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FOREWORD

This quarterly progress report of the Aircraft Nuclear Propulsion Project at ORNL
records the technical progress of the research on circulating-fuel reactors and other ANP
research at the Laboratory under its Contract W-7405-eng-26. The report is divided into
five major parts: 1. Aircraft Reactor Engineering, 2. Chemistry, 3. Metallurgy, 4. Radiation
Damage, and 5. Reactor Shielding.

With the suspension of work on circulating-fuel reactors as of September 1957, program
emphasis will shift to research in support of the work of other organizations participating
in the national ANP effort. The major fields of the future ORNL effort will be research
studies of shielding, materials, and radiation damage and experimental investigations of

systems and components of power plants designed for the nuclear propulsion of aircraft.

vii






-

CONTENTS

FOREWORD ..ottt et et eee s e besaett e e satesassastaseassassssssanbesasshesassen sesastesssessasasessanesasasessntrtsensessssesberes vii
SUMMA R Y ettt re et eeree e vte et e st s ae st e s et e eessbestssassetesseaasessasseansae ebebbrassesbses sreesaannaease s s nsssanasebesonnaeanbesinneeansns xvii

1.1

1.2

PART 1. AIRCRAFT REACTOR ENGINEERING

REACTOR AND FACILITY CONSTRUCTION ..vviier st ereecnsierirestetsaere st s e sbsessasasensrenns 3
Methods DevelopmENt ... ittt s rte et et e ess bt s saas s om s b b b s as bbbt 3
WEld T @S tS oiuiniiirieieeeetiete ettt et st rte e et et sre bt aat s as s seaee sass e oemn et seaserene s se s sn e b s s s Rt bbb s 3
EQUIpment INSP@CHON .cvvviie ettt b e st e e bbbt 4
Component Fabrication and Assembly .....cccvvciiviniiniici 5
Main Fuel-to-NaK Heat EXChanGer.......coicvtriiitrciirerirre ettt rer s sens s 5
Sodium-to-NaK Heat EXChangers ... vierericeineeeie st sserees sesistsss st s ese s ssesesraseens 5
ART-ETU RAAIGIOFS ottt sttt ntesi et se et et se st e s st sesaans sbasssesesns sasssbsbessonsassirssassases sesans 5
Main Pressure Shell and Liner ..ottt ers s 9
Beryulhum Reflector-Moderator Outer Shell ot s 9
{Boron Sh:eld Con'rclners - Shglls TV“anJmV:’" 9
Inner and Outer Core Shells 13
Reactor NOrth Head ...o.evirieicecs e vttt et r et sr s sbs b b sas e b e amne s naees 13
Strut Load Ring.......... 15
Neutron Shielding ... 16
Lead arid Tungstén 18
Miscelianeous Components 19
REACTOF ASSEMDBIY ...voiveieieicit ettt et e bbbt st bbb bbb bbb e 21
ETU FaCility worrierieeeeecrees vttt ettt st st s b s as s st st shms bbb bbb i i 22
REaCtOr SUPPOFt STPUCTUIE ..ovviricceicrcriricsceereeseeses st st bbbt sbse s bbb an st b bs st e st e b s nssnrns 22
NaK Piping, Associated Supports, and Components ......c.ocoivie e innnniniinnniisser e e e 22
Electrical EQUIPMENT c.uo it et s b sheas s sttt et s sas e sen e seren e s 25
AUXI TGPy SEIVICES wooiuiiericierceieeecictciitcin e b e b st 25
ART F QI cooeieieree ettt s s bbb bbb e s b 25
DESigN ACH VItY..eiee et et et ettt ireats sttt s ek e e R e ket b e 25
ConSUCHION PrOGreSS cciiiiiiiciieccceeee ettt st s et s e s s 27
InStallation Planning ..o iieiie e eeceesesieceeernesesensmess siasessasassse s sass s sssssasesasasssasasssrassssasasnes ssasssnsesases 27
ART Disassembly ... creciereires ettt rres st s s e e e s 31
Reactor Disassembly ...ooiiviiiiiiieicrc ettt b s s 31
Cutting Methods Evaluation ...t e 31
Facility [NVestigations ....cc.cceeersintimimniieree i s st s e s b 31
COMPONENT DEVELOPMENT AND TESTING . .cooiviiiiie vt se s e 32
Pump Development TeStS ... bbbt b s s s s 32
Bearing, Seal, and Lubricant Tests ... s 32
Aluminum North Head Water Tests .o sassses e sessesesensennonss 32
Fuel Pump High-Temperature-Performance Tests ....coiriinniiiiiii i 34
Fuel Pump Endurance Tests ..ot s s s 35
Primary and Auxiliary NaK Pump Development ..ot 35
Reactor Component Development Tests ....cco oot e s s 38
Heat Exchanger and Radiator Development Tests .o, 38



1.3.

1.4.

1.5,

1.6.

Valve Development TeStS ..oocuiieieiciceteceet ettt e st e et rseneenes s s eesaeeearesssastessessanseanees 43

Sodium Circuit Water FIow Tests ottt st e e 44
Outer Core Shell Thermal Stability Test. ..ot et senee e 45
Liquid-Metal-Vapor Condensers ... imiricni et ettt s et s st en st sssne s 46
Zirconium Fluoride Vapor Traps ....ccuiic ittt es st stesseen e seasesaseenas 48
IS1ANd Bellows Test. i e ier bbb s sttt sb s e et sem e enenen 48
Fuel Fill-and-Drain Tank Test....c it sb et tsassasresare s sesbes s s esn sen e 52
INSTRUMENT AND CONTROLS DEVELOPMENT ..ottt et esne e s 54
ART Control Rod DFive Test....cciiiiciireiis s tsrs sttt svee e sasst st s sen s er s st ntasve st et senassoesens 54
Fuel-Expansion-Tank Liquid-Level Indicator.........ccoovirieieivvce et 54
Bubbler Plugging Tests ..ot e ettt s st sassseb et st st s bess et oo s 54
Aluminum North Head Expansion Tank Tests .....cc.cccvievniiciieiereesieeeecereee st sesteseneceseaeseeons 55
On-Off Level Probes ...ttt ettt st s s ssa s e eeeee e e e e enanen 58
Magnetic FIOWMETErs oo ettt bt s a et st ee e eeeen 58
Liquid-Metal-Level Transducers........ccccocmnnneiiniine i e 59
ART ThermOCOUPEES ..ottt ettt sttt sttt st s e see st st s nsens s en seteee 61
Sheathed ThermocoUPIEs ...cocviviiiiiitctee ettt sttt se e e sen e raeeesenanans 61
Well TherMoCoUPles (it sttt s e b er s s sr bbb emee s 66
Surface ThermoCoUPIEs ...cciiiiiiciecer ettt s sttt st st e s e n s e enaees 68
Apparatus for Checking Thermocouples .......oociiveioiiciiciieececeeceeeeeee ettt oo 71
ENGINEERING DESIGN STUDIES .o cctitviivereirente ettt est et sas s e sasesassns st asasassssensomen 72
Applied Mechanics and Stress AnGlysis ..ot ettt et se et een e 72
Thermal Stress Cycling Tests of Beryllum v 72
Thermal-Cycling Tests of a Welded Core Shell Model ...........ccoccoevimmerneeeiececrcee v 73
Stress Analysis of 1s1and Bellows ..ot ettt s 73
Stress Analysis of Shield SUPPOrt SHUCIUIE ........o.cuviveiii ettt eseae s s seaea 75
Stress Analysis of a Pressure-Measuring Instrument .......cccccuceveiveveveircee et 77
Apparatus for ETR In-Pile Tests of Moderator Materials .......ccccoeeveviiceininniise et 78
DESIGN PHYSICS s csnvesmssessinn T 80
fART F||l and-Drain Tank Shielding... - 80
g )
Penetrations .........ccimiieieies s et sttt et et es st et et en s sreeerese s s s s eese s 80
\Overlap in Shield at Removable Top Sechon§ ................................................................................ 81
HRCOMBLETE WOEK 1uc.isissmsmmmsmrrssmr st o SETE sttt et et et et se e eeeesaeeseseeeasssseeseseserenseseeeessoenes 81
Dose Rate in Region of ART PUMPS ittt e eeseee s s eseeees s s e sea e anee s 81
Decay of Gamma Activity in U235-Containing ART Fuel for Short Times
AFEEE SRUFAOWN ...coeiiiiiee ettt ettt st st vene et e e st eeesesres st e s ssessesres s sermeaes 82
Decay-Gamma Heating in ART Fuel Drain ValVes ..o ceercececeeeeees e ee e ee e ees s 82
MATERIALS AND COMPONENTS INSPECTION ....ouitivieeceeeceteeeecececes et ess e e sesessesesseseseensevanns 83
MAterial INSPECHION .....ceiririicieiceiete ettt et ee e et e s eeen s e res s res et s e 83
TUBING ettt ettt es e se et e ee e s e et sesa s et e e st eras s e s eeeesseennoes 83
Pipe, Plate, Sheet, Rod, and Fittings ..o eees e eereeseer e see s sres e 83
Embrittlement of Inconel by Penetrants ... 84
Chemical Analyses of Materials......c..oocvmniiiininieiee e e 84
Electrical €alrods ..ottt v e ettt s s s ee e e s e st e e ses oo 84



1.7.

2.1

Weld INSPECHON c.c..ceiiieietiee ettt et ettt e s sne bt ssteste st e st esse e asesnea savessesaesseseasanstesseasesanssrasanns 84
Inspection 0f Reactor Shells ...ttt sre s s et e et s eae e e e eann e e 86
Inner Core Shells (Shell 1) .ottt st s st s sae s sn s 86
Outer Core Shells (SRHEll ). ettt et sts s er e esssresensresenesbraennnessrenne 86
SREIT HTT o ettt ettt sttt res et e s et e e s b s e e ar e sar e e s asesaesstenesrarensarasessntassarans 86
SHElls TV AR Voot nte st e sa e st stsbete sva s s b an b rasastses et ebesassetntsatnsnens on 86
Inspection of Components Received from Vendors .....ccccocccvcureieniinineieenernnneninses e ereessssseies sneneas 87
York Corp. Radiators and Radiator Materials.......c.cccceiieirrieniinnioie st eeneecsenessaens 87
Griscom-Russell Co. Heat EXChangers .......cccceviiicnnnieenrnectcnsneis e st s 87
Black, Sivalls & Bryson Heat Exchangers ...t 88
Midwest Piping Company Forgings and Weldments ........cooeeecrnneinnnniiiircncnine e 88
Process Engineering, Inc., Tanks and Bellows Expansion Joints ..o, 88
Fulton-Sylphon Company Bellows .....ccooirireiicrircencencnicic e 88
Hoke, Inc., Inconel and Stainless Steel Valves ...t e 88
Metal [dentification METEr .........ccccriiriiniiiireeerie e et e s e s s e e nmens s 88
Instrumentation and Controls INSPECHONS ittt see e ire s saene e 89
Nickel-Copper Welds in Liquid-Level Probes ......cocvineiiiiinimiiciciiiincic s 89
Thermocouple Welds ... ettt ettt st r e msees s b e s sa st 89
Procedures for Radiographic Inspection of Weldments on ART Island and
REFLECIOT ettt ettt ettt r e st r b e s s e g s e et et ebeben e s Eeneant e i st st oReuetssRsb s sbeterens 90
HEAT TRANSFER STUDIES ..ot ttieetiristrrietrieisteineseeetests et sasss ere sttt s rae et emeesssesnesesesesencsenesasness 91
Thermal-Cycling Research ...ttt st b 91
Pressurized SYSTEm ..o ettt et et st sr s s bbb b 91
PUlS@-PUMP SYSTEM Lriuiiiiiiiieieit et ettt sa s san bbb b r et s a s 93
Thermocouple Development..... ..ottt e st st sa b 96
ART Hydrodynamics «eeueeeeucieeirieieirt ettt ettt sttt sa s ses s s st s s b bas bt s as s brsetarseasansnrnes 96
FUll-Scale Core StUdies ..ottt e er b srb bbb bbb e e n s 96
Quarter-Scale Core STUIes ..ot et 98
Instantaneous Velocity Profile Measurements ...t 103
Fused Salt Heat Transfer ...t sttt est e et sasb e sa s s sans b bt easasaneesneas 103
Heat Transfer EXperiments ........oooiriecriieiconiiiiti it st s ase st st ssse s ea s e ss s ana e s sssasen e snas s 104
ART-Type Core with SCreens ....ococieiiiiiie et s s s 104
VOEEEX TUDBE ..ttt et re et et e sete e sae et e st s s et bt eaese et S iek ek seen sere e st be s hre b s sar b e bbb e sh e s s e e ann b eakn s 105
Liquid-Metal Volume-Heat-Source EXperiment ..ottt 106
MASS TEANSFEE wooereie ittt et et rs e ses b e ese et et ebe s b e s et saa bt s b e s bbb e be e sn R ebe st e e aR et ar e Tasnenan 106
Phy Sical PrOPerties ...ttt e bbbt s 108
Enthalpy and Heat Capacity ..ot st st 108
Thermal CondUCHiVITY. ..o ettt s e et et e s rr st n ks ese s 108
Properties of Zirconium Fluoride Yapor Deposits ... ..o 109
PART 2. CHEMISTRY
PHASE EQUILIBRIUM STUDIES oottt et rsces s sass ssesssnst s ebabssss st be s sbassssssasnasans s s 113
The System KF-UF ; oot i 113
The System NaF-HF ;oo 114



2.2,

2.3.

2.4.

2.5.

xii

The System KBF [sNaBF ; c.oocoom it st 114

YO T TUOTTEE SYTERME . ..ot s 114
CHEMICAL REACTIONS IN MOLTEN SALTS oottt sttt rerre st s semeestssss s es 117
Equilibrium Reduction of NiF , by H, in NaF-ZrF .o 117
Activity Coefficients of NiF, in Molten NaF-ZrF , Solutions .....cooovicimmiiinns 117
Thermodynamic Considerations Relating to the Activity of NiF 5 oo, 121
Reduction of UF, by Structural Metals ... 124
Stability of Chromium Fluorides in NaF-LiF-KF ... 125
Reduction of FeF , by Cr% in RbF-ZrF f.ooiciiiicii e, 126
Solubility of Structural Metal Fluorides in RbF-ZrF , ..o 128
Activities in ATOYS .o b s b e e 130
Emf Measurements in Molten Salts ... oviriniiiiicece e st e 131
Daniell Cells in Fluoride Melts ..o 131
Emf Measurements of Chloride Melts ....cccooviiriiicicnniieir e 132
Solubility of Helium, Argon, and Xenon Gases in NaF-ZrF , c...coooovvviiniiiiiviniiiiiinn, 134
Solubility of HF in NaF-ZrF ; MiXtures ..o 136
Solubility of HF in NaF-KF-LiF MiXtures ..ottt srencereene e sereseens 137
Solubility of CeF , as a Function of Solvent Composition ..o s 138
Precipitation of Cerium as Ce203 from Molten LiF-KF Eutectic .ococoviceeerieieieiic v 139
Stability of UD,F, in Fused Salts ..o s 141
Oxidation of Mixtures Composed of Sodium and Potassium .....cocviiriiviiiiicene e 142
PHYSICAL PROPERTIES OF MOLTEN MATERIALS oottt 144
Vapor Pressure of HfF4 .......................................................................................................................... 144
Vapor Pressure of BeF ;... s 144
PRODUCTION OF PURIFIED MIXTURES ...ootioietetet ettt ree e e steiere bt e 146
Prepargtion of Various Special Fluorides ... 146
QFj re pmﬂ?ﬁwqff YE% ............................................................................................................................ 146
Preparation of Other FIUorides ...ttt ettt s evar et e b 146
Production and Dispensing of Fused Salts and Liquid Metals ..o e, 146
Experimental Batch Production ........ccoiiiiinernntieeccn s ettt esee e sese e snee s ene s 146
Dispensing and Servicing Operations ...ttt e e 147
Materials Available ..ottt e ea et es e 147
ANALYTICAL CHEMISTRY oottt ettt st en st s et st b e eessbessesseaeasbe s ansenssnsane e 148
Determination of Traces of NaK in Air ..... s 148
Dotarmination o OXygen (7 METANTE LHRTUM kv 149
A P,
Determination of Oxygen in Fluoride Salts and in Metals ... 150
Determination of Nickel in Metallic Sodium ...t 152
Formation of Carbides by the Reaction of Pump Lubricants and NaK at
Elevated TempPeratures .........ccioiiociiieeieiiee et se et eetee ettt tsssassts e eseseseesessnasenssessetessasanestenssesenes 154
Determination of Aluminum in Mixtures of Fluoride Salts........ccocviveieirinieeccrecec i 156



3.1

3.2,

3.3.

Solvent Extraction of Titqniuméhd Nl?ﬁ'?? from Acidic Solutions with

Trien-0cty IphoSPRIne OXide ...t oottt sttt et ereeeeeesesesse et eenesasessnssns orennnes 156
EXtraction of SUIUIIC ACI .ottt tae st e ee st sesasssossesesas s eresassanesas 156
Extraction of THanium........cccovieiiciciicinirnreiies et et sses s s sss s sases e st ess s raen 156

{gxﬁoction of ngm'gya ...................................................................................................................... 157
Installation of o Microbalance in a Vacuum DIyBOX .ottt e 157

PART 3. METALLURGY

NICKEL-MOLYBDENUM ALLOY DEVELOPMENT STUDIES .coovovoieieeetveeeceie et 161
Material Development ...ttt ettt st s sttt e eaene 161
Properties of INOR =B ........ccoiiieiiet ettt et ser et s et st s b s sttt e e eesenenins 162
Properties of INOR-=Q ......c.coiiiiiieei ettt et sttt see v s e st sseeseseenesseranseressaseenaras 162
Studies at University of TenNesSe. ... iceiisnisnnrese et b s s es sttt et et sa e 163
Studies ot Battelle Memorial InStitute. ..ottt et 163
Studies of Stress-Rupture Properties at New England Materials Laboratory........cccovennneene. 163
INOR-8 Alloys Produced by Superior Tube Company .......cccevuieceeonniinerconnniessnessisnssssessessnsenns 163
Status of Production Heats ...t et ettt 164
ComPosite TUDBING...cieteet sttt ettt s eeas e st s et es s st eesa sat et erreasassenssansnee st enaeseasnsons 167
Joining Experimental INOR-8 AToys oiiiiiiiiiiiieee ettt ettt sres e st st sas e stet e emenanen 168
Stress-Rupture Properties of Nickel-Molybdenum Base Alloys in a Fuel
ERVIFONMEN ...ttt e sttt ettt et b st ne s s e s s en et s st eenteea et 171
COrrOSION STUAIES woieviiiiciciirieceiec sttt ettt ettt et s r e sesaesese st s ses s seoras st et et etantssensaterarene 176
Forced-Circulation Loop Test of a Nickel-Molybdenum Base Alloy
ExXposed 10 FU@l T07 oottt neb et st sttt s bbb s st ren et ens 176
Thermal-Convection Loop Tests of Nickel-Molybdenum Base Alloys
EXPOSEA 10 FUBL 107 ooivieeciienre st creteenst et en sttt e et snsss e s b ann s esse s st en b snat e sebes et esssensas oras 179
Compatibility of Nickel-Molybdenum Base Alloys with Molybdenum .....cccoveivvieeinirnnniennnean, 181
DEVELOPMENT STUDIES OF INCONEL ..ottt sttt tese e s snss s saass b eaes 182
Strain-Cycling and Stress-Relaxation STudies ...t essses e e 182
Biaxial Creep STUAies. ...ttt ettt s s s b b et srean st b e na s brees s eeanesnreeras 185
Relative Tensile Properties of Inconel Plate and Inconel Weld Deposits ..cccceereccvicvceriiennnnenn, 192
Brazing Alloys for Inconel JOINts ..ccviiiiciii e e ne s e 196
OXidation STUGIES c.iiiiiiiiiiicee sttt st e et sa e st et e staae e e st arsse et et eerestasesaesan st ae s e essesasensenes 196
COrrOSion STUAIES .uicieiiiieiiericcies ittt ettt cre et st et e s be b se s s es b e aeasssese s sabeasabessas asnasesaenresnseess 196
Effect of Grain Size on Corrosion of Inconel by Fuel 30 ..o 199
WELDING AND BRAZING STUDIES ...ttt st st s st bene st ass et tassesetessnsaaassssnsan 202
Examination of All-Welded Inconel Impeller That Cracked in Service ....ccooeeicemiveecvivevcvieiiieenes 202
Brazed-Joint Cracking T ests ettt rre e e s ssaeenesrs st sbecsssnt e ssesaeseasen sesbosnessensas 202
Fabrication of ART Fuel Fill-and-Drain Tanks ..ot 204
Correlation of Radiographic and Metallographic Determinations of Porosity
iN TUbe-t0-HEader Welds ....ooovceiieiiie ettt e ettt et bs st as et teb e sa st sg ot st s ses et rane 207
Fabrication of Sodium-to-NaK Heat Exchangers......ccccieiiereiniiiinincier e 208
Investigation of Material for Radiator Headers ..........cccviiiieiiiiieeeereec e 208
Fabrication of a Small Semicircular Heat EXchanger .......ooccoviviiiiieciniece et 209



L

3.4. CORROSION AND NMSS TRANSFER STUDIES .......ioiiiiiirnccnistimsrenis st sesensess 215
PV AR o de Fuel and in thhlum..i% ............................................................... 215
mgm%%% d Nigbiym in Contact with Lithivme.s *ﬂ ............................................................... 215
Tungsten-Nickel-Copper A”oy 1 SOGIUM eevreeresere s seeseeee e s ee oo 216
Tungsten Carblde- and Titanium Carbide-Base Cermets in Sodium......ccccoeeiivvnreeinrreicerees e, 218
im&tql Srud|es wnh Mohen L|’rTuum ettt ces e ettt te e e h bttt et et er e b b s et reaen 219
Inert Atmosphere Chomber for Thermcl Convecnon Loop Testing of
Nonoxidation-Resistant Materials ... et sessste s assseseesessesesnan 220

3.5.

3.6.

3.7.

Xiv

Forced-Circulation Loop Tests of Sodium in Hastelloys, Inconel and

Stwless SHEEI oot et it s

TR P IR e e S

Purification of Sodium ...

MATERIALS FABRICATION RESEARCH.....c..civrieeieerce ettt et sene s 228
YE}TJ r; kIGerg ﬁSroauch op ........................................................................................................................ 228
G szt i e
Hydrogen Diffusion Through MEAALS ..ottt et ee et nens 228
Volatility of BeO in Steam at Moderator Temperatures ............coueeveviiveeiieceeretieecee e seeseeseneees 229
Fabrication of High-Density BeO ..ottt e teeeas 230
BeO Thermocouple Inserts and lrradiation Test SPECIMENS ......c.ccevveeveeeeeeiiiiieiceeeee s 231
Thermal Stress Resistance of Ceramic Cylinders ..ot er st 231
)f:‘owbrrcchvg;:fqﬁen:qlgﬁﬁa? es ................................................................................................................. 231
METALLOGRAPHIC EXAMlNATIONS OF ENGINEERING TEST COMPONENTS
AFTER SERVICE ottt sttt ettt £ b en bt e btenneeasee s e ees 232
ART Prototype Test RAdIGIOr ...cccoviuiiiiiiiii ettt ss s ene st s et ere et rere s 232
York Corp. Radiator NO. T8 ccouieeiiiiinreee ettt ere ettt sreseseessassaetensesesssbsseseate e sete st senee 235
Process Engineering Corp. Heat Exchanger No. 3, Type SHE-7 .ccc..coovviiviieicriiceee e, 238
Process Engineering Corp. Heat Exchanger No. 2, Type SHE-7 .....coooviviieiiiriicecce e, 238
Inconel Centrifugal Pump That Circulated NaK .......co.ooiviiiiiii s 241
Welds of Test ComPONEntS....cceuiiiii ettt ettt b st s ees st st teas st et e retes s ssssneneasesereenee s 241
Thermal-Convection Loop Welds ..ottt e 241
Forced-Circulation Loop Welds ...ttt e 242
Heat Exchanger Welds ...ttt st 242
NONDESTRUCTIVE TESTING ...ttt ettt er sttt s st srs sttt ss on s 247
Eddy-Current Measurements of Metal Thickness .c...c..cccoicueiuiieeciciiiicieee e 247
Mathematical Analysis of E ddy-Current Probe Coils........cccooiiiiiiiiciieiceceeer et 247
INSpection of TUBING. ..ottt sttt bbbt s e 249
INSPECHON OF PiPE .ttt sttt r s es s sttt b st ee s tos v eseneenaes 250
Plate INSPECHION .c...cciiiiiiieitient ettt ettt s ses ettt et st st s et st enn st e s st eemeae 250
Core Shell INSP@CHON «..vivvii ettt et et e et r et es e et seaev et eesereseeteeaeessesansessessereesseserseres 250
The Detection of Unbonded Areas in Plates with Resonance Ultrasound .......ccccocoeieieiecicicnnnnn. 250



A

PART 4. RADIATION DAMAGE

4.1, RADIATION DAMAGE ..ottt st sttt st et ebsnas st abeb s nas 257
Examination of Irradiated Components and Materials .......cccccocvvnrievinneniiimicenie e 257
MTR NP ile LooPs. it issstieees s ereeses s ebessaesass sisesesest st st s eseseesenestarasosesssesessessansessens 257
Moderator Materials oottt et st n 257
ARE SPECIMENS ettt et ettt s st s sttt b e es s ans s aae et s see et s s e nsseaenen et enene 262
Creep and Stress-Rupture Tests of Inconel......occciiecieinineecs s 266
MTR EXPEIIMENES wciieiiie ettt et st e tss st b b ses et s s e bt e st e e ene e nene 266
LITR EXPOriMEnts .ottt ettt b bbb a et et en st s sse st e mnsan s 270
LITR Vertical 1nePile Loop.....cccc ettt et st st bon s et b et sttt e eenas s 270
MTR Static Corrosion TeStS ..occcciiiiciiieirricreni et et s e teeb e s s st s sen e b beseras it ssnssnssona 272
Flux Monitoring of MTR Static Corrosion Capsules. ... ccecencnasasesnssenenns 272
Relative Contribution from the Niéo(n,p)Coéo Reaction to the Co8°
Disintegration Rate in Irradiated Inconel ........cccooiiiirercniniie e e, 272

Effects of RGdIGfIO:’I on Electronic Componenfs .................................................................................. 284
Experimental ReSuUltS .ot ettt sttt e et e s 284
Experimental RefiNements . ....cccoccviiiiiiiiccireie ettt ete st st sbat e st a s st bebe s be e e 292

A SR S R R S e AT

s EACTOR SHIELDING %
5.1 LID TANK SHIELDING FACILITY oo 207 |

Radiation Attenuation Measurements in Plain Water, Borated Water, and Oil .....ccocvvveevevvcernene. 297 {
Study of Advanced Shielding Materials .......ccouiiiiiie ittt 300 ‘
- 5.2 BULK SHIELDING FACILITY oottt ettt ettt s et sebe st evenas st s antesenens 303 :
The Suppression of Capture Gamma Rays by Lithium in Lead ..o, 303 2
= 5.3. TOWER SHIELDING REACTOR- c.ceioeeeetes ettt ettt er et ssess e et et snenn s 304 Sg
Mechanical DeSign ..ccooviiiiiiiei ettt a e et e are sena e aenn et b e ket st b reesenea s 304 i
NUCIEAr Calulations ettt ettt et eb e ea s besae e b an st e as et st e snan et seabaneana seenes 304 §
Fuel Element DeveloDment ........cciiiciiiiiiieiiiiiniiieti et e sveeiesecveseebsses s ssassassses e ebesssessessesssasssnsess 304 f
Development of the Control Device ..........ccieiiiiiciiieiteceietee ettt et e vese st nan 304 :
Calculation of the Gamma-Ray Heating in the Lead Shield .......civcvvenrirnnnieeccnrnneceeens 307 5
Heating at the Core-Shield [nterface .....cocooiriiiii ittt et re s s 308 i
Heating Within the Shield .......c.c.c....... ettt e —ate —aa e e et e e e teatester e st s eresreressaranteseaneeres 312 ¢
Conclusions......ccooue...




XVi

TR

PR i

5.4. SHIELD DESIGN

Monte Carlo Calculation of Gamma-Ray Penetration of Aluminum Slabs

Monte Carlo Calculation of the Gamma-Ray Penetration of Lead-Water Slabs......cccccoooininnias
‘ Monte Carlo Calculation of Gamma-Ray Dose Rate Buildup Factors for Lead
“.__and Water Shields

oy
o N e s



ANP PROJECT QUARTERLY PROGRESS REPORT

SUMMARY

During preparation of the reports given here
of work on the Aircraft Reactor Test (ART) and
Engineering Test Unit (ETU), it was announced
by the AEC that work on the ART and ETU was
to be suspended. The necessary steps have since
been taken to place all fabrication and con-
struction work in a standby condition. The reports
presented here have not been modified to reflect
the work stoppage. The next report in this series
will summarize the work on the ART and the
ETU and give a picture of the status of the
molten fluoride reactor program at the time it
was suspended.

PART 1. AIRCRAFT REACTOR ENGINEERING

1.1. Reactor and Facility Construction

Methods for assembly and inspection of the
ETU and the ART were studied further, and the
necessary special checking fixtures
spection tools were designed aond fabricated.
Component fabrication and assembly continued, and
an experimental main fuel-to-NaK heat exchanger
was received. The completion of this unit dem-
onstrated the feasibility of manufacture of the
heat exchanger. The two sodium-to-NaK heat
exchangers received previously were installed in
the ETU north head. Modifications that will
facilitate installation are being incorporated in
the ART units. The NaK-to-air radiators required
for the ETU were received and installed, and
production of the ART radiators is under way.
Rings of brazing material to be used in the
fabrication of these units were produced at ORNL
at a rate of 10,000 per hour.

A pressure shell lower forging was received,
and the upper pressure shell forging is nearly
complete. The design of the pressure shell liner
was completed, and preparations for forging and
machining are under way. The beryllium reflector-
moderator outer shell is being fabricated from
a machined weldment. As a result of recent ex-
periments, the method for manufacturing the boron-
shield-containing shells has been changed from
shear spinning to deep drawing. The core shells
for the ETU have been completed, as previously
reported, and machining operations are under way
on another set of core shell weldments.

and in-

Assembly of the ETU north head is well under
way, and the retort for stress-relieving the assem-
blies was completed and tested. The strut load
ring ussembly was essentlally completed.

s pR

AT the boron carbide Files for neutron shleldmg
;;;are on hand and the cans and lids for the tiles
t are being fabricated.
%facforily on the production of the required stain-
{less-steel-clad copper- B,C cermets. Design work

Work is proceeding satis-

gls proceeding on the shielding external to the
&essure shell. R

Fabrication and procurement of auxiliary equip-
ment are well under way. Layouts of the equipment
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to be installed in the ETU cell are about 75% ~

complete. Installation work on the ETU facility
is progressing as scheduled, and many of the
major components are now available for instal-
lation,

Design work continued on components outside
the cell of the ART facility. Models were con-
structed of the special equipment room, radiator
pit, and radiator penthouse area to assist in
detail design and to demonstrate equipment,
assembly, and changeout procedures. All lump
sum contract work on the facility has been com-
pleted.

Developmental work on methods and equipment
for ART disassembly was continued. A full-scale
experiment and demonstration of an optical method
for taking measurements through hot cell windows
is being prepared. Additional cutting tools were
tested, and a list of tools and fixtures that will
be required for removal of the ART from the cell
was prepared.

1.2, Component Development and Testing

The design reactor sodium pump speed was
increased from 3000 to 4000 rpm because of an
increase in the head required. In a 1000-hr test
run at the higher speed, it was found that seal
leakage of the rotary assembly was never greater
than at the lower speed. Oil sparging system
tests showed that with a lower shaft annulus
helium flow of 500 liters/day and a low oil
leakage satisfactory sparging could be
achieved with intermittent gas flow. A sporging
procedure for ART and ETU operation is being
prepared.

rate,
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The reactor fuel pump rotary element that was
altered for irradiation testing was installed in
a gamma-irradiation facility in the MTR canal.
The test is under way with the rotary element
operating at a speed of 2700 rpm. The average
dose rate is 108 rep/hr.

Additional tests of the twin fuel pumps installed
in the aluminum north head have demonstrated
satisfactory degassing characteristics over a
wide range of operating conditions. Installation
of the twin sodium pump loop in the aluminum
north head was completed and tests were initiated.
Preliminary data indicated satisfactory performance.

Additional performance data were obtained for
a fuel pump operating at high temperatures with
the fuel mixture NaF-ZrF ,-UF, (50-46-4 mole %,
fuel 30) as the circulated fluid. Curves showing
the minimum surge tank gas pressure and minimum
suction vs flow for cavitation-free operation were
plotted. In priming tests it was found that the
pump primed and gave full head and flow per-
formance when the liquid level was above the
floor of the expansion tank.

Examination of a primary NaK pump that was
stopped when the NaK level in the pump tank
rose and flooded the oil catch basin revealed
that grease formed by the interaction of NaK
and oil had clogged the seal loading springs
and inhibited their operation. Further development
work on the seal region of this pump is planned.

As a result of experience with NaK pump hot
test loops, modifications of the cold traps were
made. A nozzle was devised to admit a controlled
water-air mixture to the cooling coil and thus
effect o gradual transfer of the cooling load
from air to water. Tests of auxiliary NaK pumps
were initiated,

A semicircular heat exchanger designed to
simulate the tube stresses in the ART main
heat exchanger is being installed for testing,
as is a 25-tube heat exchanger that is to be
tested with the fuel mixture NcF-ZrF4-UF4
(56-39-5 mole %, fuel 70). A test of a 100-tube
heat exchanger was terminated because of a
failure of the furnace inlet line. - This heat ex-
changer had experienced 168 thermal cycles in
421 hr of high-temperature operation, and there
were no evidences of failure. A first-approximation
thermal-stress calculation had predicted a life
of 35 to 45 cycles for this heat exchanger.

York Corp. ART test radiator No. 1, which
developed a leak after 870 hr of operation was

examined. Despite immediate shutdown to limit
damage by fire, the damage was sufficient to
destroy evidence that might have indicated the
nature of the failure.

The excellent performance of the cold traps
in heat exchanger and radiator test systems has
led to the elimination of plug indicators from
the ART and ETU NaK systems.

Further tests of the fuel dump valve designated
ORNL-1 indicate that the valve will be satis-
factory for the intended service at 1300°F. As
a result of further operating difficulties, the NaK
dump valve has been redesigned to minimize weld
and thermal stress distortions.

Sodium circuit water flow tests were completed
during the quarter.
for the orifice in the control rod sodium cooling
passage circuit was determined. Also, tests were
run to establish the proper location of a flow
divider for directing sodium downward into the
reflector and upward to the island entrance region.

The second test of a one-fourth-scale outer
core shell model for determining dimensional
stability under thermal cycling conditions was
terminated after 339 cycles, that is, 39 cycles
more than scheduled. Visual inspection disclosed
no damages to the core shell, and it is currently
being measured.

Tests have demonstrated that satisfactory liquid-
metal-vapor condensers are now available for ART
and ETU use. Satisfactory zirconium fluoride
vapor traps are now also available.

A test of the ART island bellows under cyclic
strain, temperature, and pressure conditions re-
vealed that the two-convolution bellows would
be inadequate for ART service conditions. The
design has therefore been modified.

Since a failure of the fuel fill-and-drain tank
might have serious consequences, a test tank
is being built for testing under simulated service
conditions. This test is thought to be necessary
because the ART may impose stress and tem-
perature conditions greater than those for which
design properties are known with any certainty.

In these tests the proper size

1.3. Instrumentation and Controls Development

A test was completed of the ART control rod
drive mechanism that simulated ART operating
conditions, except that there was no radiation
present. During the first 1129 hr of the 3000-hr
test, the rod was withdrawn and inserted 1161
times, This portion of the test was followed
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by a series of periods in which the rod was fixed
at positions spaced 5 in. apart for @ minimum
time of 200 hr at each position. The remainder
of the 3000-hr test consisted of further rod cycling
in the same sequence as that used for the initial
phase of the test, The test system has been
dismantled for examination, and if results of the
examinations are satisfactory, it may be concluded
that the ART control rod and its actuating equip-
ment have met all the specifications that can
reasonably be tested without the actual nuclear
tests.

Additional tests with helium-bubbler-type liquid-
level indicators in the fuel expansion tank of
the aluminum mockup of the ART north head
confirmed the ‘‘dishing’’ effect on the liquid
surface in the expansion tank of changes in pump
speed. In tests in which measured amounts of
fluid were added to or removed from the expansion
tank, it was found that the level-measuring device
responded accurately.

Examinations of on-off level probes that failed
at high NaK temperatures in NaK pump bowls
showed that the units failed because of internal
oxidation of the copper wires and that such
oxidation occurred when the copper-to-Inconel
welds were made. The probe has therefore been
redesigned so that the copper-inconel junction
can be brazed instead of welded. Units of the
new design are being fabricated.

Calibration and testing of the 2- and 31/2-in.
magnetic flowmeters for use in the ART and
ETU were continved. All the 3/8-in. magnetic
flowmeters required for the ETU have been
delivered and installed. Tests have indicated
that continuous temperature and magnetic flux
monitoring of these units will not be required.

Several ORNL-designed resistance-type liquid-
metal-level transducers for use in NaK were
completed. Tests have been run with these
units installed in NaK pump bowls to obtain
drift data and to observe wetting effects. Other
probe materials and special coatings or plates
are to be tested in an effort to improve the wetting
characteristics. Similar units are being fabricated
for use in the ART sodium expansion tank.

Tests of thermocouples were continued., Drift
data were obtained for Inconel-sheathed Chromel-
Alumel and platinum, platinum-10% rhodium thermo-
couples exposed to fuel 30 for various periods

at various temperatures. A new closure technique
in which the junction is made by brazing rather
than by welding is being investigated.

A well type of thermocouple was designed for
temperature measurements of high-velocity high-
temperature liquid metals in Inconel piping. The
pressure drop created by this thermocouple was
found to be less than 2.0 psi at 1200 gpm. Drift
tests of sample units in flowing NaK have been
started.

1.4. Engineering Design Studies

Analyses and experimental investigations of the
effects of stress on various portions and com-
ponents of the ART system were continued. In
one test, the resistance of beryllium to fatigue
cracking under the temperature conditions an-
ticipated in the ART is being studied. In another
another experiment a ¥-scale model of the outer
core shell made with the inner core shell weld
pattern is to be tested under strain cycling
conditions. This test will determine the adequacy
of the welded reactor shells.

A stress analysis of the island expansion
bellows at the design condition of 300 cycles
of 90-mil axial deflection at a temperature of
1250°F revealed that the bellows would be sub-
jected to considerable plastic deformation at
the outer bend of the convolutions. Correlation
with the strain-cycling data for Inconel indicated
that the fatigue life of the bellows would be less
than the contemplated 300 cycles. The results
of the analysis were confirmed in a recent test
in which the bellows failed after 80 cycles. The
bellows has therefore been redesigned.

A detailed stress analysis of the support
structure for the lead shielding of the ART was
completed, and an analysis of the water bag was
initiated, A stress oanalysis of a pressure-
measuring device for use in the ART was made
to establish the operating limits of temperature
and pressure for applications in which dimensional
stability of the unit is important.

An apparatus for simultaneously testing six
moderator specimens in the temperature range
of 1500 to 2000°F in the ETR is being designed.
The moderator materials to be tested initially

are beryllium oxide,/’?ﬂﬁﬁ‘m ﬁ;ﬁ?fa’% and beryl-

. »WW
lium metal. g
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1.5, Design Physics

Calculations were made of the shielding re-
quired for the ART fuel fill-and-drain tank. The
lead shield was designed, insofar as it was com-
pleted, so that the dose rate at any point on its
surface was less than 0.2 r/hr after 100 hr of
operation at 60 Mw, 9 days after shutdown. It
was found that the pipes for carrying the NaK to
heat and cool the fuel could not be allowed to
penetrate straight through the shield, and a con-
figuration that would satisfactorily reduce the
dose rate at such penetrations was developed.
Similar studies indicated that it would be necessary
to overlap adjoining pieces of the removable top
shield of the tank.

In connection with the problem of replacing a
fuel or sodium pump, a preliminary estimate was
made of the dose rate at a point 62.5 in. above
the reactor midplane and 22.5 in. from the axis,
that is, about at the bottom of the fuel pump
motor under the same after-shutdown conditions as
those specified above. The dose rate was found,
for the present shielding geometry, to be around
800 r/hr, and the radiation was mostly from
residual fuel in the heat exchangers viewed
through the NaK pipe penetrations in the north
head.

The rates of decay-gamma energy emission from
the ART fuel for the first 180 sec after reactor
shutdown following 500 hr of operation at 60 Mw
were calculated for six gamma-ray energy groups.
The results were used in calculations of the heat
deposition rates in the bellows and stem of the
ART fuel drain valves. A total temperature rise
of 106°F was obtained for the maximum allowable
duration of the fuel draining operation.

1.6. Materials and Components Inspection

Materials for the ART,ETU, andtest components
were inspected with the intended use as the
criterion of acceptability. Results of metallo-
graphic examinations were received which in-
dicated that pickling in phosphoric acid could
be used satisfactorily for the removal of magnetic
particles. It was also found that polishing could
reduce rejections caused by surface scratches.
Results were obtained of metallographic exami-
nations which showed that no embrittlement or
attack occurs upon exposure to the materials used
in penetrant inspections.

Inspections of sample pieces and completed
units submitted by vendors were made, including
radiators and radiator materials from York Corp.,
heat exchangers from Griscom-Russell and from
Black, Sivalls & Bryson, forgings and weldments
from Midwest Piping Company, tanks and bellows
expansion joints from Process Engineering Corp.,
bellows from Fulton-Sylphon Company, and Inconel
and stainless steel valves from Hoke Valve, Inc.

Procedures are being developed for the in-
spection of seven critical welds on the ART and
ETU that can be inspected only through sections
of beryllium. Normal radiographic techniques
cannot be used because beryllium scatters the
incident x-ray beam and causes general fogging
of the film,

1.7. Heat Transfer Studies

The effect of stresses and cyclic frequency on
the strength and corrosion characteristics of
Inconel in an NaF-ZrF4-UF4 (50-46-4 mole %)
environment was studied in the pressurized-
system thermal-cycling apparatus. Data were
obtained for straight tubes which indicated that
the extent of corrosive attack on Inconel is
dependent on the frequency of the thermal cycling,
with the critical frequency in the vicinity of
]/2 to 1 cps. The effect of prior strain was in-
vestigated in tests of bent tubes. In all cases
the attack was greater in the bends than in the
straight sections of the tube, but unexpectedly
no difference was detected between the attack
on the tension and compression sides of the
bends. As in previous tests, fine-grained tubes
showed intergranular attack and coarse-grained
tubes showed general attack. Inconclusive tests
of machined welds were run and additional tests
of inspected and approved welds are to be run.

After two runs in which the operating periods
fell short of the scheduled 100 hr because of
difficulties with liquid-level control of the high-
frequency pulse-pump thermal-cycling loop, the
loop was operated for 100 hr at 1 cps with the
fuel mixture NcF-ZrF4-UF4 (56-39-5 mole %)
as the fluid medium. Outside surface temperature
oscillations of +64°F were attained at the inlet
end of the test section. Metallurgical examination
of the test specimen has not been completed,
but standard dye stain and radiographic exami-
nations show no superficial damage.
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Temperature measurements made with the nickel-
plated junction of an Inconel-nickel gunbarrel
thermocouple flush with the wall of a thick-walled
Inconel tube exposed to sinusoidal temperature
oscillations in water showed good agreement with
results of theoretical calculations. A similar
Inconel-nickel gunbarrel thermocouple that was
not attached to a tube was tested in static NaF-
ZrF ,-UF , (50-46-4 mole %) at 1200°F for 300 hr.
It was determined that rapid removal of the
metallic  junction between the central nickel
wire and the Inconel by the fluoride salt precluded
the use of this type of thermocouple for measuring
rapid surface temperature transients in a fluoride
environment.

The full-scale Plexiglas model of the ART core
was used for studies of the effect of inserts
and ramps in the core volute and of thin boffles
in the core region on the core flow. No significant
improvements in flow were noted. Velocity and
pressure-loss data were obtained in water flow
tests of the 10/44-scale model of the 21-in. ART
core with an ART type of entrance header, a
core inlet collimator, and five core screens.
The data show significant flattening of the
velocity profiles throughout the core. Simulated
one-pump operation with the screen-filled core
indicated that the screens and collimator effec-
tively eliminated circumferential asymmetries in
the flow. Measurements were made of the pressure
variation in the inlet header. Velocity profile
photographs were obtaoined of the flow in the
10/44-scale model of the ART by using the
phosphorescent particle technique.

Measurements were completed of the heat
transfer coefficients for NaNO,-NaNO,-KNO,
(40-7-53 wt %) flowing through electrically heated
tubes. The data agree with the standard cor-
relations. Preliminary results for forced-convection
heat transfer with KCI-LiCl (41.2-58.8 mole %)
flowing in a stainless steel tube fell below the
standard correlations.  Data from the screen-
filled half-scale volume-heat-source core model
show markedly reduced temperatures and fluc-
tuations along the island wall but little change
at the outer wall from earlier results obtained
with a vaned entrance system. Initial heat
transfer data for source-vortex flow indicate a
fivefold increase in comparison with straight,
turbulent flow when the data are compared on
the basis of equal system energy expenditure
per unit of heat transfer area.

A system for determining heat transfer in
flowing mercury containing a uniform volume heat
source is being constructed. Experimental data
on mass transfer in alkali metal systems were
compared with results obtained with two theo-
retically derived expressions. It was concluded
that a more general hypothesis that combines
the mechanism of hot-zone attack with a
nucleation-deposition mechanism in the cold zone
is needed to explain the experimental results.

Preliminary results indicated a value of 0.21
Btu/Ib-°F for the heat capacity of LiCl-BaCl,
(32.2-67.8 wt %) and of 0.24 Btu/Ib:.°F for LiCl-
SeCl, (22.5-77.5 wt %). Measurements with a
modified variable-gap apparatus yielded a value
of 0.34 Btu/hr-ft-°F for the thermal conductivity
of the salt mixture chNOz-NdNOs-KNO3 (40-7-
53 wt %). New data were obtained for the thermal
conductivity of NaF-ZrF ,-UF, (50-46-4 mole %)
by using o calorimetric device. The values were
considerably below the thermal conductivities pre-
viously obtained (1.0 to 1.5 Btu/hr-ft-°F) by using
the variable-gap apparatus.

The apparent density of ZrF, vapor deposits
was measured and found to vary inversely with
the sample thickness. An attempt to measure
the thermal conductivity of a ZrF, deposit in-
dicated a value of 0.045 Btu/hr-ft:°F.

PART 2. CHEMISTRY
2.1. Phase Equilibrium Studies

Further studies of the system KF-UF , confirmed
the liquidus curve presented previously. Thermal-
gradient quenching experiments revealed, however,
several differences from the phase behavior pro-
posed earlier. The formulas of the equilibrium
phases are 3KF'UF4, 2KF-UF4, 7KF-6UF4, and
KF.2UF,.

Refined phase equilibrium studies were made
of the system NaF-HfF ,. Seven NaF-HfF , phases
are isostructural with NaF-ZrFA phases of cor-
responding stoichiometric formulas. There are,
however, fewer phases in the NaF-HfF, system
than in the NaF-ZrF, system.

The system KBF,-NaBF, was studied as part
of a search for low-melting salt mixtures for use
as reactor coolants. It was found to be a simple
binary system with a eutectic containing about

90 mole % NaBF , that melts at about 357°C.



The same unidentified compound was found in
both LiF-MgF,-YF, and LiF-ZnF,-YF, through
petrographic and x-ray examinations. Preliminary
indications are that the unidentified material is
an LiF-YF3 compound.

2.2. Chemical Reactions in Molten Salts

The determination of the activity coefficient
of NiF2 in the molten mixture NaF-ZrF , (53-
47 mole %) by the study of the equilibrium
constants for the reaction

NiF,(d) + H,(g) == Ni(s) + 2HF(g)

The investigation revealed that
NiF, in solution, under the experimental con-
ditions used, behaves in a very different manner
than that predicted by the free energies of
formation for solid NiF,. This result was un-
expected because good agreement had been
obtained, in a previous similar study, between
the experimental and calculated behavior of
Fer in the same solvent. Thermodynamic con-
siderations of the unexpectedly large activity
coefficients of NiF, in fuel mixtures indicate a
probable error in the estimated free energy of
formation of NiF ..

Studies were made of the reduction of UF
by V° at 600 and ot 800°C in NaF-ZrF, (50-
50 mole %) and in NaF-LiF-KF (11.5-46.5-
42 mole %) and of the reduction of UF4 by W° in
NaF-ZrFA (53-47 mole %). The results showed
that V° is not stable in contact with UF, at
either temperature in either medium. In marked
contrast to earlier experiments with NaF-LiF-KF
as the reaction medium, W° was found to be
stable with respect to UF, in the reaction medium
NqF-ZrF4.

Additional studies of the stability of chromium
fluorides in NaF-LiF-KF were made with both
CrF3 and Cer. For the tests with CrF3, chromium
metal was added. Since the experimentally
determined values for Cr** did not give a reason-
able balance of Cr**, Cr***, and total chromium,
it was concluded that the experimental values
were probably inaccurate.

Additional experimental studies of the reduction
of FeF2 by Cr° in NaF-ZrF4 (53-47 mole %) in
which higher FeF, concentrations were used
further indicate that reliable values for the Cr*™*-
to-Fe** ratio cannot be determined in this reaction
medium. A study of the reaction with RbF-ZrF4

was concluded.

(52-48 mole %) as the reaction medium was also
made. Large Cr**-to-Fe*! ratios were found,
and there was a difference between the calculated
and experimentally determined chromium con-
centrations.  Additional experimental work is
planned to resolve these discrepancies.

The studies of the solubilities of the structural
metal fluorides CrF,, FeF,, and NiF, in molten
fluoride mixtures were continued. Data are now
available for the solubilities at 600 and 800°C
in the following mixtures:  NoF-ZrF (53-47
mole %), LiF-ZrF4 (52-48 mole %), KF-ZrF4
(52-48 mole %), and RbF-ZrF4 (52-48 mole %).

Studies of the activities of the metallic con-
stituents of the nickel-molybdenum alloys being
developed to contain molten fluoride salts were
initiated. Preliminary experiments are under way
to determine the feasibility of measuring the
activities by an emf method.

Ratios of activity coefficients of NiF, to FeF,
in NuF-ZrF4 (53-47 mole %) and in KF-LiF
(50-50 mole %) were obtained in Daniell cells
ot 650°C. Similar measurements were made of
Cr-Ni couples in NaF-ZrF , (53-47 mole %). The
values for the Ni-Fe couple were in agreement
with results obtained previously, and, if the
activity coefficient for FeF, is taken to be 3,
the activity coefficient of NiF,_, obtained from
these measurements is (1.8 £ 0.3) x 103, based
on the solid as the standard state. The data
obtained for the Cr-Ni couples indicated that
the container material affected the results, which
were thus inconclusive.

Various experimental difficulties involved in an
emf study of the effects of various compositions
of the solvent LiCl-ThCl, on a solute in dilute
concentration were resolved, and PbC]2 was
selected as the solute. Cooling curves were
run on various LiCI-ThCl, samples to study
the solvent composition limits at 700°C, and
important features of the phase diagram of the
system were established.

Determinations were made of the solubilities of
argon and of xenon gases in molten NoF-ZrF4
(53-47 mole %) as functions of pressure and tem-
perature. The data show that in this solvent the
solubilities of the gases follow Henry’'s law,
they increase with increasing temperature, and
they decrease with increasing atomic weight of
the gas. Similar studies of the solubilities of
HF gas in NaF-ZrF4 have shown that the gas

XXii -



follows Henry's law and that the solubility de-
creases with increasing temperature and increases
with increasing NaF concentration. Preliminary
data on the solubility of HF in NaF-KF-LiF
reveal that the solubility is roughly 50 times
greater than in NaF-ZrF .

The solubility of CeF,
studied as a function of composition of the
solvent. The solubility has been found to de-
crease as the proportion of the tetravalent con-
stituent is decreased, and the CeF3 behaves
more like NaF or BaF, than like ZrF,. Data
were also obtained which indicated that the
evaporation of ZrF, during these experiments
does not exceed the accuracy of the deter-
minations (+5%).

The possibility of precipitating the rare-earth
fission products as oxides is being considered
as a means of reprocessing fuels based on the
NaF-KF-LiF fuel solvent. Three methods of oxide
formation are being studied that involve reactions
with (1) carbonates, (2) alkali hydroxides, and
(3) less stable oxides. In connection with this
study, experiments are being conducted to in-
vestigate the stability of UO,F, in a fused salt
mixture.

In studies of the oxidation of mixtures composed
of sodium and potassium, it was found to be quite
difficult to control all the variables which affected
the oxidation process. The results obtained were
not precise, but it appears that the ratio of
sodium-to-potassium in the oxides decreases with
increasing potassium concentration.

in NaF-ZrF, is being

2.3. Physical Properties of Molten Materials

The sublimation pressures of HfF, were de-
termined for comparison with the known sub-
limation pressure of ZrF,. It was found that
the valve for ZrF, was about three times that
of H'r'F4 at a given temperature. |t is thought that
the factor of 3 difference in the vapor pressures
may be used as a basis for separating zirconium
from hafnium in a high-temperature (above 925°C)
process and for the production of ZrF, from a
starting mixture of zirconium and hafnium oxides.

New measurements of the vapor pressures of
BeF, were made by using the Rodebush-Dixon
method. The values obtained were in good
agreement with literature values in the range
800 to 1025°C that were obtained by using the
carrier gas method and assuming that the vapor
species was monomeric. Since the agreement

ReSRxRTAL M{mm»m—L
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the values

between
monomeric,

indicates that BeF, is
it should be possible to measure
activities from vapor pressures over BeF,-rich
solutions.
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e = ~Production of Purified M|xfures

Approximately 6000 g of YF, was prepared and
iMgF, and LiF were added to make about 8000 g
} of fhe processed YF ,-MgF,-LiF mixture for use
in the preparation of yttrium metal. About 5 Ib
; of CtF, was prepared, and most of it was con-
 verted to CrF,. A small batch of VF, was also

. prepared.

Experimental batches of various fused salt

. mixtures were prepared for use in phase equi-
- librium studies, physical properties testing, and

corrosion testing. Conversion of 10 |b of low-
zirconium HfCl, to HfF, was completed with a
total recovery o? 96.3%.

One hundred filling and draining operations were
¢ performed during the quarter that involved 785 kg
~of liquid metals and 1229 kg of salts. A series
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Lwhich will be held up on various internal surfaces
of the ART was mmated
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2.5. Analytical Chemlstry of Reactor Materials

e T

The instrument for the detection of NaK in air
by measurement of the absorption of sodium
resonance radiation by sodium atoms was modified
by the addition of an additional light stop which
will exclude the continuum radiation of the heated
furnace from the photomultiplier tube. This light
stop was effected by means of a plate in which
two apertures, approximately 0.08 in. in diameter,
were drilled. The circular holes in this plate
correspond precisely to the images of the quartz
end windows of the absorption cells. In order to
achieve the precise focusing and alignment of
the optical system that is required, a rigid optical
bench fabricated of 18-in. channel iron was in-
corporated into the apparatus..

FORIE N D g

~8ttdies  of ‘the butyl iodide-iodine ‘method for
i the determination of oxygen in metallic lithium

‘revealed that several interfering reactions occurred
iduring dissolution of the metallic lithium in
:'é:e'rhereal solution. Mercury was added in order
*fo eliminate the interference of the excess iodine
;tha'r remained after reaction of the lithium,
{Anhydrous mercuric chloride was then added to
n’complex the iodide and, in effect, produce a

ichloride rather than lodlde _system.
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“fecovery of oxygen
of Li,O was added to
Q""“”rﬁe qpp&?(ﬁu% “for the
as oxides in fluoride salts and in metals by the
fluorination of the oxides with KBrF, was com-
pleted and assembled. A detailed procedure for
use of the apparatus was formulated and is
presently being tested. Zirconium oxide was
selected as a standard for calibration of the
apparatus.

The method for the determination of nickel as
its chelate complex with 4-isopropyl-1,2-cyclo-
hexanedionedioxime was applied to samples ob-
tained from studies of the solubility of nickel
in molten sodium. Since the samples are contained
in molybdenum buckets, some molybdenum is
also present in the sodium. In order to avoid
interference by this molybdenum it is necessary
to dissolve the sodium sample in water rather

A special apparatus, fabricated
from fluorothene, was designed in order to carry
out this dissolution safely and efficiently.

ination of | oxygen

than in methanol.

7T A series of tests was initiated of the possible

between pump lubricants and alkali
metals in an effort to determine whether the
reaction can produce acetylene. Initial tests
showed that ‘‘Gulfspin-35’" and NaK in equal

volumes reacted to produce considerable acetylene,

reaction

with an accompanying significant increase in
pressure. Approximately 2% of the alkali metal
apparently was converted to the carbide.
Additional work was done on the determination
of aluminum in mixtures of fluoride salts with
pyrocatechol violet. A study was made of inter-
ferences that would normally be encountered in
corrosion tests with fluoride salts and the newly
developed nickel-molybdenum base alloys. lIron

and titanium interfere serlously, but nickel,
chormium, molybdenum, *'qnd lum, dof; snot
interfere. T

Studies of the application of tri-n-octylphosphine
oxide for the solvent extraction of metals of
interest in the ANP program were continued.
The effect of sulfuric acid concentration on the
extraction of titanium with TOPO was demonstrated
in experiments in which only 6% of the titanium
was extracted from 1 M sulfuric acid in contrast

to 99% from 7 M sulfuric acid. fNicbiom was found
tobe-extracted. quite .wett By TOPO from hydro- -
ichloric acid solutions, relatively well from sulfuric ¢
Eacid and essentially not at all from nitric orf

“perchloric acids. ™

< “obtained when 0.5 ‘mg
imulated sample soluhon._~

The weighing compartment of a Cahn Electro-
balance was installed in a vacuum drybox. By
means of this microbalance it is possible to weigh
trace quantities of materials that must be pro-
tected from either atmospheric contamination or
moisture.

PART 3. METALLURGY

3.1. Nickel-Molybdenum Alloy Development
Studies

Developmental work has continued on a new
container alloy for the fuel mixture NaF-KF-LiF-
UF4 (11.2-41-45.3-2.5 mole %, fuel 107) at service
temperatures up to 1800°F. Emphasis has been
placed on determining the optimum alloy com-
position, on determining whether the most promising
alloy, INOR-8 (composition range: 15-19% Mo,
6~-8% Cr, 4-7% Fe, bal Ni), can be produced as
a ‘“‘commercial’’ item, and on determining the
fabricability of duplex tubing of "INOR-8 clad
with stainless steel for use in heat exchangers.
Since corrosion resistance, weldability, and creep
properties have not yet been completely evaluated,
two other compositions, INOR-8 modified and
INOR-9, are also being studied as alternates.
The modified INOR-8 alloy contains 2 to 4 wt %
niobium to increase creep strength, and INOR-9,
which contains no chromium but is strengthened
with niobium, should be corrosion resistant at
1800°F.

The physical properties of INOR-8 have been
determined, and means for producing sound ingots
are being investigated. Studies of oxidation have
shown that unless the alloy contains about 6 wt %
chromium the oxidation rate is not acceptable.
Tests of corrosion resistance and mechanical
properties are continuing.

Preliminary tests have shown the oxidation
resistance of INOR-9 to be about the same as
that of Hastelloy B and the creep properties to
be about the same as those of INOR-8. It is
attacked by fuel 107 to a depth of 1 to 3 mils
in 1000 hr at 1500°F.

Studies of production heats of INOR-8 have
indicated that it is a ‘‘commercial’’ alloy. Upon
completion of orders which have been placed with
various vendors, sufficient material will be
available to fabricate about 30 forced-circulation
loops, one in-pile test loop, and specimens for
a rigorous program of creep and weld tests.
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Since all nickel-base alloys exhibit mass
transfer when used as containers for flowing
sodium at high temperatures, .it appears that
composite tubing will be required for service
temperatures of 1650°F and above in fluoride
fuel-to-NaK heat exchangers. It has been demon-
strated that acceptable tubing can be produced
by coextruding composite billets of the nickel-
base alloy and type 316 stainless steel. The
weldability of the composite tubing and the effects
of diffusion of the components are being in-
vestigated.

Tests have shown that alioys of the INOR-8
type can be brazed in a dry-hydrogen atmosphere
with Coast Metals brazing alloy No. 52 and similar
brazing alloys by using conventional techniques.
Sound weld deposits can be made, and joints
have been found to have satisfactory properties
in both the as-welded and the aged conditions.

Evaluation studies of the creep characteristics
of the nickel-molybdenum alloys under a constant
load {8000 psi) in contact with fuel 107 at 1500°F
were continued. The data indicate that INOR-8
with 0.06 to 0.1% carbon meets the desired
strength requirements.

A forced-circulation loop fabricated of an ex-
perimental nickel-molybdenum alloy (17% Mo-6%
Fe-bal Ni) completed 1000 hr of operation with
fuel 107 at a moaximum fuel-to-metal interface
temperature of 1760°F. Attack of the hot leg
was confined almost entirely to grain boundaries
and reached a depth of 4 mils at the hottest
point. A thin deposit of metal crystals was
present over most of the cold leg, and there were
widely dispersed clumps of metal deposits up
to 6 mils in thickness. The deposited material
contained sizable quantities of nickel and iren.
The outer surface, which was exposed to air,
developed a heavy uniform oxide film, and
oxidation was found along grain boundaries to
depths of as much as 9 mils.

Two thermal-convection loops fabricated of
experimental nickel-molybdenum alloys were also
operated for 1000 hr with fuel 107 and a maximum
hot-leg temperature of 1500°F. The hot leg of
loop 1136 (16% Mo-2% Ai-15% Ti-bal Ni) showed
heavy surface roughening and pits to a depth of
5 mils. In addition, very large, irregular-shaped
voids were observed at depths as much as 9 mils
below the surface, but they appeared to be
fabrication defects rather than areas of attack.

No deposit was found in the cold leg, but there
was light surface roughening. An analysis of
the fuel after the test indicated considerable
reaction of the fuel with the aluminum and slight
reaction with the titanium. The other loop (No.
1155, INOR-8 plus 0.5% Al-6% Cr-5% Fe-0.5%
Mn-0.06% C) showed no cold-leg deposits, but
the hot leg showed heavy surface roughening and
surface pits, with heavy intergranular subsurface
void formation to a depth of 3 mils. Fabrication
defects in the form of cracks and voids to a
depth of 7 mils were also found.

A summary of the thermal-convection loop results
obtained thus far indicates that the maximum
attack has not exceeded 3 mils in 500 hr at
1500°F. Increasing the time of the test from
500 to 1000 hr causes the attack to increase
1 to 2 mils.

In order to investigate the compatibility of
molybdenum with nickel-molybdenum alfoys in a
common fluoride fuel circuit, two Hastelloy W
thermal-convection loops with molybdenum inserts
in the hot legs were operated with fuel 107.
One loop was operated for 1000 hr at 1500°F,
and the second operated at 1650°F for 517 hr.
Numerous fabrication defects were found along
the surfaces of the molybdenum inserts, but there
was no evidence of attack. The Hastelloy W
surfaces exposed to the salt showed heavy
surface pits and shallow void formation to a
depth of 3 mils in the loop operated at 1650°F
and 2 mils in the loop operated at 1500°F. The
cold-leg samples of Hastelloy W were moderately
roughened, and in the loop operated at 1500°F
moderate surface pits and some general subsurface
voids to a depth of 1.5 mils were observed. No
mass-transfer deposits or layers could be seen
in either loop.

3.2. Developmental Studies of Inconel

The program for the investigation of the strain-
cycle properties of fine- and coarse-grained Inconel
was continued. Results of tests of tubular speci-
mens at 1600°F in fuel 30 indicate that the
strain-cycle properties ot 1600°F are similar to
those at 1500°F and show that, as in previous
tests, coarse-grained Inconel is greatly affected
by this environment. The evaluation study of
the effect of prior strain cycling on the creep
strength has indicated that the creep strength
and rupture life are reduced by the first 100




cycles and that 300 cycles does not further
reduce the creep strength; however, the total
elongation and rupture life after 300 cycles are
less than after 100 cycles.

A test program was initiated for evaluating the
strain-cycle properties of Inconel weldments in
argon and in fuel 30. Data from initial tests
compare favorably with stendard tubular specimen
data.

The strain-cycle properties of hot-pressed,
reactor-grade beryllium are also being investi-
gated. Results of initial tests at 1250°F illustrate
the difference between a brittle metal and a
ductile alloy.

Results of strain-cycling tests of carburized
Inconel at 1500°F indicate that carburization
does not impair the strain-cycle properties.

Relaxation tests of fine-grained Inconel at 1100°F
were completed, and the results were found to
be those expected on the basis of previous tests.

In order to obtain information on the behavior
of inconel under multiaxial conditions, a biaxial
creep-test program was initiated. Data obtained
in initial tests demonstrate that the axial strain
rate is independent of the state of stress and
dependent only upon the stress in the axial
direction in tests in which the ratio of the
axial to tangential stress is greater than ]/2

Tests were run in order to determine the
relative strengths and ductilities of Inconel
weld metal and base material. Both the yield
and vultimate strengths of the weld metal are
greater than those of the parent metal at tem-
peratures from 1400 to 1800°F, whereas the
ductility of the weld metal is lower.

Several new brazing alloys were tested for
oxidation resistance and found to be satisfactory,
Screening tests of a series of high-nickel-content
brazing alloys for use in fabricating NaK-to-fuel
heat exchangers were completed. It was found
that porosity of the fillets was related to the
boron content of the brazing alloy.

A study of the effect of grain size on the cor-
rosion of Inconel by fuel 30 wos made with the
use of thermal-convection loops containing hot-
leg sections subjected to annealing treatments
intended to produce grains similar to those formed
during the furnace brazing of heat exchanger and
radiator tubes. Preferential grain-boundary attack
such as that found in the examination of heat

exchangers occurred to a limited extent in the
coarse-grained sections of the loop. In reviews
of previous test results indications were found
that relatively deep attack can occur under
certain conditions of grain-boundary orientation in
coarse-grained material.

3.3. Welding and Brazing Studies

An examination of an ali-welded Inconel impeiler
that cracked in service revealed that the fabrication
procedure provided only a limited joint length
where the vanes were welded to the top plate,
ond the joint design and lack of accessibility
permitted only very shallow weld penetration.
A modified fabrication procedure is now being
used in which the joints are brazed for additional
reinforcement and to improve reliability.

Tests were performed which indicated that cracks
in the braze fillets of tube-to-header joints of
NaK-to-air radiators could be healed by rebrazing.
Such cracks result from transverse shrinkage and
distortion of the tube sheets during the deposition
of the longitudinal welds of the headers.

Tests were run to study welding and brazing
procedures for making the tube-to-tube sheet
joints in the heads of the ART fuel fill-and-drain
tank. In order to produce joints free of root
cracks, a low restraint, trepanned type of joint
was designed. The brazing alloy will be contained
in annular sumps machined in the tube sheet
around each tube. When the tube sheet reaches
the brazing temperature, the brazing alloy will
flow into the space between the tubes and the
tube sheet through three holes drilled from each
sump into the tube hole. A relatively low rate
of temperature rise will be used to avoid brazing
alloy liquefaction before the massive header
sheet reaches the brozing temperature.

A study was initioted to ascertsin whether
radiographic and metallographic determinations of
porosity in tube-to-header welds could be cor-
related. The limits of detection by the radio-
graphic method are being determined as an initial
step in this study.

Fabrication of a small semicircular heat
exchanger for experimental tests was under-
taken. The initial planning and procedural
experimentation have been completed, and the
first of two heat exchangers will be completed
soon.
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3.4. Corrosion and Mass Transfer Studies

. stituent of a container material for lithium st
- being investigated. After 100 hr at “TEG6°F in’

a seesaw furnace apparatus,

e
¥
2

A static capsule showed only slight surface

. - T R i T
The possibility of using vanaditm ‘&5 a con-!

a considerable i
= amount of mass transfer was found in the coldi
zone of a vanadium capsule filled with fuel 107.§

roughening of the bath zone after 100 hr at 1500°F. &
Seesaw furnace tests were also conducted onf
molybdenum and moblum cups enclosed in the!

 while in contact with lithium gt 1500°F, Exomx-ﬁ
nation of the surfaces of the refractory mefa|s§
gfollowmg the tests showed no attack, and n
mass-transfer deposits of niobium or molyb<
denum could be detected either metallographicallyf
or spectrographically on the stainfess steel
é
cold:zone WalkS.. .. .. o st

Mallory 1000, whlch is a tungsten nlckel-copper
alloy, was tested for possible use as a transition
layer between tungsten carbide-cobalt cermets and
Inconel in disk and seat brazed joints of sodium
or NaK valves. Specimens exposed to sodium for
100 hr ot 1500°F in seesaw furnace apparatus
fost 1.3% in weight and were completely pene-
trated. A heat treatment at 1920°F for ]/2 hr
prior to testing in sodium did not change the
corrosion resistance. The quantity of copper
(4 wt %) present in Mallory 1000 is sufficient
apparently to cause this material to be of doubtful
value for long exposure to sodium or NaK at
1500°F.

Tungsten carbide- and titanium carbide-base
cermets were tested in sodium to determine their
suitability as seat components of valves for
sodium or NaK service at 1000°F, In tests at
1200°F the specimens were unattacked.
“’E‘i(béfﬁ"ﬁ"é’ﬁ’f&'f“‘s“r%&r’“ ot Eotrosive aftack of
jcontainers by molten, lithium at high temperatures

¥

were continved.

500-hr tests without plugging.
of weight loss was 60 mg/in.
i’epresents

on refractory metals and corrosion inhibitors.
! A stainless steel inert-atmosphere chamber in
{which thermal-convection loop tests can be con-

\d,gged was used for fests of unclcd mobiumf

hot zones of type 318 “stainless steel capsules '

X

Thermal-convection loops fab-.i
yicated of stainless steel have been tested, and:
only two of eleven loops completed scheduled'}

The lowest rate’
2 in 100 hr, which?ﬁi
quite heavy and rapid attack. lng
/uture studies primary emphasis will be p|c1ced§j

Mg,

iloops. “Both 15655 tested failed because of leaks
that developed in the saddle-weld areas. Loop$
winh welds fabricated by a different design are
fQ be tested. Preliminary tests of speumens
o? refractory metals suspended in the chombe?
mdncafe that the chamber will provide adequofp
profechon for the metals and thus eliminate fhe
meed for oxidation- -resistant clqddlngs,y : &
“‘Forced"cwculcﬂon Toops of both Has're“oy B
and Inconel were operated for 2000 hr with sodium.
The maximum sodium temperature in these tests
was 1500°F, and a 300°F temperature drop existed
between hot- and cold-leg sections. Metal deposits
were present in the cold legs of both loops;
weight measurements of the deposits indicated
a buildup of 21 g in the Hastelloy B loop compared
with 20 g in the Inconel loop. Comparison of
these test results with those of 1000-hr tests
under identical operating conditions indicate that
the rate of mass transfer during the second 1000-hr
period is much slower than the rate during the
first 1000-hr period.

A Hastelloy W forced-circulation loop which

circulated sodium for 1000 hr at a maximum
temperature of 1500°F showed mass transfer.—-"
deposits that were approximately 17% greater

in weight than the deposits observed in a
Hastelloy B loop under similar conditions. The
deposits were found by chemical analysis to

contain 97% Ni ond 3% Cr.

A type 347 stainless steel forced-circulation
loop after operation with sodium at 1500°F showed
only slight traces of mass-transfer deposits.
The loop was operated for 1000 hr with a tem-
perature drop of 300°F.

Studies of the kinetics of the process of dif-
fusion of nickel in liquid lead were continued
as part of a fundamental investigation of the
mass-transfer process. Results obtained thus far
indicate that the diffusion coefficient for the
diffusion of nicke! in lead is a function of con-
centration, even though the saturation con-
centration is less than 0.5 wt % at the highest
temperature used.

A vacuum still for producing high-purity sodium
has been completed and is being leak checked.
With this system the sodium can be transferred
from the receiver to the pot and redistilled with-
out opening the system. Studies have been
initiated on the mechanisms of mass transfer in
thermal-convection loops by using a benzoic
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acid and water system to simulate a liquid-metal
system. The mass-transfer process in this system
has been shown to be hot-zone controlled.

3.5. Maferials Fabricaﬁon Research
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I Experlmentaf sl’udles “were continued of the;
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production of high-purity yttrium metal by fhe1
j reduction of a YF,-MgF ,-LiF mixture with ||thxum‘
i to yield an yﬂnum-magnesuum alloy. Sllghf-

I modifications of the procedures used during fhe?

reduction step improved the yield. A vacuum%
heat treatment of the yttrium-magnesium alloy is:
tbeing investigated as a means of dlshllmg off
the magnesi rr‘l’and excess ||th|um._
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Equmenf is being built with which to measure

“the rate of diffusion of hydrogen through potential

cladding materials for hydride moderators. The
equipment will also be used for measuring the
rate of loss of hydrogen from clad hydrided-metal
assemblies and for monitoring hydrogen losses
during thermal cycling and hydrogen migration
tests.

A study was made of the available information
on the volatility of BeO in steam. The data
indicate that under some conditions it would
be -entirely possible to corrode and ftransport
large quantities of BeO in steam in relatively
short times. Several hot-pressed BeQO specimens
were fabricated for physical tests.

An apparatus is being designed for the de-
termination of the heat throughput required to
cause initial failure in ceramic cylinders. The

_data obtained with this apparatus will be used

ceramic mcfermls

in evaluating the thermal-stress resistance of
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Dense zirconium “hydride’ samples were prepored 3

establish procedures for hydriding yttrium
metal in the new hydriding apparatus. The
ipment_is_now..seady.for.. praduction. operation.
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3.6. Metallographic Examinations of Engineering
Test Components After Service

A metallographic examination was made of the
York Corp. ART prototype NaK-to-air test radiator
which failed after 870 hr of testing, but no
specific cause for the failure was found. The
microstructures of the tube that failed and
adjacent tubes did not indicate stress failures,
and there was no evidence of incipient failure.
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York Corp. test radiator No. 16, which also
failed during testing (after 1438 hr) was so
extensively damaged by fire that the metal-
lographic data were inconclusive. Five tubes
were found to be plugged. Chemical onalyses of
two types of plug material indicated mass transfer
in the one case and fuel constituents in the
other. The presence of fuel components indicate
that there had been a leak of fuel into NaK at
the heat exchanger which was also being tested
in the test system.

Examination of the heat exchanger (Process
Engineering Corp. heat exchanger No. 3, type
SHE-7) did not reveal any open cracks, but the
fuel probably leaked through several tubes in
which there was complete grain-boundary pene-
A metallic deposit was found on the
fuel side of a tube from the hot-header area that
was shown by spectrographic analysis to be
predominantly nickel; the heat exchanger was
fabricated of Inconel. The fuel {No. 70) circulated
in this heat exchanger was Naf-ZrF -UF, (56-
39-5 mole %).

A similar heat exchanger (Process Engineering
Corp. No. 2), which had been removed from a
test system because of a cold trap failure after
1845 hr of testing, was also examined. This heat
exchanger had been circulating NaF-ZrF -UF
(50-46-4 mole %, fuel 30) and NaK. Grain-boundary
voids were found that completely penetrated the
tube walls in the hot-header area. There was
some general corrosion attack on both the fuel
and the NaK sides of the tube walls, and the
usual gold-colored metal deposits were found on
the surfaces exposed to fuel in the cooled area.

An Inconel centrifugal pump that had circulated
NaK for 4400 hr at about 1200°F was examined
after it was found that lubricating oil had been
leaking into the NaK stream. Carbide precipitates
were found on all wetted parts. The extent of
carburization was not sufficient to damage the
heavy sections, but all thin sections, such as
bellows and diaphragms, were sufficiently affected
to require replacement.

A metallographic study was also made of the
fused-salt corrosion resistance of saddle welds
from a large number of thermal convection loops.
No evidence of intergranular corrosion of im-
properly oriented grains was found.
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3.7. Nondestructive Testing

The recent application of eddy-current methods
has involved the measurement of thin-metal
sections and of cladding [layers on metallic
laminates. Also, a mathematical study is being
made of the impedance changes in a probe-coil
over a plane metal object of apparently infinite
thickness. This study will be extended to the
case of o probe-coil over a plane metallic object
of finite thickness. The results of continued
efforts, both the experimental and the theoretical
studies will be used to develop techniques of
thickness measurement with induced eddy currents.

The ultrasonic and the eddy-current inspection
of pipe, plate, and tubing for the construction of
the ETU and the ART continved. The rejection
rate for these materials was normal.

Two core shells were inspected for wall thick-
ness variations, for lamination-like discontinuities,
ond for crack-like imperfections. No defects were
found, but one of the shells was rejected because
the section thickness was less than the specified
allowable dimension.

Ultrasonic resonance techniques were used to
detect unbonded areas in Inconel-clad copper-
boron carbide plates. Unbonded areas greater
than the area of the ultrasonic transducer were
easily detected from either side of the laminate,
and unbonded areas as small as % in. in diameter
were detected with reasonable reliability. All
unbonded areas detected with resonance ultrasound
were confirmable by stripping the cladding from
the core, and, in the course of stripping the
cladding, no unbonded areas were located that
had not been revealed by the inspection.

PART 4. RADIATION DAMAGE

4.1. Radiation Damage

Examination of the radioactive portion of in-
pile loop No. 6 has indicated that the maximum
depth of corrosion was 3 mils. This Inconel
forced-circulation loop was operated in the MTR.

Three capsules containing moderator materials
(graphite in nickel, £&
BeO in Inconel) that been irradyicn‘eg ‘in the
MTR were examined. The dimensions of the
capsules were not appreciably affected by the
irradiation. The BeO slugs were removed from
the capsules, and no ewdenqgsﬁ.af .swelling or
cracking were found. Tﬁe cans w1|| be rembvé”di‘
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from” ‘the graphite and ZrH‘1 slugs on the remote }

pecimens from the ARE serpentine fuel tubes
were examined. Subsurface void formation to a
depth of 3.5 mils was found on the fuel side.
The sodium side showed a slight mass transfer
deposit and some subsurface void formation.
A specimen taken from the inlet to the fuel-to-
helium heat exchanger showed subsurface voids
to a depth of 4 mils.

Out-of-pile creep tests are under way to provide
for comparison with data obtained in the MTR.
Difficulties with temperature control were ex-
perienced during the MTR irradiations, and the
apparatus is therefore being modified.

Leaks of undetermined origin caused three
stress-corrosion experiments in the L{TR to be
discontinued, and therefore an apparatus is being
constructed that will be instrumented to check
the point of failure. Thermal stresses that
occurred during irradiation may have caused
opening of brazed joints or tubing connections.

The forced-circulation loop which was operated
in a vertical hole in the LITR for 235 hr is being
disassembled. The supposition that the pump

became inoperative because of bearing seizure
was substantiated. No significant amounts of
ZrF4 vapor deposits were observed in the pump.

The loop will be examined in detail to determine
the extent of corrosion and the performance of
of the various components.

The average thermal-neutron-flux exposures of
several static corrosion capsules irradiated in
the MTR were calculated from the Co®? dis-
integration rate of the Inconel container material.
The values were in substantial agreement with
those calculated from fission-product yields in
the fuel contained in the capsules. The con-
tribution to the Co%® disintegration rate in
irradiated lInconel arising from the nickel con-
stituent through the Nié%(n,p)Co8° reaction was
investigated and found to be negligible.

Preparations were continued for irradiation in
the ETR of moderator materials for use in high-
temperature reactors. Fabrication of test speci-
mens was_ storfed

......

si(SIdered for use as a neutron shielding materlcl ;
; tested and found to be undamaged by ;
sirradiation at a temperature of 1800°F to a thermal-
';gjeufron dosage m{%gggﬁggécmfﬁ
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¢ Post- |rrad|a'non examinations of two hot-pressed

boron carbide tiles are underway. Plates of BN-Ni:

(10.3 wt % BN) and CaB -Fe (7.6 wt % CdBé)
irradiated in the LITR. There were no structural?

B'® burnup of 19%, but both materials were :
damaged by irradiation
of 38%. Stainless-steel-clad B,C-copper cermets |
were also irradiated. Damage 'ro these scmples
- was found to be related to burnup, temperature:

oj irradiation, and the thermalscycling | hlsfory
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The general resulfs that have been obfained
in the investigations of the effects of nuclear
radiation on semiconductor devices indicate that
the barrier phenomenon should be studied under
closely controlled conditions, and the equipment
for such a study is being developed. Experimental
results obtained from gamma irradiation of grease
coated and uncoated point-contact germanium
diodes were analyzed, and curves describing the
behavior were prepared. A preliminary experiment
was performed with transistors to determine the
actual amount of radiation damage introduced
into a sample by bombarding the sample at liquid
nitrogen temperature. The damage observed was
somewhat different than that of samples bombarded
at room temperature, but refinements must be
made in experimental techniques
clusive results can be obtained.

before con-

PART 5. REACTOR SHIELDING
s.1. Lid Tank Shielding Facility
The

thermal neutrons, and gamma rays in water,
borated water, and a hydrogen-saturated oil.
The thermal-neutron flux data presented are &

corrected for flux depression by the foil detectors,

as well as for self-absorption and self-shielding
of the detectors.

cermets clad with type 304 stainless steel were!
1
changes as a result of irradiation to an average ;

to an average burnup'

S g S s 0

and
i 0.662-Mev
fhrough 3,

1{ the

latest and best data are presented for ;
attenuation from a fission source of fast neutrons, §

The first test in a series of tests for investi-
gating the shielding properties of Hevimet,
stainless steel, and lithium hydride preceded
by a beryllium reflector-moderator and backed
by borated water has been completed. The
thermal-neutron flux measurements beyond the
various configurations are presented. Gamma-ray

and fast-neutron dose rates were presented
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5.2. Bulk Shielding Facility
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In the continuing study of methods of reducing
in shields, the

effecflveness of distributing lithium throughout

o lead shield was investigated.
that the lithiated
effective as boral-covered lead.

5.3, Tower Shielding Reactor-ll

Nuclear calculations and development experi-
menfs have been continued in order to fix the
design of the Tower Shielding Reactor-Il {(TSR-I1).
{An additional feature in the mechanical design
fis being investigated which will allow a beam
radiation through the shield of the reactor
{to sweep both a vertical and a horizontal plane.
the basis of the design now anticipated,
calculations have been performed for predicting

{ of
On

the gamma-ray heating of the TSR-I| shield.

5.4, Shield Design

6"l
been performed on the Oracle.
transmitted collided energy fraction have :
. been fitted with analytical expressions.

" has

It was found
lead was approximately as

A Monte Carlo calculation of the energy spectrum
angular distribution of normally incident
gamma rays which are transmitted :
and 9-in.-thick aluminum slabs
Plots of !

i
{

i
s

»

A total of 512 problems has now been compufed

. in the Monte Carlo calculation of the gamma-ray
; penetration of lead and water shields.

Typucol

results of the heating of pure lead slabs 4 mean

free paths thick are given for 3-Mev gamma rays

incident on the slabs at angles of 0, 60, 70.5,
and 75.5 deg.

In the Monte Carlo calculations for lead and
water shields, dose-rate buildup factors were
also calculated for normally incident gamma
rays on all-lead slabs and on all-water slabs,
as well as on composite slabs of the two materials
having varying percentages of lead content and
total composite slab thicknesses of up to 6 mean
free paths. The values of the buildup factors
determined for the pure materials in these cal-
culations have been compared with the values
obtained for infinitely thick slabs with the NDA
moments method. Those determined for the

composite slabs have been compared with values
obtained by the use of formulas in which the
buildup factors independently computed for lead

: and water are combined to determine the value
for o composite slob
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arrangement, a nut and bolt located between the
pressure shell and the filler plates were to be
used, but, if the nut and bolt were to become in-
operative during assembly, it would be necessary
to grind out the pressure shell equatorial weldment
and replace the threaded parts of the support struc-
ture. The redesign eliminates the hidden nut and
bolt by providing threads on the pressure shell and
a plug and plunger arrangement that can be re-
moved and replaced externally.

ETU FACILITY
G. D. Whitman

P. A. Gnadt A. M. Smith

Installation work on the ETU facility is pro-
gressing at the rate originally predicted. The
status of construction as of August 15, 1957, may
be seen in Fig. 1.1.31, which shows the control
room enclosure, the NaK pipe main support columns
and cell mockup, and the main piping of the furnace
and isothermal NaK circuits, with the stationary
units of the four pumps mounted at the top of the
structure. In the background just above the center
of the support steel is a portion of the main air
duct in which one radiator is already installed.
In the foreground are the two reactor support
pedestals. The workmen are shown installing
cross bracing and walkways on the structure.

The induction regulators and associated conduit
installed in the basement area may be seen in
Fig. 1.1.32, and the heater distribution panels,
transformers, and associated switches may be
seen in Fig. 1.1.33, with the induction regulators
in the background. Present estimates show an
expected ETU facility completion date, exclusive
of the reactor and its associated cell equipment,
of September 1, 1958. Completion of the cell
equipment is scheduled for December 1, 1958. A
description of the construction and design status
of the facility as of September 1, 1957, is given
below.

Reactor Support Structure
A. M. Smith

Details of the reactor support platform were
completed, and fabrication was started on both
the ETU and the ART structures. Plans have
been made for the machining of the columns and
the stress-relieving of the entire support platform.
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Column footings for both ETU and ART support
columns have been completed.

NaK Piping, Associated Supports, and Components
P. A. Gnadt

Support Structures and Shielding. — All main
supporting steel has been set in place. Installation
of cross bracing, gratings, shielding supports, and
hanger supports is approximately 65% complete.
Work is now in progress on this portion of the
facility. It is planned that the shielding plates
will be installed during the summer of 1958.
Design drawings are complete for this work, except
for minor modifications. The shielding plate design
is scheduled for completion early in 1958.

NaK Piping. — The installation of the furnace
circuit main piping is complete to the cell wall.
Pumps, furnaces, throttle valves, and flowmeters
are installed. One cold trap has been installed.
Present plans are to install the remaining cold-
trap circuit, thermocouples, liquid-level-measuring
devices, fill-and-drain tanks, and associated lines
and valves after completion of the auxiliary and
isothermal NaK-circuit main piping. All material
for this work is on hand, except the drain valves,
drain tanks, and continuous-level-measuring de-
vices. The drain valves are scheduled for delivery
late in 1957. The drain tanks and continuous-
level-mzasuring devices are scheduled for delivery
October 1, 1957.

The main piping for the two isothermal NaK
circuits is 95% installed. Pumps, throttle valves,
and one flowmeter are in place. The status of
material for the remaining work is the same as
noted above for the furnace circuits.

A radiator has been installed for one heat dump
circuit. The remaining radiator is scheduled for
shipment approximately September 1, 1957, and it
will be installed in the air duct as soon as it is
received. The two pump bowls for these circuits
are scheduled for delivery September 15, 1957.

The main piping for these two radiator circuits
is preformed and will be installed as soon as the
pump bowl!s and remaining radiators are delivered.
The flowmeters are on hand and will be installed
with the pump bowls and the radiators. The status
of the cold-trap circuits, thermocouples, level
devices, drain valves, and drain tanks is the same
as mentioned above for the furnace and isothermal
circuits.









The cold-trap and plug-indicator circuits for the
six NaK systems are prefabricated and ready for
welding into the main piping circuits. It has been
decided, however, that the plug-indicator circuits
can be eliminated, and they will not be installed.

Main Air Duct. — All major components for this
system are on hand. The section of the duct for
housing the two radiators is installed. The re-
maining sections will be installed following the
installation of the radiators.

Electrical Equipment
P. A. Gnadt

The emergency electrical system, consisting of
the 300-kw diesel generator unit and associated
switchgear and supply cables is 95% complete.
Design work for the normal electrical distribution
system is 90% complete, and will be 100% com-
pleted by November 1, 1957. All completed design
drawings were released to a cost-plus-fixed-fee
contractor on June 1, 1957.

The contractor has installed all voltage regu-
lators, transformers, motor control centers, heater
distribution equipment, and 85% of the cable trays
in the basement area. Installation of cables be-
tween the induction regulators and the distribution
cabinets is approximately 50% complete. Accept-
ance tests for approximately 125 variable trans-
formers revealed excessive winding temperatures
at the specified ratings. These units are being
returned to the vendor for modification or replace-
ment.
voltage controllers for a portion of the heater
circuits. The cost-plus-fixed-fee contractor has
completed the control room enclosure, installed
the cable trays above the control room, installed
all conduit entrances to the control room through
the roof and floor, and is presently setting the

These variable transformers are for use as

steel support structures for the NaK motor con-
trollers, resistors, and associated cable troughs.

The variable-frequency drives for the reactor
pumps have been ordered, and delivery is expected
late in calendar year 1957. The motor-generator
sets associated with the pump drive motors will
be installed by the cost-plus-fixed-fee contractor.
The pump drive units will be installed after the
reactor and pumps have been installed in the
facility.

Design work on panel layouts and controls has
been started by the Instrumentation and Controls
Division. Preliminary panel layout drawings and
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a set of preliminary block diagrams describing
control functions have been prepared. The control
panels are to be available by approximately August
1, 1958.

Details of the heater designs are being prepared,
and installation and wiring-connection drawings
for the Calrod and clamshell heaters are to be
completed by December 16, 1957. Heaters and
surface-type thermocouples will be installed after
completion of the NaK piping assembly.

Auxiliary Services
A. M. Smith

Piping drawings for the auxiliary services
(helium, lube oil, air, and water) in the basement
area have been revised. The installation work for
this piping will be done by a cost-plus-fixed-fee
contractor. The removal of some of the existing
pipe and installation of the modified pipe runs were
delayed until August 28, 1957, to allow the elec-
trical forces to complete their overhead work in this
area. Layouts of the auxiliary piping above the
track floor have been prepared. A preliminary bill
of material for items required on this part of the
system have been prepared, and procurement of
some items is now in progress.

After considerable difficulty in obtaining a leak-
tight system, the type R fube package (Figs.
1.1.34 and 1.1.35) delivery was made on June 28,
1957. This equipment is stored in the basement
area and will be installed by the cost-plus-fixed-
fee contractor. Failure of the subcontractor to
deliver leak-tight pumps to the lube package vendor
has delayed the completion of the type K lube
package. Delivery of this package is now scheduled

for October 1, 1957.

ART FACILITY
F. R. McQuilkin
Design Activity

Major design work on components outside the
cell of the ART facility is to be completed by
April 1, 1958. The work outlined by these designs
is to be done by ORNL forces. Design work is
proceeding on the special equipment room (equip-
ment for NaK coclant system fuel fill-and-drain
tank), the radiator pit, and the radiator-penthouse
area {NaK coolant system equipment for fuel and
sodium systems). Incomplete l/lz-scole models of
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these areas, which are being made to assist in
detail design and to demonstrate equipment, as-
sembly, and change-out procedures, are shown in
Figs. 1.1.36, 1.1.37, and 1.1.38.

Figure 1.1.36 is an elevation view taken looking
southeast at the radiator pit. The circular pattern
in the lower left corner represents the cell; the
special equipment room is in the background. The
air duct, which has not been assembled, will be
located in the upper right corner above the radiator
pit. The tank at the right is the drain tank for the
radiator drain pans. The tive vertical tanks are
the main and auxiliary NaK dump tanks. The
horizontal tank is the special NaK dump tank.
The equipment structure to the left of the drain
tank is the NaK purification system for the main
and auxiliary coolant system and consists of the
cold traps, plug indicators, flowmeters, valves,
and piping. The rack will be revised to omit the
plug indicators. In the ceiling of the radiator pit
are the main and auxiliary NaK piping, with the
flowmeters and the heat-barrier-door operators.

Figure 1.1.37 is a view looking down into the
radiator pit with the air duct removed. The cell
wall is at the left; the NaK piping and off-gas
penetrations may be seen. The smaller boxes
represent the NaK flowmeters and the larger boxes
represent the heat-barrier-door operators. The hot
NaK piping penetrations for routing to the radiators
are located between the heat-barrier-door operators.

Figure 1.1.38 is a view looking south from the
cell into the radiator pit at the right and the
special equipment room at the left. The special
NaK pump and motor, along with the motor cooling
duct, are located at the top. The two large tubes
at the center of the special equipment room are
the spectrometer tubes. Below the tubes in the
foreground is located the special NaK purification
system. The special heat dump annulus and main
blowers, with transition and duct, are located in
the background.

The major items of piping and equipment for the
special equipment room have been assembled. A
preliminary demonstration by use of this model
indicates that the required equipment change-out
functions can be accomplished. Meanwhile the
equipment is being rearranged in the radiator pit
to provide better access for equipment maintenance
and change-out.

Design work is in progress on the cell-evacuation
system, main blower back-flow louvers, smoke-
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generator equipment, water filter, control-room
lighting, and additional switchgear. Detailed
schedules for design and construction of package 3
(all work that is remaining exterior to the cell)
are being prepared. The remaining capital work,
which is scheduled for completion by June 30,
1958, consists primarily of additions and modifi-
cations to electrical facilities, cable trays, and
instrument-room air conditioning. Shop fabrication
of noncapital items has been started in preparation
for construction work to begin at the facility
November 1, 1957. Items scheduled to be started
at an early date consist of the NaK purification
equipment, the NaK dump tank installation, valve
rack equipment, air duct structure, and NaK piping
in the special equipment room and radiator pit.

Construction Progress

Lump sum contract work on the ART facility has
been completed. This work was contracted in four
stages, as determined by the design program. The
first stage, package 1, included major building
alterations, additions to existing buildings, cell
installation, installation of main air duct, instal-
lation of 1500-kva substation, and installation

of 480-v main switchgear. The second stage,

package A, included installation of auxiliary
service piping. The third stage, package 2, in-
cluded installation of diesel generators and facility,
electrical motor control centers, spectrometer room
electrical system, and the spectrometer air-con-
ditioning system. The fourth stage, package 3A,
which was completed during this report period,
included installation of an electrical system for
supplying power to the pipe and equipment heaters,
a dry-air plant and facility, NaK pump motor con-
trollers, a lube-oil fill-and-waste system, and a
hydraulic system for louver operation.

Installation Planning

Preliminary planning is in progress for instal-
lation of facility equipment for the ART. A revised
schedule of time estimotes and completion dates
has been prepared and is being reviewed with
regard to the design and procurement programs.
The revised schedule proposes that installation
of Inconel piping and auxiliary equipment in the
main, auxiliary, and special heat dump areas shouid
commence during November 1957. It is estimated
that 250 man-months of craft labor will be expended
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to accomplish the work planned for fiscal year

1958.

ART DISASSEMBLY
M. Bender
F. R. McQuilkin A. A. Abbatiello
Reactor Disassembly

Methods for taking accurate measurements through
hot-cell windows were investigated further. A test
performed with a low-power cathetometer gave
accuracy in an acceptable range and no appreciable
variations over the surface area could be detected.
These results indicated that such measurement
methods should be explored in detail. Accordingly,
optical tooling was studied and greater familiarity
with these instruments and their adjustment was
obtained by attending an optical tooling course.
A design has been evolved which utilizes standard
equipment for taking measurements of radioactive
parts from outside a hot-cell window.

A full-scale experiment and demonstration of
optical tooling has been planned. The use of an
optically flat reference bar mounted adjacent to
and parallel with the exterior window surface will
permit aligning the instruments with adequate
precision. Tests at the manufacturer’s laboratory
indicate that these optical tools are capable of
meeting the accuracy requirements, but variations
in the glass of the hot-cell windows may reduce
the accuracy of the measurements. The preliminary
tests with a cathetometer indicate that small vari-
ations may be acceptable, but further tests will
be required to establish limits on the variations.
Optical tocling has the advantage of requiring no
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space within the hot cell. Further, since the
instruments will be outside the hot cell, they will
not become contaminated.

Cutting Methods Evaluation

Further experimental work was done with cutting
methods for hot-cell use. Two methods were tested
and discarded: the ultrasonic process proved to be
extremely slow, and the Elox process was some-
what erratic in operation on Inconel, although it
might be applied to hard, electrically conducting
materials. A Heliarc cutting torch was found to
be capable of severing multiple layers of metal
simultaneously. Such a torch could be remotely
controlled for operation in a hot cell. However,
the amount of activity released would probably
limit its use to the reactor outer shells which have
the greatest bulk but where the activity level is
relatively low. Other cutting equipment has been
received and is to be tested. Among these items
are a portable bandsaw and a metallizing gun for
more complete evaluation of metal replication
techniques. A stud gun has also been received
for full-scale testing of the cartridge-actuated
sealant injector.

Facility Investigations

Equipment was added to the '/]2-scq|e model of
the hot cell, such as the reactor supports, the
water bag, and handling
equipment. The model has been extremely valuable
in visualization of the handling problems.

A list was prepared of the tools and fixtures that
will be required for removal of the ART from the
cell. The list includes items that must be built
into the cell and items that are portable.

miscellaneous tools,
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1.2. COMPONENT DEVELOPMENT AND TESTING

H. W. Savage

PUMP DEVELOPMENT TESTS

W. B. McDonald A. G. Grindell
Bearing, Seal, and Lubricant Tests
D. L. Gray W. K. Stair!

An additional seal test was conducted to determine
the effect of increasing the reactor sodium pump
speed from 3000 to 4000 rpm, as necessitated by
an increase in the required sodium head. In a
1000-hr period at 4000 rpm, the seal leakage of a
reactor pump rotary assembly was never greater
than that previously observed at the lower speed,
and inspection revealed no deleterious effects.

A plastic catch basin was fabricated for the
reactor pump rotary assembly test, and a mechani-
cal shakedown stand was fitted with glass ports
to facilitate observation of the oil-sparging system.
At a helium flow of 2500 liters/day down the shaft
annulus, an oil carryover occurred which increased
when the oil-sparge-line gas flow was stopped.
When the shaft annulus flow was reduced to 500
liters/day, no oil carryover was observed when the
oil sparge gas was flowing, and oil leakage was
adequately sparged by a continuous flow of 50
liters/day through the oil sparge line, which
effected a 23-ft vertical lift of the oil. With a
lower shaft annulus flow of 500 liters/day and a
low oil leakage rate, satisfactory sparging was
achieved by intermittent gas flow. Work is con-
tinuing to establish a detailed sparging procedure
for ART and ETU operation.

The reactor pump rotary seal assemblies have
consistently passed the static 50-psi gas-pressure
room-temperature test which is imposed prior to
installation in a rotary element. However, the
Graphitar No. 39 seal nose mountings in brass,
SAE 1020 steel, and type 316 stainless steel rings
have been found to leak at operating temperatures
between 200 and 280°F, with no appreciable dif-
ference being noted for the different materials. It
is now apparent that further improvement in the
mechanics of assembly and more severe acceptance
tests are required.

A redesigned positioning collar of the lower
Durametallic NaK pump seal has functioned satis-

YConsultant from the University of Tennessee.
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factorily in a series of tests simulating an ART
reactor cell catastrophe. Various conditions were
simulated in pressure tests of the NaK pump
bearing housing and seal assembly, including oil
system pressures from 0 to 250 psig, both with oil
and with gas in the bearing housing. No failures
occurred with gas pressures of up to 250 psig for
either stationary or rotating seal elements. In one
test with a stationary seal, a 200-psig oil pressure
was applied in the lubrication system without
leakage to the pump tank, which was at 15 psig.

The reactor fuel pump rotary element, altered for
irradiation testing, was installed in a new gamma-
irradiation facility at the MTR. The facility con-
sists of an 8-in.-dia tube surrounded by racks of
fuel elements immersed in the reactor canal. The
header used for the experiment may be seen above
the canal parapet in Fig. 1.2.1. After approxi-
mately one week of shakedown operation of the
rotary element, partially spent MTR fuel elements
were placed in the grid to supply the test radiation.
Operation of the experimental equipment was stopped
temporarily for repair of a defective ion chamber,
and a general inspection revealed the equipment
to be in good condition. Testing has been resumed
at the rated pump speed of 2700 rpm, and the
average dose rate is 108 rep/hr.

Aluminum North Head Water Tests
J. W. Cooke? H. Gilkey?

Fuel System. — Operation of the twin fuel pumps
installed in the aluminum mockup of the ART north
head has demonstrated effective removal of air
from the test loop over a wide range of operating
conditions. Degassing times for removal of 0.1
scfm of air ranged from 8.5 min with 3’/2 in. of fuel
in the expansion tank and the pumps operating at
2100 rpm to 1.5 min with 2 in. of fuel in the ex-
pansion tank and the pumps operating at 3000 rpm.
No ingassing occurred at speeds from O to 3000
tpm when the pump speeds were equal and some
variation in relative speeds could be tolerated
above 500 rpm.

20n assignment from Pratt & Whitney Aircraft.
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per pump, with ]/2 in. of fuel in the expansion tank,
were £0.5 psi for the pump discharges and 0.8 psi
for the pump suctions.

The performance of one of the fuel pumps was
comparable with that obtained in single-pump tests,
but the head obtained with the other pump was 7%
(2.5 to 3 ft) below that for the single pump at
2700 rpm and 645 gpm. This difference can be
explained by minor dimensional differences in the
impeller and volute.

Sodium System. — Fabrication of the twin sodium
pump loop for testing in the aluminum north head
mockup was completed. Preliminary data showed
that the system readily degassed with the pumps
at equal speeds above 3000 rpm and with the liquid
fevel in the expansion tank above the ports that
connect the expansion tank to the pump impeller
regions. The pumps shared the pumping load
equally when operating at equal speeds. The
loop flow resistance was considerably higher than
anticipated, with most of the higher resistance
being attributable to the sodium-to-NaK heat ex-
changer pressure drop. Examination revealed that
the high heat exchanger pressure drop was caused
by blockage of inlet and flow passages by flakes
of an epoxy resin that had been applied to the
inner surfaces of aluminum components.

Fuel Pump High-Temperature-Performance Tests
P. G. Smith

The fuel pump high-temperature-performance test
loop in which Nan-ZrF“-UF4 (50-46-4 mole %,
fuel 30) is circulated was placed in operation again
on June 26, 1957, and has since been operating
continuously. For this series of tests a nuclear
radiation thermal barrier was assembled with the
pump rotary element in order to simulate, as nearly
as practicable, the temperature distribution at re-
actor zero power operation during priming and
purge tests; a bubble-type liquid-level indicator
was installed in the pump fuel-expansion tank; and
four of the seven Moore pressure-measuring devices
were replaced with Taylor instruments,

The head-vs-flow performance tests at 2400,
2700, and 3000 rpm were repeated, and the dis-
parity in total head between the tests with fuel
and with water was again found to be 1 ft, as
previously reported.® The total head obtained

3p. G. Smith and H. C. Young, ANP Quar. Prog. Rep.
June 30, 1957, ORNL-2340, p 34.
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with fuel ot flow rates of 450 to 950 gpm ranged
from 2 ft below that obtained with water to 3 ft
above. The head-vs-flow performance curves ob-
tained with fuel are presented in Fig. 1,2.2.
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Cavitation tests at different operating conditions
(600, 645, and 700 gpm at 2400, 2700, and 3000
rpm) made during the previous quarter were re-
peated. From the data obtained, curves showing
the minimum surge tank gas pressure and the
minimum suction pressure vs flow for cavitation-
free operation were plotted (Fig. 1.2.3).

Priming tests were made with the fuel at a tem-
perature of 1200°F after having filled the loop to
levels of O, 9/!6’ 2, and 3 in. above the expansion
tank floor with the pumps stopped. In all cases in
which the fuel was above the floor of the expansion
tank, the pump primed and gave full head and flow
performance. Without fuel above the floor of the
tank the pump head was about 4 ft low. During
these tests the effects of ZrF, vapor on pump
performance were investigated at various liquid
levels in the expansion tank and for various shaft-
annulus helium-purge flow rates. With the pump
stationary, a purge of 500/liters of helium per
day down the pump shaft was maintained for 46 hr
without fuel above the expansion tank floor, a
purge of 50 liters/day was maintained for 71 hr



with the fuel 9/16 in. above the floor of the expan-
sion tank, and a purge of 50 liters/day was main-
tained for 24 hr with fuel at the 2- and 3-in. levels
in the tank. During each of these tests the pump
was rotated by hand one turn each hour. No detri-
mental effects on pump mechanical or hydraulic
performance were noted that could be attributed to
ZrF , vapor.
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The bubble type of liquid-level indicator was
used intermittently during these tests, and the
level indications agreed with those of two spark
plug probes to within 1/16 in.

Fuel Pump Endurance Tests
P. G. Smith

The fuel pump being tested? for endurance with
fuel 30 as the circulated fluid was stopped on
June 4, 1957, after 3550 hr of operation. The
wetted portions of the pump had been thermally
cycled 652 times between 1100 and 1400°F. The
pump lower-seal oil-leakage rate continued to be
5 e¢m3/day, and there was no measurable leakage
from the upper seal.
revealed that it had been operating in a region of
cavitation (Fig. 1.2.4). Data on input power at
2700 rpm vs pump surge tank helium pressure,
which were obtained at the midpoint and at the
end of the test, are plotted in Fig. 1.2.5. The
slight difference in the maximum power input in
these two runs may be attributed to the nonrepro-
ducibility of the instruments used for obtaining
the power data. The 4- to 6-psig range of surge
tank pressures during this test was below that
required for cavitation-free operation,

Disassembly of the hydraulic drive motor revealed
failure of the output shaft bearings prior to termi-
nation of the test. The pump and the test stand
will be put back into operation for further endurance
testing in the near future.

Examination of the impeller

Primary and Auxiliary NaK Pump Development
H. C. Young?® J. N. Simpson?

The primary NaK pump test that was terminated
during the previous quarter® when the NaK level
in the pump tank rose and flooded the oil catch
basin has been examined in order fo determine the
cause of the operating difficulties encountered.
The examination of the lower seal has indicated
that grease formed by the interaction of NaK vapor
and oil clogged the seal loading springs and
eventually inhibited their operation. When the
seal faces separated, possibly because of normal
pump vibrations or because of an increase in the

4p. G. Smith, ANP Quar. Prog. Rep. June 30, 1957,
ORNL-2340, p 35.

50n assignment from Pratt & Whitney Aircraft,

4. C. Young and J. N. Simpson, ANP Quar. Prog.
Rep. June 30, 1957 ORNL.-2340, p 37.
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pump tank gas pressure to above the lube oil
pressure as a result of vaporization of the oil that
leaked into the NaK, the clogged springs were
unable to reseat the seal faces and thus more oil
leaked into the NaK. Further development work
on the seal region of the pump is planned in an
effort to eliminate these seal problems,

After removal of the pump from the test loop
(No. 1), a cover plate was installed on the pump
tank opening, the atmosphere was changed to argon,
and the loop was left for three weeks before it was
opened. An explosion occurred inside the loop
approximately 45 sec after removal of the throttle
valve. NaK sprayed through the throttle valve
opening and caused a lost-time injury. As a result
detailed loop cleaning procedures were prepared

PERIOD ENDING SEPTEMBER 30, 1957

for this and subsequent loop cleaning. The results
of tests of the reaction of NaK and lubricating oil
that were made in order to investigate the cause
of the explosion are reported in Chap. 2.5, ‘‘Ana-
lytical Chemistry.”

Since the oil leakage might have carburized the
components of the test loop, Inconel
samples were taken from several areas and sub-
mitted for metallurgical examination. The maximum
depth of carburization was found to be 0,005 in.,
which was not considered sufficient to be harmful
in further test operations. The loop has been
cleaned and reassembled and is to be put back
into operation.

Inconel

Operation of NaK pump hot test loop No. 2 was
stopped for removal of four of the first set of 3]/2-
in.-IPS electromagnetic flowmeters inserted for
calibration and installation of four uncalibrated
flowmeters. When an attempt was made to resume
operation of the loop, it was found that the main
loop flow was restricted to very low values, that
is, 100 to 150 gpm at 3550 rpm with the throttle
valve wide open. Heating of the loop to nearly
1200°F finally restored full flow. The only subse-
quent interruption of loop operation has been an
unscheduled shutdown for replacement of the cold
trap because water was leaking from a ruptured
cooling coil into the loop drip pan. It is believed
that the thermal shock that occurred when a full
stream of cold water (60°F) was admitted to the
cooling coil while the cold trap was at a fairly
high temperature (450°F) hastened cooling coil
failure. A nozzle was therefore devised to admit
a controlled water-air mixture to the cooling coil.
The nozzle has proved useful in effecting a gradual
transfer of the cold-trap cooling load from air to
water on all NaK pump hot test loops, and its use
has been suggested for the ETU cold traps. The
total operating time for the pump in loop No. 2 is
1850 hr, which brings the total running time for
primary NaK pumps operating with NaK at elevated
temperatures to 6250 hr.

Auxiliary NaK pump hot test foop No. 1 was
converted to operation with hot NaK (56% Na)
during the previous quarter. The initial operation
of this loop has been devoted to a study of the
oxide level in a new NaK loop operating at an
elevated temperature., The test loop is constructed
mainly of 4-in. sched-40 Inconel pipe, and it holds
approximately 42 gal of NaK. For the oxide-level
study the loop was heated to 1500°F without cold
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trapping of the NaK, the cold trap being insulated
and uncooled, and plug-indicator break tempera-
tures were recorded as a measure of the oxide
level in the NaK., Data on plug-indicator break
temperatures were also taken to observe changes
in the oxide level caused by draining the 1500°F
NaK into the system dump tank, cooling the NaK
and the loop to room temperature, slowly refilling
the loop, and reheating the NaK and the loop to
1500°F. This process was repeated twice. The
data obtained in these tests are presented in
Fig. 1.2.6, The plug-indicator electromagnetic
flowmeter only occasionally showed a sharp de-
crease (break) in flow for a particular plugging
screen temperature during an oxide determination
run, and thus the break temperatures are shown as
ranges in Fig. 1.2.6 rather than as points. De-
creases in the break temperatures with time may
be seen at loop NaK temperatures of 1200 and
1500°F and for each dump-tank cooling process.
The initial operation at a NaK temperature of
1500°F showed an average break temperature of
1250°F (extrapolated to 1350 ppm O,) and the final
test run at 1500°F showed a break temperature of
900°F (575 ppm O,). The first break temperature
for operation at a NaK temperature of 1200°F was
approximately 1175% (1275 ppm O,) and the last
break temperature for operation at 1200°F was
700°F (225 ppm O,). The process of draining the
hot NaK into the dump tank ond cooling it there to
room temperature reduced the oxide concentration
in the system NaK. The oxide leve! decreased
with time during the initial operation at 1500°F
and increased with time during operation at 1500°F
after the 346th hr of operation. Since the com-
pletion of the oxide-ievel study, 500 hr of high-
temperature operation has been accumulated with
this pump test loop. Head, flow, speed, power,
and cavitation data for the pump will be taken
during the next quarter,

Auxiliary NaK pump hot test loop No. 2 was
placed in hot operation during the quarter, and
calibration of the first set of 2-in.-IPS electro-
magnetic flowmeters for the ETU and the ART was
completed. Four of the calibrated flowmeters were
removed and replaced by four uncalibrated flow-
meters. During the shutdown a defective liquid-
level probe was removed for replacement ond carbon
deposits were found on it. The pump was therefore
removed for inspection, and a lower seal was found
to be contaminated in a manner similar to that
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found on the primary NaK pump; that is, the seal-
face loading springs were clogged with grease.
The pump was cleaned, reinstalled, and calibration
of the second set of 2-in.-IPS electromagnetic
flowmeters will begin early next quarter. At shut-
down for replacement of the flowmeters, 1070 hr
of hot operation had been logged on this test loop
that brought the total hot operating time for auxiliary
NaK pumps to 1370 hr,

REACTOR COMPONENT DEVELOPMENT TESTS
D. B. Trauger
Heat Exchanger and Radiator Development Tests
J. C. Amos
R. L. Senn D. R, Ward

A summary of heat exchanger and radiator test
operations during the quarter is presented in Table
1.2.1. The small heat exchanger stands were shut
down for installation of fest pieces.

The semicircular heat exchanger shown in Fig.
1.2.7, which was designed to simulate the tube
stresses of the ART main heat exchanger, is
currently being installed in small heat exchanger
test stand B, and test operation is to start early
next quarter. A description of this heat exchanger
and the test objectives were presented previously.’

A 25-tube heat exchanger, type SHE-7,8 fabricated
by the Process Engineering Corp. and designated
No. 4, has been installed for testing with the fuel
mixture NcF-ZrF4-UF4 (56-39-5 mole %, fuel 70).
This test will be a repetition of the previous test
which was interrupted prematurely after 1438 hr of
operation by failure of York Corp. radiator No. 16
(for details see Chap. 3.6, this report).

A Black, Sivalls & Bryson intermediate heat
exchanger No. 3 (type IHE-8), which was installed
in test stand B, had survived 168 thermal cycles
and 421 hr of high-temperature operation when the
test was terminated by failure of the furnace inlet
line. Daily spectroscopic analyses of fuel samples
for potassium from the NaK system, which was at
a higher pressure than that of the fuel system,
revedled no evidence of leakage. A first-approxi-
mation thermal-stress calculation had predicted a

7). C. Amos et al., ANP Quar. Prog. Rep. March 31,
1957, ORNL.2274, p 43.

8| . H.Devlin and J. G. Turner, ANP Quar. Prog. Rep.
Sept. 10, 1956, ORNL-2157, p 50, Fig. 1.4.5.
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Table 1.2.1. Summary of Heat Exchanger and Radiator Operations (As of September 4, 1957)

Hours of Operation Hours of Number of
Test Unit Test at ART Design Nonisothermal Total Hours Thermal Status of Test
Stand Temperature or Above Operation of Operation Cycles

Black, Sivalls & Bryson IHE-B 671 800 2122 173 Terminated because of
heat exchanger No. 2 NaK furnace failure
(type IHE-8)

Black, Sivalls & Bryson IHE-B 168 253 1131 168 Terminated because of
heat exchanger No. 3 NaK furnace failure
(type IHE-8)

York Corp. 500-kw IHE-B 800 2122 173 Terminated because of
radiators Nos. 11 NaK furnace failure
and 12

York Corp. ART test IHE-C 73 480 870 9 Terminated because of
radiator No. 1 radiator failure

York Corp. ART test IHE-C 100 140 285 39 Test continuing

radiator No. 2

life of 35 to 45 cycles for this test, which was
phase Il of a program previously described.? Each
thermal cycle consisted of the following con-
ditions, as achieved experimentally: 42 min of
steady-state operation at 1200°F, isothermal;
transition to power over a 50-min period; 40 min
of steady-state operation at power; and transition
to 1200°F isothermal operation over an 18-min
period. Conditions during power operation were
the same as for phase |, and the transition to
power was at a constant rate of temperature change.
The transition from power operation to isothermal
operation was accomplished as fast as the thermal
inertia of the test stand would permit, and the
resultant rate of temperature change at the NaK
inlet header of heat exchanger No. 3 ranged from
71.5°F/min starting at 1700°F to a final rate of
12.5°F/min between 1300 and 1200°F. Black,
Sivalls & Bryson heat exchanger No. 2, which also
was operated during phase | of this test, had been
thermally cycled 173 times. Phase | included
503 hr of steady-state operation with a maximum
NaK temperature of 1700°F. At the time of failure,
the NaK furnace had operated for a total of 5329 hr,
including 671 hr at a maximum tube temperature of

1750°F. Since the furnace was designed for 3000 hr

%), C. Amos et al., ANP Quar. Prog. Rep. March 31,
1957, ORNL-2274, p 46; ANP Quar. Prog. Rep. June
30, 1957, ORNL-2340, p 39.
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at a maximum NaK temperature of 1590°F, it must
be replaced before further testing can be done in
this stand. Because of the ensuing time delay,
the heat exchangers are being removed for ex-
amination and will not be tested to failure.

The test of York Corp. ART test radiator No. 1
was terminated after 870 hr because of a leak in
the tube matrix approximately ]{4 in. from the NaK
inlet header in a tube near the center of the fourth
row from the air outlet side of the radiator, as
shown in Fig. 1.2.8. The leak was noted immedi-
ately following the first power cycle, and rapid
shutdown was effected to limit damage to the unit.
Even so, the tube that leaked was damaged suf-
ficiently by fire to destroy evidence that would
indicate the nature of the failure. Metallurgical
examination of 16 tubes, four of which were in the
in the immediate vicinity of the tube that failed,
did not reveal a cause for the leak. There were no
incipient cracks and no defects in damaged areas,
and no impurities were evident (for details of the
examination see Chap. 3.6, this report). Inspection
of assembled ART prototype radiators Nos. 2 and 3
will be even more rigid that the quite thorough
inspection of unit No. 1. Heat transfer performance,
air pressure drop, and the increase in the NaK
circuit pressure drop for radiator No. 1, as well
as for radiator No. 2, which is now being tested,
are in agreement with design values.









During radiator removal and replacement, extreme
care was exercised to maintain an inert atmosphere
on the test loop. The ART-type circulating cold
trap was drained but not cleaned. In order to
prevent oxide remaining in the cold trap from re-
turning to the system, the cold trap was water-
cooled at the design NaK flow during the heatup
period. This procedure is contrary to the previous
startup procedure of allowing the cold-trap temper-
ature to increase with the system temperature,
cooling the cold trap with air until water can be
introduced safely, and then bringing the cold-trap
temperature down. There was no indication of the
oxide plugging formerly observed when the cold-
trap system was kept cold during preheating of the
system. When the system reached 1200°F, a plug-
indicator reading indicated a system oxide satura-
tion level of approximately 600°F; 48 hr later this
level had been reduced to below the sensitivity
of the plug indicator (300°F). This startup pro-
cedure demonstrated that if adequate care is
exercised to prevent oxidation of residual NaK
when a system is cut open, the cold-trap circuit
need not be replaced prior to restarting system
operation.

The excellent performance of the cold trap in
the IHE-C test stand has led to elimination of plug
indicators from the ETU and ART. During both
the initial startup and the restarting of the system,
the temperature limitations imposed on the ART by
the permissible beryllium temperatures were adhered
to closely. This included establishing a temper-
ature gradient in the radiator before the system
temperature necessary for oxide cleanup of the
new piping had been reached. Plug-indicator
readings were taken to confirm that low oxide
levels had been achieved but were not utilized in
planning the steps in the operation. Elimination
of these devices and their associated equipment
and instrumentation should effect a substantial
saving for the reactor facilities.

Valve Development Tests
J. A, Conlin
I. T. Dudley A. G. Smith, Je 10
Fuel Dump Valve. — Tests of the fuel dump

valve designated ORNL-1, which was described

previously,!! were terminated after 1500 hr at
1300°F and 910 hr at 1500°F. During the test at

PERIOD ENDING SEPTEMBER 30, 1957

1500°F a steady increase was noted in the force
required to open the valve. The force required
increased from 865 Ib immediately after the 500-hr
closure period to 2100 |b following 400 additional
hours of cycling at 24-hr intervals. There was no
measurable leakage during the test at 1500°F,
Examination showed that galling had occurred
between the Stellite-coated valve stem and the
Inconel bonnet at the outer stem guide where the
surfaces were near 1500°F and were exposed to
the atmosphere. The valve was in excellent con-
dition in all other respects, including the Kentanium
151A seat and plug, and is considered to be entirely
satisfactory for service at 1300°F,

A second test valve (designated ORNL-2) which
also incorporates the guided-plug feature, has been
assembled, This valve, except for the valve plug
cermet configuration and the omission of the sodium
cooling jacket, is identical to the proposed ART
fuel dump valve. The plug and seat, respectively,
are the cermets Kentanium KM and K-162B, the
materials now ordered for the ART valves; however,
the plug cermet does not incorporate the mechanical
retaining feature of the ART valve, since the new
pieces are not yet available. The valve includes
a double bellows to minimize the chance of fission-
gas release in the event of a beliows rupture in
the ART and a K-162B bonnet guide against a
Stellite-coated stem to eliminate the galling which
occurred in the ORNL-1 valve. A test is scheduled
to start early next quarter. The pressure drop
characteristics of this type of valve when fully
open are given in Fig. 1.2.9; the data presented
were obtained from water tests. The ART valve
pressure drop characteristics should be the same
as those given in Fig. 1.2.9.

NaK Dump Valve. — The first prototype NaK
valve!l received from Black, Sivalls & Bryson
was tight when tested with water, but it leoked
badly when tested in NaK. The valve was dis-
assembled and stress relieved, but there was no
improvement until it was rapped with a hammer
during a stress-relieving cycle. It was then tight
with water and initially with NaK at the test
temperature of 1000°F. The leakage increased
rapidly with time, however, and was soon un-
acceptably large. Although small scars have been

00, assignment from Pratt & Whitney Aircraft.

”J. A. Conlin, |. T. Dudley, and M. H. Cooper, ANP
Quar. Prog. Rep. June 30, 1957, ORNL.-2340, p 41.
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Pressure Drop Characteristics Observed

observed on the seat and poppet, the erratic results
appear to be due to weld or thermal stress dis-
tortions. The fuel valve, which had not exhibited
this type of behavior, has a more massive end
connection and a separate seat insert which is
brazed to the body in a configuration which should
minimize strains. The NaK valve is being rede-
signed to provide similar relief as well as to
accommodate cermet seats if this proves to be
necessary. Water flow resistance was also measured
for this valve, as shown in Fig. 1.2.9.

“In-Line’’ Valve Actuator Test. — The NaK
valve ' 11 operated satisfactorily
throughout a 3000-cycle test after revision to pro-
vide for locking of the spring load adjustment nuts
and correction of other minor defects.

NaK Cold Trap Throttle Valves. — The NaK

cold-trap throttle valve!! configuration has been

‘in-line’’ actuator

4

established, and the required valves were delivered
for the ETU. Modification of the remaining valves
required for the ETU and ART is in progress.

Sodium Circuit Water Flow Tests
J. A. Conlin S. Kress'2

Two tests run during this quarter brought to com-
pletion the water flow distribution and head loss
examinations of various regions of the ART sodium
circuit, A test was conducted in order to determine
the proper size for an orifice in the control rod
sodium cooling passage circuit to limit flow through
that circuit to 0.032 cfs with the island flow at its
design value of 0.697 ¢fs. The test piece simulated
the control rod passage below the thimble and
included the Inconel shoulder which screws into
a threaded recess at the bottom of the island. Four
5/‘6-in.-thick orifices were tested which had inside
diameters of 0.250, 0.375, 0.500, and 0.625 in.
and which were machined to fit snugly into a
1.422-in.-dia section at a transition to a 0.9-in.-ID
passage. The head loss vs flow relationship for
each orifice was correlated in terms of a loss
coefficient, K, defined from the relationship

AH = KV2/2g

where AH is the head loss {in ft) across the orifice,
V the velocity (in fps) through the 0.9-in.-ID
passage, and g is the proportionality constant
relating force to mass and acceleration. The loss
coefficients are shown in Fig. 1.2.10 as a function
of orifice diameter,

The second water test was a study of the sodium
flow divider in the volute elbows located at each
ART sodium pump discharge nozzle. These dividers
split the sodium flow from the pumps, direct a
portion downward into the reflector, and direct the
remainder up to the island entrance region. It is
estimagted that to obtain the design reflector-to-
istand flow ratio of 2.2 at a sodium pump flow of
1.106 cfs, the head loss on the island leg of the
flow divider should be 8 ft greater than that on
the reflector leg. The purpose of this test was to
determine the proper position for the flow divider
tongue and to determine the magnitude of the head
loss through each leg. The test piece, shown in
Fig. 1.2.11, duplicated the ART component dimen-
sionally, except for the flow divider tongue adjust-

ment. A diagram of the test piece as installed in

129, assignment from Pratt & Whitney Aircraft.
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the test stand is shown in Fig. 1.2.12, Data were
obtained at each flow divider tongue position (A,
B, C, and D of Fig. 1.2.11) to determine the total
head loss through each leg of the test piece, the
flow ratio between the reflector and island, and the
entrance velocity head. The head losses were
correlated with the entrance velocity by loss
coefficients defined as stated above. The loss
coefficients obtained are plotted in Figs. 1.2.13
and 1.2.14 as functions of the flow ratio and the
tongue position.

The head difference between the reflector and
island legs of the flow divider at the design flow
and flow ratio is shown as a function of the flow
divider tongue position in Fig. 1.2.15, Position A
of the flow divider tongue gives approximately the
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Fig. 1.211. ART Sodium Pump Volute Test Section
Showing the Test Positions of the Flow Divider (A, B,
C, D). Divider shown in position A.

required head difference and also results in the
lowest net head loss.

Outer Core Shell Thermal Stability Test
J. C. Amos R. L. Senn

The second test of a one-fourth-scale outer core
shell model for determining dimensional stability
under thermal cycling conditions was terminated
after 339 cycles. The test period was extended
beyond the scheduled 300 cycles since no changes
were noted in fluid circuit resistances.
fubricating oil flow to the cold sodium loop pump
necessitated shutdown of the system, and the test
piece was removed for examination. Visual inspec-
tion has disclosed no damage to the core shell,

Loss of
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and it is currently being measured to determine
whether any dimensional changes occurred during
the test. The core shell model and the test con-
ditions were described previously.'3+14 The shell
will next be subjected to an extended creep buckling
test at 1500°F by using an external helium gas
pressure of 52 psi.

Liquid-Metal-Vapor Condensers
J. A. Conlin A. G. Smith, Jr.

The sodium vapor condenser for the sodium-pump
purge-gas vent system has satisfactorily completed
a 1500-hr performance test in a system in which
1000 liters of helium per day was being bubbled

46

through sodium held ot 1200°F. The condenser
consists of 7 ft of 3/4-in. pipe inclined ot an angle
of 5 deg to the sodium-pump helium vent line. The
condenser which were lower than
those used previously in order to obtain more com-
plete vapor removal, were 730°F at the inlet, 330°F
at the midpoint, and 90°F at the outlet end. In the
previous tests these temperatures were 810, 470,
and 90°F, respectively. Upon sectioning of the

temperatures,

13G. D. Whitman, A. M. Smith, and R. Curry, ANP
Quar. Prog. Rep. March 10, 1956, ORNL-2061, p 538.

14y, C. Amos and L. H. Devlin, ANP Quar. Prog. Rep.
March 31, 1957, ORNL-2274, p 50.
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condenser, it was found that only small droplets
of sodium had reached the outlet end. The inlet
end contained some condensed sodium that had
been frozen and trapped in the condenser.

The NaK vapor condenser for the NaK pump
purge vent, a vertical 2-ft section of 2-in. pipe
filled with Demister packing, was satisfactorily
tested with NoK for 1500 hr under the same flow
and temperature conditions as those used for the
test of the sodium pump condenser. Upon termi-
nation of the test, a very small quantity of NaK
was observed in the condenser outlet gas line.
The condenser packing was covered with very
small droplets and fine stringers of NaK.

The prototype NaK dump tank vent condenser,
consisting of a vertical 12-in. section of 2-in. pipe
at the inlet or lower end followed by a 12-in.
section of 6-in. pipe filled with Demister packing
at the outlet or upper end, which was tested under
simulated NaK dumps at 1200°F and proved to be
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99.9% efficient in removing NaK vapor,'5 was

sectioned and found to have fine droplets of NaK
on the Demister packing similar to those found in
the NaK pump condenser. As a result of these
tests the development work on the NaK and sodium
pump and NaK dump tank condensers is considered
to be complete. The NaK pump condenser is
presently in use in conjunction with NaK pump
tests to obtain further information on its performance
in actual service.

Zirconium Fluoride Vapor Traps
J. A. Conlin A. G. Smith, Jr.

Plugging of the zirconium fluoride vapor trap
inlet'® was alleviated by increasing the outer-
wall temperature of the inlet pipe to 1600°F, and
the test was continued to completion. The test
included 500 hr of continuous operation at a helium
flow rate of 5000 liters/day from a fuel sump
maintained at 1200°F and 50 cycles of 30 sec
duration at a helium flow rate of 10 scfm from fuel
at 1300°F. There was no observable carryover
of ZrF, to the off-gas line downstream of the trap.
Light powdery ZrF, deposits were found on the
water-cooled coils in the condenser inlet section
and inside the tubes of the rear heat exchanger
section, as shown in Figs. 1.2.16 and 1.2.17, In
the rear section of the trap, all the tubes were
coated with vapor deposits on the inner surface
down to and covering the surface of the Demister
packing. A section of the packing removed from
one of the 1%-in.-dia tubes is shown in Fig. 1.2.18,
and the depth of penetration of the ZrF, deposit
into the packing may be seen. Although none of
the tubes were plugged, the l/z-in. tubes offered
considerable resistance to flow, and the pressure
drop across the large tubes was sufficient during
simulated dumps to move the packing te the rear
of the trap.

The quantity and physical properties of the
deposits were considerably different from those
of the deposits found previously. A total of 758 g
was measured as compared with the 3400 g expected
on the basis of previous tests. Densities ranged
from 0.55 to 0.88 g/cm® compared with previous
deposit densities of 4 g/cm?; similarly, the thermal
conductivity decreased to 0.04 Btu/hr.°F.ft2 from

]’SM. H. Cooper and A. G. Smith, Jr., ANP Quar. Prog.
Rep. June 30, 1957, ORNL-2340, p 47.

16). A. Conlin and M. H. Cooper, ANP Quar. Prog.
Rep. June 30, 1957, ORNL-2340, p 48.
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the previous 0.15 Btu/hr.SF.ft2, The small quantity
of ZrF, collected indicates that the purge gas
was not fully saturated, and modifications are
being made in the sump tanks to ensure more com-
plete vapor saturation. The inlet to the trap is
also being changed to a conical section to reduce
thermal losses and to minimize the need for in-
creased heating of this region, since the tempera-
ture range is limited for the ART sodium system,
which provides heating and cooling, as required.
Additional thermocouples are included in the new
test trap to facilitate more precise measurement
of the thermal conductivity of the deposited ma-
terial. This is particularly important, since the
final design of the ART trap cannot be established
until the volume and thickness of the deposit are

established. When the reactor is operating at full
power the surfaces will be subject to considerable
beta heating from fission gas decay which will
limit the deposit thickness as a function of its
thermal conductivity.

Other tests are in progress to simulate the effect
of beta heating by radiant heating of deposit
samples in order to determine the effect the beta
heating may have on the physical properties of the
deposited material.

Island Bellows Test
W. B, McDonald
W. H. Kelley, Jr. A. S, Olson

A test of the ART island bellows was undertaken
because of the difficulty of accurately predicting
by calculational methods the stresses to be ex-
pected in this component under service conditions.
The test consisted of cycling the bellows under
conditions of strain, temperature, pressure, and
environment that simulated those of the reactor.
In the test the bellows was compressed from normal
to 0,090 in. in 5 min, held compressed for 25 min,
returned to normal in 5 min, and left in the normal
position for 25 min., The test temperature was
1250°F, and the pressure on the outside of the
bellows was 3 psig for 50 cycles and 20 psig for
the remainder of the test., The inside of the
bellows was at atmospheric pressure. The fuel
mixture NaF’-Zer'-UF4 (50-46-4 mole %, fuel 30)
contacted the bellows on the outer surface, and
the inner surface was in a helium atmosphere,
Sodium was not used inside the bellows because
it would have added little to the value of the test
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and would have greatly complicated the equipment.
The bellows was tested to failure.

The test assembly is shown in Fig. 1.2.19. The
bellows was housed in a covered pot which con-
tained the salt bath and a helium blanket over the
salt. The bottom of the bellows was welded to
the pot, and the top was welded to a thick plate
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that was integral with an actuating stem coupled
to an air cylinder. Helium was supplied to the
blanket area and to the inside of the bellows.
Calrod heaters and thermocouples were installed
outside the pot, and the pot was insulated. Instru-
mentation was provided to properly cycle the
bellows and to indicate and to control the pressures
and temperature.

A preliminary cold spring-rate test of the bellows,
performed to provide information for designing the
hot test rig, led to a calculated force of 4900 Ib for
compressing the bellows 0.090 in. at 1250°F. The
force actually required during the test was only
2500 b, which indicated that the bellows had been
stressed beyond its elastic limit and had perma-
nently deformed. The bellows leaked after 80
cycles, and subsequent visual inspection showed
numerous peripheral cracks in the center convolu-
tion at the small diameter of the bellows. These
cracks were evident on both the inner and outer
surface and obviously had propagated to form the
leak. The two-convolution bellows was thus proved
to be inadequate for the service conditions.

Fuel Fill-and-Drain Tank Test
W. B. McDonald
W. H. Kelley, Jr. A. S. Olson

The scheduled operation of the ART may impose
stress and temperature conditions on the fuel fill-
and-drain tank that are greater than those for which
design properties are known with any certainty.
This uncertainty and the obvious consequences of
a tank failure justify the performance of a test to
verify the tank integrity under service conditions.

The test tank is being made as simple as possible
while retaining pertinent structural characteristics
of the ART tank, The principal change from the
ART design is the deletion of one of the two tube
sheets and one-half the NaK tubes. NaK will be
circulated through the tubes and cooling annuli by
a centrifugal pump, and the NaK will be heated by
electrical surface heaters on the piping. A heated
fuel supply tank to simulate the reactor will be
located above the test tank so that the fuel can
be displaced from the test tank and be heated. Thus
the test tank can be tested under all phases of
reactor operation, including filling, enriching, loss
of NaK pressure, emergency fuel dumping, and
endurance.



All major components for the test are on hand,
except the test tank, The test site has been
prepared, and the structural steel supporting frame-
work is in place. The pump bowl, fuel supply tank,
and NaK dump tank have been installed, and piping
subassemblies are complete. The test tank is
being fabricated, and bids for the tube-to-tube

PERIOD ENDING SEPTEMBER 30, 1957

sheet brazing have been requested. The tank is
scheduled for delivery in December 1957, and
efforts are being made to reduce this delivery time
by simplifying structural features and construction
methods. Control panels are being fabricated, and
the remaining instrumentation and electrical design
work is being completed.
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1.3. INSTRUMENT AND CONTROLS DEVELOPMENT

E. R. Mann

ART CONTROL ROD DRIVE TEST
E. R. Mann C. S. Walker

The ART control rod drive test was terminated
after 3000 hr of successful operation. During the
first 1129 hr of operation, the rod was withdrawn
and inserted 1161 times. The withdrawal was at a
slow speed, that is, 370 sec for complete with-
drawal, and the insertion was at a fast speed, that
is, 31 sec for complete insertion, as described
previously.!

After the initial rod-cycling phase of the test
was completed, a series of tests was carried out
in which the rod was fixed at positions spaced
5 in. apart for a minimum period of 200 hr at each
position. The time periods frequently exceeded
200 hr because the 200-hr interval usually termi-
nated at night or on a weekend rather than during
normal working hours. After each nominal 200-hr
period, the time intervals required for insertion
and for withdrawal were measured in order to de-
termine whether there was any reduction in rod
velocity because of sodium having deposited and
frozen on the gears. No changes in the speed of
insertion or withdrawal of the rod were detected.
When the tests in which the rod was held fixed for
a 200-hr period were completed, the remainder of
the 3000-hr scheduled test was taken up by more
rod cycling in a sequence identical to that used
during the first phase of the test.

The upper surface temperature of the sodium,
which was surrounded by the water jacket, re-
mained constant throughout the test at 230 + 10°F,
except in one instance when failure of a control
component allowed this temperature to drop to
150°F, which is below the freezing point of
sodium. This incident caused no apparent change
in performance of any part of the system.

For the first 1800 hr, the recorder for three of
the thermocouples attached to the wall of the
sodium container was in error by 400°F, and these
three temperatures were 1650°F instead of 1250°F.
This deviation apparently did no damage to the
system.

'S, C. Shuford and C. S. Walker, ANP Quar. Prog.
Rep. June 30, 1957, ORNL-2340, p 58.
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C. S. Walker

R. G. Affel

The rod test system has been dismantled, and
samples of the test sodium have been taken for
onalysis. The Lindsay ‘‘mix’’ rare-earth-oxide
control-rod slugs are also being examined, as are
the walls of the sodium container. The water
side of the heat exchanger is being examined for
scale formation. |f the results of these examina-
tions are satisfactory, it may be concluded that
the ART regulating rod and its actuating equipment
have met all the specifications that can reasonably
be tested without the actual nuclear tests.

FUEL-EXPANSION-TANK LIQUID-LEVEL
INDICATOR

R. F. Hyland

Bubbler Plugging Tests

The test apparatus was completed that was
being constructed for determining the cause of the
plugging of the helium bubbler tubes of the fuel-
expansion-tank liquid-level indicator. The ap-
paratus and operating conditions were described
previously.? The system successfully passed a
mass spectrometer leak check, and preliminary
tests of the oxygen- and moisture-removal systems
are under way.

The moisture content of the 200-psi building
helium supply was found to be surprisingly vari-
able. Heretofore, spot checks made on the header
with an Alnor model 7300 dew-point meter showed
an average H,O content of about 0.08 ppm by
volume. On the new apparatus, however, a Beck-
man model 179 electrolytic hygrometer is used,
and in one month of continuous monitoring the
moisture of the building helium was found to vary
between 4.0 and 28.0 ppm by volume. The Beck-
man instrument responded very well to liquid-
nitrogen cold trapping of the helium at all H,0
concentrations, while spot checks with the Alnor
unit showed no change during the entire monitoring
period.

2R, F. Hyland, ANP Quar. Prog. Rep. March 31, 1957,
ORNL-2274, p 23.



The oxygen content of the 200-psi supply has
likewise been continuously monitored for a one-
month period with a Baker model $S-2 super sensi-
tive Deoxo indicator. The oxygen content has
been found to vary between 12,0 and 14.0 ppm by
volume. The internal calibration of this unit was
checked with an external electrolytic cell, and the
two units agreed to within 2 ppm.

Attempts to remove the small amount of oxygen
with hot metal getters have been unsuccessful
thus far, One type of getter that consists of copper
turnings maintained at 1200°F appears to be
promising. A 50.0 ppm concentration of O, was
introduced into the system and was reduced to
14.0 ppm by this getter.

Aluminum North Head Expansion Tank Tests

Additional tests of the helium-bubbler type of
liquid-level indicator were run in the fuel expan-
sion tank of the aluminum mockup of the ART
north head in order to further investigate the pre-
viously noted® level changes that were associated
with changes in pump speed. Three bubblers were
installed as indicated in Fig. 1.3.1. Typical data
obtained during tests with these bubblers are
shown in Figs. 1.3.2 through 1.3.5. When the

3R, F. Hyland, ANP Quar. Prog. Rep. June 30, 1957,
ORNL-2340, p 50.
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pump speed was increased, the level at bubbler
No. 1 increased and the levels at the bubblers
Nos. 2 and 3 decreased. Thus the previously
postulated *‘dishing’’ effect on the surface in the
expansion tank is further confirmed, There is an
actual change in level, as indicated by the meas-
uring system. A decrease in pump speed created
an opposite and approximately equal effect. These
tests were all conducted with a static level of
1.5 in. of water in the expansion tank and with the
throttle valve set for design flow at design pump
speed.

Attempts to confirm these results by using high-
speed photography were inconclusive because of
the difficulty of photographing the level through a
small viewing port on top the expansion tank. The
general direction of the level change, as observed
photographically, agreed with that indicated by
the measuring system, but it was impossible to
determine the magnitude of the change. Improved
photographic techniques are to be used in further
experiments.

Tests were also run to determine how accurately
the level measuring system would respond to a
change in level with both pumps at design speed
(2700 rpm) and with the system at design flow
(645 gpm). Water was accurately metered into and
out of the system under static conditions and the

ORNL-LR-DWG 25822

BUBBLER NO.1
(REACTOR)

Fig. 1.3.1. Diagram of Fuel Expansion Tank Showing Locations of Three Helium-Bubbler-Type Liquid-Level

Indicators.
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quantity required to vary the level 1 in. was de-
termined. The same quantity was added or re-
moved with the system at design speed and flow,
and typical results are shown in Figs. 1.3.6 and
1.3.7. A peculiarity noted in these tests was that
while bubbler No. 1 yielded consistent results,
bubbler Nos. 2 and 3 gave erratic ond inconsistent
results,

It was felt that severe ingassing of the system
might seriously affect the accuracy of the bubbler
because of its fluid density dependence. Con-
sequently, a test was run in which the system was
purposely ingassed, and high-speed photography
was used to check the level indicated by the
measuring system. The ingassing was accom-
plished by operating both pumps at 1000 rpm and
then shutting off pump No. 2. The results ob-
tained are shown in Figs. 1.3.8 and 1.3.9. The
indicated increase in level averaged approximately
1.2 in., whereas the increase determined photo-
graphically was approximately 0.8 in. No density
error is apparent here because the decrease in
density caused by the ingassing should have
produced a low level indication. Instead, the in-
dicated level was 0.4 in. higher than the photo-
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graphed level. The reason for this error is un-
known at this time.

ON-OFF LEVEL PROBES
G. H. Burger R. E. Pidgeon, Jr.*

In an attempt to eliminate failures® of the on-off
probes used in NaK pump bowls, the internal
copper wire was aluminized to prevent oxidation.
However, these level probes continued to fail at
high NaK temperatures. Further examination of
the defective units showed that the probes failed
because of internal oxidation of the copper wires
and that such oxidation occurred when the copper-
to-Inconel welds were made. To eliminate this
type of failure, the probe was redesigned so that
the copper and Inconel junction could be brazed
instead of being welded. No probes of this design
have yet been tested in service.

There are sixteen ‘‘on-off’’ level probes now in
use in the gas pots of engineering test loops.

4On loan from Radio Corp. of America.

5R. E. Pidgeon, Jr., and G. H. Burger, ANP Quar.
Prog. Rep. June 30, 1957, ORNL-2340, p 51.
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The probes in one auxiliary NaK pump test loop
have operated 1640 hr and those in a primary NaK
pump test loop have operated 2162 hr without
These probes are installed where the
NaK temperature is usually below 800°F. Six
probes are in use in the NaK pump bowls of two
of the pumps being tested. As mentioned above, a
number of these probes have failed and have been
replaced. It is planned to replace all these probes
with the redesigned units as soon as they become
available following complete testing.

failure.

MAGNETIC FLOWMETERS
G. H. Burger C. L. Pearce, Jr.4

Calibration and testing of the 2- and 3‘/2-in.
magnetic flowmeters for use in the ART and ETU
were continued according to the program described
previously.®  Six 3]/2-in. units in lot 1 were op-
erated for 770 hr and six 2-in. units in lot 1 for
1078 hr in NaK pump test loops PKP-2 and PKA-2,
After termination of the calibration test runs on
lot 1, four flowmeters were removed from each loop
and replaced by four uncalibrated flowmeters
(lot 2). Two 3]/2- and 2-in. units from lot 1 were
left in the loops for continued testing and to
provide reference to lot 1. Thus far the 3]/2-in.
units of lot 2 have operated for 1408 hr and the
2-in. units for 431 hr. The two 3'/2-in. reference
units have operated 2178 hr and the two 2-in.
reference units for 1469 hr. The units which were
removed from the loops were cleaned, rechamfered,
and inspected in preparation for installation in the
ETU and the ART. Eight magnetic flowmeters
required for the ETU have been delivered and five
units have been installed.

Analyses of the experimental data from the tests
of lot 1 are being made. In general, the results of
these tests with respect to accuracy and reliability
of the units are in agreement with the results
presented previously.® In tests of the lot 2 units,
which were installed after the loops were opened
and rewelded, the oxide level of the NaK appeared
to be higher, as evidenced by erratic loop be-
havior at temperatures below 800°F, and a drop in
sensitivity of the flowmeters at low flows was
observed which had not been evident to such an
extent in the tests of lot 1. The earlier calibration

5G. H. Burger and C. L. Pearce, Jr., ANP Quar. Prog.
Rep. June 30, 1957, ORNL-2340, p 51.



showed the 3'/2-in. units to be linear to better than
1% over the flow range from 800 to 1600 gpm.
From 600 to 800 gpm at fluid temperatures below
800°F, the sensitivity appeared fo drop as much
as 2% in some of the runs. For the 2-in. units of
lot 1, no such decreases in sensitivity were
evident. The effect was investigated in the 2-in.
lot 2 units by running the loop at a high oxide
fevel without the cold trap. The high oxide level
in the loop did not affect thereadings at the higher
flow rates (450 to 600 gpm), but the oxide level or
some other factor produced an apparent change in
sensitivity of as much as 4% at lower flow rates
(250 to 450 gpm). The sensitivity decreased with
a flow decrease. The use of the cold trap did not
correct this condition. Effort is being directed
toward determining the exact mechanism by which
the change in sensitivity occurs.

All the 3/8-in. magnetic flowmeters required for
the ETU have been delivered and several have
been installed. The units were delivered without
the magnets attached to permit easier installation
and handling. The temperature tests of the units
have been completed and the results were satis-
factory. The tests indicated that the units will
performin a satisfactory manner without continuous
temperature and magnet flux monitoring. A curve
of flowmeter output signal vs flow will be supplied
with each individual flowmeter.

LIQUID-METAL-LEVEL TRANSDUCERS
G. H. Burger R. E. Pidgeon, Jr.

Construction work was continued on the ORNL
resistance-type level elements for use in the NaK
pump bowls. Twenty of these units have been
completed. The first four units completed con-
tained a sand-type (coarse-grained MgO) of in-
sulating material for the Inconel wires within the
Inconel tube. Additional units were constructed
with fine-grained MgO powder, however, in an at-
tempt to get more dense packing of the material.
Construction of the level element containing the
fine-grained MgO was complicated by the tendency
of the packing tool and the Inconel wires fo gali
and cause improper spacing of the Inconel wires.
After experimenting with packing techniques, it
was decided to return to the use of the sand-type
MgO for insulation. Some investigation is con-
tinuing of different insulating materials for ap-
plications similar to this resistance-type level
probe.

PERIOD ENDING SEPTEMBER 30, 1957

Two of the ORNL level probes are in operation
in the NaK pump bowls in the PKA-1 and PKA-2
test loops. These probes have operated a total of
835 and 1590 hr (plus 500 hr each in the test rig
prior to installation in the pump bowls). Two level
probes manufactured by the General Electric
Company are in operation in the PKP-1 and PKP-2
test loops, and they have accumulated 4740 and
2162 hr of operation, respectively. Eight addi-
tional units have been tested in the NaK-level
test rig for the total operating times given below:

No. of Units Operating Time (hr)
2 3060
2 2340
1 875
1 700
1 480
1 320

Thus far all failures of these resistance-type level
probes while in operation have been caused by
weld failures, and no failures have occurred during
this quarter.

Recorder readings of the NaK level taken at

NaK temperatures of 1000, 1200, and 1400°F are
shown in Fig. 1.3.10. All the values given lie
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within 0.1in. (1.4% of full scale) of the line drawn
for the data taken at 1200°F. The variation in
the zero-level reading with NaK temperature is
shown in Fig. 1.3.11. These data were taken
while the level was being cycled from above to
below the level probe. As may be seen the zero-
level reading corresponds to the maximum output
voltage of the level transducer. Data taken
during this type of test indicate a zero-level shift
of less than 3% over the temperature range of from

below 300 to above 1200°F.
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Variation in Zero-Level Reading of

The shift in the maximum level reading is es-
sentially independent of NaK temperature, as
would be expected, since the output voltage of the
level transducer for the maximum level is only 1 to
2% of the full output voltage. During the 3000-hr
test, the maximum level reading remained essenti-
ally the same after the probe was wetted.

Four level probes were operated for 54 days
consecutively with the NaK temperature being
held at 1200°F and the NaK level being cycled
from below the level probe to near the top of the
probe. The recorded zero-level reading was in-
spected for drift which would indicate a change in
the calibration of the transducer. This reading
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drifted, but the drift was masked by a drift in the
recorder calibration. A transformer used in the
modification of the recorder was sensitive to tem-
perature, and, as a result, the voltage span of the
recorder changed by an average of about +0.5%
daily because of ambient temperature changes.
Most of the drift in the zero-level reading was
therefore caused by drift in the recorder calibra-
tion. The recorder modification has been cor-
rected so that the recorder calibration does not
change.

In order to observe the wetting effect, a new
level transducer was installed and the NaK was
heated to 300°F with the NaK level below the
level transducer. The probe was then immersed
in the NaK, a series of step changes in level was
made, and finally the usual output vs level cali-
bration run was made. This procedure was re-
peated for NaK temperatures of 400, 500, and
600°F. In the 300°F test, the indicated level
continued to rise after the step changes in level
had been made. The indicated level reached to
within 5% of its final value after 10 min and to
within 2% of its final value after 2 hr. The re-
sponse to the level changes at NaK temperatures
of 400°F and up was good. The indicated output
was about 1% of its final value immediately after
the level changes.

More tests under more rigidly controlled condi-
tions will be required for a final evaluation of the
wetting phenomenon. It is planned to continue the
tests to determine the exact wetting effects on the
measured level accuracy at various fill tempera-
tures and to find, if possible, a solution to the
wetting problem by using other probe material or
by applying a special coating or plating to the
level probe.

Further testing of the NaK level probes has been
delayed by repairs and modifications of the test
tig. The level probes are installed in the test rig
by clamping them to the NaK pots and sealing
them with O-rings. The seals used leaked vapor,
and, as a result, the test rig had to be rebuilt.

Construction was begun on ORNL resistance-
type level elements for use in the sodium expan-
sion tank. None of these units have been com-
pleted. Construction was also started on the rig
for testing these level elements.

The design was completed of the level element
for continuous level measurements in the furnace-
circuit drain tank of the ETU. This probe will be



mounted in the bottom of the tank and will have a
30/ -in. ronge The sensing element will be made
from a single /2 in. sched-40 Inconel pipe.

The design of the probe for the auxiliary sodium
expansion tank was completed, and fabrication
work was started. This probe will be mounted in
the tank bottom and will have a linear range of
25/8 in. The unit will be of the single-tube type,
rather than the J configuration. A total of nine
units will be required for tests, operational units,
and spares.

ART THERMOCOUPLES
J. T. De Lorenzo
Sheathed Thermocouples

Inconel-sheathed thermocouples (0.250-in.-OD
sheath, MgO insulation) with hot-junction closure
welds made by the Heliarc welding process are
still being tested. Approximately 200 hr of addi-
tional exposure time has been accumulated since
the previous report.  Eighteen Chromel-Alumel
thermocouples with closure welds that passed
dye-penetrant and x-ray inspection have now com-
pleted over 6000 hr of operation at 1500°F in
sodium.”  The operating temperature has been
reduced weekly to 1300 and to 1100°F for readings
at these temperatures. No major shifts in drift

PERIOD ENDING SEPTEMBER 30, 1957

were observed during the first 2800 hr of operation,
but after that time four of the sheathed assemblies
showed sharp downward trends and finally ex-
ceeded the vendor’s lower tolerance limit of minus
3/4% at approximately 3800 hr. Since that time all
four thermocouples have reversed their downward
trend and are drifting back into tolerance, as
shown in Fig. 1.3.12, A fifth couple that showed
a sharp downword drift that stayed within the
manufacturer’s tolerance has leveled off and
started a slight upward drift. The remaining
thirteen couples have, almost equally, shown
either a slight upward drift or o slight downward
drift. Typical plots showing these slight upward
and downward drifts are presented in Figs. 1.3.13
and 1.3.14. The total drifts for these thirteen
couples have ranged from 2 to 8 degrees over the
entire test period, and it seems that the drift is
independent of the test temperature. The data for
all 18 thermocouples are summarized in Table
1.3.1.

Drift data for similar thermocouples tested in
air revealed upward drifts of all couples tested.

73. T. De Lorenzo, ANP Quar. Prog. Rep. June 30,
1957, ORNL-2340, p '56. The earlier report cited data
on 19 units; buf one unit, which was suspected of
having a leak, was pulled out of the apparatus after
about 5000 hr of operation.
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It was believed earlier that leaks in sheaths of
the thermocouples tested in fuel and in sodium
could account for the downward drifts, and there-
fore one sheathed couple which had exhibited a
sharp downward drift was removed from the sodium

Table 1.3.1. Results of Drift Tests of Inconel-Sheathed

Chromel-Alumel Thermocouples in Sedium

Test Thermocouple Reading (CF)¢
Period — -
(hr) Deviation Spread
Test Temperature: 1500°F

0 5.2 3.5
1000 5.1 4.5
2000 5.4 6.5
3000 4.3 5.5
4000 4.4 7.3
5000 24.0(4.6)% 18.5(8.5)4
6000 1.9(13.5)4 30.5(13.5)4

Test Temperature: 1300°F

0 7.3 2.8
1000 8.1 5.0
2000 5.7 6.0
3000 4.7(5.6)¢ 12.3(5.0)¢
4000 1.5(4.2) 19.3(7.3y
5000 3.8(5.5)4 15.7(9.7)%
6000 2.7(4.6)4 19.5(9.0)%

Test Temperature: 1100°F

0 6.8 2.6
1000 6.9 3.4
2000 6.2 4.6
3000 6.9 7.0
4000 4.2(6.2)¢ 23.5(7.7)¢
5000 4.9(6.3)4 14.0(9.9)¢
6000 4.6(6.2)4 14.5(9.5)%

“Ninteen assemblies were tested; each asosembly con-
tained two thermocouples aged 24 hr at 1350 F in helium
prior to testing.

bDeviation of the average of the thermocouple readings
from the test temperature.

“Maximum spread of the thirty-eight readings obtained.

4Yalues in parentheses exclude five assemblies, Nos.

14, 25, 31, 87, and 91.

€Values in parentheses exclude two assemblies, Nos.

14 and 31.

Values in parentheses exclude three assemblies, Nos.

14, 31, ond 91.
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for examination. Metallographic examination re-
vealed no evidence of a leak; in fact, the unit
appeared to be remarkably sound even after the
5000 hr of operation in sodium ot 1500°F. It is
now believed that the temperature cycling of the
fuel and the sodium could have produced ‘‘*breath-
ing"’ of the magnesium oxide on the unsealed
connector end and thereby induced conditions
which might possibly cause the downward drifts.
The temperatures were not cycled during the drift
tests in air. Additional drift tests with sealed
samples are being proposed in an effort to de-
finitely establish the cause of the downward drifts.

Thirteen similar specimens and three platinum,
platinum=10% rhodium units have completed over
4000 hr of operation at 1500°F in NaF-ZrF ,-UF
(50-46-4 mole %, fuel 30). Weekly readings were
also taken at 1300 and 1100°F. After the first
1400 hr of operation, three Chromel-Alumel units
started showing sharp downward drifts similar to
those shown in the first 4000 hr in Fig. 1.3.12,
and one unit finally exceeded the vendor’s fower
tolerance limit at 2000 hr, The drifts of the other
two units have leveled off, and slight upward
trends have started. The remaining ten Chromel-
Alumel assemblies showed drift performances
similar to those shown in Figs. 1.3.13 and 1.3.14
over the first 4000 hr. For comparison, the typical
performance of the platinum, platinum—10% rhodium
units as they aged for over 4000 hr in fuel 30 is
shown in Fig. 1.3.15. The data on these 16

thermocouples are summarized in Table 1.3.2.

A cross section of the hot-junction end of a
sheathed Chromel-Alumel thermocouple is shown
in Fig. 1.3.16. The closure consists of a four-
hole Inconel plug which is welded to the sheath
and wires with the Heliarc welding technique. A
new, improved closure technique is being investi-
gated, in which Coast Metals brazing alloy No. 52
will be used to form a brazed joint that will leave
a minimum void below the tip and will permit
accurate positioning of the thermocouple junction.
This new type of closure is illustrated in Figs.
1.3.17 and 1.3.18. The test samples for the addi-
tional tests will be fabricated with the new
brazing technique.

A 50-kw Megatherm induction heating unit is
being used to rapidly heat samples of these
Inconel-sheathed thermocouples in order to deter-
mine the effect of heating rate on the integrity of
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the couple. The test sample is inserted in a NaK-
filled Inconel charge container made of 7/‘6-in.-0D,
0.030-in.-wall tubing. One sample failed after
240 heating cycles between 800 and 1200°F at a
heating rate of 100°F/sec. In this failure, both
Chromel wires were broken, but the Alumel wires
remained intact. In addition to supplying informa-
tion regarding the physical soundness of these
sheathed couples, the induction heating unit
provides a simple means for obtaining aging data
under various degrees of cyclic thermal shock.

PERIOD ENDING SEPTEMBER 30, 1957

The study of drift as a function of time and tem-
perature of similar sheathed thermocouples and
conventional beaded thermocouples operating in
air has continuved. In these tests, all the thermo-
couples were operated continuously at one tem-
perature. Three temperatures were investigated,
1800, 1600, and 1300°F. The 1800°F test was
terminated after 5000 hr; the test at 1300°F at
6000 hr; and the test at 1600°F is still under way,
with data having been accumulated for over

6000 hr.

All thermocouples that were tested at

Table 1.3.2, Results of Drift Tests of Sheathed Thermocouples in Fuel

Chromel-Alumel Chromel-Alumel Pt, Pt-10% Rh

PTe‘Std Assemblies® Aged 24 hr Assemblies? Aged 200 hr Assemblies®
erio
(hr) Deviation? Spread® Deviation? Spread® Deviation? Spread®
(°F) (°F) (°F) (°F) (°F) (°F)
Test Temperature: 1500°F
0 1.9 4.5 2.9 0.2 ~1.0 5.5
1000 3.5 3.8 5.1 0.7 0.4 1.0
) 2000 2.4 7.0 7.3 0.5 -0.6 2.0
. 3000 0.2(1.35) 23.5(11)/ 8.4 0.8 1.4 5.2
. 4000 0.7(2.2)f 22.0(8.5) 8.0 1.0 0.7 3.0
Test Temperature: 1300°F
0 7.0 3.0 6.9 0.1 -0.1 2.7
1000 4.3 8.1 6.9 0.9 -1.2 2.1
2000 2.5(3.2) 14.2(9.0) 7.8 0.4 -0.6 4.2
3000 1.9(3.3) 20.5(10.5) 8.8 0.7 -0.8 4.2
4000 3.8(4.8) 13.7(6.4) 8.8 1.2 -0.6 5.3
Test Temperature: 1100°F
0 4.2 2.4 4.6 0.3 -2.1 4.0
1000 5.2 4.3 6.4 0.8 ~0.3 1.3
2000 2.8(4.8) 13.2(7.4) 7.7 1.0 -0.5 2.7
3000 2.4(3.6) 18.5(10.0)/ 8.3 0.6 -0.3 3.2
4000 2.7(3.9) 17.3(7.4) 8.1 1.1 1.0 3.8

2Eight assemblies were tested; each assembly contained two thermocouples aged 24 hr at 1350°F in helium prior
to testing.

bTwo assemblies were tested; each assembly contained two thermocouples aged 200 hr at 1350°F in helium prior
to testing.

- €Three assemblies were tested; each assembly contained two thermocouples.
4Deviation of the average of the thermocouple readings from the test temperature.
Maximum spread of the thermocouple readings.

fValues in parentheses exclude assembly No. 143.
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In order to ensure a reliable and easily re-
producible attachment of the thermocouple junction
to the well bottom, a technique was developed
which permitted the coating of the thermocouple
junction with Inconel without undue burning of the
wires. This ‘‘wetting’’ of the junction simplified

PERIOD ENDING SEPTEMBER 30, 1957

the subsequent Heliarc welding to the well bottom.
The diameter of the spherical junction produced
can be controlled to within £0.005 in, with very
little difficulty. It was discovered that careful
cleaning of oxide from the thermocouple wires
facilitates the formation of a relioble junction.

Taoble 1.3.3. Results of Drift Tests of Sheathed and Beaded Thermocouples in Air at 1300, 1600, and 1800°F

Chromel-Alumel
Sheathed

Chromel-Alumel
Special Beaded

Chromel-Alumel
Normal Beaded

Chromel-Alumel
Sheathed

Pt, Pt-10% Rh
Sheathed

Test
Period Assemblies? Assemblies? Assemblies® Assemblies? Assemblies®
(hr) Deviation/ Spread® Deviation/ Spread® Deviation/ Spread® Deviation/ Spread® Deviation! Spread®
°F) CF) °F) CF) CF) CF) °F) CF) °F) °F)
Test Temperature: 1300°F
] 5.0 3.3 -7.0 2.1 -5.3 1.1 Measurement error
1000 5.5 3.7 -4.0 3.1 -4.4 2.2 0.2 2.0
2000 53 2.4 -3.8 3.5 -4.1 6.5 -0.5 2.0
3000 6.0 2.5 ~-3.0 4.5 ~3.0 5.0 -3.5 5.0
4000 6.2 2.0 ~2.0 4.5 ~2.0 6.0 -3.0 4.0
5000 7.8 2.0 0.6 5.0 0 5.0
Test Temperature: 1600°F
0 3.8 2.8 6.0 2.0 -7.1 3.5 4.7 4.3
1000 6.4 2.6 3.9 2.5 -2.2 6.1 5.6 3.1
2000 7.0 2.7 6.2 5.5 ~0.7 10.7 14.0 4.0
3000 6.0 3.0 12.0 6.0 5.0 14.0 17.0 4.0
4000 13.0 4.0 16.0 5.0 7.0 18.0 12.0 5.0
5000 12.0 7.0 17.3 4.0 0.6 22.0 12.0 6.0
6000 9.9 4.0 15.5 4.0 0.3 24.0
Test Temperature: 1800°F
0 1.0 2.6 -7.5 4.3 1.3 2.1 5.5 4.2 Measurement error
1000 7.7 15.1 15.2 19.2 8.7 14.3 10.2 10.5 0.2 4.0
2000 8.0 16.2 26.2 9.5 11.7 19.2 14.0 14.0 -9.0 6.5
3000 12.0 20.0 30.0 14.0 18.0 29.0 16.0 12.0
4000 14.0 18.0 30.0 15.0 21.0 46.0 14.0 12.0
5000 16.1 22.0 33.0 19.0 34.0 68.0 20.0 15.0

9Six assemblies were tested; each assembly contained two thermocouples aged 24 hr at 1350°F in helium prior to

testing.

bSix assemblies were tested; ecch assembly contained two thermocouples fabricated with especially cleaned wire

(accuracy, i3/8 of 1% over range 530 to 2300°F) in carefully cleaned wells.

€Same os special assemblies except that they received no special cleaning.

9Same as assemblies described in footnote a except that they were aged for 200 hr at 1350°F in helium.

®Five assemblies were tested; each assembly contained two thermocouples.

/Deviation of the average of the readings of the thermocouples tested from the standard test temperature of 1300,

1600, or 1800°F,

gMaximum spread of the readings obtained.
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the various Inconel surfaces has been devised by
the Metallurgy Division.
Apparatus for Checking Thermocouples

. A melting-point apparatus filled with NaF-CaF,
(68-32 mole %) has been completed that is being

LR )
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used for weekly spot checks of the three Pt,
Pt-10% Rh couples that have been used as the
standards for all the thermocouple tests. The
melting point of the NaF-CaF, mixture as meas-
ured with these three couples appears to be
1487.5°F and is reproducible to within $1°F.
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1.4. ENGINEERING DESIGN STUDIES
A. P. Fraas

APPLIED MECHANICS AND STRESS ANALYSIS
R. V. Meghreblian

Thermal Stress Cycling Tests of Beryllium

D. L. Platus W. H. Kelley
J. R. Tallackson

The beryllium reflector in the ART will ex-
perience thermal strain cycling whenever the
power level of the reactor is changed. The most
severe strains in the beryllium will occur in the
region beneath the load ring. These strains will
be produced by the gross radial temperature
gradient across the reflector combined with the

——30 deg TYPICAL

/™5 deg TYPICAL

19/32—in4 Rf<——J ‘

2% -in. R |
2%, 5 -in. S —

1%4,-in. R
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local gradients in the vicinity of the coolant
holes. Superimposed on this strain field will be
the strain concentrations arising from the presence
of the holes themselves. Over any extended
period of operation these strains will be cyclic
in character and can lead to a fatigue crack.

A smoall-scale experiment has been designed to
test the resistance of beryllium to fatigue cracking
under the temperature conditions anticipated in
the ART. The test specimen is a short, thick-
walled cylinder with an axiol pattern of small
holes (Fig. 1.4.1). The size and locations of
the Y -in.-dia holes simulate the cooling-hole

16
pattern in the reactor, and the radial temperature
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Fig. 1.4.1. Beryllium Thermal-Cycling Test Specimen.
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gradient across the cylinder has been calculated
to produce a gross strain variation similar to that
in the reflector.

A forced-circulation loop (Fig. 1.4.2) is used
to produce the thermal cycles. The beryllium
specimen is housed (Figs. 1.4.2 and 1.4.3) so
that both the inner and the outer cylindrical
surfaces are exposed to flowing sodium. Thermal
deformations are produced by the radial temper-
ature gradient across the cylinder. Sodium temper-
atures are controlled so that the test specimen
is cycled between the isothermal and temperature-
gradient conditions at l/2-hr intervals, as shown
in Fig. 1.4.4. The first test will be for a period
of 500 hr and will produce 500 complete strain
cycles.

A detailed study of the stress (elastic) distri-
bution in the specimen is under way. Relaxation
methods are being used for this study at present,
but analytical techniques are being considered.

Thermal-Cycling Test of a Welded Core
Shell Model

B. L. Greenstreet

Shells | and Il (the inner and outer fuel annulus
shells) for the ART and ETU are to be made from
rolled plate weldments which will be machined
to the final contour. This method of fabrication
replaces that of spinning. The weld joint lo-
cations are shown in Figs. 1.4.5 and 1.4.6, As
may be seen, each half of shell | has both circum-
ferential and longitudinal welds, whereas the
halves of shell Il have two longitudinal ones.

The material in the heat-affected zones of the
welds will exhibit relatively large grain structure.
This material will permit preferential deformation,
since it will be weaker under steady load than
the rest of the shell. This strain intensification,
coupled with a lower resistance to strain cycling
damage, may result in premature failure. From
this standpoint the most critical regions are the
locations at which the circumferential and longi-
tudinal welds intersect.

A V-scale model of shell Il made with the
shell | weld pattern will be tested under strain
cycling conditions, It is expected that the
difference in contour between the two shells will
have little effect on the distortions arising from
the weld pattern. This model is to be tested in

PERIOD ENDING SEPTEMBER 30, 1957

the existing core-shell test rig and will be sub-
jected to simulated service conditions identical
to those applied to the two ]/“-scale specimens
tested previously.! This test will establish the
the adequacy of the welded reactor shells.

Stress Analysis of island Bellows
S. E. Moore

The geometric configuration of the island ex-
pansion bellows of the ART consists of a fourfold
repetition of the unit shown in Fig. 1.4.7. The
unit is composed of three elements, a concave
flange, a very shallow cone, and a convex flange.
Adequate methods are presently available for
analyzing these shapes,?’® and IBM 650 and 704
digital-computor subroutines have been written
for these and other types of rotational shell
elements. These routines have been applied to
investigate the stress distribution and load-
deflection curve for the complete configuration.

The design condition for the bellows is 300
cycles of 90-mil axial deflection at a temperature
of 1250°F. The stress analysis of the present
design revealed that under these conditions the
bellows would be subjected to considerable
plastic deformation at the outer bend of the
convolutions. Correlation with strain-cycling data
for Inconel indicated that the fatigue life of the
design was less than the proposed 300 cycles.
This was verified in o recent test when the
bellows failed after 80 cycles.*

The general subroutines mentioned above have
been applied to obtain designs of several bellows
which would withstand the deflection and external
pressure (20 psi) anticipated within the reactor.
A design has been selected from this group which
consists of four convolutions of 0.062-in,-thick
material. The outer diameter of the new bellows
will be ]/2 in. greater than that of the bellows of
Fig. 1.4.7.

1D. W. Bell, ANP Quar. Prog. Rep. Sept. 10, 1955,
ORNL-1947, p 51-52.

2. Esslinger, Static Calculations of Boiler Bottoms,

ORNL CF-56-12-37 (Aug. 22, 1957).

3See, for example, S. Timoshenko, Theory of Plates
and Shells, McGraw-Hill, New York, 1940,

4W. H. Kelley, ART Island Bellows Test, ORNL
CF-57-8-123 (Aug. 29, 1957).

73









ANP PROJECT PROGRESS REPORT

e ORNL-LR=DWG 25891

EQUATOR

10 in. (t 4/2 in)

Fig. 1.4.5. Shell | Weld Pattern.
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Fig. 1.4.6. Shell il Weld Pattern.
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?or the
Welghf loads from the north head lead shield
64678 Ib), the south head lead (5475 Ib), and the

the shell will also transmit the

lead,

down-drain lead (6210 Ib)., Five areas were
exommed in the stress analysis of this structure:
{1) the bolts that will transfer the load of the
equotorlal lead shield to the overhead reactor
isupport structure, (2) the lugs that will-transfer--

: loads to these bolts, (3)-the” steel backup shell
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Fig. 1.4.7. Elementary Unit of Island Expansiorg
Bellows. (St with caption) !

;
to which the lead will be bonded, (4) the norfB
ring of the equatorial shielding shell, and (5) the
stresses in the steel and lead at the bond surfacé
as a result of dissimilar coefficients of therma{
expansion, :

Eight bolts unsymmetrically placed around 'fhé
north ring of the shell will transfer a load of
approximately 30,300 Ib to the reactor support:
The stress in the most heavily loaded bolt was
checked on the basis of the net cross-sectional
area at the root of the threads. Stresses in the
welds connecting the lugs to the steel ring ond
the ribs of the steel backup shell were also
examined. ‘

The investigation of the steel backup shell was 3_
based on the primary assumption that the combi-:
nation of the steel shell and ribs will carry all:
the weight of the lead and the steel, The lead
was not considered to be carrying any load. The
critical pomt on the shell was assumed to be
located 10’ Ae im above the equator of the reactor;
~where_ accommodanon of one of the coolant fubes‘
would requn‘e ‘that..the rlb be notched (see Flg.

R e

i m e



w
1,4,8), The anolysns mdlcoted ‘that o / -in. rnbi
combined with a /lb'm‘ shell would sufflce. :
The north ring of the equatorial shielding shell;
was investigated from the standpoint of bendmg?
and torsion. Here it was assumed that the weight}
of lead and steel would be applied along one edge!
of the right-angle cross section as o uniformly
distributed load. Stresses in the steel and lead ‘
as a result of changes in shield temperature were :
investigated at the bond surface. Two conditions |
were considered: a slow increase in femperafure_j

i
S

op s

i

shutdown of the reactor.

the bond would remain within acceptable limits.
5 presently under way., Since the north head i

: made of 10 or 12 segments and the equatoria

Y well as the whole unit,
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¢ of 180°F (that would result in a bond temperature :
 of 250°F) to simulate the approach of the reactor ;
to power operation and a sudden decrease of:
120°F (a bond temperature of 130°F) to simu|utei§
An elastic analysis ¢
based on these operating conditions revealed that
the stresses in both the steel and the lead ot !

: An analysis of the aluminum water bag |s

section of 5 segments, it will be necessary fo
examine the integrity of the individual pieces us.;f
Preliminary analyses;

28.75in, ——————| 188010 .

Steel Backup Shell for Equaterial Leadfa’
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assembly to act as a single structure. This will

-also require sheor ottachments clong the joints
gbetween segments on both the inner and the outer
:§surfaces of the bag.
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"Siress Analysis of a Pressure-Measuring
Instrument

B. Y. Cotton

An analytical study was made to determine the
elastic sitresses in o pressure-measuring device
manufactured by the Taylor Instrument Company
(Fig. 1.4.9). The instrument consists of a riser,
two flat circular plates, a cylindrical portion
containing the weldment, and a pressure-trans-
mitting capillary, A sandwich-type diaphragm of
five layers of 0,005-in.-thick Inconel sheet sepa-
rates the fluid being measured from the trans-
mitting fluid.

Under the specified operating temperatures,
creep is an important consideration, and the
pressure forces on the circular flat plates will
tend to distort them into spherical shapes. If
the pressure forces are applied for extended
periods of time, the creep deformation will cause
an appreciable increase in the internal volume
of the instrument and will result in instability
or drift.

The anticipated operating conditions for the
instrument vary widely, since the
are to be employed in various test loops in

different fluid environments, pressures, and tetmi=-

peratures. The results of the stress analysis are
summarized in Table 1.4,1 in order to provide a
basis for evaluating particulor applications., The
indicated estimated life is the time required to

Tabie 1.4.1,

Device Based on 0.2% Creep Deformation

Life Span of a Pressure-Measuring

Estimated Life

Internal Pressure  Maximum Stress

1300°
(psi) (psi) ot (hf’)° F
25 3,546 2000
50 7,092 50
100 14,185 0
200 28,371 0
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Fige 1.4.9. Pressure-Measuring Device.

exceed 0,2% creep elongation. The analysis
indicated that this device should not be used at
1500°F and above under the stress conditions
indicated in Table 1.4.1, In applications where
the dimensional stability of the unit is not the
most important criterion, testing would be de-
sirable in order to demonstrate the extent of the
useful life,

APPARATUS FOR ETR IN-PILE TESTS
OF MODERATOR MATERIALS
G. Samuels

A preliminary layout of an apparatus for in-pile
testing of moderator material in the temperature
range of 1500 to 2000°F has been completed.

The apparatus is designed for testing six moderator

78

specimens at one time. The specimens will be
3 in. long and will vary from '/ to 1 in. in
diameter. The initial moderator ma'rerggls to be
tested are beryllium oxide, 5{4’? um erwg”:; and
beryllium metal,

The purpose of the tests of% ,y‘tt )
beryllium oxide is to determine th
allowable thermal stress under various reactor
operating conditions. In the case of the beryllium
specimens, the thermal stress consideration is
secondary to the study of compatibility with
various canning materials,

The moderator materials will be canned in
Inconel jackets, and, where necessary, a third
material will be used between the moderator and
jacket.  The beryllium will be separated from



o)

the Inconel by either chromium, molybdenum, or

an oxide coating on the beryllium. FESEY HERGHIT™

hym“a‘é*,«* sthesintermadiate-smateriol” will bev mos’
{‘zbde WM, BTy R o de Wit ot heed the
bufter material.

The jacketed moderator specimens will be
centered in a water-cooled nickel sleeve. The
clearance between the specimen and sleeve will
vary from 0,015 to 0,060 in, depending on the
moderator matericl, the diameter of the specimen,
the location in the reactor core, and the desired
minimum surface of the specimen. The heat from
the specimen will be removed by radiation and
conduction to the nickel sleeve. Helium or a
mixture of helium and argon will be bled slowly
through the gas space. For normal operating
temperatures (about 1500°F), 80% or more of the

PERIOD ENDING SEPTEMBER 30, 1957

heat flux is carried by conduction so that the
surface temperature will be very sensitive to
the argon content of the gas, which will thus
provide a convenient means of controlling the
temperature,

Two thermocouples will be spot-welded to the
jacket of each specimen at equal distances from
each end ond 180 deg apart. In addition each
BeO specimen will have one thermocouple located
ln the center of the specimen at a distance of

g to % in. from the end. Only one specimen &3k’
v’ yFTUM 1Y ’Qw;‘ beryllium will contain a
Eéﬁier 1 ermo‘couple during any test run, Knowl-
edge of the temperature difference between the
center and the surface of the specimens will
facilitate the determination of the internal heat
generction rote and thermal stress.
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1.5, DESIGN PHYSICS

A. M. Perry
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ART FILL-AND-DRAIN TANK SHIELDING
H. W. Bertini

The general method of attack on the problem of
shielding the ART fuel fill-and-drain tank was to
choose a field point on the surface of the shield
and calculate the dose at this point from radiation

emitted from the surface of the tank.
The sources at the surface of the tank were

considered to be point sources of magnitude

5y Mev
— cos § x A <-——————-> ,

sec-steradian

4rp
where
$, = Mev/sec-cm® of fuel volume,
p = total linear gamma-ray cross section of

the fuel (em=1),
6 = angle between the normal to the dump tank
surfoce and the line between the field
point and the point source,

A = area of the dump tank surface represented
by a point source at its center.

The (S,/4my) cos O term is the surface source
strength at the interface between a thick slab
source and a thick slab shield that will give,
essentially, the correct dose rate at the surface
of the shield.

To the extent to which it was completed, the
lead shield was designed so that the dose rate
at any point on its surface was less than 0,2 r/hr
after 100 hr of operation at 60 Mw, 9 days after
shutdown.

Under these conditions, S. was calculated for
a fuel volume of 2.5 x 10° cm3, and the curves
of decay energy after shutdown given by Moteff!
were used. The 1.65- and 2,55-Mev groups were
the only ones used in these calculations, and the
¢ values for the fuel were taken from ORNL-2113
(ref 2) for these energies. In all cases, cos

was set equal to 1,

. Moteff, Miscellaneous Data for Shielding Calcu~
lations, APEX-176 (Dec. 1, 1954).

24, W. Bertini et al., Basic Gamma-Ray Data for ART
Heat Deposition Calculations, ORNL-2113, p 61 (Sept.
17, 1956).
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Penetrations

The problem of penetrations in the shield is
aggravated by the need to allow for relative motion
of the tank, all pipes connected to it, and the
All penetrations through the shield

tank shield.
larger than would ordinarily be

are therefore
anticipated.
In the region where the lead shield for the drain
line meshes with that of the tank the dose rates
at 16 field points from 6 point sources were
calculated by using the technique described above.
In addition, the dose rate at a point at the upper-
most surface of the tank shield from single
scattering in the lead around the drain line was
calculoted and found to be within design limits.
At oanother point in this general region, where
only 3 in. of lead separates it from about % in.
of unshielded drain line, the dose rate was cal-
culated and found to be acceptable. The valve
actuator penetration through the lead allowed the
dose rate in this vicinity to be rather high. A
2-in,-thick, 8-in.-dia disk of lead fitted around
the actuator arms in this region would reduce the

dose rate to acceptable limits.

The pipes for carrying the NaK to heat and cool
the fuel cannot be allowed to penetrate straight
through the shield, because the dose rate at such
penetrations would be prohibitive. A feeling for
the magnitude of the problem can be obtained by
noting that the dose rate at the surface of the
tank is of the order of 2 x 10% r/hr 9 days after
shutdown from operation for 100 hr at 60 Mw.

By repeated calculations of the direct and
reflected radiation and the radiation incident at
slant angles it was found that the geometry
sketched in Fig. 1.5.1 would meet the shielding
requirements for penetrations in the tank. The
direct radiation was calculated by using the point
source concept outlined above. The reflected
radiation was calculated by using the data given
by Rockwell® to estimate the angular distribution

3T. Rockwell, Il (ed.), Reactor Shielding Design
Manual, TID-7004, p 330 (March 1956).
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the lead would be re-
movable

The problem was to de-
termine whether any overlap of these sections :

e
in sections.

ij NeK LINES LEAD SHIELD would be required when they were in place on ‘
v e / the tank. 3
[ —— By using the method descrlbed above, the dose f
: ] E s rate at a point opposite a / -in. crack in the ,‘
* {Z 2\ lead which would expose the tank surface was ;
z % 2 % calculated to be about 120 r/hr.  Therefore a)
¥ ] clearance of this size separating the sections?
: / of the lead would be much too large.

: = If the sections of the lead were brought togethe.
14 / wifh no clearance, but in such a manner that the:
i ~—TANK %¢-in. steel cladding layers around each lead
, — section touched and formed a %-in. slab of iron:
between the adjoining lead sections, the dose
% rate at the outer surface of the slab of iron would:

¢ Fig. 151  Top of ART Fill-and-Drain Tank ond be about 2 r/hr, which is also not cccepfable.,;
;1 Shield Showing Recommended Configuration for NaK It was therefore concluded that all odioining:}
55 Lines Penetration. pieces should be overlapped at about their mid- ‘
g thickness.
% of reflected radiation and the data given by Zerby* i
i to estimate the fraction of the incident radiation Incompleted Work
c that is reflected. The data of Rockwell do not Additional calculations are required for the :
1 correspond to ART fuel fill-and-drain tank gamma- shielding of the small lines which connect with :
; ray energies or material, and the data of Zerby  the upper region of the face of the tank and :
” do not correspond to ART fuel fill-and-drain tank penetrate the shield. Calculations are also:
i gamma-ray energies. This calculation appears to  required fo determine the dose rate near the!

g be about all that can be done at this time, how- bottom of the shield as a result of scattered an i

i ever, and the calculated dose rate is probably in  direct radiation through the penetration in fhe

% error by a factor of the order of 2. The dose rate lead required for the tank support.
%for radiation incident at slant angles was cal- » M\mL

! culated from the work of Peebles.? TS

¥

At the bottom of the reactor, the fill-and-drain
ttank support penetrates the lead shield. About
‘2 in. below this penetration the dose rate was
calculoted to be about 2.5 x 104 ¢/hr. In the
Ewcmlty of the top of the air cylinder for the tank
;support about 29 in. below the penetration, the
;iose rate was calculated to be about 2 x 103 r/hr.

e

Overlap in Shield at Removable Top Section

a2
epore T

|n order to facilitate assembly and disassembly,
was necessary fo design the tank shield so

% e i o

Q4C D. Zerby, Transmzsszon of Obliquely Incident
mma-Radiation Through Stratified Slab Barriers,

o) N;_-2224 vol 1 (Nov. 29, 1956} and vol 2 (Jan. 29,
1957

¢

G. H. Peebles, Gamma-Ray Transmission Through
F,gmze Slabs, R-240 (Dec. 1, 1952).

S e T A 352 e A a2 RS

H
2

DOSE RATE IN REGION OF ART PUMPS
H. W. Bertini C. M. Copenhaver

In order to ascertain the feasibility of having
: a man enter the ART reactor cell to unbolt an

inoperative fuel or sodium pump for removal, the
; dose rate was calculated ot a point, P, 62.5 in.
above the reactor midpoint and 22.5 in. from the
axis, such point being in the vicinity of the bottom
of the pump motor. The condition chosen was
9 days after shutdown following 100 hr of reactor
operation at 60 Mw.

The sodium activation contribution was found
to be 0.23 r/hr, of which 0.05 r/hr would be
through lead, 0.13 r/hr would be through NaK
pipe penetrations to the sodium-to-NaK heat ex-
changers, and 0.05 r/hr would be through other

N S O i b S

i penetrations. The corresponding sodium dose rate

[ at shutdown is 5000 r/hr.

I S Z st
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The fuel contribution would be principally from
residual fuel pockets whose probable volumes and
locations are presently not well known. The fuel
pumps, the fuel annulus around the control rod
in the sodium expansion tank, etc., would con-
tribute about 3 r/hr, with about 2 r/hr being
through the fuel pump penetrations. On the
assumption that 2% of the total fuel in the reactor
system would remain uniformly distributed in
the main fuel-to-NaK heat exchanger upon draining
of the reactor, the dose through the NaK pipe
penetrations would be about 500 r/hr.

The off-gas line will pass very close to one
of the fuel pumps and part of it will be visible
through the pump penetration. A total of
3 x 1075 Ba'40 nuclides per second® was assumed
to pass into the off-gas line and deposit uniformly
on its surfaces. If it is assumed that a 3-cm
length of off-gas line will be directly visible
through the penetration, the dose rate was cal-
culated to be 260 r/hr from this source. A
summary of this preliminary calculated dose rate
at P is given below:

Source Dose Rate {r/hr)
Sodium 0.2
Fuel pockets 3
Residual fuel in heat exchanger 500
Off-gas line 260

DECAY OF GAMMA ACTIVITY IN U235,
CONTAINING ART FUEL FOR SHORT
TIMES AFTER SHUTDOWN

J. Foster

The rates of decay-gamma energy emission from
U235 fuel for the first 180 sec after reactor
shutdown following 500 hr of operation were
calculated for six gamma-ray energy groups. The
results (for the six energy groups) were plotted
(Fig. 1.5.2) as Mev/sec for an operating level of
one fission per second as a function of time after
shutdown.  Although data have been available
for the rate of decay of gamma activity for times
of a few minutes or more after shutdown, no data
have been available up to this time for the period

5G. Samuels, private communication to H. W. Bertini.
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Fig. 1.5.2 Decay-Gamma Energy vs Time After Shut-
down for U235-Contuining Fuel Operated for 500 hr ot
60 Mw in the ART.

six gamma-ray energy groups indicated.

Decay energy calculated for the

immediately after shutdown. These short-time
decay rates are important in calculating heating
rates and cooling requirements for such system
components as the fuel drain valves. Results
of this study yield a total decay-gamma energy
of 5.83 Mev fission at 10=5 hr after shutdown.”

DECAY-GAMMA HEATING IN ART FUEL
DRAIN VALVES

J. Foster

Calculations were made of the heat deposition
rates in the bellows and stem of the ART fuel
drain valves by decay-gamma energy originating
in fuel draining through the valve immediately
after shutdown following 500 hr of 60-Mw oper-
ation.

The total decay-gamma energy deposition rate
at the instant of shutdown was calculated to be
2.5 w/cm® of Inconel, which corresponds to a
rate of temperature rise of about 1°F/sec. If it
is assumed that fuel remains in the valve for
3 min, which is the maximum allowable duration
of the fuel draining operation, and the decrease
in gamma activity during this period is allowed
for, a total temperature rise of 106°F is obtained.
No allowance was made in the calculation for heat
loss from the Inconel piping during the 3-min
period.

7The basic experimental data were taken from interim
unpublished work of W. Zobel and T. A. Love cf ORNL
and were modified by C. Copenhaver of ORNL.
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INSPECTIONS OF REACTOR SHELLS
A. Taboada  G. M. Tolson

Inner Core Shells (Shell 1)

Radiographs of inner core shell sections made
by forming, welding, and machining were found
to have ‘‘white lines’’ in the weldments. Metal-
lographic examinations showed the lines to be
associated with farge dendritic grains that ex-
tended through the entire weldment.

Outer Core Shells (Shell If)

Inspections of spun outer core shells described
previously as *‘in process'’ were completed. The
results of all the inspections are presented in

Table 1.6.1.

It is to be noted that none of these shells are
to be used in the ETU and ART. Complete in-
spection was performed in many cases for checking
manufacturing techniques and quality of the finished
parts and for obtaining data for use in other tests.

Shell 11l

The bottom section of core shell Il was in-
spected by radiography following an intermediate
machining operation. One weldment was found to
contain pores and areas that were contaminated.
No repairs were made on the weldment because
the poor areas may be removed during subsequent
machining. The shell will be inspected again
in the final form.

Shells IV and V

Shell material formed by deep-drawing in the
Y-12 shops was examined to investigate the
method that is to be used by Kaiser Metal Products
in the fabrication of shells IV and V. Specimens
consisting both of weld deposits and of the parent
material were found to be acceptable.

Additional specimens of as-received moterial and
of annealed material (1800°F for 10 min) which
had ruptured during fabrication were received
from Kaiser Metal Products. Rockwell hardness
tests were performed (Table 1.6.2), and the
ductility of the material in various stages of the

Table 1.6.1. Results of Examinations of Spun Outer Core Shells

Metallographic

Nonde structive

Lot No. Piece No. Examination of Sample Inspection of Shell

1 1 Not required Rejected for surface defects

1 2 Not required Rejected for defects

1 5 Rejected because of Not required

overpickling®

4 12 Accepted* Not required

3 1 Rejected Thin wall areas

1 4 Accepted Rejected by visual inspection
because of overpickled con-
dition

4 8 Accepted Not required

4 11 Accepted Not required

4 10 Rejected Thin wall areas

4 4 Accepted* Not required

4 7 Rejected Rejected on visual and dye-

penetrant inspections; thin

wall areas

*Metal lographic specimens obtained from cut-up shell.
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Table 1.6.2 Hardness and Ductility of
Inconel Specimens Received from
Kaiser Metal Products Company

Hardness, Estimated Elongation
Specimen Ry (% in 2 in.)
As received* 80 41
As drawn* 93 22
Annealed 73 43

*A control somple of this material has been taken for

subsequent comparisons,

shell-forming process was extrapolated from the
hardness data. Although data of this type are
reasonably accurate, tensile and elongation tests
are also being performed, since large variations
in mechanical properties are usually found in
different heats of the material and occasionally
in the same heat. It may be noted from Table
1.6.2 that the hardness of the annealed material
is not so low as that sometimes found in deep-
drawn good-quality Inconel. Therefore it has been
recommended that the material be annealed at

1800°F for 20 min in the future.

INSPECTION OF COMPONENTS RECEIVED
FROM VENDORS

R. L. Heestand G. M. Tolsen

Y ork Corp. Radiators and Radiator Materials

Radiographs of the tube-to-header welds of
finned-section wnits 9, 11, 12, and 14 of the main
ETU NaK-to-air radiators being supplied by the
York Corp. were reviewed to assure that they
had been properly interpreted. Rejection of units
9 and 11 by the ORNL inspector stationed at the
York Corp. was affirmed; unit 12 was found to
be acceptable; and recommendations were made
for the repair of two porous welds on unit 14,
Radiator units 18 and 19 were inspected and
found to be acceptable, and unit 20 is being
inspected.

Two 1-Mw test radiators, units 2 and 3, were
received for inspection. Unit 2 was found to be
acceptable, but it was found that the return bends
of five of the tubes of unit 3 had been damaged
during installation of a sawing fixture for the

PERIOD ENDING SEPTEMBER 30, 1957

slitting of the fins. The deepest defect was
repaired by welding.

A header piece for the south head of the main
fuel-to-NaK heat exchanger that had been fabricated
for stress analysis tests was also inspected.
Several pinhole leaks found in the brazed tube-
to-header joints were repaired by the ORNL
Welding and Brazing Laboratory by flowing Coast
Metals brazing alloy No. 52 over the pinholes
with an acetylene torch. The necessary inlet and
outlet tubes were also installed, and the unit
was submitted for testing.

Inspections of samples of stainless-steel-clad
copper fins on which the cladding appeared to
be blistered revealed a thin layer of oxide on
the stainfess steel surface that was of sufficient
thickness to prevent bonding. It was recommended
that all fin material that showed defects of this
type be rejected.

Control samples, which duplicated units 5, 6,
7, 8, and 12, were examined metallographically
before and after exposure to air at 1500°F for
100 hr. Control samples 5, 6, 7, and 8 were
acceptable, but sample 12 showed lack of flow
of the brazing alloy, and 60% of the fin lips
were found to be unprotected after oxidation.

Recommendations were made to the York Corp.
for the use of jigs and fixtures in making the
welds of tube-to-header joints in order to prevent
the braze cracks found on ETU radiator unit 1.
The cracks resulted from excessive weld shrinkage.
A procedure for the repair of the cracked unit
was also recommended. Spacers for use during
brazing were prepared and sent to York Corp.
These Inconel X spacers were fabricated by rolling
and processing in a hydrogen atmosphere for 30
min at 1950°F; 200 spacers were prepared.

Griscom-Russell Co. Heat Exchangers

Sodium-to-NaK heat exchanger units 1 and 2
fabricated by Griscom-Russell Co. were submitted
for inspection prior to installation in the ETU
north head. Root passes of the welds on each
head of both heat exchangers showed lack of
penetration because of shrinkage and inadequate
repair work. Cleanup passes will be made on
future units to eliminate defects of this type.
Since no defects serious enough to cause failure
of the units were found, they were accepted for
use in the ETU system.
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A K-fin radiator job sample was examined and
rejected because of a manufacturing defect imposed
on the tube by the winding of the fin. It was re-
quested that the tube-sheet design for the K-fin
radiator be revised because there are areas in
the present design which would be stressed
beyond the yield strength of the Inconel.

The following procedures and samples were
examined and approved: (1) a tube-to-header weld
and braze sample with eight tubes; (2) three tube-
to-header welder-qualification samples; (3) a fuel-
to-NaK heat-exchanger-header assembly sequence;
(4) a dummy sodium-to-NaK heat-exchanger-header
assembly; (5) a joint change of a sodium-to-NaK
heat-exchanger nozzle-to-header weld; and (6) a
sodium-to-NaK heat-exchanger header for stress-
analysis testing.

Black, Sivalls & Bryson Heat Exchangers

A resistance technique for bending the fuel-to-
NaK heat exchanger tubes was approved after
destructive and nondestructive examination of ten
tube samples submitted by Black, Sivalls & Bryson.
North and south header stress analysis samples
were received, and after repairs of several cracks,
the north head sample was accepted for testing,
The south head stress analysis sample is being
inspected.

The following reports, procedures, and samples
were examined and approved: (1) radiographic
techniques for examination of tube-to-header welds;
(2) a report covering the modification of the
channel-to-web weld joint; (3) samples of and a
report on the bulkhead weld; (4) a report on tube-
to-header brazing covering the use of rings con-
toured to fit the header; (5) braze samples 1 and
2 that illustrated vertical and horizontal brazing;
{(6) proposed welding techniques for the channel,
flute filling, inlet pipes, outlet pipes, ond the
bulkhead-to-tube-sheet joints.

Midwest Piping Company Forgings and Weldments

Nondestructive and destructive examinations were
completed on samples of hot-forged Inconel re-
ducers which were fabricated ot temperatures of
1800 to 1850°F by the Midwest Piping Company.
Metallographic examination revealed the grain size
to be no greater than No. 5, and therefore the
fabrication method was approved.

An Inconel pipe saddle weldment was examined
and approved for design and weld integrity. Also
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a 90-deg bend in a piece of 3]/2-in. Inconel pipe
was checked for wall thinning, flattening, and
other defective conditions and was found to be
satisfactory.

Process Engineering, Inc., Tanks and
Bellows Expansion Joints

Inspection was completed on standard NaK tank
No. 2 received from Process Engineering, Inc.,
and it was found to be acceptable for the intended
use. Four other tanks have been received and
are being inspected. Twelve bellows expansion
joints for the ART were also received for in-
spection.

Fulton-Sylphon Company Bel lows

A sample ETU sodium expansion bellows was
received from the Fulton-Sylphon Company for
evaluation of fabrication techniques. Examination
revealed that the seam welds on each end of the
unit were porous. Metallographic examination re-
vealed dirt imbedded between each of the three
plys of the bellows. In the weld metal, pores up
to 0.005 in. in diameter were found. It was recom-
mended that more care be taken in the fabrication
of the bellows to eliminate sources of dirt and
contamination.

Hoke, Inc., Inconel and Stainless Steel Yalves

Fifteen Inconel and fifteen type 316 stainless
steel valves, which have two welds each, were
received from Hoke, Inc., for acceptance of the
welds. Inspection resulted in the detection of
five defective welds. These welds were repaired
and were found to be acceptable upon re-examination.

METAL IDENTIFICATION METER
A. Taboada G. M. Tolson

The examination with the metal identification
meter of an ART-type fuel pump after test operation
indicated that a material other than Inconel had
been used. Further tests with the metal identifi-
cation meter and a Spotchek chemical kit revealed
that the labyrinth seal was fabricated of a 300-
series stoinless steel. Since material other than
Inconel has been detected in other components
by this equipment,® two additional meters have

3G. M. Tolson and R. L. Heestand, ANP Quar. Prog.
Rep. June 30, 1957, ORNL-2340, p 78.
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been ordered for adequate inspection to ensure

that only Inconel is used in the ETU and ART.

The meter now available is being used to check ‘

all components being received from vendors. The
second meter will be used in the Y-12 Plant
General Shops in order to check all incoming
materials and to check all components that are
fabricated there. The third meter will be used
to check a!l material that is welded in the welding
shop established for the assembly of the ETU
and ART.

INSTRUMENTATION AND CONTROLS
INSPECTIONS

Nickel-Copper Welds in Liquid-Level Probes

Several failures have occurred in the nickel-
copper welds in liquid-level probes. A microscopic
examination of one of the failed welds revealed
stringers of copper oxide adjacent to the failure
zone. Radiographs of several other probe welds
showed large pores, which indicate high oxygen
content of the copper. Probes which have not
failed are being examined to obtain comparative
information that will be useful in further investi-
gation of the cause of failure.

A liquid-level indicator which cracked and leaked
in five areas was found to have failed because
of ratcheting of the ceramic insulators. The tube
failures were typical of tube-burst test failures
under biaxial foading. A second liguid-level in-
dicator failed because of leakage through a pin-
hole. The initial radiographs taken of this area
were re-examined, but no indication of the defect
was found. Since the unit had also passed dye-
penetrant inspection, the pinhole probably origi-
nated in the inner lead weld which was not
accessible for dye-penetrant inspection.

Thermocouple Welds

A test thermocouple which failed during testing
in NoK at 1500°F was examined metallographically
The failure was found to have occurred in the
closure weld of the thermocouple sheath and was
due to lack of penetration of the weld. At the
point of failure the magnesium oxide insulating
material had been leached to a depth of approxi-
mately / in. during the 5000 hr of exposure to
NaK at ]500°F and NaK had diffused through the

insulating material approximately 10 in.  No

PERIOD ENDING SEPTEMBER 30, 1957

deterioration of the metal parts of the unit could
be seen. The failure zone is shown in Fig. 1.6.4,
and the thermocouple assembly is shown in Fig.

1.6.5.

UNCL ASSIFIED
T-12B95

ONE INCH
abadat

Fig. 1.6.4. Sectioned Thermocouple Assemblies After
Service in NaK at 1500°F.
operated satisfactorily for 5000 hr. The unit shown

The unit shown in (a)

in (b) failed because of a crack in the closure weld
on the sheath. Note removal of insulation by reaction
with NoK. The dark insulation visible in () is
saturated with NaK.

UNCLASSIFIED
T-13096

\’%\ FAILURE AREA SHOWN

IN Fig.1.6.4 &

Fig. 1.6.5. Thermocouple Assembly Which Failed
During Exposure to NaK for 5000 hr at 1500°F,

89



ANP PROJECT PROGRESS REPORT

PROCEDURES FOR RADIOGRAPHIC
INSPECTION OF WELDMENTS ON ART ISLAND
AND REFLECTOR

A. Taboada  G. M. Tolson

There are seven critical welds on the ART and
ETU which can be radiographically inspected only
through sections of beryllium. Normal radiographic
techniques cannot be used because beryllium
scatters the incident x-ray beam and causes
general fogging of the film. Experiments are being
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run in order to determine techniques for obtaining
maximum sensitivity.

Several radiographic techniques were used in
the inspection of the equatorial weld on the ETU
island shell assembly, but it was impossible to
estimate the radiographic sensitivity obtainable
by these methods. A mockup of the assembly with
known discontinuities was therefore obtained,
and the sensitivities of the inspection methods are
being investigated.
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HEAT TRANSFER STUDIES

H. W. Hoffman

THERMAL-CYCLING RESEARCH
Pressurized System

H. W, Hoffman D. P. Gregory!

The experimental investigation of the effect of
thermal-stress cycling on Inconel tubes filled with
flowing NaF-ZrF“-UF4 (50-46-4 mole %) was
continued with the use of the pressurized-flow
system. Data were obtained at temperatures near
1600°F for tube bends, tube welds, and straight

1on assignment from Pratt & Whitney Aircraft.

tubes cycled at frequencies of 0.4 and 1.0 cps.
The results of the experiments performed during
the quarter are presented in Tables 1.7.1 and 1.7.2
and are summarized in Fig. 1.7.1.

Straight tubes were tested at a cyclic frequency
of 1 cps for comparison with the data of experi-
ments made at frequencies of 0.01 and 0.4 cps.
As previously reported,? the tests at 0.01 and
0.4 cps frequencies indicated no significant effect
of cycling frequency on depth of attack. However,

24, W. Hoffman and D. P. Gregory, ANP Quar. Prog.
Rep. June 30, 1957, ORNL-2340, p 82.

Table 1.7.1. Results of Thermal-Cycling Test of Inconel Tubing Containing
Flowing chF-ZrF4--UF4 (50-46-4 mole %)

Cycling rate:
Tubing size:

0s4 cps
Z-in. OD, 0.035-in. wall
Heater length: 8 in.

Test Conditions ET-27* ET-29° ET-30 ET-31 ET-32 ET-33 ET-34 ET-35 ET-3¢ ET-37
Duration of run, hr 4 n 645 30 25 54 19 45 115 1§
Heater section

Outer wall tempetatute, °F
Average 1597 1795 1725 1769 1767 1763 1716 1700 1664 1648
Fluetuation +gs  t116 +97 t97 196 t89 77  t80 170
Maximum depth of ottack, mils

General subsurface voids 2 2 4 6

Intergranular attack 3 4 4 5 105 6 8
Test section

Outer wall temperature, °F
Average 1597 1623 1604 1590 1613 1620 1598 1626 1590 1584
Fluctuation +3 13 14 +16  f13 ES LI 4 | 16 116
Maximum depth of attack, mils » .

General subsurface voids 2 5 4 4.5 7 3 35

Intergranular attack 3 5 4 345 7 6 35
Inlet mixed=mean fused-salt 1597 1573 1578 1573 1574 1573 1542 1598 1555 1562

temperature, °F

Cause of test termination Voluntary®

% sothermals
bHigh-fl’equency cycling rate: 1 cps.
CAll other runs were terminated by instrument failure.
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Table 1.7.2. Results of Thermal-Cycling Tests of Bent Inconel Tubes Containing Flowing
NuF-ZrF4--UF4 (50-46+4 mole %) Cycled at a Rate of 0.4 cps

Attack in Straight

Attack in Bends

Portion
Run Description Depth Type of Comments
Depth Type of
(mils) Attack (mils) Attack
ET-30 Prior creep, fine grained, 3.5 General 4 General in all Equal attack on both tension and
four 90-deg bends bends comptession sides of each bend
ET-31 No prior stress, fine 3.5 Intergranular 4 Intergranular  Deepest attack found near center
grained, four 90-deg in all bends of each bend with no difference
bends between tension and com=
pression sides of bends
ET-32 No prior stress, fine 445 Intergranular Tendency toward slightly deeper
grained intergranular attack on tension
Two 30-deg bends 6 Intergranular sides of bends
Two 150-deg bends 5 Heavy inter-
granular
ET-33 No prior stress, coarse 7 General 8 General in all Equal attack on both tension and
grained, four 90~deg bends compression sides of bends
bends
ET+34 No prior stress, coarse 3 General 3.5 General in all Equal attack on both tension and
grained, two 30-deg bends compression sides of bends
bends, two 150-deg
bends
NCLASSFIED preliminary results of a run (ET-29, Table 1.7.1)
o ORNL-LR-DWG 25897 at 1 cps showed test-section attack that was
| [ ] somewhat greater than that observed at the lower
N 90-deg BEr:B7O 0.4 cps frequencies. The low temperature amplitude (£3°F)
2 °© //‘} at the outside wall of the test section resulted from
§ s0-d0s %}/ the increased cycle frequency. The observed
£ BEND*O/ o intergranular attack of 5 mils with a temperature
g 51— 0o | e fluctuation of only +3°F indicates that the extent
£ ?.904dquEND.,/<ﬁMAL of the attack on Inconel is frequency dependent,
§ g\/?;(.)—deg oo | o 1Ocps—COARISE o with a criticcfl.frequency in the vicinity o‘f ]/2 to
2 P Rets | G 042 CoMRSE Grangy — 1 cps. Additional data are cur;enfly bel‘ng oi?-
g e N RANED tained a.f the 1-cps frequency in order to verify this
¥ ISOTHERMAL - FINE GRAINED conclusion.
°s 20 20 0 8‘0 4|OO 1‘20 (a0 The effect of prior strain on the extent of the
TEST DURATION (hr) corrosive attack on Inconel under thermal cycling
conditions wos investigated in the series of runs
Fig. 1.7.1. Summary of Data Obtained in Thermal-  ET-30 through ET-34 (Table 1.7.2). For run ET-30,

Cycling Experiments with Inconel Tubing Filled with
Flowing N!.Il"'-ZrF“-UF4 (50-46-4 mole %). (Secret with
caption)
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a fine-grained tube was prestressed to give a fixed
strain, allowed to relax for 24 hr at 1300°F, and
then bent, as shown in Fig. 1.7.2a. Because of
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Fig. 1.7.2, Test Section Configurations Used in the

Determination of the Effect of Thermal Cycling on Tube
Bends. (@) 90-deg bend. (&) 30-deg bend.

the crudeness of the creep apparatus, the exact
strain imparted is not known. However, it is felt
that the results give at least a qualitative estimate
of the effect of stress. Runs ET-31 through ET-34
were performed with annealed (as-received) tubing.
Two of these tubes, ET-31 (fine grained) and
ET-33 (coarse grained), were bent as shown in
Fig. 1.7.2a; while the other two tubes, ET-32
(fine grained) and ET-34 (coarse grained), were
bent as shown in Fig. 1.7.26. It may be noted from
Table 1.7.2 that in all cases the attack was greater
in the bends than in the straight sections of the
tube. However, no difference was detected between
the attack on the tension and compression sides of
the bends. On the basis of data obtained by the
Experimental Engineering Group in tests of tube
bundles in a fluoride fuel environment, this result
is somewhat unexpected. A duplicate series of
thermal-cycling tests with bent tubes will be
initiated shortly that will be scheduled for 100 hr
of operation.

It may also be noted in Table 1.7.2 that, as in
previous tests, the fine-grained tubes showed
intergranular attack and the coarse-grained tubes
showed general attack. Photomicrographs showing
the attack in two tube bends are presented in

Flgo 107-3-

PERIOD ENDING SEPTEMBER 30, 1957

Since it is planned to use welded and machined
shells in contact with the fluoride salt in the ART,
a study of the effect of thermal cycling on machined
welds was undertaken. The test sections were
formed by butt-welding two pieces of Inconel tubing
(0,25-in. OD, 0.035-in. wall thickness). The inside
of the weld was reamed to the original inside tube
diameter, and the outside was machined back to the
original outside tube diameter, The weld was
located approximately 1 in. downstream from the
heater. The results of these tests, runs ET-35
through ET-37, are given in Table 1.7.1. Photo-
micrographs of the weld areas of the specimens
are not yet available. Run ET-35 was made with
a fine-grained tube, while coarse-grained tubes
were used for runs ET-36 and ET-37. Further,
the specimen used in run ET-37 was constructed
by building up ]/4 in. of weld metal on the ends of
the tubes, machining the weld metal to the original
tube dimensions, and welding the weld-metal
pieces together. The specimen used in run ET-35
showed the same depth of attack in the weld region
as in the unwelded portion of the tube, with perhaps
somewhat denser subsurface void formations in the
weld, The specimens used in runs ET-36 and
ET-37 both failed in the weld areas after relatively
short exposures. In all cases the welds were
fabricated by a qualified Inconel welder. However,
since the welds were not critically inspected, the
possibility of initial weld porosity exists. Ad-
ditional tests of this type are to be run with welds
which have satisfactorily passed inspection.

PulsesPump System

J. J. Keyes, Jr. A. l. Krakoviak
A. G. Smith, Jr.!

The high-frequency pulse-pump thermal-cycling
loop hos been successfully operated with the fuel
mixture NaF-ZrF -UF, (56-39-5 mole %) as the
fluid medium. The initial run extended over ap-
.proximately 72 hr of intermittent isothermal and
cyclic temperature-difference operation. The mean
fluid temperature was in the range 1300 to 1350°F,
and hot- to cold-leg temperature differences of as
much as 175°F were achieved, Much difficulty was
experienced, however, in controlling the levels of
the six free liquid surfaces incorporated in the
loop.3 At the end of the initial run, the loop was

3J. E. Mott and A. G. Smith, Jr., ANP Quar. Prog.
Rep. Dec. 31, 1956, ORNL-2221, p 54~58. For details
of loop, see esp Figs. 1.4.27 ond 1.4.28.
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Fig. 1.7.3. Specimens of Inconel Tubing Exposed to NaF-ZrF -UF, (50-46+-4 mole %) at 1600°F in Thermal Cycling Tests
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temperature oscillation as indicated by these
thermocouples was 127°F at the test section inlet
and 103°F at the outlet. The inner surface temper-
ature oscillation was estimated to be between
167 and 195°F. This variation exists because of
uncertainties in establishing the boundary con-
dition at the outer surface in the equation describing
the decay of the radial temperature wave. The
metallurgical examination of this test section has
not yet been completed; however, standard dye-stain
and radiographic examinations show no superficial
damage. Future tests will again be made at a
cyclic frequency of 1 cps, but the amplitude of the
temperature fluctuation will be varied.

Thermocouple Development
J. E. Mott!

An improved technique was used for further
measurements of the surface temperature of a thick-
walled pipe in contact with a fluid whose temper-
ature is a periodic function of time. An Inconel-
nickel ‘‘gunbarrel’’ thermocouple® was shrunk-fit
into the pipe wall, the inside of the pipe was
reamed so that the junction would be flush with the
wall, and a thin (approximately 1-p) layer of nickel
was deposited by vacuum evaporation. This nickel
layer introduced negligible resistance to heat flow,
and thus enabled instantaneous measurement of
the interface temperature. The thinness of the
nickel layer ensured negligible perturbation of the
fluid flow in the vicinity of the thermocouple.

Typical results for a test section fabricated from
a 0.47-in.-ID, 0.25-in.-wall Inconel pipe exposed
to sinusoidal temperature oscillations in water are
shown in Fig. 1.7.5 for a film heat transfer coef-
ficient of 3700 Btu/hr-f12.°F. As may be seen,
the results are in reasonable agreement with the
Jakob equation4 for an infinitely thick plane wall.

An Inconel-nickel *‘gunbarrel’ thermocouple
(not attached to a tube) was tested in static
NaF-ZrF -UF, (50-46-4 mole %) at 1200°F for
300 hr. During this time the thermocouple indicated
a steady temperature of about 1230°F. Metallurgical
examination of the thermocouple, of which a
longitudinal section is shown in Fig. 1.7.6, re-
vealed, however, that the metallic junction between
the central nickel wire and the Inconel had been

M, Jakob, Heat Transfer, vol 1, p 298, Wiley, New
York, 1949,
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Fig. 1.7.5.
Fluid Temperature Amplitude, 77, as a Function of the

Rotio of Wall Temperature Amplitude to

Cycling Frequency for a Thick-Walled

Temperature
3700 Btu/hrsf+2.F,

Inconel Tube. Film coefficient:
removed by the fluoride salt.5 This is shown more
clearly in the photomicrograph of Fig. 1.7.7. It is
concluded that the conductivity of the melt was
sufficient to provide electrical continuity. Since
the fluoride salt was found to have penetrated some
distance along the nickel-oxide insulation, it is
evident that this type of thermocouple cannot be
relied upon for long-term accurate measurement of
surface temperatures in a fluoride salt environment.

ART HYDRODYNAMICS
Full-Scale Core Studies
W. J. Stelzman

The investigation of auxiliary flow guidance for
improving hydrodynamic stability in the ART core
was continued, and two new configurations were

SR, 4 Gray and J. He DeVan, Metallographic Ex-
amination of a Gunbarrel Thermocouple, Metallograpby
Specimen No. 16203~Metallography Report No. 294,
ORNL CF-57-6-71 (June 17, 1957).
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tested. One configuration consisted of a pair of
inserts and ramps mounted at each pump discharge
port. The insert, one side of which maintained the
circular contour of the core entrance passage,
while the opposite side provided a gradual area
transition for flow from the pump discharge, was
installed at the junction of the center volute and
pump-discharge passage and occupied a 38-deg
circumferential sector. It extended the full height
of the volute. The ramp was located on the roof
of the center volute and occupied a 50-deg radial
sector adjacent to the insert. The shapes and the
positions of the inserts and ramps are shown in
Fig. 1.7.8.

For the second configuration, a pair of thin
(approximately ]/8-in.) Plexiglas baffles, similar in
contour to the actual core shells, were suspended
in the annular passage between the island and
reflector shells, as described by Platus,% to form
narrow (approximately 7/i;-in.-wide) annuli adjacent
to the island and reflector walls. The baffles
extended approximately three-fourths of the length
of the core.

The first configuration (inserts and ramps) was
designed to increase the tangential component of
pump-discharge flow into the center volute. At
the same time it was intended to provide more
uniform flow distribution circumferentially into
the core annulus by increasing the velocity of
pump discharge and by providing a downward
velocity component to the swirling fluid mass.
Observation of the flow pattern revealed no major
improvement in stability even when used in con-
junction with the GS-2 guide vanes. However,
additional tests are needed to properly evaluate
this design.

The second configuration (baffles) was proposed
primarily to improve the flow stability adjacent to
the core shells, to absorb some of the thermal
oscillations in the main stream, and to decrease
the peak fluid temperature near the inner and outer
walls. Preliminary work has been concerned with
obtaining proper flow in the three parallel channels
formed by the baffles. Qualitative observations
indicated that satisfactory flow could be achieved
by controlling the area of the inlet passages.
Many more experiments will be required to optimize
the design and to ascertain the effectiveness of
these baffles.

6D, H. Platus, ANP Quar. Prog. Rep. March 31, 1957,
ORNL-2274, p 10-12.
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QuartersScale Core Studies
G. L. Muller?

Velocity and pressure loss data were obtained in
water flow tests of the w/“-scale model of the
ART 21-in. core with an ART-type entrance header,
a core inlet collimator, and five core screens.
The core and header system are shown in Fig. 1.7.9.
The collimator was fabricated from a ?‘/a-in.-fhick
perforated plate of 0.42 solidity. The screens
were cut from 20 x 20 mesh, commercial, woven-
wite screening. The first four screens had a 0.385
solidity, while the final screen was of 0.510
solidity.

The velocity distributions at six axial positions
along the core are shown in Fig. 1.7.10 for a
mid-plane Reynolds modulus of 6020. These profiles
were obtained from analysis of photographs of the
velocity profiles visualized at these positions by
the phosphorescent-particle technique (see Fig.
1.7.13 of the next section). Because of the
entrance collimator, the core flow was nonrotational.
The results are in good agreement with previously
reported qualitative data on this system.? The
profiles at positions C, D, and E indicate that
comparatively low velocities exist near the
outer wall in the mid-plane region. A prelimi-
nary examination of velocity data obtained ot
NRe,mld = 25,000 for the mid-plane region showed
no major deviations from the profiles of Fig.1.7.10.

The experimental variation of average fluid
velocity with axial position is given by the data
points of Fig. 1.7.11. The positions A“and D’
are located in a vertical plane rotated 90 deg from
the plane containing positions A through F. The
curves shown were calculated on the basis of flow
continuity by using the data at positions A and A’
for base points. The reliability of the experimental
data is indicated by the excellent agreement be-
tween the measured average velocity at position
F and that predicted by the calculated curves. The
average fluid velocities are equal at positions A
and A’; however, a 10% deviation exists at
positions D and D’. This difference lies within
the experimental error at this position.

Thus, the data indicate a core flow which is
peripherally symmetrical despite a large pressure
variation in the core header. The extent of this

7G. L. Muller and F. E. Lynch, Effects of Screen
Packing in the ART 21-Inch Core and in an RMR Core
Designed to Concenirate the Packing in the Core
Entrance Region, ORNL CF-56-12-5 (Dec. 20, 1956).
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header pressure variation is presented in Fig.
1.7.12, in which the experimentally measured
relative pressure difference at a number of positions
through the header is plotted as a function of the
mid-plane Reynolds modulus. The relative pressure
difference is the ratio of the pressure difference
between the test position and the core exit to the

WATER IN

T

fluid kinetic energy evaluated at the mid-plane,

K = 2 Mp .

2
Pled

A schematic drawing of the header and the approxi-
mate pressure tap locations are also given. From
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Fig. 1.7.10. Radial Velocity Distributions in a Screen-Filled ART Core Model.

101



ANP PROJECT PROGRESS REPORT

Fig. 1.7.12, the maximum relative pressure differ-
ence in the header at the ART design flow rate
(Nje.mig = 97,500) is approximately 125. This
corresponds to a pressure drop of 6.06 psi. In
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Fig. 1.7.11. Axial Variation of Average Velocity in
21-in. ART Core Model. (Secret with caption)

comparison, the relative pressure difference across

this core is 160 (7.76 psi).

Data have also been obtained for simulated
single-pump operation in the screen-filled core
model. A preliminary evaluation of the data shows
a relative pressure loss across the core of 220 at
one-half the design flow rate. At this same flow
rate the header relative pressure difference was
200. No apparent change from the data of Fig. 1.7.10
was noted in either the radial or peripheral velocity
distributions. .These data indicate that, on the
basis of core flow distribution, single-pump oper-
ation with a screen-filled core is feasible.

Further investigations are planned with a 0.33
solidity entrance collimator to determine whether
the core pressure loss can be lowered without
adversely affecting the core velocity distributions.
From the present results, it appears that screens
of higher solidity are needed in at least the two
downstream positions to flatten the mid-plane
velocity distributions. This will be checked in an
additional study.
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Fig. 1.7.12, Relative Pressure Difference in Model of ART Inlet Header.

102

)



Instantaneous Velocity Profile Measurements
F. E. Lynch

Velocity profile photographs were obtained for
flow through the 10/“-sccle model of the ART with
on ART-type entrance header, a core inlet colli-
mator, and five core screens. The experimental
system is as described in the previous section
(see Fig. 1.7.9). Photographs were taken at the

six axial positions A through F and at positions A’

and D’ for twin-pump operation and at positions A
and B for single-pump operation. Typical velocity
profile photographs are shown in Fig. 1.7.13 at
positions C and E. The lack of sharpness in the
photographs results partially from the fluid mixing
brought about by the screens and partially from
the slow shutter speed (‘{50 sec) of the camera.
This study will be repeated with a 35-mm camera
(faster shutter speed) and a Reynolds modulus
higher than the 6000 to 9000 used for the present
test in order to obtain more sharply defined profile
photographs.  Screens of various solidities will
also be investigated.

In order to obtain quantitative velocity infor-
mation, it is necessary to obtain a photograph of

PERIOD ENDING SEPTEMBER 30, 1957

a grid placed in the plane of the visualized profile,
as shown in Fig. 1.7.14. The distortion of the
grid lines by the curvature of the Plexiglas shell
can be clearly seen.

FUSED SALT HEAT TRANSFER

H. W. Hoffman S. I. Cohen
D. P. Gregory

Forced-convection heat transfer studies with
NaNO_-NaNO,-KNO, (40-7-53 wt %) flowing through
heated tubes have been completed. The data cover
the Reynolds modulus range of 5000 to 25,000 and
show a heat transfer coefficient variation from
800 to 2900 Btu/hr-f12.°F, The final results are
presented in Fig. 1.7.15 in terms of the heat
transfer parameter, NNU/N?,‘I_“. For comparison,
earlier data obtained with this nitrate-nitrite
mixture, both in this laboratory® and by other
investigators,? are presented. All the data of

8H, W, Hoffman, Physical Properties and Heat Transfer
Characteristics of an Alkali Nitrate—Nitrite Salt Mixture,
ORNL CF-55-7-52 (July 21, 1955).

. E. Kirst, We M. Nagle, and Js B. Castner, Trans.
Am, Inst. Chem. Engrs. 36, 371 (1940).

PHOTO 42241

{a) POSITION C

(b) POSITION E

Fig. 1.7.13. Photographs of Visualized Velocity Profiles in Screen-Filled 10/44~Scale Model of 21-in. ART Core.
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STRNET
PHOTO 42242

Fig. 1.7.14, Photograph of Coordinate Grid Placed in
Plane of Visualized Velocity Profile.

Fig. 1.7.15 have been adjusted by using the value
for the thermal conductivity of this salt that was
recently determined by Powers (see subsequent
section of this chapter on **Physical Properties’?).
The experimental results are in good agreement
with the empirical equation, Ny /N34 = 0.023 NO:8,
which describes forced-convection heat transfer
in ducts containing ordinary fluids. 19

Studies have been initiated of forced-convection
heat transfer with KCI-LiCl (41.2-58.8 mole %)
flowing through a type 347 stainless steel tube.
The experimental system is nearly identical to
that used for the NaNO ,-NaNO,-KNO, (40-7-53 wt %)
investigation. Preliminary results fall below the
standard correlations, but this discrepancy is
probably due to uncertainty in the data on the
thermal conductivity of this chloride mixture.

IOOrdinary fluids are defined as those fluids whose
Prandtl meduli lie in range 0.5 < Np, < 100.
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Fig. 1.7.15. Heat Transfer with NaNOZ-NuNO:’-KNO3
(40-7-53 wt %).

The possibility of an interfacial film is also being
investigated by using both chemical and x-ray
diffraction techniques. The existence of a film
will be further checked in experiments with an
Inconel tube.

HEAT TRANSFER EXPERIMENTS
N. D. Green W. R. Gambill
ART-Type Core with Screens

Initial experiments have been completed on the
half-scale volume-heat-source ART core model
containing four 0.342 solidity screens and an inlet
collimator. Both steady-state and fluctuating
temperatures were measured at the inner and outer
core walls, The transient data are compared in
Fig. 1.7.16 with data obtained in previous measure-
ments!! of a vaned entrance system. While the
magnitude of the outer wall temperature fluctuations
peak is appreciably above the corresponding value
for the vaned core, the inner core fluctuations
have been reduced by an order of magnitude. In
Fig. 1.7.17 the corresponding steady-state temper-
ature distributions are presented. The inner wall
temperatures lie consistently below the fluid
mixed-mean temperatures and indicate uniform
high-velocity flow along the inner wall. These
results are in good agreement with predictions made
on the basis of the velocity profiles experimentally
determined by Muller and Lynch? (see also,
Fig. 1.7.10, this chapter). Thus, some hydrodynamic
instability in the mid-plane region on the outer wall

H, F Poppendiek et al.,, Analytical and Experi-
mental Studies of the Temperature Structure Within the
ART Core, ORNL.-2198 (Jan. 31, 1957).
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is reflected in the observed peaking of the transient
temperature fluctuations on the outer wall of the
volume-heat-source system.  Similarly, the flat
velocity profile (approximating the shape of the
power profile) near the inner wall indicates a low
surface temperature. Conversely, a high outer wall
temperature, as shown in Fig. 1.7.17, was to be
expected.

A possible method of altering the core flow to
increase the flow along the outer wall without

PERIOD ENDING SEPTEMBER 30, 1957

materially affecting the inner wall flow lies in
introducing screens of variable radial solidities.
Screens of this type would have high pressure
drops (high solidity) through the central portions
that would force greater peripheral flow. Several
such experimental screens have been designed and
are now being fabricated.

Vortex Tube

Preliminary experimental determinations have
been made of the heat transfer coefficients for air
in source vortex flow. The measurements were
made by using metal Hilsch-Ranque tubes having
length-to-diameter ratios of 20. The tubes were
heated by the axial passage of a high-amperage
electrical current through the tube wall. The data
are shown in Fig. 1.7.18, in which a modified
Colburn factor is plotted as a function of the
energy required per square foot of heat transfer
surface. For tubes of identical geometry and the
same over-all pressure drop, heat transfer in
straight turbulent flow and in source vortex flow
can be directly compared. On this basis, the
experimental data of Fig. 1.7.18 show vortex flow
to be a factor of 5 better than straight flow. The
correction to the vortex flow data to account for
the pressure drop associated with the momentum
increase of the air in passing from the tube inlet
fo exit has not been included in this analysis.
The magnitude of this correction will be experi-
mentally determined in the 3-in. vortex currently
under construction. This tube will allow radial
and axial traverses of fluid velocity, temperature,
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and pressure. Optimization of the heat transfer
efficiency as related to such factors as tube
length-to-diameter ratio and entrance region design
is being investigated.

LIQUID-METAL VOLUME-HEAT-SOURCE
EXPERIMENT

G. L. Muller

An investigation of heat transfer in a liquid
metal (mercury)system with internal heat generation
is in progress. This study is aimed at a better
understanding of the heat transfer mechanism so
that more accurate calculation of the thermal
structures in circulating-fuel reactors can be made.
Discrepancies between results from experimental
liquid-metal forced-circulation heat transfer studies
and theoretical calculations have raised questions
as to the validity of corresponding analyses for
the volume-heat-source case. In particular, the
““interface thermal resistance’’ theory postulated
to explain the reduced values of the experimentally
measured Nusselt modulus when heat is transferred
through the tube wall will be tested in this study.

A diagram of the experimental system now being
constructed is shown in Fig. 1.7.19. Mercury will
flow from the sump into the Moyno pump, through a
flow-measuring orifice, through the test section
and cooler, and then return to the sump. In an
additional flow path, the mercury will bypass the
test section and cooler.

The test section is a l/“-in. glass tube interrupted
by three electrodes for volume electrical heating.
The arrangement is such that no heat is generated
outside the test section. The wall temperatures
of the test section will be measured by copper-
constantan thermocouples attached to the outside

of the glass tube. To prevent heat loss through
the test section wall, external insulation and guard
heating will be provided. Fluid mixed-mean inlet
and exit temperatures will also be measured. In
this apparatus Reynolds moduli of 500,000 can be
attained. A second test section of 1%-in.-ID glass
tubing will be available with which te make radial
temperature and velocity traverses.

MASS TRANSFER
J. J. Keyes, Jr.

A comparison with experimental results12:13
of the amount of mass transfer to be expected in
alkali metal—alloy systems was made for two
assumed diffusion mechanisms.'4  The results
are presented in Table 1.7.3. In the first mecha-
nism, the boundary layer was assumed to be satu-
rated and the rate of transfer was limited by the
rate of diffusion of solute into the liquid. A general
expression was derived that included effects of
variation in temperature and liquid composition
around a closed loop and which simplified under
certain conditions to

W(O) = k Sty - t.)0,

where W(@) is the amount of mass transfer in time
6, k; is the conventional mass transfer coefficient,

2), H. DeVan and J. B. West, A Brief Review of
Thermal Gradient Mass Transfer in Sodium and NaK

Systems, ORNL CF-57-2-146 (Feb. 11, 1957).

13), H. DeVan and R. S. Crouse, ANP Quar. Prog.
Rep. Dec. 31, 1956, ORNL-2221, p 175; ANP Quar.
Prog. Rep. March 31, 1957, ORNL-2274, p 154

14y, 1, Keyes, Jr., Some Calculations of Diffusion
Controlled Thermal Gradient Mass Transfer, ORNL
CF-57-7-115 (July 22, 1957).

Table 1.7.3. Summary of Calculations and Comparison with Data for Two Postulated Mechanisms

of Mass Transfer in Sodium-Inconel Systems

Exposure time:

1000 hr

Temperature differential: 300°F

Mass Transfer Estimate, W (g)

HoteZone Temperatute

Expetimental Mass Transfer

(°F) Liquid=Diffusion Limiting Wall-Diffusion Limiting (g) from Forced-Circulation Loops
Method Method

1500 400-~1000 2=-25 13

1200 300~-700 1-8 <0.5
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loted.

S is the solubility of the solute (Ni) in the liquid
(Na or NaK), and ¢, and t are the hot- and cold-
zone temperatures, respectively. For typical
forced-circulation loop conditions (¢, = 1500°F,
t- =1200°F, 6 = 1000 hr), this mechanism predicts
W to be between 400 and 1000 g, whereas the
observed value is about 13 g. Furthermore, this
mechanism predicts W to be only slightly tempera-
ture dependent, in contradiction to observation.

In the second mechanism, the rate of mass
transfer was assumed to be limited by the rate of

diffusion of a component (for example, Ni) of the
solid alloy (for example, Inconel) to the solid-
liquid interface. = The approximate expression
derived for W(6) was

1/2
D6 x(ty ~to)

we) = 2p, | — _,
w a ty
where D is the diffusivity of nickel in the solid
wall, x is the bulk solid concentration, and p_ is
the solid density.
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Based on extrapolation of some data for the
diffusivity of nickel, as reported in the literature,
W(6) was estimated to be between 2 and 25 g for
ty = 1500°F, t- = 1200°F, 6 = 1000 hr. As may
be seen, this estimate is in better agreement with
the observed mass transfer accumulation than was
the estimate based on liquid diffusion. On the other
hand, the wall diffusion mechanism does not
correctly account for the dependence of the mass
transfer (W) on flow rate and time and does not
predict a sharp break in mass transfer at about
1350°F. It is concluded that a more general
hypothesis is needed for combining the mechanism
of hot-zone attack with @ nucleation-deposition
mechanism in the cold zone.

PHYSICAL PROPERTIES
W. D. Powers
Enthalpy and Heat Capacity

Studies were made to determine the enthalpies
and heat capacities of the eutectic mixtures LiCl-
SrCl, (22.5-77.5 wt %) ond LiCl-BaCl, (32.2-67.8
wt %). Preliminary analyses of the data yielded
values for the heat capacities of 0.21 Btu/lb.°F
for the barium-containing mixture and 0.24 Btu/lb-°F
for the strontium-lithium salt. The reliability of
these data is in some doubt, since wide dis-
crepancies in enthalpy were observed between
duplicate test samples. This may be due to the
large density differences between the salts.
Further studies with this pair of chloride eutectics
will be made as soon as new samples can be
prepared.

Thermal Conductivity

Modification of the variable-gap thermal conduc-
tivity device to include a large guard heating ring
surrounding the heat meter has been completed.
This guard heater ensures lower heat losses from
the heat meter and at the same time provides a
heat flow path of cross section more nearly equal
to the cross-sectional area of the sample heater
and its guard.

The results obtained with the salt mixture
NaNO,-NaNO,-KNO, (40-7-53 wt %) show increased
consistency both within runs and between runs.
The results of a number of typical experimental
runs are shown in Fig. 1.7.20. In this plot, the
slope of the data line is the reciprocal of the
thermal conductivity of the liquid sample. The
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thermal conductivity values obtained in this study
of the nitrate-nitrite salt are given below:

Temperature Thermal Conductivity
(°F) (Btu/ hr-° F)
689 0.35
667 0.34
487 0.34
468 0.33

All temperature effects were within experimental
error. The results compare favorably with data
obtained by Deem!5 (0.33 Btu/hr-ft-°F between
400 and 900°F) at Battelle Memorial Institute.
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Fig. 1.7.20, Experimental Data Obtained in Measure-
ments of the Thermal Conductivity of NaNOz-NuNoa-
KNO, (40-7-53 wt %).

The thermal conductivity of the fuel mixture
NaF-ZrF ,-UF, (50-46-4 mole %) has been de-
termined by several laboratories. The results are
compared in Table 1.7.4. No trend with tempera-
ature was noted. This salt mixture will be re-
investigated with the use of the modified variable-
gap device. The variation between the Mound
Laboratory and the ORNL and BMI! data has not

yet been resolved.

154, w. Deem, unpublished data,
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Properties of Zirconium Fluoride Vapor Deposits

The density of a sample of zirconium fluoride
powder collected in a *‘snow’’ trap was measured
and found to vary between 0.55 and 0.8 g/cm®.
The samples were collected by pushing a thin-
walled, sharp-edged tube through the ZrF, and
into contact with the metal surface to which the
powder was adhering. The thickness of the
sample, whose area was defined by the inside
cross-sectional area of the tube, was determined
by averaging the depth indicated by a fine-wire
probe inserted at four positions immediately
adjocent to the sample. The sample thicknesses
varied from 0.05 to 0.4 in. It was found, for sample
thicknesses greater than 0.1 in., that the density
varied inversely with the sample thickness, as
shown in Fig. 1.7.21. Tests have also been
initiated to determine the effect of subsequent
heating on the apparent density of the ZrF , deposit.

An attempt was also made to measure the thermal
conductivity of the ZrF , deposit. A sample of the
material was placed in a cylindrical annulus
surrounding a central heated tube. The conductivity
of the material around the *‘hot wire'’ is determined
from the temperature rise of the electrically heated
wire. A value of 0.45 Btu/hr-ft.°F was obtained;
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however, this measurement was made on a
“‘disturbed’’ sample, and it is planned to mount a
tube in a snow trap and allow the ZrF4 to collect
on the tube.
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m with caption)

Table 1.7.4. Thermal Conductivity of Molten N(:F-Zer-UF4 (50-46-4 mole %)

Investigator

Experimental System

Thermal Conductivity

(Btu/hr+ft°F)
Powers, ORNL Variable gap 142~1.5
Fixed gap 0+8~1.6
Deem at BMi* Voriable gap 142
Jordan at Mound Laboratory** Calorimettic device 0.49

*H, W. Deem, unpublished data.

** Aircraft Propulsion Reactors, Mound Laboratory Memorandum Report No. 57-7-40, p 5 (Augs 5, 1957).
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2.1. PHASE EQUILIBRIUM STUDIES!

C. J. Barton

THE SYSTEM KF-UF4
H. A. Friedman

Further equilibrium studies of the system KF-UF,
have confirmed the liquidus curve presented
previously.?2 Results of thermal-gradient quenching
experiments have shown, however, several differ-
ences from the phase behavior proposed earlier on
the basis of thermal analysis and optical and x-
ray-diffraction examinations of slowly cooled melts.
Of the eight KF-UF , phases reported by Zachario-
sen,® two phases, B-2KF.UF, and KF.2UF,,
have been shown to be equilibrium phases in the
system. [t has not been definitely determined
whether 2KF-UF, displays distinct temperature
ranges for the ordered (B) and disordered (87)
forms. Further, no evidence has been found that
the phases designated by Zachariasen as
o-3KF-UF,, B-3KF.UF,, a2KF.UF,, KF.UF,
(which occurs, rather, as 7KF-6UF,), KF.3UF,,
and KF:6UF, occur in slowly cooled melts or in
quenched samples purified by hydrofluorination and
subsequently protected against exposure to the
atmosphere. If, however, such samples are pre-
pared exactly as described by Zachariasen,? that
is, exposed to air during heating and cooling, the
phases designated o-3KF.UF,, B-3KF.UF,, and
KF.6UF, con be formed in large amounts. No
phase that fits the description of the compound
KF:3UF, has been found under either type of
experimental  condition, in thermal-gradient
quenching  experiments the phases o and
B-3KF-UF, are apparently stable if initially
present in the samples. Protected purified melts of
the composition 3KF-UF, show a biaxial-negative
blue-green phase upon solidification, and thermal-
gradient quenching experiments and thermal
analysis indicate that this is the only equilibrium
phase for the compound 3KF.UF,. No similar

TThe petrographic examinations reported here were
performed by T. N. McVay, Consultant, and R. A.
Strehlow, Chemistry Division. The x-ray examinations
were performed by R. W. Thoma, Chemistry Division.

2H. A. Friedman, ANP Quar. Prog. Rep. Dec. 10, 1955,
ORNL-2012, p 78 and Fig. 4.4, p 82.

3W. H. Zachariasen, J. Am. Chem. Soc. 70, 2147-2151
(1948).

4W. H. Zachariasen, Crystal Structure Studies at the
Systems KF-UF , KF-TbF4. and KF-LaF3, CC-3426
(Feb. 9, 1946).

R. E. Moore

R. E. Thoma

phase has been reported by Zachariasen. The
phases o~ and B-3KF.UF, and KF-6UF, may be
either metastable phases in the system KF-UF,
that are stable against inversion to equilibrium
forms or oxygen-containing phases,

Zachariasen has reported a face-centered cubic
form (a) and two hexagonal forms (B1 and §,) for
the compound 2KF-UF ;. If the alpha form were to
display phase behavior similar to that of the
isomorphous phase’ reported to be ap2NoF~UF4, it
would be observed as a primary phase at the
35 to 40 mole % UF , region, and its formula would
be SKF3UF,. No such primary phase for a cubic
material has been observed. The possibility of a
subsolidus existence for the cubic phase is not
precluded, although the phase has not been ob-
served within the 50°C temperature range below the
solidus. No observations of 2KF.UF, samples have
yet permitted a distinction of the ordered and dis-
ordered hexagonal forms. No well-crystallized
samples of 2KF.UF , have become available. The
compound 2KF.UF, has a lower limit of stability
of 620°C, at which temperature it decomposes into
3KF.UF, and 7KF«6UF,. Some unexplained low-
temperature thermal effects in the 2KF.UF, com-
position region require that this decomposition
temperature be considered to be tentative.

The equilibrium phases in the system KF-UF, and
their melting characteristics are given in Table

2.1.1,

SThis phase has been identified as 5KF-3UF4.

Table 2.1.1. Equilibrium Phases in the System KF-UF4

Melting Malti
Formula Point ch eftlrjg'. o
©0) aracteristics
3KF-UF4 955 Melts congruently
2KF'UF4 760 Melts incongruently to
3KF-UF4 and liquid;
decomposes at 620°C
7KF'6UF4 790 Melts congruently
KF-ZUF4 765 Melts incongruently to

UF4 and liquid
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THE SYSTEM Nv.'!F-HfF4
H. A. Friedman

Samples of pure, sublimed HfF , became available
during the quarter that were pure enough to per-
mit refined phase equilibrium studies of the system
NaF-HfF ,. Thermal analysis data obtained with
the pure material are in substantial agreement with
data obtained in thermal-gradient quenching experi-
ments, and thus some of the phase equilibrium
results based on previously reported® thermal
andlysis data are presently in doubt. Precision in
the determination of liquidus and solidus temper-
atures and temperatures of polymorphic transitions
has been improved to +3°C, in several cases, by
using sublimed HfF,. A tentative phase equi-
librium diagram of the system NaF-HfF, is shown
in Fig., 2.1.1. Areas outlined by dashed curves are
not yet well-established.
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Fig. 21.1. The System NuF-HfF4 (Tentative).

Seven NuF-HfF4 phases are isostructural with
NaF-ZrF, phases of corresponding stoichiometric
formulas. The analogous series of compounds in
the two systems are not continuous, however, as is
shown in Table 2.1.2; there are fewer phases in
the NaF-HfF , system than in the NaF-ZrF , system.
The appearance of the phase NaF:HfF, as a
congruently melting stable compound is the only

6, s. Landau, H. A. Friedman, and R. E. Thoma,
ANP Quar. Prog. Rep. March 31, 1957, ORNL-2274, p 93.
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marked deviation of phase behavior foran NaF-HfF
analog of an NaF-ZrF , phase.

THE SYSTEM KBF4-N¢:|BF4
R. E. Moore

A quenching study of the system KBF4-NQBF4
was undertaken during the past quarter as part of a
search for low-melting salt mixtures for use as
reactor coolants.  Thermal data obtained pre-
viously’+® defined a liquidus curve with a mini-
mum at about 90 mole % NaBF, and 360°C, but
there were no thermal effects on the cooling
curves that corresponded to solidus temperatures.
Thermal effects that presumably represented solid
transitions were found in the range 180 to 280°C.

Petrographic examinations of quenched samples
gave liquidus values that were in good agreement
with the thermal data. The liquidus temperatures
at 50, 70, and 75 mole % NaBF, were 441, 392,
and 387°C, respectively, with KBF, as the pri-
mary phase; the solidus temperatures were 356,
360, and 355°C, respectively., The secondary
phase was identified as NaBF, in each case. At
80 mole % NaBF , the primary phase is KBF,, and
the solidus temperature is 358°C. The composition
containing 90 mole % NaBF, is very near the
eutectic, The primary phase is NaBF,; the
liquidus temperature is 355°C; and the solidus
temperature is 351°C,

X-ray diffraction and petrographic examinations
of previously equilibrated quenched somples
provided no indication of the existence of either
compounds or solid solutions in the system. It is
a simple binary system with a eutectic near 90

mole % NC|BF4 and about 375°C.

i R. J. Sheil
{ Petrographic and x-ray-diffraction examinations
iof slowly cooled samples of LiF-MgF,-YF, and !

LiF-ZnF,-YF, mixtures, which are of interest ¢

&
&
&

ﬁ in the investigation of the production of oxygen- :

free yttrium metal,’ have revealed the same un- |
identified compound in both systems. This sug-

LiF-YF, compound, ¢
FUBES. o

e A S TR Y v

"'%,ggi_f_g__,,,therﬂptfs*s"rbili.t*y of an

SR i e

75 G. Surak, R. E. Moore, and C. J. Barton, ANP
Quar, Prog. Rep. Sept. 10, 1952, ORNL-1375, p 82.

8). G. Surak, ANP Quar. Prog. Rep., Dec. 10, 1952,
ORNL-1439, p 110.

9 .
R. J. Sheil, ANP Quar. Prog. Rep. June 30, 1957,
ORNL-2340, p 128. . 8 b

e
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Table 2.1.2. Properties of Analogous Phases in the Systems NoF-ZrF and NaF-HfF ,

Sl

NaF-ZrFA NaF-HfF ,
Phase Change Phase Change
Phase Temperature Type. cff Phqu Temperature TType. ?f
Formula (°c) Transition Formula (°c) ransition
3NoF-ZrF4 850 Congruent melting point 3NoF-HfF4 855 Congruent melting point
5N::F'2ZrF4 639 Incongruent melting point 5NaF-2HfF , 606 Incongruent melting point
5NaF-2ZrF4 525 Inversion of Q’SNOF-ZZrF4 5N<'.\F'2HfF4 533 {nversion of GrSNoF-2HfF4
to 3-5NaF «2ZrF to 3-5NaF 2HfF ,
:.7N<:IF'Zl'F4 544 Incongruent melting point 2NaF - H{F 593 Incongruent melting point
of B,-2NaF ZrF , of [3,-2NaF HfF ,
2NaF-ZrF , 533 Inversion of ﬁ2-2NuF-ZrF4 No [‘32-2N0F-H1‘F4
to ,33-2N<JF-ZrF4 observed
2N<:F-ZrF4 505 Inversion of B3-2N0F-ZrF4 2 NaF'HfF4 520 15 Inversion of Ba-ZNuF-HfF4
to B,-2NaF +ZrF , to [3,-2NaF -HfF ,
3NuF-2ZrF4 487 Upper stability limit of No 3NaF «2HfF
3NaF«2Zr F4 observed
7N0F-6Zr|=4 525 Congruent melting point 7N0F'6HFF4 515 £ 10 Incongruent melting point
NaFZrF , Metastable phase formation NaFHfF 545 Congruent melting point
3N0F-42rF4 537 Incongruent melting point No 3N0F-4HfF4

observed

L561 ‘08 ¥IGWILJIS ONIONI @oly3d
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dlfh’bu”gh"'ﬁbﬁﬁﬂs'ﬁgawydﬁtva]‘o' indicated that no com-
i pounds are formed in this system. Two LiF-YF,

mixtures were prepared in the thermal apparatus
that permits visual observations. The mixtures con-
tained 20 and 25 mole % YF,, respectively, and
both were found to be composed of the above-
mentioned unidentified compound and LiF. Both
mixtures showed a solidus temperature of about

_690°C and liquidus temperatures approximately

10 to 14°C dbove the solidus temperature; these
liquidus temperatures are much lower than the
values reported by Dergunov.'®  Further study

will be required to identify the LiF-YF, compound.

An equimolar mixture of YF, and MgF,, which
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i e,

had a liquidus femperoturé of 10255¢ and a solidsg\

temperature of 980°C, was found to contain only }
the two crystalline starting materials.  Another ?
mixture in this system that contained 75 mole % ;
YF, did not appear to be completely liquid at ¢
1200°C, the maximum femperature to which it was i
heated. The ZnF,-YF, mixture (80.6 wt % YF ), i
for which thermal data were previously presented,? i
contained only the starting materials. It seems ’
certain that no compound is formed in this binary ;
system,

i
i
i
i
3
:
%

10, P. Dergunov, Doklady Akad, Nauk SSSR 690, 1
1186 (1948). ;
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2.2, CHEMICAL REACTIONS iN MOLTEN SALTS

F. F. Blankenship
R. F. Newton

EQUILIBRIUM REDUCTION OF NiF, BY H,
IN Nc::F-ZrF4

C. M. Blood
Investigation of the equilibrium

NiF ,(d) + H,(g)==Ni(s) + 2HF(g)

in the reaction medium NaF-ZrF, (53-47 mole %)
at 600°C was completed, and the data obtained are
summarized in Table 2.2.1. These results are
compared with those obtained previously! at 550,
575, and 625°C in Fig. 2.2.1 of the following

section.

L. G. Overholser
G. M. Watson

ACTIVITY COEFFICIENTS OF NiF, IN MOLTEN
Nc:F-ZrF4 SOLUTIONS

C. M. Blood

The determination of the activity coefficients
of NiF, in the molten mixture NaF-ZrF , (53-47
mole %) by the study of the equilibrium constants
for the reaction

NiF,(d) + H,(g) <——Ni(s) + 2HF(g)

c, M. Blood, ANP Quar. Prog. Rep. Dec. 31, 1956,
ORNL-2221, p 120; ANP Quar. Prog. Rep. March 31,
1957, ORNL-2274, p 102; ANP Quar. Prog. Rep. June
30, 1957, ORNL-2340, p 131.

Table 2.2.1. Equilibrium Ratios for the Reaction Nin(d) + Hz(g): Ni(s) + 2HF(g)
at 600°C in NaF-ZtF, (53-47 Mole %)

Ni in Melt Pressure of H2 Pressure of HF K

(PPm) (atm) (atm) x

x 104
308 0.0292 0.489 1.56
310 0.0299 0.478 1.45
330 0.0296 0.482 1.40
313 0.0299 0.478 1.43
150 0.0358 0,375 1.54
137 0.0357 0.376 1.70
140 * 0.0360 0.371 1.60
143 0.0365 0.362 1.47
240 0.0316 0.447 1,55
325 0.0285 0,501 1.59
420 0.0263 0.540 1,55
445 0.0253 0.557 1.62
430 0.0260 0.545 1.56
440 0.0262 0.542 1.50
425 0.0271 0.527 1.42
445 0.0262 0.542 1.48

Av 1.53 + 0.07

*Kx = PI21F/XNIF2PH2' where X is mole fraction and P is pressure in atmospheres.
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has been brought to a successful conclusion. In
order to determine the effect of the solvent on the
behavior of NiF,, it is pertinent to compare the
experimental values of the equilibrium quotients
with corresponding values of equilibrium constants
obtained by extrapolation of the experimental data
to infinite dilution and by calculations based on
the values, available in the literature,? of the
free energy of formation of the solid NiF, and
gaseous HF.

The values obtained at 550, 575, 600, and 625°C
for K for the reaction of NiF, with hydrogen are
plotted in Fig. 2.2.1 as o function of concentration
of nickel in the melt. The values of K  are,
within the accuracy of the experiments, inde-
pendent of the direction from which equilibrium
was approached and independent of the concen-
tration of NiF, in the solution. Furthermore, as
may be observed, the extrapolation of the data to
infinite dilution presents no difficulty.

21, Brewer et als, Natl. Nuclear Energy Ser. Div. IV
19B, 65~110 (1950).

The numerical value of the activity coefficient
of NiF , depends on the choice of standard state of
that compound. Calculations have been made and
values are tabulated for each of the following three
standard states: (1) solid crystalline NiF2,
designated NiF ,(s); (2) a hypothetical liquid
supercooled to the reaction temperature, following
a suggestion by Hildebrand and Scott,? designated
NiF,(7); and (3) NiF, dissolved at unit mole
fraction [designated NiF ,(4)] and assumed to have
the same activity coefficient as at infinite dilution,
that is, an activity coefficient of 1.

Values for the free energies of formation of
HF(g) and the standard states NiF,(s), NiF(/),
and NiF ,(d) are given in Table 2.2.2. The values
for NiF ,(s) and for HF(g) were taken from the
publication of Brewer et al.? In order to compute
AF® for NiF (), the melting point of 1300°K and
a temperature-independent heat of fusion of 8000

3J. H. Hildebrand and R. L. Scott, The Solubility
of Nonelectrolytes, 3d ed., p 12, Reinhold, New York,
1950.
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118



Table 2.2.2.

Free Energies of Formation

of HF and Nin

Tempetature AF® (keal)
) (°C) HF (g) NiF,(s) NiF,(l) NiF,(a)
625 —65.70 ~127.14 =—124.65 =113.56
600 —65:67 —127.88 —125.25 —114.62
575 ~65:64 —128.64 —125.84 =—115.60
550 ~65:61 —129.38 —126:46 —116:60

cal/mole, also given by Brewer et al., were used.
The values of AF® for NiF,(d) were obtained by
extrapolation of the K_ data to infinite dilution
to establish K_ for the reaction in which NiF (<)
is the stondard state. The free-energy changes of
the reduction reaction were then calculated and
combined with the corresponding AF° for HF(g)
to yield the tabulated results.
The values calculated for
constants, K_, for the chemical reactions, along
with the activity coefficients of NiF, for each of
. the three standard states, are shown in Table 2.2.3.
. A  comparison of the calculated equilibrium

the equilibrium

PERIOD ENDING SEPTEMBER 30, 1957

constants obtained for NiF ,(s) aos the standard
state and the experimental values, as presented in
Fig. 2.2.2, reveals a striking discrepancy between
the calculated and the experimental values. The
discrepancy is directly reflected in the very large
values of the activity coefficients obtained when
the solid and the supercooled liquid are chosen
as standard states for the NiF,. If NiF ,(d) is the
standard state, however, the activity coefficient is
unity as a consequence of the constancy of the
experimental equilibrium quotients obtained. This
is equivalent to stating that NiF, obeys Henry’s
law over the concentration range studied, which
includes, at 550°C, values not far from the concen-
tration of NiF , in the saturated solution.

The temperature dependence of the experimental
K, values and of the calculated K, values for the
reactions involving NiF ,(s) and NiF,() is shown
in Fig. 2.2.3. The heats of reaction calculated
from the slopes of these lines and the corre-
sponding entropy changes are summarized in
Table 2.2.4.

The heat of reaction calculated from the temper-
ature dependence of the experimental values is in
substantial agreement with the corresponding
values calculated for the reduction reactions of

NiF ,(s) and of NiF,(/). On the other hand, the

Table 2.2.3. Egquilibrium Constants for the Reduction of NiF2 by Hydrogen Gas and Activity Coefficients
of NiF2 in NoF-ZrFA (53-47 Mole %)

Reactions:* (1) NiF2(s) + Hylg)
(2) NiF (1) + H,(g)
(3) NiF 5(d) + Hyle)

]

Ni(s) + 2HF(g)
Ni(s) + 2HF(g)
Ni(s) + 2HF(g)

|1

ti

Equilibrium Constant, Ka

Activity Coefficient** for NiF2

Temperature
(°0) Reaction 1 Reaction 2 Reaction 3 ws) W) yd)
625 10.90 43.8 21,900 * 2,000 2009 500 1
600 7.37 33.6 15,300 + 700 2076 455 1
575 4.80 25.2 11,000 * 600 2292 436 1
550 3.08 18.4 7,600 * 400 2468 413 1

respectively.

*The notations s, g, [, and d tefer to crystalline solid, gaseous, supercooled liquid, and dissolved states,

**The activity coefficients y{(s) and y(I) were calculated by using crystalline solid and supercooled liquid, respec-

solved at unit mole fraction as the standard state.

. tively, as the standard states for NiF, in the molten solvent; y(d) is the assumed activity coefficient for NiF, dis-
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entropy change calculated from the experimental
measurements reflects the vast discrepancy be-
tween the equilibrium constants obtained by using
the different standard states. :

It is clear from the results of this investigation
that NiF2 in solution, under the experimental
conditions used, behaves in a vastly different
manner than that predicted by the free energies of
formation for solid NiF ,. This is rather surprising
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Fig. 2.2.3. Temperature Dependence of NiF, Re-
duction Equilibria,
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in view of the agreement previously found?4 to
exist between the experimental and calculated
behavior of FeF,_ in the same solvent. The
striking differences in behavior between NiF, and
FeF, can be appreciated by comparing the activity
coefficients at 600°C. The values are listed in

Table 2.2.5.

Table 2.2.5. Activity Coefficients of NiF, ond of FeF,
in Molten NaF+ZrF, (53-47 Mole %) at 600°C

Standard State YEoF yNIFz yNin/yFer

2
MF(s) 3.28 2076 633
MF (1) 0.666 455 689
MF,(d) 1 1 1

The values presented in Table 2.2.5 are those
to be used for relating the behavior of FeF, and
NiF, in the NaF-ZrF, solvent to the thermo-
dynamic estimates found in the literature.? The
experimentally determined activity coefficients for
NiF , are high enough to throw doubt on the validity
of the estimates in the literature. A further
discussion of this point is presented in the
following section.

THERMODYNAMIC CONSIDERATIONS RELATING
TO THE ACTIVITY OF NiF,

M. Blander F. F. Blankenship

The activity coefficients found for NiF, in fuel
mixtures are quite large, as reported in the previous
section. Based on the standard free energy of

4c, M. Blood and G. M. Watson, ANP Quar. Prog.
Rep. March 10, 1956, ORNL-2061, p 84.

Table 2.2.4. Heats of Reaction and Entropy Changes for the Reduction of Nin by Hydrogen

Heats of Reaction,
AH® (cal per mole of NiF2)

Standard State

Entropy Changes,
AS® (cal/°K per mole of NiF,)

NiF (s) 25,000
NiF (1) 17,000
NiF (d) 20,500

326

26.5

42.7
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formation of solid NiF, (ref 2), the activity coef-
ficient of NiF2 in NaF-ZrF, (53-47 mole %), as
determined by equilibrium measurements made with
H, as a reducing agent, is 2 x 103 at 600°C, and,
based on a comparison of NiF, with FeF, by
means of emf measurements on Ni and Fe electrodes
in the NaF-ZrF, (53-47 mole %) solvent, the
activity coefficient of NiF , at 650°C is 1.8 x 103
(see subsequent section of this chapter on *‘EMF
Measurements in Molten Salts’’).

The agreement between the results from the emf
studies and the equilibrium studies indicates that
the high values for )’Nin cannot be attributed

entirely to experimental error. Since the activity
coefficient reflects any approximations in the
published estimates used in the computations, it
was of interest to examine the numerical factors
closely in a search for leads to revised estimates,

In order that the activity not exceed unity, the
activity coefficient, y\ ¢ (sy based on the solid

as the standard state shoufd not exceed 5 x 102 at
600°C, because the solubility at 600°C is greater
than 2 x 10~3 mole fraction. (Blood, Redman, and
Topol3 found the NiF, solubility to be about
2 x 10~3 mole fraction at 600°C.) The saturating
phase is a compound of NiF2 and other com-
ponents, and the compound NiF, is more soluble
than the saturating phase, or, in other words, a
solution saturated with NiF2 is metastable with
respect to a solution less rich in NiF, in equi-
librium with a ternary compound. Thus, if the
solubility data are correct and if the discrepancy
in the activity coefficients is assumed to result
solely from the estimated value of the free energy
of formation of NiF,, then the free energy of for-
mation must be shifted to a smaller negative value
by an amount sufficient to provide at least a
factor of 4 in the activity coefficient. At 600°C
this amounts to about 2.5 kcal, which would revise
the free energy of formation from —128.0 kcal /mole
to =125.5 keal /mole.

Further information on the plausibility of the
high values for the activity coefficients of NiF
can be obtained from considerations of coefficients
based on pure liquid as the standard state. For
the pure liquid, ideal behavior corresponds to an
activity coefficient of unity, and this sets an
approximate upper limit to the activity coefficient

5L. E. Topol, ANP Quar. Prog. Rep. June 10, 1956,
ORNL-2106, p 103~105, esp Fige. 2.2.4.
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of NiF,. This stotement is based on previously
discussed correlating principles that involve the
charge-to-radius ratio Z/R and which indicate
that positive deviations will not be found in
mixtures of ions of low polarizability.6 Moreover,
there is little reason to expect much difference in
the behavior of Ni** and Fe** in dilute solution.
The conversion of activity coefficients based on
the solid as the standard state, y(s), to those
based on liquid as standard state, y{I), requires a
knowledge of the melting point and the heat of
fusion of the solute. When Brewer’s7 estimates
of the values of these quantities are employed,
YNIF (1) is 560 at 650°C and YReF, (1) is 0.66

at the same temperature.

There is a good possibility that the estimates for
NiF, given by Brewer are incorrect, and therefore
an alternative method of estimation has been
developed. The clternative method depends on a
comparison between the behavior of MgF., for
which a phase diagram is available,® and that
of NiF ,, for which the requisite phase diagram data
are missing.

Since the charge-to-radius ratio Z/R of MgF,
is the same as that of NiF ,, the NaF-NiF, system
should show the same deviations from ideality
as the NGF-M9F2 system shows at the same compo-
sitions. At a given liquidus composition the
activity of MgF , in the NaF-MgF , binary should be
the same as the activity of NiF, in the NaF-NiF,
binary. The equation for the activity of the
separating component at the liquidus is approxi«
mately

AH
l
M In ) = In a(l) =——-—/ L—]—
y(s) R TO T
AS,. ] T,
R T /'

where a is the activity of the separating component,
AH’, is the heat of fusion, AS/ is the entropy of

F. F. Blankenship, ANP Quar. Prog. Rep. March 31,
1957, ORNL-2274, chap. 2.3, p 123-127.

7L, Brewer, Natl. Nuclear Energy Ser. Div. IV 19B,
202 (1950},

8A. G. Bergman and E. P. Dergunov, Compt. rend.
acad. sci, URSS 31, 753-754 (1941); English version,
E. M. Levin, H. F. McMurdie, and F. P. Hall, Phase
Diagrams for Ceramists, American Ceramic Society,

Columbus, 1956.
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fusion (AH//TO)' T, is the melting point of the
pure component, and T is the liquidus temperature.
From Eq. 1, it is found that

) AS/ , T0 _ AS; ] T(;
() R T - R - T’ ’

where the unprimed quantities refer to the NaF-
NiF2 system and the primed quantities to the
NaF-MgF, system. A further simplifying approxi-
mation is that, since MgF, and NiF2 both have
the same structure (rutile), the entropy of fusion
should be the same for both substances. Based
on this assumption

3) T T’
, T,

Ty

The approximate value of the melting point of
NiF, can then be calculated from Eq. 3. The
melting point of MgF,, T{, is taken to be 1543°K
(ref 8); the liquidus temperature, T, of a mixture
that is 44% NaF and 56% NiF, is reported to be
1310°K (ref 9); and the estimated liquidus temper-
ature, T, of a 44% NaF and 56% MgF2 mixture is
about 1110°K. This estimate was based on the
relation between the activity and the freezing-point
depression, with 0.18 as the activity of Mng.
The value 0.18 was chosen in order to be con-

sistent with the deviations from ideality in

9H. A. Friedman and B. S. Landau, ANP Quar. Prog.
Rep. June 30, 1957, ORNL-2340, p 128.
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comparable systems and represents an improvement
over the direct visual extrapolation from the
published diagram.® The estimated melting point
of NiF2 is then about 1825°K, or 1550°C. Pre-
liminary experiments indicate that this value for
the melting point of pure NiF, is approximately
correct.  The calorimetrically measured heat of
fusion of MgF, is 13,900 cal/mole and the entropy
of fusion is 9.05 eu (ref 10). By utilizing the
estimated melting temperature of NiF, and the
assumption that the entropy of fusion is the same
for NiF, as for MgF,, y(1)/y(s) for NiF, was
calculated at various temperatures, 7, from Eq. 1.
The values obtained are presented in Table 2.2.6,
together with values based on Brewer's estimates.?
Apparently Brewer's estimate of 1300°K for the
melting point was 500°K too low, and his value
of 8000 cal/mole for the heat of fusion was low by
a factor of 2.

The tentative values given in the second column
of Table 2.2.6 are much lower than those estimated
with the use of the values given by Brewer (third
column). A more definitive set of conversion
ratios must await a more detailed study of the
NqF-NiF2 phase diagram and, more importantly,
a better value of the melting point of NiF_,

Values of the activity coefficients ot NiF, in
NaF-ZrF, mixtures based on the solid and the
liquid as standard states are presented in Table
2.2.7 that were obtained by utilizing the calculated

10k, K, Kelly, U.S. Bur. Mines, Bull. No. 476, 105
(1949).

Table 2.2.6. Tentative Ratios of the Activity Coefficients of NiF2 Based on Liquid as the Standard State,
y(l), to Those Based on the Solid as the Standard State, y(s), at Various Temperatures

Temperature Calculated y(1)/y(s) for y(1)/y(s) Obtained from Brewer's
°C) T, = 1552°C Estimates
550 0.0039 0.17
600 0.0071 0.22
650 0.012 0.28
700 0.019 0.35
750 0.029 0.43
800 0.042 0.52
850 0.059 0.62
900 0.080 0.72
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Table 2.2.7. Activity Coefficients of Nin in NaF . 6Z+F,

Temperature y(l) Based on Brewer’s Values of
(°C) A v T and AH,
550 2468 9.6 413
575 2292 12.6 436
600 2076 14.7 455
625 2009 19.1 500

*The magnitude of this number depends on the cotrectness of the free energy of formation of pure NiF2. An error

of 4 keal/mole can lead to an ertor of a factor of 10.

values of the conversion ratio, as given in
Table 2.2.6. |f the factor of at least 4 for the
correction to the standard free energy of formation,
discussed above, is divided into the values of
YNIE L) in the third column of Table 2.2.7, the

revnsed values for the activity coefficients of
NiF. based on liquid as the standard state are
numbers less than 5, and thus most of the dis-
crepancy is resolved.

REDUCTION OF UF4 BY STRUCTURAL METALS
J. D. Redman

Data obtained from filtration studies of the
reduction of UF , by vanadium metal in the reaction
medium NaF-LiF-KF (11.5-46.5-42 mole %), as
reported previously, 11 indicated that V° is stable
in contact with UF, dissolved in this solvent.
Subsequent studies demonstrated that the analysis
of these materials was in error and that V° was not
nearly so stable as first reported. Additional
studies of this system in the NaF-LiF-KF mixture,
as well as in NaF-ZrF, (50-50 mole %), at 600
and at 800°C were made recently. Also, a brief
study of the reduction of UF4 by tungsten metal in
the reaction medium NaF-ZrF  (53-47 mole %) was
made in order to compare ﬁwe behavior in this
solvent with that found earlier!2 in the NaF-LiF-
KF mixture.

1y, p. Redman, ANP Quar. Prog. Rep. Dec. 10,
1955, ORNL-2012, p 86

12, p, Redman, ANP Quar. Prog. Rep. March 10,
1956, ORNL-2061, p 93.
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The results of the recent studies of the reduction
of UF, by V° at 600 and at 800°C in the two
dlfferenf reaction mediums are presented in
Table 2.2.8. All runs were performed with 2 g of
V° added to the solvent in nickel equipment. In
fhe runs with the Nc:F-ZrF4 mixture, 4.1 mole %

(H 4 wt %) was present, and, in the runs
wn‘h the NaF-LiF-KF mixture, 2.3 mole % UF
(15 wt %) was used. The studies of fungsten
were performed in a similar manner, with 4.0
mole % UF, (11.4 wt %) present in NaF-ZrF,
(53-47 mole %). The results of the runs wn’fh
tungsten are given in Table 2.2.9.

The data given in Table 2.2.8 show that V°
is not stable in contact with UF, dissolved in
either type of fluoride mixture at 600 or at 800°C.
There is some indication that higher equilibrium
vanadium concentrations exist in the NaF-ZrF
mixture at 800°C, but, in view of the relatively
few runs with the NaF-LiF-KF mixture and the
difference in the UF , concentrations, the data do
not show conc|u5|ve|y that V° is more reactive in
the NaF- -ZrF , mixture than in the NaF-LiF-KF
mixture. The extensive attack of vanadium by
UF4 in these fluoride mixtures indicates that the
use of vanadium alloys to contain these mixtures
would offer no real advantage.

The results given in Table 2.2.9 show that low
equilibrium tungsten concentrations occur under
these conditions and demonstrate that W® is stable
with respect to UF dissolved in the NaF- ZrF
mixture., These results are in marked contrast to
those found earlier with the NaF-LiF-KF mixture
as the reaction medium. Tungsten concentrations
of 1100 and 1400 ppm at 600 and at 800°C, re-

spectively, were found in this medium.
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Table 2.2.8. Data for the Reaction of UF4 with V% in NaF-ZrF, (50-50 Mole %)
and NaF-LiF-KF (11.5-46.5-42 Mole %) at 600 and 800°C

Conditions of Equilibration Present in Filtrate

Reaction Medium Temperature Time U V* Ni
(°0) (hr) (wt %) (ppm) (ppm)

NaF-Zr F4 600 3 744 470 120
(50-50 mole %) 3 81 500 25
5 8.8 420 25

5 10.3 390 35

800 3 83 2200 70

3 8.3 2150 30

5 8.3 1850 30

5 8.3 1600 70

NaF-LiF-KF 600 3 11.4 550 25
(] 1457464542 mole %) 3 11.1 750 45
800 3 11.0 1450 25

3 10.6 1350 20

*Blanks of 185 and 150 ppm of V at 800°C in NaF-ZtF, and NaF-LiF-KF, respectively.

Table 2.2.9. Data for the Reaction of UF4 with W°
in NﬁF--ZrF4 (53-47 Mole %) at 600 and at 800°C

Conditions of Equilibration Present in Filtrate
Temperature Time U W+ Ni
(°C) (hr) (wt %) (ppm)  (ppm)
600 3 9.2 70 110
3 9.1 120 130
5 9.0 95 45
5 9.1 70 50
800 3 9.1 130 45
3 9.3 100 40
5 8.5 95 30
5 8.9 105 20

*Blank of 5 ppm of W at 800°C.

STABILITY OF CHROMIUM FLUORIDES
IN NaF-LiF-KF

J. D. Redman

Previous studies!3 of the behavior of CrF
dissolved in NaF-LiF-KF (11.5-46.5-42 mole %)
demonstrated that Cr*** is stable in this melt
at 800°C if contained in nickel. Similar studies
have now been made with chromium metal present.
Data given in Table 2.2.10 show the instability
of CrF3 under these conditions. An equilibration
period of 5 hr was used prior to filtration. Previous
studies 14 also showed that CrF2 was not stable

13). D. Redman, ANP Quar. Prog. Rep. Dec. 10,
1955, ORNL-2012, p 88; ANP Quar. Prog. Rep. Sept. 10,
1956, ORNL-2157, p 100.

145, D. Redman and C. F. Weaver, ANP Quar. Prog.
Rep. March 10, 1955, ORNL-1864, p 61; ANP Quar.
Prog. Rep. June 10, 1955, ORNL-1896, p 63.
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Table 2.2.10. Stability of Chromium Fluorides in
NaF-LiF-KF (11.5:46.5-42 Mole %) at 800°C

Initially Present Present in Filtrate

ctt ottt c c™ Total Cr
(wt %) (wt %) (wt %) (wt %) (wt %)
1 0.87
1 006 0.86
3 0.38 2.4
3 0.27 2.6
5 068 4.1
5 0.75 4.4
1 5 0:30 1,29
1 5 0:32 1.33
2 5 064 2.53
2 5 0.47 2.58
3 5 0,37 4.1
3 5 0.95 4.2
3 5 0.49 4.3
3 5 098 4.0

at 800°C in the NaF-LiF-KF mixture and that it
probably disproportionated according to the reaction

3CF, ==2CrF, + C° .

Additional studies have now been made of this
system in a further attempt to determine the
equilibrium concentrations and for comparison with
results obtained when CrF, and Cr® are equi-
librated. The results are included in Table 2.2.10.

Ifsthe Cr** values are ignored and only the total
chromium concentrations found in the filtrates are
considered, nearly constant values for the Crt*-to-
Cr*** ratio may be calculated. Such treatment
shows that about 60% of the chromium is present as
Cr** and about 40% as Cr*** in all cases,
irrespective of whether CtF. or a mixture of CrF
and Cr® was initially present. The concenfranon
equilibrium constants calculated from the mole
fractions of CrF, and CrF, present are not
constant, however, if this consfunf Cr***t0-Cr**
ratio is used. They decrease from a value of
approximately 50 for the lowest total chromium
concentration to about 10 for the highest. These
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values are much greater than the 10~3 obtained
for the equilibrium constant by using the values
available for the standard free energy of formation
of CrF,and CrF, at 800°C. No reasonable balance
of Crt¥, CrttY, cnd total chromium can be obtained
by using the experimentally determined values for
Cr**, and it thus appears that the experimental
values are probably inaccurate.

REDUCTION OF FeF, BY Cr° IN RbF-ZrF,
J. D. Redman

Data presented previously!5 for the reaction

FeF, + CGr°—=CrF, + Fe°

in NaF-ZrF , (53-47 mole %) at 600°C showed that
the reduction of FeF, by Cr° was essentially
complete at the FeF, concentrations employed,
and, as a result, no reliable values for the CrF ..
to-FeF, ratio (or K_) could be calculated. A
calculation of the CrF,-to-FeF, ratio from the
values found for K_ for the reaction

M + 2UF, ===MF, + 2UF, ,

where M is Cr or Fe, yielded a value of approxi-
mately 60 at 600°C with NaF-ZrF , (53-47 mole %)
as the reaction medium. This value is much larger
than the 6 x 10=3 obtained by calculating the
equilibrium constant from the values given for the
standard free energy of formation for CrF, and
FeF, at 600°C and shows that the system is far
from ideal.

A value of ~60 for the Cr**to-Fe** ratio was
found in the Nch-ZrF4 mixture at the highest FeF,
concentration (1.0 wt %) used in the previous
studies. Additional experiments have been per-
formed with higher FeF concentrations to de-
termine whether the vqlue for the Cr**to-Fe**
ratio would increase with increasing FeF2 ad-
ditions. Extremely erratic results were obtained
with 1.5 wt % FeF,. It appears probable that the
solubility of Cr” was exceeded and that the
presence of a solid phase consisting of a ternary
compound of NaF, ZrF 4 and CrF, was responsible
for the inconsistent results. If fﬁls assumption is
correct, reliable values at the higher FeF, concen-
trations cannot be determined in fhls reaction
medium,

15}, D. Redman, ANP Quar. Prog. Rep. June 30, 1957,
ORNL-2340, p 132.
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A study of this reaction was also made with
RbF-ZrF , (52-48 mole %) as the reaction medium.
This medium should yield a value of about 2 to
3 for the Cr**to-Fe** ratio, based on the data
available for the reduction of UF , by Cr®and Fe®,
and therefore be more adaptable to the experimental
determination of the Cr**-to-Fe'* ratio. Blanks
were run in which 2 g of iron wire was hydrogen-
fired at 1000°C in a nickel charge bottle; approxi-
mately 40 g of the RbF-ZrF, mixture and 2 g of
pure chromium were added; and the system was
equilibrated at 600°C for 5 hr prior to filtration.
The experimental runs were made in a similar
manner, and the desired quantity of FeF, was
added. Data are reported in Table 2.2.11 for the
blanks and for the runs in which FeF, was added.
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The iron concentrations present in the blanks
approximate those found in the NaF-ZrF , mixture
and in the charge material. This agreement
suggests that the iron is present as metal suf-
ficiently fine to pass the filter rather than as
dissolved Fe**., The data show that the reduction
of Fet*is essentially complete at all Fe** concen-
trations studied. The low iron concentrations
present in these runs preclude any daccurate
evaluation of the Cr**to-Fe** ratio, but it is
evident that this ratio is much larger than the
value of 2 to 3 calculated from the data available
for the reduction of UF , by Cr®and Fe®. In contrast
to the good agreement between the experimentally
determined and the calculated chromium concen-
trations found in the NaF-ZrF, mixture, the data

Table 2.2.11. Data for the Reaction Fer + Cr°r—CrF2 + Fein RbF-ZrF4 (52-48 Mole %) at 600°C

Present in Filtrate

Fer Added (ppm of Fe)

Calculated Cr* (ppm)

Ni (ppm) Fe (ppm) Cr (ppm)

Blank 30 90 315

40 100 215

40 85 235

35 100 280
995 55 100 1305 1185
845 20 95 1080 1045
890 20 90 1055 1090
850 35 95 1120 1050
1920 110 135 2335 2050
1860 35 95 2305 1970
1900 20 90 2360 2030
1950 30 105 2405 2070
4050 35 145 4625 4030
3890 35 85 4610 3870
3900 25 90 4670 3880
3970 30 100 4880 3960
6030 50 105 7365 5880
6100 80 140 7100 5940
6100 75 95 7320 5940
6050 30 90 7610 5890

*Complete reduction of FeF2 assumed.
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given in Table 2.2.11 show that in RbF-ZrF4
the calculated chromium concentrations are lower
than the experimentally determined concentrations.
This difference is approximately 20% for an initial
Fe** concentration in the range of 2000 to 6000
ppm. No satisfactory explanation can be given for
the large Cr**-to-Fe** ratio or for the difference
between the calculated and the experimentally
determined chromium concentrations. Additional
experimental work is planned in an attempt to
resolve these discrepancies.

SOLUBILITY OF STRUCTURAL METAL
FLUORIDES IN RbF-ZrF4

J. D. Redman

The results obtained from studies on the solubility
of CrF,, FeF, and NiF, in NaF-ZrF, (53-47
mole %), in LIF ZrF, (52-48 mole %),]7 and
in KF-ZrF (52-48 mole %)]7 were reported previ-

ously. The data obtained at 600°C demonstrated
that the solubilities of CrF, and of FeF, are
functions of the excess of structural metal fluoride
present.  The solubility of NiF, showed this
behavior in the NaF-ZrF, and LiF-ZrF, mixtures
but not in the KF-ZrF, mixture. The change in
solubility ot 600°C is due to the presence of a
solid phase consisting of a ternary compound
containing more ZrF, than alkali fluoride and the
resulting enrichment of the liquid phase with
respect to alkali fluoride.

More recently the solubility of the three structural
metal fluorides has been studied at 600 ond at
800°C with RbF-ZrF, (52-48 mole %) as the
solvent. The results are presented in Table 2.2.12,
and the 600°C values are plotted on Fig. 2.2.4,

165, D. Redman, ANP Quar. Prog. Rep. June 10, 1956,
ORNL-2106, p 101.

17}, D. Redman, ANP Quar. Prog. Rep. Sept. 10, 1956,
ORNL-2157, p 100
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Table 2.2.12. Solubility of Structural Metal Fluorides in Rl:»F-ZrF4 (52-48 Mole %) at 600 and 800°C

Additive Present in Filtrate

Temperature
lon Quantity (wt %) (°C) Fett (wt %) Fe (wt %) cett (wt %) Cr (wt %) Ni (ppm)

Ni t* 1.0 600 2,400
1.0 600 2,400

4.7 600 5,400

4.7 600 5,200

1.0 800 5,400

1.0 800 5,400

4.7 800 13,800

4.7 800 13,800

ot 1.0 600 0.54 0.76 55
1.0 600 0.68 0.76 ]

5.0 600 2.0 2.8 120

5.0 600 2.1 2.7 1

15.0 600 8.3 9.4 135

15.0 600 6.3 7.4 110

5.0 800 2.6 3.4 160

5.0 800 2.3 3.5 220

10.0 800 7.3 8.9 60

10.0 800 7.8 9.1 55

20,0 800 9.0 15.6 190

20.0 800 9.5 15.7 250

Fett 1.0 600 0.77 0.99 155
1.0 600 0.87 1.00 175

5.0 600 1.2 1.8 150

5.0 600 1e4 1.7 110

4.0 800 3.4 4.0 215

4.0 800 3.2 4.2 240

1040 800 646 7.9 430

10.0 800 6.1 9.1 660

15.0 800 7.7 9.9 110

15.0 800 7.4 9.2 130

crttt 1.0 600 0.26 0.48 825
1.0 600 0.21 0.51 865

3.0 600 0.40 0.79 410

3.0 600 0.76 0.78 390

1.0 800 0.37 0,71 1,970

1.0 800 0.37 0.81 1,800

5.0 800 1.13 2.1 3,030

5.0 800 1.08 1.9 2,640
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Table 2.2.12 (continued)

Additive

Present in Filtrate

Temperature
lon Quantity (wt %) (°0) Fe'tt (wt %) Fe (wt %) crtt (wt %) Cr (wt %) Ni (ppm)
Fett* 1.5 600 1.1 1.6 1,890
145 600 1.3 1.4 1,490
2.0 600 1.1 1.7 2,700
2.0 600 1.1 2.2 2,100
3.0 800 2.4 2.9 5,400
3.0 800 2.3 2.8 5,100
7.0 800 3.0 47 4,700
7.0 800 3.7 4.7 4,500

along with data for the other solvents. As may be
seen in Fig. 2.2.4, the solubility at 600°C of all
the metal fluorides studied in the four solvents
increases with increasing additions of the metal
fluoride, except in the case of NiF2 in the KF-
ZrF , mixture. In the case of FeF, the solubilities
in the different solvents for a 5 wt % addition of
Fe** increase in the order Li, Na, K, and Rb,
with a total increase of about 50%. For a 1 wt %
addition of Fe** the order is different, and the
solubility in KF-ZrF, is a factor of 3 higher than
the solubility in NaF-ZrF,.  The solubilities
found for CrF, in the NaF-, LiF-, and RbF-ZrF,
mixtures do not differ greatly, but the solubilities
found for CrF, in the KF-ZrF, mixture are con-
siderably higher. A comparison of the solubilities
at 800°C is not presented, mainly because the
FeF, and CrF, solubilities are so high. For
example, as ‘may be seen in Table 2.2.12, a
solubility of approximately 16 wt % of Cr was
found for a 20 wt % addition of Cr**, In the case
of Nif, the solubilities found in the NaF-, KF-,
and RbF-ZrF , mixtures ot 800°C range from 1.1 to
1.5 wt % Ni** for 5 wt % additions of Ni**, whereas
the solubility is about 2.2 wt % in the LiF-ZrF ,
mixture. The difference is considerably less for a
1.5 wt % addition.

The results obtained from the runs in which
either CrF ; or FeF; was equilibrated in the RbF-
ZrF, mixture show that both Cr*** and Fet't
are portially reduced to Cr** or Fe** by the nickel
container.  In virtually all cases no balance
between the Ni** found in the filtrate and the
quantity of divalent metal ion present was ob-
tained. This is, undoubtedly, due to the limited
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solubility of Ni**. The presence of Cr** or Fe**
represses the solubility of Ni**, and, as a result,
the solubility of Nit* in these runs is considerably
less than that reported for Ni** in Table 2.2.12,
where only Ni** was present.

ACTIVITIES IN ALLOYS
S. Langer

Important factors that will influence the corrosion
behavior of the new nickel-molybdenum alloys that
are being developed to contain molten fluoride
salts are the activities of the metallic constituents
of the alloys. Ideally, it would be desirable to
know the activity of each constituent metal in the
alloy as a function of temperature and alloy compo-
sition. If, in addition, the thermodynamic properties
of the molten salts were known, it should be
possible to predict the corrosion behavior of the
molten salt—alloy system. Data are now being
obtained relative to the activities of the con-
stituents of Cr-Ni-Mo alloys.

Panish 18 has studied the activity of Cr in the
Cr-Ni system at 750 and at 965°C, and studies of
the activity of Ni® in Ni-Mo alloys have been
initiated. The cells being studied are of the type

Ni |NiC|2 [Ni (alloy)
where the NiCl2 is dissolved at a concentration of

0.5 mole % in NaCl-KC| eutectic. The first goal
is to demonstrate the feasibility of activity

18y, B. Panish, ANP Quar. Prog. Rep. March 10,
1956, ORNL-2061, p 92; ANP Quar. Prog. Rep. June 10,
1956, ORNL-2106, p 93; ANP Quar. Prog. Rep. Sept. 10,
1956, ORNL-2157, » 100.



measurements of the Ni-Mo alloys by the emf
method. The side reaction

NiCl, + Mo®T—= MoCl, + Ni°

appears to have a negligible influence, since
NiCl2 is more stable by about 12 keal per gram-
atom of chlorine than is MoCl,. However, the
diffusion of Ni in Ni-Mo alloys may not be rapid
enough to prevent nonequilibrium surface con-
ditions on the alloy electrode.

Preliminary experiments have been run, but no
reliable or reproducible data have yet been ob-
tained. Operation of the cells has been complicated
by the existence of a large temperature gradient
(about 15°C) along the electrode. Methods of
eliminating this gradient are now being tested.
Further, the time and temperature required to
produce a fully annealed alloy electrode are not
yet known.

EMF MEASUREMENTS IN MOLTEN SALTS
L. E. Topol
Daniell Cells in Fluoride Melts
Measurements of Daniell cells of the type

MIMF (c,) | [MF (c,) | M”

where M and M’ are the metals Fe, Ni, or Cr in
NaF-ZrF , (53-47 mole %) and in KF-LiF (50-50
mole %) were continued. A helium atmosphere is
used for all experiments, and electrical conductivity
between the half-cells is attained with ZrO,
bridges previously impregnated with the solvent.
The results obtained with iron and nickel couples
at 650°C, corrected for thermoelectric potentials
but with the liquid-junction emf’s neglected, are
listed in Table 2.2.13. The results are in accord
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with previously reported valves,'9 ond all the
results lead to a value of (6 = 1) x 102 for the
ratio of the activity coefficients of NiF, and
FeF, in NaF-ZrF, (53-47 mole %) at 650°C. If
the activity coefficient for FeF, is token to be
3 (ref 20), the activity coefficient of NiF,, as
found from emf measurements, is (1.8 + 0.3) x 103,
based on the solid as the standard state.

Results obtained for Cr-Ni couples in NaF-ZrF
at 650°C are presented in Table 2.2.14. All the
nickel half-cells were contained in nickel crucibles,
but various vessels were used for the chromium
half-cells.

When graphite, copper, or HfO, crucibles were
employed, the emf's were found to decrease rapidly
with time, and, if the initial potentials were used,
activity ratios of 50 to 300 could be calculated.
These results indicate that the choice of a con-
tainer material for CrF, melts is important. The
possibility that the inconclusive results were due
to the presence of Cr***, as well as Cr**, cannot
be completely ruled out. Further measurements
with chromium-plated nickel crucibles may resolve
this problem. It should be mentioned that ex-
aminations of the melts contained in Morganite
with the petrographic microscope revealed the
presence in the melts of some aluminum compound
other than A|20 . The melt in the boron nitride
vessel undoubtejly contained 8203 in sufficient
amounts to affect the measurements.

19, E. Topol, ANP Quar. Prog. R

. E. . g. Rep. June 30, 1957

ORNL-2340, p 149 L
2oBused on interpolations between values obtained at

600 and 700°C by C. M. Blood and G, M. Watson; see
ANP Quar. Prog. Rep. March 10, 1956, ORNL-~2061, p 84.

Table 2.2.13. Activity Coefficient Ratios of NiF2 to FeF, in Fused Fluorides
Obtained from Daniell Cells at 650°C

Concentration of NiF2 Concentration of FeF,

Ratio of Activity Coefficients,*

lvent
(mole %) (mole %) Solven yNiF2/yFeF2
0.375 0.255 NaF-Zr F4 505
00387 0.]85 Na F'ZI’F4 620
0.247 0.246 KF-LiF 162

*Based on the solid as the standard state.
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Table 2.2.14. Activity Coefficient Ratios of NiF2 to CrF, in NaF-ZrF, (53-47 Mole %)
Obtained from Daniell Cells at 650°C

Concentration of NiF2

Concentration of Cr F2

Container for CrF, yNin/yCer

(mole %) (mole %)
0.284 0.220 Al 0 * 173
0.283 0.226 AlLO, 187
0.275 0.481 Al,O, 630
0.256 0.559 Al,0, 580
0.283 1,042 Al,0, 780
0.277 0.752 BN 1050
0.273 0.246 Pt 309
0.265 1,050 Ni 301
0.277 1,098 Ni 223
0,235 0.521 Ni 339

*Morganite.

Emf Measurements of Chloride Melts

As discussed previously,2'an emf study is being
contemplated of the effects of various compositions
of the solvent LiCI-ThCl, on a suitable solute in
dilute concentration.  Although AgCl would be
useful as an index solute because of the good
reproducibility of the silver electrode, the acidity
of AgCl, as predicted by the ratio of its ionic
charge to its radius, is greater than that of LiCl,
Thus the activity coefficient of AgCl should
decrease continuously with increasing mole fraction
of ThCl,. In order to obtain an activity coefficient
effect that will exhibit a predicted maximum when
plotted against the concentration of ThCl, a
solute with an acidity intermediate between that
of LiCl and ThCl, will be necessary. The solute
NiCl, satisfies this requirement, and the nickel
electrode is reproducible. However, the standard
free energy of formation of NiCl, and thus its
standord potential for the temperature range in
question (about 700°C) are unknown. In order to
determine E °for NiCl,, the emf of the cell

Ni |NiCl(1)|Cl,

211, E. Topol, op. cit., p 150.
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or the cell
Ni [NiCl,(sat), alkali chloride |Cl,

must be measurable at the desired temperature.
The first cell given above could not be used
because of the sublimation pressure of NiCl,.
However, there was a possibility that saturated
solutions of NiCl, in KCI (or NaCl) could exist at
700°C, as in the case of FeCl, (ref 22).
Accordingly, cooling curves were obtained
for various alkali chloride~NiCl, mixtures. The
mixtures were contained in platinum crucibles in
a helium atmosphere, and the temperature effects
were measured with a Pt, Pt—10% Rh thermocouple
that was dipped directly into the melt. In the
KCI-NiCl, system there appeared to be an in-
congruentfy melting compound at 730°C for high
NiCl2 compositions, and thus there is apparently
no liquid phase in equilibrium with NiCl, below
730°C. Samples from the LiC|-NiC|2 and NaCl-
NiCl, systems contained solid solutions, which
eliminated these systems from consideration. Since
there was the prospect that CsCl and RbCI would

.22C. Beusman, Activities in the KCl~FeCl2 and
LzCl-F'eC12 Systems, ORNL-2323 (May 15, 1957).
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form very stable compounds with NiCl, and thus
provide NiCl, equilibria only at high temperatures,
these systems were not studied, and the use of an
NiCl2 cell was abandoned.

Another solute that could conceivably meet the
requirements is PbCl_,, Lead chloride melts at
501°C, and its standard potential can be measured
directly. A lead electrode requires that provision
be made for containing the lead in the molten
state at temperatures above 327°C; and thus the
electrode, which has the advantage of being strain-
free, consists of a pool of lead contained in a
quartz cup. Electrical contact is made with a
10-mil tungsten lead insulated from the melt by a
l-mm quartz tube.

The cell
Pb(7) ] PbCl (1) | Cl ,(graphite)

was used to determine E° for PbClz. Granular
lead was heated slowly in a vacuum to remove gas
and moisture; the lead chloride was treated
similarly. A graphite tube was preconditioned for
use as the Cl  electrode by heating in Cl, at
1000°C for several hours. The cell voltages
obtained in the early trials, although close to the
predicted values, were found to decrease slowly
with time. For one trial the PbCl, was treated
with HCl (Mathieson) and fused in pyrex; this
gave a salt which was gray in color instead of
white.  Another sample of PbCi, was ireated
similarly with HCl produced by the reaction of
H,S0, on NaCl. The PbCl, again appeared
grayish, presumably because of the presence of
organic matter in the salt. This same product was
then fused under chlorine. Upon solidification, a
fairly clear, white product resulted. The salt was
removed from its container in a dry box and ground
into small chunks for use in a cell. Flakes of
lead were premelted in a Vycor crucible under
helium. Since attempts to clean the surface of the
lead by reduction with H_ were unsuccessful,
clean metal from below the surface was pipetted
into the electrode holders. A cell with such
purified materials gave potentials within a few
millivolts of the theoretical values and maintained
reproducibility within 1 mv for two days. The
experiment was concluded when the tungsten
lead-wire broke at the end of the second day.
The measured emf’s corrected for thermoelectric
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potentials are given in Table 2.2.15, along with
the literature values of E° (ref 23).

In order to ascertain the solvent composition
limits at 700°C, cooling curves were run on various
LiCI-ThCl, samples. Vacuum-tight fused-silica
tubes were used as containers for the thermocouples
in the initial experiments, but the heat effects were
so small that they could not be detected even with
a Pt, Pt-Rh differential thermocouple and a sensi-
tive amplifier. In order to measure the small heat
effects, the Pt, Pt-Rh thermocouples were inserted
directly into the melts, which were contained in
platinum crucibles in a helium-atmosphere furnace.
The temperature measurements were calibrated
against the melting points of pure NaCl and pure
LiCl and found to be low by 11°C for both salts.
All the temperature measurements were therefore
increased by 11°C. The phase diagram of the
system was not completed, but the following
important features were observed. The liquidus
temperature drops from 613°C for pure LiCl to
560°C for a eutectic containing 20 mole % ThCl .
A compound that appears to be 2LiCI-ThCl, melts
at about 720°C, and a second eutectic occurs at
670°C that contains 37 mole % ThCl,. A second
compound, LiCl-3ThCl,, melts at some fairly
high temperature, that is, 900°C or higher. The
melting point of ThCl, is 820°C. Thus the LiCl-
ThCl, solvent is liquid at 700°C for compositions
with 0 to 29 mole % ThCl, and 36 to 39 mole %
ThCl .

23y, J. Hamer, Me S. Malmberg, and B. Rubin, J.
Electrochem. Soc. 103, 8 (1956).

Table 2.2.15. Standard Potential for PbCl2

as a Function of Temperature

Temperature E° Measured E®° from Literature

(°c) v) v)

502 1.270 1.270
526 1.256 1.257
550 1.241 1.243
600 1.213 1.215
654 1.179 1.186
702 1.151 1.160
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SOLUBILITY OF HELIUM, ARGON, AND XENON
GASES N Nc:F-Zl'F4

N. V. Smith

Determinations were made of the solubilities of
argon and of xenon gases in molten NaF-ZsF ,
(53-47 mole %)as functions of pressure and temper-
ature. The experimental procedures and assemblies
were the same as those used previously?4 for
determining the solubilities of helium and of
xenon in molten NaF-ZrF -UF, (50-46-4 mole %)
and of helium in N(:F-ZrF4 (53-47 mole %). The
results obtained for argon and xenon are summarized
in Tables 2.2.16 and 2.2.17, respectively. The
data continue to show that in this solvent (1) the
solubilities of the gases follow Henry’s law,
(2) the solubilities increase with increasing
temperature, and (3) the solubilities decrease with

24N, V. Smith, ANP Quar. Prog. Rep. March 31, 1957,
ORNL-2274, p 111; ANP Quar. Prog. Rep. Dec. 31,
1956, ORNL-2221, p 130; ANP Quar. Prog. Rep. June
30, 1957, ORNL-2340, p 140.

increasing atomic weight of the gas. The tabulated
results for argon appear to be consistent to within
better than 5%, but, based on possible experimental
uncertainties, the over-all accuracy of the measure-
ments will be assumed to be £10%.

The numerical consistency of the xenon data
appears to be of the same order of magnitude as
that assumed for the argon data. Additional ex-
experimental uncertginties were introduced, how-
ever, by the need for recovering the xenon. The
initial purity of the xenon was 99.94%, and after
seven experiments the purity had decreased to
72%. Because of the limited amount of xenon
available, the saturating gas was sampled only
at the start and at the end of the series of experi-
ments. Since no mishap occurred with the xenon
recovery system in any of the experiments, it was
assumed that the xenon was uniformly contaminated
to the extent of 4% per experiment, and the partial
pressure of xenon was estimated from the total
pressure by making the corresponding correction.
Numerically, the estimated corrections amount to

Table 2.2.16. Solubility of Argon in Nch-ZrF4 (53-47 Mole %)

Temperature Saturating Argon Pressure Solubility '
(°c) (atm) (moles of argon/cm3 of melt)
x 10~7 x 10-7
600 0.530 0.263 0.496
1.02 0.495 0.485
1.50 0.792 0.528
2.06 1.07 0.515
Av 0.506 £ 0,015
700 0.526 0.420 0.798
1.05 0.860 0.821
1.55 1.25 0.808
2.09 1.68 0.801
Av  0.807 % 0.008
800 0.432 0.555 1.28
1.04 1.22 1.18
1.53 1.68 1.10
1.99 2.43 1.22
Av  1.20 1 0.06
*K = c/p in moles of argon per cubic centimeter of melt per atmosphere.
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Table 2.2.17. Solubility of Xenon in NaF-ZrF, (53-47 Mole %)

Saturating Xenon Pressure

Temp:rclfure (atm) Solubility , .

(°C) (moles of xenon/cm® of melt)
Total Net*
x 10~8 x 108

600 1.04 0.96 1.77 1.85

1.98 1.90 3.84 2,03

Av 1.94

700 1.04 0.92 3.25 3.56

2.03 1.71 6.08 3.56

Av 3156

800 0.99 0.71 4448 6+32

*Estimated on the assumption of a decrease of xenon purity of 4% per experiment for the fitst four experiments.

**Defined in Table 2.2.16.

4, 8, 12, and 16%, respectively, for the first,
second, third, and fourth experiments. The fifth
and sixth experiments were not completed because
of a power failure and a break in the transfer line,
respectively. After the seventh experiment the
saturating gas was sampled, and it was found to be
72% pure. Accordingly, the largest estimated
correction introduced was 16% with the exception
of a 28% correction which was based on the actual
purity of the gas at the completion of the experi-
ment. Since the xenon was found to be contami-
nated with nitrogen, the contamination was probably
the result of o leak to the atmosphere in one of the
gas cylinders in which the xenon was periodically
frozen. These cylinders were the only portions of
the equipment subjected to prolonged periods of
evacuation. The rest of the assembly was under a
positive xenon pressure at all times during oper-
ation.  Therefore the numerical values of the
xenon solubilities are considered to be within
120% of the true solubilities.

The values of Henry's law constants for argon,
helium, and xenon in NaF-ZrF, (53-47 mole %)
have been compiled in Table 2.2.18 for com-
parison. The temperature dependence of these
solubility constants is illustrated in Fig. 2.2.5,
on which the heats of solution determined from the
slopes of the lines are also presented.

The values of the enthalpy and entropy changes
for each of the reactions are presented in Table
2.2.19. It may be noted that the heats of solution
increase with increasing atomic weight of the gas.
Furthermore, the entropies of solution in each case
are quite small (less than 2 eu). Similar behavior
was exhibited by helium and xenon in the related
solvent NaF-ZrF4-UF4 {50-46-4 mole %), as shown
in Table 2.2.20.

Since it is possible that the uncertainties in the
determination of AH and of AS may be as large as
11 kecal and 1 eu, respectively, it appears that
there are no significant differences in the values
in Table 2.2.20 that may be attributed to differ-
ences in the solvents used. The possible
significance of the small numerical magnitudes of
the entropies of solution has been studied. From
a practical point of view, as has been indicated by
Blander,25 the small value of the entropy means
that the temperature dependence of the solubility
can be predicted fairly accurately from a single
measurement and ¢ simple calculation of the
entropy change undergone by an ideal gas in
isothermal expansion. Additional suggestions?5
point out the possibility that the free volume of
the gas in solution is a large fraction of the total
volume, as has been observed in other solutions
of rare gases.

25, Blander, private communication to Ne V. Smith.
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Table 2.2.18. Henry's Law Constants, K, for Helium, Argon, and Xenon in NuF-‘ZrF4 (53-47 Mole %)

Temperature K = ¢/p [(moles of gc:s)/(cm3 of melt) (atm)]
(°C) Helium Argon Xenon
x 10-8 x 10~8 x 10-8
600 21.6 * 1.0 506 £ 0.15 1.9
700 29,2 * 0.7 8,07 * 0.08 3.6
800 42,0 * 1.3 120 * 0.6 6.3

(x10™%)

c/p [ (moles of gas) / (cm® of melt) (atm)]
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