also inelude eny
deviatlons I'mom thle speclfication,

AFPROVALS 1
Signed} P, H. Permar & /16 /64
ERASE TG nager, e Patarlale Section
Sigrned) E, 2, ¥Nelaon &/18 /64
sSeireh NAnagar, 8 ENZineEring Section
Sipned) L. M. Apnett 6 b4
Uyerviaor, Ak HorCe
Signed) W. B. Deleon & i

realorn, Acto Materials Jedtlon,

{81gned) D, P, Baboook
br R, R. Hood = ok
Diregtor, Oeactor naeping cect.,

SRN/Jas

Attachmenta: Figure ], Bond Test Sample Freparatlon
Flgure 2, Bond Classification
Drawlng ST-MDX4-5722, Rev, 1
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PIGURE 1
BOND TEST SAMPLE PREPARATION

Zircaloy end senl thlcknese and
Zirkalur ¢lad thickness are

<<

(a) Bempls preparation

PIOURE 2
BOND CLASSIFICATION

EXCELLENT gooD
Clesn Fracture

betwean end gkl

and clad with

projectione of

nelthep,

POCR

than 1/32" -

aome peparation

of end asal and
clad for lems than
3/32" acrosas face
of frasture.

® Projestions more

PFprcximatuly squel,

Band back
until bresk
COBUYE .

{v) Fracture msthod

Clean fracture
betwaen and seal

ard elad with
projections of wsither
less than 1/32" - no
visible aepesration of
arnd peal and oled,

End eeal and clad
do not frecture
cleanly and olad
paparates mors than
3/32" psroms fuce
of fraaturs,



APPENDIX C-1

TECHNICAL DIVISION
SAVANNAH RIVER LABORATORY

EWCTR TEST IRRADIATION DESCRIPTION=D

Assembly: Therium Metal Tube (Thoriunm with 1.5 w/o U)
Na. of Asasemblies: 2 [TMD=1-2, TNT=1-3)

Target Irradiatlon Date: August 1964

Asgembly Completion Date: July 29, 1964

Assambly Refsrence L ST-MDX5-5837

Prepared by: A. F. Wright

Purpose of Irradistion: To determiné the irradistion atabllity
of ceextruded tubee wlth thorium metal

cores.

Deacription of Fuel Assembly

This appembly contains & ten feot leng fusl tubs (2.54" oD x 1,84" ID)
in whisch the ¢ore 18 thorium - 1.5 w/o U {$3% enriched) ocextruded
with %0 mils of Zircaloy cladding. The Zircaloy outer housing ieg an
integrally ritbed tube (2.90" ID}. The Ziroaley lnner housing (1.42"
oD X .0%0" wall) has four 60 mil thick full length external ribs
welded to 3t by the electron beam welding process.

The fuel tube (Figure 2) will bs extruded at SRP; however, N.M.I.
wlll fabricate the blllete. Based on the first extrusiong, the
probable dimenslons for the irpsdiation fuel tubes will be 2.8545" OD
% 1.845" ID with 30 mils of cladding on hoth surfaces.

The Zirealoey outer houslng will be fetrioated from the driver-test
type of Eirealoy housing D¥ machining the as~axtruded rib c¢lrele of
2.150" to 2.590" * ,010". 'This machining procedure leaves & rih
tip flat BO mila wide.

The mechanical design is similar to the previously degigned and
tegted 30T-6 apd SOT-9, Minor changes were made to accomedate 2
single full length tube inatead of & eolumn of short fuel plecea;
however, thesa were not suffisient to affect the flow dimtrlbuilon.
The aatual flow split will be determined gt CMX snd tha flow will
be orificed 1f necessary to mateh the 30T-6 so that the Ilow monl-
toring effioclency of the SOT-6 bottom fitting will apply to thia
ageembly.




[1ated below are the pertinent dimensions of this fusl assembly:

Cuter Houslng Inches Fusl Tube Inches Inner Houslng  Inohes

aD 2.96 Gled QD £.545 Ralls 1.H0
1D 2.590 Core QD 2. 485 oD 1.42
B« 2.59 Cora ID 1.505 I l-}s
Clad ID 1.945
Uniform Core langth, in. B7.5

Tip te tip core length, in. 106
Effective core length, in. 58

Prior to Irrediaticn the assambly will bte flow teated st reactor
tempersture, pressure, and flow at least thirty daye. After the
initial inepection, the flow test Ahould cantinue for Bix months
with perlodle inspectlons,

oparse t1 g Charecteriatlion

Throughout the 1lrradisation the gosl 1s to malntaln the maximum
cantrel metal temperature in = range of 475°%C to 5OC%C., To accom-
pligh thie the aseembly power can be edjusted & limlted amount, with-
out affecting the reactor power, by moving it wlthin the reacteor or
by using a stalnlese pteel housing rather than the Zircaloy housing.
The stainless stssl housing will decrseme the aEsambly power ahout
15% whille moving the assenbly [rom an cuter to an lomer position

will increase the power ahout 10%.

Iisted in Table I are the predlicted operating chargeteristles. The
gondltions are nominal for cperstion in an outer position during

the M-2 cyele with an averzge mzximum central metal temperature of
aebout SC0°C. Puture conditions cannot be predicted accurately
bagauae thay depend con such fagtors a8 total exposurs, Lrlvar oyele
(M-2, M=3 or 0-1} positien in the reacter, type af housing (Zirecaloy
or stainless steel) and length of any interim shutdown which would
allow the Pa-233 to decay to U-233.

The steinless steel housing [(Flgure 2) to be supplled wlth each
asdembly 18 made from s tube (2.8" ID x .065" wall} and will have
four ribe {.06" thick) welded to 4% by the elsctron beam welding
process. The housings will he 1dentical to the Zircaloy housinge
but they will Mffer In the fact that the top and bottom end
fittinge willl be welded on to the stainless steeel housing tubs.

+ o —r————————



TABLE 1
- CALCULATED OPERATING CONDITIONS

Btggr:ﬁr Egjgécf%g&

Ranotor Preasure (PBIG) 1200 1200
Coclant Inlst Temperature {°C) 180 1A0=230
Maximum Specific Power {W/G) 58 56-45
Maximum Central Metal Temperature (°0) 510 L &8
Maximum Surfzcs Temparsture (°0) 257 300
Maximum Heat Flux (pau/hr-rt8) I, 463105 4,0x10°
Asgambly Power (MW} 1.11 1,0
Maximum PLuX/Avgerage Flux 1.9 1.2

Quter Inner  Axial  Total
Heat aplit (%) 55,6 43,4 - 100
Flow split (%) 54,6 bi.4 4.0 100
Channel AT (“C) 29,3 29,6 - 28,3
Channel flow {GFM} Ba 682 6.0 150
Veloeity (fps) 18.2 19,4 1.3 -
BOSF {with overall HSF of ,65) 2,72 2,71 - -

Specisl Handling Reguipementa

Thie amasmbly wlll nct require any speclal tools for normal handling.
The assambly components uee the sbamdard 1"-2"-3" top fitbings,
Initlal agoembly will be done by the PAle Engineerinz Division,

Should the stainless gtesl houaing be required, the agmemhly can
be gent to HEQF for changing the housing or it can be changed in
the Spent Pual Baglpo of HWCOTR but aot as acovenlently.

The 2Zircaloy and ateinless atesl houaingm willl have the standard
ldentiflcatlon numbers on the top and bottom fittlng but wlll
have elther "EZirecaloy" or "stalulesp™ wrliiten dirsctly below it,




frelrradistion Inapection

The followlng prelirradlation data on the fusl tube will be
anlléestad by PED:

1. Qutslde diameters will be megmursd by means of continuous
longitudinal poans st 09, 48°, 009, and 135° ar misrometer
mezsuraments at 1" Intervals.

2, Inelde dlamater will ba maasured at 1=-insh 1nterv&1ﬁ with =
2=contaot mechanlozl zauge. '

3. Tength will %e measured at S0°,

4, Photographs will be taken of the |outslde surface in the
reglon of highesat expoaura. f

|

Interim Examinations '

Interim examinastilon shonld be made at ahout 5000, 10,000 and
15,000 WD/& prior to the final examination at 20,000 WB/G. These
examinationa should be coordinated with acheduled shutdowns.
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APPENDIX C0-2

TECHNICAL DIVISION
SAVANNAH RIVER LABCRATORY

HWCTH TEST IRRADIATION DEICRIPTION-5
ADDENDUM 1

ASSEMBLY NO1 TMP-1-1
PURPDSB: Calibration and ILong Term Plow Teut
REACTOR: None - CMX Power Flow Loop

ASSEMELY REFERENCE DRAWING: ST-MDES-5837
T ~ Drawitg Schedule #2107

PREPARED BY: A. P. Wright M |
" The fuel in thiﬁ“auuembly £ a ten root long coextruded tube

(2.54" 0D x 1,84" ID) contalning a thorium - 1.8 w/o natural
uranium core with 30 mils of Zirgoaloey-2 ¢ladding. Eha ouban
housing ia an integrally ribbed Zirealoy tubs (2.90" ID) while
the ri%bad inner housing conwimta of n Zirealoy tube (1.424
op x ,03" wall) with four 60 mil thilok external ribs welded to
it by the eleotron beam weldlng procese,

The aseembly 18 e completa prototype except that natural uraniuom
ie used in place of enrlohed uranium in the core and 2 holas
1/16" dismeter wers drilled into the cuter housing for pressure
Capk,

Thies asaembly is identilsal to the S30T=6 and 80T-§ design and the
flow split willl bes orificed as necsssary to mateh the 307-5 ac
that the flow monitoring efficlency results will almo apply. By
sdapting an exlsting deeign, 1t wee possible to reduce danign
time, prespare components quicker, and elimlnate the nesd for a
new monitoring afflaienay test rig,



ASAEMBLY OOMPONENTS

Houping - SRL #43 (originally machined to M-1 rib c¢ircle for
1tnitial eheoitout at HWOTR)

~ Asgembled lengzth 132.3/8" (3/8" short of standard)
- Reforenge Drawing ST-MDXS-5835-4

Bobtom Fitting Dats
- Mow Sampler, ST-MDXA-5689

- Bottom 8leeve Drilling, ST-MDX4 -5654=-C, Rev, H
(42 noles $.250" = 200" AP HuO with 150 gpm DeO

at 200°C)
Qutar Irmer Axisl
R Deta Armulus Annulue Chaponel Total
Plow {%) 4o 5 100
Flow Euru% 32.5 60 7.5 150
Veloolty (fpa) 18.1 13.5 1.6 -

FUEL - Assembly Drawing ST-MDX4-5831
= Fuel tube ST-MDEUY-5722, Rev. 1

- gmg ?xtrusiﬂn #1-3 {front of extrusion 18 bottom of fuel
ube

« Overall length: 122-3/4"
Inoer Housing - Assembly Drawing ST-MDX4-5828-A, Rev, O
- Overall length - 121"I

Loading Data
- Top of housing to top of fuel: 3-27/32"
- Top of housing top of loner houslne: 5-17/32"

Loading Commenta

- The compohents werea loaded in the scap tank of the mockup
room of TT3-A %o check the complete asmembly. Then it
was dipapaembled and the oscmponents were shilpped to CMX,

« Tha fupel tube loaded undar its own walght buet was binding
magt of tha time,

= The inner housing lcaded under its cwh welght and could
ba rotated to asat on the orlenting devise,

AFW: je



TABLE I
ID MEASURZMENTS OF Th-232y ELEMENT NO, TMP 1-1
| 5 /28 /64
P.L.C. and T.A.D,

Dilistanoa
gﬁ“ﬁuﬁgp (Nominal ID = 1*530“}
(Inohes) Q° q5° | e R i L
3 1,842 1.848 © 1.845 1.848
& 1,847 1,848 ° 1,846 1,84z
9 1.850 1.849  1.B49 1.833
12 1.835 1.834 1.83% . 1,834
15 1,836 i.83%  1.83% - 1,838
18 1,839 1,840 1,837 1.839
ay 1,842 1,840 © 1.B4¢ 1,841
20 1.840 1.83% ° 1.B4o  1.84)
36 1,840 1,835 ° 1.B3¢9 1.840
42 1,840 1.833 : 1.838  1.839
48 1,840 1,839 1,839 . 1,B39
54 1,840 1.840 1.838 1.828
&0 1.839 1.840 ° 1,839 1,830
66 1.839 1.83%  1.83%  1.B38
78 .83 1.839 1,835 1,838
78 1.839 1.83g © 1,838 1,838
Bl _ 1.83% 1.83g . 1,838 . 1.B38
Q0 1.83¢9 1.835 1.838 1,835
86 1.834 1.838 - 1.838 1,838
102 . 1.839 1.838 1,828 1.838
108 1,838 1,830 1,838  -1.838

Notet: Messurements made with 2~polnt Desp Hole
fege.



TARBLE IT

OD MEASUREMENTS OF Th-235v prmwmer No, 7o 1-1
5/28/65
P.L.C. and T.4.D,

?ﬂ.stagce
o T m 1t
opon DOP {Nominal QD = £,540")
{Inohes ! o* #E ° 20 ° 135 °
3 2,540 2.53% 2,542, 2,537
& 2,536 2,535 2.536 2,537
g 2,644 2. 544 2,543 2,543
12 P, 540 2,544 2,544 2,042
15 2.54] 2,542 2,542 2,8lp
18 2.542 2.541 7,548 2,5l
e 2,543 2,541 2,642 2,542
30 ) 2,542 2.541 2,801 2800
36 2,540 2,540 2,541 2, 50d
42 2,.E40 2,540 2,54 2,541
48 2,540 2.540 2,341 2,541
Bl 2,540 2.B3¢ 2. 540 2,542
A0 2,540 2.539 a,al) 2,541
B8 2,539 2,535 2,540 2.541
T2 2.540 2,539 2,54, 2,540
T8 2,540 2,539 2,843 2,541
By 2,541 2.540 2,847 2,542
90 2.540 2,541 2,841 2.6541
ab 2,540 2.540 2.541 2.541
102 2.541 2,540 2,544 2.542
108 2,546 2,541 2,847 2,645
111 2.547 2,543 2,547 2,546
114 =T 2,544 2,548 2,847




TABLE TIX
LD _MEASUREMENTS OF TMT 1-1 HOUSING TUEE NQ. 43

5/20/64
W.R.H.
lstance
from Top ﬁﬁominal
of Tube Rib-to-Rit ID = 2,590")
{tnches} 97 907 AvereEe
s 2.620 2,588 2,602
& 2,615 2.575 2,597
12 2,615 2,575 2,595
18 2,617 2,575 2,556
ol 2,614 2.578 2,505
30 2,610 2,582 2,596
35 2,603 2,588 2,555
42 2.5G7 . 2,542 2.504
48 2,593 2,605 2,590
54 2.5% 2.602 2,899
e 2,593 2,604 2,508
a6 g.594 2,591 2,592
Ta 2.595 . 2.59%90 2,008
T8 2,592 2,590 2.591
a4 2.592 2,500 2,521
a0 2.5%2 e,589 2,590
g6 2,592 2,588 2,590
102 2.595 2,588 2,591
108 2.504 2,588 2,591
114 2,611 2,602 2,607
118 2,614 2,603 2,608

Hote: Mesnurements made with 2~politnt Deesp
Hole dlage,.



TN TV

ID MAGSTREMENTS O THT 1-1 HOUJING TU3L 110, 43

5/713/64
J.H.W, and J.L.H

Dligbanes

o op Hﬂuuing{gﬁgén;% = 2,000}
(Incheas ) Q* oo Luarage
* 2,800 2,609 2,003

12 2,893 2.590 2,801
akl 2,8 2,501 2,8
36 2,881 2,397 2, GGY
48 2,585 2. 0y 2.850
&0 2, 890 2, BGY 2,892
78 2.897 2,805 2,896
8k 2,878 2. 5o 2. 855
g6 2,876 2,00l 2,563
168 2.891 2,000 2,806

Neter Maamuremenis mede wlth Z-polnt Ds=oew
Hole Gage.



APFENDIX C=-3

TECHNICAL DIVISION
SAVANNAH RIVER LABORATORY

HWCTH TEET IHHADIATiDN DESCRIPTION-5
ADDENDUM 2

ASSEMBLY NUMBER: TMT~1-2 and TMT-1-3

PURFOSE: Irradiation - To determine the stabllity of coextruded
T thordium metal cores (T.P. #38)

REACTOR & POSTTION: HWCTR= #40 (Outer Ring) = TMT-1-2
HWOTR=- #37 (Quter Ring) -~ TMT-1-3

CHARGED T0 REACTOR CYCLE: MH-2.5, August 1B, L1564

ASSEMBLY REFERENCE DRAWING: ST-MIXE-ER37, Rav, D
Drawing Sehedule #107

PREPARED BY: &, P, Wrighamgﬂﬂ
!

Tha fuel in thope aspemblies 45 & fen oot long coextirudsd tubse
22.54” 0D x 1,84" ID) contalnipg & thordum « 1.5 w/c uranium core
3% enriched) with 30 mils of Zircaloy=-2 cladding. The ocuter
housing is an integrally ribbed Zircaloy tube (2.50" ID) while
the ribbed ilnnser housing conelsts of a Zirpoaluy tubs {1,424" 0D
% 03" wall) with four %G mil thisk external oibe welded to it

by the electron beam welding process.

A Btalnless sieel housing was supplisd wilth each asgembly and can
he used in plece of the Zlrealoy houst to reduce the power by 1l5%,
It 1s made from & stainless steel tube [2,9" ID x 065" wall) with
fouy internal riks (,06" thick) weldsd to it by the electron beam
welding procesz. The housings will ke Idsntical te the Zircaloy
housinge but will have the end f£flsting welded to the Btalnless
stesl houslng tube.



These apsemblice

are ldenticzl to the SO0T-6 and 30T-9 design and the

flow apiit matohee fhe 307T-6 ao that the flow monitoring afficiency
resulte will also apply.

ASSEMBLY COMPONENTS

Houslng ~ Zircaloy Houslngs

&,

b.
G

d,

Tdentified as "TMT=1-2 ZIRC" (D-81 lettsrs left
on at reguest of HWCTR Production.

Identified as "TMT-1-3 ZIRC"
Angembled length 132=3/4" (TMT=1-2 and TMT-1~3)
Reference Drawing - 3T-MD¥X5-5835-A, Rav, O

~ Stainlese Steel Housilnge

a.
k.

C.

d.

Identified as "TMTelaez 837"
Identified as "TMI-1-3 337"

Both housings delivered to HWCTR on &/18/64 and
stored Lty HWCTR Production,

Reference Drawing = ST=MOKS=599L, Rev, O,

Bottom Fitting Data (TMT-1-2 and TMT-1-3)
« Flow Sampler, ST.MDXU-5689, Hev. O

= Bottom Slseve Drilling, ST=-MDXU=RE04-C, Rev, S

{42
at

holes & 250" = 200" AP HqO with 150 gpm Do0
200°¢) fe 2

Flow Dats (TNMT=1-2 and THT=1=-3}

Flow Lata

Flow (%)
Flow (gpm)

Outer Inner Axlal
Annylue Annulus Channel Total
55 I 5 100
£2.5 B0 7.5 150

VYeloelty (fps) 18,1 19.5 1.6 -



Ul = Asaembly Drawing ST-MDXH-5831, Rev, ©
- Pusl tube 3T-MDX4-EFT22, Rev, 1

- Pre=irradiation dimensionmsl data on file - to be published
at eompletion of lrradiation.

ﬁsssmblﬁ _
THT-1- 1-3

Fuel Tube Length 122.3/4"  122-3/4" Ineludes erid fitting.
FMD Fual Numbap THT-2-1 TMT-2-3 Stamped at top of extruslon.
Pre-Irrad, Avg, OD =, 558" 2.53g" From atrip chart.

{Fuel)
Pre-Iprad. Avg. ID 1.8413" 1,B41" Teep hole gage,

{Fuel)

INNER HOUSING - Assembly Drawing ST-MDX4-5828-4, Rev. O

- Overall length = 121" (TMP-1-2 and TMT-1~3)

LOADING DATA TMT-1-2 TMT-1-
- Top of houelng to %op of fusl ha7/32" Y-3,/4"
= Top of housing top of inner hﬁuaing 5ml5 /16" 5=15/16"

- LOADING

COMMENTS  (TMT-1-2 and TMT=1w3)

AFW/hhh

The components were delivered to HWCTR and lcaded ln the
pregantatlon point by 4. F. Wright ané J. L. Harrelscon.

The fuel loaded under 1te own weight and oould be rotated
but with a slight bind,

The inner housing loaded under {ts own welght and could be
rotated to esat on the orilenting device.
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APPRINT . i

IPROCEDURE MOR PHORTUM-URANIUM RXTRUSICH - BLDG. 3I20-M

GENERAL

Iubrleantn;:

Qildas for topl holst

Olldes for coubeinor

oildar for Gle

Aleoholdars for mandrel, blllet handling
geviees, eteo,

Temperatures: (Theee may be changed per Lnatrustlonn from

Mole:

SRL only. )

Mendrel assembly - 370°%
Dia w0 R
Contalner - 370
Th-U blllete - TGO
tu blllets T £l

* Talen ae the aveorape of the permansntly inctalled,
lower blllet femperature Indicator and the movable,
lover blllet temperaturs indlcator.

FRE-CXTRUSTON OPERATION: (1)

SJtep Dagerlption

Prepera tooling. Oxidize tooling, paint with filechol-
dag, check and lube die pnd sontalner,

Load tooling. Record positlone and orient propaply,

Select blilets, Select billets to be extruded and
dezlgnste into which furnace position
they are &9 he loaded.

Load billets{g). Load biliets uslng designated furnace
pesitlons and orientation, Be sure
parbon lnierts are In place. Checl
quallty ol graghlte. Iione of billet
Binonld be dowini racord bBillsd ponitlons,

Put themnocouples 1n Ingtalil themiosouples for recordsr,

wlace.

Deplpgnete temperatures, Deslpnats the temperaturs at which

all controls ehould ne uet bhoth on
furnaces ahd predn tooling.

tigtes: (1) Speclal tool and blliet procedures must be Followed when
worklng with copper blllets from BES °C furnace.

(2) Billets prebershly loaded Into furnace at T60°%C © houre
kel'ore extrugion, Plllets 5o be loaded nore down wlth

S=barr lurtallsd, _

p——— —-

£



SRy

Dpaﬂription

et temparatures,

Chack temperatures,

Fragare lubrlcant.

Sat pressurs-posltion

recorder,

Sat atarting time.

Start cooling table,

EXTRUSION OPERATICNE

Let tempepatures 1n acécord with
lustructisns.

Chesk temperstures of all furnaces,
die and contelner, Contalner tem-
perature wlll be checked wlth =
aurface pyrometern.

Mix Olldag and stipr as prequired. At
least two separate buckets wlll be
regqulred,

Set oon 20" position prior to extriu-
sion, :

Stapt sxtrusion aeguenaes when condlilone
are aatisfagtory.

atart when teole are Lelhg unlosded
from preheat furnace,

Cperatorn; A - press operator
B - dle hezd man
7 - handler
D - hapdler
E - dle head assistant

oper-

ator step Deegprlipfion

A Instell ram extension, Run rem intoc contelner to con-
gerve heat.

BE,E Inatall runout tube

in die slidae,

E Lubrlezte dis.

! Gegpt die.

AT Foglticn tube rack. Place in slots in runout table
graphite. Be aure hoole do
not project ahove surface of
graphite.

] Attseh clam sheall to

Jik crane.
A Start ciming with

ptoepwateh,




Oy =

Note

ator atbep Doaoription

c Turn of'f blower, Dutzasning furnace.

z Cpen [furnmace door, Dutegeening furnsees,

D Pogltlon oart. Jee pare Lo mateh rslle ao-
surately,

I Ful: out tool rack. Be pure Golly doegs nol jump
{:I‘El clc .

C Flal up tools, Attach eclam shell fo mandrel
duminy bloak mssembly, lool
and ralss uslng Job crane,
prientation of toolse.

¢ Iower tools to oart. Technieal personnel Will record
toal mumbers, flso resord tocl
temperatures with gontact
prrometer,

T Detach clawm shell, Unhigolk elam shell frem Jib crove.
Repleee Gocl delly Remove empty tool rack from
1ntos furmacs. tool dellr,

o lHove oapt to mono-
rail,

LN Remove clam rhell
f'rom tools.

D fttach clam rhsll to
iel't =ide of mano-
rall heolet,

2 Upend topls. Stand mandrel and eutoeff block
aasambly on end, uplng dummy
hlool ap base,

c Paint mandrel. Stir lubricant (Glldag) and then
thoroughly paint teeling. Let
stand fopr 30 seconds,

D Swab eentainer, Uping long-handled swab, dip into

Horlizontalize tonlas.

01ldag Iube and run through con-
tairer twlce, HNote: This i3 eig-
nal to start billet loading se-
quence,



Opar-

gtor Sten ___Deascription

c,D Plek up toels, Attach olam shell to mandrel;
lock Inte place, Tools in
proper orlentatlon,

0,0 Fopition tools, Tae monorsil holst to raise
toole ard poaltlon over lelt-
hend tle rod.

E Posltlon blllet heolat. Pogltion monorail hoilst over
blllef preheat furnace, Do
priar to container swabbing.

B Cpen furnace doore, SRL wlll check temperatures
(before openlng doors), -

B Faide fummgce lid, Femove 11d from desigpated (well),

B Attach hook, Insert hook Into billet 1lfter.

B Plok up billet.

=] Clope furnace doors,

B,E Move blllet to lomder,

B Replace 114 and slase

furnace.

A Halee billef leoader, Ralse loader to fop cross posi-
£lon and hold,

E Lower billet.

Gulde and horizon- Uplng horplzontalizer, ook the

tallze billet, bottom of the blllet lifter,
guldin 1llef onto blllet
leaderll), aimultaneously
boprlzéntallzlng onte loader.
"B" man erosses from right to
left plde of press.

B Aemave blllet lifter Toward left slde of prees,

{T-bar).
E Ramove platiom. Plek up plstform on right side

of press.

Note: (1) Front of blllef polnting toward left side of press,



Oper-

aloy M =1-Ix Demoripilon

D liemove platiorm. Gemove platiorm on left slde
of press.

i) Raire Billei loader. Haise loader to [ull up pesl-
tion (from top eross peslbicn).

A Ioad biilet. Move rem Corward to push billet
lnto contelner,

i Return rem and yalee Reise loader to full up pnsitiﬁn.

loaden.

B Put pietform haclt in

place o ieft side
of press.

o Lowsr toolm, Lower toole onto blllet loader.

B fulde tools. When tools reat on loader, unlock
clam shell.

E Retiove left platliomm,

foad tooln, Move ram Torbard to insert man-
drel assembly inte conbalner.

D Move clam shell. Take elem shell bagk to proheat
fMzrnace.

A Htride, Extrude at 12 inehea/minute.

B Marle 0° noslilon on Marlk O° position on tube with

tube, file ae 1t erite from dles

B LDreall tube loose [rom  Brealk tube loomre from dle and

mandrel, out of pguide tube, TIf pgulde
tube has come out, breslc from
tube,

i Ralae tube raclk, False only ehough to elear runout
blocks and cooling rollers,

E,C Fulde Tube rack, Keep reck from tipplng and guide
hoolke petween rollers,

£ Lower tube rack, Reat tube or roteting strelghten-
ing rollers,

B,C Tlsenpgape tube racl, Take cére not to knosk tube off
rollers, Place tube rack on floor
glongolde of rmunout table,

A Move dle {from cavlty. Lift runout tabls; move dle sllde

out,



Oper-

BLor atep ,Deagripticn
o Place board in die Plase fluzh with econtalner
cavity, face,

A Clesr conteiner Advance ram to push mandrel
agsembly into cavity.

B Glear dis cavity. Remove tooling fraom cavity and
place to one pilde,

D Tiemove board.

Glean die.

POST-EXTRUSICH OPFERATIGNS

S

tep

Chesk f9r oracks and chips,

Uee stogl wool and flne stmedy
but only as absolutely necensary
¢ retmove copper plchlup.

Dessripticn

Cheek dle.

Cheelt aontainar,

Dbtaln

Check for damage 2ndd copper pleltup.

Charyre die 1 regulred [cheelt Wwlth
supervizsién) and relube,

Chegle For cleanliness. (lean out and

relubricate B3 necessary,

deta. Cheek posteextruslon temperatures, ete.;
msrlk or remove sections of intereat 1n
pressure-posltion end Lemperature charts,

3lean up sres,

Measgemble toolse,
Beagsemble and re-
poelbion feola,

[rapare Cor rext
srtruslon,

Hove tubes to SRIL.

Move porbable thermmo-

goupla,

Wnen mandpel zesembly has cooled to

below 260°%, remove copper eutolf block.

Contelner,; die head, moncralls, tuba
runout raclk, ste,

Cheek over tooles ard billets to make
Fure ever: thing is ready.

Tee carryall trmicl: with tube racks on btop.

Put in place withlr next billet to ke

gxtruded,



APPENDIX B

HWCTR TEST FPERMIT

TRRADIATION OF THORIUM METAL TUBES
(TMT-1 SERIES)

SUMMARY

This Test Permit authorizes irradiation of thoerium metal tubes
of the TMT-1 series in standard lattice pesltlicns of the HWCTR.
Each test assembly oontelins a glngle full-length tube af thorium
metal slloyed with 1.4% U-235 and coextruded with Zircaloy cladding
on =ach surface. The fuel 1l designed to aperate at an expoaurs-
gveraged maximum core temperature of about 500°C, to a maximum
exposure of 20,000 watt-days/grem Th.

& summary of fual dimensions and expectad initlal operating
gcharasterletlice follows:

filad fuel ocuter dlameter, inches 2,545
Core thickmeas, Iineh C.250
Nominal max speclific power, watte/g Th 62
Neminal max core temperature, o 500
Nominal max surface haat flux, pou/(hr){ft?) 455,000
Nominal max surface temperaturs, °C 266
Minimum BCSF 2.1
Minimum channel outlet subceollng, g b2
Neminel max expogure, watt-days/g Th 20,000
Afproximate irradiation time at
#ull powen, daye 250
DISCUSSION

Tha purpose of thess tests 18 to determine the behavior of
twerdan metal cores foextiruded with Zirealoy cladding
when irredisted at temperatures and to exposures required of fuel
in the prototype brseder reactor.

FUEL E NTS

The TMT-1 fuel cores ere thorium metal alloyed with 5%, 5%
enriched uranium to provide a core enrichment of 1.4% U-235. No
other alloying metals are sdded. Performance cf these cores will
te a besies for comparing the performance with alloyed cores 1n
later teats.




The coresz are coextruded with Zircaloy cladding to form &
tubular element of the followlng nominal dimensiona:

Clad outalde dlameten, 1lnches 2,545
Clad inaide diameter, inches ' 1.845
Cuter cled thickness, lnch 0,030
Inner clad thileknees, inch 0.030
Core thleknéss, inech 0,290
Cops length tip-to-tip, inchea 109
Iniform tore length, inchaz g87.5
Equivalent uniferm core length, Inches 98
Mage of thorlum in core, 1b | 81.5

The fuel tube is 1llumstrated in Figure 1.

FUEL ASSEMBLY

The single fMael tube 18 contafined in an suter houaing tuba of alther
Ziregloy or atalnless steel. Upe of the alternate housinge is dls-
cusead in the following sectlon. An Inher houasing tube of Zircaloy
deflnes an inner surface coclant annulus. The Zirceloy cuter houslng
hag four integrelly extruded ribs which provide a3 nemingel rib-to-
fuel clearance of 0.045 inech on the diameter, and have flai tipe
0,080 1nch wide. The stalnleass sieel outer housing hes four internal
ribs of stalnless asteel attached by electron beam waldlng. These
provide eimllsr clearance but have fiat tips 0.060 1noh wide. The
Zircaloy inner housing has four 0.060-inch-thiek ribe electron beam
weldad to 1tz cuter surface., Theme provide a2 nomilnal claarance of
0.045 inch on the dlameter.

Nominal agsembly diameters are aummaprized below:

Quter housing cuter dismeter, lnches 2,960 {Zr)
3,030 (&/8)
Cuter housing inner dlameter, inches 2.900 {Zr & §/3)
Duter houaling rib alrele, inches 2.530
Fuel cled outer dlameter, inches 2.545
Fuel c¢lad inner dlameter, inpches 1.845
Inner housing rib circle, inches :.800
Inner housing outer dlameter, lnches 1l.420
Innar housing lnner dlamster, lnches 1360




The assembly bottom end fitting ie slmilar te¢ thet developed
for the 80T-6 and 30T=9 mssemblies. A prototype assembly, TMT-1-1
{Appendlx C-2), was calibrated at CMX for fotal flow end flow spllt.

The prototype aasambly will have been flow-endurance tested,
under flow and temperature condltions simllar to those sxpected in
the reactor for at least 20 days prior tn initiation of the 1rradia-
tiona. Irradiations wlll begin only 1if satlsfactory flow test
performance 1s lndlcated. The flow test will then continue in
peraliel with the irradimtion, wilth periodic lnspesctions to antlol-
pate any pofentlsl long-term damsge to the irradiation assemblies.

OTERATING CHARACTERISTICS

Eetimated operating characteristler for the TMT-1 zssemblies
Bt the start of thelr lrradietion are given in Table In, The maximum
spaolfic pOWﬁr of 62 watts/gram Th 1e based on & maximum thermal flux
of 1.5 x 101% n/omB-aac. This is the estimated flux availeble 1n
the ouger test ring during the H-2.4 teat cycle, with the moderator
at 200V¢.

The thorium fuel power 1s expected to vary more with sxposure
and lrradiation hiatory than any slement previously irradiated in
the HWCTR. Two effeots cause this; che 1a = continulng ilong-term
effect of burnup, and the sesond is a shorter-term effect due to
isctepe decay durdng interim ghutdown perieds.

At low expoeurd, the poweb of the element ia governed by the
U-238 enrlehment. With leng exposure, the bulld-in of U-233% becomes
more important and after sbout 10,000 watt-daye/gram Th an squilibrium
U-R3% level 1s reached mc that power Lz then largsly independent of
the inltial U-235 content. At this time, maximum apesifie power at
congtent flux would have decreased to about 50 wette/gram Th and
maximum eccre temparature would be down from ROQ to about 440%C,

To compensate partlslly for this leoss, the aasembly may he moved to
an inner teat ring poaltiorn to take advantage of an epproximataly
10% greater Plux for a simller increase in power.

Complicmting thi= long-term effect, however, ig the effeet of
ineresssd U-233 bulld-in during perdods of shutdown after significant
exposured, The U-233 concentration can be significantly highen
at the end of a shutdown period than st the beginning. Thus, powar
in the element can be higher in sztartup following an ¢utaze than
pricr to the outage.  Following the re-startup, U-233 concentration
and power will decay zomewhat but a new, higher, power




will result, Therefore, depénding on Lte irradistion histoery, it
is emxpeactad that durling the latter part of lts exposurs, the power
of a TMT-1 element may be greater than lte earller power and may
limit the reastor powsr by minimum BOSF. To minimize thls effect,
the TMT-1 fusl may be installed In the stainless steel houslings
provided for the letter part of thelr expoeure. Thias would atten-
uate thermal flux and reduce element power.

The operating characteristica of & TMT-1 assembly under such
conditione are shown in Table Ib. Becauseé the asssmbly is expected
to be in the resctor for two ye=ars or more, these cohndltlions are
shown relative to operation with the 0-1 drivers &t a 250° moderator
temperaturs, It is alse aseumed that the reactor pressure will be
1400 psit at this tims.

BURNOUT SAFETY FACTOR AND NMININUM SUBCOULING

Both the imer and cuter coclent charmels are annylar. The

oorrelation glven below is umed to eetlmate the nominal
burpout hest flux for the predicted conditione and will slss be upsd

t¢ eptimate ths BOHF during operation:

oo = 57,000 (1 + 0,04 K V)L + 0.03 T )

¢_ = nominal burnout heat flux, peu/(hr}({ft2)

V = nominal coolant veloclty, ft/sec

K = gyer-all hot channel factor con velealty,
from Table II

T « minimum f{usirng Ky from Table II x nominal AT)
gubcooling at point of maximum heat flux, °C

Burnout safety fector (BOSF} for a given shannel 1s computed as
followe:

&
sose - 122
MN"g
¢ = maximum nominal heat flux, pew/{hr){ft®)

MN
Kq = gyer-all hot epet factor on hest flux, Table II

The opersting minimum limit on BOSF 1s 1.8.



Minlmum effluent eubccoling i1z computed as followms:

aTge @ Tg.y = (ﬂTM xR x K + TIn)
TSat = saturation temperature at channel effluent, °C
aTM = measured assembly ccolart aT, °C

R = outer channel nominal AT/AT)

K, = hot channel faotor on temperature fur guter channel
{from Table II)

T;, ™ reactor inlet Dp0 temperature, °g

The operating minimum limit on subecoling is 2C°C.

Hot spot and hot channel faotors to be used Lln calculating
local heat flux, bulk ries, and coolent veloclty are summarized 1In
Table II. Effects accounting fer each factor follow:

1, Cilirecumferentlsl Neuvtron Flux Variatlon

Mezaurements ln Che FDP have shown the varlatlon in
neutron flux around the clrcumference of & fuel tubs not adjacent
tc a control rod to be 25%. Wilth banked rod gperation, the
reglon of maximum heat flux 1ls below the rod tips, sp Kq = 1.05.
Cirouwnferential flux vardatlon zdjacent to rods could be as
great as 10%. Both TMT-1 ocelant channels are rlbbed so that
discrete subchannels can form in which the enthalpy rlee le as
much ag 10% abeove nominal In the upper part of the assembly
adjacent to partially inmerted rode. Therefore, Kt = 1.10,

2. Axlal Power Shape

Beeause of uncertatnties in calculation of the axlal power
shape, 1t 13 estimated that the peak heat flux oculd be as mueh
as 3% greater than nominel. Therefors, Ky = 1.03.

3. Cgre Thickness Verlgtlon

Variation in thickness of the core is no gresater than
£0.015 inch. The nominal core thigkneze is 0.29C¢ Lnch;
therefore, local -heat generatlon could be & much as 5% greater
then hominal., Thug, Kq = K¢ = 1.08,




4, Fuel {U=-235) Segregation

The thorium core 1s alleyed to glve 1.4 wt § U-235, It
ls estimated that areas of slgnificant slze could have
concentrations as large as 10% (relatlve) greater than this.
Tharefore, Ky « 1,10,

5. Hegt Jplit Uncertainty

A P% allowance 1 made for uncertainty in the calculated
neat apllt between the inner pnd outer surfaces. Thus,
Kq - Kt = loDEq

6. Flow 8plit Uncertainty

The flow split wae mesasured in the prototype sasembly using
HaC at EUQG- It 15 estimated that in extrapolating to resctor
gendltione the flow splilt could be in error encugh to produce
flow 2% lass than nominal in elther channel. Therefore, K¢ = 1.02
and ¥, = 0.98,

7. HNonbonds

The minimum d¢imenslen of nenbond sress detectable 1n the
TMT-1 tubes is about 1/16 ineh. Nenbond etreaks of this
width would cause local increas=s In heat flux of sbout 4%,

Thie width of poselhle nonbonds, 1/16 inch, ls greater than the
previcusly aseumed 1/32 inch for uranium elements extruded at

NMI. However, the thlck core of the TMT-1l element snd the tetter
conductivity of thorlum metal tend te reduce the axpected inerezze
in heat flux. Therefora, K = 1,04,

B, Hib Contact

Contact aof & spacing rik with & fusl surface tends ta insu-
+atea the surfaces under ths rib. This shifts the core femperaturs
prolflle and causes an effeotive inoremse in aurface heat flux
adjacent to the plb and gls¢ in line with the rib on the opposlts
fuel surfacs. The heat flux inorease 1g direetly related to the
rib contect thickness and lnversely related to the conductance
of the core and cladding, High thermal conductlvlty of the
therium core ténds to minimize the eaffect, Hib tip widthas are
0.0680 inch for the lnner houelng and the =tzinless steel cuter
housing, and U.0BO inch for the Zircaloy outer housing., The
imner and cuter houslngs are meahanloplly oriented so that ribs
oannot be "back-to~back". Relationshipe have been Geveloped which
indioate that the wider rlbh wlll effsctively incresse the heat flux.



adjacent to, and cppoeslte Lt, by about 5%. The narrower rib
will cause inecreases of mbout 4%, Analegy with previous
caleulations of temperature redistribvuticn in a metal core
resulting from a nenbond indloates that the lnorseee adjscent
to the rib will actuwally be scmewhst grester than thaet epposite.
Therefore wlth the Zilrcaloy outer houslng, Kg for the cuter
gurface 18 1.6 end Kgq for the inner surfeece is 1.05. With the
stalnlems steel cufer housing, Kg for beth surfaces iz 1.05.

9. Eatentrlalty

Eccentricity of the fuel tube relative to the housings 2an
produce low flow 1n ghannsle formed by the fuel contactlng two
of the four ribs on either housing. BEnthelpy rise in such & |
subchannel in the outer annulus could be as much as 208 greater
than normal end veleosity could be 164 below normal. Thersfors,
et = 1.26 and K, = 0.B4. Rimilarly for the inner annulua
Ky = 1.20 end Ky = 0,87,

i0. Temperature Monltoring

Measured AT for the asssembly can be In ervor from three
cauees; (1) poor sempling in end fitting, (2) thermocouple error,
and {3} readout error. With nearly egual channel AT's, the firast
osuse will produce error no graater than tl¥, Zero c¢orrestlons
are used with thermocouples and the maximun error in these 1s
estimated to be $0.2°C., Recorder error i1s no greater than *0.5°C.
Thiz sum of 0.7°C is about 2% of the nominal AT. Therefore,

Kq - Kt = 11ﬂ31

11. Flow Monlterlng

The variasticn in indiceted flow with randem angular corlen-
tation of the end fitting le sbout 1%, Experlence Iindicaten
thet readout veriation is 229, fThua, power calculated from the
indicated flow might be % greazter than assumed, so Kq = 1.03.
If flow 18 higher than nominal, veloelty wllil also be greater
and credlt can be taken for thia. Thus, K, = 1.03.

SAFETY

The hazard unigque to thie irradietion 18 that core awelling or
fuel vibration wlll cause g cladding fallure. Rapld corrosion of
the metal might then follow wlth release of radloactlve contamlinantes

$t0 the modspatorn.



The moderetor and blanket gas will be monltered conbinucusly
for fisslon product release. Cross fallure will be detected by
gither the delayed neutron monitar (DNM) or the scanning liguld
photoneutron monitor (SLPM) that sequentially samples the coslant
stream from ezch test assembly. The DNM ham a2 delay time of about
ene minute; delmy time for the SLPM 1a from one to three minutes.
Small fallures wlll be deftected by elther the low energy gamms
monitor (LEGM) or the gaseous fission product monitor (GFPM), esoch
of which have delay times of about 20 minutes. At lesast oche of the
fast respense (DNM or SLPM) monitors and one of the more sensitive
menitors {LEGM or GFPM) will always be funecticoning while the reactor
iz at power. If it 1s determined that the element has failed, the
reactor will be shut down end the assembly discharged %o & foiled
element conteiner In the spent fuel besin.

INTERIM INSPECTIONS

The reactor will be shut down and the TMT-1 assemblies discharged
for inspection at the RBOF at approximately the accumulatsed exXpoauree

requested in pAppendix (-1,

CHARGCE AND DISCHARGE

The fuel sssembly will he charged and discharged zs a unit.
During diechargs, the maximum fuel surface temperature will not be
allowed to sxceed 350°C. fTable III gives timea for the hottest
irradisted slement to heat adisbatically from 50 to 350°¢. Coollng
water will be applied to the fuel 1f these times are excceded during

transfer.

The values in Teble III mre calculated on & conservative bagls
because accurate values for decay power of thorium sre not prepantly
avallable. Table IIJ wlll be revised when anleoulations of thorium
decay powear are completed.




TABLE Ig

ESTIMATED INITTAL OFERATING CHARACTERISTICH

Reactor presaurs, palg 1200
toclant inlet tempersture, °C 185
Aasembly coolant flow, gpm 156[33
Assembly coclant temp rise, °C 30,5
hsmenbly cooclant power, kw 1200
Axial max/avg powsr 1.8
Max neminal speolfic power, watte/gram Th ge(v)
Max nominal core temperature, °0 500
Quter Inner

Channel Channel
Heat split, # 56.0 b, 0
Max nominal heat flux, peu/{hr){rt@} 400, 000 485, 000
Heat tranefer area, [&8/f¢ 0.E67 0. 484
Equivalent uniform core length, ft B,16 8.16
fooclant flow, gpPm 82.8 61.2
feolent velocity, ft/asc 18,1 16.8
Coolant temp prise, °C 31.1 2%, 2
Goolant fiow ares, in.c ' 1. 47 1.04
Ceolant channel De, 1in. 0.32 .30
Neminal effluent temp, °C 216 218
Max [with HCF) effluent temp, °C 2%4 234
Sat. temp at efflusnt, °C 296 296
Min (with HOF) effluent temp, °C &2 62
Max nominal surface temp, °C 26% 266
Max nominal interfacs temp, °C 393 40B
Min BOSF (wlth HSF & HCF) 2.3 2.1

(a4} Includes & gpm axlal purge through Imner housing.
(b} Ineludes moderator heating.




TABLE Ib

ESTIMATED OPERATING CHARACTERISTICS WITH 0-1 DRIVERS

Reactor pressure, pslg 1400
{oolant inlet temparature, °C 226
Amaembly coolant flow, gpm ﬁ lED(a]
Assemhly soolant temperature rise, °C 27.0
Amsembly aoclant powar, kw . 10B0

Axlsl max/avg powsr 1.?

Max nominal aspescific power, watta/grem Th 56 )

Max nominal core temperature, 90 515

Duter Innen

Shannel Channel

Heat split, % : 58.0 bLb.o
Max nominal hest flux, peu/(hr){rt&) 275,000 k11,000
Heat transfer area, ft2/ft 0.66T 0. 484
Equivalent uniform core length, I't 8.16 g8.16
Coolant flouw, gpm 82.8 61.2
Coolant veloolty, rt/eec 18.1 18.8
Coolant temperature riss, ©C : 2T .4 29,1
Coolant flow area, 1n.2 1.47 1.04
Conlant channel De, in. .32 0.35
Nomingl effluent temp, °C 253 255
Max (with HCF) effluent temperature, °C 269 269
Saturation tamp at affluent, °C 30T 07
Mininum subcooling, °C 28 23
Max nominal surface temperasure, °C 300 04
Mex nominal interfege temperature, °C 415 4og
Min BOSF (with HAF & HGF:] 1.9 1.8

{a) Inoludes & gpm sxlal purge through lnner housing.
i) Inoludes moderator heating,



TABLE 1l
"BOT _SPOT AND HCT CHANNEL FACTORI

g K¢ Ky
Effact futer Inner Qutsr Inner Outer Inner
1. Circumferential neutron
flux varisticon 1,05 1.0 1.10 .10 - -
2., Axial powsr shape 1.03 1.03 - - - -

%, ©Core thickness varlmticen 1.06 1.0 1.0 1.05 - -
4. Puel [U-235) segregation 1.1C¢ 1.10 = - . -

B« Heat aplit uncertalnty L.02 .02 1.02 1.02 - -
€. Plow aplit unoertainty - - l.¢2 1.02 0.88 .98
T. Nonbonds 1.04 1,04 - - - -
€. BERib econtact 1.06 1,08 - - -

g. Eecantristty - - :
1C, Temparature menltorling 1.0% 1.83 1.02 1.03 - -
11. Flow monitering 1.03 1.03 - - 1.0% 1.03%

Ovar-all = 1.43 1,48 1.56 1,49 0.85 0.88

TAELE IIl
ALLOWABLE TIMES WITHOUT COQLING DURING DISCHARGE

Asgumed max epecifilc power: 62 watte/gram Th
(Coslant power of

.-lIE I"IIH &t nx = 118}

Elapsed time for hottamt part of element to
Time After heat adiabetieally from 50 to 350°, minutes
Shutdown  Expogurae = 24,7 days 116 davs 247 days

5 haurs
10
24

2 days
&
10
20
Lo
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wALLY IT
CXTRULION CONGTANTG FOR Th-U_AND ZIRCHLOY-2

Batls of
Chomiaal Extruslon Uonstents,
wwmle -
Extruslon Ralative to Zr-g
Analya%giuf Oonptant K {Percent}
-0 Billet =g s—— U "y
Extruslion Unmanlum Carbon Tem?. ' NEE? Koty 22 {100)
_Manben (v} I { *a {tal} [£m1) Lzp-2
1h0h-1 1.50 520 675 12.3 22,6 17
LiGha2 1,53 G20 Too 17.9 14,9 i |
Liag-1 .04 1390 T3q 14,4 22,8 all2}
{core h)
Lh29-1 1.50 305G Fae 19,4 25,8 33
{core B)
Latruplon phass: HMI 300-ton
Linar: 2, 0d0-tnoh bore; 4807
Tia: 0,53%-100h cpaning; 480°%
cutolty copper, st same temperabure as billet
Luabrioanti Aquadsg on liner, Ale snd bdillet
before hesting: CLldag on liner end
dle Juxt before sxtrusion
Fem epeed: 15 inches/minute

Extrueion predustion: 14,611

{1} Analyees made gn aamples from mid-lengtbh of Th-T after
extruslcn,

{2} average of front and rear cylindars of nlokel-I'ree
Ziremloy-2.



TAELE TiIT
HoT HARDNELE OF Th-1 AND ZTRCALOY-Z

IFH Number
J!.le::y*{l> BEoz  B78°C 7RO
Th-1.55 w/6 U with 1350 ppm Carbon 42 29 23
Th=1,45 wrio U with 1520 ppm Carbon 1 a0 2l
Hickel-rree Ziponloy-2 28 17 1o
Standard Tircaloy-2 23 16 12

{1) Gompesltion of Th-U gpeolmene based on analyesis
Just below the het top from whileh the epeolmene
were mecehlped. Nlekel-Tfree Zlresloy-2 from eame
sboole uaed for pod extrusions, Stendard
Zircaloy-2 from inner sleeve atoely, Inget No.
HEC-1577.




PABLE 1Y
PROTOTYRR BILLET COREA

Prota-

type Fre- Fepulta of Flhel Ingpestlon
Blllet Cesting Uranium Carbon  shaps Dimenelonel
Humber Hunber {w/a}  f{ppm} Design Deviatione Surfece Defects
1-1 TX-140T7  1.84 1500 TFlg. U Hone Hone
1-2 TH-1H415  1.58 1480 ™pg, 6 Dength - 7.5B0 Hone
inehas (0,060
ineh short)
1«3 TX-1414 1,53 1980 Pig. & Nona Mone
1-8  TXe1bsh 1,56 1280 Fie, 41} Home Graphite inalu-

pion, ©,03" in
dlamater x O,05"
dapth, on sutelds
surfase 2.0" Crom
Front =nd.

{1) Core machined to the shorfar overall lemghth of
7.548 inchss used for enriehed cores,



—iif_ Ccrpopliblon

Oyter alasvar Zliremloy-2

Inskr wleavas Zlrarloy-a
for mll Wut

billat 1-%

mnd -3

Tvnay Fleaves Tlroelor-2
Fupy bdllet

1= ard &-3%

Bl maals Zircalaf -2

Home plmcwk Elteaniun

LDumay Nickel-f'rehk
billmin -1 FAreRl oy -2
Al D2

Ty Hickml «f ran
®Blllat D=3 IAYCBloy=-2

MZO-1477 -2-34

MEO-1641

EC-1808

HEO-1805

BEO-LE35

EEG-1E3%

Qppddtion we Recaived st Ml

Eupaléaps tubing, T.0F in. G0
x E.50 in. D povduasd froa
forgad bar by tetm Sreedlog
with a wefar quenah folicwmd
by extrualoo et m radlpticn
of &t least 7i3(1}

Porged tmz, B in, dia.

Forgsd bar, B lo. dim

rorged bar, beta trwated
with B water guanch and
mbehhtued t? B in, ohl x
2,5 in. L

Forged tar, 4.3 4m. 4in,

Porged ber, bafa breatad
Wikh & WRter guenczh and
machined te 7.1 in, dia. iL}

Forged bar, 8 an, an,

o o Reasigt st HM

¥mchived to fioel sice

Drallet te @=3/16=in,’ T, heated o
18305F and watar quanched, tham exiroded
twlee &t 1450°F through a total reductioo
of 13, %11 to give tubing of 2,86 1p, OD
£ 1.B9 in, ID for mackining to finel BilEe

Mochined to finel sigs

Hented £0 1B30°F ard water quenched,
upEet 3 T.05 in, dla. fo okebdping
o fitel atee

Machined to finml mlEs

Hested &0 1B309F and water quenched
befors mRchining to final dles

17 fommAd Riktoyr baned snoapesitdinations dn telegranm of 18780461 from L. B Mayes of B, T. duFont dm Keoocure and

Sa. €5 . A. Mowdry off Harwer Alusivus Ina,



TABLE VI
CHIMIGAL AMADNOTS FPOR SHRICHSD CANTINGD

Total Utlj Gdrbun
T Eottom Top| Eobtom
Cantine Dumber {w}ﬁ} {w/nd m
Ti-10ug (2] 1,55  1.08 1180 1010
TH-155 1 1,53 1.03 p2gh 3030
Tx-:tl;ﬁs(?’:' 1.53 1,53 TGO ol

(1) Ora.loy contelnlng 935 235y usegd, i melting;
multlply B 0,0% to ehbain w/o <3,

(2] & rample drilled from the mhdwall about & ineh
helew the top of the hot top avalyzed 1,59 w/o
tobel U and 1180 pym O, Z

{3) Two vamplas Swrmed fromw the mldlength of the
grovped cantlng Wieo olore Po the Jlnal 0D and
10 Tor & core nomvonent analvzec 1,55 wio tokal
U zind LOHG prm © DPor the outairs mid 1.5% w/o0
tobal U ang 10"0 pm & oo tae tnolds,

© e e Ly —————



TLBLE VIT
CEBCRIPIIAN OF ENRICHED BILLET CORES

Tonriched Compeeition Core -
Blllet Caeting Totel U Carbon ‘Jeipnt Repulte of P}?al
Humper  Jumber fwiol  {ppm) (eremm} ;Hﬁp&cﬁiﬂni
2-1 T-1448 1.58 1146 39,800 Several wores less than
2,02 inch Alaheter
rpatterad pvar oulbzide
suprfzoe near rear
=) TH-1451 1.5% oTin 20,000 Numerous wporea lera firan -
0.02 ineh dlameter on
ety Aand oubride pur-
lace,
2.3 TE-1153 1,53 2l 32,710 Thres porer less than
0.02 lneh dlametar on
Dear end.

{1% Plnal meesurements indisated ail thres QoIes wore
within the dimeneleons epecifled (i.e,, as in
Flgure 4, exeert leugth spesified for enriched
cores was 7T.G5U5 + 0,00% losh},

R ) T e 1



TABLE YIII

BILLET SHIPFING SCHEDULE TO SAVANMAH RIVER

Number

Date arf of

Bhlpment EBllletis Identification of Blllata

3/6/64% & 4 copper dummy billets mnd
girealoy-2 billets Noe. O~1 and
Q=&

3/11/64 2 Prototype billets Now, 1-1 and
1-2

3/13/64 g Pretotyps blllst No. 1-3 and
Zircaloy-2 blilet No., 0-3

ES14 /RN 4 Prototype billet No, 1-k4;

antichead billets Nom, 2-1, 2-2
and 2-3



TABIE IX

EXTRUSION DATA FOR FROTOTYEE Th=U TUBRS

Tube HNo, €,1 1.1 1,2 1,32
Matsrial Ni~-fTas The=1,64 w/o U Thel,58 wfo U Thel.53 w/c U

Zirealoy-g {natural ) (hatural) (naturel
Casting No. - TX-1407 TX-1413 TX-2414
Date axtruded b /1/64 b f2 /64 472764 4 264
Prese capaclty, tone 2780 275G 2750 2750
Ran epeed, 1h./min 1z 17 12 . 1z
Tool diametar, inchee

Liner fD T.200 7.e0h . T . 200 T.200

Die In{#) 2.573 £.573 2.573 2,573

Mandrel CD 1.831 1,831 1.831 1.B31
Tocl temperatura, 0

Iineyr & die 315 =5 315 25 315 12§ 318 2R

Mandrsl & out-oft 370 - 370 Jro 3ro
fut-oft meterlal Ccpper Copper Capper Copper
Iubrivent Aguedag prior to heating - Dildag Just prior to extrusion
Billat heeting '

Furnaca Lindbanrg MO Ko pet furkece

Tenp, (b} 9¢ 775 15 775 15 775 £15 775 215

AtmseEphers Reducing (grephite cleaeve arcund billet)

Total time 18 hra 18 hrs 18 nre=3) min 22 hre=30 min
Beduction ratic 14:2 141 i4:1 14:1
Extruslon feres

Mex, tone 2100 2000 2000 2000
Bxtrusion sonetant K

Zircaley, tal Bl 2 20 20

{a) Imtearal dis and eors.

{b) Fuad st thsilde wall of billet befors remcval from furnace,
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TABLE XTIV

EXTRUSION DATA FOR GROUP OF ENRTCHED Th-U TUEBES

Tube Ne, 1.4 2.1 2.2 2.3
Matarial Th-1.56 w/c U Th«l.58 w/o U Thel,53 w/o U Th-1.53 w/o U
(natural ) {93% 4*5y) {93z **%v) (938 #2511

Oaating ¥o. TX=1454 TX-1448 TX-1451 TX-1453
Date extruded T/9/5% 779/ 64 T/9/6% 7/3/6%
Press capscity, tons 2750 2750 ' 250 2750
Fam apesd, 1n,/min 1z 1z 18 12
Teol dimnstar, ineh=a

Linef, ID T.200 T.200 T.200 T 200

Die, i8] 1n &.573 2,573 2.573 2,573

Mendrsl oD 1,831 L. 831 1,831 1.831
Tool temperaturs, 0

Idoer & dls _ 370 avo 370 3Te

Mandirel % cutofr e 370 aro iTe
Cut=cff waterial Coppar Copper Coppaer Coppar
Iubricant Aguadeg pricr 1o heating-0lldeg juft prior to axtrusicn

2illet heating

Furna?i lingberg 40 KEw pot furnace
Teup, (b} O - 760 TED 760

Atmosphers Reducing (graphite slzeve aTound billet)

Total time € hr=30 min B hr-F min 9 hr 9 hr-15 min
Redustion ratic 1431 T4:1 el U1
Extruzlon force, tons

End smals 1950 1300 1900 1900

Cors 150G 1500 1R00 16800
Extmglon congtant K

End seals, tsi 15.5 19 13 iz

Cora, tal 15 15 15 15

{a) Dis & onne asmently (Aee Figure 11)
{t) Read at inpide wgll of billet bafors removael from furnacs,
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’ 1) - =582 OeTl e g 8}
&0y /0 Gup Im, m{'ﬁ:' B, BTl 2 TR 26 [ M- - -
™, w/n Cu, 1n. {E:' 1,88 1, B 1.1 1.8 - -
8, Wa oa, in, mm BT @ M @ #isa 0.8
0, wio 2, dn, el 1LEG LB 180 L0 L 1.B29
TN, harara nnunu-rnn;. n, mE 5 LLYLT I 1) 4LE ‘- £ -
Dow, altar whralghEaning, 1n, mx 16 = - 116 isda Lhmn lega Ehan
i " /2
Wall toiohndmd, i 7K 0,351 @3 8.3 DA H w.and ﬁ , D
ak o .08 o 4R oIR o, 358 2.312
=ax o35 a.3% 0.6 oo =t [ Su e
DUHE S lallingy Ln, wrg HA o, &, D3N - - a' -
. wn Hh 0. &, (80 - - -
o L] 1. &, 04 - - a
fory, in. wrg Hh U [ ] - - -
A T 1, & - - -
iy L] b. ¥ - - -
Innar eledding, ih. Wy [} D.:g f, L - -
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Hax s 0088 B.Obs - -

ToT Topan &0, and 1,5 wurs wesd for flow tesking.

(2] Tabam 2.2, snd 1.2 were v tdvely sxamined,

(3] Turn 3.0 wer umsd a0 & damy twbr fuad prier te artresdisn of the tores anrdcded fubse,
Ha gvpiuatisn o Ehim fu're wem oade.

(N] Teoem .1 W B3 wera denlgrated wm irredisticds oandliales and mmre lrradisdad o Hha EWER

(8] Tupn 2.2 wer usAcoRpiabde TOF Lrredintian booaikd td FARE DATTAREE on the dnner surleae sk widh
wrd of tiw tuba, -He Surbher ATalpsdies af this Lube e oede. il

(4] Thasn Afmensions sre bassd on u 4-1/-pll oeppit Ehantn on tie ID A3 & 37-mb ocypar abaakl em Ehe OO,

(71 Ynngm Afmanices sea RTECAZEA Gver thd Tmdfiu S0kW KT WETA ERRER Trlor to Flnel weRkmg of Bubas,
Approcaamstely 1-1/0 mla Lv veancved fron smah surfeos doring sbokd ng.

(6h End tapar wnd widhf4 for bubes 1.5, B3, w04 .3 wers pimilee Bo bt 1.1, 40 d0tarmined by

esliography,  fann 1L edSgn w0 for Tt 1.1 wme ased.
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Power dpao. oy
Lagor Eh.lgtm EEE:':H' M
1 0,023 .5 1%-3
z n::.c-g? 13,7 1.9
E (s Pl E&.g 21z .0
n.egg Eg weH. 1

5 0,389 T
& DG &8 270,
E n.gis 13-:-.? EE‘E%
o,Eh1 1287 38H.9

g 1,089 188.2 66.3
10 1.333 804, 12,
11 1.506  245,8  159.0
e :L.Egg 272, 435.5
%‘,ﬁ 1. 2EU,.e  S04,%
l.865 283,09 o6, 6

B LY 2Td.d g&. g
15 1.63¢ 2855  475.B
17 1.481 Eli.ﬁ uﬁﬁ
18 1.15% 1ve.] hob,
18 1}.% 1 M.a 53,0
o o, ' all,
21 9,327 Bl BER,1

13

MAF s e EOn e BO-Hh b

21%,T

425,35

22t 9

g1k, 6"

(1} Mumensienlers number reprodanting avial

pewey dlatribubion,
(2] Watt-deye /Eref.
{5) All temparatursd in ‘C.

Tk
R —
m Volumetrio

1] BL Autie vt P
u.ggma o 0,528E o} 0.45EG Q6 o.T
0,2868 0OF Q.208E 05 0.1 a7 2.7
D.élgﬂ 05 Q,FATE 05 O,334F AT ?.o
0.5518 0F Q.COLT N5 {h.?lBE aT N
0.9308 05 o 858E o5 o fhim ot 11,1
0,188E 05 O,1LTE 0B 0. 101E Q8 15,0
0,156 &6 0.152FE OB O.132F O 14,7
0,2198 06 uilﬂg of  D.160E OB BB.2
0,257E 08 0,8 26 0.2L2E 08 %.6
Cu330E 0fF D, 310E Ob  Q.26TE Q0 o0
0 HGlE 0g D.ET DE  0,3%RE 0 48,1
0.4TE 08 0. 1% D5 G Z8BE D 53.8
SerE e bulE o OimEon 226
O.NITE 06 0.41%F D& C.%58E 0B A3

S.I0E 08 0, ©F  0,327E OB B,
2,354 06 n.%%gg o 0.%8573 nb ue.g
0,858 06 0,BF0E 06 D.E%E o 30.9
0,231F OB 0.20NE D8 O IVEE Q8 E&.g

0,188 06 B.135E &5 O.RL3E 0B Q7.
O848 05 0,FEOB OF O, GGEE OF -}
1
1

[B] pau/mp-ree

{5} pousto-rt3,
(F) Watte/grem of core materisl [Th-&

Examplat 0O,5T2E 0 =
Extatipiet O, H55E OO = 0,435

0.572

It

D

3.



FIGTRE 13

ROTAH TEM DATA SHEET RCR Th-24 . .z
Ta bt 12/1 /64 :
Telta T Egéh‘c
FIEMI
] %ghigag
WAl 1,515 MW
Powan S”ﬁ.ﬁﬁﬁmm P at 4 valﬁ“tru P
ikl el =] ipRiE,
iayap Shapsl) _ {Igﬁar} {outer] “Tinmar] _Lutep; ganaaﬂaggm@ ﬁ’;;éﬁ}
1 0.0 T 183.1 %g_.‘;ﬁ Q.LITE 05 0,106 05 O,95%05 06 1.4
2 0.3 a LBT, 7 . 0,456 05 D,416E CB &, 5A0F OF £.4
3 0,319 o 19?3 1@, % 0,823E 0§ O,7G0E gg o,CHEE CT ?.Ei
Qe ?g T 198, 18,0  ,L23E 06 0,1L4E o, GUEE gé 7
5 0.08 3 ] g0R.6 BON,K 0,269 06 D.1RGE OB &, 134E 0,1
§ 0.841 18536 230,7 1Bh,o 184, 212,50 211.4 0.217E 06 O0.000B 06 ' .173E 08 25,8
g 1.02 20‘?3 é LEE, 186, 220, 214, mségn Qf  D,2UEE 06 u.zE%E 08 35.5
OB Bd B gy g Ber banB bR g b
B 1 BERn med G el iR 235,56 o:3%6% % D,355F 04 0.30TE.0B 46,0
11 l.BE8F 3 P | Tu [+ B -7 Lok, 1 4T, 8 2uz. QL4038 0F Q.STEE Q5 D.32lE 0B 4B.O
L2 L.5TT 3gzg.g E.E 19?.E 196, 4 B +g O, 4TFE 06 G.BEEE N OLE8LE OB 48,4
R ol S O R R E RS R
I 1,811 3=03,E  4lil7 ao 2 BU3.2  SE1.R  24BlL 0.3CE 98 O.330F 06 0.300E 08 433
16 1.2 ok, hze, 206, 20F, 5 250.1 2L, D.338E 0 0, 308E 08 D.EEEE OB B
%E 1l.0rhke 9333.3 MEE 233.; 205.0 aur, o EHE.E G.%%EE 0E n.g e 05 0.235E O %E.g
d.861  213l.l 3TL.D 2183 Qe Ehn.g 33, O,208r ov  0,389R 06 D, 197E 23.5
19 0.T45  1E2T. 339.0  211.7 zns.g 234, €3%3,6 0,102E 06 O.177E 06 0,153F O 22,5
2 0,512 1103, 00,3 212, T 210, gEe, 8 PET.]  QU13%E O 0L12EE OS5 D, 10EB OB 15,7
21 9.243 &R3.8  BE3. R 213.3 B11.4 23,1 2E0,T  O.TUEE OF 0.6G5E O O,.E01F OF - Nn)
(1} Dimensicrlasa numbar representing axial {4) pow'hr-rt2. Zxemple: 0.1178 05 = 0.117 ¥ 10D

power dlpbrloution

[2) Watt-dnys g oam,

{31 A1l ceuperatures in . (6} Watsa/gram of aove matanial [Th-Ea'E‘U}.

{5) poushr-f£3. Examples 0.930E 26 = 9.050 ¥ 106,
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{1) pou/hr-£42. Exampler 0,953 04 = ©,953 x 109,

(%Y Wabts/gram of aore waberial (Th-2320),
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TIGORL L

VARLADLES VERsTH JTRSIPTE BRPOIUVRE PO AGTTENT REOIS) OF
- ASHIMALY [0, THT 1-2

layer 13 {76 inches fram top o« tube)

HJurface f3) Tolematrie
T ture'®!  Eupfeoe Heat Flwi'= Meat ) Dpeaifiy
) Tiober " Butery aensrgad? Fomarls]

¥ OERE.6  O.4ATR 06 0.U31C OF Q.3TEE 00 L

2581 253.3 D, UGAE 06 O, 4ELE 06 O.355% ob 53.3

E:}E.ﬁ 2R3, 0, 451E &6 T 0.4168 06 D.REDE OF £3.7

BLE, 252, 6 D.hsia ofF Qu0tE 05 b RILE oF E2.2

BRe. 1 2Rl.5 O UB4E Of O, 5%1E 06 O.ATTE of LT )

peg. 4 2s2.6  D.UIE o6 -0, 3958 0B O,30ME OB 1.5

aés DRz D.4ERE % n.%ﬁgz 06 [,1%7E o4 ?E.H

253, ghe,2  0,I05% G, 373K 322 of 5 2

251!.% 2084 0,000% O& O.373E DG 0.382E 0O 4@.1

BER, 2ug.2  0U0TE ¥ 0. 3TREE OB O, 32UE (8 48,4

199, snp,T  2ko.l O U0ZE OF ©.3723 0f ©.321T 08 ity

2214, B lisﬁ.ﬁ =00, B Igg.ﬁ Egl. Elrz.'r 0. 36878 o6 G, IRTE U6 0.%20& od 42.1

2370.9 tﬁ & 2011 Ed0q 2], 2ird. 0. 3BTE o6 0‘33 B O 2.2038 M4 4E,1

2531, 5 E 201,86 2OMG eED, =1 O, 374E o8 O 344E 06 O.a97R OF 4y .4

2590.? lgs#, B0L.5 200, gEa B 2ks,1 D,I00E &5 O.Z60E O £.311F o8 4,5

2TEY, & beo, BoR,2 201.2 251, 2h8.0 0,37BR 06 0, 3MEE OB 03015 08 4r,.0

=040, 0 b,gc.'; 193.9  189.2 EE%Z g35.5 n.ésn oh 0.3153 0& n.z’rig of 43.5

ot S R o8- ig" Eﬁé'g dir.d pauToh ot SMER  uEY

R #14 't EE i ab: O 1oee % SRER LUER ik

AVERLGE HL god B P4e.t O, 410E 08 O, 3785 DE LB. B
{1 watt-gaye rrom, {4) peufnr-reS, Example: O U5TE OF = 0,457 X 1%,
(2] A1\ temperatumar in O, {43 poushr-rt3.  Exmmple: ©.372E 08 = 0,37% U 108,

[5) Wabte/zvsm of core matarisy (mh-235yj,



FIQURE 16

BARLY RAOTRH IBN DATA NITEET ; 'I'h-ESET.F AULEMBLY HO, THT l-
fa Bé’alﬁll Channel BFfiuent: 2Z14.03%
LTy 2R, WP O AR, 260 .E "0
Flo :I.gE Ep_g Orp TempErRTUTer LOS L 2
@L il 3& 0 Y AN RO, E0% pouhr-It
[T -d )

Chikrrtil supdace fy;  Velumatrls
Pwe:ﬁ) Ep‘-ﬁ.@ Cors Temperatur Temperntul durfmes Hest Flix Eeat '] E‘ppunll{ﬁ'}
Layer ghap EXpof mﬂ Toner (Eute [Inner) {euter] Geosratl Eeion

1 0,081 3.3 1B7.2  183,4 183,00 194.1 1B4.1  .551F 04 0.500E &Y  Q.43TE 08 D'E
g 4,090 13, 1 2 18%,5 189,5  1848.4 1B&,2 O,28F OF Q,2Q1F 48 O, 172F OF &,
E 16T 2h.5 zll. 13§.T 183.7 18a,0 188, oW hokE 05 p,RTRR 0RO, 5208 07 4,5
0. 258 38,1 EEE.T  1B4,0 & LR 191, n.sesgﬁa C.57EE &5 o 457E OF Tl
5 0,309 B4, 4 45,3 18k, 1844 196, 1GE.&  Q.A00E 08 0, ¢ Q. TLOE OF 10,6
& L,oud T4y 87,4 185,1 185,0  f0L.e 20D, 0,12EE 98 0,112B 98 0,963 0 14,4
g n.gzs N 293.5 zsg.l:' :lgé.s' E0T.1 05, Q.160E CE D.lﬁg a1 a.% E 0 1&.3
3 DiGss 1sd o 1ok 1w Eég'g S60.2  0.boim 05 GIIWE M6 o0k 08 3o
1 13 15 i%g:u 16:0 1%0.3 £93.% 830.3 o.3508 5 3:5305 08  o:ce8m b 3325
1l 1.806 236,46 . 450,82 19,7 1921 24h,1 gue.g O, 0F 0.360F 0F  0.3098 0B &§.
1z 157; 221.7 HQ‘L 13;.; ﬁ*s BAE, zneus n.ﬁgﬁ{:ﬁ G.%?E 0f D.%ﬂ%% 51.%
1 D' B imend Boeb ids iAd Séga D4R %6 GoAtE 0f o3ibe o8 2%
s e ees 4521 203.7 BAE.B ‘2 286,58 0,431 06 0.398E 06 0.301E 0B Fllz
16 1.68%0 B4, b55.E  20f,% 205,00 g5A.5 Pal, =} 08 O.365F 06 313 08 k7.0
1 1,421 09,3 kzg. 2 20B,T Eu?.e g g 253.3 n.éﬁ“m o.g ) D.%’f%w ug.g
1 1,163 17l.3 397.6 216,71 Bow,0  gh7.o 2k, C, 2508 06 0,2BQ0E 06 0,283F 08 33,5
3 0O, 124§,2 35%.? 2lz.2 2 g 240k giT.1 D2I3E 06 O,L06E D6 D,L o] 25.3
20 0.9 ' 30=.1 213,37 211, gaz.l EEe Y DLIABE 6 OL,L51E D6 £,11%E ¢8 le. 4
21 ©.3ET 4a,2 266,B 24,0 212,82 2245 SEE,1 O.TRUE 8 0,TIIR DR 0,GOOR OF ol
[1) Iimenslenlests numbss raprapsnblng 4xisl (4] pou/Mr-re®. xamples 0L5515 04 = .50 X ll:lu.

paRer @ietribution,
(2} Wett-deys /zram.
(3) All tempesaturse 30 °C.

(5) pow/mr-£6 ., Exmmple: 0,437E 06 = 0,437 % 1066,
(B} Watts/trem of core materiay {Th-225pY,



Dated 18 4
olke T EE;JB"{E
e 1Lew
BNED | 1,B12 My
-Pove
Leyes ﬂar;@; p
A do.s  1Bp.6  18i.6 101.6
2 ﬂ.l% 313.8 @18,7  189i.8 181.8
3 i, Bl g;lg a38,1 1A%, 1%.1
@78 ‘ &5£,9 18,8 1E8.B
5 o655 15eT.B 0 B2T.Y 0 193, 1836
£ a8k 1818,.0 o, 1Be, 0 188
E 1,0%0¢ EORG, ) % 3.& 132._5 185,82
1.208  2449.8 329'“2 :LBE.& 157,93
g LEGE pEL g 3. a6, 1586.4
1 1.kse 3180, agg.r 19e,.B 1301
11  i.56 1396,1  481,0  19%,.3 1o4,5
12 1,5T§ 466, 265, 19?.? 106,53
13 1.351 FFL.e UA g BOD. 0 169,
1 L. Les  3agn,2 4, BiE, 0 261,
is  L,k1r  31f2,5 AlM.a  Qo0m.3 203.5
16 1,205 2800.9 F@T.A BOT.5 205,
1 1.135 25lE. 5 aol.a £D0. 6 2OT.
1 L= 3 EOEE.G 3I§.3 211,82 =20%.U
13 Q0.T45  15EE, 3h0,2 e, 210,
2 a,.51% 107K, 3or,s 213,686 21L.T
21 0,293 E07.y  2A4.3 E14.3 212,3

, E:M.S%
25%.9
i 455.3‘(}

405,555 peushr-rt®

Faiumetrla

J],?:ﬂnff? b Pluxbi} Heet I
Innan = Duu;r ﬂan::atl.m-ﬁ] PE'I:{;;E)

133.é 183,1 41178 &8 0 100R 0% Q. OfRLD 06 1.0
1878 187.5  G.4sUR o5 o 419 05 O.550E 0T EH
1831 198.B  0,.82ER ﬂ.i’5ﬁs o 0,.651E OF E.B
10, & 19 g o.zeﬁ 0,115 09,9750 O 14,8
206, 1 T04, G, i68E O 60,1552 &6 9.133E 0 20,4
213.7 Q18,0  QuElBE DE O.E00E Q6 0,171 OB 25,

EE%.% 218,5 0.265% 06 o,2LNE o8 u.z'{ns vls] 3%3
2r9, EEI.D Q0.311E ng ﬂ.i&;rli )] Q.E#E‘E °E ﬂ?;
237.1 B, Q.351E 0& 0. Q 0, 27HE D .

= ;49 £ D.é a.g 5E Db n,% ag a, 308 of b, 7
B4E.T BA5.1  Q.492E D6 0. 3TIE 06 05,3156 B kT8
=L eag.g a, bome o a,gTME ag n‘%a:gja ob 45«.1.
Bhioaps cmis onms s U
em3 4 9RO 0.3 . . .

253, 933.5 O, 363 H6 0, 3350 0b  D.2BTE oF I3, 1
BE1.T  R4T, 4,333 6B O.307E O O,3B4E o8 55,6
2&%5 24 .g u.ez o, 272 OB o.zg o} 4E.0
gih.b flo,5 0. 24E 06 0. RESE 0B 0.1 V) 29.%
238,0 g3k.e  0,1%E o8 ¢, 177E 06 0, 152F Of e,

31,1 228,55 0,138 of 0,188 06 o, 134K of 15.T
=24,3 221,88 0,7838 0% 0.695E OB ¢G50 QT 8.5

{1} Dlmenmlenless mutber repressnting axisl
power dlabribution,

(2] Watt-days gram.
{3} ALl temparsturss it 'O,

f4) pousho-rt2. Ewampler 0.1178 05 = 0,117 ¥ 100,
i8] pauﬂ‘:r-fts. Example: O,0240 06 = 0,924 X 1064-
{8) Watts praw of sore materlal (T -Fa0y,
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rowen(2]

Bl3

[ T3

L pERET)

turface Haat rlux{lj

URE 18

AVERAUE YALUES TR Th-S25U SUSTMELY HO

F

Burfeos

™
Fare.  Temeres Y
L] . [ 3 Rr=hyl 3 :

Lajyer g'cs

R R ELbs b L Eon o L Ta }

213,08 2.T01E 05 0,B4FE 05

2
{2} Wetta gram of oore materiel (Th-235y3,

258.4

21

{1} pou/or-£t2, Example:0,530E DY = 0,630 % 10%,



EIgUEE 1S
| YEREIS PIQ EYEOSURE FOR HOMTHST BEMION OF
Th-Z550 ASCEMPLY HO, TMT L-

Ieyer 13 (76 inahen from top of fube)

g " Ehannzlm@ mhrfaga (3) Val.'_liurn;tric g
. bk ey P Eh ] m & Flu .

Hpos® Tpar® BT penevattod®  pauer®
275, Lad, 199.1 197.F 2R7.5 2536 .4 oh QUULGE Q. G .
553.5 hgg.g 1%& 12%.# E%Eg Egg.ﬁ n.#g%oﬁ Q.40LE € o,giﬁog gﬂag
Tag. 4AT.4  10A.T 19T.F BEE.E& 253, D.435E OF O 40sE 06 Q.543E 0B B2.1
22%,5 G4AG.E 1389 13%.1 agz.u 551.% D.#Eﬁ% a.z.gso A.538E 0 T
1l6k.1  4F1.7T 199, T 18H,7 EBRH,E BRSO, . 413E 0.981E & 0,3E7E 0 2.0
1277.4  477.2  1e9.9 19B.B 2355 251,56 ¢ 0RI1B 06 0.380H Q% Q. 334E OB W
1806.0 ﬂgﬁ.s 2nl.1 Boo,.D 255, F PEL.E L UAMR o6 0,13°R 46 0.32TE O ﬂ%.!.
RaE dd 1S 1D BhE BT M0 DAl OdlEen Ao
1588.0 iEes 3?18 2R REI 539 2 9:36228? 0. 314E 0B YT, G
1g9r.1  LEA, 200.1 1p9.0 2515 BPUB,1 0.39EE 08 0.368F Q8 9.311E CB s, &
a:I.ZE. H%.E a0 199.5 asu.ﬁ 'E#IS.; Q.3TTE 06 0.3408 0 0. 2998 0B L2
e Ws I WY Bed dmL onal fime R b
olles, . 1. 0o, . . L333E . .
2610, uﬁ?E 2016 200, 2e1,5 tu-r.g o,g'rgsn 0, EgEﬂ u.wgn&g L3
PR, Elk, 4 2oz, 20L,0 ESO0.Y 245.9  0,367R OB O.335E 0B Q.2 oB 3,5
2 .g -a1ﬂ,ﬁ~ 191&.3 1495 . £349.1 aﬁ.a 01?393 ab 9.3133 a6 D.Eﬁgcﬁ 4o, B
Sy B oaen M BT AT SERS OUNE SER®
EVL P 423:4 a00.4 1%.% 253.3 249.8 0.309E ©f O.368B 06 ©.318E 08 4T.3

ATERACE Lhey, o zro.2 2EAL  o.4o00B O O 3E9E DG 47.5

{1} vati~days/gram, (3] pou/hr-rt¥, mxampie: 0,450 05 - 0,050 X w";

{2] Al tomperatumss in 0. {4) pouwbr-0t3, Brempiwr 0,357B 8 = 0,357 X 187,

(3] Wakts/gram of core materdal ['Ih-235ﬂ1l.



FIQURE 20

BOTAH INFUT DATA
ASSEMBLY ASBEMELY
TMT 1-2 TMT 1-3
futer Housing, IT {inoches) 2,500 2,900
Outer Housing Ribd $ize, 4 rtbs {indes) 0,125 X 0,152 0,125 X 0,152
Inner Housings ©D (inohsa) 1;424 1.hzd
Inmer Housing Rib Size, 4 ribs (inche) 0.060 X 0.188  0.060 X 0.188
Fuel Tube - Clad OD (inches) 2,536 2,540
Core 0D (inohes) ELH?E 2,480
Cora ID {inches)} 1Fgﬂ2 1.800
¢1ed ID (inchas) 1642 1,840
Core Lengzth (inahss) o7.98 qT.92
Coolant Ghamnels {(Inner) (Outer) (Inner) (Outen)
Hest mplit 0.44 0,56 Q.44 0,56
Flow split 0.408  ©.532 0. 408  0.5E2
Velcoity conatant 0.313 ©0.218 0.314  n.eler

Bquivalent chanpel wldth {inchee) 0,349 0,321 0,887 0,513

Pual Surfaces

Hent aplit 0. 44 0.56 0,44 0.5A

Araz [gguare [aet) 2,453 5,42 3,93 I

f1ed thilokness (reat) 00,0088 0,005 0,0085 0,0025
Miel Plecen

Hent aplit 1.0 1.0

GSope volume [cubla feet) 0,1122 0,1128

Care thiloknesa (feet) 0,024 0.8

Weight (tonnes) 0.03960 0.03971



E 21
PUEL EXPOSURE INTERVALS IN HWCTH

Resactor Bqulyslent
AT P :niiﬁial HWOTR
. é ExXposare oWer .
Eﬁ%eﬁ?l Date taman) (W) | _{deye) . Cyele
. |

B}é%ﬁ?ﬂ}ﬂ}gl 8/%1 eh1.aY ha, 58, L.b7 H-2,5
/1 - 6/5 9/5 211.40 50,23 4,21 :
85 - ¢/ 0/ 211,40 50,57 4,13

/15 - §/1% g/19 20U, 40 h9.33 h.14

9/20 - g/24 9/24 207.00 E0.16 h.23

/28 - g8 6/28 207.00 51.50. 4,02

9/28 - 9/30 9/30 131,77 52,89 2,49

|

/1 - 10/3 10/3 64,37 50.45 1.87

105 - 1047 10/7 166,13 50,7 3,87

/B - /12 10/12 154,74 51.85 3.08

/13 - 10/15 10415 oR, 55 ‘50,81 1.82

i0/16 - 10719 10/19 166,00 51.21 3.24

10/10 - 10/22 10/22 166,00 51,81 3.83

1022 - 10/28 10/26 177.84 £1.51 3,45

10/86 -« 10/29 10429 177.84 54,46 3.27

10/20 - 10731 10431 £5.13 54,36 1.57 ¥
11710 - 11/18 11717 283.75 44,0l .44 H-2.H
1118 - 11/23 11/23 269,00 55,08 4.88

11,/25 = 11/25 11/25 66,30 55,24 1.20 ‘l
11/26 = 12/1 1271 234,08 55,51 i, =2z

HEACTOR IQCATION

IMT 1-2 in Positicon 40
TMT 1-3 in Poaltlon 27



HTa

TH= 2 H I

a2

97
-]

12 _an

H TR AL

T

1517

ING IRRADTATION OF Th-®--0 FUEL ASSEMELIEE

L3

FIOUARE 32 HWCTH PO









