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SUMMARY 

Part 1. MSRE Design, Engineering Analysis, 
and Component Development 

1. MSRE Design 

No signif icant  changes i n  design concept o r  i n  d e t a i l  of any component 
or  system were made. Design work was essent ial ly  completed, and a design 
report giving a l l  engineering calculations and analyses of the systems i s  
being compiled. The remaining design work involves primarily the incor- 
poration of resu l t s  of development work in to  the f i n a l  drawings. 

Work on the major building modifications i s  proceeding as  scheduled, 
and the estimated completion date i s  Oc-tober 15, 1962. A contract was 
awarded f o r  construction work required outside the building, and t h i s  work 
too i s  t o  be completed soon. , It consists of construction of the exhaust 
f i l t e r  house, the cooling towers, the underground piping, and the i n l e t  
f i l t e r  house. 

Materials procurement i s  on schedule with the excep$ion of the core 
graphite, delivery of which i s  now expected November 1, 1962. Fabrication 
of components i s  approximately 5 6  complete and on schedule. 

The basic instrument c r i t e r i a  and the control philosophy were estab- 
l ished. The layout of the instrument and controls system was established, 
and the design of control-panel interconnection f a c i l i t i e s  i s  under way. 

Designs fo r  30 of the 42 instrument panel sections required i n  the 
MSRE system are  complete. Fabrication of these panels by the ORNL shops 
i s  under way. 

A freeze-valve t e s t  f a c i l i t y  was completed and placed i n  operation. 

The selection of detectors f o r  the process and personnel radiation 
monitoring system i s  approximately 8@ complete. 

Procurement of a data-handling system was in i t i a t ed .  Specifications 
were prepared and procurement i n i t i a t e d  f o r  80$ of the components required 
i n  the process instrument system. 

2 ,  E R E  Reactor Analysis 

Conceivable reac t iv i ty  accidents were analyzed t o  permit evaluation 
of reactor safety.  Most of the calculations were done using Murgatroyd, 
a d i g i t a l  kinetics program, but some analog analyses were also used. None 
of the accidents analyzed led  to .catastrophic f a i lu re  of the reactor. 
Undesirably high temperatures were predicted, however, f o r  circumstances 
associated with extreme cold-slug accidents, premature c r i t i c a l i t y  during 
f i l l i n g ,  and uncontrolled rod withdrawal. 



C r i t i c a l i t y  and f lux  calculations were revised t o  correspond t o  the 
l a t e s t  f u e l  composition and the  detai led design of the core. Calculations 
were done f o r  a core model consisting of 19 regions with d i f fe rent  volume 
f rac t ions  of fuel ,  graphite, and INOR-8. The clean c r i t i c a l  concentration 
fo r  the reactor fueled with s a l t  containing no thorium was calculated t o  
be 0.15 mole $ uranium (9% u ~ ~ * ) .  

High-energy f luxes were a l so  calculated. A t  a reactor power of 10 
Mw, the maximum f l u x  was about 1.3 x 1013 neutrons/cm2* sec f o r  neutrons 
having energies grea ter  than 1 Mev; f o r  neutrons having energies greater  
than 0 .1  Mev, the maximum f lux  was about 3.7 x 1013 neutmns/cm2. sec . 

Fluxes and power dens i t ies  from the Equipoise calculations were used, 
together with the  detai led flow dis tr ibut ion i n  the MSRE core, t o  predict  
t he  gross temperature d is t r ibut ions  i n  the h e 1  and graphite. A t  10 Mw, 
with f u e l  entering the core a t  1175"F, f u e l  i n  the hot tes t  channels l e f t  
t he  reactor a t  1261°F. Under the same conditions the peak graphite tem- 
perature was l296"F. A low-temperature region existed through the center 
of the core where the f u e l  velocity was above average. 

The nuclear average temperature, defined a s  tha t  uniform temperature 
which r e su l t s  i n  the same reac t iv i ty  a s  the ac tua l  dis t r ibut ion,  was cal-  
culated f o r  the f u e l  and f o r  the graphite. Perturbation theory was em- 
ployed, using coeff ic ients  from the Equipoise calculations. A t  10 Mw, 
with the f i e 1  i n l e t  a t  1175°F and the mixed-fuel out le t  temperature a t  
1225"F, the nuclear average temperatures f o r  the f u e l  and graphite were 
1213 and 1257"F, respectively.  

Importance-averaged temperature coefficients of reac t iv i ty  were cal-  
culated f o r  the case of f u e l  containing no thorium. The r e su l t s  were 
... !.1.,h.5 Jr lo-" and -7.27 x loa5 ( ~ k / k ) / ' ~  f o r  .L;he Puel and the graphfte, 
recpectivcly. 

Power coeff ic ients  of reac t iv i ty  were calculated from the nuclear 
average temperatures and reac t iv i ty  coeff ic ients .  This quantity, defined 
a s  the reac t iv i ty  adjustment required as the power i s  raised, depends upon 
which temperature i s  used as the control parameter. If the  mean of the 
f u e l  i n l e t  and ou t l e t  temperatures were held constant, the power coef- 
f i c i e n t  of reac t iv i ty  would be -4.7 x lo-* (6k/k)/Mw. I f  the f u e l  out le t  
temperature were held constant, the power coefficient would be only 
-1.8 x 10'~ ( ~ k / k ) / h .  

Effective delayed-neutron frac.tions were calculated, taking into 
account the  delayed-neutron energies and the spa t i a l  source dis t r ibut ions 
i n  a one-region model of the core. For a t o t a l  yield of 0.0064 delayed 
neutron per  f i ss ion  neutron, the  effect ive f rac t ion  i n  the s t a t i c  core 
was 0.0067. With fue l  c i rculat ing at  1200 gpm, the effective steady-state 
f rac t ion  was 0.0036. 

Preliminary t e s t s  were made of a new IBM-7090 program f o r  the analysis 
of simulated power t ransients ,  based on a simplified space-dependent ki-  
ne t ics  model. This program calculates f u e l  and graphite temperature 



distributions during transients and uses the nuclear-average-temperature ' 

concept to relate temperature changes to the reactivity. 

3. Component Development 

Measurements were mde on INOR-8 freeze flanges for 5-in.-dim sched- 
40 pipe under several different steady-state and transient conditions with 
both an octagonal and an oval nickel ring gasket. The following conclusions 
were drawn from these measurements: the flange joint design appears to 
be satisfactory from an accumulated thermal stress standpoint after 43 
cycles from room temperature to 1300°F and higher; the thermal distortion 
of the flanges is small in the operating range and is not of a nature to 
cause the flanges to separate at the seal; thermal cycling does not cause 
the gas leakage rate to increase above an acceptable level; the flange 
joint will not form a frozen plug in the pipe under no-flow conditions if 
the pipe heaters are kept on; the thermal and distortion properties of the 
INOR-8 flanges are superior to those of the Inconel flanges tested previ- 
ously; and thermal cycling of one flange did not affect its ability to 
seal with a new flange, 

A full-scale conceptual model of the control rod and drive unit was 
assembled and tested under operating conditions for over 24,000 cycles. 
Difficulty with a bushing was solved by replacement with ball bearings. 
Over-all operation was satisfactory. 

Evaluation of a removable 5-in. pipe heater insulated with hardboard 
and mineral wool indicated excellent performance except for the tendency 
to produce dust after high-temperature operation. Nuclear activation 
analyses of insulating materials indicated that the dust would present a 
problem of air-borne activity during maintenance. Another unit, con- 
structed of foamed fused-silica, was better with respect to dusting but 
had an excessive heat loss. An improved fused-silica pipe heater, incor- 
porating some canned hardboard is being fabricated. An all-metal reflec- 
tive type of unit was procured for evaluation. 

The prototype cooling bayonets for removing fuel afterheat from the 
drain tanks were thermally shock tested 384 times without failure. Reactor- 
grade thermocouples were still intact after 6 cycles, whereas other types 
of thermocouples failed in fewer cycles. 

Detail drawings of essentially all the components and instrumentation 
of the sampling and enriching system were finished, and construction of 
a mockup was started. The sampling-capsule access-chamber mockup passed 
the hydrostatic test requirements, and hot cell removal of a sample from 
the capsule was demonstrated. 

The full-scale MSRE core model was operated at 8 5 " ~  with water to 
make preliminary measurements of the velocity distribution, heat transfer 
coefficients, and solids-handling characteristics. The velocity distri- 
bution in the lower core wall-cooling annulus was found to be uniform 
around the circumference, indicating that the flow into the lower head 
was also uniform. The heat transfer coefficients in the lower head agreed 



with the  predicted values, except near the axis,  where the measurements 
were i r regular  because of the random flow. Preliminary measurements of 
the  so l ids  d is t r ibut ion  i n  the lower head indicated tha t  sol ids  which do 
remain i n  the core tend t o  co l lec t  near the drain l i n e  a t  the center. It 
appeared, however, t h a t  they would not plug the drain l ine .  

The engineering t e s t  loop was revised t o  include a graphite container 
and LNOR-8 pipe and was placed i n  operation with a newly made zirconium- 
f r e e  coolant s a l t .  Information was obtained of the operating character- 
i s t i c s  of the frozen s e a l  i n  the graphite container. It was found t h a t  a 
s a l t  mist existed i n  the pump-bowl gas space tha t  led t o  some d i f f i c u l t i e s  
with frozen s a l t  deposits, but no such m i s t  was found i n  the drain-tank 
gas space. After 1500 h r  of operation with the empty container, graphite 
was instal led,  vacuum pretreated a t  1200°F, and prepared f o r  flushing with I 
s a l t  t h a t  had been t r ea t ed  with HF t o  lower i t s  oxide content. 

Design and construction of equipment f o r  opening and closing freeze- 
flange joints  was completed, and procedure tes t ing  was s ta r ted .  A per i-  
scope was purchased f o r  use with t h i s  equipment. The design of a port,ahl.e 
shield f a c i l i t y  f o r  semidirect maintenance operations i s  6& complete. 
It i s  a motorized uni t  with the  appropriate openings and l ight ing f o r  
spec i f ic  operations. 

Six prototype brazed jo in ts  were fabricated f o r  qual i ty  evaluation 
using the equipment and general techniques required f o r  remote operation. 
A s imilar  joint  was removed from a loop f o r  metallurgical examination 
a f t e r  6780 h r  a t  1250°F and exposure t o  f u e l  salt f o r  123 hr .  

The design of the overflow-line disconnect t o  the fue l  pump.was com- 
pleted, and .a  carbon-steel prototype was b u i l t  and successfully rough- 
t e s t ed  a s  a demonstration of the concept. An INOR-8.model was constructed. 
f o r  f i n a l  tes t ing .  

The design drawings f o r  the coolant pump, the drive motors of the 
f u e l  and coolant pumps, and the  lubrication stands were approved. The 
assembly of the rotary element and the fabrication and assembly of the 
hot t e s t  stand f o r  the prototype f u e l  pump were completed and tes t ing  was 
s ta r ted .  Acceptable INOR-8 castings of impellers and volutes f o r  the fue l  
and coolant pumps and dished heads f o r  the pump tanks were obtained. Fab- 
r i ca t ion  of a l l  components required f o r  the reactor pumps was in i t i a t ed .  

A prototype model of the two-level conductivity-type l iquid-level 
probe being developed f o r  use i n  measurement of l eve l  i n  the MSRE storage 
tanks was constructed and i s  being tested.  

Developmental tes t fng  of an element f o r  continuous measurements of 
the molten-salt l e v e l  i n  the reactor pumps was continued. The maximum 
variat ion recorded during a four-month t e s t  was 0.1 in., and there has 
been no s ignif icant  degradation i n  performance character is t ics  t o  date.  

Investigations of single-channel thermocouple alarm switches f o r  use 
i n  freeze-flange and freeze-valve monitoring continued. A commerical 
system i s  undergoing fie1d.test.s. 



Development of the mercury-jet-commutator thermocouple-scanning 
system is continuing. Modifications of the switch were made to reduce 
spurious noise generation. An alarm discriminator was designed and con- 
structed. A complete system was assembled and tested. 

Testing of mechanical attachments for use on radiator tubes in the 
MSRE was resumed after modifying the test apparatus. The differential 
between indicated inner and outer wall temperatures under simulated opera- 
ting conditions was reduced to 9°F when the thermocouple was insulated 
with Fiberfrax paper and Thermom cement was applied between the thermo- 
couple and the tube wall. 

Six Inconel-sheathed MgO-insulated Chromel-Alumel thermocouples are 
being tested in 1200 to 1250°F air. The observed drift in all units 
after 5000 hr of operation was less than i2"F. 

Ten MSRE-prototype wall-mounted thermocouples were exposed to fast 
temperature transients on the drain-tank bayonet-cooler testing facility. 
One thermocouple failed immediately. The remaining nine units have with- 
stood repeated rapid temperature changes. 

Results of tests of thermocouples installed on an MSRE-prototype 
freeze valve indicate that either 1/8-in.-OD duplex or 1/16-in.-OD single- 
conductor thermocouples will measure wall temperatures on the freeze valve 
within the required accuracy and will withstand the temperature transients 
inherent in this application. No significant difference in the perform- 
ance or durability of the units was noted. 

A six-circuit radiation-resistant thermocouple-disconnect assembly 
was fabricated and tested in a remote-maintenance facility. The discon- 
nect is simpler in construction than the assembly described previously 
and is more compatible with MSRE requirements. 

Part 2. Materials Studies 

4. Metallurgy 

Tests were completed for determining the corrosive effect of CF4 
vapor on INOR-8 immersed in fuel salt at 1112 and l292OF. Results of 
these indicate that CF4 vapor is effectively nonreactive toward INOR-8 
at 1112°F but that minor attack may be promoted by CF4 in the presence 
of fluoride salts at 1292"~. 

A final design and a welding procedure were established for the tube- 
to-tube sheet joints of the MSRE heat exchanger. The final design pro- 
vides for ultrasonic inspection. In order to demonstrate the welding and 
inspection procedures, a 96- joint test assembly was successfully fabri- 
cated and inspected by radiographic and ultrasonic Lamb-wave techniques. 
Brazing procedures for remotely preparing INOR-8 pipe joints were demon- 
strated by the fabrication of six joints. Only minor unbonded areas 
were found in these by ultrasonic inspection. 
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Additional mechanical properties data were accumulated for INOR-8, 
including thermal fatigue data at 1250 to 1600°F. Stress relieving was 
found to improve the elevated-temperature stress-rupture properties of 
weldments. Evaluation studies of the mechanical properties of heats of 
INOR-8 procured for MSRE construction were started. 

Grade TS-281 graphite, considered representative of MSRE material, 
was found to be more porous than experimentally made samples of similar 
graphite; however, it met design requirements. Specimens of TS-281 were 
permeated to 0.2$ of the bulk volwne in the standard permeation tests. 
Oxygen contamination was purged from R-0025-grade graphite with the de- 
composition products of NHg*HF at temperatures as low as 392°F. Exposure 
of 7 ~ 0 ~ - 8  specimens to this environment at temperatures varying from 392 
to 1300°F resulted in minimum attack at 752°F. 

Sintering studies were begun to develop procedures for fabricating 
Gd203 and Gdf13-A1f13 cylinders for MSRE control rods. The shrinkage 
characteristics and bulk density changes as a mction of green density 
were determined for Gd203 pellets that were fired at 1750'~ in hydrogen. 

5. In-Pile Tests 

Two molten-salt-fueled capsule assemblies, oFQJL-MTR-~~-~ and 47-5, 
were built to study the formation of CF4 in the.gas over fissioning MSRE 
fuel containing submerged graphite. In assembly 47-4, four capsules con- 
taining a graphite core submerged in fuel and two with graphite crucibles , 
containing fuel were irradiated. 

Assembly 4'7-4 was irradiated from March 15 to June 4, and it is now 
undergoing postirradiation examination at ORNL. The maximum measured tem- 
perature of the capsules was 1400 5 25°F during approximately 1500 hr of- 
full-power steady-state reactor operation. Sixty of the 121 recorded tern- . 
perature changes of -30°C or more included decreases to the solidus tem- 
perature of the fuel salt. 

Two capsules containing submerged graphite cores were installed in 
assembly 47-5 to permit gas sampling during irradiation. Additional sealed 
capsules designed to provide a range of oxidation-reduction levels by 
altering the accessibility of chromium metal to the fuel were included. 
The range of the ratio of INOR-8 surface area to graphite surface area in 
contact with the fuel is 0 to 46:l. Assenibly 47-5 is scheduled to be ir- 
radiated from September 17 to December 10, 1962. 

Postirradiation examination of assembly 47-4 revealed that elemental 
fluorine at pressures as high as 35 atmospheres was generated in some of 
the rapidly frozen salt used in tests of the effect of radiatfon on evo- 
lution of CF4 from fissioning fuel and graphite. The fluorine, undoubtedly 
of radiolytic origin, appears in the frozen salt after shutdown and is 
possibly the main causative agent of.the CF4 in the capsules that contained 
large quantities of CF4. Since capsules of different configuration in the 
same irradiated assembly showed widely divergent behavior, the undesirable 
products may be strongly dependent on some incidental effect, such as the 



freezing his tory of the capsule. Present indications a re  tha t  the fluo- 
r ine problem w i l l  not consti tute a severe threa t  t o  the reactor operation. 
Tests a re  in  progress (oRNL-M'I 'R-~~-~)  t o  obtain d i r ec t  confirmation of 
the evidence f o r  a negligible concentration of fluorine i n  the molten 
fuel .  

6. Chemistry 

A detailed examination of the 4 5 0 " ~  contour i n  the LiF-BeF2-ZrF4 t e r -  
nary system suggests tha t  67 mole % LiF, 29 mole 5 BeF2, and 4 mole $ ZrF4 
should be a sui table  solvent f o r  UF4 i n  a simplified fue l  t ha t  contains 
no ThF4. A f u e l  based on t h i s  solvent, LiF-BeF2-ZrF4-UF4 (66.85 -29-11-0.15 
mole $), has an estimated melting point of 445 "C. This composition has 
a density of 2.15 g/cm3 a t  the operating temperature. 

The eutect ic  i n  the system LIF-UF4 appears t o  'be useful a s  a concen- 
t r a t e  (27 mole % UF4; mp, 5 2 7 " ~ )  f o r  f u e l  makeup. The amount and nature 
of segregation on freezing of MSRE-type fuels  a re  tolerable .  

Experiments t o  demonstrate the reaction of CF4 with NSRE systems gave 
posit ive indications, mainly a t  800°C. Presumably, they would provide 
more conclusive r e su l t s  a t  higher temperatures than the 600 t o  800°C range. 

. . 

Studies of the cleanup of graphite and of f u e l  continued and e f fo r t s  - : 
, . . ,  

t o  improve analyt ical  aspects of MSRE f u e l  technology were directed toward - i 
I 

oxygen determinations i n  f u e l  and i n  graphite and toward homogenization . .4 

of radioactive samples of fue l ,  

. % *  

7. Fuel Processing .̂  

i. + . f :. 
. , 

Work on the detai led design of the MSRE fuel-processing system was . . . . L'? 

. $5 > 
star ted.  The system provides f o r  oxide removal from the s a l t  and uranium . . .' . *>I. 

recovery, A simplified flowsheet was prepared. 

8. Engineering Research on Thermophysical Properties of Sa l t  Mixtures 

The l iquid-state  enthalpy and the viscosity of a Li2C03-Na2C03-K2C03 
(30-38-32 wt; %) mixture proposed f o r  use i n  out-of-pile studies re la t ing  
t o  the MSRE were experimentally obtained. Unusual sca t t e r  i n  the  data 
warranted only a l i nea r  f i t  of the enthalpy data. The derived heat ca- 
pacity over the temperature span 475 t o  715°C i s  therefore given by the 
constant value 0.413 ~ a l / ~ . " C .  The kinematic viscosity was found t o  vary 
from 16.5 centistokes a t  460°C t o  3.1 centistokes a t  715°C. An estimate 
of the mixture density a s  a function of the  temperature allowed prediction 
of the absolute viscosity.  
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1. MSRE DESIGN 

Design Sta tus  

Design work on the  MSRE was e s sen t i a l l y  completed. There remains 
only f i n a l  revis ing of system layout and design drawings and completion 
of t h e  e l e c t r i c a l  design. The design report ,  i n  which a l l  engineering 
calcula t ions  and analyses of t h e  systems a r e  presented, i s  present ly  be- 
ing compiled. Much of t he  design work remaining t o  be completed involves 
incorporation of development work i n to  f i n a l  design drawings. An example 
of such a design is  the  removable sa l t -p ipe  heaters  and insula t ion.  F ina l  
t e s t  evaluations of two d i f f e r en t  concepts of such removable insula ted 
heater  sect ions  a r e  nearing completion. Design drawings of these  un i t s  
must be completed a f t e r  these  t e s t s  indicate  which type w i l l  be used i n  
t he  system. 

Another item t h a t  awaits f i n a l  t e s t  evaluation before the  design can 
be completed i s  t he  control  rod drive. A model incorporating a l l  t he  
pr inciples  has been operated successfully,  and t e s t i n g  of an ac tua l  pro- 
totype un i t  w i l l  permit t h e  design t o  be f inished.  Such a prototype i s  
being ordered. 

All  layouts f o r  the  th ree  major areas, reactor  c e l l ,  d ra in  tank c e l l ,  
and coolant c e l l ,  a re  complete. The various penetrat ions i n t o  these  c e l l s  
have a l so  been designed. The layout of interconnecting gas ,  water, e lec-  
t r i c a l ,  and instrument l i n e s  between these  c e l l s  i s  nearing completion. 

Considerable e f f o r t  was devoted t o  t he  design of t h e  containment ves- 
s e l ,  and a l l  pa r t s  of t h i s  design were completed. Several methods of e f -  
f e c t i ng  a closure with t he  s e a l  membrane t h a t  welds t o  t h e  s t e e l  s h e l l  
were analyzed before an acceptable concept could be deta i led.  The pe- 
r iphery of t he  containment vessel  jus t  below the  closure f lange was re-  
inforced with a circumferential  s t e e l  r i ng  t o  bring t he  s t r e s se s  within 
l i m i t s  a t  design-point pressure. This pressure was d ic ta ted  by t he  maxi- 
mum credible  accident. The vapor-condensing system, which ensures t o l e r -  
able  pressures within t he  c e l l  i n  t h e  event of t h e  maximum credible  acci -  
dent, was designed. 

Since t h e  molten-salt system employs e l e c t r i c a l  heat  t o  bring a l l  
components t o  the  operating temperature,, t he  e l e c t r i c a l  d i s t r i bu t i on  f o r  
t h i s  heater  network i s  ra ther  elaborate.  This e l e c t r i c a l  system is  about 
40% designed. The heater  control  centers  a re  complete. Conduit and 
cable-tray layouts a r e  6 ~ $  complete. 'l'he design of modisications t o  
ex i s t ing  aux i l i a ry  d i e se l  power controls  a r e  60% complete. Al l  e l e c t r i -  
c a l  designs are scheduled t o  be curnplttled b y  Malxll 1, 1963. 

Design drawings f o r  t h e  charcoal-adsorber system f o r  t h e  offgas a r e  
f inished.  Layout drawings of offgas piping i n  t h e  reactor  c e l l ,  d r a i n t a n k  
c e l l ,  and spec ia l  equipment room a re  95% complete. .Very l i t t l e  remains 
t o  be done t o  bring t he  design of t h e  e n t i r e  gas system t o  completion. 



The design of t h e  j i g s  and f i x tu r e s  f o r  t he  assembly of t he  i n i t i a l  
and replacement components f o r  t h e  t e s t  c e l l  was completed. The compo- 
nents,  piping, and flanges a r e  supported by adjustable  supports t h a t  du- 
p l i c a t e  o r  resemble t h e  t e s t  c e l l  s t r uc tu r e  and a r e  positioned prec i se ly  
by o p t i c a l  tooling.  Design work on t h e  f i x t u r e  f o r  t h e  assembly of t he  
d r a i n  tanks and f l u sh  tank is  i n  progress. 

Completion of t h e  items mentioned above w i l l  complete t h e  design of 
a l l '  major equipment and f a c i l i t i e s ,  including t he  maintenance control  
room, t h e  remote crane control ,  t he  t e l ev i s ion  view.ing devices, and t he  
rerriotely operable l i f t i n g  tongs. The design of t h e  work shie ld ,  protec- 
t i v e  environment enclosure (standpipe),  tools ,  and operating procedure 
f o r  replacing t h e  718-in. -OD graphi te  sampler i s  complete. The graphi te  
sampler i s  i den t i ca l  i n  p r inc ipa l  t o  t h e  sampler i l l u s t r a t e d  p r e v i ~ u s l y , ~  
which was modified t o  accommodate t h e  control  rods and t o  r a i s e  t h e  work 
sh i e ld  3 f t  above t h e  lower sh i e ld  beams f o r  working convenience. 

There were no changes i n  design concept or  s i gn i f i c an t  changes i n  
d e t a i l  of any component o r  system of t h e  MSRF, within t h i s  repor t  period. . 

A plan drawing of t h e  major systems showing arrangement of various com- 
ponents i n  t he  MSRF: bui lding is  shown i n  Fig. 1.1. 

Reactor Procurement and I n s t a l l a t i o n  

Major Modifications t o  Building 7503 

The Kaminer Construction Corporation, which has the  prime contract  
f o r  t h e  major modifications t o  Building 7503, has completed approximately 
90% of i t s  contract .  The estimated completion da te  i s  October 15, 1962, 
a s  scheduled. The s t a t u s  of t h e  work i n  progress i s  outl ined i n  t he  f o l -  
lowing sections.  

Reactor CelLk. t r e s s  re l i ev ing  of' t h e  reac tor  c e l l  vessel  i s  com- 
p le te ,  and i n s t a l l a t i o n  of t h e  sleeves between t he  inner and outer ves- 
s e l s  i s  progressing. This work w i l l  be completed when t he  expansion 
j o in t s  (bellows) a r e  received. 

The support beams f o r  t h e  lower roof plugs were concrete-f i l led  and 
put i n  place. The frames f o r  t h e  lower roof plugs were fabr icated and 
a r e  being f i t t e d  t o  t h e  c e l l .  These plugs w i l l  be poured Goon. The up- 
per  roof plugs were poured but were not delivered because of lack of 
s torage space. The s e a l  membrane i s  on-si te.  

Drain Tank Cell.  A l l  t h e  concrete was poured i n  t he  d ra in  tank c e l l ,  
including t h e  upper and lower roof plugs and t h e  support sh ie ld  beams. 
Plug welding of t h e  s t a i n l e s s  s t e e l  l i n e r  was completed, a s  shown i n  
Fig. 1.2. The lower roof plugs should be i n s t a l l ed  and ready t o  weld 
i n  t h e  s e a l  membrane when it i s  delivered. 

l ' k S ~ ~  Prog. Rep. March 1 t o  Aug. 31, 1961," ORNL-3215, p 17, 

Fig. 1.12, 





Fig, 1.2. Fuel Drain Tank Cell. 

Maintenmce Control Room. m e  grade beam fof. the mainten&nce con- 
Lru l  rluuu! werge yuwed.  The furrw f u r  yuurlug up Lu e l e v t l / l u ~ l  862 f L  are 
being installed; and the concrete w i l l  be poured soon. 

Radiator Cell. The sheet metal work i n  the radiator c e l l  i s  approxi- 
mately 50% complete. It is expected that  t h i s  work w i l l  be completed on 
schedule. 

Sheet-Metal Liner for  Crane Bay. A l l  framing for  the crane-bay l iner  
was fabricated and 40% of the framing was installed. The sheet metal l iner  
was fabricated and i s  ready t o  instal l .  

Bui ld iq  Ventilation Duct Work. The duct work is 90s complete. The 
remaining work consists of the instal lat ion of dampers, which are sched- 
uled t o  be delivered soon. 

Reactor Cell Exhaust Duct. The SO-in. exhaust duct i s  installed t o  
the end of the Kaminer portion, including the butterfly valves. 

Hot Waste Storage Cell. The storage tank i s  installed and 95$ of the 
piping complete. 



Hot Storage, Fuel Transfer, Decontamination, and Spent Fuel Storage 
Cells. The s ta in less  s t e e l  l i n e r  is being ins ta l led  in the  hot storage - 
cel l .  Work i n  the  other three ce l l s  is  complete, except f o r  miscella- 
neous concrete patching and stacking of shielding blocks i n  the  spent fue l  
storage cel l .  

E lec t r ica l  System. Elec t r ica l  conduit ins ta l la t ion  i n  the  crane bay 
is  90% complete. Wiring fo r  the  a i r  compressors and controls is complete, 
except f o r  some miscellaneous control wiring, which is  awaiting delivery 
of control switches. 

A i r  and Water Piping. The compressed a i r  and water piping is  approxi- 
m a t e l w l e t e .  

-. 

Auxiliary Line Penetrations in to  Reactor Cell. O i l ,  water, and other 
service l ines  were fabricated, and ins ta l la t ion  is  approximately 50% com- 
plete. 

Elec t r ica l  Service Area, All concrete was poured, and ladders and 
hatchway covers were installed. Work in  t h i s  c e l l  is  80% complete. 

Construction Outside Building 7503 

The R. S. Hixson Construction Company of Oak Ridge was awarded the  con- 
t r a c t  f o r  the  construction work outside Ruilding 7503. Work was s ta r ted  ap- 
proximately May 1 and is expected t o  be completed approximately September 15, 

The exhaust f i l t e r  house is complete except fo r  the  ins ta l la t ion  of 
f i l t e r s ,  which are expected t o  be delivered approximately September 15. 
The offgas exhaust stack is installed. The exhaust blowers, duct, and 
dampers w i l l  be delivered by September 1 and instal led by September 15. 

The cooling towers were installed, and the  piping was completed, ex- 
cept fo r  connections t o  the  pumps. The pumps are t o  be delivered soon. 
The underground piping is complete. 

The i n l e t  f i l t e r  house is complete, and the  steam coi ls ,  dampers, 
duct, and f i l t e r s  w i l l  be delivered soon. 

Procurement of Materials 

With the exception of the  graphite f o r  the  E R E  core, materials pro- 
curement is  approximately on schedule. The graphite is now promised fo r  
November 1, 1962, and ef for t s  are being made t o  improve t h i s  delivery 
date. The s ta tus  of procurement is outlined i n  the  following sections. 

INOR-8. Delivery of a l l  plate, rod, weld rod, and pipe is complete, 
except f o r  some miscellaneous pieces. Pa r t i a l  delivery was made of pipe 
f i t t i n g s  and tubing; delivery is  approximately 75s complete. Delivery 
of forgings, tha t  is, freeze flanges, heat-exchanger tube-sheet blank 
flanges, O-ring gaskets, and other special  forgings, is  approximately 
808 complete, 

- - 



Graphite. The National Carbon Company has formed, baked, and graphi- 
t ized a l l  the base-stock graphite bars. The individual l o t s  are a t  vari- 
ous stages of the multiple impregnation treatment. All bars received the 
first impregnation. There are about 80 graphite bars completely through 
a l l  the required impregnations; however, the fabrication of sound base- 
stock graphite bars i s  the c r i t i c a l  part of the fabrication. The delivery 
of the completely machined graphite bars was tentatively rescheduled from 
September 1 t o  November 1, 1962. 

Auxiliary Heat Exchangers. A contract was awarded Berlin Chapman 
Company for  the fabrication of three stainless s tee l  auxiliary heat ex- 
changers. 

Stainless Steel  Piping. Contracts were awarded for  the manufacture 
of ty-ge 304 s t a b l e s s '  s t ee l  pipe, tubing, and f i t t i n g s  for  a l l  auxiliary 
piping systems. Most of t h i s  material has been manufactured and is be- 
ing inspected a t  the vendors' mills. Contracts have not been awarded 
for  epecial flanges and gaskets. 

Reactor Cell Support Steel. Steel for  the reactor c e l l  equipment 
supporting structures i s  being furnished by O1Neal Steel Company. Special 
pipe spring supports are being manufactured by Bergen Pipe Support Company. 

Fabrication of Components 

The fabrication of MSRE components i n  the Y-12 Machine Shops is es- 
timated t o  be approximately 50$ complete and on schedule. Delivery of 
the  f i r s t  component is expected approximately October 1, and a l l  compo- 
nents are expected t o  be delivered by January 1. The status of component 
fabrication i s  described in  the following sections. 

Reactor Vessel. The reactor vessel ( ~ i ~ s .  1.3 w1d 1.4) i s  being fab- 
ricated and i s  approximately 45% complete. Delivery i s  expected approxi- 
mately January 1, 1963. 

The stainless s t ee l  thermal shield for  the reactor vessel is being 
fabricated i n  the Union Carbide Nuclear Company Paducah machine shop aria 
is approximately 35% complete. Delivery is expected approximately 
October 1, 1962. Procurement was ini t iated for  approximately 75 tons of 
s t ee l  bal ls  that  w i l l  be poured into the thermal shield fo r  gamma shield- 
ing. 

IIeaC Exehnngcr. The INOR-8 primary heat exchanger i e  approximately 
65% complete (Fig. 1.5), and delivery i s  expected approximately January 1, 
1963. A vendor, W a l l  Colmonoy, i s  under contract t o  f'urnace-braze the 
tubes t o  the tube sheet with a gold-nickel alloy. 

RadlaLor. The salt-to-air radiator is approximately 12s complete. 
The headers for  t h i s  component are being fabricated i n  the Union Carbide 
Nuclear Company shops a t  X-10 and Paducah and are approximately 95% com- 
plete. Delivery i s  expected approximately January 1, 1963. 



,Fig. 1.3. Inside of Reactor Vessel Showing Flow Straightening 
Vanes. 

Radiator Enclosure. The enclosure fo r  the  radiator ( ~ i g .  1.6) is  
approximately 65% complete, and delivery is expected approximately 
January 1, 1963. The door-lift ing mechanism was fabricated i n  a loca l  
Oak Ridge Machine Shop and is complete. Delivery is  complete on a l l  
motors, clutches, brakes, and e l ec t r i c  heaters f o r  t h i s  component. 

Sa l t  Storage Tanks ( ~ o t a l  of 4). The sever2, INOR-8 f i e 1  and cool- 
ant storage tanks (Fig. 1.7) are  approximately 45% complete. Delivery 
of these components w i l l  begin approximately October 1, 1962, and be com- 
pleted by October 1, 1963. 

Fuel and Coolant Pumps. Fabrication of the  fue l  
(FQ. 1.8) i s  approximately 75% complete. Deliveiy of the  f i r s t  un i t  i c  
expected approximately January 1, 1963. 

Miscellaneous Fabrication. The ORNL and Paducah machine shops are 
fabricating miscellaneous parts  fo r  the  major reactor components. In 
addition, cer ta in  equipment supports, assembly jigs, and panel boards are  
being fabricated i n  the  K-25 shops. The sampler enricher, charcoal beds, 



Fig. 1.4. Flow Distribution Nozzle ro r  Reac-cor V e  !!!! I. 
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=- Fig.  1.7. Coolant S a l t  Drain Tank. 



Fig. 1.8. Volute and Upper Half of Fuel Pmq Bowl. 
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s a l t  piping, and other miscellaneous parts  a re  being fabricated i n  the 
ORNL machine shop. A contract was awarded t o  Taylor Engineering Company 
fo r  the  fabricat ion of seven special  equipment supports and four special  
vessels.  

Reactor Instrumentation and Control Systems 

Lavout of Instrumentation and Control System 

The layout of the  instrumentation and controls system proceeded 
closely i n  accordance with t h e  scheme outlined i n  the  previous report. 
Drawings showing t h e  exact location of a l l  control panels were completed, 
including d r i l l i n g  d e t a i l s  f o r  f loor  penetrations i n  the  main and aux- 
i l i a r y  control areas. The re lay  cabinet was moved t o  a new position, and 

- 

th ree  panels f o r  control of the  d iese l  generators were added t o  the  
auxiliary-board panel arrangement. Kequirements f o r  wire ways between 
t h e  main control area and field-mounted equipment were determined, and 

- d e t a i l  design is now under way. These wire ways consist  of three sepa- 
r a t e  s e t s  of 3- by 24-in. open trays. Thermocouples, signal cables, and 
control c i r cu i t  wiring w i l l  be run i n  separate trays.  Cable from isolated 
s ignal  transmitters w i l l  be run in conduit t o  the nearest tray. Details 
f o r  wire terminal boxes between field-mounted e l ec t r i ca l  equipment were 
a l so  determined. 

Des ign Status 

Instrument Application Diagrams. Instrument application flow dia- 
grams f o r  the  f u e l  sampler-enricher system, the  fluorination system, and 
the  containment system were completed and approved f o r  construction. Nine 
diagrams previously approved were revised i n  accordance with recent de- 

-- sign changes. A tabulat ion of a l l  instruments shown on the flow diagrams, 
giving identifying numbers, location, function i n  process, and a br ief  - 
description, was completed. These w i l l  be revised periodically t o  in- 

k corporate design changes. 

Control Panels. The design of 8 of the 12 modular instrument panel 
sections required fo r  the  main board was completed and fabricat ion of 

L 
- - - - these panels i s  presently under way i n  the ORNL panel shops. The three 

remaining panels, as well as the  control console, w i l l  be completed when 
a l l  the  nuclear instrument requirements a re  known. A complete design 
f o r  one panel sec t  ion includes instrument -mount ing-hole cutout drawings, 
pneumatic tubing diagrams, and e l e c t r i c a l  wiring diagrams. Twenty-five - -  - - - - drawings f o r  the main-board panel sections were approved. 

Twenty-four drawings covering the  design of 11 auxiliary-board panels 
located i n  the t ransmit ter  room and auxi l iary room were completed. In  
addition, t he  design of the  thermocouple-patch-panel cabinet was com- 
pleted. 

- * 2''MSRP Prog. Rep. Feb. 28, 1962," ORNL-3282, pp 10--19. 



Designs of th ree  sampler-enricher control  panels and two cover-gas- 
treatment control  panels were a l s o  completed and approved. Eighteen 
drawings were approved and issued f o r  construction. These panels a re  
present ly  being fabr icated i n  t he  ORNL shops and when completed w i l l  be 
used t o  control  mockups of these  systems. 

The designs of s i x  other aux i l i a ry  instrument panels located i n  t h e  
f i e l d  a re  complete. These panels serve t he  f u e l  and coolant pump lube 
o i l  systems, cooling water system, and t h e  containment a i r  system. Six 
drawings were completed. Fabrication of t h e  containment vesse l  a i r  sys- 
tem instrument panel was completed, and the  panel was delivered t o  the  
contractor.  

Forty-two 2 - f t  modular-panel sect ions  a re  required i n  t h e  MSRE in-  
strument system. Designs a r e  complete f o r  30 of these  panels. Design 
of t h e  remaining panel sect ions  i s  approximately 50% complete. 

Field Ins ta l l a t ions .  Information necessary f o r  t h e  development of 
t h e  e l e c t r i c a l  power system c r i t e r i a  was prepared. This included t h e  
s a f e ty  control  c i r c u i t  48-v power d i s t r i bu t i on  system, 115-v ac ins t ru -  
ment power requirements, and remote control  requirements f o r  switchgear 
and motor-control centers. The design of e l e c t r i c a l  control  c i r c u i t r y  
f o r  two 40-hp instrument a i r  compressors was completed. 

The requirements fo r  t he  instruments and controls  system reac tor  c e l l  
penetrat ions f o r  e l e c t r i c a l  s igna l  cables, thermocouple lead wire cables, 
and pneumatic l i n e s  were determined i n  de t a i l .  

A mockup of a t yp i ca l  MSRE f reeze  valve, with reactor-type thermo- 
couples, so l id -s ta te  switch modules, coolant-air  system, and control  c i r -  
c u i t s  was designed and constructed. I n i t i a l  t e s t  operations indicate  t h a t  
a l l  con t ro l -c i rcu i t  components w i l l  perform s a t i s f a c t o r i l y .  

Data Handling. A requ is i t ion  was issued f o r  a data  system t o  be ac- 
quired on a three-year l ease  period with an option-to-buy clause. Pre- 
liminary proposals from three  manufacturers were received t h e  week of 
Ju ly  9. The th ree  proposals were evaluated i n  terms of cost  and equip- 
ment i n  accordance with t h e  specif icat ion.  On t he  bas i s  of t h e  prelimi- 
nary proposals, a system was t e n t a t i v e l y  selected.  This se lec t ion  was 
based on preliminary information and i s  subject  t o  change when t h e  f i n a l  
de [;ailed pr.oposals are received. 

Process and Personnel Radiation Monitoring. A review of t h e  process- 
monitoring requirements was completed i n  May. The se lec t ion  of the  neces- 
sa ry  detectors and associated e lec t ron ic  equipment is approximately 80% 
complete. Preliminary detector  locat ions  and mounting requirements were 
discussed. Preliminary invest igat ions  were s t a r t e d  f o r  t he  design of t he  
two-stack monitoring systems. The instrument appl icat ion diagrams now 
show a l l  t he  proposed process monitors, with t he  exception of t h e  high- 
l e v e l  gamma monitors f o r  t h e  reac tor  and dra in  tank ce l l s .  



The r e su l t i ng  recommendations were reviewed by t he  Laboratory's Fixed 
Instrument Advisory Committee and by ORNL Radiation Safety  Control per- 
sonnel. The recommendations f o r  personnel-monitoring instrumentation 
a r e  summarized below: 

Ins  t mment Quantity 

Continuous a i r  monitor, Q-2240 7 
Monitron, Q-1154 8 
Radiation and contamination monitor, Q-2091 7 
Hand and foo t  monitor, Q-1939 1 
Alpha sample counter, Q-2345 1 
Beta sample count,er, Q-2344 1 
Centra l  con t ro l  and annunciator panel 1 

The design of t h i s  system was i n i t i a t e d  and procuremen-t; of t he  required 
instruments i s  under way. 

Procurement S ta tus  

Specif icat ions  were prepared and procurement i n i t i a t e d  f o r  approxi- 
mately 80% of t h e  components required i n  t h e  process instrument system. 
A l l  panel-mounted instruments a re  e i t h e r  on order or  on hand. One hun- 
dred and twenty-one spec i f ica t ions  f o r  commercially avai lable  standard 
items were prepared, and procurement was i n i t i a t ed .  

Thirteen de t a i l ed  job spec i f ica t ions  f o r  some'components requiring 
spec i a l  development o r  procurement e f f o r t  were completed, and procurement 
was i n i t i a t ed .  These include such items a s  weld-sealed t ransmit ters , ,  
valves f o r  radioact ive  gas service,  thermocouple material ,  a data-handling 
system, a coolant - s a l t  -system ven tur i  flow element, and high-temperature 
MaIC-f i l l c d  t ranamit tcra ,  



2. MSRE REACTOR ANALYSIS 

Nuclear Accident Analyses 

Analyses of reac to r  behavior i n  po t en t i a l l y  hazardous s i t ua t i ons  were 
ca r r i ed  out, and t h e  r e s u l t s  were reported i n  t h e  second addendum t o  t he  
bISFE Preliminary Hazards Report .' The incidents  t h a t  were analyzed i n -  
cluded f'uel pump f a i l u r e  at  high power, cold-slug accidents,  premature 
c r i t i c a l i t y  during core f i l l i n g ,  breakage of a graphi te  s t r i nge r ,  passage 
of a s lug of concentrated f'uel through t he  core, and runaway rod withdrawal. 

Calculat ional  Procedures 

The case of stoppage of t he  f u e l  pump with the  reac to r  a t  power w a s  
analyzed with an analog computer.* All  o ther  s i t ua t i ons  were analyzed 
using lhrgatroyd,  a d i g i t a l  program f o r  MSRE k ine t i c s  analys is  . 3  

In  Pkgatroyd t he  f i e 1  and graphi te  i n  t he  core a r e  t r e a t ed  as  sep- 
a r a t e  bodies, each with i t s  own mean temperature and temperature coef f i -  
c i en t  of r e a c t i v i t y .  The reactor  i s  t r e a t ed  as a point ,  however, i n  t h a t  
t he  mean f'uel temperature i s  assumed t o  be t he  average of the  i n l e t  and , . 

' 4  

ou t l e t  temperatures. Heat t r an s f e r  'between f'uel and graphi te  i s  assumed. . .. 
t o  be proport ional  t o  t he  di f ference between t he  f u e l  and t he  graphi te  mean , 

temperatures, React iv i ty  disturbances can be represented i n  Murgatroyd a s  
a s e r i e s  of s t eps  and ramps, but  the  i n l e t  temperature i s  regarded a s  being 
constant .  

The reac to r  p roper t i es  used i n  t h e  analys is  were appropriate f o r  t h e  
MSRE with 1 mole $ thorium i n  the  f'uel. (Elimination of t he  thorium would 
increase t he  temperature coef f i c ien t s  of r e a c t i v i t y  and the  prompt-neutron 
l i f e t ime .  ) 

Results  of Fuel P u m ~  Power Fai lure  Andvs i s  

The r e s u l t s  of a simulated fue l  pump f a i l u r e  a t  a reac to r  power of 
1 0  Mw, with no correct ive  act ion,  a r e  shown i n  Fig.  2.1. The decrease i n  
f 'uel-sal t  flow l e d  t o  a decrease i n  the  core cooling r a t e  and t o  an in -  
crease i n  t he  e f f ec t i ve  delayed-neutron f rac t ion ,  which r e su l t ed  i n  an 
i n i t i a l  r i s e  i n  t h e  core temperatures. Also the  l o s s  i n  flow decreased 
the  r a t e  of heat  t r an s f e r  t o  t h e  secondary coolant ,  and with no cor rec t ive  
ac t ion  the  coolant i n  t he  r ad i a to r  reached t h e  f reezing temperature i n  
l e s s  than 2 min. Heat t r an s f e r  from t h e  r ad i a to r  can, however, be de- 
creased quickly by c los ing the  r ad i a to r  doors. Results  f o r  t he  case of 

'"Molten-Salt Reactor Zxperiment Preliminary Hazards Report, " Adden- 
dum No. 2, May 8, 1962, unpublished i n t e rna l  r epor t .  

2 ~ .  N . Haubenreich and J . R . Engel, "safety Calculat ions f o r  ISRE,  " 
ORNL-TM-251 (May 15, 1962 ) . 

3 ~ .  W.'Nestor, Jr., "h rga t royd  - An IBM 7090 Program fo r  t h e  Analysis 
of t ,hp K i n ~ t , i r . s  nf t , h ~  IGRR," ORN1,-TM-303 (~p l - i l .  6 ,  I$l6%). 
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Fig .  2 .1 .  Power and Temperatures Following Fuel Pump Fai lure ,  with 
No Corrective Action. 



control  rod ac t ion  and c los ing of t h e  r ad i a to r  doors following t he  f i e 1  
pump power f a i l u r e  a r e  given i n  Fig. 2.2; t he  control  rods were considered 
t o  decrease r e a c t i v i t y  a t  the  r a t e  of 0.07% per second 1 sec a f t e r  power 
f a i l u r e ,  and heat  removal from t h e  r ad i a to r  was stopped af'ter about 30 sec .  
For these  circumstances the  f i e1  salt temperature r i s e  was small, and t h e  
secondary coolant temperature d id  not  become too  low. 

Effects  of Cold-Slug Accidents 

The consequences of cold-slug accidents were estimated by calcu- 
l a t i n g  t he  r e a c t i v i t y  t r an s i en t  associa ted with passage of a cold f u e l  
s lug  through t he  core and introducing t h i s  t r a n s i e n t  i n t o  a Ikrgatroyd 
ca lcu la t ion  by considering a s e r i e s  of r e a c t i v i t y  ramps. The temperature 
r i s e  ca lcula ted by Murgatroyd f o r  a constant  i n l e t  temperature was then 
superimposed on t he  temperatures t h a t  would be produced by t h e  cold s lug 
without nuclear heating.  Results  a r e  sho~m i n  Fig. 2.3 f o r  two extreme 

0 2 0 40 60 80 100 120 

TIME (sec )  

Fig .  2 .2 .  Pump and Temperatures Following Fuel Pump Power Fa i lu re .  
Radiator doors closed and con t ro l  rods dr iven i n  at  0.4 in . / sec  a f t e r  
f a i l u r e .  
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big.  2 3 .  Sy-s'Lern Behavior Associated with Passage oS C o l d  S l w S  ax 
900°F and a 1200-gpm Flow Rate with the Core I n i t i a l l y  a t  1200°F. 

cases: 20 or 30 ft3 of fue l  a t  gOO°F was assumed t o  be pumped a t  1200 gpm 
through the core; the  reactor was i n i t i a l l y  c r i t i c a l  a t  1 2 0 0 ' ~  and a t  low 
power with no circulat ion pr ior  t o  introduction of the cold slug. Peak 
temperatures i n  the core were estimated t o  reach about 1600°F. The core 
pressure r i s e  was not appreciable i n  e i the r  case. 



Results  f o r  F i l l i n g  Accidents 

C r i t i c a l i t y  could be reached prematurely while t h e  core was being 
f i l l e d  i f  the  f i e 1  were abnormally concentrated, o r  i f  the  f i e 1  tempera- 
t u r e  were abnormally low, o r  i f  t he  control  rods were withdrawn t o o  f a r .  
The power excursions t h a t  woldd r e s u l t  from the  continued addi t ion of r e -  
a c t i v i t y  associated with such f i l l i n g  accidents were computed by Murgatroyd, 
assuming no heat  removal from t h e  f u e l  and using a fuel-graphite heat  t r an s -  
f e r  coef f i c ien t  appropriate for  a s t a t i c  core.  

In t he  f i r s t  case it w a s  postula ted t h a t  the  fue l  w a s  concentrated by 
s e l ec t i ve  freezing i n  the  d ra in  tanks of phases containing no uranium (or  
thorium). With 39$ of the  fue l  f rozenJ4  f i l l i n g  t h e  core with t he  remain- 
ing l i q u i d  a t  1200°F at  a r a t e  of 1 ft3/min would r e s u l t  i n  a 55-Mw power 
excursion about 60 sec a f t e r  i n i t i a l  c r i t i c a l i t y .  No s i gn i f i c an t  pressure 
surge would r e s u l t .  

F i l l i n g  t h e  core with s a l t  having t he  normal f u e l  concentrat ion and a 
temperature of 1200°F would produce an excursion s imi la r  t o  t he  one de- 
scribed above i f  all rods were f u l l y  withdrawn. F i l l i n g  a t  1000°F with 
the  f i e 1  concentration and rod pos i t ions  corresponding t o  c r i t i c a l i t y  a t  
1200°F would produce a much smaller excursion. 

Rod inse r t ion  would be qu i te  e f f ec t i ve  i n  preventing t he  power ex- 
cursions i n  these  accidents because the  r a t e s  of r e a c t i v i t y  increase would 
be very low. I f  no correct ive  ac t i on  were taken (e.g., i n s e r t i on  of rods 
o r  draining of core) ,  temperatures i n  the  core would exceed 1 8 0 0 " ~ )  i n  t h e  
worst case, by the  time the  core became completely full. 

Effect  of Uncontrolled Withdrawal of Rods 

Simultaneous withdrawal of all th r ee  rods could produce a l a r g e  ;?over 
excursion and undesirably high temperatures i f  these  rods were withdrawn 
rap id ly  with t h e  reac to r  i n i t i a l l y  s u b c r i t i c a l  o r  a t  very low power. I n  
the  worst case examined, the  r a t e  of r e a c t i v i t y  addi t ion was assumed t o  be 
0.08% 6k/k per second and t he  i n i t i a l  power w a s  taken t o  be 1 w a t t .  A 
power excursion t o  730 Mw and a pressure surge of 19 p s i  r esu l t ed .  14ore 
serious,  the ca lcula ted mean f i e 1  temperature rose from t h e  i n i t i a l  1200°F 
t o  a high of 1600°5', arid l o c a l  temperatures i n  excess of 2000°F were e s t i -  
mated. 

Effect  of Graphite Movement 

I f  a graphi te  s t r i nge r  were t o  break i n  two near t he  center  of the 
core and the  upper ha l f  could f l o a t  up, t he  r e a c t i v i t y  would increase  
0.004$ 6k/k f o r  each inch of s t r i nge r  replaced by f'uel . I f  the  e n t i r e  
c en t r a l  s t r i nge r  were replaced with f'uel, t h e  r e a c t i v i t y  increase would 
be only 0.13% dk/k,. No power or temperature excursion of any consequence 
would r e s u l t ,  even i n  the  l a t t e r  event. 

*This i s  t he  highest  f rac t i0n. tha- t  could be frozen and s t i l l  leave 
enouffh l i qu id  t o  f i l l  t h e  core .  



Resul ts  of Concentrated Fuel Addition 

An upper l i m i t  on t h e  disturbances which could r e s u l t  from a f'uel 
add i t ion  of 120 g of u~~~ w a s  calculated.  For t h i s  case it w a s  postulated 
t h a t  t h e  added f i e 1  passed through the  core a s  a f l a t  pancake-shaped e le -  
ment under normal f low-rate conditions. I f  t h i s  were possible and t h e  
r eac to r  were i n i t i a l l y  a t  1 0  Mw, t he  power would r i s e  t o  a peak of 120 Mw, 
and t he  h e 1  mean temperature would r i s e  gO°F. The pressure surge would 
be about 2 p s i .  Smaller disturbances would r e s u l t  a t  lower i n i t i a l  powers. 

Reactor S t a t i c s  Calculations 

The reactor  s t a t i c s  calcula t ions  reported here are.  based on t he  cur- 
r e n t  reac tor  design. I n  t h i s  connection, a two-dimensional, 19-region 
nuclear model of t h e  reac tor  was u t i l i z e d  t o  represent t h e  various reac tor  
regions.  Because of t h e  l im i t a t i on  t o  two dimensions, t h e  control  rod 
thimbles were considered a s  a s ing le  INOR-8 cy l indr ica l  annulus concentric 
with t he  core center  l i n e .  A v e r t i c a l  hal f -sect ion of t he  reactor  model 
showing t he  r e l a t i v e  s i z e s  and posi t ions  of the  various regions i s  shown 
i11 Fig. 2.4. The boundaries of. t he  regions and t he  volume f rac t ions  of 
f'uel, graphite,  and INOR-8 i n  each a r e  summarized' i n  Table 2.1. 

A f i e 1  s a l t  mixture containing x mole $I UF4, 70 mole % LiF, (25 - x )  
mole $J BeF2, and 5 mole $ ZrFe was considered i n  t he  calcula t ions .  The 
i so top ic  compositions of l i th ium and uranium were based on material  com- 
pos i t ions  t h a t  might reasonably be avai lable  f o r  use i n  t h e  reac tor .  The 

Table 2.1. Nineteen-Region Core Model Used i n  Equipoise Calculations for  MSRE 
(see Fig. 2.4 for  graphical location of rcgions) 

Rcdiun (bn. ) Height (an. ) ~omposit.ion (vnl $) 
Region Region Represented 

Inner Outer Bottom Top A .  Graphite INOR-8 

A 0. 29.56 74.92 76.04 0 o 100 Vessel top 
B 29.00 29.56 -9.14 74.92 0 0 100 Vessel sides 
C 0 29.56 -10.26 -9.14 0 0 100 Vessel bottom 
D 3.00 29.00 67.47 74.92 100 0 0 Upper head 
E 3.00 28.00 64.22 67.47 93-7 3.5  2.8 
F 28.00 29.00 0 67.47 100 0 0 Downcomer 
G 3.00 28.00 65.53 66.22 94.6 5.4 o 
H 3.00 27.75 64.59 65.53 63.3 36.3 0.2 
I 27.77 28-00 o 63 53 n n 1 no Core can 
J 3.00 27.75 5.50 64.59 22.5 77.5 0 Core 
K 2.94 3.00 5.50 74.92 0 0 100 Simulated thimbles 
L 0 2.94 2.00 64.59 25-6  74.4 0 Central region 
M 2.94 27.75 2.00 5.50 22.5 77.5 0 core 
N O 27.75 0 2.00 23.7 76.3 o Horizontal stringers 
0 0 29.00 -1.41 0 66.9 15.3 1.7.8 
P 0 29.00 -9.14 -1.41 90.8 0 9.2 Bottom head 
Q 0 2.94 66.22 74.92 100 0 0 
R o 2.94 65.53 66.22 89.9 10.1 0 
s o 2.94 64.59 65.53 43.8 56.2 0 





ca lcu la t ions  described below were fo r  an isothermal system a t  1200°F with 
no r e a c t i v i t y  control led by t h e  control  rods, no fission-product poisons, 
and no chemical impuri t ies  i n  t h e  f'uel. 

C r i t i c a l i t y  Calculations 

The i n i t i a l  c r i t i c a l i t y  calcula t ions  were made with Modric, a  34-group, 
mult iregion,  one-dimensional, neutron-diffusion progrm f o r  the  IBIvl-7090. 
Because t h i s  program i s  l im i t ed  t o  one dimension, taro types .of geometry 
ca lcu la t ions  were made. One was based on s lab  geometry, with region and 
mate r ia l  spec i f i ca t ions  corresponding t o  an a x i a l  t raverse  through t h e  main 
p a r t  of t h e  core; . a  r a d i a l  buckling term was used i n  t h i s  calcula t ion.  
The other  was a  r a d i a l  ca lcula t ion,  with region and rnaterial specif icat ions  
corresgonding t o  a  r a d i a l  t r averse  through the reactor  midplane; an ax i a l  
buckling term was used i n  t h i s  calcula t ion.  The two c d c u l a t i o n s  agreed 
wi thin  1% i n  predic t ing a c r i t i c a l  uranium concentration of 0.15 mole $. 
I n  addi t ion,  these  ca lcu la t ions  provided the  two-group nuclear constants 
f o r  each of t he  regions a s  required f o r  two-dimensional, two-group calcu- 
lat ions.  

Flux Dis t r ibut ions  

The s p a t i a l  d i s t r i bu t i ons  of t he  f a s t  and thermal fluxes and ad jo in t  
f luxes  were calcula ted f o r  t h e  19-region, 2-dimensional model using t h e  
Equipoise-3A program. The r e s u l t s  f o r  a  reactor  power of 10  Mw are  pre- 
sented i n  Figs. 2.5 and 2.6. The r a d i a l  d i s t r ibu t ions  ( ~ i g .  2 . 5 )  are  fo r  
an a x i a l  pos i t ion  t h a t  corresponds t o  the  maximum In t he  thermal flu, 
which i s  a t  a  pos i t ion  very close t o  t h e  core midplane. The ax i a l  d i s -  
t r ibu t ions '  ( ~ i g .  2.6) a r e  given fo r  a  posi t ion 7 i n .  from t h e  core center 
l i n e ;  t h i s  radius corresponds t o  t he  maximum value of t h e  thermal f lux.  

Information about t h e  space-energy d i s t r i bu t i on  of the  fast; flw. w a s  
obtained by combining t he  Equipoise-3A r e s u l t s  with the r e s u l t s  of the two 
Modric ca lcu la t ions .  Figure 2.7 shows t he  r a d i a l  d i s t r ibu t ion ,  near t he  
core midplane, of t h e  neutron f l u e s  f o r  energies g rea te r  than 0.1 and 
1 . 0  Mev, and Fig.  2.8 shows the  a x i a l  d i s t r i bu t i on  of t he  same fluxes 3 i n .  
from the  core center  l i n e .  This radiz3 posi t ion corresponds t o  t h a t  of 
t h e  control-rod thimbles and the  small graphite t e s t  specimens. The fluxes 
are normalized t o  a power l e v e l  of 1 0  Mw. 

Power Density 

'l'he s p a t i a l  d i s t r i b u t i o n  of the  power densi ty  i s  clel;rr~!~inecl b y  'Llie 
t o t a l  f i s s i on  r a t e .  About 87'$ of the  t o t a l  f i s s i ons  i n  the  1LSR.E a re  caused 
by thermal neutrons. A s  a  r e su l t ,  t he  s p a t i a l  d i s t r i bu t i on  of t he  fue l  
power densi ty  i s  e s s e n t i a l l y  t he  same a s  t h a t  of the  thermal-neutron f lux .  
The maximum f i e 1  power densi ty  a t  1 0  f i r  with no fue l  permeation of the  
graphi te  i s  33.6 w/cm3. The corresponding. maximum graphite power densi ty  
i s  0.83 w/cm3. 

5The reference plane f o r  ax i a l  measurements was t he  bottom o'f t h e  
hor izontal  graphite bars  on which the v e r t i c a l  s t r ingers  a re  supported. 
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Fig.  2 .5 .  Rsdial  Dis t r ibut ion of Fluxes and Fig. 2.6. Axial Dis t r ibut ion of Fluxes and 
Adjoint Fluxes i n  t he  Plane of Maximum Slow Flux. Adjoint Fluxes a t  a Posit ion 7 i n .  from Core Center 

Line. 
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Fig .  2.7.  Radial P r c f i l e s  of Hig.h-Enezgy Fig.  2.8.  High-Energy Neutron Fluxes 3 i n .  
Eeutron Fluxes i n  Plane of Maximum Flux Based on from Core Ceater Line Based on Modric Calculations.  
Modric C a l c u l a t i ~ n s  . 



Steadv-State Fuel and G r a ~ h i t e  Tem~eratures 

Fluxes and power densi t ies  obtained from Equipoise calculations were 
used t o  estimate fuel  and graphite temperature dis t r ibut ions and average 
temperatures for steady-state reactor operation a t  10  Mwe6 

Temperature Distributions 

The shape of the temperature dis t r ibut ion i n  the reactor i s  deter- 
mined by the shape of the power-density d is t r ibut ion  and the fue l  flow 
pattern.  In the main part  of the core, where the fuel  flows i n  discrete  
channels among the graphite s t r ingers ,  loca l  temperature variations across 
individual fuel channels and graphite s t r ingers  a re  superimposed on the 
gross dis t r ibut ions.  The gross dis t r ibut ions,  which have the greatest  
e f fec t  on the reactor average values, a re  described below. They a re  based 
on 10-Mw reactor operation and a t o t a l  flow r a t e  of 1200 gpm. 

In describing the  gross temperature dis t r ibut ions,  only t h a t  par t  of 
the core which generates the  major f ract ion of nuclear energy needs t o  be 
considered, t ha t  is,  the central  core associated with the regions designated 
J, L, M, and N i n  Fig. 2.4 and Table 2.1. The fuel  temperature i n  any chan- 
nel  a t  a par t icular  elevation i s  a f'unction of the r ad ia l  posit ion of the 
channel, the i n l e t  fuel  temperature, the flow r a t e  i n  the channel, and the 
t o t a l  amount of heat produced i n  or transferred t o  the fue l  as it passes 
from the i n l e t  t o  the elevation i n  question. Figure 2.9 shows the axial  
var iat ion of fuel  temperature i n  the hot tes t  channel for  the  power dis-  
t r ibut ion  calculated for the  MSRE. The channel i n l e t  temperature i s  some- 
what higher than the reactor i n l e t  temperature because of the heat produced 
i n  the entrance regions through which the fuel  must pass i n  reaching the 
main par t  of the core. Figure 2.10 shows the r ad ia l  var iat ion i n  f'uel 
temperature a t  the midplane of the core. The r e l a t ive ly  lower temperatures 
i n  the central  and outer regions of the core a re  caused by the higher fue l  
veloci t ies  i n  these regions. The fuel  velocity i n  the central  channels i s  
expected t o  be about three times tha t  i n  most of the remaining channels. 
Less  extreme variations are  expected i n  the outer channels. 

The over-all temperature dis t r ibut ion i n  the graphite depends on the  
fuel  temperature, the  graphite power density, and the resis tance t o  trans- 
f e r  of heat produced i n  the graphite t o  the fuel  i n  the adjacent channels. 
The internal  resistance of the graphite t o  heat t ransfer  produces some 
elevation of the graphite temperature above t h a t  of the f'uel, but most of 
the temperature difference re.sults from the Poppendiek e f f e ~ t . ~  Figure 2.9 
shows the axial  dis t r ibut ion of the  mean temperature i n  a graphite s t r inger  
immediately adjacent t o  the hot tes t  fuel  channels. The calculated axial  

- - - - - -  

'J. R. Engel and P. N .  Haubenreich, "Temperatures i n  the E R E  Core 
During Steady-State Power Operation, ' I  ORNL-TM-378 ( in  preparation).  

7 ~ .  F. Poppendiek and L .  D .  Palmer, "Forced Convection Heat Transfer 
i n  Pipes with Volume Heat Sources Within the Fluids," ORNL-13954, Nov. 11, 
1973. 
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Fig.  2.10. Radial Temperature 
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d i s t r i bu t i on  i s  somewhat steeper than may be expected i n  t he  MSRE because 
a x i a l  heat  t r ans f e r  i n  the  graphi te  was neglected i n  the  calcula t ion.  
Figure 2.10 shows t h e  r a d i a l  va r ia t ion  of the  graphi te  temperature a t  the  
core midplane. The d i s t r i bu t i on  i n  t h e  plane of maximum graphi te  tempera- 
t u r e s  would have t h e  same general  shape but would be displaced upward about 
12OF. 

The graphi te  temperature d i s t r i bu t i ons  i n  Figs. 2.9 and 2.10 were 
calcula ted on t he  ba s i s  t h a t  6% of t h e  reac tor  power i s  produced i n  t he  
graphi te  by gamma and neutron heating; no other heat sources i n  t he  graph- 
i t e  were considered. The graphite-fuel  temperature di f ferences  w i l l  be 
g rea te r  than .the indicated values i f  f ue l  s a l t  soaks i n t o  t he  graphi te  and 
produces a source of f i s s i o n  heat i n  t h e  s t r i nge r s .  I f  2% of t h e  graphi te  
volume were uniformly f i l l e d  with fue l  s a l t ,  t h e  maximum difference between 
t h e  mean temperature i n  a graphite s t r i nge r  and t h a t  i n  the  adjacent f ue l  
channel would increase from 62.9 t o  74.5OF. 

In  addi t ion t o  t he  above r e s u l t s  f o r  t h e  main core regions, t h e  mean 
f i e 1  temperatures and temperature r i s e  were a l s o  calculated fo r  a number 
of peripheral  regions, based on 10-MT reac tor  operation and an average 
f l u i d  temperature r i s e  of 50°F i n  passing through t he  core. The increase 
i n  fue l  temperature a s  t he  fue l  passes through a region and the  associated 
mean temperat.l,ires f o r  the  various regions a r e  summarized i n  'Table 2.2. 

Average Temperatures 

A useful  concept i n  r e l a t i ng  t he  ac tua l  f ue l  and graphi te  temperature 
d i s t r ibu t ions  t o  t h e  t o t a l  r e a c t i v i t y  i s  t he  nuclear average temperature. 
This quant i ty  i s  defined a s  follows: A t  low power, reac tor  c r i t i c a l i t y  i s  
assumed t o  be es tabl ished a t  isothermal temperature conditions i n  f i e 1  and 
graphi ts .  Then, a s  t h e  power i s  ra ised,  the  fue l  nuclear average tempera- 
tu re ,  T i s  defined a s  t he  equivalent uniform fue l  temperature t h a t  gives 

f '  t h e  same total.  reactivi .1;~ l e v e l  a s  t h a t  associated with t he  ac tua l  fuel  
temperature d i s t r ibu t ion ,  with t he  graphi te  temperaturg held constant .  
Similarly,  t h e  graphi te  nuclear average temperature, T , i s  defined a s  t h e  
uniform graphi te  temperature t h a t  gives t he  same react$vi ty  l e v e l  a s  t h a t  
given by the  actual  graphite temperature p ro f i l e ,  with t he  fue l  -t;emperature 
held constant. A reac tor  nuclear average temperature could be defined i n  
an an$Logous manner; however, it appears more convenient t o  consider T* 
and T individual ly  i n  t he  manner indicated below. 

f 
g 

Using f i r s t -o rde r ,  two-group per turbat ion theory, t he  r e l a t i o n  de- 
r ived between t he  nuclear average temperatures and the  ac tua l  d i s t r i bu t i ons  
was8 

'B. E .  Prince and J .  R .  Engel, "Temperature and React ivi ty  Coefficient  
Averaging i n  the  IGRE," ORNL-TM-379 ( i n  preparat ion) .  



S ~ ( r , z )  G(r ,z)  dv * 
T ,=. 

React or  
> 

J' G(r ,z)  dv 
Reactor 

where 

Table 2.2. F'uel Temperature Rise and Average 
Tr?~ry~~:r-w,turc A3Soeiated wit11 Val-iuub Reac Lor. 

Regions at a Power Level of 1 0  Ivlw 

- 

Average Temperature 
Rise i n  Passing Average Temperature 

~ e ~ i o n "  Through Region i n  Region 
(OF) ( O F  

a 
See Table 2.1 and Fig. 2.4 f o r  loca t ion  and com- 

pos i t ion  of regions; oilly regioils which cvritaln fuel  are 
considered here .  

b ~ c t u a l  temperature d i s t r i bu t i on  was computed i n  
t h i s  region; see Figs .  2.9 and 2 . lo .  



* * * 
I n  Eq. (I),  T i s  e i t h e r  Tf o r  T , and t h e  in tegra t ion  takes  place over 
t he  reac to r  volume. In  the  de f i n f t i on  of ~ ( r , z  ), h, fi2, c, and 6 a r e  
t h e  f a s t  and slow fluxes,  and t he  f a s t  and slow ad jo in t  f luxes,  respect ive-  
l y ;  t h e  Gi j  a r e  constant coef f i c ien t s  f o r  each region of the  reac to r  i n  
which t he  composition i s  uniform and a r e  r e l a t ed  t o  t he  macroscopic two- 
group nuclear constants.  

* 
The values f o r  6 and @ a r e  t h e  unperturbed f luxes  and ad jo in t  f luxes  

ca lcula ted at  isothermal conditions i n  t h e  reac to r .  In Eq. (l), t h e  tem- 
pera ture  der ivat ions  associated with t he  function G a r e  taken with respect  
t o  Tf i n  obtaining the  fuel-temperature-weighting function, and with r e -  
spect  t o  T i n  obtaining t he  graphi te  f'unction. 

g 

The temperature-weighting f'unctions were evaluated from t h e  MSRE, 
using the  Equipoise two-group fluxes,  ad jo in t  fluxes, and nuclear param- 
e t e r s .  The r e s u l t s  a r e  shown i n  Figs.  2.11, 2.12, and 2.13. These corre-  
spond t o  r a d i a l  and ax i a l  t r averses ,  which pass through t he  thermal f lux  
maximum i n  region J of Fig. 2.4. Discont inui t ies  i n  t he  weighting f'unc- 
t i ons  occur a s  the  e f f ec t i ve  fue l  volume *action changes from region t o  
region, and thus r e f l e c t  t he  change i n  l o c a l  neutron mul t ip l ica t ion,  as 
well a s  the  va r ia t ion  i n  nuclear importance from region t o  region.  
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Fig .  2.11. Relat ive Nuclear Importance of Fuel and Graphite Tem- 
pera ture  Changes as a Function of Radial  Posi t ion i n  Plane of Maximum 
Thermal Flux. 
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Fig .  2.12. Rela t ive  Nuclear Importance of Fuel  Temperature Changes 
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Pig.  2.13. Relative Nuclear Importance of Graphite Temperature 
Changes as a Function of Posi t ion on an Axis Located 7 i n .  from Core 
Center Line. 



Use was made of ihese  temperature-weighting f'unctions t o  compute 
nuclear averages of Tf and T" fo r  t h e  conditions of a 10-P4w power l eve l ,  
with reactor  i n l e t  and outleg temperatures of 1175 and 1225OF, respect ively .  
The r e s u l t s  obtained a re  given i n  Table 2.3, considering th ree  l e v e l s  of 
f ue l  permeation of the  graphi te .  Both t h e  bulk average and t he  nuclear 
average temperatures a re  given. 

Table 2.3. Average Temperatures i n  Reactor Vessel a t  1 0  Mw 
as  a Function of Fuel Permeation of Graphite 

Fuel Temperatures Graphite Temperatures 
Fuel Permeat ion (OF) (OF) 
($ of graphite 

volume ) IJuclear Bulk Nuclear Bulk 
Average Average Average Avcrage 

. . 
. t .  - 
, .. , i. 

, .. 

Since a x i a l  heat t r ans f e r  i n  the  graphi te  was neglected, any heat  
produced i n  the graphi te  was considered t rans fe r red  t o  t h e  fue l  immedi- 

L - a t e l y  adjacent t o  it. As a r e s u l t ,  t he  gross f i e 1  temperature d i s t r i -  
bution was unaffected by fue l  permeation. It was assumed t h a t  t h e  shapes 
of t h e  temperature-weighting f'unctions were a l s o  unaffected so  t h a t  the  
d i f f e r en t  degrees of f ue l  permeation did  not produce any change i n  t he  
fue l  nuclear average temperature. The changes i n  t h e  graphite nuclear 
average temperature resu l ted  from changes i n  the  temperature l e v e l  of t h e  
graphi te .  

Reactivity Coefficients 

Temperature Coeff ici.eat,s 

Consistent with the  def in i t ion  of t he  nuclear average temperatures, 
importance-averaged temperature coef f ic ien t s  of r e a c t i v i t y  fo r  graphi te  
and fue l  were calculated.  The equations fo r  t h e  coef f ic ien t s  were based 
on f i r s t  -order perturbation theory and involved t h e  function G (r, z ) given 
previously. 

Results of calcula t ions  fo r  f i e 1  containing no thorium, based on per-  
turbat ion theory a r e  compared below with those based on a one-region 

9 homogeneous-reactor model employed i n  previous s tud ies .  The temperature 
coeff ic ients  of reac t iv i ty ,  i n  u n i t s  of (dk /k) / "~ ,  were: 

S ' l M S ~ ~  Prog. Rep. March 1 t o  August 31, 1961," ORNL-3215, p .  83. 



For Fuel For Graphite 

Perturbation theory -4.46 x 10" -7.27 x lo-' 
Homogeneous reactor  model -4.13 10'5 -6 .92 x 10-5 

The differences i n  the  r e su l t s  from the two methods are  small and 
well within the probable e r ro r  associated with the value of the temperature 
coef f ic ien t  of expansion of the s a l t .  The coefficients from the homogeneous 
model do depend strongly, however, on the 'correct choice of effect ive re-  
ac tor  s i ze .  These calculations a l so  account for  the e f fec t  of the s a l t  
temperature on fast-neutron leakage; taking t h i s  in to  account has the net 
r e s u l t  of increasing the  fue l  coefficient s l igh t ly  r e l a t ive  t o  the graphite 
coef f ic ien t .  

The power coeff ic ient  of reac t iv i ty  i s  defined here as the amount of 
r eac t iv i ty  resul t ing from nuclear heating tha t  must be compensated by con- 
t r o l  rod motion per un i t  increase i n  power. 'I'his m a y  be calculated from 
t h e  re la t ions  between'nuclear average temperatures, fuel  i n l e t  and out le t  
temperatures, and r eac t iv i ty  coefficients.  A t  a  10-Mw thermal power, 
these re la t ions  are  

where 

Ak = r eac t iv i ty  change associated with changes i n  
rluclear average l;euperatwes, 

Tfi = fuel  i n l e t  temperature, 

Tfo = f i e 1  out le t  temperature, 

X 
Tf = f i e 1  nuclear average temperature, 

T* = ' graphite nuclear average temperature. 
k5 

h obtaining power coeff ic ients  of react ivi ty ,  three cases were con- 
sidered: (1)  the fue l  out le t  temperature was held constant as  the power 
w a s  ra ised t o  1 0  Mw; (2 )  the  mean of the  i n l e t  and out le t  temperature, . 

T , was held constant; and (3)  the out le t  and i n l e t  temperatures were 
aflowed t o  vary t o  maintain c r i t i c a l i t y  with no control rod mot'ion. The 



i n i t i a l  temperature a t  zero power was assumed t o  be 1200°F; t he  r e a c t i v i t y  
change associated with increasing t he  power t o  1 0  Mw was calcula ted fo r  
t he  t h r ee  cases considered. The r e s u l t s  a r e  presented i n  Table 2.4. 

Table 2.4. Temperatures a t  1 0  Mw and Associated Power 
Coefficients of React ivi ty  

- 
Tfo T f i  Tf TT T* Power 

Condition 
g Coefficient  

(OF) (OF) (OF) (OF) (OF) [ ($ dk/k)/~wl 

- - - 
Tf = constant 1225 1175 1200 1213.1 1256.6 -0.047 

T f o ~  T f i  
varied 1184.3 1134.9 1159.9 1173.0 1216.5 

Effect ive  Delayed-Neutron Fractions 

Fuel c i rcu la t ing  a t  1200 gpm spends 9.4 sec i n  t he  core and 16.4 sec 
i n  t he  remainder of t he  loop.  Coaseyuen~tly, a l a rge  f r ac t i on  of the  longer 
l i ved  delayed neutrons w i l l  be emitted outside t h e  core and e f f ec t i ve ly  
l o s t .  Furthermore, t he  d i s t o r t i on  of t he  source d i s t r i bu t i ons  t h a t  w i l l  
r e s u l t  f'rom the  t ranspor t  of t he  precursors w i l l  increase t h e  leakage 
probabi l i ty  f o r  the  neutrons emitted i n  t he  core. The reduction i n  the  
contribution of Bi, t h e  delayed neutrons of group i, t o  t he  chain reac t ion  
would have a strong e f fec t  on the  reac tor  k ine t i c  behavior. The computer 
programs t h a t  have been developed fo r  MSRE k ine t ics  calcula t ions  ( h r g a t r o y d  
and ~ o r c h )  do not t r e a t  t he  delayed neutrons r igorously.  Instead, they use 
t he  neutron and precursor equations for  a noncirculating system, with values 
of pi adjusted t o  allow fo r  losses  resu l t ing  from c i rcu la t ion .  Thus use of 
these programs requires  previous evaluation of e f fec t ive  Pi values. 

Some calcula t ions  were made t o  determine t he  e f f e c t  of t he  energy and 
s p a t i a l  d i s t r i bu t i ons  of t h e  delayed neutrons on the  e f fec t ive  values of 
pi i n  steady-state operations .lo For each group, t h e  s p a t i a l  d i s t r i bu t i on  
of the  delayed-neutron source was calcula ted from the  precursor production 
d i s t r i bu t i on  (which was assumed t o  follow the  fundamental mode of t h e  neu- 
t r on  f l ux ) ,  taking i n t o  account t he  t ranspor t  of t h e  precursors p r io r  t o  
t h e i r  decay. The core was represented a s  a s ing le  region, with uniform 
fue l  volume f r ac t i on  and ve loc i ty  equal t o  t h e  averages fo r  the  actual MSRE 
core. Figures 2.14 and 2.15 show calcula ted source d i s t r i bu t i ons  along a 
channel through t h e  core.  he dens i t i e s  a re  per u n i t  volume of f i e 1  s a l t ,  
normalized t o  one f i s s i on  neutron, and apply t o  a channel where t he  flux 

lop.  N . Haubenreich, "Effective Delayed Neutron F'ractions i n  JGRE, " 
ORNL-TM-380 ( i n  preparat ion) .  
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Neutron S ~ ~ r c e  Densit ies i n  an MSRE Fuel 2hannel 
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Fig.  2.15. Effect  of Fuel Circulation on 
Axial Dist.ribution caf source Density of Group 4 
Delayed Neutrons. Fuel c i rcu la t ing  a t  1200 gpn. 
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equals the  r ad i a l  average.) The r a t i o  of the  nuclear importance of a de- 
layed neutron t o  t h e  importance of a prompt neutron was taken t o  be t he  
r a t i o  of t he  appropriate nonleakage probabi l i t i e s .  The nonleakage proba- 
b i l i t y  fo r  neutrons of a pa r t i cu l a r  group was calculated by representing 
t h e  source d i s t r i bu t i on  by the  s e r i e s  

~ , ( j ~ r / ~ )  s i n  ( n m / ~ )  

m = l  n=l  

and assigning t o  t h e  m,n term a nonleakage probabi l i ty  given by 

and 

where S . ( r , z )  i s  t h e  source spacia l  d i s t r i bu t i on  f o r  delayed neutrons 
1 

of i t h  group, SiIm arc cxpansion coeff ic ients ,  jm i s  t he  mth root  of 
t he  zero order Bessel function, Jo, R i s  t he  radius  of t h e  reactor ,  
H i s  t he  height of t he  reactor ,  L i s  t he  thermal d i f fus ion  length,  and 
T i s  t h e  Fermi age fo r  delayed neutrons of t h e  i t h  group. The age, -ci, i 
was reduced from t h a t  f o r  prompt neutrons t o  allow fo r  t he  lower i n i t i a l  
energy of the  delayed neutrons. (When the  fue l  i s  not c i rcu la t ing ,  t h i s  
e f f ec t  enhances t he  importance of the  delayed neutrons by reducing t h e  
nonleakage probabi l i ty . )  Results of t he  calcula t ions  a r e  summarized i n  
Table 2.5. 

React or Kinetics Code Development 

Preliminary r e s u l t s  were obtained from a new reac tor  k ine t ics  program, 
Zorch, i n  which approximate account i s  taken of t h e  space dependence of 
f i e 1  and graphite temperatures .I1 'I'his i s  an improved version of the  
h r g a t r o y d  program used i n  previous s tud ies .  In  t he  Zorch calcula t ion,  
t h e  r e a c t i v i t y  was r e l a t ed  more r e a l i s t i c a l l y  t o  the  temperature p ro f i l e s  
by using t h e  concept of nuclear average temperatures. During an excursion, 
t h e  ax i a l  power-density shape was assumed t o  be t h a t  of the  f'undamental 
mode, t h a t  i s ,  s i n  m / ~ .  The a x i a l  temperature p r o f i l e  was recalcula ted 
a t  each time step,  taking i n t o  account energy production, t r ans f e r ,  and 
t ranspor t .  In t he  r a d i a l  d i rect ion,  t he  magnitudes of t he  temperatures 

llc. W. Nestor, Jr., " ~ o r c h ,  An IBM-7090 Program f o r  Analysis of 
Simulated PISRE Power Transieqts with a Simplified Space-Dependent Kinetics 
Model, " ORNL-'I'M-345 ( i n  preparation ) . 



Tab13 2.5. Delayed Neutrons i n  IGFZ 

Group 

H a l f  - l i f e ,  sec 55 07 22.7 6.22 2.30 0.61 0.23 

pi (see foot-  2.11 x 10'~ 14.02 x 1.3'~ 12.54 x l o r 4  25.28 x 1 ~ ' ~  7.4'3 x lo'* 2.70 x 64 x loe4 
W 

note a )  03 * 
pi, s t a t i c  (see 2.23 x 1 ~ ' ~  14.57 x 13'+ 1 3  .q x 10'~ 26.28 x 10'~ 7.65 x 10'~ 2.80 x 10'~ 67 x 10'~ 

footnote 5 ) * pi , ' circula t ing 0.52 x 3.73 x XI-' 4.99 x lo'+ 16.98 x 10'~ 7.18 x 10'~ 2.77 x 10'~ 36 x 10'~ 

a ~ r e c - n s o r  y ie ld  per f i s s ion  neutron. . . 

b~ffe. : t ive f ract ion of neutrons i n  a given delay group. 
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~d power density varied with time; however, the power density shape was 
assumed to remain the same as initially. 

C instantaneously (peff was assumed to be 0.0034 ) . The initial power level was 10 Mw. The maxim rise in the fuel nuclear average temperature was 
9 6 ' ~ .  (This was about 4'F higher than the maximum rise in the fuel mean 
temperature computed in the Murgatroyd program.) Also the rate of rise 
of the nuclear average temperature was higher than the rate of rise of the k mean reactor temperature. The meximum power level calculated xith the 
Zorch program was 78 Mw, as compared with 107 Mw from the Mzrgatroyd 
calculation. 

As an option in the Zorch program, the temperature profiles in fie1 
and graphite at specified time steps may be plotted using the Calcomp 
digital plotter. The temperature profiles at t = 0, obtained for the test 
case, are shown in Fig. 2.16. The change in the fie1 temperature with 
time iollowina the reactivity insertion is indicated in Fig. 2.17. 



3. COMPONENT DEVELOPMENT 

Freeze -Flange Development 

A p a i r  of INOR-8 f r eeze  f langes  f o r  5 - i n . - d i m  sched-40 p ipe  was 
i n s t a l l e d  i n  t h e  f reeze-f lange-sea l  t e s t i n g  f a c i l i t y 1  f o r  measurement of 
thermal d i s t o r t i o n  and gas leakage during high-temperature operat ion.  
Following t h e  successful  completion of t h i s  s e r i e s  of t e s t s ,  each of two 
f langes  was mated with new INOR-8 f langes  and p laced i n t o  a c t u a l  s a l t  
serv ice .  'l'he severa l  t e s t s  a r e  described below. 

Freeze-Flawe-Seal Tes t  

The f langes  mounted i n  t h e  s e a l - t e s t i n g  f a c i l i t y  were thermally 
cycled i n  a i r ,  and p rec i se  measurements were made of f l ange  dimensions 
and of helium leakage a t  t h e  r i n g - j o i n t  s e a l .  This pre l iminary  t e s t i n g  
consis ted  of 1 0  cycles  from a cold  condi t ion  t o  a h o t  equi l ibr ium con- 
d i t i o n .  The equil ibrium temperatures were va r i ed  a t  1 0 0 ~ ~  i n t e r v a l s  from 
800 t o  1 4 0 0 ~ ~ .  Heat w a s  provided by 12 s i l i c o n  carbide heat ing  elements 
i n  t h e  bore of t h e  f lange  and by removable p ipe-heaters2  along t h e  ex- 
t e r i o r  of t h e  f l ange  adaptor, beginning 2 1 /4  i n .  from t h e  f lange  faces .  

A t  a bore temperature of 1400°F, t h e  r a d i a l  p o s i t i o n  of t h e  f r eeze  
po in t  was 7.1 in . ,  which i s  bel ieved t o  be s a t i s f a c t o r i l y  f a r  from t h e  
r ing-gasket  r ad ius  of 10.4 i n .  The average decrease of t h e  f reeze-point  
radius  was 11/16 i n .  f o r  each 1 0 0 ~ ~  decrease i n  bore temperature. 

The ex te rna l  thermal d i s t o r t i o n  of t h e  5-in. INOR-8 f langes,  both 
a t  temperature equil ibrium and during temperature t r a n s i e n t s ,  was found 
t o  be much.less  than t h e  thermal d i s t o r t i o n  of t h e  6-in.  Inconel  f langes  
t e s t e d  p r e v i ~ u s l y . ~  (The f langes  d i f f e r e d  only i n  m a t e r i a l  and bore 
diameter .)  The INOR-8  f langes  operated cooler  than t h e  Inconel  f langes,  
a s  shown i n  Fig. 3.1. The d i s t o r t i o n s  under equi l ibr ium condi t ions  a r e  
given i n  Table 3.1. S t a r t i n g  with equil ibrium bore temperatures of 1300 
and 1400~F,  a l l  power t o  t h e  s i l i c o n  carbide heat ing  elements i n  t h e  
INOX-8 f langes  was c u t  off' t o  produce a t r a n s i e n t  s imulat ing a salt dump. 
When t h e  bore temperature reached 8 5 0 0 ~ )  t h e  maximum e x t e r n a l  d i s t o r t i o n  
was 6 m i l s ,  i nd ica t ing  t h a t  l i t t l e  d i s t o r t i o n  i s  induced during tempera- 
t u r e  t r a n s i e n t s .  This l i m i t s  t h e  amount of f rozen s a l t  t h a t  could be 
trapped het,ween the f lange Paces during a r a p i d  cooldown and which 
could l e a d  t o  permanent f l ange  d i s t o r t i o n .  No permanent d i s t o r t i o n  was 
noted a t  t h e  outs ide  of t h e  f langes .  Upon opening t h e  f l ange  jo in t ,  how- 
ever, t h e  inner  f aces  were found t o  be s l i g h t l y  convex; t h e  axial d i s -  
placement of t h e  cen te r  of t h e  bore w a s  14  mils. 

L"MSRP Prog. Rep. h r c h  1 t o  Aug . 31, 1961, " ORNL-3215, p 20. 

2 " ~ ~ R P  Semiann. Prog. Rep. Feb. 28, 1962," ORNL-3282, p 26. 

31bid., p 32. 
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Fig .  3 .l. Temperatures of Inconel  and INOR-8  Freeze Flanges .at Com- 
parable  Distances from,Center  Line of Pipe.  Flanges t e s t e d  i n  air.  

Table 3.1. Maximum External  T h e m 1  
Dis to r t ion  of Freeze Flanges a t  

Various Bore Tcmperature~ 

Dis to r t ion  (mi l s )  
Equilibrium Bore 

Temperature 
(OF 1 5-in. INOR-8 6-in. ~ n c o n e l  

a Flange Flangeb 

a '  D i s t o r t i o n  measured 4.50 i n .  from cen te r  l i n e .  

b ~ s t o r t i o n  measured 5.33 i n .  from cen te r  l i n e .  



Two nickel  r ing- jo in t  gaskets were t es ted .  For the  f i r s t  f i v e  
cycles, an oval r ing  gasket was used; f o r  the  second f i v e  cycles, an 
octagonal r ing  gasket was i n s t a l l ed .  Indicated leakage, with t h e  buffer  
space evacuated, was very low a t  a l l  times. There was a tendency f o r  t h e  
l eak  r a t e  t o  increase a s  t he  number of cycles increased and t o  decrease 
a t  higher temperatures. Leak r a t e s  a t  t he  outside of t h e  buf fe r  groove 
were consis tent ly  higher than the  l eak  r a t e s  t o  t he  bore through t he  inner  
s e a l  of t h i s  buf fe r  zone. 

Specifically,  f o r  the  oval r ing  t h e  cold l eak  r a t e  s t e ad i l y  increased 
from 3.9 x 10-8 t o  .1.4 x 10-4 cm3/sec a f t e r  f i v e  cycles. There was 
i n i t i a l l y  no detectable  leakage a t  high temperatures, but  a f t e r  f i v e  
cycles t he  t o t a l  l eak  r a t e  was 1 .5  x 10-5 cm3/sec a t  1200°F. For the  
octagonal r ing  the  i n i t i a l  cold l eak  r a t e  was 8.5 x 10-7 cm3/sec, and a f t e r  
f i v e  cycles, it was 4.6 x 10-6 cm3/sec. A t  12000F there  was no i n i t i a l  
detectable  leakage, but  a f t e r  f i v e  cycles t he  l eak  r a t e  had increased t o  
3.0 x 10-7 cm3/sec a t  1300°F. For t h i s  b r i e f  period of t es t ing ,  t h e  per-  
formance of the  octagonal r ing  was superior t o  t h a t  of t h e  oval ring, bu t  
both performed f a r  b e t t e r  than required. 

Thermal-Cycle Test Loo2 

Immediately following t he  preliminary' t e s t i n g  i n  t he  s ea l  t e s t  
f a c i l i t y ,  one of t h e  t e s t e d  f langes was paired with a new flange, arld t h e  
p a i r  was j ,nstal led i n  the  thermal-cycling f a ~ i l i t y . ~  The freeze-flange 
thermal-cycling f a c i l i t y  permits t e s t i n g  of the  f lange j o i n t  under drain- 
a n d - f i l l  conditions, steady-state conditions a t  various operating tem- 
peratures,  and temperature cycling between room temperature and a selected 
operating temperature. The flange t e s t i n g  consisted of thermal cycling r , .: .: 

? '  

and of attempts t o  form a frozen s a l t  plug a t  the  f lange bore. . i-j 

Forty-three cycles have been completed t o  date .  A cycle s t a r t s  with 
t he  flange bore a t  ambient tem-perat,ure and t he  sump and pipe temperatures 
held  constant. The freeze f lange i s  then preheated u n t i l  terrperature 
equilibrium i s  reached (- 8 h r )  a t  a bore temperature of 6 5 0 ~ ~ ;  molten 
s a l t  a t  t h e  desi red high temperature of the  cycle i s  introduced and 
o sc i l l a t ed  between t he  two sumps u n t i l  the  f lange again reaches tempera- 
t u r e  equilibrium (- 5 h r ) ;  and, f i na l l y ,  t he  f lange i s  allowed t o  cool 
u n t i l  t he  bore i s  a t  ambient tempel.a.l;use (- 10  h r ) .  The t o t a l  cycle 
requires  approximately 22 h r  t o  complete. The f i r s t  1 5  cycles were made 
with an average flange bore temperature of 1020 '~  and an ambient tem- 
perature  of 85'~. For the  following 28 cycles, the  f lange bore tem- 
perature  was increased t o  1250°F and t he  ambient temperature t o  150'~. 

The s i ze  of t he  s a l t  r ing  was predicted on t he  ba s i s  of t h e  f lange 
temperature dis t r ibut ion,  shown i a  Fig. 3.2, a s  obtained during cycle 
No. 35, and the  expected 20O~  temperature di f ference between t h e  external  
and in.Lerilal flange faces, which W ~ E  noted i n  e a r l i e r  t e s t s .  The s a i t  

4"MSRF Quar. Prog. Rep. Ju ly  31, 1960, " ORNL-3014, pp 24-25. 
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FIg.  3 .2 .  Temperature Dis t r ibu t ion  of a 5-in. Freeze Flange i n  the  
Thermal-Cycle Tes t  Loop Compared with the  Dis t r ibu t ion  i n  A i r .  

200 

0 

f reezing point  of 8 4 0 0 ~  was reached a t  an external  face  t eqe ra t . u r e  of 
020"~, wllfch occurred at a diameter of 10.8 i n .  i n  t he  current  s e r i e s  
of t e s t s .  Examination of t h e  s a l t  screen following cycle No. 36 (Fig. 3.3). 
showed t h e  s a l t - r i ng  d.i.amet.er t.o vary between 10.5 a n d  11 i n .  A t  t he  
g r e a t e s t  diameter the: salt w a s  s t i l l  4 in .  from the  r ing.  

Two mechanical d i a l  ind ica tors  mounted on a .small l a t h e  bed were 
employea t o  measure thermal d i s t o r t i o n  of t he  f langes.  With t he  f lange 
bore a t  equil ibrium a t  1250°F, t he  m a x i m u m  combined thermal expansion and 
dfs-Lortion was 25 mils.  The calcula ted thermal expansion was 21 mils, 
and thus  t h e  maximum thermal d i s t o r t i on  was 4 mils. No permanent d i s t o r -  
t i o n  of t h e  outer  f lange faces  was detected i n  the  cold f langes a f t e r  
30 cycles.  

- 
NOTE: TEMPERATURES RECORDED AT THE OUTSIDE 

FLANGE FACE 

There was 8 small increase  i n  t h e  in-l;eriolU face warpage of the  female 
f lange from the  i n i t i a l  out-of-flatness of 1.4 r n i . 1 ~  t.o 1.8 mils after 
36 cycles.  No warpage w a s  detected on the  male f lange face.  After 36 
cycles a l l  bore dimensions were checked and found t o  be undersize. The 
female bore decreased by 10  mils, t he  male bore by 30 mils, and the  male 
l i p  by 8 mils .  

0 2 4 6 8 10 12 
DISTANCE FHOM PIPE CENTER LINE (in.) 

For t h e  f i r s t  36 cycles, an octagonal s e a l  r ing  was used. The i n i t i a l  
cold s e a l  leak r a t e  f o r  the  r i ng  was between and 10-3 cm3/sec. After 
t h e  f lange j o i n t  had reached i t s  i n i t i a l  ho t  equilibrium temperature 
(1020°F), t he  hot  l eak  r a t e  was l e s s  than 5 x 10-9 cm3/sec. When the  



Fig. 3.3,  Freeze Flwige $a&% 85% Mter 36 Cycles. 

flange again reachedl mbient t q e r a t m ,  the cold leak rate had decreased 
to  2.6 x 10A d l f 9 e s .  After 36 cycles %he hot lea& rate had increased t o  
3.9 x 10-7 a d b e e  the c d d  leak Irate was 1.8 x 10-4 &/see; both 
these leak ra%e-s cowAdered to be aco.eptab1.y law. 

An oval r i n g  was tested i n  the next, 7 cycles. The pxecycl ing cold 
leak rate of 3.7 x 10-7 cm3/sm had increased t o  1.7 x 10-2 &/see a t  the 
beginning of cycle %. 3 !l%e ~ n a f  h& b a k  rate a t  the end of cycle 
No. 43 vss 9.3 x 10-3 ca3)see. Since t h i s  rate was consllllered t o  be only 
marginally acce~table, "the fbawes were 'opened fo r  inqeekLan. It was 
found that foreign mteriaJ. had int;erfered w3th proper seeking of the 
riw. A sercut~d w d  zdng m e  L f i ~ ~ r W t t  ad, l a  preeent.Ly Wng GesLad. 



F'reeze Test i n  Thermal-Cycle T e s t  Loop 

I n  order t o  simulate a pump fai lure,  the s a l t  was held i n  a stagnant 
condition between the  two sumps t o  determine whether a freeze plug would 
form at  the  flange bore. I n  the  most severe t e s t ,  the  piping w a s  kept 
heated a t  1000°F. Although the  flange bore temperature was  reduced t o  
350% under these conditions, only a p a r t i a l  plug formed. It was con- 
cluded t h a t  the MSRE 5-in.-pipe flanges would not plug so long as  the pipe 
heaters  were operative. 

Test of a Freeze Flange i n  the  Prototype-Fuel-Pump Testing Faci l i ty  

The second INOR-8 flanged joint  was  ins ta l led  i n  the  punrp-testing 
$acilit?ys (described l a t e r  i n  t h i s  chapter), with an oval ring-joint 
gasket. To date the  f a c i l i t y  has been operated approximately jUU h r  
with three complete cycles from star tup t o  shutdown. The temperature dis- 
t r ibu t ion  of the flanged jo in t  has closely approxhmted the  dis tr ibut ions 
measured i n  both the  seal-testing f a c i l i t y  and the thermal-cycle Lest 
loop. o d is tor t ion  has been noted, and no leak ra tes  greater than 
5 x 10J cm3/sec have been detected u i t h  the  buffer sea l  system o i  this 
joint.  The buffer type of sea l  system used i s  similar t o  the reactor 
leak-detection system. Although the  t e s t  r e su l t s  are  encouraging, addi- 
t i ona l  experience i s  needed before the  current freeze-flange design i s  
considered acceptable. 

MSRE Control Rod 

A ful l -scale  model6 of one MSRE control rod and drive was assembled 
and operated over a range of temperatures from 500 t o  1300°~. The drive 
i s  shown i n  Fig. 3.4. The uni t  has operated through 24,473 cycles 
(56 3/4 in.  ful l  t r ave l  i n  each direction).  The rod has been dropped 
from various heights 862 t-s. 

While over-all operation has been satisfactury, the  drive uni t  f a i l ed  
when one of the  lower idler-sprocket bushings galled a s  the resul t  of a 
foreign par t ic le .  This bushing was replaced with a shrouded b a l l  bearing, 
and operation w a s  resumed. Tests indicate tha t  the rod position i s  known 
within kl/8 in. 94% of the  time and t1/4 in.  100$ of the time. 

Heater Tests 

Testing of removable hardboard-insulated heaters f o r  5-in. pipe was 
c o ~ l e t e d . ~  The units operated a t o t a l  of 6136 h r  with a pipe temperature 

'"MsRP Semiann. Prog . Rep, Feb. 28, 1961, " ORNL-3122, p 51. 

6 " ~ ~ F P  Semihnn. Prog. Rep. Feb. 28, 1962, I' ORNL-3282, pp 24-26. 

71bid., pp 26-29. 
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Fig. 3.4 .  Prototype Control Rod Drive Viewed from Above. 

under the heaters of 1 4 0 0 ~ ~ .  The average power input w a s  520 w a t t s  per .. 9 ,; 
l i nea r  foot of heated pipe. The over-all functional operation of  the  . ,< 

L ji . -v. 

heaters was excellent, but the hardboard exter ior  tended t o  crack and dust, : , < -  ' 
the so f t  mineral wool l in ing  dusted a f t e r  heating, and the  metal l i n e r  I 

warped. Three al ternate  designs being considered t o  overcome these 
objections consist of uni ts  made with blown fused s i l i c a  ( ~ l a s r o c k  Mfg. Co.), 
re f lec t ive  metal insulation (Mirror Mfg . Co . ), and combinations of these 
materials. The materials f o r  use i n  the MSRE w i l l  be selected a f t e r  t e s t s  
of the various combinations. 

Testing of two prototype heater boxes using the Glasrock material 
indicated an excessively high heat los s  of 700 watts/ft .  The surface tem- 
perature of the  heater boxes was 240'~ when the heaters were operated a t  
1 4 0 0 ~ ~ ;  t h i s  would lead t o  excessive heat losses i n  the  MSRE ce l l .  Further 
the  material i s  unable t o  withstand physical abuse without cracking or  
chipping. On the  ather hand it has the  lowest coefficient of expansion 
of any of the materials tes ted  t o  date and thus has very high resistance 
t a  thermal shock. There was no evidence of warping a t  the joint  closures 
a t  the completion of the t e s t .  

All-metal prototype heater boxes made of ref lect ive insulation have 
been purchased from Mirror Mfg. Co. f o r  testing, and a t e s t  uni t  made of 
Glasrock, board insulation, and metal ref lect ive sheets i s  being fab- 
ricated. 

Activation Analysis of Insulating Materials 

Most high-teqerature insulation materials w i l l  dust t o  some extent, 
and the dust will present a problem i n  reactor maintenance i f  it i s  highly 
activated. The insulating materials l i s t e d  i n  Table 3.2 were therefore 
tes ted  f o r  activation following i r radia t ion  f o r  16 h r  a t  a neutron f lux  
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Table 3.2. Results of Activation Analysis of Insulating Materials 

Observed Radioactivity Stable Element 
concentrationb 

Sample Material 

Radionuclide Activity EL=nt Amount 
( d i ~ / s e c * ~ ) &  ( w t  '$1 

Super Temp 260-d znS5 2.13 x 105 2n6& 7.8 (f0.2) 
(Eagle-picher Co. ) 60-d SblZ4 1.91 x lo3 Sb123 0.0058 (b.0005) 

40-h LaL40 8.64 x La13s 0.0019 
5.27-y co60 1.99 x 105 co5' 0.028 (50.001) 
85-d S C ~ ~  1.85 x 103 S C ~ ~  0.00014 
45-d Fe5" 5.60 x 1dC ~e~~ 20.3 (f0.1) 

Ceraf e l t  40-h hl* 3.63 x 103 ~ 3 ~ 3 ~  0.00008 
(~ohns  - ~ a w i l l e )  85-d S C ~ ~  9 . 2 5 ~ 1 0 3  S C ~ ~  0.0007 

45-13 Fe5' 1.27 x 1d ~e~~ 0.46 (f0-02) 
13-L ~a?" 1.10 x 1& 1&ls3 ti.06~ ( l u .w j )  

Unarco Board 60-d Sb124 6.57 x lo2 Sb123 0.002 
(union Asbestos and 5.27-yco6O 2.11xlo4 co5' 0.00U3 
Rubber Co,) - - - 4 ~ - h  LaL40 2.26 x 103 0.00005 . - 

85-d S C ~  1.98 x 103 sc4' 0.00015 
45-d Fe5= 8.84 x lo3 yes0 3.2 (f0.1) 
15-h ~a~~ 6.82 x 105 k23 0.035 (*0.002) 

Carey Temp 3 . 0 6 ~ 1 0 3  LaL3@ 0.00085 
1 . 1 2 x 1 ~ 4  sc45 0.0008 
5 . 0 2 x l d  5'e5' 1.82(?.02] 
8 . 5 7 ~ 1 0 7  Na23 4.40(-0.05 

Fiberfrax 49-h hX4O 2-72 x lo2 ~ 1 3 ~  0.CWO06 
( ~arborundum Co . ) 15-h ~a~~ 1 . 8 2 ~ 1 0 7  ~a~~ 0.96(20.01) 

9 . 1 0 ~ 1 0 3  k13" 0.0002 
3 . 9 6 ~ 1 0 ~  ~c~~ 0.00003 

15-h ~a~~ 7.40 x lo4 Na23 0.0038 
Glasrock Cement 40-h ~ a l *  1.36 x 104 3 0.0003 

(~ las rock  Manufacturing Co. ) 15-h IVa2* 6.24 x 105 Na23 0.033 
.. . . . . - -  

&Measured approximately 24 hr  af ter  reactor discharge. 
b ~ t e r m i n e d  from the count rate observed for  each radionuclide. 
C Density: 25 lb/ft3.  

- - 

of about 7 x lG1 neutrons/cm2*sec. The data obtained (see Table 3.2) 
indicate  tha t  Glasrock, which i s  nearly pure s i l ica ,  may be the  only 
ceramic insulat ion t h a t  can be u t i l i zed  uncanned i n  the  MSRE. 

k a i  n-Tank Coolers 

The prototype cooling bayonets f o r  removing afterheat from fue l  i n  
t h e  MSRE drain tanks were thermally shock tes ted  384 times without 
fa i lure .  The t e s t  system was then shut down f o r  ins t a l l a t ion  of proto- 
type thermocouples (see l a t e r  section of t h i s  chapter) on the 1-in. cooling 
bayonets tha t  s l ide  i n t o  the  1 1/2-in. thhibles i n  the  salt pool. I n  
previous operations, thermocouples ins ta l led  i n  t h i s  area came loose i n  
a few cycles. The reactor-grade thermocouples now being tested are  in t ac t  
a f t e r  6 cycles and 48 h r  of exposure a t  1400%. 

- A 



A carbonate s a l t  i s  being used i n  p lace  of t h e  MSRE f u e l  salt  i n  
these  t e s t s  t o  avoid beryllium-handling problems. The carbonate c o n s i s t s  
of Li2C03, Na~C03, and K2CO3 (38-40-32 wt $I). I t s  physica l  p r o p e r t i e s  a t  
1200°F a r e  given below, along with those of t h e  f u e l  salt, f o r  comparison: 

Fuel S a l t  Carbonate S a l t  

Density, l b / f t 3  154.5 138 5 
Average s p e c i f i c  heat ,  ~ t u / l b *  OF 0.455 0.391 
Viscosity, cp 7.64 7 -8 

Sampling and Enriching System 

Deta i l  Design 

Drawings of near ly  a l l  t h e  components of t h e  sampling and enr iching 
system8 were i ssued f o r  comment. De ta i l  drawings of t h e  t r a n s f e r  tube 
and t h e  spool p iece  between t h e  disconnect f langes,  with i t s  pos i t ion ing  
too l ,  were approved f o r  construct ion.  Instrumentat ion flowsheets and 
panel  l ayou t s  were a l s o  approved f o r  cons t ruct ion .  

Mockup of Sampliw and Enriching System 

A f u l l - s c a l e  mockup of t h e  sample t r a n s f e r  box (a rea  3), t h e  d r ive  
box (a rea  l c ) ,  and t h e  opera t ional  valve i s  being f a b r i c a t e d  f o r  i n s t a l l a -  
t i o n  on t h e  Engineering Test  Loop. The t r a n s f e r  tube, which had t o  be 
shortened t o  f i t  i n t o  t h e  space avai lable ,  has bends and slopes t h a t  a r e  
t h e  same a s  those  t o  be  used i n  the  r e a c t o r  system. 

The mockup w i l l  be used t o  demonstrate t h a t  each component opera tes  
s a t i s f a c t o r i l y  and t o  develop adequate sampling and enr iching procedures. 
The sampling-capsule access-chamber mockup w a s  success fu l ly  hydros ta t i ca l ly  
t e s t e d  a t  90 p s i g  t o  check t h e  t i g h t n e s s  and s t r eng th  of t h e  access  por t .  
The copper sampling capsule was modified t o  s impl i fy  handling, and remote 
removal of a sample from t h e  revised  capsule was demonstrated. 

Core Development 

Model Ouerations 

The f u l l - s c a l e  MSRE core model was operated a t  8 5 O ~  with water t o  
make prel iminary measurements of t h e  v e l o c i t y  d i s t r i b u t i o n ,  wal l  hea t  
t r a n s f e r  coe f f i c i en t s ,  and sol ids-handling c h a r a c t e r i s t i c s .  Since t h e  
v i s c o s i t y  of water i s  lower than t h a t  of t h e  f u e l  s a l t ,  t h e  model i s  not 
exac t ly  s imi la r  t o  t h e  MSRE with r e spec t  t o  f l u i d  dynamics. The pre-  
l iminary t e s t s  w i l l  be usetkL, however, i n  planning l a t e r  t e s t s  with a 
more viscous l i q u i d .  



Velocity Measurements 

The peak r e su l t an t  v e l o c i t i e s  a t  t h e  bottom of t h e  core-wall cooling 
annulus were measured a t  var ious  flow r a t e s  a s  a function of the  angle 
around t h e  core. The da t a  obtained a r e  presented i n  Fig. 3.5. As may 
be seen, t h e  ve loc i ty  p r o f i l e  i s  f l a t ,  indicat ing t h a t  t he  flow enter ing 
t h e  lower head from t h e  annulus i s  d i s t r i bu t ed  uniformly. Based on t he  
observed r e su l t an t  ve loc i t y  of 4.55 f t / s ec  and t he  known a x i a l  ve loc i ty  
component of 2.15 f t / s e c  a t  1200 gpm, t he  average tangent ia l  ve loc i ty  
component i s  4.04 f t / s e c  a t  t h e  bottom of the  core annulus. 

A discrepancy was observed between t he  flow i n  t he  one-f i f th  scale  
model and t h e  f u l l - s c a l e  model. I n  t he  one-f i f th  scale  model, t he  flow 
i n  t h e  lower head was observed t o  have a l a rge  ro t a t i ona l  component, 
whereas, i n  the  fu l l - s ca l e  model, t he  flow w a s  observed t o  be almost 
purely  r ad i a l .  On examination of the  one-f i f th  sca le  model, it was noted 
t h a t  t h e  swi r l  k i l l e r s  were not r e s t i ng  on t h e  lower head but, rather,  
wcre e levated 1/8 t o  1/11. i n .  off  t he  head. This allowed water. t o  flow 
underneath the  s w i r l  k i l l e r s  and maintain i t s  r o t a t i ona l  component. New 
swi r l  k i l l e r s  were made f o r  t h e  one-f i f th  sca le  model, and the  flow then 
behaved t h e  same a s  t h a t  i n  t h e  fu l l - s ca l e  Ihodel. With t h i s  change t he  
measured hea t  t r a n s f e r  coe f f i c i en t s  a t  the  center  l i n e  of t he  one-f i f th  
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Fig .  3.5. Resultant  Velocity Dis t r ibut ion Around Bottom of Core-Wall 
Cooling Annulus at Various Flow Rates. 



scale  model were higher than those measured previously, so the  change was 
in fe r red  t o  be benef ic ia l .  

Measurement of Heat Transfer Coefficients 

Heat t r ans f e r  coef f ic ien t s  a r e  indices  both of wall cooling and of 
w a l l  shearing, which tends t o  sweep out sediment. Coefficients measured 
i n  t he  lower head a t  a  radius of 17 i n .  were found t o  be proportional  t o  
t he  0.8 power of the  flow ra te ,  with a  value of 522 Btu/hr. f t 2 . O ~  a t  
1200 gpm. Extrapolating the  measurements t o  reac tor  conditions, t he  coef- 
f i c i e n t  f o r  t he  reactor  a t  1200 gpm was estimated t o  be 1500 ~ t u / h r - f t ~ . O ~ .  

As a  check on the  water heat  t r ans f e r  coeff ic ient ,  t he  f l u i d  veloci ty  
p r o f i l e  next t o  the  wall was measured a t  t he  same point  t h e  coef f ic ien t  was 
measured. The veloci ty  p r o f i l e  shown i n  Fig. 3.6 was found. A heat  t r ans -  
f e r  coef f ic ien t  can be calculated from the  data  of Fig. 3.6 by assuming 
f l a t - p l a t e  geometry and t h a t  t he  dis tance between p l a t e s  i s  twice the  
distance from the  w a l l  t o  the  point  of peak veloci ty .  The calcula ted hea t  
t r ans f e r  coef f ic ien t  f o r  t h i s  case i s  522 B tu /h r . f t 2 -0~ ,  which i s  i n  
f a i r l y  good agreement with the  measured value of 667 ~ t u / h r . f t ~ * ' ~ .  

Attempts wcre made t o  i n f e r  t he  heat  t r ans f e r  coef f ic ien t  a t  a 
pos i t ion  about 4 i n .  from the  core center  l i n e  from data  obtained with a 
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hea t  meter. These attempts were unsuccessful because there  was no pre-  
dominant d i r ec t i on  of flow a t  t h a t  posi t ion;  ra ther ,  t he  flow w a s  "gusty." 
The flow was f i r s t  i n  one d i rec t ion  and then another. It was determined 
t h a t  t h e  hea t  t r a n s f e r  coef f ic ien t  would be lower than a t  a radius of 
17 in. ,  bu t  t he  exact  value was not obtained. Further attempts t o  measure 
t h e  hea t  t r a n s f e r  coe f f i c i en t  i n  t h i s  region w i l l  be made. 

Emeriments on t h e  Behavior of Solids 

Experiments were run t o  obtain data  f o r  use i n  predic t ing t he  
behavior of s o l i d  p a r t i c u l a t e  matter i n  the  f u e l  s a l t ,  e spec ia l ly  i t s  
tendency t o  s e t t l e  out  i n  t h e  reac tor  vessel  lower head. The experimental 
procedure consis ted of i n j ec t i ng  3 l b  (1362 g )  of s ized i r on  f i l i n g s  i n t o  
t h e  model i n l e t  during operation. After the  so l i d s  were added, c i rcu la -  
t i o n  of water was continued f o r  variaus periods nf  t , i m ~  ( ~ ' t ~ o  8 h r ) .  Thc 
core  was then drained, and t h e  quanti ty of so l ids  t h a t  remained i n  t he  
bottom of t he  reac tor  vesse l  was determined.. As f a r  a s  t he  so l ids  werc 
cuncerned, t he  loop was considered a s  a once-through system. mle oeclilllen- 
t a t i o n  da ta  obtained a r e  summarized i n  Table 3.3. 

Table 3.3. Collection of Sediment i n  Lower Head of Core Model 
Following Addition of 1362 g of I ron Fi l ings  

No~rli rial Time Pump Running Weight of I ron  
Mesh Screen Required Time After F i l ings  Re- Rum Size  Aperture t o  Add Solids covered from 

No. 
of (CL) Solids Added Lower Hcad 

Sol ids  (h r  (g > 
. . 

1 150 104 3 5 o 127 
2 150 1.04 35 8 0" 
3 60 2 48 20 o 823 
4 60 248 2 C) 8 750 
5 150 104 3 0 7 112 Oa 

a 
A l l  so l ids  swept out  with water. 

I n  t he  case of the  f i n e  solids,  the re  appeared t o  be some tendency 
f o r  sediment t o  form during t h e i r  f i r s t  pass through t h e  core. Additional 
running time caused them t o  be picked up, however, and swept oilt. I n  the  
case of t h e  coarse material ,  a l a rge r  f r ac t i on  s e t t l e d  out on t he  f i r s t  
pass  through t he  core and very l i t t l e  was removed with addi t ional  pumping 
time . 

The 150-mesh so l ids  t h a t  remained i n  the lower hea.ii appe~ired i n  a 
concentrated p i l e  near t he  d ra in  l i n e .  On the  other  hand, t he  60-mesh 
sol ids ,  a s  shown i n  Table 3.3, l e f t  l a r g e r  amounts of sediment t h a t  tended 
t o  form a to rus  around t he  drain .  These l a r g e r  p i l e s  were 2 t o  3 in .  wide 
and from 112 t o  1 in .  thick,  and they were against  the  d ra in  l i n e  on one 
s ide .  The r e s u l t s  of these  t e s t s  ind ica te  t h a t  t he  MSRE dra in  l i n e  w i l l  



not plug a s  t h e  r e s u l t  of sedimentation of s o l i d s .  Although no sedimen- 
tary mate r i a l s  a r e  expected i n  t h e  reac tor ,  these  experiments provided 
confidence i n  t h e  design. 

MSRE Engineering Tes t  Loop (ETL) 

The engineering t e s t  loops w a s  modified t o  include a g raph i t e  con- 
t a i n e r  i n  t h e  s a l t - c i r c u l a t i n g  loop, and most of t h e  Inconel p ipe  was 
replaced with INOR-8 pipe.  The loop w a s  then  placed i n t o  opera t ion  with- 
out  g raph i t e  i n  t h e  g raph i t e  conta iner .  Most of t h e  previous zirconium- 
containing f l u s h  salt  was removed, and t h e  d r a i n  tank was f lushed with 
newly made coolant  s a l t .  Information w a s  obtained during 1500 h r  of 
opera t ion  on t h e  opera t ional  c h a r a c t e r i s t i c s  of t h e  graphi te-conta iner  
access jo in t ,  on t h e  chemical a n a l y s i s  of t h e  s a l t  being c i r cu la ted ,  and 
on t h e  formation of s a l t  depos i t s  above t h e  l i q u i d  l e v e l .  

After  r ece ip t ,  inspect ion  and cleaning of t h e  g raph i t e  t o  b e  t e s t ed ,  
t h e  loop was shut  down f o r  i n s t a l l a t i o n  of t h e  g raph i t e .  Also, as p a r t  
of t h e  proposed graphite- treatment procedure, lo t h e  f l u s h  s a l t  w a s  t r e a t e d  
with and H2 i n  t h e  d r a i n  tank t o  lower i t s  oxide content  before  it 
contacted t h e  graphi te .  De ta i l s  of these  t e s t s  a r e  discussed i n  t h e  
following sec t ions .  

Frozen-Salt-Sealed Graphite-Container Access J o i n t  

The f l u s h  s a l t  was c i r c u l a t e d  a t  50 t o  70 gpm and 12000F through t h e  
loop and t h e  graphi-Le cun,l;ainer while awaitirlg de l ive ry  of t h e  ETL 
graph i t e  from t h e  vendor. The g raph i t e  container ,  which i s  an  8 - i n . - d i m  
INOR-8 p ipe  pos i t ioned v e r t i c a l l y  i n  t h e  loop, has a f langed c losure  t h a t  
incorpora tes  a f rozen-sa l t  s e a l  t o  prevent  contac t  of molten salt  with 
t h e  conventional metal oval-r ing s e a l .  This c losure  i s  s i m i l a r  t o  a 
s l i g h t l y  l a r g e r  one t h a t  w i l l  be  used i n  t h e  MSRE. A s e a l  of t h i s  type 
between eraphi  te a.nd. meta.3 wa.s t,est.ed. previously.  l1 

The ETL graphite-container  c losure  i s  an  extension of t h e  8 - i n . - d i m  
graph i t e  conta iner  with a 20-in.-long tapered  plug i n s i d e  t o  form an  
annulus varying from 114-in. r a d i a l  clearance a t  t h e  lower end t o  1116-in. 
r a d i a l  clearance a t  t h e  upper end. The MSRE c losure  i s  1 0  i n .  i n  diameter 
and 28 i n .  long, with gaps of 114 and 118 in. ,  r e spec t ive ly .  The tapered  
gap prevents  a x i a l  movement of frozen salt  a s  t h e  r e s u l t  of surges i n  
salt  pressure .  

The s e a l  was made and broken t h r e e  times, and it was l e a k - t i g h t  
during 1500 h r  of operat ion.  Since gas i s  t rapped i n  t h e  annulus during 
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f i l l i n g ,  e i t h e r  i n i t i a l  evacuation o r  l a t c r  ovcr-prcssure or  vcnting must 
be used t o  force  s a l t  i n t o  t h e  cooled region. On the  ETL closure t he  gas 
was p a r t i a l l y  vented a f t e r  t he  loop was f i l l e d .  

An i n t e r e s t i ng  observation made while determining t h e  minimum cooling 
a i r  required f o r  t h e  s e a l  was t h a t  when t he  cooling a i r  flow was reduced 
below t h e  c r i t i c a l  value, t h e  s a l t  plug moved upward; however, ins tead 
of moving uniformly around i t s  circumference, i n  which case gas compression 
would have l imi ted  i t s  t r ave l ,  the  s a l t  extended upward i n  one semi-molten 
sec tor  t h a t  was contained wi thin  frozen s a l t  a t  t he  edges. This character-  
i s t i c  precludes t h e  use of trapped-gas compression f o r  preventing s a l t  
from reaching t h e  metal oval r ing  unless t he  e n t i r e - j o i n t  i s  held  a t  tem- 
pera tures  above t he  s a l t  melting temperature. The temperature d i s t r i bu t i on  
and a diagram of t h e  c losure  a r e  shown i n  Fig. 3.7. 

S a l t  Composition . 

I n  order t o  remove as much of t h e  ZrF4 from the  system a s  possible, 
the o r ig ina l  f l u sh  s a l t  was removed, t he  f reeze  valves were purged, and 
new s a l t  w a s  introduced i n t o  t he  unused drain  tank (previously designated 
t h e  f u e l  dra in  tank) .  S a l t  samples were removed from t h e  pump while i n  
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operat ion and from t h e  d ra in  tanks when t h e  loop was drained. Chemical 
analyses of t h e  s a l t  samples indicated  t h a t  t h e  zirconium content was 
reduced from about 90,000 ppm a t  t h e  end of t h e  previous run t o  500 t o  
1600 ppm. I n  comparison, d i l u t i o n  of 1 wt '$I MSRE f u e l  s a l t  i n t o  t h e  f l u s h  
s a l t  would r e s u l t  i n  945 ppm zirconium. . 

An inves t iga t ion  was made of t h e  oxygen pickup i n  t h e  s a l t  a s  a r e s u l t  
of contact  with loop-metal oxides. To simulate t h e  expected condit ion of 
r e a c t o r  components a f t e r  hea t  treatment, t h e  INOR-8 loop and conta iner  
were heated t o  1 3 0 0 ~ ~  and he ld  f o r  12 h r  with an oxygen-contaminated cover 
gas. The loop was then f i l l e d  with f l u s h  s a l t ,  and samples were taken f o r  
oxide ana lys i s .  No increase  i n  s a l t  oxygen concentrat ion was detected.  
This i s  cons i s t en t  with t h e  expected increase  of l e s s  than 1 ppm based on 
weight gain  of INOR samples t h a t  had received similar treatment.  

The r e s u l t s  of oxygen analyses during loop operat ion a r e  presented i n  
Fig. 3.8. There i s  considerable s c a t t e r . o f  t h e  data,  but  no d e f i n i t e  
increase  of oxide content  i s  detec table .  ~ h &  loop was opened between 
operat ing periods a t  800 t o  1100 hr, bu t  it was purged and he ld  a t  a  low 
bake-out temperature (220'~) before r e f i l l i n g  . 
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HF Treatment 

Because t h e  small amount of zirconium i n  t he  f lush  s a l t  i s  believed 
t o  have lowered t he  oxide s o l u b i l i t y  t o  an unknown l i m i t ,  t he  s a l t  was 
t r e a t e d  with HF t o  assure  oxygen nonsaturation before operation with t he  
graphi te .  The f irst  treatment ( ~ u l y  1962) of 74 h r  with HF removed 42 g 
of oxygen,l2 equivalent  t o  175 ppm i n  the  s a l t .  Samples taken several  
days l a t e r ,  however,indicated t h a t  t he  oxygen content had increased t o  
t h e  o r ig ina l  l eve l .  While awaiting fu r the r  samples and t o  cover t he  
p o s s i b i l i t y  of t h e  oxide having prec ip i ta ted  and been r e l a t i ve ly  inacces- 
s i b l e  t o  t he  HF, t he  treatment w a s  repeated i n  August, a s  indicated i n  
Fig. 3.8. The second HF treatment l a s t e d  38 112 h r  and removed only 
9.5 g, o r  40 ppm, of oxygen from the  s a l t .  Although t h i s  quant i ty  of 
oxygen was higher than expected, t he  ac tua l  r a t e  of oxygen removal a t  the  
end of t he  treatment per iod was approximately 1/10 of t he  maximum r a t e  
near t h e  'beginning of t h e  period.  I f  the re  were oxide so l i d s  l e f t  i n  the  
bottom of t h e  tank, it could mean t h a t  t he  dissolving r a t e  w a s  very low 
during t h e  400 h r  between treatments. AnuLher. source of contamination i s  
a small unknown amount of oxygen t h a t  was admitted. t.o t h e  tank during the 
int roduct ion and removal of t he  dip tube used i n  t he  HF treatment. Further 
study w i l l  'be made of t h e  e f f e c t  of t h i s  source. 

The r a t e  of corrosion of the  container walls  by t he  HF was apparently 
g r e a t e r  than during t h e  treatment performed i n  t he  other tanks i n  
November 1961.l3 There was a negl igible  increase i n  t he  s a l t  chromium 
content  during operation of t he  l a rge ly  INOR-8 system, which i s  t o  be com- 
pared with the  chromium content increase from 100 t o  200 ppm during HF 
treatment of s a l t  i n  t h e  Inconel d ra in  tank. Considering t he  amniint, nf 
tank surface exposed t o  t h e  salt,, t he  weight of s a l t  t reatcd,  and t he  
number of hours of treatment, t he  removal of chromium i s  equivalent t o  
0.00084 i n .  t o t a l  o r  0.07..1 mil  per  hour u f  HF treatment. The INOR-8 
tanks of t h e  MSRE a r e  expected t o  be more corrosion-res is tant .  

Cold-Finner Collec,Lions i n  Cover Gas 

Some d i f f i c u l t y  was e q e r i e n c e d  during operation of t he  loop with 
plugging of the  punrp offgas  l i n e .  Examination a f t e r  the  f i r s t  788 h r  of 
operation revealed a co l l ec t i on  of s a l t  a t  t he  <junction of t he  unbaffled, 
1/ '-in.-pipe offgas connection with t h e  DANA pump-bowl l i d .  Around. t he  
b a f f l e d  gas- inle t  l i ne ,  t he r e  was a small bu t  unobjectionable r idge of 
salt. A salt  deposit  t h a t  w a s  of concern appeared 6 i n .  above the  l i q u i d  
l e v e l  i n  t he  capsule s top  a rea  of the  sampler-enricher guide tube.14 
A buildup there  would i n t e r f e r e  with t h e  lowering of t he  sample,capsule 

' 

during t e s t i n g  of t h e  sarrpler-enricher mockup. Cold f ingers  were theref  ore 

I ~ J .  H. Shaffer., "~yd ro f luo r ina t i on  of LiF-BeF2 (66-34 mole $I) i n  
t h e  Sump Tank of t he  Engineering Test LOOP," MSR-62-58, unpublished 
i n t e r n a l  repor t .  

13 
"MSRP Semiann. Prog. Rep. ' ~ e b .  28, 1962, " ORNL-3282, p 37. 

14"MSRP Semiann. Prog. Rep. Feb. 28, 1961, " ORNL-3122, p 59. 



inserted in to  the gas space above the  salt l e v e l  i n  the pump and the drain 
tank t o  determine whether these deposits were due t o  mist caused by 
agi tat ion i n  the pump or by the vapor pressure of the  salt. 

A 114-in.-dim copper tube sealed at one end was inserted i n t o  the 
pump bowl gas space and positioned 1 in.  above the  l iqu id  level .  The 
tube was air-cooled internal ly f o r  a period of 89 h r  while the  pump was 
turning a t  900 rpm i n  salt a t  1100~F. The extent of the salt deposit, 
which w a s  dis t r ibuted uniformly around the circumference, i s  shown i n  
Fig. 3.9. The deposit was examined petrographicallyL5 and found t o  be 

Fig. 3.9. Collection of Sa l t  Part ic les  on a 1/4-in. - d i m  Tube Cold 
Finger Inserted i n  Gas Space Above DANA Pump of ETL. 

2LiFoBeF2, the composition of the salt mixture being circulated. A similar 
cold f inger  was inserted in to  the quiescent atmosphere of the  drain tank 
on two occasions fo r  periods of 44 and 144 h r  a t  1200 and 12209, 
respectively. Both tubes had a t h i n  deposit, which was scraped off, 
examined by x-ray diffraction,15 and determined .tu be 90 -to 9576 BeFz. 
The difference i n  chemical composition and weight of the deposits found 

15~. E. Thoma, June-July 1962, private communication. 



i n  the  pump bowl and the  drain tank l e d  t o  the conclusion tha t  the pump 
bowl d i f f i c u l t i e s  were caused by an aerosol-type dispersion of salt 
g a r t i c l e s  . 

A cyl indrical  shield of sheet Inconel was then inserted in to  the 
sampler guide tube so t h a t  it extended below the l iquid  level, and a 
1/16-in.-wide longitudinal s l i t  was positioned away from the pump impeller 
t o  prevent l iquid  s a l t  from being forced up in to  the shield. Examination 
of the  sampler guide tube again a f t e r  740 h r  of operation revealed no salt 
deposit i n  the capsule stop area. 

ETL Graphite Treatment 
- 

- - The EFL graphite, which i s  the same shape as MSRE graphite except 
+hat the pieces are only 50 in.  l o n g  was loaded in to  the ETL graphite 

5 qontainer July - 13, 1962. The loading, a s  shown i n  Fig. 3 -10, consisted 

Fig. 3.10. ETL Graphite Container Showing Graphite Pieces. 



of f i v e  s t r i n g e r s ,  complete with INOR-8 l i f t i n g  knobs, p l u s  16 o the r  
p a r t i a l  elements forming 16 flow channels. Severa l  miscellaneous g raph i t e  
and metal samples were a t t ached  t o  t h e  g raph i t e  holddown s e c t i o n  of t h e  
f r e e z e - j o i n t  plug. The g raph i t e  (approximately 60 kg t o t a l )  w a s  dusted 
with a vacuum brush and weighed before  i n s t a l l a t i o n .  

The container,  p q ,  and loop were then sea led  and evacuated a t  
room temperature t o  130 p Kg through l iquid-ni trogen-cooled t r a p s  f o r  
24 h r .  The t o t a l  weight ga in  of t h e  cold  t r a p s  was 1 0  g. The system 
w a s  then p ressur i zed  with helium and heated. The conta iner  and g raph i t e  
were he ld  a t  1 3 0 0 " ~  f o r  9 h r  while helium w a s  being circula-Led by t h e  
pump and a l s o  purged through a l iquid-ni trogen-cooled t r a p .  The weight 
g a i n  of t h e  t r a p  during t h i s  opera t ion  w a s  4.5 g.  

The dry  box, described previously,16 w a s  pos i t ioned over t h e  g raph i t e  
conta iner  fol lowing t h e  cooldown. Af ter  t h e  d ry  box was evacuated, l e a k  
t e s t ed ,  and  purged with d r i e d  argon, t h e  conta iner  was opened and g raph i t e  
samples were removed f o r  var ious  types  of oxygen ana lys i s .  The a n a l y t i c a l  
r e s u l t s ,  as well  a s  t h e  r e s l ~ l t s  of analyses of as-received mater ia l ,  w i l l  
be repor ted  a t  a f u t u r e  date.  

MSRE Maintenance 

Maintenance of t h e  MSRE w i l l  be accomplished, as discussed previously,  l7 

pr imar i ly  with semidirect  methods. Remote methods w i l l  be used f o r  opera- 
t i o n s  which requ i re  l a r g e  openings i n  t h e  s h i e l d  and produce r a d i a t i o n  
l e v e l s  so  high a s  t o  preclude occupancy of unshicldcd a r e a s  near  t h e  
r e a c t o r  c e l l .  Almost a l l  t h e  i n - c e l l  opera t ions  w i l l  be performed semi- 
d i r e c t l y  with long-handled t o o l s  operated through bushed ho les  i n  t h e  
por tab le  maintenance sh ie ld .  Viewing w i l l  be  provided by s p e c i a l  l i g h t s ,  
windows, and periscopes.  Moving s h i e l d  blocks and l a r g e  p ieces  of 
equipment i n t o  o r  out  of t h e  c e l l  w i l l  be done remotely from i n s i d e  t h e  
shie lded maintena.nce con t ro l  room, using the  overhead crane system with 
d i r e c t  and t e l e v i s i o n  monitoring. Design and development of t h e  i n - c e l l  
equipment, t h e  por tab le  sh ie ld ,  and t h e  maintenance t o o l s  and development 
of t h e  techniques f o r  t h e i r  use have proceeded simultaneously i n  order  
t o  produce a coordinated system. A procedure t h a t  o u t l i n e s  t h e  s t eps  
necessary t o  accomplish a r ep resen ta t ive  maintenance t a s k  was prepared.18 

Placement and Removal. of Freeze -Flange Clamps 

The freeze-f lange clamps w i l l  be dr iven on and off  t h e  f l anges  by 
hydraul ic  cyl inders  mounted i n  frames on t h e  ends of t u b u l a r  masts. A 
framework cons i s t ing  of an upper and lower beam, two v e r t i c a l  push rods, 

1 6 " M S ~  Semiann. Prog. Rep. Feb. 28, 1962, " ORNL-3282, p 40. 

17"MS~ Prog. Rep. March 1 t o  Aug. 31, 1961, " ORNL-3215, p 13. 

18~ .  C.  Hise, "MSRE Maintenance Memo A-1, Maintenance Philosophy," 
Apri l  27, 1962. 



and two ea.rs welded on t h e  hor izontal  center  l i n e  of t he  flange1' w i l l  
remain i n  t h e  r eac to r  c e l l  at tached t o  t h e  clamps. This framework w i l l  
serve t o  cen te r  t h e  clamps, t o  el iminate t i l t i n g  during disassembly, and . 
t o  s impl i fy  t h e  maintenance too l s .  When t h e  clamps a r e  driven off they 
w i l l  be s to red  on an i n s t a l l e d  bracket  by a hook-type handling too l .  

Miscellaneous Flange-Servicing Tools 

Flange alignment w i l l  be e f fec ted  by a system of jacks, hooks, and 
brackets  i n s t a l l e d  i n  t h e  c e l l ,  and each flange w i l l  require  custom 
i n s t a l l a t i o n .  The equipment has been designed, and a prototype system 
w i l l  be b u i l t  and tes ted .  The long-handled t o o l s  f o r  adjus t ing t he  system 
were fabr icated.  

A t o o l  t o  handle replacement gaskets was designed and constructed, 
and t h e  complete gaske t - ins ta l l a t ion  procedure was successfully t es ted .  
The covers t o  be. placed on open flanges during maintenance were designed 
and constructed, and t h e i r  handling was demonstrated. 

Remote Viewi ne: 

A 1.625-in. - d i m  periscope su i t ab l e  f o r  reac tor  use was purchased 
from t h e  Lerma Company. It w i l l  be used i n  mockup demonstrations. Appro- 
p r i a t e  sheaths, windows, mirrors, and l i g h t s  a r e  being designed fo r  use 
with t h e  periscope. 

Por table  Maintenance Shield  

Design work i s  nearing completion on a por table  maintenance sh ie ld  t o  
provide t h e  MSRE with a f a c i l i t y  f o r  shielded semidirect maintenance 
operations. The sh i e ld  i s  designed t o  temporarily replace any two 
adjacent  lower roof plugs over the  reac tor  or  t he  d ra in  tank c e l l s .  A 
s e r i e s  of b u i l t - i n  t o o l  access por t s  provide space f o r  mult iple mainte- 
nance operations. 

The por table  sh i e ld  assembly cons i s t s  of four  bas ic  components: s l ide ,  
modulcs, franc, and t rack .  Thc s l i d c  dirncnsions a rc  8 112 o r  13 ft  
long by 5 f t  wide and cons i s t  of t h r ee  l ayers  of 4-in.-thick s t e e l  p l a t e  
welded together  t o  a t o t a l  thickness of 12 in .  of shielding.  The s l i d e  
includes a c i r c u l a r  cutout t h a t  accomodates a 55-in.-diam plug. 'lhe 
plug, i n  turn,  includes a s e r i e s  of small cutouts t h a t  provide access f o r  
various l i gh t s ,  windows, and too l s .  Another cutout, a t  one end of t he  
s l ide ,  borders t he  eccentr ic  plug of an adjacent module attachment, a s  
wel l  a s  a removable crane access module. 

The modules a r e  add i t iona l  shor t  sect ions  of s l i d e  that, can he a.d.d.ed 
t o  t he  main s l i d e  t o  allow posi t ioning of too l  holes above t he  desi red 
work area. 'ibe moUuLe adjacent t o  t he  s l i d e  contains a dupl icate  of the  

- 

lSDwg. No. E-GG-C-40610, Freeze Flange and Clamps Assembly. 
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35-in.-diam s l i d e  plug mounted e c c e n t r i c a l l y  wi th in  a 50- in . -d im plug. 
This plug-within-plug arrangement provides necessary reach t o  permit  t o o l  
access  over any po in t  wi th in  t h e  block opening. The hole  l ayou t  wi th in  
t h e  inner  plug permits  mul t ip le  access t o  t h e  r e a c t o r  f r eeze  f lange,  a s  
s p e c i f i c a l l y  requi red  f o r  f lange  maintenance and f o r  o p t i c a l  pos i t ion ing  
and alignment. The plugs a r e  manually gear-driven t o  a l low p r e c i s e  
pos i t ion ing  of t h e i r  mul t ip le  openings. Pneumatic socket d r i v e r s  may a l s o  
be employed f o r  d r iv ing  t h e  gears .  The modules and plugs a r e  f a b r i c a t e d  
from 12-in.- thick carbon s t e e l .  

The frame, constructed of heavy s t e e l  p la t e ,  serves  as t h e  support 
f o r  t h e  s l i d e .  Af ter  t h e  frame i s  i n s t a l l e d  over a  lower roof plug, t h e  
s l i d e  i s  moved t o  an  end t r a c k  t o  permit  t h e  removal of t h e  concrete plug; 
an opening 52 by 127 i n .  i s  provided. The s l i d e  i s  then re turned t o  
p o s i t i o n  over t h e  c e l l  opening t o  provide complete sh ie ld ing  f o r  personnel.  
A 314-hp motor and gear-box combination mounted on t h e  frame moves t h e  
s l i d e  through a rack-and-pinion arrangement. The r a t e  of t r a v e l  i s  about 
2 in. /sec.  Movable end s tops  a r e  provided t o  l i m i t  t r a v e l  a s  des i red .  
Motor con t ro l s  a r e  connected t o  t h e  maintenance con t ro l  room operat ing 
s t a t i o n  with a cable.  

The t r a c k  i s  a n  extension t o  t h e  frame t h a t  can be mounted at' e i t h e r  
end of t h e  frame and on which t h e  s l i d e  and module r o l l e r s  move. . I t  con- 
s i s t s  of I beams with channel and angle bracing.  

A sh ie ld ing  th ickness  of 12 i n .  of s t e e l  i s  provided throughout 
( s l i d e ,  modules, and frame s ides  and ends) .  S u f f i c i e n t  sh ie ld ing  i s  pro-  
vided t o  l i m i t  r a d i a t i o n  l e v e l s  24 h r  following r e a c t o r  shutdown t o  about 
1 0  mr/hr. 

As many as eleven 150-w l i g h t i n g  f i x t u r e s  can be  mounted i n  s p e c i a l  
plugs provided i n  t h e  s l i d e  and t h e  modules f o r  s p e c i a l  i l lumina t ion  of 
t h e  work area .  Al l  work holes  a r e  designed with stepped s p l i t  i n s e r t s  t o  
accommodate t o o l s  of var ious  diameters.  Some i n s e r t s  include a d r i l l e d  
l e a d  b a l l  through which t o o l s  may be "swung" i n t o  p o s i t i o n s  o the r  than 
d i r e c t l y  underneath the  work hole.  Three 8-in.-diam lead-glass  windows 
iiiay be rrluurrLed simultaneously f o r  d i r e c t  viewing. Periscope and t e l e v i -  
s ion  camera openings a r e  a l s o  ava i l ab le .  

Brazed-Joint Development 

Brazed-Joint Fabr ica t ion  

S i x  prototype brazed j o i n t s  i n  1 1/2-in.  sched-40 INOR-8 p ipe  were 
f ab r i ca ted  using t o o l s  and equipment developed f o r  t h i s  purpose. One 
j o i n t  was made i n  a  mockup of t h e  d r a i n  c e l l  with a l l  t h e  work accomplished 
remotely, a s  it w i l l  be done i n  t h e  MSm. Another was made on a pipe  i n  
which molten salt  had been c i r c u l a t e d  and i n  which some s a l t  remained. A l l  
s i x  j o i n t s  were subjec ted  t o  a  hydros ta t i c  t e s t ,  a  helium l e a k  t e s t ,  and 
u l t r a son ic  inspect ion .  None evidenced any leakage, and a l l  i nd ica ted  
adequate bonding. The development work on t h e  j o i n t  and methods f o r  i t s  



remote f ab r i ca t i on  i s  considered t o  be c o q l e t e .  Development work on 
techniques and equipment f o r  remote inspection i s  s t i l l  under way. 

Brazed-Joint S a l t  Test 

A prototype 1 1/2-in. brazed j o in t  was t e s t ed  i n  service t h a t  simu- 
l a t e d  a dra in  l i n e .  The j o in t  was held  a t  1250°F f o r  a t o t a l  of 6780 hr, 
including 123 h r  i n  contact  with s a l t  and 402 simulated drains .  There was 
no apparent damage t o  t h e  j o i n t  throughout the  t e s t .  The j o in t  was removed 
from t h e  loop f o r  metal lurgical  examination. 

Mechanical -Joint  Develo~ment 

The design of the  overflow-line disconnect a t  t he  f u e l  purrrp bowl2' 
was completed, and a carbon-steel prototype was 'bu i l t  f o r  t e s t i ng .  'l'he 
disconnect i s  e s sen t i a l l y  a r ing- jo in t  f lange mounted i n  a v e r t i c a l  l i n e  
with a cy l i nd r i ca l  b a f f l e  extending downward i n t o  t he  pipe t o  t r a p  gas 
next t o  t he  r ing  gasket. 

A s e r i e s  of t e s t s  oS t he  prototype a t  1000'~' and '(0 thex~lil.1 cycles 
with hea t  applied both i n t e rna l l y  and external ly  indicated favorable tem- 
pera ture  d i s t r i bu t i on  and excel lent  l eak  t ightness .  Therefore an 
improved INOR-8 prototype flanged j o i n t  was b u i l t  and i n s t a l l e d  i n  the  
freeze-valve t e s t  loop. Testing with s a l t  i s  scheduled t o  s t a r t  i n  the  
near fu tu re .  

Fuel Pump Design and Fabr icat ion 

The design of t h e  f u e l  pump was approved, a s  previously reported,21 
and. fabr ica t ion  of t he  pump tank i s  approximately 30% complete. An INOR-8 
volute  cas t ing was weld repaired t o  t he  required qua l i ty  f o r  reactor  
service,  and a spare volute  cas t ing i s  being weld repaired t o  the  same 
qua l i ty .  Fabrication of two ro ta ry  elements f o r  t he  f u e l  ~ U I I I ' '  i s  approxi- 
mately 80% complete. 

Coolant Pump Design and Fabrication 

The design of t he  coolant pump21 was completed and approved. The 
coolant  and f u e l  pumps a r e  s imi la r  i n  design, except t h a t  t he  l l ybau l i c  
cha rac t e r i s t i c s  are d i f f e r e n t  and -the coolant pump talk does not contain 
t h e  xenon-removal spray and t he  cooling shroud f o r  t he  upper s h e l l  of the  
tank used i n  the  f u e l  pump. 

The fabr ica t ion  of t h e  pump tank i s  approximately 30% complete. An 
INOR-8 volute  cas t ing  was weld repaired t o  the  qua l i ty  required f o r  
r eac to r  service, and a spare volute cas t ing i s  being weld repalred t o  the  
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same quality. The fabrication of two rotary elements f o r  the  coolant pump 
i s  approximately 8076 complete. 

Design and Fabrication of Lubrication Stands f o r  R q s  

The design of the  lubricat ion stands was colqpleted and approved. 
Two stands will be required, one f o r  the  fue l  p w  and one f o r  the  coolant 
pump. The lubricat ion systems a re  designed t o  lubr ica te  and cool the  
pump-shaft bearings and seals  and t o  transport  heat from the sh ie ld  plug 
and the upper tank structure. The two stands w i l l  be interconnected t o  
provide time f o r  orderly shutdown of the reactor i n  the  event one of the 
systems should become incrperative. 

Each stand p rwides  a water-cooled reservoir, two centrifugal pumps 
i n  paral le l ,  a full-flow o i l  f i l t e r ,  and the necessary valves and instru-  
mentation t o  ensure adequate lubricat ion and cooling of the reactor pumps. 
The fabricat ion of the  stands i s  approximately 40% complete. 

Lubrication-Pump Endurance Test 

The t e s t  lubricat ion pump has circulated a turbine type of o i l  fo r  
5413 h r  a t  160°~, 70 gpm, and 3500 rpm. Upon resumption of operation 
a f t e r  the i n i t i a l  tes t2= of 1428 hr, t h e  motor f a i l ed  a f t e r  operating an 
additional 913 hr, when one phase of the  s t a t o r  winding became grounded. 
The s t a t o r  was replaced and tes t ing  wao rccumed. 

Drive Motor Design and Fabrication 

The design of the drive motors f o r  the reactor p u q s  was completed 
and approved. The basic design consists of a t o t a l l y  enclosed, water- 
cooled, explosion-proof, NESIA. design "B, " special-purpose, squirrel-cage 
induction motor. The motor f o r  the fue l  p q  i s  ra ted  75 hp a t  1200 rpm, 
and the motor for  the coolant pump i s  rated 75 hp a t  1800 q m .  

The specification f o r  the drive-motor containment vessels requires 
t h a t  the vessels pass a mass-spectrometer leak t e s t  with a helium leak 
r a t e  of l e s s  than 1 x 10-8 cm3 (STP)/S~C. The vessel fabricator  has 
experienced d i f f i cu l ty  acquiring acceptable p la te  material; a second order 
of the material f a i l e d  t o  pass the  impact-test requirements and i s  being 
heat-treated p r io r  t o  retest ing.  

Test Pmq Fabrication 

Fabrication of the prototype pump tank w a s  completed, and the tank 
was ins ta l led  i n  the t e s t  f a c i l i t y .  Bench t e s t ing  of the rotary element 
was completed, and it was ins t a l l ed  i n  the  pumg tank f o r  elevated- 
temperature testing. 

Test Fac i l i ty  Construction 

The construction of the  t e s t  f a c i l i t y  ( ~ i g .  3.11) was completed. I n  
e d d i t i ~ n  t o  the prototype pump and loop piping, it includes (Fig. 3.12) 
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Fig. 3.11. P r s t o t y p  Pump Test Facility. 
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Fig. 3.12. Prototype Putt@ Test System. 

two freeze flanges, one of which i s  of the MSRE design, a section of MSRE 
pipe heater, the  cooling system f o r  the  upper she l l  of the fue l  pumcp tank, 
the nozzle f o r  the sampler-enricher (not shown), the  bubble-type l iquid-  
l eve l  devices (not shown), and a themnocouple ins ta l led  i n  a w e l l  f o r  
comparison with thermocouples attached t o  the  exterlzal surface of the  pipe. 

Hydraulic Performance Tests 

Hydraulic performance were obtained with the  13-in. -&am impeller 
circulating the  salt LiF-BeF2-ZrF4-ThF4-UF4 (70-23-5-1-1 mole %) a t  
1 2 0 0 9  un three different  system resistance l i n e s  a t  speeds ranging from 
600 t o  1150 rpm. The hydraulic performance of the  pumg with molten s a l t  
compares well with the  performance with water. While data were being 
taken on the last and steepest resistance line,  the puqp shaft  seized 
along the lower 4 in. of the  shield plug. 

The seizure, which was  of the  friction-weld type, was caused by 
rubbing between the outer surface of the  shaft  and the  surface of the  bore 
i n  the  shield plug. Deflection of the shaft  by rad ia l  hydraulic force on 
the  impeller had reduced the  running clearance t o  zero jus t  p r io r  t o  
seizure. The pump w a s  operating a t  an off-design condition well removed 
from i t s  balance l i n e  when the seizure occurred. The pumg had operated 



sa t i s fac to r i ly  f o r  335 h r  a t  1 2 0 0 ~ ~ .  Another rotary element i s  being - 
.ssembled i n  which the  running clearances a re  increased t o  accammodate 
lff-design operation, and the  t e s t  w i l l  be resumed. 

wsi The PKP t e s t  pump continued t o  operate and had accumulated, a t  the 

d i f f e ren t i a l  pressure across the lower shaft  seal has been maintained a t  
1 psi .  The sea l  leakage across the  upper sea l  has been approximately 
5 &/day, and across the  lower seal,  it has been too small t o  measure 

I- T h e t e s t p u m p w i t h a m o l t e n - s a l t - l u b r i c a t e d b e a r i ~ ~ s e q u i p p e d ~ t h  
a new journal and bearing fabricated of INOH-8. Uuring shakedown or  the 
t e s t  f a c i l i t y ,  it was noted tha t  the hot, wetted end of a thermocouple 
well (3/8-in. -dim tube) had corroded away. Operation w i l l  be resumed as 
soon a s  an analysis of the  f u e l  supply and a metallurgical examination of 

&he remainder of the  thermocou~le tube have been made. 

3 A prototype model of the  two-level conductivity-type liquid-level 
probe being developed fo r  use i n  single-point measurement of l iqu id  l eve l  
i n  the  MSRE storage tanks w a s  constructed. The completed probe assembly 

from the  conceptual design described previously i n  tha t  the control- 
sampling access hole and the  mounting flange have been eliminated. The 
changes were necessitated by changes i n  the  design of the  storage tanks 
t h a t  precluded the  use of the  central  access hole f o r  level-probe ins t a l -  
la t ion .  I n  the revised instal la t ion,  the probe w i l l  be welded i n t o  a pipe 
n l a l e  and w i l l  not be removaBle. 

C 
f L - The pro-be assembly i s  being t e s t ed  i n  molten sal-t under simulated 

design concept i s  correct.  Signals of 100-mv amplitude were received when 
Ithe salt was Pn cul1La.c L wi t& WE yf'ulre , The t,Ig~la;l l eve l  was less3 W a n  
20 mv when the salt l e v e l  was below the probe. It i s  expected tha t  t h i s  
l a t t e r  s ignal  l eve l  can be reduced by balancing capacities and by use of 
s phase-sensitive demodulating c i r cu i t  i n  the  receiving equipment. Testing 
of the  prototype probe w i l l  continue i n  order t o  determine the long-term 
r e l i a b i l i t y  or the  device and t o  obtain data fo r  use i n  the desim nf the 

22"MS~~ Prog. Rep. March 1 t o  Aug. 31, 1961, " ORNL-3215, pp 72-76. 
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MSRE indicator. Detailed designs of probe assemblies f o r  the MSRE are  
being prepared. 

Pump-Bowl Liquid-Level Indication 

Developmental t e s t ing  of a continuous liquid-level-indicating 
element23 f o r  use i n  measurement of molten-salt l eve ls  i n  the E R E  fue l  
and coolant pump bowls was continued. A four-month i n i t i a l  t e s t  a t  tem- 
peratures between 900 and 1 3 0 0 ~ ~  was terminated June 4. During the last 
th ree  months of t h i s  period the temperature w a s  maintained a t  1200~F, and 
the molten s a l t  was held a t  a constant level .  The mximum variat ion 
recorded during t h i s  period was 0.1 in.; the span of the instrument i s  
5 in .  Tests made a t  the  end of the four-month t e s t  period revealed no 
evidence of cal ibrat ion sh i f t ,  hysteresis, o r  other degradation of the 
performance charac ter i s t ics  of the instrument i n  excess of 2$ of f u l l  
sca le  (0.1 in.). Calibration curves made three months apart  a re  shown i n  
Figs. 3.14 and 3.15. There has been no indication of buildup of sol ids  
as a r e s d t  of vapor deposition i n  the core tube of the instrument; kow- 
ever, s o l i d  deposits were found on a spark-plug l eve l  probe removed from 
the t e s t  stand a t  the conclusion of the  four-month t e s t .  After completion 
of the  four-month t e s t ,  t he  instrument was drained and the temperature was 
cycled three times between 500 and 1 0 0 0 ~ ~ .  Subsequent checks revealed no 
evidence t h a t  the  instrument w a s  damaged by t h i s  repeated heating and 
cooling. The instrument was returned t o  operation a t  1200~F, and long- 
term tes t ing  i s  continuing. 

A t h i r d  inntrumcnt i s  being constructed and w i l l  be ins-lalled on 
b the IvSSm tes t ing  f a c i l i t y  t o  obtain experience under operationsn;l. 

~ o n d i t i o n s  approximating those which w i l l  be encountered i n  the MSRE. 
This instrument wi l l  use an INOR-8 metal-ball f loat ,  since graphite w i l l  
not f l o a t  i n  the barren salt used i n  t h i s  f a c i l i t y .  The transformer will 
be mounted above the  f l o a t  because t h i s  type of assembly i s  preferred f o r  

L t h e  MSRE ins t a l l a t ion  and because t e s t s  of a similar unit, described 
above, revealed no objectionable operational character is t ics .  

Single-Point Terqperature Alarm System 

Investigations of single-channel thermocouplc alarm switches f o r  use 
i n  freeze-flange and freeze-valve monitoring and control systems con- 
tinued. Several components of the Electra Systems ~ o r p o r a t i o n ~ ~  moni- 
toring system were received i n  l a t e  March. The system included a dual- 
L i m i t  alarm module (m-42l.0), two single-limit  alarm modules (ET-&ZOO), 
s control uodule (ET-4300), and the power supply and module enclosure. 

The uni ts  were t e s t ed  i n  the laboratory. As previously reported, 24 

the single-limit  a l a r m  modules appear t o  be sui table  f o r  freeze-flange 
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monitoring. Recent t e s t s  indicate t h a t  control module ET-4300 i s  
sui table  f o r  the valve-monitoring system. The evaluation thus f a r  i s  
based only on laboratory t e s t s .  

The ELectra System was placed i n  f i e l d  operation on a freeze-valve 
tes t ing  f a c i l i t y  i n  mid-August. It i s  now undergoing f u l l  f i e l d  t e s t s  
u t i l i z ing  the  control system t o  be used f o r  the reactor. The Electra 
System i s  composed of modular. units, a s  previously described.25 The 
in terna l  wiring of one module card containing two single-alarm switches 
i s  shown i n  Fig. 3.16, and the  en t i r e  system i s  shown i n  Fig. 3.17. The 
top uni t  i s  the power supply and the bottom uni t  the  module enclosure. 
The module enclosure w i l l  handle 20 single-limit alarm switches or 10 
control modules. 

Tests of the Daystrom Magsense Control Relay, Model ~ - 8 2 ,  were 
completed. A s  previously reported, 22 t h i s  uni t  could be u t i l i zed  fo r  the  
flange- and valve-monitoring systems; however, t h e  individual uni ts  
would have t o  be integrated i n t o  a system, This would require adding 
alarm-limit l ights ,  relays, and enclosure, as well as a common power 
supply. Further, the  input resistance of the  uni t s  i s  so l o w  (350 ohms) 
t h a t  it could cause a problem with long thermocouple leads. 

Teqerature Scanner 

Development work on the mercury- j e t  -commutator thermocouple-scanning26 
system i s  continuing. The switch was modifi-ed t o  reduce spurious noise 
generation. An alarm discriminator was designed and constructed, and the  
reference-thermocouple i so la t ion  system was i q r o v e d  and packaged with 
the  alarm discriminator. A d i f f e ren t i a l  dc amplifier with variable band- 
width was received, and an exis t ing 17-in. oscilloscope was repaired t o  
display the thermocouple signals. 

The cmple te  system was assembled and tested i n  %he labora-bory i n  
early May. A diagram of the  system a s  it now ex i s t s  i s  shown i n  
Fig. 3.18. The laboratory t e s t s  with simulated thermocouple signals 
were successful, and the system was ins ta l led  on a liquid-level t e s t  
f a c i l i t y  i n  early August. One hundred thermocouples from the t e s t  
f a c i l i t y  were used as input signals t o  the scanner. A t  present, the 
system continues t o  operate sa t i s fac tor i ly  a f t e r  more than 700 h r  of 
operation. Operation wi l l  be continued t o  determine the operating l i f e  
of the mercury switch. 

The diagram of the system (Fig. 3.18) shows the pr inciple  of opera- 
t ion.  One hundred -thermocouples a re  switched i n  sequence by the mercury- 
j e t  switch at  a r a t e  of 2000 points per second. The output of the  switch 
i s  fed t o  an integrating system consisting of a capacitor and the  re-  
sistance of the  dc amplifier. The signal l e v e l  i s  held during the pout- 
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,o-point switching time. The reference thermocouple signal i s  fed t o  two ' A  - .ouble-pole double-throw choppers with a capacitor between the poles of 
each chopper. The reference thermocouple i s  connected i n  opposition t o  
t h e  output of the  mercury switch. The choppers s tore the  charge from each 
s ide of the  reference thermocouple during one half of the  operating cycle 
and then switch it across the  large integrating capacitors i n  each out- 
but l i n e  of the  mercury switch. The difference signal i s  fed t o  the dc 
q l i f i e r  and amplified t o  1 volt .  The output of the  amplifier i s  fed t o  

"the oscilloscope and t o  the  alarm discriminator. The alarm discriminator 
isan be adjusted t o  produce an alarm when the difference signal exceeds an 

K. e d j u s t a b l e  range of f 50 t o  i300'F'. If the reference signal and the  
commutated signal a re  equal, a s t ra ight  l i n e  i s  seen on the o s c i ~ o s c o p e .  

krn through-the system as an ac signal and appears as a positive pulse on the  
psciUoscope. By using a synchronizing pulse from the  switch, the  100 

. Pkhermacouple signals a re  displayed on the oscilloscape i n  a fixed position 
,-$so t h a t  each signal i s  ident i f ied  with a par t icu lar  thermocouple. 
- 
E - -  

The switch modification consisted of ins ta l l ing  shorting s traps 
q e t w e e n  the  coalescer c o i l  and the  carranon mercury pool, as shown i n  

5 Fig. 3.19. This reduced the  s t a t i c  charges which were generated between 
. 'the coalescer c o i l  and the  mercury pool and resulted i n  a s ignif icant  re- 

'gduction i n  the spurious noise generated i n  the switch. 

# 
A block diagram of the  alarm discriminator i s  shown i n  Fig. 3.20. 

Chis c i r c u i t  i s  designed t o  produce an alarm when pulse signals having an 

;e&ond a re  applied t o  the  input. With proper adjustment of the differen- 
;id dc amplifier, t he  discriminator may be adjusted t o  produce an alarm 

J w i t h  signals as  small as f50°F. A pulse-integrating (count-rate) c i r cu i t  

scanning switch samples each point 20 times per second, input pulses 
resulting from a t rue  alarm condition w i l l  have a repet i t ion ra t e  of a t  

r : l e a s t  20 pulses per second and an alarm w i l l  occur. The discriminator- 
fim ci rcui t ry  i s  completely t ransis tor ized and i s  packaged i n  a 
3 1/2-in. -wide, 7 112-in. -high, panel-mounted housing. Also packaged i n  
the housing are  the  reference-thermocouple i so la t ion  system, a sync-pulse 

5 s G l y  c i rcui t s .  

, es t  apparatus was modified t o  el imimte er rors  i n  measuring the inner 
rall temperature. Provisions f o r  purging with i n e r t  gas were added; the  

]reference thermocouple w a s  attached t o  the inner w a l l  of the INOR-8 tube 
s b y  spot welding; and thermal insulat ion was placed between the thermo- 

:ouples and the copper s l u g  (Fig. 3.21). 
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Several t e s t  thermocouples were prepared with one section of a two- 
piece clamp made of 3/16-in. -wide, 0.020-in. -thick Inconel attached t o  
the  sheath near the  end sea l  with gold-nickel brazing alloy. The thermo- 
couples were then attached t o  the tube by placing t h e  11p-p~~ section aver 
the tube, engaging the lower section, and c r i q i n g  both, a s  shown i n  
F i e  &,=. 
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Sevek.d Zests were run with %he thermocauples attached as  described 
above and with thermal insulat ion consisting af different  thiclrncao of 
Fiberfrax board o r  paper placed over the  junction end of the  thermocouple. 
The thermocouple shown a t  the  f a r  r ight  i n  Fig. 3.22 i s  insulated with 
Fiberfrax paper, and the  thermocouple second from r ight  i s  insulated with 
Fiberfrax board. The accuracy of the wall-temperature measurements with 
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as -roved considerably with both forms of 
Fiberfrax insulation. The f lex ib le  paper f o m  of Fiberfrax i s  preferre4 
over the  r i g i d  board, however, because it requires no machining or pre- 
forming p r io r  t o  ins ta l la t ion .  W i c a l  resul t s  obtained i n  recent t e s t s  

I' 
I of thermocouples attached and insulated as  described are l i s t e d  i n  

Table 3.4. The t e s t  thermocouple used i n  run 5 was covered with Thermom, 
' a heat-conductive cement rated t o  1250?F, and 3 layers of 118-in.-thick 

. Fiberfrax paper. It i s  not known yet  whether Thermom w i l l  be acceptable 
f o r  t h i s  application. A t e s t  specimen of a typical  thermocouple attach- - 
ment covered with T h e m  i s  now undergoing a corrosion t e s t .  

~rototype surface- 
t y  t o  determine, 
of attachments and 

F 
tBe accu~acy of GIJ. temgerature measurements taken with thermocauples 
located on the w a l l s  of pipes and components adjacent t o  heaters. 

- Sheathed, 1116-in. -OD, single-conductor two-wire, and 118-in. -OD, sheathed, 

+ duplex thermocougles were mounted i n  pa i r s  adjacent t o  30-ga bare-wire 
reference thermocouples a t  three locations. A similar p a i r  of thermo- 

- couples was located adjacent t o  a reference thermocouple ins ta l led  i n  a 
well a t  a fourth location. A typical  in s t a l l a t ion  i s  shown i n  Fig. 3.23. 

p. All t he  thermocou~les have been i n  service since April 16, 1962, and 
7 - 

re- accmnhated only 
.s period because of 

loop downtime. With salt circulat ing a t  the  above temperatures, d i f fer -  ! s n c e s  i n  readings between the  t e s t  thermocouples and the respective 

Tect Thcrmocouplc Tcmpcrature 
Dif f crcnoc 

(OF> 

4 were insulated 
covered with 

Thermom and insulated with Fiberfrax paper; all readings were taken with 
the  t e s t  ther~m_ocouple downstream of the a i r  flow. 





reference thermocouples, a s  noted periodically, were inconsistent. The 
limits of var ia t ion  i n  temperature difference between an individual t e s t  
thermocouple and i t s  respective reference thermocouple a r e  l i s t e d  i n  
Table 3.5. 

Dr i f t  Test. Six Inconel-sheathed MgO-insulated Chromel-Alumel 
thermocouples a r e  being t e s t ed  t o  determine the  s t a b i l i t y  of cal ibrat ion 
a t  MSRE temperatures. Over 5000 h r  of soaking time i n  1200 t o  1 2 5 0 ~ ~  a i r  
has been accumulated t o  date. None of the thermocouples have d r i f t ed  more 
than f 2 ' ~  equivalent i n  emf output. 

Bayonet Thermocouples. Ten MSRE-prototype wall-mounted thermocouples 
were ins t a l l ed  i n  the  drain-tank bayonet-cooler t e s t  f a c i l i t y  t o  determine 
the  e f f e c t s  of fast temperature t rans ien ts  on the l i f e  of these themo- 
couples and t o  determine how f a s t  they would respond t o  t ransients .  The 
thermocouples t e s t e d  consisted of both 1116-in. -OD, sheathed, single- 
conductor, two-wire and 118 -in. -OD, sheathed, duplex thermocouples with 
junc1;ions grounded t o  w a l l s  and end seals. One 1/8-in. -OD uni t  f a i l e d  
lmmediately a f t e r  s ta r tup  of the t e s t .  I ts  ear ly  failure i s  t h o u ~ h t  to 
have been due t o  f au l ty  construction, since the  other nine units have 
been subjected t o  rapid temperature changes between 1200 and 6009 f o r  
over a week without fa i l ing .  The thermocouples t h a t  endure the thermal- 
cycling test w i l l  be checked f o r  speed of response. 

Freeze-Valve Thermocouple Tests. Six MSRE-prototype wall-mounted 
thermocouples were i n s t a l l e d  on a freeze valve i n  a t e s t  conducted t o  
determine the durabi l i ty  of these units i n  t h i s  type of service and t o  
determine the accuracy of the  measurement af wall t .emper~t~we a t  the  
cooled and heated area of the  valve. Sheathed, l/l6-in.-OD, single- 
conductor and 1/8-in. -OD duplex thermocouples w e r e  mounted i n  pa i r s  adj  a- 
cent t o  a 30-ga bare-wire reference thermocouple a t  three locations on 
t h e  valve. The locat ions and methods of attachment a re  shown i n  
Fig. 3.24. The t e s t  thermocouples agreed with the reference thermocouples, 

Table 3.5. Variations i n  Readings of Thermocouples 
Ins t a l l ed  on the  Engineering Test Loup 

Ty-pe of Outside Mameter Limits of V a r i e -  

Reference of Test t i o n  i n  Tempera- 

Thcrmoc ouple Station memocouple t u r e  Difference 
(in. (OF) 

No. 30 AWG bare wire 1 118 
1/16 

2 1/8 
1/16 

3 118 
1/16 

1/8-in. -OD, sheathed, 4 
i n  well  

118 
1/16 



Fig. 3.24. Thermocouple Instal lat ion on the Freeze Valve. 
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except tha t  during rapid heating and cooling, differences of 15 t o  20O~ i n  
temperature readings were noted. A l l  the thermocouples were s t i l l  func- 

' tioning a f t e r  two weeks of intermittent operation of the valve. No sig- 
nif icant  difference i n  the performance or durability of the l/l6-in. 
single-conductor and 1/8-in. duplex thermocouples has been noted. 

s is tant  thermo- 
c ia l ly  available 

components i s  shown i n  Fig. 3.25. This disconnect i s  simpler i n  con- 
struction than the assembly previously describedz8 and i s  more compatible 
with MSRE requirements. The plug and jack panels were supplied by the 
Thermo Electric Cmany and are  similar t o  the i r  standard plug and jack 
panel assemblies, except fo r  the insulating material, which i s  Electro- 
bestos. The housings are  modified FS-type conduit b ~ x e a ,  The jack 
housing (top ha l f )  has a removable back plate t o  f ac i l i t a t e  wiring connec- 
tions. Swaged-type tube f i t t i ngs  are ut i l ized t o  support and restrain the 
individual metal-sheathed thermocouples. A disconnect of th i s  type was 
tested In  the remote-maintenance t e s t  f ac i l i t y  and operated sat isfactori ly 
Alignment of the pins during remote maintenance operstions w i l l  be 
accomplished by means of a guide incorporated i n  the handling tool. 

2 8 " ~  Semiann. Prog. Rep. Feb . 28, 1961, ORNL-3122, pp 61-62. 

. - 
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Fig. 3.25. Six-Circuit Radiation-Resistant Thermocouple Discon- 
nect. 
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Corrosion Effects of CFq 

INOR-8 specimens, as reported previously, ' sustained only superf i- 
c i a l  attack by CF4 vapor i n  500-hr t e s t s  at ll12 t o  1472O~. The presence 
of both oxide and fluoride reaction products were detected, however, on 
specimen surfaces examined under the electron microscope and diffraction 
camera. In order t o  determine whether these films had effected passiva- 
tion of the INOR-8 surfaces, two additional experiments were run with 
specimens immersed i n  a fue l  salt of the canposition LiF-Be&-ZrF4-ThF4- 
UF4 (70-23-5-1-1 mole $) and with CF4 vapor passed continuously through 
or over the fluoride salt. 

The two experiments were performed in 2-in.-diam isothermal INOR* 
pots a t  temperatures of lll2 cwd l292O~, respectively. Although both 
were scheduled for  1000 hr of operation, depletion of the supply a t  
the higher temperature required termination of t h i s  experimeat after 700 
hr. Specimens being tested a t  1 1 1 2 ° ~  were removed from the vessel a t  
100-hr intervals. The specFens exposed t o  the salt underwent negligible 
weight changes and shared no consistent pattern of weight loss  or gain3 
however, specimens tested i n  the vapor phase exhibited a slight weight 
increase, in  accordance with previous t e s t  results.  Specbens immersed 
i n  s a l t  a t  gained substantial weight ( 1  t o  3 mg/&), and in  same 
cases a metallic-appearing coating was noted. Analyses of the coating 
showed it t o  consist principally of nickel, with relatively large amounts 
(>5$) of molybdenum. Specimens i n  the vapor phase showed small, although 
consistent, weight losses and were cavered with a greenish reaction 
product. 

Metallographic examinations of the specimens tested a t  l l l 2 O ~  
revealed no evidence of surface changes. Specimens tested a t  l . 2 9 E 0 ~  
were l ight ly  pi t ted in  areas not cwered by the metallic coating, as 
shown in  Fig. 4.1. Areas covered by the coating were unattacked. Same 
evidence of carburization could be detected metallographically; huwever, 
chemical analyses of the specimens after the t e s t  showed no changes in 
carbon content compared with that  of as-received samples. 

The results  of these and ear l ier  experiments 4d ica te  that  p4 
vapor i s  effectively nonreactive toward INOR-8 a t  1112"~  but that  minor 
attack may be pramoted by CF4 in the presence of fluoride salt at 1292°F. 
A t  leas t  part of the attack a t  1292°F appears t o  be attributable, however, 
t o  hydrolysis of the CF4 by traces of moisture i n  the system. This con- 
clusion is based on the detection of small amounts of CO and C& i n  the 
gas leaving the t e s t  vessel. 

-. , 

'"MSRP Semiann. Prog. Rep. Feb* 28, 1962," ORXL-3282, pp 77-79. 



Fig. 4.1. Corrosion Effects of CF4 on INOR-8 a t  1292OF. 

Welding and Braziaw Studies 

Heat Exchanger Fabrication 

Tube-Joint Design and Fabrication. A f i n a l  design and a welding 
procedure were established f o r  the tube-to-tube sheet joints of the 
MSRE primasy heat exchanger t h a t  incorporated modifications of the 
previous design2 t o  provide f o r  inspection of the back-brazed region. 

The joint, shown i n  Fig. 4.2, was changed by f la r ing  the weld 
end suff icient ly so t h a t  weld rollover w d d  not interfere with the 
insert ion of an ultrasonic inspection probe in to  the  tube. The welding 
conditions established t o  assure a minimum weld penetration of 42 m i l s  
are  l i s t e d  below: 
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TREPAN GROOVE WITH 
BRAZING ALLOY RING 

( 0 )  BEFORE BRAZING 

td )  AFTER W Z I N O  

Fig. 4.2. Tube-to-Tube Sheet Joint Desim for. E.rZSRE Eeat ~xclimger.  

Welding current 39 t o  40 amp 
Welding speed 4.4 rpm 
Electrode diameter 3/32 in. 
Electrode-to-work distance 0.035 in. 
Electrode position 0.005 in. outside joint interface 
Iner t  gas Argon 

A t e s t  assembly, shawn i n  Figs. 4.3 and 4.4, was fabricated t o  
demonstrate suitable fabrication procedures and welding techniques 
and t o  study the ef fec t  of' s ize  on the back-brazing operatiori. The 
assembly contained 96 welded and back-brazed joints. Welding was 
canpleted without diff icul ty,  and good flow of braze metal, indicated 
by f i l l e t ing ,  occurred i n  all but one of the joirits. Metallographie 
investigation of t h i s  brazed joint revealed t h a t  contamination i n  the 
v ic in i ty  of the feeder holes had interfered with flow of the  alloy, as 
may be seen i n  Fig. 4.5. To avoid a similar si tuat ion i n  the  MSRE 
heat exchanger, precautionary inspection measures have been included 
in  the fabrication procedure. 

Tube-Joint Inspection. Methods of inspecting tube Joints were 
developed tha t  are applicable t o  the USRF: heat exchanger. These include 
radiography of the weldments and m ultrasonic Lamb-wave technique for  
inspecting the hr~zed joints . 

Test welds were examined with both x-ray and iridium sources under 
a variety of ccrnditinns n.nd with curved s t r i p s  of fi lm placed in  the 



Fig. 4.3.  .We= Side of Ttmt As~em9Tly xS-th MfBE Heat  .Bxahmypr Type! 
of JMnL 

tuWs at the w e l i b .  Of those +ke@taB, the optimum radiographic conditioas 
fom4 for %be Beat exs&mglej: weld we=: 

X-ray energy 160 kv 
P- P d  d i m  443 in. 
baf&nt SiD-3.5 tug 
!l?ime 2.5 m i n  
FlLn typ3 M 

- 
Fmr to  

hMr, the- 
sem~d. %tibe 

e&x exgoawes were reqdred ta coang1letel.y inspect each weld; 
%She a s r ~ ~ ~ a . E  on -&be-b@RZ heat .exch&er allaas 90% 
we3.d~ t o  be rad&~@phecl a% me time, anti the operation 

w $ U  m m  eamtx&od than for the fest welds. The defect@ observed 
were s m t  &Sstofied beoaufse M tbe a&hd fi3.a pl9cement, buk, 
despl-be %his, pare@ severa3 d l s  in d i a e e r  were detecked. 

!Phe U % r a S ~ i c  Laoib-x9ve: tetchni~ue developed for the evalu8t%on of 
b~na%ng in b2wsd tube joints utilizes a 8 probe that fits b s i b  
the 1/2-in.-dtem tu%e4. T h  mobe eontaWa t vo  fs-lezoelectric cqjr~tals 



that  serve as ultrasonic generator and receiver, respectively. The 
proper ultrasonic frequency and beam incident angles were determined, 
and a custom probe was designed and fabricated. Approximately 20 brazed 
joints with various degrees of bonding were evaluated using t h i s  system, 
and metallographic examinations are in  progress t o  provide correlation 
of the t e s t  results. 

A mechanical device was designed that provides for  uniform scanning 
of the probe in the tube and thus assures c a p l e t e  inspection coverage. 
This device should permit more rapid inspection and --- may -- also all? 
~llt,crmatic recording US uxboi~ded ~ C a a r  

8 .  

- ' , .  . , - 



Fig .  4.5. &featii,ve Baruzw Gaused by Btal Chips i n  Feeder Hales, 

Remote Brazin& 

The brazing procedure and equipment described prev iamly  for 
remotely fabricating INOR-8 pipe were used i n  the preparation of six 
prototype joints. Evaluation of these by ultrasonic techniques developed4 
previously indicated only minor nonbonding in  f ive of the brazed areas. 
The sixth joint contained a number of unbonded areas in  the upper portion 
of the braze. The bonding in a typical remotely brazed joint is described 
in  ~ i g ,  4.6. - 

- - --- - - -- 
Welding of INOR-8 

A mechanical properties investigation is being made of INOR-8 weld 
material f r m  heats t o  be used fn t,hp ERE.  A8 part of thc prellmiua.~-y 
studies, data were obtained on the effect of stress-relieving on stress- 
mpture properties. These i n i t i a l  t e s t s  were made using transverse weld 

%. V. Cook and R. W. McClung, "Developnent of ultrasonic 
Techniques for  the Evaluation of Brazed Joints," ORNL-TM-356 ( i n  
press). 





Table 4.1. Elevated-Temperature Stress-Rupture Test 
Data on Transverse INOR-8 Weld Specimens in the 

As-Welded and Stress-Relieved Conditions 

Sample Condition 
Time to Rupture 

( ~ 1  
Total Strain 

($1 
- 

As welded 113.9 -- - 4.5 
79.1 6 6 

Stress relieved 



9 5 

Mechanical P r o ~ e r t  i e s  of INOR-8 

Propert ies of Reactor-Quality INOR-8 

The mechanical proper t ies  of t yp i ca l  INOR-8 mater ia l  procured f o r  
MSRF: construction a re  being determined i n  order t o  evaluate t h e  e f f ec t s  
of large-quanti ty production and improved-quality requirements. Speci- 
mens f o r  t e n s i l e  and s t ress-rupture  t e s t i n g  were prepared from 
representative  OR-8 p la te ,  including heats  N1-5055, N1-5075, and 
N1-5081. Tensile proper t ies  w i l l  be t e s t e d  from room temperature t o  
1 8 0 0 " ~ ,  and s t ress-rupture  proper t ies  w i l l  be determined i n  air at 
1100, 1300, and 1500°F. 

Thermal Fatigue of INOR-8 

The thermal-fatigue proper t ies  of INOR-8 a re  being determined 
with methods described by carden.' F i f teen t e s t s  were completed a t  
maximum t e s t  temperatures i n  t he  range 1250 t o  1 6 0 0 " ~  and cycle periods 
of 1 and 10 min. Results of these t e s t s  a re  presented i n  Fig. 4.7, which 
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Nf, CYCLES TO FAILURE 

Fig.  4 .7 .  Thermal-Fatigue Data f o r  INOR-8 IN eat ~ 1 - 5 0 5 0 )  i n  corn-' 
parison with Inconel .and Type 304 S ta in less  S t e e l .  

gives t he  p l a s t i c  s t r a i n  range (maximum in t e rna l  width of s t r e s s - s t r a in  
ltiop) versus t he  number of cycles t o  f a i l u r e  f o r  WOK-8, Inconel, and 

5 ~ .  E. Carden, "Thermal Fatigue - An Analysis of the  Experimental 
M~+.hnrJ, I' OP.NT,-TM-~C):'I ( i ii r~-trn~-at.ion) . 



t n e  304 s t a i n l e s s  s t e e l .  The da ta  on Inconel and s t a i n l e s s  s t e e l  a re  
included f o r  cmparison.  

The thermal-fatigue da t a  of Fig. 4.7 indicate  t h a t  Inconel and 
type 304 s t a i n l e s s  s t e e l  have greater  a b i l i t y  t o  sus ta in  p l a s t i c  flow 
than  INOR-8. .An ana lys i s  of t he  temperature di f ference versus cycles 
t o  f a i l u r e  f o r  comparable maximum temperatures and frequencies shows, 
however, t h a t  INOR-8 w i l l  sus ta in  more res t ra ined  thermal cycles and 
t h a t  INOR-8 requires  a g rea t e r  temperature di f ference than type 304 
s t a i n l e s s  s t e e l  or  Inconel t o  produce f a i l u r e  i n  a comparable number- 
of cycles. The p l a s t i c  s t r a i n  per cycle i s  l e s s  i n  INOR-8 because of 
i t s  lower thermal coef f ic ien t  of expansion and higher e l a s t i c  s t rength .  

Considerable p l a s t i c  flow was observed i n  INOR-8 during t he  hold 
time in. t h e  TO-min per  cycle t e s t .  This pht t r~uue l~u~l  is: being studied 
f o r  hold times of up t o  24 hr .  

G r a ~ h i t e  Studies 

Evaluation of Grade TS -281 Graphite 

Specimens of grade TS-281 graphite were evaluated f o r  molten s a l t  
and mercury permeation i n  standard screening t e s t s ,  and t h e  specimens 
met MSRE design requirements. This graphite was produced f o r  the  . 

Engineering Test Loop i n  the  s i ze  required f o r  t h e  MSRE and with 
e s s e n t i a l l y  the  same cha rac t e r i s t i c s  a s  those of t h e  graphite f o r  
t h e  MSRE. 

Exposure of TS-281 t e s t  pieces t o  molten salt at  the  C O n d i t l O n ~  
described i n  Table 4.3 r e su l t ed  i n  an average s a l t  permeation of 0.2% 
of t he  bulk volume. The MSRE specif icat ion allows a maximum of 0.5% 
permeation. Tmpregnation of s imilar  specimens with mercury at t he  
condit ions described i n  Table 4.3 resu l ted  i n  an average weight gain 
of 1.2%, as compared with a maximum allowable MSRE specif icat ion of 
3.5%. 

A comparison of t h e  permeation of TS-281 graphite with t h a t  of 
experimental grades of s imi la r  graphite ( repor ted i n  Table 4.4) 

'Y'able 4.3. Test  Conditions f o r  Starldard 
Permeation Screening Tests  

- -- 

Test ~ o l t e n - s a l t a  Mercury 
Co~ldit ions Test  Te ~t 

Te~upe~ature ,  OF 1300 70 
Test  period, hr 100 20 
Pressure, ps ig  150 470 

?LS-B~F, -TW4-vF4 (67-18.5-14-0.5 
mole %). 



Table 4.4. S a l t  Permeation f o r  Grade 
TS-281 and Similar  Experimental 

Grades of Graphite 

Graphite 
Size of Cross Bulk Volume 

Grade 
Section Permeated 

( in .  ) ($1 

TS-281 2 1/4 x 2 1/4 0.2 
CGB-X 4 (diameter) 0.02 
CGB -Y 2 1/4 x 2 1/4 0.04 

indicates  t h a t  f u l l - s ca l e  or commercial fabr ica t ion  imposes t he  
penalty of g rea te r  porosity.  

In  the  t e s t i n g  of the  TS-281 specimens, t he  graphite bars  were 
found t o  be s l i g h t l y  more porous and l e s s  dense toward t h e i r  cen t ra l  
axis;  however, these  regions were well within t he  requirements specif ied 
f o r  MSRE graphite.  Radiographic examinations a re  being made t o  determine: 
Lhe d i s  l;rTibi~t;ioil of s a l t  impregnation i n  CGB-Y and TS-281 graphite.  

Effects  of Thermal Decom2osition Products of NH4F*HF on ~ r a p h i t e -  
INOR-8  Systems 

A determination was made of the  e f f e c t s  of t em~era tu r e  on t he  
purging procedure6 developed t o  remove oxygen from graphite by u t i l i z i n g  
t he  decomposition products of NV-HF.  The e f f ec t s  on INOR-8 were 
examined concurrently. 

Grade R-0025 graphite and INOR-8 specimens were exposed isothermally 
f o r  20 h r  in  Inconel containers at  temperatures varying from 392 t o  

.1300°3'. Both 0.2 and 1.0 g quan t i t i es  of NH4F.HF were included i n  t h e  
t e s t  system. 

The following qua l i t a t i ve  r e s u l t s  were obtained from t h i s  study. 

1. Both 0.2 and 1.0 g of NW-HF e f f ec t i ve ly  removed oxygen con- 
tamination from the  graphite,  except i n  one instance. The t e s t  made 
with 1.0 g a t  392°F was inconclusive and i s  being checked. 

2 .  For purges with 0.2 or  1.0 g of NH4F*HF there  was a minimum 
react ion of t he  INOR-8 specimens a t  752°F) as determined by weight gain. 

3. I n  general there  was l e s s  react ion (weight gain) of INOR-8 at 
a l l  purging temperatures f o r  the  t e s t s  with 0.2 g of NH4F-HF than f o r  
t e s t s  with 1.0 g. 

- - 

6 " ~ R P  Prog. Rep. April 30, 1960,'' ORNL-2973, p 59. 



4. The react ion (weight gain) of INOR-8 varied i n  proportion 
t o  t h e  amount of graphi te  present and was l e a s t  i n  t h e  t e s t  with no 
graphi te .  This increased a t t a ck  i n  t he  presence of graphite w a s  
probably caused by oxygen products avai lable  i n  the  graphite.  

Fabrication of Gd2O3 and Gd2o3-u2o3 P e l l e t s  

A study was begun t o  develop the. fabr ica t ion  procedure necessary 
t o  make cy l i nd r i ca l  shapes of Gd2O3 and Gd203-A1203 mixtures. These 
p a r t s  a r e  of i n t e r e s t  as control  rod elements f o r  t he  MSRE and a r e  
being designed t o  withstand a nitrogen atmosphere contaminated with 
air and moisture a t  temperatures up t o  1 4 0 0 " ~ .  A1203 i s  added t o  
minimize hydrolysis  and subsequent de te r io ra t ion  of t he  Gd203. 

A preliminary t e s t  was made of t h e  s in te r ing  cha rac t e r i s t i c s  of 
t he  mate r ia l s  under a s ing le  s e t  of conditions. Pe l l e t s  containing 
0, 20, and 30 wt $' A1203 were prepared by dry blending, pressing, and 
s in t e r i ng  i n  hydrogen a t  1750°F f o r  314 hr.  A l l  s in te red  pieces were 
s e t  on molybdenum sheet .  Of t he  compositions t es ted ,  only Gd203 gave 
a sound p e l l e t  with good density.  The density and shrinkage da ta  a re  
l i s t e d  i n  Table 4.5. The mixtures of Gd2O3 and A1203 showed evidence 
of e u t e c t i c  melting or t h e  formation of a low-melting-temperature 
compound t h a t  indicated t oo  high a s in t e r i ng  temperature. Additional 
specimens of Gd203-A1203 mixtures with various green dens i t i e s  have 
been prepared and w i l l  be f i r e d  at  1600, 1650, and 1 7 0 0 " ~  t o  determine 
optimum s in t e r i ng  conditions. 

Table 4.5. Charac te r i s t i cs  of Gd203-A1203 Mixtures Sintered 
i n  Hydrogen a t  1750°C f o r  314 hr 

Composition Density Shrinkage 
(% of t heo re t i c a l )  ($1 

Gd203 93 
80 wl; $ Gd203-20 w t  % U 2 0 2  60 
70 w t  % GdzOs-30 w t  % A1203 Melted 

P e l l e t s  uf Gd203 with green dens i t i e s  ranging from 2.9 t o  3.8 g/cm3 
were t e s t e d  f o r  determining t h e  e f f e c t s  of green density on s in t e r i ng  
cha rac t e r i s t i c s .  Shrinkwe and bulk densi ty  da t a  f o r  these  p e l l e t s  
a re  presented i n  Figs. 4.8 and 4.9. Using t h i s  Information, t h i n  w a l l  
cy l inders  having t h e  dimensions required f o r  MSRE control  rods w i l l  be 
f ab r i ca t ed  f o r  proof t e s t i ng .  
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GREEN BULK DENSITY (g/crn3) 

Fig.  4.8. Sintering Shrinkage of 
Gd2O3 Soaked a t  175Q0C i n  Hydrogen f o r  
314 h r .  

GREEN BULK DENSITY (g/crn3) 

Fig.  4.9. Bulk Density Change of 
Gd203 SoakeA a5 1750°C i n  Hydrogen f o r  
3/4 hr. 



5. IN-PILE TESTS 

ORNL-MTR-47 Mo1te.n-Salt I r r ad i a t i on  Experiments 

Experiment ORNL-MTR-47-4 

The carbon t e t r a f l u o r i d e  found i n  the  cover gas over molten-salt f u e l  
i r r a d i a t e d  i n  g raph i te  crucibles  i n  assembly ORNL-MTR-~~-~  i s  considered 
t o  have formed,at  t h e  sa l t -g raph i te  in te r faces  and t o  have passed through 
t h e  graphi te  t o  t h e  cover gas .1  It i s  postulated t h a t  i f  the  CF4 had been 
forced t o  pass through molten fuel ,  it. would have been consumed. Two ex- 
perimental  assemblies, ORNL-MTR-47-4 and 47-5, were designed t o  t e s t  t h i s  
hypothesis and t o  study t he  formation of CF4. 

.-> 
Six  cy l i nd r i ca l  INOR-8 capsules, ' four  containing a central  graphl tc  

core submerged i n  f u e l  s a l t  and two containing graphi te  crucibles,  were 
i n s t a l l e d  i n  assembly ORNL-MTR-47-4. The capsules were immersed i n  molten 
sorl.i.wn, which served a s  a h e a t ' t r a n s f e r  medium. The primary purpose 02 
t h e  experiment was t o  determine whether CF4 would e x i s t  i n  the  cover gas 
over MSRE f u e l  i r r a d i a t e d  i n  contact with completely submerged graphite.  
Because t h e  f u e l  could not be maintained molten during reactor  scrams and 
shutdowns, t he  g raph i te  surface was in te rmi t ten t ly  i n  d i r e c t  contact  with 
t h e  cover gas through cracks i n  the  s o l i d  fue l .  The crucible  capsules, 
which contained exposed graphi te  i n  contact  with fuel ,  provided a bas i s  
f o r  comparison with t h e  capsules of t h e  47-3 experiment and an evaluaLiun 
o r  t he  e f f e ~ ~ j v e n e s s  Df graphi te  submersion i n  preventing the  net  gener- 
a t i o n  of CFq. Also, experiment 4'(-4 provided for. a f u r t h e r  demonstration 
of t h e  compat ibi l i ty  of t he  fuel-graphite-INOR-8 system under thermal 
conditions a t  l e a s t  a s  severe a s  those expected t o  e x i s t  during MSRE 
c2peration. 

The temperature h i s t o r y  of t he  '47-4 capsule during t he  i r r ad i a t i on  
per iod of March 1 5  t o  June 4 i s  suwnarized i n  Table 5.1. The four sub- 
merged-graphite capsules contained cen t r a l  Chromel-Alumel thermocouples. 
The i n t e r n a l  tehperature  d i s t r i bu t i on  ( ~ i g .  5.1)) obtained by use of t h e  
computer program  TOSS,^ ind ica tes  t h a t  the  thermocouple should give, essen- 
t i a l l y ,  t he  g raph i te - to -sa l t  In te r face  -t;emperature. Tile temperature h i s t o ry  
of t h e  u n i n s t m e n t e d  crucible  capsules was calcula ted based on temperature 
measurements i n  t he  surrounding l i q u i d  sodium. The mxi~null mmcured tem- 
pera ture  among t h e  four  instrumented capsules w a s  1400 f 50'~. The mearl 
measured temperatures of t h e  other th ree  instrumented capsules were approx- 
imately 138~) i j'ilS, amid 1310"~, i 'esgectively . llnc corrocponding cal,ci.il a t e d .  
INOR-8 capsule wal l - to-sal t  in te r face  temperatures were 1130, 1125, 1115, 

l"MSRP Prog . Rep. Feb . 26, 1962, " ORNL-3282, pp . 97-110. 

%bid., pp. 110-112. 

3 ~ .  Bagwell, "TOSS - An IBM 7090 Code f o r  Computing Transient or  
Steady S t a t e  Temperature Distr ibutions,  " K-1494, December 1, 1961. 



Table 5.1. Temperature History of Fuel S a l t  i n  
ORNL-WR-47-4 Capsules 

Time a t  Temperature ( h r )  

Temperature In t e rva l  
( "c) 

Submerged Graphite Graphitea 
Core Crucigle 

( 2 ~ )  4A, 5A, 6, 6 ~ ) ~  ( 4 )  

Steady-state operation 

Total  

Nonsteady-state operation 

Total  i r r ad i a t i on  

a Calculated temperature h i s to ry  based on temperatures meas- 
ured i n  submerged graphi te  capsules. 

b ~ a p s u l e  iden t i f  i c a t i o ~ l  number. 
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DISTANCE FROM CAPSULE DISTANCE FROM INNER TANK 

CENTER LINE (in.) SURFACE (in.) 

Fig.  5.1. Radial Temperature Dis t r ibut ion of MSRF Capsliles . 



and 111O0l?. The temperature of t he  surface of t he  INOR-8 end cap i n  con- 
t a c t  with t he  f u e l  s a l t  was calcula ted t o  be t he  same a s  t h a t  of t he  
g raph i te - to -sa l t  i n t e r f ace  temperature. The area  of the  end cap wetted by 
t h e  s a l t  w a s  about 12% of t h e  t o t a l  5.6 i n .2  of metal surface i n  contact  
with t he  salt. 

The accumulated ,time during t r ans i en t  operation includes only times 
f o r  temperature changes of approximately 30°C or  more. Of t he  121 such 
temperature changes recorded, 60 included decreases t o  the  solidus tem- 
pera ture  of the  f u e l  salt. 

The assembly was removed from t h e  MTR, p a r t i a l l y  disassembled, and 
re turned t o  ORNL, where it was completely dismantled. Pos t i r rad ia t ion  
exa,minat i~n of t h e  capsules i s  i n  progress. A s  an a i d  t o  i n t e rp re t a t i on  
of i r r a d i a t i o n  e f fec t s ,  an out-of-pile experiment was rim tha't duplicated 
t h e  temperature his tory ,  including t he  zransients. 

Experiment ORNL-MTR-47-5 

The 47-5 experimental assembly was designed and constructed t o  permit 
gas  sampling from two capsules during i r r a d i a t i o n  t o  study the  CF4 content, 
i f  any, of the  offgas from f i s s ion ing  E R E  f u e l  i n  contact  with submerged 
graphi te .  These capsules (Fig.  5.2) a r e  1 in .  i n  diameter and 2.25 i n .  
long, and they contain  a cen t r a l  CGB graphi te  core 1/2 in .  i n  diameter and 
1 i n .  long submerged approximately 0.3 in .  i n  about 25 g of f ue l .  The two 
capsules d i f f e r  only i n  t he  uranium concentration i n  the  fue l .  

Additional capsules included i n  t he  assembly a r e  designed t o  pro'v'ide 
a range of oxidation-reduction l e v e l s  t h a t  includes what might be both 
e a r l y  and l a t e  s tages  i n  t h e  l i f e  h i s t o ry  of a reactor .  This i s  accom- 
p l i shed  by a l t e r i n g  t h e  acces s ib i l i t y  of chromium from t h e  container a l l oy  
(INOR-8) t o  t he  f u e l .  These capsul-es a r e  exLernally s imilar  t o  t he  purged 
capsules, but  t h e  graphi te  cvyes are rna1-1scdly d i f f e r en t .  A high. metal-to- 
g raph i te  wetted-surface-area r a t i o  (46:l)  i s  obtained ( ~ i ~ .  5.3) by using 
a c e n t r a l  core of INOR-8, except f o r  a 0.1-in.-thick CGB graphi te  wafer. 
A low metal-to-gra.phite surface area  r a t i o  (1:4) i s  obtained (Fig. 5.4) 
by using a c lo se - f i t t i ng  grx-h-i te crucible  0.7 i n .  i n  i n t e r n a l  diameter 
and 1 .5  i n .  long, with a cen t r a l  graphi te  core t h a t  i s  0.34 in .  i n  diameter 
and 1.25 i n .  long. 

An extreme case i n  t he  oxidizat ion study i s  a capsule with no metal, 
t h a t  is, with g raph i te  prepemeated with f u e l  so t h a t  t he  only. f u e l  i n  the  
capsule i s  con-talned w i t i i P n  the pureti UP an i so l a t ed  gmpb i t s  core.. Two 
small capsules of t h i s  type (Fig. 5.5) a r e  included and w i l l  be operated 
a t  d i f f e r e n t  power dens i t i e s .  These a r e  5/8 in .  i n  diameter by 2.25 i n .  
long and contain 0.32-in. -diameter by 1 314-in. -10% cenbrally suspended 
AGOT graphi te  cores. I r r ad i a t i on  i s  scheduled t o  begin t he  week of ' 

September 17, 1962. 
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P o s t i r r a d i a t i o n  Examination of Experimental 
Assembly. ORNL-MTR-47 -3 

Examinations of i r r a d i a t e d  specimens from assembly ORNL-MTR-47-3, t h e  
assembly i n  which CF4 w a s  f i r s t  detected,4 provided some a d d i t i o n a l  informa- 
t i o n  on t h e  corrosion products  and on t h e  d i s t r i b u t i o n  of r a d i o a c t i v i t y  and 
salt  i n  t h e  graphi te .  The p o s s i b i l i t y  t h a t  much of t h e  CF4 could have been 
formed from t h e  f l u o r i n e  re l eased  from t h e  frozen s a l t  a f t e r  shutdown, a s  
found i n  t e s t  47-4, placed new l i g h t  on t h e  i n t e r p r e t a t i o n  of t h e  r e s u l t s  
of t e s t  47-3. The f u e l  mixture i r r a d i a t e d  i n  t h i s  experiment was i n i t i a l l y  
LiF-BeF2 - Z r F 4 - T h F  (69.5-23-5-1-1.5 mole %) . 
Chemical Analyses of I r r a d i a t e d  Fuel f o r  Corrosion Products 

Corrosion-product analyses were c a r r i e d  out  on an a l i q u o t  of t h e  so lu-  
t i o n  produced dur i r lg  d i s s o l u t i o n  of t h e  i r r a d i a t e d  f u e l  t o  ob ta in  gas  
samples f o r  reducing-power analyses.  The a l i q u o t  w a s  evaporated t o  dryness 
t h r e e  t imes a f t e r  add i t ions  of methanol t o  remove t h e  excess bor ic  a c i d  
used t o  improve t h e  i n i t i a l  d i s so lu t ion .  The dry  res idue  w a s  d issolved i n  
1 0  t o  1 5  m l  of 9 M HN03 with 2 ml of 3 M hydroxylamine t o  reduce any hexa- 
v a l e n t  chromium t o  t h e  t r i v a l e n t  s t a t e ,  and t h e  thorium was removed from 
t h e  s o l u t i o n  on an anion-exchange column. The s o l u t i o n  was then  d i l u t e d  t o  
5 N HN03, and t h e  uranium w a s  removed by e x t r a c t i o n  i n t o  20% TBP i n  hexane 
o r  Amsco. The iron,  chromium, nickel ,  and molybdenum corros ion products  
were determined by t h e  i n t e n s i t y  of t h e i r  s p e c t r a l  l i n e s  compared with a n  
added i n t e r n a l  standard. The readings were made with a densitometer on 
t h e  photographic p l a t e .  

The analyses f o r  corros ion products,  as shown i n  Table 5.2, gave 
values  somewhat d i f f e r e n t  from those  previous ly  reported. '  The corrosion- 
product concentrat ions t h a t  i n d i c a t e  a t t a c k  on INOR-8 coupons have been 
rev i sed  t o  t h e  order  of 100 ppm, r a t h e r  than severa l  hundred o r  thousand 
ppm, and t h e r e f o r e  t h c  da ta  of Table 5.1 f o r  i ron,  chrorniurn, and ni.ckel. 
i n d i c a t e  mildly reducing condi t ions .  They p resen t  some puzzling aspects ,  
however, i n  t h a t  d i f f e rences  a r e  not d i s c e r n i b l e  between capsules t h a t  pro-  
duced widely d i f f e r e n t  amounts of CF4. This can be  explained i f  t h e  l a r g e r  
a~~ouaLs  u f  CF4 aruse f r u ~ r i  attack of the g raph i t e  by f l u o r i n e  re l eased  a f t e r  
f r eez ing  of t h e  f u e l .  

Another po in t  of i n t e r e s t  i s  t h e  absence of molybdenum (below t h e  
50 ppm l i m i t  of de tec t ion)  i n  t h e  f u e l  i n  s p i t e  of obvious a t t a c k  on some 
of t h e  molybdenum coupons. The molybdenum may have v o l a t i l i z e d  a s  MoF6, 
b u t  i t s  presence i n  a reducing melt would be  d i f f i c u l t  t o  reconci le .  It 
would be  expected, however, i n  an  atmosphere t h a t  would produce XeF4 o r  
CF4. Not f ind ing  t h e  molybdenum i n  t h e  f u e l  may i n d i c a t e  t h a t  it deposi ted 
on t h e  wal l  of t h e  capsule. 

4"MSRP Quar. Prog. Rep. Feb. 28, 1962, " OR?&-3282, p. 97. 

5 ~ b i d . ,  p. 110. 



Table 5.2. Results of Corrosion-Product Analyses of Fuel 
I r r ad i a t ed  i n  Assembly ORNL-MTR-47-3 

Corrosion Products (ppm) 
Capsule Sample 

C r  Fe Mn Mo N i  

a 
Values .~:)receded by the l e s s  than symbol indicate  the  

lowest detectable  l i m i t .  

bThe unusually high values fur .  both chromium and niclrel, 
as wel l  a s  the  presence of manganese, ind ica te  the  p o s s i b i l i t y  
t h a t  t he  sample was contaminated. 

The compound XeF4, which was recen t ly  discovered a t  the  Argonne 
National Laboratory,G i s  being studied.  A s  mentioned l a t e r  in .connect ion 
with experiment 47-4, t he r e  i s  a c lose  cor re la t ion  between f luor ine  o r  
evidence of f l uo r ina t i on  i n  t he  form of CF4 and a pronounced deficiericy uf 
xenon i n  t h e  i r r a d i a t e d  cover gas. This corre la t ior i  arld ari obseived 
inc rease  i n  the  xenon-to-krypton r a t i o  i n  samples co l l ec ted  over a long 
per iod  of time a r e  c i rcumstant ia l  evidence t h a t  XeF4 was formed i n  smie 
capsules.  Conversely, the  presence of xenon i n  o ther  capsules i s  a poss ible  
index of t he  absence of f luor ine ,  a t  l e a s t  during the  time favorable f o r  
r e ac t i on  with xenon, and t h i s  must overlap p a r t  of t he  range i n  which CF4 
i s  formed. The reac t ion  between xenorl arid f luor ine  proceeds a t  4 0 0 ~ ~ .  

Dis t r ibu t ion  of Radioact iv i ty  and S a l t  i n  I r r ad i a t ed  Graphite 

Data on t he  d i s t r i b u t i o n  of r ad ioac t i v i t y  and s a l t  were obtained from 
cored samples of graphi te  p a r t s .  Pa t t e rns  of radiuac1;ivity were determined 
by gamma spectrometry, and t h e  sal-1; dfsLribution was obtained from 
petrographic s tud ies  with an  op t i c a l  microscope. The s c a t t e r  of t he  data  
preclude immediate i n t e rp r e t a t i on , ' and  the  data  w i l l  the re fore  be held  f o r  
examination along with da ta  from fu tu r e  s imi lar  experiments. 

Pos t i r r ad i a t i on  Examination of 
Emerimental  Assemblv OKNL-MTR-47-4 

The hypothesis t h a t  CF4 should r e a c t  with t he  melt r a t he r  than accu- 
mulating i n  the  cover gas i n  i r r a d i a t e d  capsules containing molten f luor ide  

'H. H. Claasen, H. Selig,  and John G. Malm, l e t t e r  t o  e d i t o r  of 
J. Am. Chem. Soc. dated Aug. 17, 1962, i n  press .  



f u e l  and submerged g raph i t e  was t e s t e d  f u r t h e r  with t h e  i r r a d i a t i o n  of f o u r  
capsules, described previously,  * a t  a  f l u x  of 1013 neutrons/cm2-sec f o r  
more than 1500 h r  i n  the  MTR. The da ta  sought i n  t h e  t e s t ,  namely t h e  
p a r t i a l  pressure  of CF4 a t  operat ing condit ions,  were obscured i n  two of 
t h e  capsules opened thus  f a r  by l a r g e  amounts of r a d i o l y t i c  f l u o r i n e  from 
t h e  frozen f u e l .  Of t h e  f l u o r i n e  content  i n  t h e  gas phase, which was 1% 
of t h e  f l u o r i d e  i n  t h e  fue l ,  some 80% w a s  f r e e  f l u o r i n e  and t h e  remaining 
20% was CF4, most of which probably was a secondary reac t ion  product 
a r i s i n g  from a t t a c k  on t h e  g raph i t e  by t h e  f l u o r i n e  re l eased  by r a d i o l y s i s  
a f t e r  shutdown. 

Two smaller  capsules containing molten s a l t  i n  g raph i t e  c ruc ib les  
were i r r a d i a t e d  i n  t h e  same assembly ( O R N L - M T R - ~ T - ~ )  and received s i m i l a r  
neutron dosages and heat ing  cycles .  These capsules were a l s o  described 
p r e v i ~ u s l y . ~  These two capsules were included i n  t h e  assembly t o  provide 
condi t ions  favorable f o r  t h e  accumulation of a  measurable s teady-s ta te  con- 
cen t ra t ion  of CF4 a t  two power dens i t i e s ;  one capsule contained twice a s  
much UF4 a s  t h e  o the r  capsule. The one capsule opened thus  f a r  operated 
a t  a  s l i g h t l y  lower power dens i ty  than t h e  o the r  because of i t s  loca t ion .  
No f luor ine  and only t h e  modest amount of CF4 f o r  t h i s  type of configura- 
t i o n  were found. 

Fluorine atoms unduubledly are formed i n  f i s s i o n i n g  f u e l  a t  an  
appreciable r a t e  a s  a  r e s u l t  of r ad io lys i s .  The r a t e  of formation i s  
probably propor t ional  t o  t h e  power densi ty.  The l a c k  of corrosion of 
metal o r  graphi te  i n d i c a t e s  t h a t  r ap id  reverse  r eac t ions  i n  t h e  molten 
f u e l  consume t h e  f l u o r i n e  atoms and lower t h e  s teady-s ta te  concentrat ion 
of elemental f l u o r i n e  t o  neg l ig ib le  l e v e l s .  A l l  o the r  chemical components 
i n  t h e  operat ing f u e l  system, including moderator and container,  remain a t  
v i r t u a l  thermodynamic equil ibrium a s  long a s  t h e  f i s s i o n i n g  f u e l  i s  molten. 

A s  shown by some of t h e  r e s u l t s  described below, r e s t r i c t e d  mobi l i ty  
i n  t h e  frozen crys ta ls"of  fue l ,  along with t h e  pronounced drop i n  tempera- 
t u r e s  t h a t  p r e v a i l s  i n  i r r a d i a t i o n  t e s t  capsules a f t e r  r e a c t o r  shutdown, 
may, on occasion, l e a d  t o  off-equil ibrium condi t ions  i n  the  form'of  ex- 
cess ive  amounts of unreacted elemental f l u o r i n e .  I n  such cases, t h e  
reverse  r eac t ion  mechanisms t h a t  consume f l u o r i n e  a r e  even more d r a s t i c a l l y  
c u r t a i l e d  on shutdown than i s  t h e  r a t e  of energy r e l e a s e  t h a t  g ives  r i s e  
t o  f l u o r i n e  atorr~s. The r e s u l t i n g  buildup of f l u o r i n e  molecules i n  t h e  
frozen capsule c o n t r a s t s  markedly with t h e  s i t u a t i o n  a t  operat ing condit ions.  

Also t h e  marked c o n t r a s t  between var ious  f rozen samples implies t h a t  
small d i f ferences  i n  geometry o r  f r eez ing  h i s t o r y  may be of con t ro l l ing  
importance. Not a l l  f r eez ing  l i b e r a t e s  f luor ine .  Fur ther  t h e r e  does not  
seem t o  have been a s i g n i f i c a n t  amount of f l u o r i n e  formed i n  t h e  30 
f reez ings  t h a t  occurred during t h e  i n - p i l e  exposure, probably because of 
an  i n s u f f i c i e n t  time l apse  i n  some cases.  Also t h e r e  were capsules i n  
which no f l u o r i n e  was found even a f t e r  t h e  f i n a l  lengthy cooling period.  
The quest ion of why some capsules d i d  and some d i d  not  conta in  f l u o r i n e  
can be answered only con jec tu ra l ly  on t h e  b a s i s  of cu r ren t  information. 



Description of Capsules 

The capsules were constructed of 1116-in. - w a l l  INOR-8 tubing. The 
l a r g e r  type contained 25 g of f u e l  of t he  nominal composition 
LiF-BeF2-ZrF4-ThF4-UF4 (70-23.3-5-1-0.7 mole $), which gave the  analysis  
shown i n  Table 5.3; t h a t  i s ,  71.0-22.6-4.7-1.0-0.7 mole $. The capsules 
were f i l l e d  by l i q u i d  t r a n s f e r  t o  a l e v e l  control led by blowing excess f u e l  
back through t he  d ip  l e g  associa ted with t he  vent l ine .4  Somewhat l e s s  
than  t h e  design volume of 3.5 cm3 of vapor space a t  temperature probably 
remained i n  the  capsule, perhaps because of cap i l l a ry  e f f ec t s .  Because of 
contract ion of t h e  fuel ,  p r inc ipa l ly  on freezing, the re  was 2.5 cm3 more 
vapor space a t  room temperature than a t  t h e  operating temperature. The 
room-temperature volumes, as ca l ib ra ted  with known volumes a f t e r  puncture 
and gas col lect ion,  were about 4.5 cm3. I n i t i a l l y  two concentrations of 
UF4 were t o  be used i n  p a i r s  of the  . l a rge  capsules, but  breakage of a 
t r a n s f e r  l i n e  during f i l l i n g ,  a t t r i bu t ed  t o  embrittlement by sulfur. Prom an 
unknown source, el iminated t he  p o s s i b i l i t y  of meeting schedules with the  
more concentrated fue l .  

Table 5.3. Chemical Analysis of Fuel i n  Large Capsules i n  
Assembly ORNL-MTR-47-4 

Nominal 
Uranium 

Ionic  Constituents ( w t  $) Corrosion 
Products (ppm) 

Content 
(mole $) u4+ ~i " zr4+ Be+' Th4' F' - M i  C r  Fe 

0.7 3.89 11.6 10.1  4.8 5.8 63.6 25 24 9 7 
1.4'1 7.5 10.5 10.4 )+.5 5.2 61.5 15 40 123 

The smaller capsules were loaded with molded ingot6 of about 10  g of 
f u e l  contained i n  graphi te  crucibles  o r  l i ne r s ,  and i n  one of them the  UF4 
concentrat ion w a s  increased t o  1 .4  mole $I t o  provide a power density of 
about 160 w/cm3. The cover-gas space had a volume of about 2 . c d .  There 
were no thermocouples i n  these  capsules, and t he  f u e l  should not have been 
i n  contact  with any metal, although t r ace s  of solvent probably d i s t i l l e d  
t o  t h e  in te r face  between t he  graphite l i n e r  and the  INOR-8 capsule wall. 

Fabrication and Loadim of C a ~ s u l e s  

The metal capsulc p a r t s  were cleaned by f i r i n g  i n  hydrogen gas a t  
1000°~,  but  a vacuum of questionable qua l i t y  w a s  inadvertently imposed 
while t h e  p a r t s  were s t i l l  a t  temperature. The resu l t ing  contamination by 
a i r  caused a greenish oxide f i lm on t he  INOR-8 par ts ,  bu t  time f o r  another 
treatment had elapsed before t he  e r r o r  was noted. The f i lm w a s  h a r t i a l l y  
removed with s t e e l  wool p r i o r  t o  assembling and welding t he  p a r t s  i n  a 
hel ium-f i l led  glove box. The graphi te  core i n  capsule 24 was cleaned by 



heating t o  2 0 0 0 ~ ~  i n  an evacuated system. The graphi te  p a r t s  i n  t he  other  
capsules were cleaned by f lushing with a molten f luor ide  s a l t .  

The l a rge r  capsules were then connected with a f i l l i n g  system and 
heated. The molten f u e l  salt was run i n t o  each capsule and t he  excess 
blown back with helium pressure.  The f u e l  s a l t  l e v e l  was monitored with a 
t e l ev i s ion  x-ray system. Final  closure was made i n  a glove box where t h e  
external  ends of t h e  f i l l  tubes were crimped and welded shut. 

Fuel 

The r e s u l t s  of ionic  analyses of t he  bulk const i tuents  and analyses of 
t he  corrosion products of t he  two f u e l s  prepared f o r  use i n  experiment 
ORNL-MTR-~~-~  a r e  presented above i n  Table 5.3. The f u e l  s a l t  was pre- 
treated a t  750 t o  800% by sparging f o r  2 h r  with hydrogen gas and then f o r  
8 h r  with a 5 : l  hydrogen-hydrogen f luor ide  gas mixture, followed with a 
48-hr sparge with hydrogen gas. 

The CGB graphite used i n  experiment 47-4 had a surface a rea  of 
0.71 mZ/g a s  determined by the  BET method. The other  p roper t i es  of t h i s  
graphi te  a r e  l i s t c d  below: 

Permeability of a 1.5-in.-OD, 6.56 x cm2 of H e  (STP) 
0.5-in.-ID, 1 .5- in . - long specimen per  second 

Density (Beckman air pycnometer) 2.00 g/cm3 

Bulk densi ty  1.838 g/cm3 

Bulk volume accessible t o  air 8.7% 

Total  void volume as percentage of 19.5% 
bulk volume 

A semiquantitative spectrographic analysis  of t he  graphite, a s  shown 
i n  Table 5.4, revealed only t he  usual  low  level^ of t r a c e  elements, some 
of which may have been introduced t o  the  specimens during the  va.rious 

Table 5.4. Spectrographic Detection of Trace Elements i n  
Graphite Used i n  Ekperimental Assembly' OFUVL-WR-47-4 

Element Level Detected 
Detected ( P P ~  > Element Level- Detected 

Detected ( P P ~  > 



machilling and handling operations.  The elements analyzed f o r  bu t  not de- 
t e c t e d  a r e  l i s t e d  below: 

me f~:l.el s a l t  f roze  wi thin  5 min a f t e r  the  reactor  shutdown t h a t  
terminated the  i r rad la t iv r i  of assembly &'( -4. C;aicula.LPulls uf I..llc decay 
energy i n  t h e  l a rge  capsules indicated t h a t  during t h e  f i r s t  1-hr period 
following t h e  i n i t i a l  5-min f reezing per iod about 1 0  w-hr of energy was 
diss ipated,  whereas during normal i r r a d i a t i o n  about 840 w was diss ipated.  

I r r a d i a t i o n  and Temerature  Data 

Exposure da ta  f o r  assembly 47-4 a r e  summarized i n  Tables 5.5 and 5.6. 
Differences i n  f l u x  f o r  t he  various capsules were due t o  t he  f l u x  grad1en.L 
i n  t h c  bean hole a t  t he  I"?: , The values f o r  t he  thcrmal f l u x  were obtained. 
from t h e  activa, t ion of Co i n  t h e  s t a i n l e s s  s t e e l  wires t h a t  were used a s  
dosimeters, and were confirmed by counting ~ r 5 1 .  They apply t o  1553 h r  
during t h e  per iod from March 12 t o  June 4, 1962. The f l u x  was determined 
on both t h e  exposed and t he  shaded side, of .the ca-ps~de, but  only averaged 
values a r e  tabulated.  These values a r e  higher tlmn thc  dcoign figures,  
and t he  gradient  i s  twice t h e  design value. If these data arc correct ,  
t h e  burnup i.n t h e  capsules var ied over a th reefo ld  range. Nu explanation 
has  been found f o r  t he  discrepancy between these  values and t he  design 
est imates,  which a r e  more consis tent  with heat  t r ans f e r  calcula t ions .  

The temperatures were control led from capsule 24, and the  changes i n  
t h e  r e t r a c t o r  pos i t i on  required t o  hold a constant temperature were not 
unusua.1.. The thermocouple reading f o r  capsule 45 appeared t o  d r i f t  down- 
ward by about 3 5 O C  during t h e  12-week exposure, but  t h i s  was t he  only 
symptom of deviant temperature recordings. . 

Production of Xenon and Krypton 

Yiclds of long-lived and s t ap l e  isotopes of krypton and xenon, respec- 
t i v e l y ,  were about 4 and 2176, o r  0.038 and 0.20 cm3 f o r  1% burnup of 
1 g of ~ ~ 3 5 .  Thus t h e  expected y i e ld s  i n  capsule 6 were about 0.05 and 
0.3 cm3, and i n  capsules 24 and 36, 0.27 and 1 .4  cm3, according t o  the  
burnups l i s t e d  i n  Tables 5.5 and 5.6. 

I 



Table 5.5. Exposure Data f o r  Large Capsules i n  Assembly 47-4 

Thzrmal-Neutron Fast -Neutron 
Wei&t of Uraniun Contznt 

Temperature ("C ) 
F l d  Based (>3 Mev ) Flux Fuel Power Calculated 

Capsule Fuel on co60 Based cn CoS8 Graphite- INOR-8-to- Density Density 
(f3) Activation Activation to-Sali  Sa l t  (g/cm3 ) (w/cm3 ) 8 (nextrons/cm2. sec ) (neutrons/cm2. sec ) ~ n t e r f a c e  l n t edaceb  

x ld2 
750 
750 

2 .1  6 8 ~ 1 ~  610 2.6134 67 5.5 
3.2 76cd 605 2.5412 83 7.0 
3.3 ncd 595 2.5863 85 7.0 
3.8 nod 600 2.5863 117 9 .7  

a Average external  neutron f lux .  

b~s t ima ted  temperatures. 

C ~ n i r r a d i a t e d .  controls .  

' ~he rnocou~ le  readings ~ r i o r  t o  termination of f i n a l  i r rad ia t ion  c:rcle. 

Table 5.6. Exposure Data f o r  Small Capsules i n  Assembly 47-4 

Thermal-Neutron Past -neutron 
Weight of Uranium Content Fluxa Based (>3 ~ e v )  Flux Fuel Power Calculated Temperature 

Capsule Fuel on co60 Based on ~o~~ 
sf Der)sity Density 

( g j  
Region Activation Activation (g/ cm3 ) (w/cm3 ) 

Mole $ B (nettrons/cm2. sec ) (ne~trons/cm'. sec ) ( "c )  

a Averwe external  neutrcn f lux.  

bunirradiated controls .  

C~hermocouple readings pr ior  t o  terminarion of f i n a l  i r rad ia t ion  cycle 



G a s  AneJ .vse s 

The capsules were punctured a t  ORNL i n  t he  Building 4501 hot c e l l s  on 
a f l a t  surface previously  machined f o r  the  purpose. The screw-driven 
puncturing t o o l  w a s  sealed by a bellows and, a t  the  f l a t  surface, by a 
Neoprene O-ring. Gas escaped i n t o  a ca l ib ra ted  co l lec t ion  system t h a t  had 
been evacuated and leak  checked. A Toeppler pump was used t o  t r ans f e r  
gases co l lec ted  a t  low pressures.  'The analyses wer.e made by mass spectrom- 
e t ry ;  those on samples containing f luor ine  were made a t  K-25. 

Data from Capsules 5 and 6. The volume of helium (from the  glove box 
atmosphere) and argon (from t h e  welding torch blanket)  was only one half  
t h e  f r e e  volume of i r r a d i a t e d  capsule 6, as shown i n  Table 5.7. This could 
have r e su l t ed  from an e f f ec t i ve  temperature of 3 0 0 ~ ~  during welding. The 
amounts of xenon and krypton a r e  i n  agreement with t he  calcula ted yield.  
This may mean t h a t  XeF4 was absent from the  capsule, or  t h a t  no F was 
present,  or, with even l e s s  assurance, t h a t  t he  CF4 pressure i n  t E i s  cap- 
su l e  w a s  representa t ive  of t h a t  t o  be expected i n  Lhc graphi te  a t  oper- 
a t i n g  conditions. I f  so, t h e  CFq pressure was around 120 rnm Hg a t  715'~. 

Table 5.7.  Analyses of Cover Gas i n  Irrad-ie.ted 
Capsule 6 

Volume of gas removed: 3 .2  cm3 
Measured gas space i n  capsule: 2 . 5  cm3 
Corrected voluxk of capsule gas: 1 . 7  cm3 
E ~ t i m a t e d  gas space a t  opera.ting 

temperature : 1. 5 cm3 

--- - -- 

Quanti ty 
G a s  volume (cm3 ) 

.v.ol Corrected vo l  $ 
.- - 

CF4 2.2 4.2 0.07 
A i r  47 0 1.5 
He  12 2 3 
A 27 5 1 

0.38 } 1.2 
0.86 

Kr.ypLull-05 and xcnon-133 wore the O P . ? ~  ra.rlina.ctive species noted i n  
t h e  gas. The i so top ic  d i s t r i bu t i on  of xenon and krypton found by mass 
spectrometry of gas from capsule 6 was a s  ~ o l l o w s :  

Dis t r ibu t ion  Dis t r ibu t ion  



The data  of Table 5.8 f o r  control  capsule 5 ind ica te  t h a t  the re  w a s  
very l i t t l e  inleakage of a i r  during sampling of capsule 5. The volumes 
of helium and argon a re  i n  reasonable agreement with the  values obtained 
f o r  capsule 6. The high temperature of t he  capsule during welding seems t o  
be a reasonable explanation f o r  the  small volume of those gases. 

Table 5.8. Analyses of Cover Gas i n  Control 
Capsule 5 

Volume of gas col lected:  1 . 3  cm3 
Measured f r e e  volume of capsule : 2.7 cm3 

Gas Quant i ty  (vo l  $) volume (cm3) 

Data from Capsule 24. When i r r ad i a t ed  capsll.l.e 24 was punctured, 84 
cm3 (STP) of gas was collected.  This was t h e  amount remaining a f t e r  
some react ion with t he  apparatus. A correct ion has been made f o r  t he  
amount t h a t  reacted with t he  mercury i n  t he  Toeppler pump and developed 
a hl a.ck scum t h a t  was i den t i f i ed  by x-ray a s  Hg2F2. The gas was l a t e r  
i den t i f i ed  a s  predominantly F2. Since t he  co l lec t ion  system was not 
designed f o r  a react ive  gas, an appreciable amount of F2 must have been l o s t  
t o  t he  metal l ic  p a r t s  of the  system. The remainder reacted with g lass  t o  
give SiF4 and O2 and with other  oxides t o  give 02. Studies of t he  gas were 
hampered by the  presence of an excessive amount of a c t i v i t y .  The 
f r e e  volume of capsule 24 a t  room tel~igerature was 4.6 cm3, based on the  
pressure change when helium was expanded i n t o  the  capsule from a known 
volume. 

Based on iirass spectrometry or  two 0.1-cm3 samples, t he  84 cm3 of gas 
was 5% He, 0.1% Xe, 0.4% Kr, 4% (CO + N ~ ) ,  6% COz., and 17% CF4. The 
remainder w a s  O2 and SiF4 i n  rougl-rly equal amounts, matching t he  products 
of t he  reac t ion  

Portions 0% gas were col lected under a va r i e ty  of conditions. The krypton 
y i e ld  l i s t e d  above i s  i n  f a i r  agreement with t he  ~ a l c u l . a . ~ e d  value, but  t he  
xcnon y i e ld  i s  f a r  Loo low. Later samples, obtained a f t e r  long exposure of 
t he  capsule t o  an evacuated 3 - l i t e r  container, had 0.3 cm3 of xenon and 
l e s s  tha.n one-tenth t h a t  mount  of krypton. 'I!tris, l i k e  other  cases of un- 
explained holdup of xenon, seems now t o  be associaLed with t h e  presence of 
c ry s t a l l i ne  XeF4. 



The CF4 content, approxima,te.ly 15 cmj, would have corresponded t o  a 
p a r t i a l  pressure of near ly  20 atmospheres had it been present a t  operating 
temperature; t h i s  i s  higher by a f ac to r  of 100 than found i n  capsules t h a t  
y ie lded no evidence of f r e e  f luor ine .  

Capsule 24 was sawed open t o  reveal  a longi tudinal  cross  section.  No 
damage o r  evidence of corrosion was v i s i b l e  under low magnification. Pet-  
rographic samples from random loca t ions  were i n  general  too  f i n e  grained 
( c r y s t a l l i t e s  l e s s  than 1 p i n  s i z e )  t o  be iden t i f i ed .  One sample from 
near  t he  graphi te  near t h e  cen te r  of t he  capsule was c l ea r ly  recognized t o  
contain  t h e  normal phases and t o  have green u4+ i n  the  ~ L ~ F - ~ ( U F , , T ~ F , )  
s o l i d  solut ion.  This means t h a t  the  f luor ide  deficiency i n  the  s a l t  was 
shared randomly, a s  expected, f o r  l o s s  of f luor ine  from the  frozen s t a t e  
but not f o r  l o s s  from t h e  l i q u i d  s t a t e .  

Gamma spectrometry of t h e  samples cllosen f o r  petrogrxphlc e;<a.mination 
revealed a preponderance of ruthenium toward the  lower p a r t  of t he  fuel ,  
when coml?ar&ci w i t h  t he  zirconium-niobim actl.vl Ly L l l a L  i s  gel?crully. 
assumed t o  be uniformly dispersed with t he  ZrF4 i n  t he  fue l .  Cerium 
a c t i v i t y  w a s  f a i r l y  evenly d i s t r i bu t ed  with the  zircoriiu~~-niobium through- 
out  t he  fuel ,  and cesium, along with zirconium-niobiwr~, was found on mctsl 
surfaces  ewosed t o  t he  gas phase. 

Data from Capsule 36. The analyses of the  gas from i r r ad i a t ed  capsule 
36, a dupl icate  of capsule 24, a r e  more d i r e c t l y  representa t ive  of t he  con- 
t e n t s  of t he  capsule because an e s sen t i a l l y  al l-metal  co l lec t ion  systcrn, 
comprised l a rge ly  of pref luor inated nickel, was used t o  t r ans f e r  and hold 
t h e  samples, and because a surplus of sample was avai lable  f o r  mass spec- 
trometry. Also, t he  ana lys i s  was made promptly. I ' i s  i s  pe r t inen t  $ 

because samples allowed t o  s i t  i n  incompletely conditioned apparatus showed 
evidence of reac t ion  of f luor ine .  The ana ly t i c a l  data  a r e  presented i n  
Table 5.9. 

The quant i ty  of f luor ine  was too  great; t o  have been present a t  
operating temperatures. The amount of CF4 agrees well with tha.1; found i n  
dupl icate  capsule 24. Also, the  xenon appears t o  have been held  up, a s  i f  
by XeF4, while t h e  krypton i s  present i n  roughly t he  expected yie ld .  

m e  g m a  spectrometer was able  t o  de tec t  Kr85 but  no other  a c t i v i t y  
through t he  nickel  wal ls  of the  sample containers used f o r  t he  gas from 
capsule 36. Ef for t s  t o  improve t h i s  analysis  a r e  under way. 

attempt was made t o  re~iluv-e t h e  cont,ento of capsule 36 by me3.tdng 
and t o  provide representa t ive  ground samples, a l l  under an i n e r t  atmosphere, 
i n  a manner su i tab le  f o r  chemical analysis  and, i n  par t i cu la r ,  f o r  a deter-  
mination of the  reducing power t h a t  i s  exgected as a conscquence of the  
l o s s  of f luor ine .  An apparatus f o r  accomplishing such a sequence of opera- 
t i o n  i n  a hot  c e l l  worked wel l  wi.l;h capsule 3AJ an unir radia ted control  
sample, and a t  f i r s t  appeared t o  have given s a t i s f ac to ry  r e s u l t s  with 
capsule 36. The melting-out operation yielded, however, only about hal f  
t h e  capsule contents, and t h e  melted-out s a l t  was green. This might be 
explained by segregation of t h e  reduced products i n  the  high-melting heel .  



Table 5 .9 .  Analyses of Cover Gas from I r rad ia ted  
Capsule 36 

Volume o f , g a s  space i n  capsule a t  
room temperature: 4.6 cm3 

Volume of gas space at  operating 
temperature : 2.6 cm3 

Volume of gas removed from capsule: 188 cm3 

Gas Quanti ty (vol  $) Volume ( c m 3 )  

%robably present i n  small amuwl~bs from react ion 
with adsorbed water. 

Data from Control Capsule 3A. Capsule 3A, which was an unir radia ted 
control  f o r  capsuLes 24 and 36, w a s  subjected t o  thermal cycles s imilar  t o  
those in -p i le .  It was punctured and 4.5 cm3 (STP) of 99.7% helium was. 
col lected.  The remainder of the  gas was 0.05% (CO + ~ e )  and 0.02% CO2. 
The absence of argon and t he  presence of 1 atm of helium may be explained 
by t he  f a c t  t h a t  f i n a l  closure involved welding crimped cap i l l a ry  tubes. 

Discussion of Results 

Experimental evidence from previous i n -p i l e  t e s t s  lends confidence 
t o  the  view t h a t  high-pressure f luor ine  i s  not generated by molten f i s s i on -  
ing fue l .  There i s  no evidence of severe corrosion on metal exposed.to t he  
gas phase above f i s s ion ing  f u e l  o r  on metal wet by fue l .  Likewise, no 
severe damage was observed i n  s imi la r ly  exposed graphi te .  

More f luor ine  was found than should have been produced by t h e  decay 
energy l i be r a t ed  during t he  5 min required f o r  cooling t o  e s sen t i a l l y  room 
temperature. When the  reactor  was shut down, the  power produced i n  
capsules 24 a.nd 36 dropped from 814.0 w t o  1 4  w i n  5 min, 7 w i n  7. hr, 1 .6  w 
i n  100 hr, and 0.19 w i n  95 days (calcula ted from the  Way-Wigner equation). 
Assumiizg t h a t  hal f  of the  energy released during a 95-day cooling period 
w a s  absorbed i n  the  fuel, a G value of only 0.035 would have been required 
t o  produce f luur ine  found i n  capsule 36. 

No f i n a l  choice of a theory explaining why f luor ine  i s  not always 
obser-ved call be made. A daf'rerence i n  r.ryst.al.lizal;ion behavior i c  a 



p o s s i b i l i t y .  The r e s u l t s  from capsules 24 and 36 a r e  probably q u i t e  anoma- 
l o u s  i n  comparison with anything t h a t  has been seen before  i n  e a r l i e r  ex- 
periments. They p o i n t  t o  a problem t h a t  r equ i res  a t t e n t i o n . b u t  which does 
not  appear t o  be a se r ious  t h r e a t  t o  t h e  i n t e g r i t y  of t h e  MSRE. 
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6. CKEMISTRY 

Phase Eauilibrium Studies 

The Svstem LiF-BeFp-ZrFa 

The proposed s impl i f icat ion of the  MSRF: f u e l  mixture by t h e  omission 
of ThF4 l ed  t o  a more de ta i l ed  study of the  ternary system LiF-BeF2-ZrF4, 
with a view toward prescribing su i tab le  solvents t o  contain t he  0.15 
mole $ UF4 now needed f o r  c r i t i c a l i t y .  The phase diagram of t he  solvent 
system did not change s ign i f ican t ly , l  but new information on l iquidus  
contours within the  system establ ished the  p e r i t e c t i c  point involving 
the  so l i d  phases LiF, ~ L ~ F . B ~ F ~ . z ~ F ~ ,  and 2LiF*BeF2 a t  a composition of 
LIF-BeF2 -ZrF4 (67-29.5-3.5 mole %) and at 445°C. Also, b e t t e r  information 
on the temperatures along the  boundary curve separating t he  primary phase 
f i e l d s  of ~ L ~ F * B ~ F ~ - Z ~ F ~  and LiF was obtained. 

A minor surpr ise ,  i n  view of the  ra ther  unres t r i c ted  interchangea- 
b i l i t y  of the  quadrivalent cations ZrF4, ThF4, and UF4 i n  the  10 t o  15 
mole % MF4 concentration range, was found i n  the  f a c t  t h a t  7 mole $ 
ZrF4 gives a l iquidus  25°C higher than t h a t  of the  5-1-1 mole 9 ZrF4- 
TtiF4-UF4 mixture when the  remainder of the  composition i s  70 mo1.e '$ LiF 
and 23 mole % BeF2, a s  i n  the  f u e l  t h a t  was nominally LiF-BeF2-ZrF4- 
ThF4-UF4 (70-23-5-1-1 mole $) . Such a large  change i n  l iquidus  tempera- 
tu re ,  or  more spec i f ica l ly ,  i n  t he  freezing-point  depression of LiF, 
f o r  a change i n  composition of only 2 mole $ i s  unusual i n  r luur ide  
f u e l  mixtures and, hence provides an in te rec t ing  point  for fu r ther  
analysis  from the  standpoint of the  thermodynamics of solutions.  

One of t he  specif icat ions  f o r  t he  f u e l  was a melting point below 
450°C so  t h a t  t he  f u e l  would not f reeze  before the  coolant. Since the  
0.15 mole % UF4 i n  the  f u e l  was expected t o  cause only a s l i g h t  .lowering 
of the  l iquidus ,  t he  f u e l  solvent was se lected from the  450°C contour 
i n  the  LiF-BeF2-ZrF4 ternary system. A s  shown in  Fig. 6.1, which depic ts  
the  4 5 0 " ~  contour on a l a rger  scale  than t h a t  used previously,1 the  
maximum LiF content occurs, in terms of the  nearest  whole numbers, near 
67 mole $ LiF, 29 mole % BeF2, and 4 mole % ZrF4. Since both the  vapor 
pressure and t h e  v i scos i ty  should decrease a s  t he  LIF concentration 
increases, t h i s  composition region i s  of i n t e r e s t  a s  a f u e l  so1.ven-L. 

The mixture LiF-BeF2 -ZrF4-UF4 ( 66.85-29-4-0.15 mole %) , with an 
estimated melting point  of 445°C) was therefore  se lected f o r  pa r t i cu l a r  
study. The obtuse corner i n  t he  450°C contour marks the  change from 
LiF as  a primary phase t o  ~ L ~ F * B ~ F ~ . Z ~ F + ,  and f o r  t he  f u e l  c h p o s i t i o n  
designated above t he  primary phase is  expected t o  be ~ L ~ F * B ~ F ~ - z ~ F ~ .  
Whether s ign i f ican t  differences can be detected between l i qu id s  such 
as  LiF-BeF2-ZrFs (67-29-4 mole %) and LiF-BeF2-ZrF4 (67-30-3, mole $) 
i s  conjectural ,  but. a. r i cher  ZrF4 content may prove advantageous in  

1 1 1  MSRP Semiann. F'rog. Rep. Feb. 28, 1962," 0 ~ ~ ~ - 3 2 8 2 ,  p 1.~14. 
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Fig .  6 .1.  The System LiF-BeFz -ZrF,+. 

increasing t h e  oxide tolerance of the f u e l  and i n  giving a primary 
phase that, wodd be ea s l e r  to u e l t  than LiF (mp, 8J.r.0"~) i n  case o f '  
accidental  plugging by parLlal f s t t z i i ~ g *  

Samples of compositions i n  the  LiF-BeF2-ZrF4 system t h a t  contain 
more than 60% BeF2 and hence are  too viscous t o  be of present lnteresL 
a s  f u e l s  were quenched from temperatures above the  l iquidus.  The 
quenched samples consisted of two amorphou~ mater ia ls  of d i s t i n c t l y  
d i f f e r en t  indices ot' r e f rac t ion ,  as i f  Lwo glass  p h u a c ~  of d i f fe ren t  
composition were simultaneously present. I f  t h i s  implication i s  borne 
out, the  f i r s t  instance of l iqu id- l iqu id  i u u i s c i b l l i t y  in f luor ide 
melts  w i l l  have been encountered. 

The System LiF-BeF2-ZrF4-ThF4-UF4 

Studies per ta ining t o  concentrated solutions f o r  f u e l  makeup and 
t o  segregation 5-n t he  quinary system t h a t  Includes niF4 i n  MSRE f u e l s  
were nearing completion a t  approximately the  same time t h a t  it was . 
proposed t h a t  t h e  inconvenience of carry irlg 'Lokei'l amounts of ThF4 could 
be avoided. The conclusions from these invest igat ions  are  applicable, 
i n  a representat ive  fashion a t  l e a s t ,  t o  f u e l s  from the quatenary 
system t h a t  do not contain ThF4 and a re  therefore  presented i n  t he  next 
two sections a s  exmples  of the  type of behavior t h a t  can be expected. 



LiF-UF4 Eutectic as a Concentrated Solution of UF4 f o r  Fuel Makeup 

One of the  means considered f o r  fuel ing t he  MSRE included an 
i n i t i a l  nonnuclear operation with a solvent mixture followed by con- 
version t o  t he  f u e l  composition LiF-BeF2-ZrF4-ThF4-UF4 (70-23-5-1-1 
mole $) by t i t r a t i n g  t o  c r i t i c a l i t y  with t he  l i qu id  LiF-UF4 eu t ec t i c  
mixture (73-27 mole %; mp, 5 2 7 " ~ ) .  It was a l s o  proposed2 t h a t  t he  f u e l  
makeup salt be added as  t he  frozen LiF-UF4 eu t ec t i c  mixture. A study 
of t h e  phase behavior and charac te r i s t i cs  of t he  composition sect ion 
t h a t  gives a l l  possible combinations of solvent and concentrate shows 
( ~ i g .  6.2 and Tabbe 6.1) t h a t  the  melting temperature of the LiF-UF4 
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Fig .  6 . 2 .  The Section LiF-UF4 (73-27 mole $) - LiF-BeF2-ZrF4-ThF4-UF4 
' 

(70-23-5-1-1 mole %). 

mixture i s  higher than t h a t  of any intermediate composition formed 
during fueling,  t h a t  a t  l e a s t  four c ry s t a l l i ne  canpounds appear a s  
primaiy phases a t  various intermediate compositions, and t h a t  uranium 
and thoriwn c rys t a l l i z e  together i n  a s ingle  sol id-solut  ion phase. 
F r m  the  phase re la t ionships  observed i n  t h i s  composition secliori it; 
appears t h a t  t he  LiF-UF4 eu tec t ic  mixture should serve as  a su i tab le  
fuel ing mixture f o r  t he  MSRE. A t  decreasing concentrations of UF4, 
uranium-containing phases p r ec ip i t a t e  l a t e r  i n  t h e  c ry s t a l l i z i ng  
sequence. I n  the  f u e l  i t s e l f ,  t he  uranium compound ~ L ~ F . ~ ( u , T ~ ) F ~  
prec ip i ta tes  a s  t he  t e r t i a r y  phase, aild so l ids  t h a t  do not contain W4 
are  formed during c ry s t a l l i z a t i on  of t he  primary and secondary phases. 

2 ~ .  N. Haubenreich and J. R. Engel, "Safety Calculations f o r  
MSRE, " ORNL-TM-251 ( ~ a y  15, 1962)) p 22. 



Table 6.1. Phase Transition Temperatures in the System LiF-BeF2-ZrF4-ThF4-UF4 and Intermediate Compositions Between LiF-UF4 
('73-2'7 mole $) and LiF-BeF2 -ZrF4 -ThFq-UFq (70-23-5-1-1 mole $) 

Composition (mole %) Transition 
,Temperature Phases Observed Above Transition Temperature Phases Observed Below Transition Temperature 

LiF BeF2 ZrFq ThF4 UF4 ("(3 d 

72.4 4.6 1.0 21.8 0.2 476 + 2" L~ L + ~ L ~ F - U F ~ S S ~  + 7LiF.6(U,Th)~~ss 

465 * 2 L + 4LiF-UF4ss t ~ T , ~ P . ~ ( I T , T ~ ) F , , S E  L -I- L a  + ~LLF~~(u,T~)F~cG 

' 426 + 2 L 4- LiF -1- '7Lil?.G(~,~h)~~ss L + LIF + ~LFF.G(U,T~)F~SS + 6LiF-BeF2'ZrF4 
I 
421 + 2 L + LiF + ~L~F.~(U,T~)F~SS + 6LW-BeF2.ZrF4 L + LiF + '7LiF.6(UJTh)F4 + 6LiF.BeF2 sZrF4 + 2LiFeBeF2 
417 2 2 L + LiF + '~L~F-~(u,T~)F~ + 6LiF.EeF2.ZrF4 -1. 2LiFmIIeF2 LiF + 7LiF-6(U,Th)F4ss + GLiF-BeF2.ZrF4 + 2LIFABeF2 

71.8 9.2 2.0 ' 16.6 0.4 457 +- 3 L L + LiF + ~L~F-G(u,T~)F~ss 
426 + 2 L + LiF + '~L~F.~(u,T~)F~ss 

422 + 2 L + LiF + ~L~F.G(U,T~)F~ + 6LiFaBeF2 -ZrF4 
L + LiF + ~ L ~ F - ~ ( u , T ~ ) F ~  + 6LiF-BeF2.ZrF4 
LiF + 2LiF.BeF2 + '7LiF-6(U,Th)~~ss + 6LiF.BeF2 .ZrF4 

71.2 13.8 3.0 11.4 0.6 458 + 2 L L + LiF 
' 439 + 2 L + LiF 

432 t 2 L 01- LiF + 7Lil?-G(~,Th)~~ss 

' 431 +- 2 L + 6LiF.BeF2-ZrFq . L + 2LiF-BeF2.6LiF-BeF2.ZrF4 

429 +_ 2 L + 2EiF -ReF2 + 6L5E .ReF2 - ZrF4 2LiF 'BeF2 + 6LiF -BeFr . ZrFq + '7LiF. 6 (u, T ~ ) F ~  ss 
I 

%he uncertainty in temperat+es shown in this column indicates the temperature differences between the quenched samples from which the values were ~ b -  
tained. I 

b~he symbol "L" refers to liquid (observed as glass or quench growth). 
C The term "ss" means solid solution. 



Fractionat  ion of LiF-BeF2 -ZrF4-ThF4-UF4 on Freezing 

An assumed sequence of equilibrium f rac t iona t ions  i n  t h e  f reezing 
of the  five-component MSRE f u e l  mixture LiF-BeF2-ZrF4-ThF4-UF4 (70-23- 
5-1-1 mole $) was studied by quenching t e s t s  t o  provide information 
regarding (1) the  f rac t ion  of ZrF4 remaining i n  the  l i qu id  s t a t e  a t  
the  onset of c ry s t a l l i z a t i on  of phases containing UF4 and whether t h i s  
ZrF4 concentration was adequate f o r  protect ion against  p rec ip i ta t ion  
of U02, (2 )  t h e  concentration of uranium in  the  c ry s t a l l i ne  equilibrium 
phases within which it i s  contained during f reezing and the  r e l a t i v e  
posi t ion of these  phases i n  t h e  sequence of c ry s t a l l i z a t i on  reactions,  
and ( 3) the  approximate concentration of BeF2 i n  t h e  l i qu id  remaining 
a t  temperatures jus t  above the  solidus.  

Although only an exploratory study of the  f reezing react ions  was 
made, some qua l i t a t ive  statements regarding the  c r y s t s l l i z s t i o n  are 
warranted. During freezing, t h e  ZrF4 concentration i n  t he  l i qu id  
f rac t ion  of t he  mixture i s  reduced as t h e  primary and secondary phases 
( ~ L ~ F * B ~ F ~ * z ~ F ~  and ~ L ~ F - B ~ F ~ )  a re  formed, while t he  UF4 concentration 
within t he  l i qu id  i s  increased and t he  zirconium-to-uranium concentration 
r a t i o  is  decreased. As noted previouslyJ3 the  l i m i t  of protection can 
he exceeded. 

The apparent solidus temperature f o r  t h e  five-component mixture 
i s  4 2 9 " ~ .  Comparison with solidus values i n  the  l imi t ing  LiF-BeF2- 
MF4 systems implies t h a t  the  composition of the  five-component l i q u i d  
a t  the  sol idus  consis ts  of no more than 40 mole $ BeF2. The r e l a t i ve ly  
shor t  temperature i n t e rva l  required f o r  complete f reezing i s  not 
conducive t o  extensive segregation or t o  a l a rge  di f ference in  t he  
average composition of the  i n i t i a l  and f i n a l  res idua l  l iqu ids .  Hence 
t he  products of c ry s t a l l i z a t i on  do not contain so  much f r e e  BeF2 tha t  
t he  cooled f u e l  mixture should be expected t o  be very hygroscopic. The 
l a s t  so l i d  phase observed on f reezing the  f u e l  mixture i s  ~ L ~ F * ~ ( u , T ~ ) F ~ ,  
which contains 13.5 mole $ UF4. The proportion of UF4 w a s  determined 
by two independent methods: (1) by calcula t ion of t he  mater ia l  balance 
and (2 )  from measurements of the  r e f r ac t i ve  indices of t he  so l i d  solution.  
Three nonhygroscopic so l i d  phases were found i n  melts  cooled under 
equilibrium conditions : ~ L ~ F * B ~ F ~  ZrF4, 2LiF*BeF2, and 7LiFa6(U, ~ h )  F4. 
It i s  t o  be noted t h a t  speciuens obtained from a var ie ty  of experiments 
and experimental engineering t e s t s ,  i n  which equilibrium cooling d id  not 
occur, of ten contain jLiF- ZrF4, 2LiF. ZrF4, 2LiF -BeF2, and ~ L ~ F - G ( U , T ~ )  ~ 4 ,  

r a ther  than the  equilibrium so l ids .  

Crystal  Chemistry 

Cesium Heptaf luorozirconate ( C S ~ Z ~ ~ ' ~ )  . Crystals  of the  congruently 
melting compound gCsF*ZrF4 were i so la ted  during the  invest igat ion of 
phase equ i l i b r i a  i n  the  CsF-ZrF4 system. X-ray d i f f r ac t i on  analysis  

3 " ~ ~ ~ ~  Frog. Rep. March 1 t o  Aug. 31, 1961," Om-3215, p 124. 



showed t h a t  these  c r y s t a l s  were isomorphous with K3ZrF7 and a - ~ ~ 6 ? ~ .  
The CS+ and zr4+ ion s i t e s  were determined, and t he  F- ions were shown 
t o  be i n  a disordered-arrangement. The face-centered cubic un i t  c e l l  
has a = 9.70 A . ~  

Indium Tr i f luor ide  (1nF3) . . The compound, InF3, which w a s  prepared 
f o r  use i n  molten-salt cryoscopy s tudies ,  c ry s t a l l i z ed  with the  same 
type of s t r uc tu r e  as FeF3 and several  other transit ion-metal  t r i f l u o r i d e s .  
The rhombohedra1 u n i t  c e l l  has a = 5.73 A and a = 56"401, and it contains 
two InF3 formula weights. The c r y s t a l  density i s  4.64 g/cm3. 

Complex Alkal i  Fluorides:  LiRbF2 and LiCsF2. The c ry s t a l  
s t r uc tu r e s  of LiRbF3,and LiCsF2 were found t o  be i s o m o r p h ~ u s . ~  I n  
each c ry s t a l ,  t h e  ~i~ ions a r e  surrounded by te t rahedra  of f luor ide  
ions, wd these  t e t rahedra  share cur11$r7s and edgca i n  ouch a mannor 
as t o  form continuous sheets .  The Rb and CS" ions a re  s i t ua t ed  
between t he  sheets  and bind them together.  

S t ab i l i z a t i on  of F luo r i t e  Nan4  Sol id  Solution. The equilibrium 
inversion temperature f o r  Llie pure N a n 4  c ry s t a l s  inver t ing from the  
high-temperature f l u o r i t e  form t o  t he  law-temperature hexagonal form i s  
6 9 1 " ~ .  During continuing invest igat ions  of t he  phase re la t ionsh ips  
i n  t h e  system NaF-YF3, it w a s  discovered t h a t  a t  near ly  sa tu ra t ing  
concentrat ions of YF3 i n  t h e  f l u o r i t e  cubic so l i d  solution,  NaYF4-YT3, 
s o l i d  solut ions  consis t ing of approx&uately 65 mole '$ m3 appear a s  
equil ibrium phases t o  temperatures below 4 7 5 " ~ .  Hence t he  cubic form 
of NaYF4 i s  s t ab i l i z ed  against  inversion t o  the  law-temperature form 
t o  t h e  extent  of approximately 1 5 " ~  f o r  each mule percent of dissolved 
m3 

Oxide Behavior i n  Molten Fluorides - Deh;ydration of LiF 

A marked decrease i n  t h e  corrosion of grade-A nickel  corl-tainel-s 
used f o r  t h e  HF dehydration of molten LiF w a s  achieved by using a 
hydrogen atmosphere a t  all times when heat  i s  applied. Previousiy, 
LiF intended f o r  t he  production of u l t rapure  c ry s t a l s  was melted qnder 
a helium atmos@he.re and dehydrated with a mfxture of & and I-F. Under 
these conditions, both discolored and c l ea r  LiF .was produced. The 
discolored areas  contained t he  impurit ies found i n  grade-A nickel ,  
such as copper, i ron,  manganese, -and s i l i con ,  a s  wel l  as nickel ,  i n  
t h e  10" ppm range. Mater ia l  produced using a hydrogen atmosphere 
throughout did not contain discolored areas.  No copper, iron, s i l i con ,  
or n i c k e l  was detected by emission spectroscopy. Only 10 ppm Mn w a s  
found, and t he  t o t a l  impurity was <300 ppm. 

4 ~ .  D. Robbins and J. H, Burns, "X-ray Diff ract ion Study of 
CsO7,rF7, I' ORNL-m-310 ( ~ u g u s t  7, 1962) .' 

5 ~ a p e r  t o  be presented at  t he  Southeast Regional Meeting of t h e  
American Chemical Society, Gatlinburg, Tennessee, November 1962. 



Physical Proper t ies  of Molten S a l t s  

Density of LiF-BeF2-ZrF4-UF4 

The density of a proposed MSRE fue l ,  LiF-BeF2 -ZrF4-UF4 ( 66.85-29- 
4-0.15 mole $) was determined from the  bouyancy of a platinum plummet 
suspended i n  the  melt. The volume of the  plummet, corrected t o  t he  
high temperatures, was known within f O . l $ ,  and t h e  change i n  weight of 
about 2.5 g could be measured t o  about 1 mg. The fuel 'was  prepared 
i n  a 200-g batch and pur i f i ed  by treatment with 40 g of NH4m2 t o  
remove oxide and hydrolysis  products. Temperatures were measured 
with a cal ibra ted platinum vs rhodium thermocouple i n  a wel l  t h a t  pro- 
jected downward i n t o  the  melt from the  s ide  at  an angle. The thermo- 
couple was ca l ib ra ted  a t  t he  National Bureau of Standards. 

A s t i r r e r  was operated manually t o  ensure t h a t  t he  salt melt was 
nrigina.1,l.y  mif form and was not used fu r ther .  Protection from t h e  
atmosphere was maint.a.i.ned by flowing argon. The da ta  f o r  LiF-BeF2 - 
ZrB4-UF4 (66.85-29-4-0.15 mole $) f e l l  on t he  s t r a i g h t  l i n e  

where t i s  i n  "C, with a precis ion of 0.2$. 

A t  6 6 3 " ~ ,  the  f u e l  temperature at the  ou t l e t  of t he  core, t h e  
density i s  2.147 g/cm3. Unexplained behavior which indicated t h a t  t he  
plummet and s t i r r e r  had frozen i n  place was noted a t  5 4 2 " ~ ,  approximately 
1 0 0 " ~  above the  melting point .  Points obtained at higher temperatures 
both before and a f t e r  the  s t i ck ing  e f f e c t  was noted f e l l  on t he  same 
s t r a igh t  l i ne .  Subsequent petrographic examination of t he  f u e l  disclosed 
no deposits  of oxide, so  t h e  data  were t en t a t i ve ly  accepted as. va l id .  
Further  check^ t o  es tab l i sh  t h i s  point  a re  i n  progress. 

Estimation of Densit ies of Molten Fluorides 

Densit ies of many molten f luor ide  mixtures, e spec ia l ly  those of 
MSRF: importance, can now be estimated .to within 3%. The method involves, 
f i r s t ,  ca lcula t ing t h e  molar volumes of t he  mixture at 600 and 8 0 0 " ~  
from the  equation 

where N i s  the  mole f rac t ion  of component i and V .  i s  t he  empirical  
i molar volume of component i given i n  Table 6.2. average molecular 

weight ol' tlie mixture i s  then divided by Vm.x a t  600 and 8 0 0 " ~  t o  
obtain t h e  density. By assuming t h a t  denslky is l i n e a r  with tempera- 
tu re ,  within the  range of i n t e r e s t ,  it i s  a simple matter  t o  obtain 
t h e  density equation f o r  the  mixture i n  the  form 



Table 6.2. Empirical Molar Vol~unes of Fluorides 

Molar Volume 
(cm3/mole ) 

LiF 14.0 14.7 
BeF2 23.6 24.4 
ZrF4 46 49 
ThF4 47.8 49.0 
UFq present up t o  8 mole % 58 60 
UFq present a s  8 t o  100 mole % 48 - . 50 

where dt i s  the density at  temperature t ( i n  O C )  and a and b are con- 
s tan ts .  

By way of i l l u s t r a t ion ,  the density equation of the tentat ive MSRF: 
f u e l  mixture LiF-BeF2 -ZrF4-UF4 ( 66.85-29-4-0.15 mole $) i s  evaluated 
below: 

Molecular Weight = 0.6685 ( 26) + 0.29( 47.01). + 0.04( 167.22) + 0.0015 ( 311) 
= 38.17 g; 

Theref ore 

i n  un i t s  of g/cm3. Details of how Table 6.2 and the percentage 
r e l i a b i l i t y  were obtained are reported elsewhere .6 

's. Cantor, "Reactor Chem. Div. Ann. Prog. Rep. Jan. 31, 1962," 
om~-3262,  p 38. 



Graphite Compatibility 

Removal of Oxide from G r a ~ h i t e  Moderator Elements 

Since t h e  unclad graphite moderator of t h e  ERE i s  a poss ible  
source of oxide contamination t h a t  could conceivably cause Zr02 t o  
form i n  the  f u e l  salt mixture, t reatments t h a t  favor t h e  removal of 
adsorbed gases from the  moderator a re  included i n  t h e  i n i t i a l  s t a r t u p  
sequence. Some desorption i s  expected when t h e  reactor  core is heated 
t o  about 6 5 0 " ~  i n  an atmosphere of flowing helium, and more can occur 
when a barren f luor ide  s a l t  mixture i s  c i rcu la ted  f o r  prenuclear t e s t i ng .  
Accordingly, an invest igat ion of the  cha rac t e r i s t i c s  of gas evolution 
from graphite under conditions simulating these  s t a r t up  operations 
i s  i n  progress. 

The experimental program was divided i n t o  two pa r t s .  I n  one s e t  
of experiments, gas evolution from graphite blocks placed i n  a c i rcu la t ing  
stream of helium at 6 5 0 " ~  i s  being studied. The second p a r t  of t h i s  
program i s  concerned with the  removal. of adsorbed gases from graphi te  
immersed i n  a molten-fluoride mixture. 

G a s  Evolution During Helium Purging. I n i t i a l l y  t h e  reactor  core 
of the  MSRE w i l l  he: heated t o  about 6 5 0 " ~  a t  a maximum r a t e  of approxi- 
mately 30°c/hr while p r e h e ~ t e d  helium i s  c i rcu la ted  through t he  core 
a t  about 75 l i t e r s / s ec .  Accordingly, pieces of graphite ( 6  t o  12 in .  
i n  length) were canned i n  a manner t h a t  provided t he  same cross- 
sec t iona l  configuration f o r  flow a s  an MSRE moderator element, and 
gas en t ry  and ex iL  por t s  were provided a t  e i t h e r  end. T h i ~  assembly 
was mounted v e r t i c a l l y  i n  a tube furnace a s  p a r t  of t he  c i r c u i t  of a 
gas-c i rcula t ing loop. The loop was constructed so  t h a t  por t ions  of 
t he  gas stream emerging from the  graphite block could be diver ted 
through a MEECO Model W E l ec t ro ly t i c  Water Analyzer and a gas-sampling 
system. The cirml.l..ated gas stream was passed through a magnesium 
perchlorate'  drying column and a cold t r a p  t o  remove moisture. Based 
on a uniform gas veloci ty  through t h e  MSRE reac tor  core, a flow r a t e  
of about 2.5 l i ters /min through the  experimental loop was assumed t o  
approximate gas purge 'conditions around each moderator element. A 
simple programming device was used t o  control  temperatures. 

The data  on evolution of moisture from a block of AGOT graphi te  and 
from an as-received piece of ETL graphi te  a r e  presented i n  Figs. 6.3 and 
6.4. The predominant charac te r i s t i cs  of t he  gas evolution were the  
removal of physically absorbed moisture a t  temperatures below 1 0 0 " ~  and 
the  removal of chemisorbed moisture over t he  temperature i n t e r v a l  200 
t o  4 0 0 " ~ .  The addi t ional  amount removed between 400 and 6 0 0 " ~  should 
be r e l a t i v e l y  inconsequential t o  reactor  operations. In  severa l  experi-  
ments, AGOT graphite specimens were pret reated with water vapor by 
c i rcu la t ing  moist helium through the  loop. The da ta  from subsequent 
degassing, presented in  Fig. 6.5, provide fu r the r  i l l u s t r a t i o n  of t h e  
cha rac t e r i s t i c  bimodal behavior. 
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Fig .  6 .5 .  Results  of Helium Purging of AGOT Graphi-te t o  Reiilove 
Moisture That Had Been Added by Contact with Moist Helium. 

Data on evolution of other gaseous impurit ies from AGOT graphite,  
a s  determined spectroscopically,  are  presented i n  Fig. 6.6. Since no 
pur i f i ca t ion  t r a i n ,  except f o r  moisture removal, was included i n  the  
helium c i r cu i t ,  these  data  demonstrate t h e  accumulation and recombination 
of impurit ies i n  the  system and thus a re  not d i r e c t l y  applicable t o  t h e  
MSRE s t a r t up  conditions. 

Experiments a r e  i n  progress t o  study various gas flow r a t e s  and 
thermal conditions. Also t h e  removal of a i r  and carbonaceous gases 
w i l l  be followed under conditions t h a t  b e t t e r  simulate MSRE operations, 
and t he  r e s u l t s  w i l l  be compared with data  obtained by other experi-  
mental techniques .7 

Gas Evolution by Immersion i n  a Molten S a l t .  When t h e  primary 
c i r c u i t  of t he  MSRE i s  f i l l e d  with the  barren f luor ide  mixture f o r  
preni~clea..r: t e s t  operations, addi t ional  adsorbed gas may be released 
from the  unclad graphite moderator. Also, the  s a l t  mixture i s  expected 
t o  remove t he  oxide f i lm from INOR-8 and t o  permit t h i s  source of f u e l  
contamination t o  be f lushed from the  system. A laboratory demonstration 
of these  processes was attempted i n  the  following manner. 

An experimental f lush  s a l t ,  LiF-BeF2 (66-34 mole $), was prepared 
i n  a copper container by con.vexlt.iona1 techniques. Treatment with HF 
and hydrogen was continued u n t i l  t h e  analyzed oxide content of t he  melt 
was l e s s  than'200 ppm. A port ion of t h i s  melt was t rans fe r red  i n t o  a 

--- -- - 

7 ~ .  G. Overholser and J. P. Blakely, "Reactor Chem. Div. Ann. 
Prog. Rep. Jan. 31, 1962," ORNL-3127, p 125. 
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Fig .  6.6.  Gas Evolution from AGCYT Graphite by Helium Purging 

closed vessel  of IXOR-8 a l loy  t h a t  contained graphite, as  described 
below. A connecting gas manifold permitted a k n m  volume of helium 
t o  be c i rcu la ted  over the  melt and.sampled f o r  spectrographic analysis.  
Provisions were made t o  sample the melt per iodical ly  without serious 
a l t e r a t i o n  of the  gas-phase consti tuents.  

Simulation of reactor  conditions- was based on duplication of the  
r a t i o  of s a l t  volume t o  graphite volume and the r a t i o  of graphite 
surface areas.  Right .c i rcu la r  cylinders of N O T  graphite, 2, 1, and 
112 in.  i n  diameter, were held i n  a posit ioning rack t h a t  was submerged 
i n  t he  molten-salt mixture. Agitation was achieved by slowly revolving 
the  graphite holder. 

The eqer imenta l  da ta  obtained thus far i n  t h i s  program are  shown 
graphically in  Fig. 6.7. A possible conclusion fromthese r e su l t s  
i s  t h a t  t he  evolution of gas from the graphite should be of l i t t l e  
consequence t o  MSRE: operations. Only a few tenths  of a cubic centimeter 
of carbon monoxide escapes i n t o  gas space per 100 cm3 of graphite per 
100 hr, and there  i s  l i t t l e  e f f ec t  on the oxide content of t h e . s a l t .  
The i n i t i a l  rapid r i s e  i n  oxide content resembles, qual i ta t ively,  the  
expected dissolut ion of oxide scale  from the  INOR-8, but in  general 
the  values f o r  oxide content are  puzzling. 

Behavior of CF4 i n  Molten Fluorides 

Additional attempts t o  measure the  so lub i l i t y  of CF4 i n  MSRE melts 
brought the  t o t a l  t o  th ree  experiments a t  600°c and two experiments a t  
8 0 0 " ~  i n  which the  so lub i l i t y  was apparently below the l imi t  of detection 
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Fig.  6 .7 .  Removal of Adsorbed Gas from AGOT Graphite Immersed i n  
LiF-BeF2 (66-34 mole %) a t  600°C. 

of about moles of CF4 per cm3 of melt per atmosphere. The experi- 
mental equipment, described previously,8 was reca l ib ra ted  with argon, 
and t h e  data  were found t o  be i n  agreement with e a r l i e r  measurements 
with t h a t  gas .' Analyses by mass spectrometry of a mixture of CF4 and 
bel.i.~nm t h a t  was rec i rcu la ted  continuously a t  700 o r  800°c through 
LiF-BeF2 -ZrF4-ThF4-UF4 ( 70-23-5-1-1 mole %) t o  which uranium turnings 
had been added indicated a ~ 3 . 0 ~  l o s s  of CF4 at 7 0 0 " ~  t h a t  reached a 
r a t e  of, perhaps, 4% per day at 8 0 0 " ~ .  Enough uranium had been added 
t o  convert 20$ of t h e  uranium i n  the  melt t o  UF3, but ,  f o r  reasons not 
f u l l y  understood, analyses f o r  determining the  reducing power of t he  
me1 t. gave consis tent ly  negative r e su l t s ,  t ha t  is,  l e s s  than 0.1 wt $ u3+. 
The exp~rirn~nt, was interrupted by trouble with a gas l i n e  before t he  
r a t e  of react ion at  8 0 0 " ~  could be es tabl ished with ce r ta in ty .  

8 ~ .  R. Grimes, N. V. Smith, and G. M. Watson, J. Phys. Chem., 62: 
862 ( 1958) . 

'G. M. Watson, R. B. Evans 111, W. R.  Grimes, and N. V. Smith, 
J. Chem. and Eng. Data, 7(2)  : 285 ( 1962) . 



I n  s t a t i c  experiments at 7 9 0 ' ~  involving 15 g of LiF-BeF2 (66-311. 
mole $) containing 1.45 wt '$ u3 ( added a s  UF3 crys ta l s )  , no evidence 
of react ion of CF4 with t he  melt was found when a one-third excess 
of CF4 was used i n  t he  cover gas during three  trials i n  a 155-cm3 
react ion vessel .  The poss ib i l i t y  t h a t  CF4 might reac t  metathetically 
with oxides a t  6 0 0 " ~  was a l s o  investigated, but the r e su l t s  were 
inconclusive. 

In  experiments now being prepared, CF4 w i l l  be brought i n t o  con- 
t a c t  with a reduced melt a t  a graphite interface t o  see whether the  
r a t e  of react ion w i l l  increase, and an attempt w i l l  be made t o  measure 
t he  hydrolysis r a t e  of CF4. 

Analytical Chemistry 
. ... - 

Determination of Oxvnei i n  MSRE Fuel Mixtures 

Work continued on the determination of oxygen i n  salt mi2,~,urec 
by the  inert-gas carbon-reduction method. A graphite crucible tapped 
t o  accept a threaded plug tha t ,  i n  turn,  screws onto a graphite spindle 
is  used t o  contain the s a l t .  The plugged capsule f a c i l i t a t e s  the  
loading of the sample within the  dry  box and subsequent rapid weighing. 

The quartz tube t h a t  is used t o  provide an envelope f o r  the  i ne r t  
gas was modified by enlarging the  diameter of the cen t ra l  expanded 
sect ion and by inser t ing  an inner quartz she l l .  These modifications 
were intended t o  lengthen the useful l i f e  of the  quartz tube. 

Standard ca l ib ra t ion  curves were obtained by using meta.1.kic t i n  
standard samples of a known oxygen content t h a t  were supplied by the 
Laboratory Xguipment Corporation. The oxygen content of reagent-grade 
LiF was assayed as a t e s t  determination. The value obtained was 250 2 
40 ppm based on f i v e  determinations. 

The method was f'urther t e s t ed  on samples of LiF-BeF2-ZrF4-ThF4-UF4 
t h a t  were a l so  anal  zed by the  KBrF4 method1' and the " t r i ton"  act ivat ion 
analysis  methods [Of', (Il3,n) p8 I .  The measured oxygen concentrations 
a re  l i ~ t e d  i n  Table 6.3. 

Table 6 .3 .  Re ~ u l t  3 of Comparative Oxygen Analyses 
of MSRE Fuel Mixture 

Oxygen Content (ppm) 
Sample 
No. 

KBrF4 Method Neutron Activation I n e r t  Gas Fusion 
Method Method 



Although the  comparison i s  not a s  good as .an t ic ipa ted ,  t he  r e s u l t s  
a re  i n  general agreement. Rather wide spreads a r e  observed, however, 
i n  the  r e s u l t s  of a s ingle  method. This was noted previously and i s  
possibly the  r e s u l t  of (1) inherent e r ro r s  i n  t he  methods used when 
applied t o  f luor ide  s a l t s ,  (2 )  inhomogeneity of the  sample, or  ( 3) 
contamination during sampling and handling i n  t he  dry, iner t -gas  box. 
The l a t t e r  has been proved t o  be a de f in i t e  cause of e r r o r  i n  t h a t  the  
r e s u l t s  vary by a f ac to r  of 5 i n  some cases when t h e  sample i s  
de l ibera te ly  exposed t o  the  atmosphere. It i s  not possible at t h i s  
time t o  eliminate e i t h e r  of t he  other aforementioned p o s s i b i l i t i e s  of 
e r ro r ,  but  effor-ts  a r e  continuing t o  ascer ta in  t he  sources of e r ro r .  

Determination of Oxygen i n  Graphite 

Several methods were t e s t ed  f o r  t he  determination of oxygen i n  
graphite.  The methods used t o  date include (1) f luor ina t ion  with 
K B ~ F * , ~ '  (2 )  I-nert-gas fusion, ( 3 )  vacuum fusion,  and (4 )  neutron 
ac t iva t ion  with 14-Mev neutrons. The graphite examined was high-purity 
material ,  and t h e  simples varied i n  weight from 50 t o  250 mg. In  the  
i n i t i a l  t e s t s  the  quanti ty of oxygen obtained by means of t he  f i r s t  
three  procedures was e s sen t i a l l y  equivalent t o  t h e  representa t ive  
blanks f o r  the  procedures. Based on t he  weight of'sample used, the  ; 

o.xygen concentration i n  t h e  g r a ~ h i t e  was l e s s  than 50 ppm. Considerably 
l a rge r  samples and at tendant modifications of the  apparatus would be 
required t o  e s t ab l i sh  lower l i m i t s  of s ens i t i v i t y .  For example, i f  * 

1-g samples were used, t he  oxygen concentrations a s  low as  10 ppm could 
be deterlu-ined. 

Currently, e f f o r t s  a re  being di rected toward use of t he  neutron-,  
ac t iva t ion  technique using 14-Mev neutrons generated by t he  Cockroft- . 
Walton generator. This method i s  nondestructive and capable of a high 
s e n s i t i v i t y  t h a t  depends only on t h e  condition of t h e  tritium ta rge t .  . 
Oqygen (016) i n  the  graphite undergoes an n,p react ion upon i r r ad i a t i on  
with high-energy neutrons t o  produce Ill6, which has a 7.3-s ha l f  - l i f e .  
The gamma a c t i v i t y  of the  IYl6 i s  counted'using a gamma spectrometer 
and a multichannel analyzer. Specia l  pneumatic t r ans f e r  of t h e  sample 
t o  the  counter i s  necessary t o  achieve t he  ul t imate  s ens i t i v i t y .  Only 
cursory r e s u l t s  have been obtained thus f a r .  It i s  planned t o  extend 
t h i s  technique t o  oxygen determinations i n  o-l;l-ier me1;erials. 

Homogenization of Radioactive MSRE Fuel Samples 

Equipment w a s  designed t o  remove and homogenize radioact ive  MSRE 
so l i d  s a l t  samples preparatory t o  analyt icdl   manipulation^.^^ The 

'OG. Goldberg, A. S. Meyer, Jr., and J. C. White, Anal. Chem., 
32 : 314 ( 1960) . 

l l M .  J. Gaitanis,  C. E. Lamb, and L. T. Corbin, "Homogenization 
of Molten Sa l t  Reactor Project  Fuel Samples," ORNL-TM-291 ( ~ u ~ u s t  L5, 
1962) . 



equipment includes a copper pulverizer-mixer and a copper sampling 
l ad le  t h a t  contains the so l id i f ied  fue l .  The sampling lad le  i s  placed 
i n  the  pulverizer-mixer, which i s  agi ta ted on a mixer m i l l .  The fue l  
i s  fractured out of the  ladle ,  pulverized in to  a homogeneous powder, 
and t ransferred t o  a storage bot t le .  The homogenized f u e l  sample is  
then available f o r  analysis.  



FUEL PROCESSING 

Work on the detai led design of the fuel-processing system, which 
consists of a fluorination system f o r  uranium recovery, was s ta r ted .  
Equipment i n  addition t o  tha t  described previously1 i s  now included f o r  
treatment of the s a l t  with a mixture of hydrogen and hydrogen fluoride 
f o r  oxide removal. A simplified flowsheet of the system i s  presented 
i n  Fig. 7.1. 
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NaF ABSORBERS AT (8O0F 

Fig .  7.1. MSRE Fuel-Processing System. 

In  the proposed' system, oxide fernoval i s  accomplished 'by sparging 
the molten s a l t  with an Hz-HF mixture. The H2, H20, excess HF, and some 
vola t i le  f i ss ion  products, principally niobium, tellurium, and iodine,. 

'"MSRP Semiann. Prog. Rep. Feb. 28, 1962, " Om-3282, pp 134-5. 



a r e  evolved. The 750°F NaF t r ap  removes the bulk of the,niobium. The 
HT-H20 mixture i s  condensed, sampled, and analyzed i n  order t o  follow 
the  progress of the treatment. The sample pot i s  emptied, a f t e r  sparg- 
ing, t o  the caust ic  tank, where iodine and tellurium are  collected. 
After suf f ic ien t  decay, the  caustic i s  sent t o  the liquid-waste tank 
and the  ORNL waste system. 

Fluorination of the f u e l  s a l t  vo la t i l izes  some f i ss ion  products, i n  
addition t o  UF6, but an over -a l l  decontamination fac tor  of >lo7 i s  ex- 
pected. Additional decontamination from ruthenium, zirconium, and nio- 
bium i s  obtained as the UF6 passes through the 750°F NaF trap.  The 
uranium i s  collected a s  UF6*3N@ i n  the 1 8 0 " ~  NaF absorbers. These a re  
portable uni t s  t h a t  will be moved t o  the Vola t i l i ty  P i l o t  Plant f o r  
desorption' A d  cold trapping. Excess fluorine w i l l  be disposed of by 
reacting it with SO2 a t  4 0 0 " ~ .  A re la t ive ly  ine r t  gas S Q S a  i s  formed 
and can be safely sent through the Fiberglas f i l t e r s  and discharged t o  
the  stack. 



8. ENGMEERING RESEARCH ON THERMOPHYSICAL PROPERTIES OF SALT MIXTURES 

The mixture Li2C03-Na2C03-K2C03 (30-38-32 w t  $)' has been proposed 
f o r  use i n  out-of-pile development s tudies  r e l a t i ng  t o  the  MSRE on the  
basis  of s imi l a r i t y  i n  properties t o  those of t he  MSRE f u e l  s a l t .  Use of 
t h i s  mixture w i l l  ease the  handling problems because it i s  e s sen t i a l l y  
noncorrosive t o  s t a in l e s s  s t e e l  without a protective atmosphere. Meas- 
urements of the  enthalpy and v i scos i ty  of t h i s  s a l t  a r e  reported here. 

Enthalpy 

Experimental data on the  enthalpy of the  Li2C03-Na~C03-K2C03 (30-38- 
32 w t  5 )  s a l t  i n  t he  l i qu id  s t a t e  a r e  presented i n  Fig. 8.1. Over the  
temperature span 475 t o  71.5OC the  data can be represented by the  equation 
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Fig.  8.1. Enthalpy of a Li2C03-Na2C03-K2C03 (30-38-32 wt $) Mix- 
t u r e .  

where the  enthalpy, H, i s  i n  ~ a l / ~  when the  temperature, t, i s  i n  O C .  A 
l i n e a r  f i t  was selected i n  view of the  unusually large s c a t t e r  i n  the  data  
(0 = 6 . 1  cal/g).  The derived heat  capacity i s  0.413 ~ a l / ~ - ' C .  The meas- 
urements w i l l  be repeated with a f r e sh ly  prepared sample of the  s a l t  mix- 
t u r e  i n  the  hope of reducing the  experimental s c a t t e r  and es tabl ishing the  
e f f e c t  of temperatwe on the  enthalpy and heat c a ~ c i  t*y. 



Viscosity 

The viscosity of the Li2C03-Na2C03-&CO3 (30-38-32. wt $) mixture was 
determined by efflux-cup measurements. ' The kinematic viscosity (v = p/p) 
in the temperature range 460 to 715'~ can be expressed as 

where v is in centistokes and T is in OK. 

The density of the mixture has not been measured; however, assuming 
ideal solution, the mixture density (based on individual component data) 
is estimated to be 

where the density, p, is in g/cm3 and the temperature, t, is in OC. me 
absolute viscosity of the salt, calculated using this estimated density, 
is shown in Fig. 8.2. . 

'"MSRP Quar. Prog. Rep. Jan. 31, 1959, " ORNL-2684, p 65-67. 
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Fig. 8.2. Predicted Viscosity of a Li2C03-Na2C03-K2C03 (30-38-42 
wt $) Mixture. . . 



Previous repor ts  i n  t h i s  s e r i e s  are :  

ORNL-2799 Period Ending Ju ly  31, 1959 

ORNL-2890 Period Ending October 31, 1959 
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ORNL-3014 Period Ending Ju ly  31, 1960 

ORNL-3122 Period Ending February 28, 1961 

ORNL-3215 Period March 1 t o  August 31, 1961 

ORNL-3282 PeriodEnding February28, 1962 
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