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ANP PROJECT' QUARTERLY PROGRESS REPORT 

FOREWORD 
This  quarterly progress report of the Aircraft Nuclear Propulsion Project at ORNL records the technical 

progress of  the research on the circulating-fuel reactor and a l l  other ANP research at the Laboratory 
under i t s  Contract W-7405-eng-26. 1. Reactor Theory and 
Design, 11. Materials Research, and 111.  Shielding Research. Each part has a separate introduction 
and summary. 

The ANP Project i s  comprised of about three hundred technical and scientif ic personnel engaged in 
many phases of research directed toward the nuclear propulsion of aircraft. A considerable portion of 
this research i s  performed in support of the work of other organizations participating i n  the national ANP 
effort. However, the bulk of the ANP research at ORNL i s  directed toward the development o f  a circu- 
lating-fuel type of reactor. 

The nucleus of the effort on circulating-fuel reactors i s  now centered upon the Aircraft Reactor Experi- 
ment - a %megawatt, high-temperature prototype of a circulating-fuel reactor for the propulsion of air- 
craft. This reactor experiment i 5  now being assembled; i t s  current status ir summarized in section 1. 
However, much supporting research on materials and problems peculiar to the ARE w i l l  be found i n  other 
sections of Parts 1 and I I  of this report. 

The ANP research, in addition to that for the Aircraft Reactor Experiment, fa l ls  into three general 
categories: (1) studies o f  aircraft-size circulating-fuel reactors, (2) material problems associated with 
advunced reactor designs, and (3) studies of shields for nuclear aircraft. These three phases of research 
are covered in  Parts I ,  I I ,  and Ill, respectively, o f  th is report. 

The report i s  divided into three major parts: 
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INTRODUCTION AND SUMMARY 

The Aircraft Reactor Experiment (sec. 1) i s  now 
being rapidly assembled; most of the component 
parts have been received and installed i n  the ARE 
Building. There were no significant design modifi- 
cations during the quarter, but a supplementary off- 
gas system to handle contaminated p i t  atmosphere 
i s  contemplated. Installation of the fuel-circuit 
piping is nearly complete, and the detailed testing 
and cleaning procedures for both the fuel and the 
sodium circuits are being established. Integral 
parts of the system, including the water system, 
the main off-gas system, and the rod cooling sys- 
tem, have been completed. The f i l l  and flush tanks 
are installed, wired, and insulated. The reactor 
core has been completely assembled, welded, and 
i s  ready to be shipped to the ARE Building. All 
instrument indicators have been installed, and the 
interconnecting l ines to the control room are es- 
sential ly complete. Routine and emergency pro- 
cedures for hand1 ing sodium and the fluorides have 
been established. 

The development of a satisfactory ARE pump 
seal has required major research effort (sec. 2). 
Conventional centrifugal pumps have the required 
pumping characteristics, but the attainment of a 
rel iable seal which w i l l  retain the high-temperature 
fluorides with leakage rates of less than 35 cm3 
per day continues to be an outstanding development 
problem for the ARE. This seal problem i s  being 
investigated in several pump loops, as well  as in 
numerous seal testers, with the result that several 
seal-types now either appear to be potentially 
capable of fu l f i l l ing the leakage requirement or 
have actually dome so. The frozen-lead seals for 
fluorides have operated with vertical shafts with 
negligible leakage for extended periods of time; 
gas-sealed pumps have also been satisfactori ly 
operated. At present, however, the ARE plumbing 
arrangement requires a horizontal shaft pump for 
which the following packed-frozen seals appear 
promising: (1) alternate layers of copper (or bronze) 
wool and a graphite-MoS2 mixture, (2) triangular 

rings of Graphitar bearing on sintered Cu + MoS,, 
and (3) layers of NaBeF, packing. It has been 
demonstrated that oxygen has a deleterious effect 
on a l l  seals, so they are now blanketed with 
helium. The frozen-sodium seal pumps for the 
ARE reflector-coolant (sodium) circuit  have been 
fabricated. 

Recent studies of an aircraft-si ze reflecbor-mod- 
erated- reactor system have included analysis of 
the control of a200-megawatt power plant and some 
parametric studies of fuel volume in the heat ex- 
changer and in  the reactor for various core diame- 
ters and power levels (sec. 3). From the 200- 
megawatt power plant control study, i t  appears 
that the reactor temperature w i l l  not tend to rise 
at a rate greater than 100°F/sec, even i f  cooling 
of the engine radiators i s  stopped instantaneously. 
In such a case, the negative temperature coefficient 
w i l l  adequately control the reactor, 

The kinetics of circulating-fuel reactors and the 
interpretation of the ARE cr i t ical  experiment com- 
prise the recent reactor physics studies (sec. 4). 
Introduction into the core of 1% Ak, i f  nof compen- 
sated by control rods, would cause a 100°C r ise 
i n  the reactor equilibrium temperature. On the 
other hand, power osci l lat ions damp out quickly 
and no serious overswing in power or in tempera- 
ture i s  expected, The ARE cr i t ical  experiment 
data are being extrapolated to provide additional 
information on the stat ics of the ARE. 

The cr i t ical  assembly of the reflector-moderated 
reactor has provided measurements of power distr i- ,  
bution, leakage flux, and control rod effective- 
ness, a5 well  as danger coefficient measurements 
of materials in both the fuel and reflector regions 
(sec. 5). The end leakage of fast neutrons i s  six 
times the side leakage when the end fuel ducts 
are shielded with boral sheets. The boral reduces 
the k e l f  by 2% and correspondingly modifies the 
power production in i t s  vicinity. Extrapolation of 
the uranium required i n  the experiment to an air- 
craft reactor with Inconel structure indicates that 
the cr i t ical  mass of the latter is about 30 pounds. 
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1. CIRCULATING-FUEL AIRCRAFT REACTOR EXPERIMENT 
E. S. Bettis, ANP Divis ion 

During this quarter, effort on the ARE Project 
has been concentrated on the instal lat ion of equip- 
ment in Building 7503. No significant design 
modifications or alterations were made, and the 
work has progressed steadily with no serious inter- 
ferences. The major emphasis was on the installa- 
t ion of  the fuel-circuit piping, which i s  now nearly 
coypleted. 

The checking out of  auxil iary systems was 
started. The water-cooling system has been com- 
pletely checked and put i n  stand-by condition for 
actual operation. A l l  water lines, water heat ex- 
changers, valves, tanks, and lines were flushed, 
the flows were checked, and the system was f i l led 
with a rust inhibitor to keep it in readiness for use. 
A check has been started on the off-gas system, 
but th is hos not yet been completed. 

A l l  major components, except drive motors for 
the pump, have been received. Al l  valves have 
been received, except two of the 2-in. sodium 
valves. 

A large amount of effort went into preparing the 
testing and preliminary operating procedures. The 
f irst draft of these procedures has been completed 
and i s  being carefully studied for revision, As was 
expected, some basic changes in the original con- 
cept must be made, and during the next few weeks 
a l l  possible effort w i l l  be made to complete these 
procedures. 

Much research that bears directly on the experi- 
ment is contained in other sections of this report, 
Of particular significance are the following: pump 
seals (sec, 2), kinetics of circulating-fuel reactors 
(sec. 4), composition and production of  the fluoride 
fuel (sec. 6) ,  corrosion of  the fluoride-lnconel 
system (sec. 7), high-temperature strength of  Inconel 
in fluorides (sec. 8), physical properties of  the fuel 
(sec. 3), effect of radiation on creep, thermal con- 
ductivity, and corrosion of  Inconel (sec. lo), and 
reprocessing of the fuel (sec. 12). 

F L U I D  CIRCUIT 

G. A. Cristy 
Engineering and Maintenance Divis ion 

The fuel piping system is almost completed and 
in i t ia l  testing i s  expected to begin the middle of  

June. This work has proceeded satisfactori ly and 
according to schedule. Approximately 5% of the 
welds have failed to pass inspection and have had 
to be reworked. This represents less trouble than 
was anticipated, since the standard for an accept- 
able weld i s  high. 

The hot fuel dump tank i s  completely insulated 
and ready for use. The f i l l  and flush tanks have 
been installed, and installation of  the heaters and 
the insulation i s  almost completed. Figure 1.1 
shows the status of  the tank pit as of the middle 
of  the quarter. 

Installation of the piping for the sodium circui t  
w i l l  not be started unt i l  the fuel piping i s  com- 
pleted, The sodium-to-he1 ium heat exchangers are 
now in place and the sodium pipe l ines can be 
installed as soon as the fuel piping i s  completed. 
The final installation of the sodium piping must 
await installation of the reactor; according to the 
present schedule, the reactor w i l l  be installed 
during the latter part of June. 

Pumps for the sodium circuit  have been completed 
and should be ready for installation about the middle 
of June. These pumps employ a frozen-sodium 
seal, which has been thoroughly tested by the 
Experimental Engineering Group. No decision has 
yet been made as to the type of  seal to be used 
for the fluoride pump (cf., sec. 2). 

Strain gages have been installed on the fuel 
piping system and the calculated prestress has 
been verif ied by measurernetits made with these 
gages. Additional checks w i l l  be made as the 
system is warmed up. A complete report on the 
stress analysis of  the system i s  being compiled. 

R E AC T O  R 

The reactor, including the beryllium oxide block, 
the fuel tubes, and the pressure shell, i s  completed, 
except for the final closure welding (Fig. 1.2). 
The reactor core w i l l  be transferred from the Y-12 
shops to Building 7503 about the lotter part o f  
June, but it w i l l  not be instolled i n  the system 
unt i l  the prechecking of the fuel circuit  has been 
completed. Prior to installation i n  the system, the 
reactor w i l l  be helium checked at CI temperature of  
12000F to make sure that the fuel circuit  i s  t ight  
with respect to the moderator volume. 
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Fig. 1.2. ARE Reactor Core. (a) Be0 moderator blocks partly stacked. (b) B e 0  moderator blocks in 
place. 
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arranged to permit alternate adsorption and re- 
generati on cyc I es. 

This auxiliary off-gas system i s  designed pri- 
mari ly to handle contaminated p i t  atmosphere, but 
it can also be used for system-gas disposal i n  the 
event o f  trouble with the primary off-gas system, 

R E A C T O R  C O N T R O L  

The active fission chamber has passed several 
hundred hours at  80OOF with no increase in  back- 
ground or deterioration of the active cylinder. This 
chamber therefore appears to be satisfactory for 
ARE use. The control console and i t s  associated 
servo, safety rod actuator mechanisms, etc. are 
completely installed and almost entirely checked. 

The control rod "igloo" assembly i s  nearly 
complete. It was necessary to rewind the safety 
rod drive motors in  order to make them reversible 
without l imitation of  the number of reversals per- 
mitted i n  any unit of time. All safety rod drive, 
control rod servo, f ission chamber, and source 
drive mechanisms have been assembled. 

A dummy control console for checking the ac- 
tuator assembly has been built. The control actu- 
ator assembly i s  75% complete. 

E L E C T R I C A L  SYSTEM 

The electrical work in the building i s  on schedule. 
Al l  major electrical circuits have been wired; 
however, the f luid circuit pumps have been changed 
from 5 to 15 hp, and therefore new circui ts w i l l  be 
needed for these motors. Installation of  annulus 
heaters i s  proceeding wherever completion of the 
l ines permit. The motor generator sets have been 
moved to a shed outside the building. 

F U E L  L O A D I N G  F A C I L I T Y  

G. J. Nessle, Materials Chemistry Div is ion 

Preliminary work has been started to provide 
adequate faci l i t ies for loading the processed fluo- 
rides into the ARE. A platform i s  to  be built 
inside the storage tank pit for installation of  the 
loading furnace to be used i n  transferring the 
processed fluorides into the storage tanks. 

F I R E - F I G H T I N  G P R E P A R A T I O N S  

D. R. Ward, ANP Division 

In view of the use of hazardous materials and the 
high-temperature operations connected with the 
ARE, some fire-fighting preparatims have neces- 
sarily been made. The materials and techniques 
to be employed in  case of  f ire are based upon the 
considerable experience acquired during the past 
two years by the Experimental Reactor Engineering 
Group. 

The test p i ts w i l l  be open while the fuel system 
i s  being cleaned and leak tested so that the usual 
direct fire-fighting methods can be employed i f  
NaK i s  used and a fire occurs. Graphite powder 
w i l l  be the preferred extinguishing material, with 
Ansul extinguishers f i l led wi th Metal-X on hand for 
additional safety. Several buckets of graphite w i l l  
be strategically located in  each of the three pits. 
Standard safety items, such as proper gas masks, 
fire-fighting suits, etc., w i l l  be on hand. 

During the reactor operation period, the test p i ts  
w i l l  be closed and access for fighting fires w i l l  
be impossible. During this time, any fires must 
be combated remotely. Reservoirs o f  graphite 
powder w i l l  be located over the most vulnerable 
parts of the system and w i l l  be f i t ted with dumpers 
which may be operated from the control room. It 
i s  expected that the (approximately) 80% helium 
plus 20% air atmosphere in the p i ts  during reactor 
operation w i l l  help to retard fires, but combustion 
tests have not been conducted in  such atmospheres, 

Metal catch-trays containing graphite powder 
w i l l  be placed in  vulnerable locations, such as 
beneath pump seals and heat exchangers, to catch 
leakage both during leak testing and during reactor 
operat ion. 

A l l  temporary flammable material, such as wooden 
stairways, wi l l  be removed from the p i ts  before 
high-temperature testing i s  started. Exposed p i t  
wir ing w i l l  be wrapped with asbestos tape and 
coated with flame-retardant paint. A flexible 
exhaust hose w i l l  be i n  readiness to reach any 
fires to withdraw noxious fumes from their points 
o f  generotion. 
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2. EXPERIMENTAL REACTOR ENGINEERING 
H. W. Savage, ANP Div is ion 

During this quarter, the developmental effort of 
the Experimental Reactor Engineering Group has 
been devoted mainly to determining f inal specifi- 
cations for the pumps and the pump seals to be 
used in  the fuel and moderator-coolant circuits i n  
the ARE. Numerous seal testers and several pump 
loops are being used concurrently to obtain the 
necessary i nformat ion. 

Fabrication of three 100-gpm frozen-sodium-sealed 
horizontal-shaft centrifugal pumps for use i n  the 
moderator-coolant circuit of the ARE has been 
completed. The operational parameters of these 
pumps are being determined in detail. A 100-gpm 
double-cel I a-c electromagnetic pump has been 
delivered to the ARE building for use i n  the pro- 
posed NaK precleaning operation. A frozen-sodium 
seal tested on a 2 i - i n ,  (ARE-size) shaft has given 
i n  excess of 1,000 hr of continuous, reliable, and 
predictable performance. Successful stop-start 
procedures have been established. The seal i s  
formed by freezing sodium in  the seal gland. Also, 
since the seal i s  the coldest part of the system, 
sodium oxide from the circulating sodium precipi- 
tates and accumulates i n  the seal. 

An extensive program i s  under way to determine 
within the next few months whether a horizontal 
shaft seal can be proved sufficiently reliable for 
operation with fluoride fuel in the ARE. The three 
types of packings tested to date that show promise 
of sufficiently low leakage and reliable, low-power 
consumption are (1) alternate layers of  copper or 
bronze wool and a graphite-MoS, mixture, (2) an 
arrangement of rings of  triangular cross section in  
which alternate rings are Graphitar and sintered 
copper impregnated with MoS,, and (3) a series of 
annular ce l ls  packed with a material of  high BeF, 
content, such as NaBeF,. Materials that are high 
i n  BeF, content are glasses, and the temperatures 
at  which they soften vary over a wide range. To 
provide a steep thermal gradient over the seal 
length, one end of  the seal i s  heated and the other 
end i s  l iquid cooled. 

Two alternate types of pump systems for fluo- 
rides are being constructed for tests that are to 
begin in June. One system w i l l  have a frozen-lead- 
sealed pump with a molten lead-molten fuel inter- 
face above the seal. In a test run, th is type of  seal 

operated successfully for 500 hours. The other 
system w i l l  have a gas-sealed sump pump, the 
sump of which would replace the ARE expansion 
tank. 

An Allis-Chalmers 5-gpm canned-rotor pump i s  
being set up for test, and a small 2-gpm 100-psi- 
head air-driven pump for inpile operation i s  being 
modified for seal testing. 

The use of  thin-walled bellows (0.005 in.) has 
been proved entirely practicable by tests operated 
in excess of  2500 hr, with many cycles, provided 
the temperature of the contacting fluoride i s  held 
below llOO°F. 

It has been demonstrated that an external oxygen 
atmosphere i s  deleterious to the successful opera- 
t ion o f  frozen-sodium, frozen-lead, and frozen-fluoride 
seals. Consequently, a l l  such seals w i l l  be ex- 
ternally blanketed with inert gas. Parameters of 
operation o f  inert-gas-blanketed seals are calculable 
on the basis of coolant temperature, l iquid f i lm 
thickness, seal length, and the pressure differen- 
t ia l  across the seal, 

PUMPS F O R  H I G H - T E M P E R A T U R E  LIQUIDS 

W. B. McDonald 
W. G. Cobb 
W. R. Huntley 
J. M. Trummel 

A. G. Grindell 
G. D. Whitman 
A. L. Southern 
P. W. Taylor 

ANP Divis ion 

Centrifugal Pump with Combination Packed- 
Frozen Fluoride Seal. Three tests were conducted 
i n  which the 50-gpm centrifugal pump(’) was used 
to circulate the fluoride NaF-ZrF,-UF, (50-46-4 
mole %). The operating conditions for these tests 
were: pump speed, 900 to 1400 rpm; pump suction 
pressure, 4 to 6 psi; pump discharge pressure, 
30 to 60 psi; f luid flow, 10 to 30 gpm; fluid tem- 
perature, 1200OF. The shaft of the pump was con- 
structed of 2’/,-in.-dia stainless steel coated with 
Stell i te No. 6; the fuel leakage rate at the post 
seal was 40 to 150 g per 24 hr; and the seal L/D 
ratio was 4. 

In the f irst of these tests, the gland was packed 
with Dixon’s “Microfyne” flake graphite powder 
retained by close-fitting APC graphite rings, 

1 

(’)W. B. McDonald et a/ . ,  ANP Quar. Prog. R e p .  Mar. 
70, 7953, ORNL-1515, p. 18. 
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During this 340-hr test, the seal leakage was low Frozen-Sodium-Sealed Pump for ARE  tor- 
and performance was generally satisfactory. The Coolant Circuit. The ARE model FP pump(3) with 
g d u d  loss of graphite from the seal caused the frozen-sodium seal has pumped sodium for more 
termination of  the test, than lQOQ hours, Operation has been at near the 

For the second test, the seal was packed with 
braided copper sheathing f i l led with MoS, powder. 
The power required to rotate the shaft was quite 
low, but operation was characterized by consider- 
able leakage of MoS, powder from the seal. After 
260 hr of  operation, sufficient MoS, powder had 
been lost to cause fuel leakage through the seal. 
Post-run examination of  the seal showed the copper 
sheathing to be generally worn at the shaft surface. 
Stop-start tests were di f f icul t  to make during th is 
run, and they always involved the danger of a 
massive leak, because the temperatures in the seal 
could not be measured accurately or readily con- 
tro I led. 

For the third test, the packing gland was f i l led 
with strands of copper rope impregnated with MoS,. 
Smooth operation was experienced in the early 
stages of th is run; however, power fluctuations 
became greater, and more power was required to 
drive the shaft as the test progressed. The test 
was terminated after 385 hr because of a gross 
seal leak that resulted from frictional overheating 
of the seal. 

ARE-Size Sump Pump. Al l  parts for the high- 
temperature model of the ARE-size sump 
have been received, and the pump i s  being as- 
sembled in  a test loop. A sectional view of  this 
pump i s  shown in Fig. 2.1. The sump tank of  th is 
pump i s  designed to serve as one of the ARE surge 
tanks, and low-temperature tests show that priming, 
vortexing, and f lu id degassing w i l l  not be problems. 
The gas seal for th is pump consists of  a Graphitar 
r ing rotating against a stationary hardened-taol- 
steel surface. The gas-seal wear faces w i l l  be 
maintained at a low temperature during operation 
by circulat ing coolant i n  three different regions 
cat or near the seal. Hydraulic tests of a inockup 
of  th is pump with water, water and glycerine, and 
tetrabromoethane indicated that the design provides 
for stable pump operation and adequate degassing, 
Tests planned for this pump during the month of  
June w i l l  determine the operating characteristics 
a t  ARE temperature and flow conditions. 

ARE moderator-coolant pump design conditions of 
100 gpm at 20-psi developed head with sodium 
temperatures of  1100 to 1250QF. The pump suction 
pressure has been varied from 10 to 50 ps i  ta get 
data on seal leakage. Six pump shutdowns have 
been made to correct loop diff icult ies or to make 
loop changes. Shutdowns and startups have been 
made without diff iculty, although considerable 
time (1 to 2 hr) and care are required to effect a 
safe startup, For a safe startup, i t  i s  necessary 
to  warm the frozen seal. 

The most cr i t ical  element of th is put~ip, as in 
most other high-temperature l iquid pumps, i s  the 
shaft seal. The sodium freezing gland for th is  
seal i s  5’3/,, in. long on a 2) dia shah with 
Q 0.030-in. radial clearance in which the sodium 
i s  frozen. Earlier dif f icult ies with seal seizure 
a n d  roughness have been eliminated by mnintaining 
a helium gas blanket between the cold end of  the 
seal and the atmosphere. Seal operation has been 
sufficiently reliable and reproducible to permit 
taking quantitative data on seal power and leakage 
while varying speed, pressure, and seal caolant 
temperature. 

An analysis of seal data indicated that viscous 
l iquid f i lm theory(4) can be used to a t  least portly 
describe seal characteristics, i n  particular, the 
seal power requirements and the seal leakage rate, 
In the viscous f i lm model,the equilibrium thickness 
of  the l iquid sodium f i lm at the malting point i s  
determined by the rate at which the heat energy of 
viscous fr ict ion i s  removed from the l iquid film. 
In turn, the rate of addition of  heat energy i s  the 
mechanical power supplied to the seal, and t h i s  
must be equal to heat removed from the seal by the 
coolant. The rate of leekage by viscous flow is 
related to the f i lm thickness and to the pressure 
differentia I a 

fin*: 

The viscous f i lm theory can be used to obtain 
significant dimensionless numbers which n a y  be 
used to describe seal characteristics. Two such 
numbers art: the power number, iypr and the leak 

(,)/bid., p. 20, 

(3 ) /b id . ,  p. 21. 
(4)H. Rouse, Elementary Mechanics of Fluids,  Chap. 6,  

Wiley, New York, 1945. 
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Fig. 2.1. ARE-Size Sump Type of Pump (Centrifugal Pump Model DAB Assembly). 
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number, N which are defined in  the following: 
P 

Q' 
N, = I_ 

AT UIL 

and 

where 

P = power, 
AT = temperature difference between the melting 

point of sodium und the seal coolant tem- 
perature, 

u = over-all coefficient of  heat transfer from 
l iquid f i lm to coolant per uni t  area of film, 

I = shaft radius, 
L 3= seal length, 
Q = volume leakage rate, 

p = viscosity of sodium at i t s  melting point, 
71 = speed of shaft. 

According to viscous fi lm theory, the numbers 
N p  and N should be constants. The experimental 
data obtained by varying AP and h?' are shown in  

AP = pressure difference across seal, 

.Q 

Figs. 2.2 and 2.3, The slopes of the l ines agree 
fair ly well  with theory. The scatter may be due to 
error in instrumentation and failure to observe the 
presence of pertinent factors, such as shaft surface 
roughness and contamination o f  seal sodium, which 
were included in  the analysis. Shaft surface rough- 
ness may explain the fact that the absolute value 
of the leakage number ( N  ) determined experi- Q 
mentally i s  several times larger than the theoretical 
value. 

The presence of oxygen around the frozen-sodium 
seal may account for some o f  the discrepancy 
between theoretical and experimental data. When 
the cold end of  the seal was open to air, operation 
deteriorated over a period o f  three or four days and 
usually ended in sudden shaft seizure. That this 
was due to oxide accumulation i n  the seal appears 
obvious, since the condition was alleviated by 
addition of the helium gas blanket, However, the 
seal also accumulates oxygen from within the 
system, since i t  contains the coldest sodium o f the  
system. Seal roughness and relatively high leakage 
rates have been observed following periods of  no 
f low through the bypass f i l ter i n  the loop. The 

2 % - i n . - d i a  SHAFT, 5 '3 /6 - in . -LONG COOLING GLAND. 
WATER COOLANT WITH ABOUT 5-gpm FLOW 
PUMP FLUID AT ABOUT 1200°F AT MOST POINTS 

L INE DRAWN FOR Np= 

40 60 80 100 1 20 140 460 180 200 220  

MEAN COOLANT TEMPERATURE (OF) 

Fig. 2.2. Seal Power vs. Seal Coolant Temperature for Frozen Sodium Sealed Pumps. 
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SODIUM MELTING POINT MINUS MEAN COOLANT TEMPERATURE (OF) 

Fig.  2.3. Seal Leakage vs. Seal Cooling Temperature Difference for Frozen Sodium Sealed Pump. 
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deterioration of  operation resulting from this condi- 
t ion i s  best alleviated by maintaining clean sodium 
in the system and, i f  necessary, by infrequent 
clean-outs of  the sodium i n  the seal. 

An 
ARE model pump(3) circulating the fluoride NaF- 
ZrF,-UF, (50-46.4 mole %) with a pocked-frozen 
seal was operated for a period o f  49 hours. Shaft 
seizure occurred, ond the Carboloy sleeve under the 
seal was found to be cracked. The seal packing 
consisted o f  strands of copperwire rope which were 
soaked in an o i l  suspension of  Mas, for a period o f  
24 hi- before installation. During the test, the pump 
operated a t  1250 rpm with a flow of  45 gpm and 
produced a head of 55 psi. Power input to the pump 
drive motor was 5.5 kw, with an estimated 3-hp 
input to the pump shaft and 0.75 hp absorbed in  the 
seal. Fluoride chip leakage from the frozen end of 
the seal was checked for each 2dhr  period of  
operation, and measurements o f  133 and 132 g were 
obtained. 

The seal configuration i s  shown in Fig. 2.4. 
Heat WQS supplied to the seal by electrical tubular 
heaters on the outside of  the shaft housing and a 
cartridge heater inside the shaft, as shown. Cool- 
ing of  the seal area was achieved by introducing 
compressed air between the anchor flonge and the 
packing gland flange and allowing the air to pass 
out through multiple holes around the nose o f  the 
gland sl ightly oblique to the shaft axis. This 
cooling was supplemented by two small centrifugal 
blowers directed against the rear o f  the packing 
gland and seal. 

The pump and the test loop o f  l t - i n . - lPS  pipe 
were constructed of  316 stainless steel. Flow was 
measured with a water-calibrated venturi. Pres- 
sures were measured with Moore Nullmatic trons- 
mitters, which have air balancing the loop pressure 
across a bellows. The transmitters contained 
triple-ply lnconel bellows and were operated in a 
downward position so that the transmitters were 
flooded and free surfaces were eliminoted. 

When pump operation began, the frozen seal ap- 
parently established i t se l f  ahead o f  the packing 
area, but as the test progressed, the frozen zone 
moved rearward until, after approximately 12 hr, 
the seal existed i n  the annulus between the shaft 
and the packing gland. However, after an 18-kw 
power surge, a small amount o f  heat was placed on 
the packing and the shaft housing next to the im- 
peller, and no other power surges occurred unt i l  

ARE Packed-Frozen Sealed Fluoride Pump. 

the shaft seized. At the time the shaft seizure 
occurred, a l l  heat had again been o f f  the seal for 
30 minutes. 

The Carboloy sleeve WQS found to have a crack 
approximately 3/ in. wide that originated in the 

notch at the cool end o f  the 
sleeve. Subsequent heating and cooling tests on 
the sleeve-shaft assembly alone indicated that a 
Carboloy sleeve cannot withstand any appreciable 
axial temperature gradient. A stainless steel 
sleeve with Colrnonoy hard surfacing w i l l  be tested 
in the next pump assembly, since the Carboloy 
sleeve does not appear satisfactory for this appli- 
cation, 

Allis-Chalmers Canned-Rotor Pump. A Sgpm 
canned-rotor pump bui l t  by Allis-Chalrners i s  being 
assembled in  o test loop and w i l l  be tested with 
NaK at temperatures approaching 150OOF. This 
pump has a hydrostatic bearing, pressurized by a 
small pump impeller a t  the rear o f  the pump, which 
bypasses some of the system f lu id through the 
bearing. The motor windings are made o f  small- 
diorneter copper tubing with fiberglos insulation. 
The windings are cooled by circulating a coolant 
through the tubes. The pump i s  completely in- 
strumented so that temperatures at a l l  cr i t ical  points 
can be determined during operation, 

Frozen-Lead-Sealed Fluoride Pump. Seal tests 
have demonstrated that a frozen-lead seal has 
smoother operating characteristics than a frozen- 
fluoride seal and that molten lead and molten 
fluorides do not intermix when in intimate contact 
with each other. Consequently, a centrifugal pump 
of ARE size has been redesigned as CI froaen-lead- 
sealed pump for fluorides. In this redesign, the 
pump i s  mounted in Q vertical position with the 
seal on the bottom side of the pump. A chamber 
equipped with immersion heaters located immedi- 
ately below the pump impeller housing contains 
both molten lead and molten fluorides at 100Q°F. 
Decause of the difference in  the densities of  the 
two mixtures, the fluorides float on the lead, and 
a sharp fluoride-lead interface i s  maintained. A 
frozen-lead seal i s  accomplished in  the bottom of 
th is chamber i n  a liquid-cooled seal annulus that 
i s  approximately 1 in. long and has approximately 
0.030-in. radial clearance around the 2’/,-in.-dia 
shaft. Th is  redesign permits the modification o f  
the frozen-fluoride-sealed pump to a lend-sealed 
pump that ut i l izes a l l  the ports of the original 
pump, except the seal. 

corner of  a driving 64 
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Laboratory-Sire Sump-Type Pump with Gas Sea!. 
It was reported previously(') that the laboratory- 
s i r e  sump-type pump operated 965 hr with a 
stuffing-box seal and 2300 hr, after redesign, with  
a rotary face seal of  Graphitar No. 30 running 061 
hardened tool steel. An additionul 1000 hr of 
operation has been accumulated on another pump of 
the same design; however, Morgunite MYIF, a 
si  Ivcr-impregnated graphite with self-lubricoti tag 
properties, was substituted for Graphitar No. 30 
i n  the sed.  Speeds of  up to 3600 rpm were used 
w i th  a flow rate of 5 gpm thot produced a 5 5 9 s i  
head to pump the fluoride NaF-ZrF,-UF, (50-46-4 
mule 5%). Suction pressure varied from 10 to 30 
psi, and the f lu id temperature ranged from 1200 to 
1500'F. There was regular dropwise o i l  Iubrico- 
t ion ut a rate of 6 to 8 drops p e r  25 hours at first, 
but later, lubrication WQS used only when power 
fluctuations occurred in the drive-motor input. 

Gas leakage during the test was negligible up to 
24 hr prior to termination of the test, when a marked 
increase was noted. The graphite seal piece was 
found to be pit ted and scored. The stationary tool 
steel face had a work depression. Operation of  the 
pump w i l l  be continued with continuous oi l-mist 

In an attempt to take advantage sf the apparent 
nonwetting characteristic of grci $ite w i t h  fluoride, 
several dry runs were made with graphite as the 
packing material, In th is series of tests, h e  
shaft rotated in right-hand direction and a left- 
hand V throad was machined on the shaft, l h i s  
arrangement tended to pock the graphite at the 

nected to the glaricd so thai  gland pressure could be 
controlled, and with this set ups it was determined 
that the packing pressure must he less than 38 psi  
to avoid excessive friction bedwsen the graphite 
~ t i d  the rotating shdt .  

Another seal comprised of bronze wool as c1 

retainer and artificial graphite plus 5% Mas, as 

the packing naatarial lee led h e l i u m  a t  10-psi 
pressure, 1 hi s sed al SO sati sfactori l y  senled 
the fluoride NaF-ZrF,-IIF, (50-46-4 mole %). 
There was mme indication from stopstart tests 
that on interface or meniscus W P S  established a t  
the hot end of the seal, Huwever, in the start-stop 
tests, performance was erratic. In some instances, 
heat was required for starting after stopping, and 
at other t imes the shaff started freefy. After more 
than 500 hr, operation was continuing at 112QOOF 

fluoride end of the sea!. An air cyl inder  wos con- 

lubricatiqn on the seal exterior. and 20-psig pressure, but there w m  h e  slight 
leakage of granulated material that i s  typicel nf 
frozen seals. R O T A T I N G  SHAFT A N D  V A L V E  STEM 

SEAL DEVELOPMENT 

w. a. W. R. Huntley 
W. C. Tunnel1 
R. N. Mason 
P. G. Smith 

I-. A. Mann 
D. R. Ward 
J. M. Cisar 

ANP Division 

Graphite-Packed Seals, A seal with layers of  
natural-flake graphi te and MoS, retained by Graphitar 
rings and machine turnings of  an Ag-MoS, compact 
was operated to seal against the fluoride NaF- 
ZrF,-UF, (50-46-4 mole %) at 1300OF and 10 psi 
for 53 hr before termination of  the test, Thermo- 
couples were attached within the rotating shaft. 
Cperation was smooth; the power requirements 
were low; and consequently, the temperatures were 
low. It was possible to make 2-min stops without 
i t  being necessary to add heat. The indicated seal 
temperature was above the melting point o f  the 
fuel (515OC). However, there was no leakage when 
the shaft stopped and froze, which indicated that 
some fluoride was leaking into the seal ares1 and 
freezing, The test was terminated when continued 
heating caused gross l iquid leakage, 

Grooved-Shaft Packed-fmreaa Sea! T e s t s ,  Various 
packing materit;ls have Stew tested in a seraling 
gland in  which both the shaft and housing sides 
of the gland contain meshed annular grooves to 
minimize loss of seal material. Three tests were 
made o f  seals with different packiaigs but with 
similar geometry and operating conditions. The 
tests were operated with the fluoride NaF-ZaF,-UF, 
(50-45-4 mole %) at temperatures ranging from 
1050 to 1 3 5 ~ 0 ~ .  i he shaft diameter was 1 3 / 1 ~  in., 
and the seal gland length W Q ~  1% inches, ~ r r  ~ I I  
these tests i t was noticed that the f i rs t  leeknge 
of fuel from the seal5 was preceded by leakage of 
the packing material, which indicates that there i s  
need for improved retention o f  the packing muterial, 
Start-stop tests were made satisfactori ly only 
after the addition o f  sd f ic ien t  heat to compensate 
for frictional heat loss when the shaft was stopped, 
These thtee tests are sl imnui izod in Tobla 2.1. 

Examination after the f irst test showed the 
grooved sec-*ion of  the shaft 10 he badly ~ ~ r i i a  to 
the extent that there w a s  a single wide gtoove 
covering about half  the width of the original grosved 
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T A B L E  2.1. GROOVED-SHAFT P A C K E D - F R O Z E N  SEAL TESTS 

OF TEST 
(hr) 

GROOVE 
DIMENSIONS PACKING SHAFT 

MATERIAL 
REASON FOR 

TERMINATION 

92 

53 

148 

section and approximately as deep as the original 
grooves, Neither of the other seals showed as  
severe damage, although some wear occurred a t  
the retainer end o f  the packing used in  the second 
test. 

Bronze Wool and MoS, Packed-Frozen Seal Tests, 
Several packed-frozen seals i n  which the packing 
gland contains bronze wool and a lubricant, such 
as MoS, or MoS, and graphite mixture, have been 
tested with the molten fluoride NaF-ZrF,-UF, 
(50-46-4 mole %). A leakage rate on the order of  
1 g/hr has been obtained with a 13/16-in.-dia shaft 
and 10 psi pressure across the seal. The leakage 

Bearing failure 

Scheduled 

Loss  of seal 
material during 
start-stop test 

- 

SHAFT 
DIAMETER 

(in.) 

4 6  

2 j i  

by '/8 

& by & 

less steel 

type 316 
stainless steel 

3/16 by & by & 

7.5 Dixon's No. 2 graphite 
plus Inconel braid 
impregnated with MoS, 

Dixon's No. 2 grophite 
plus Inconel braid 
impregnated with MoS, 

Dixon's No. 2 graphite 
plus superfloke 
graphite 

1050 to 1225 

10 

10 

1100 to 1200 

1200 to 1350 

rate i s  not only a function of  the pressure across 
the seal but also of the location of the actual 
point of seal within the gland. The attempt to  
adapt th is seal geometry to a larger shaft (2% in. 
i n  diameter) has not been entirely successful. 
Applications of  successful small-diameter-shaft 
packings to larger shafts have usually been ac- 
companied by perturbations attributable to the 
increase in  surface speed, higher friction, and 
increased area for heat conduction from the hot 
l iquid being sealed. A summary of design and 
operating conditions for the four seals tested i s  
given in Table 2.2, 

TABLE 2.2. SUMMARY OF BRONZE WOOL AND MoS2 PACKED-FROZEN SEAL TESTS 

Shaft material: Stell i te-coated type 316 stainless steel  

SEAL 
1 IM ENSIONS 

(in.) 
~ 

b y 5  

3 /4 by 5 

PACKING 

k-in. layers of bronze 

2 wool p lus  MoS 

\-in. layers of bronze 

wool p lus  MoS, p lus  

graphite 

\-in. layers o f  bronze 

wool p lus  MoS p l u s  

graphite 
2 

\-in. layers of bronze 
wool plus graphite 

p l u s  5% MoS, 

FLUID 
' R ESSU RE 

(psi)  

10 

10 

10 

10 

FLUID 
TEMPERATURE 

e F) 

1200 to 1275 

1200 to 1275 

1200 t o  1275 

)U RAT1 ON 
O F  TEST 

(hr) 

78 

620 

REASON FOR 
r ERMl N ATlON 

Seal leak 

St i  I I operating 

Seal leak 

S t i l l  operating 
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Although the f i rst  seal remained free after stop- 
start tests of  up to 1Btnin duration, the seal leaked 
excessively when raised to a temperature above 
the melting point of the fluoride, and the test was 
terminated. The power requirement for th is seal 
was approximately kw, with sl ight surges. 

Start-stop tests o f  up to 10% hr have been made 
i n  the second test, but heat was added to  mnke up 
for fr ict ion heat loss. Although the seal i s  believed 
to have moved up into the gland region, the test 
i s  operating smoothly with CI shaft rFrn o f  1590, 
The in i t ia l  leakage rate of  1 g/day increased to 
1.5 g/day, and it was necessary to raise the seal 
temperature about 100°F above i t s  operating tem- 
perature to enable the motor to restart the shaft 
seal without assistance, 

In the f i rst  test with the 2'/-in.-dia shaft, the 
seal leaked l iquid which appeared to be an MoS, 
mixture, Power fluctuations were greater than 
hitherto observed. During a 3-hr stop, the shaft 
remained free. Although the seal used in  the second 
test had to be repacked after excessive in i t ia l  
graphite leakage, operation i s  continuing smoothly 
with a low leakage rate and a somewhat variable, 
but usually smooth, power reqwirement. 

Frozen-bead Seal Test. A series of  tests has 
been conducted to determine the feasibi l i ty of  
sealing a h igh-temperature fluoride pump with a 

frozen-lead seal. These tests show this type of 
seal to be feasible, since it has been determined 
that molten l e rd  and molten fluorides do not inter- 
mix when in intimate contact wi th eo& other. 
Rather, the fluorides float on top of the lead, ant3 
there i s, apparently, a sharp fluoride-lead interface, 

type 316 stainless steel shaft powered by a 2-hp 
motor. The shaft was operated in a vertical posit ion 
at a speed of  1500 to 2500 rpm and the seal was 
below the shaft. A helium gas blanket was pro- 
vided for the cold end of the seal, and above the 
seal was a pot containing lead a t  1000°F. A series 
of  f ive test runs was conducted for a total operating 
time of  550 hours. These runs were charucterized 
by extremely smooth operation and low power input 
during the f i rst 30 to  100 hr of operation. Continued 
operation resulted in shaft seizure i n  the seal 
region, and the test was terminated. The conditions 
which appeared most  l i ke ly  to be contributing to 
seal failure were oxidation o f  the lead in the frazen 
seal because of the air at the cold end o f  the seal, 
insuff icient shaft clearance at the hot end of  the 
lead sealing annulus, and impurities in the lead, 

The test  equipment consists of  a l/,6-in,-dia 3 

In the new seal test r i g  design, which elirninutes 
the dif f icul t ies mentioned, the frozen seal region 
W Q S  shortened to approximately \ in. in length 
and l iquid cooling was substituted for gas cooling. 
High-purity lead was obtained and pretreated by 
bubbling hydrogen through it for approximately 100 
hours. A frozen-lead seal has operated in the new 
r ig for upproximately 500 hours. The power input 
to the shaft has been low,there have been no power 
fluctuations, and the lead leakage rate has been 
negligible, The shaft speed during th is  test was 
varied from 2000 to 4200 rpm, and performance over 
the entire speed range was excellent. 

V-Ring Sed. A seal consisting of alternate 
rings machined from Graphitar No, 14 and a hot- 
pressed compact of  copper and 14% MoS, i s  being 
tested. The rings are assembled as shown i n  Fig. 
2.5, A 13/1,-in.-dia hardened shaft rotates against 
the Graphitar. A gas cylinder is used as the means 
o f  applying force to the gland to coinpress the 
rings. The seal WGS designed to  operate a t  ap- 
proximately llOO°F. 

A dry run o f  this seal indicated that h e l i u m  leak- 
age through the seal was almost zero with the seal 
area at a temperature of above 100Q'F. Operation 
during t h e  dry run consisted of rotating the shaft 
a t  approximately 1550 rpm with the seal area at CI 

temperature of  above 105OOF. Power dissipation 
in  the seal i s  approximately 50 watts. With these 
conilitions, an attempt was made to force helium 
through the seal with pressures o f  up to 30 psig, 
F low of helium to the seal was read on a gas 
rotameter. The unit was operated far one day with 
zero indicated flow and then disassembled for 
inspection. When reassembled, the unii was oper- 
ated for three days with an indicated f low o f  a b u t  
0.4 cm3/sec, sa preparations were made $0 intro- 
duce fluorides. Calculations indicate that for o 

gas leakage of a b u t  2 cm3/sec of helium the cor- 
responding fluoride leakage wil l  be about 0.5 
cm3/day. 

A series of tests has been 
conducted with a stuffing-box type of  seal packed 
with BeF, to determine whether the high viscosity 
of BeF, a: i t s  softening temperature would give a 
satisfactory scal against the fluoride mixture NaF- 
ZrF,-UF, (50-46-4 mole X) at high temperatures. 
A summcary of the seal design and operating data 
i s  given in Table 2.3. 

In the f i rst  test, a $-in.-dia shaft was sealed by 
CI series of surrounding annular compartments con- 
taining BeF, powder. During operation of the shaft 

BeF, Seal Teats. 
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Fig. 2.5. V-Ring Seal 

at 440 rpm, the power needed to overcome fr ict ion 
was too lowto read on a 10-kw full-scale wattmeter. 
Leakage through the seal was zero. A packing of ’/4 in. of graphite-impregnated asbestos was used 
at the cold end to contain the dry powder. The 
shaft was stopped and started many times for 
periods of up to 1 hr, and only motor power was 
used for restarting. After termination of the test, 
the seal was cooled and sawed lengthwise. The 
fuel had penetrated only into the second sompart- 
ment, that is, less than inch. None of the pack- 
ing material beyond the second compartment had 
melted. Chemical analysis showed 0.96 mole % 
BeF2 i n  the f i rst  compartment and 50.2 mole % 
BeF, in  the second compartment. 

In the second test, a 2?$-in.-dia shaft was sealed 
by a packing gland which was packed with copper- 
braid sleeves f i l led wi th BeF, powder. One turn 
of graphite-impregnated asbestos was used on the 
air end of the seal to  contain the dry powder. This 
seal showed none of the characteristics of a BeF, 
seal, but operation and failure were similar to the 
experience with frozen-fluoride seals. 

3 In the third test, a vertical 1 /16-in.-dia shaft was 
packed with BeF, in annular compartments, as in 
the f i rst  test. Failure after l \  hr of operation at 
880 rpm appeared to have been the result of the 
air end of the seal becoming too hot (870°F). The 
seal ran well  unti l  i t  failed. 

For the fourth test, a horizontal 2’/-in.-dia shaft 
was assembled with annular compartments f i l led 
with BeF,. Improper design caused thermal dis- 
tortion and mechanical binding. The shaft was 
started 15 to 25 times, but each time i t  was stopped 
by metal to metal contact in the seal. 

In the f i f th test, a 2$-in.-dia shaft, which simu- 
lated a horizontal ARE pump shaft, extended 
through a packing gland into a body of the fluoride 
fuel NaF-ZrF4-UF4 (50-46-4 mole %). Provision 
was made for  selectively heating the end of the 
packing gland adjacent to  the hot fluorides and for 
cool ing the gland at. i t s  outer end. A metal sleeve 
around the shaft, sealed at the inner end of the 
gland, provided a narrow annulus Yl6 in. wide and 
about 2 in. long for the fluorides to  pass through 
and be cooled somewhat before they entered the 
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. 
DURATION 

“(,YT 

.. 

TEST 
NO. 

- 
1 

2 

3 

4 

5 

6 

7 

REASON FOR 
TERMINATION 

- ................. ............... 

PACKING 
MATERIAL 

COMPOSITION 
(mole %) 

................. 
50 

1 

1 %  

Off and an 

rPERlOD ENDING JUNE 10, 1953 

TABLE 2.3. TESTS OF 5eF2-PACKED SEALS ON ROTATING SHAFTS 

OPERATED IN NnF-ZrF4-UFq (50-46-4 m o l e  %) 

....... .- 

Scheduled 

Sen1 leok 

Sed leok 

Mechanical 
warpage 

100% 9eF2 

100% BeF:, 

44s 

104 

1W9, BcFZ 

100% ReF2 

Foiled during 
stop-start t e s t s  

75% BeF, plus  2% 
fluoride mixture 

Voriolrs parcentogea 
of BsF, plus ZrF, 

100% NclBeFg 

............ ~..__ ......... 
SEAL PACKING CHAMBER 

h e r - o  I I  
Length 

(in.) 

4 

1.25 

3.1 

4 

5 

3.1 

3.1 

_- ....... 
Length of 

Fluoride 
Pocking 

(in.) 

2 

0.85 

2 

2 

2 

2 

2 

No. 9t 

m m t s  
Compori-  

PACKING 
ANNULUS 

THICKNESS 
( in . )  

.. .- 

0.25 

In ccQper 
braid sleevcs 

0.25 

0.375 

0.4375 

0.25 

0.25 
- 

principal packing zone, Strands of  copper rope 
were then placed in  the seal annulus to a depth 
of  ’/2 in. to serve as the principaldeterrentto entry 
of the fluorides into the seal proper, which was 
formed by a 2-in. copper sleeve. The seal cavity 
WBS f i l led wi th 75 mole % BeF, and 25 mole % 
fluoride fuel granules, and as a result there was 
25 to 30% void space i n  the cavity. The seal was 
heated and instrumented so that the temperature 
gradient along the seal could be controlled. Pene- 

tration of the fuel proceeded unt i l  the resulting 
mixture in the seal cavity was too cold or too 
viscous to penetrate further. Shaft speed was 
maintained at 1400 rprn for approximately 400 hr, 
and the test ended at 448 hr because of the failure 
of the external seal heaters and plugging of the 
coolant line, Power consumption in  the seal be- 
cause of fr ict ion (primarily at the outer end of the 
seal) was of the order of 400 watts. Many per- 
versit ies were encountered, as well  as long periods 
(days) of  stable operation with low fr ict iont in the 
seal. During the stable periods, fine powder leaked 
from the seal at a rate of 10 to 15 cm3 per day. 
Shaft wear was l ight  except under the outer copper, 
which was cold. Sufficient powdered material 
accumulated in th is location to act as a grinding 
compound for the shaft material. Nearly a l l  the 
major perversities of th is seal could be attributed 
to the accumulation of  fluoride powders under the 
external copper, augmented by oxidation of the 
fluorides at the cold end. 

DIAMETER 
OF SHAFT 

(in.) 

SHAFT 
SPEED 
( w l  

440 

550 

380 

650 

380 to 14CO 

1350 to 38CO 

1350 

HELIUM 
PRESSURE 

(psig) 

30 

IO 

30 

5 

1 to IO 

5 to 3 

5 

The sixth test was run in the same equipment as 
was the third test, but the following alterations 
were made. (1) Two turns of b-in.-dia copper 
cool ing co i l  was wrapped (not soldered) around the 
top of the seal housing to carry cooling water, 
(2) The fluoride packing was divided into seven 
compartments by using type 316 stainless steel 
spacers and washers, and copper-rope packing was 
placed at the hot and cold ends of the seal. (3) The 
fluoride packing consisted of 8- to 20-mesh grains 
of BeF, plus ZrF, in the following weight per- 
centages of ZrF, in the layers from the hot to the 
cold end, respectively: 0, 15, 25, 40, 55, 70, 100. 
The unit was operated 104 hr at a seal temperature 
of 1200 to 1250°F on the hot end und approximately 
650°F on the cold end. The speed was varied from 
880 to 3800 rpm. The helium blanket pressure was 
5 to 10 psig. The main purpose of th is test was 
to  see whether ZrF, would prevent leakage (be- 
cause of i t s  high melting point). Although the 
leakage was not great, i t  was fair ly continuous, 
and the stop-start test was unsuccessful for a 10. 
min stop. 

Examination of the shaft after the faurth test 
revealed t h u t  a high percentage of NoBeFT3 was 
possibly the most effective sealant. Therefore it 
was decided to operate a seal with NaBcF, packing 
in the same equipment CIS was used in tcsts 3 and 
6. 

This  seventh seal was similar to that used in  
the sixth test, except that a l l  seven compartments 
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were packed with NaBeF,. Granules of  8 to 20 
mesh (Tyler Standard) were used to  pack the seal, 
and the copper cooling co i l  was soft soldered to 
the seal housing. The shaft speed was increased 
from 1500 rpm, that is, unti l  the shaft peripheral 
speed was a t  ARE design point (15.3 fps), and was 
maintained there for the balance of the 160-hr test. 
Several successful stop-start tests were made with 
stop periods of  up to 10 minutes. On most restarts, 
some assistance to the 2-hp motor was required; 
however, several restarts were made with no as- 
sistance. There was no detectable leakage of 
sealant. The friction drag was estimated a t  about 
150 to 200 watts. Temperatures along the seal 
remained constant. The temperature range was 
from approximately 125OOF at the hot end to  ap- 
proximately 200°F at the cold end. The seal was 
cooled and separated from the unit and sectioned 
axially. Inspection revealed that the fuel had 
penetrated four of the seven compartments and that, 
in the remaining three compartments, the NaBeF, 
had fused or sintered and changed color from almost 
white to a gray-brown. The only shaft scaring 
found was at points of contact with the stainless 
steel washers used as separators between com- 
partments. 

Packing Penetration Tests. Packing penetration 
tests have been continued in which graphite or 
graphite mixed with another material i s  used as 
the primary sealant. The use o f  graphite has been 
emphasized in these tests because it appears to 
be one o f  the few materials capable o f  preventing 
fluoride leakage. 

A test in which Baker Chemical Company pow- 
dered graphite was used to seal against the fluo- 
r ide Na F-KF-Li F-UF, (10.9-43.5-44& 1.1 mol e 76) 
was terminated after 240 hr with no leakage, as 
reported p r e v i o u ~ l y . ( ~ )  Since other tests o f  similar 
seals used to seal against the fluoride NaF-ZrF4- 
UF, (50-46-4 mole %) had leaked, it was thought 
that ttie sealing might be dependent either on the 
presence of L iF or on the absence o f  ZrF,. How- 
ever, during this quarter, another test was operated 
for 690 hr with the same type of graphite and 
zirconium-bearing fluoride mixture, and there was 
no leakage. This test was terminated a t  the end 
o f  the 690-hr period, because excessive oxidation 
occurs i f  the graphite tests are allowed to run for 
extended periods o f  time. The oxidation begins 

("W. B. McDonald et al., ANP Qua,. Prog.  R e p .  Mar. 
70, 7953, ORNL-1515,  p. 28. 

a t  the opening in the bottom o f  the container and 
then extends upward toward the fuel region. Upon 
postrun examination, a large cavity was found i n  
the graphite around the opening. If the test had 
continued, there would have been leakage due to 
the oxidation of the graphite rather than to pene- 
tration. 

A l l  the graphites tested this quarter, except the 
Baker Chemical Company graphite, have been o f  
the art i f ic ial type, which should have a very low 
amorphous carbon content, Tests o f  these graph- 
i tes have had one thing in common: leakage began 
a t  a very slow rate and could only be detected by 
the small amount o f  corroded metal that fel l  from 
the furnace in which the packing containers were 
heated. The tests were continued and terminated 
only when fuel was detected in the receptable 
beneath the furnace. Because of the slow leakage 
and continuation of  the tests, the outer surfaces 
o f  the containers were very badly corroded; they 
were covered with a heavy scale that could be 
removed easily. Results o f  these tests are summa- 
r ized in Table 2.4. 

One combination o f  packing material being tested 
i s  a mixture o f  80% art i f ic ial graphite powder (ob- 
tained from the Y-12 Carbon Shop) and 20% pow- 
dered BeF,. The mixture was compressed and 
then heated to 1150OF and further compressed. 
Heating and compressing were done three times, 
and the packing los t  approximately 40% o f  i t s  
original volume. The test o f  this packing material 
i s  being run a t  the usual pressure, 30 psi, but the 
test temperature i s  115OOF instead of the usual 
1500°F. The test has been running for 600 hr wi th 
no leakage. 

INSTRUMENTATION 

P. W. Taylor D. R. Ward 
ANP Divis ion 

Pressure Measurement. A I arge pressure trans- 
mitter, patterned after the Moore Nullmatic instru- 
ment,(6) that ut i l izes a triple-ply lnconel bellows 
as the pressure-sensing element has been in inter- 
mittent service on a fluoride pump loop. The 
transmitter operates upside down to measure pump 
suction pressure (about 5 psi) and i t  i s  completely 
f i l l ed  with 1100°F molten fluorides. The tempera- 
ture o f  the fuel in the loop i s  approximately 
1200°F. The total operating time to date i s  360 

(6)W. B. McDonald et ol., ANP Quor. Prog.  R e p .  5ec. 
JO, 1952, ORNL-1439, p. 30. 
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TABLE 2.4. SUMMARY OF PACKING PENETRATION TESTS PERFORMED DURING THlS QUARTER 

Pressure: 30 psi 
Temperature: 150@F, except as noted 

TEST 
NO. 

11 

12 

13 

14 

15 

16 

17 

hours. 

PACKING MATERIAL 

2 Stainless steel wool impregnated with MoS 

Baker Chamicol Company powdered graphite 

MoS2 in copper sheath 

Graphite from Y-12 Carbon Shop 

National Carbon Company graphite 2301 

80% graphite from Y-12 Carton Shop and 20% BeF2 

50% graphite from Y-12 Carbon Shop and 50% MoS2 

The fuel froze i n  the transmitter during 
two pump shutdown periods, and it was found that 
subsequent remelts and startups did not damage 
the transmitter. 

A small n ickel  transmitter operating completely 
f i l l ed  wi th fluoride fuel on a static test (10 to 
30 psi, one cycle every hour) at llOO°F failed 
after 2500 hr o f  continuous operation. Postoper- 
ative inspection revealed two small holes i n  one 
o f  he inner bends of the 0.005-in. (wall thickness) 
bel lows. Throughout the 2500-hr period, operation 
was excellent. The combined range and zero shift  
over a 1500-hr period was less than 1 \% of ful l  
scale (30 psi). 

Two other type 316 stainless steel transmitters 
that are being operated on a similar static test 
are s t i l l  functioning smoothly. One of  these trans- 
mitters has logged 3400 hr, to date, in fuel at  
1100OF; the other has operated 3500 hr in lead at  
700" F. 

The in i t ia l  test o f  the single-diaphragm force- 
balanced pressure transmitter i s  being run ot 
1050°F with no fuel. This instrument, constructed 

DURATION 
O F  TEST 

(hr) 

0 

690 

'/2 
26 2 

191 

40 

REMARKS 

l_l-_l_ 

Lea ked i mmsd i aiel y 

Did not leak 

Scale indicated slight leakage 

Scale detected a t  72 hr 

Operating temperature 1 150°F; had not 
leaked at 600 hr; test continuing 

Scale detected at 30 hr 

entirely of lneonel with a 0.014-in. lnconel X 
diaphragm, i s  being operated at  a static pressure 
of 50 psi  for 700 hr, with a cycle every 4 hr to 
20 psi. Upon heating to 1050°F from room tempera- 
ture, there was an approximate % increase in 
output a t  50 psi. After 1200 hr of operation at 
105OoF, the output has increased 3%. Response 
to pressure change i s  excellent, with no vis ib le 
delay. This fcst response i s  obtained at  the ex- 
pense of a very large, balancing, air flow. The 
instrument uses approximately 24 cfh of air. 

Since NaK may 
be used as the f inal leak-checking material for the 
ARE f luid circuit, a reliable NaK leak detector for 
small leaks i s  desirable. Some preliminary testing 
has been done to determine the effect of NaK vapor 
on copper wool. W i t h  a pure helium atmosphere 
at  temperatures from 250 to 650"F, the copper wool 
gave a substantial basic indication in  phenol-red 
indicator solution (in H20) after an exposure time 
o f  1 hour. The addition o f  about 5% oxygen to the 
helium atmosphere decreased the strength of the 
indication but did not eliminate i t  entirely, 

NaK beak Detection Methods. 
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3. REFLECTOR-MODERATED CIRCULATING-FUEL REACTORS 
A. P. Fraas, ANP Division 

An extensive description of a proposed reflector- ated reactor cr i t ical experiment i s  discussed in 
moderated circulating-fuel reactor suitable for sec. 5, and shielding configurations applicable to 
powering an aircraft was presented in the previous this reactor are described in  sec. 14. - 
report. ( l )  Subsequent studies of the full-scale 
power plant system have included an examination 

R E A C T O R C O N T R O L  

of reactor control, and a revision of calculations 
on the basis of new data from the cri t ical assembly 
of this reactor configuration. The reflector-moder- 

The control problems of the full-scale power plant 
are being examined. The f lu id flow rates, transit 
times, and thermal capacities for the various ele- 
ments of  the full-scale 206megawatt sea-level - 
aircraft power plant are presented i n  Table 3.1. 
These values should be considered as those for a 

( l ) A .  P. Fraas et a/., ANP Quar. Prog. Rep. Mor. 70, 
1953, ORNL-1515, p. 41-84. 

TABLE 3.1. FULL-SCALE 200-MEGAWATT SEA-LEVEL AIRCRAFT POWER PLANT SYSTEM DATA 

NaK in each radiator core c i r cu i t  

NaK i n  radiator header drums 8 I b  
NaK in radiator tubes 

NaK in 3.3-in.-ID 20-ft-long out let  l ine 

NaK in  3.3-in.-ID 20-ft-long in le t  l i ne  

8 
50 
56 

NaK in intermediate heat exchanger 28 
_I 

NaK f low ing  in ent i re c i rcu i t  150 
NaK i n  header tank 30 - 
Total NaK i n  each system 

Total  NaK for each engine 

Tota l  NaK in complete power plant 

180 
720 

2880 Ib 

NaK f low rate through each radiator c i r cu i t  (for a 400'F ht and a 12,500-kw heat 

reject ion rate) 2.5 f t3/sec or 120 Ib/sec 

NaK transi t  t ime through system 

NaK transi t  t ime through intermediate heat exchanger 

NaK transi t  t ime through radiator tubes 

Fue l  in core c i r cu i t  ( f lawing) 

Fue l  in header tank 

Fue l  in core 

Fuel  f low rate 

Fuel c i r cu i t  t rans i t  t ime 

Thermal capaci t ies of power plant 

Radiator cores ( I  b) 
L ines  and pumps 

NaK (flowing) 

Intermediate heat exchanger 

To ta l  for NaK systems 

Fue l  

To ta l  for power plan4 

1.25 sec 

0.23 sec 

0.067 sec 

6 f t3  
1 f t 3  

1.2 f t3  
12.0 ft3/sec 

0.5 sec 

600 Btu/OF 
25 0 
600 
250 - 

1700 Btu/OF 

300 Btu/OF 

2000 Btu/OF 

- 
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Core diameter, in. 

Escape factor for neutrons* 

Escape factor for 3-Mev gammas 

Fuel vo lume  in core, f t  3 

typical case; considerably less favorable values 
might be required with some designs (for example, 
NaK l ine lengths would be considerably greater for 
designs with engine nacelles in the wings), while 
on the other hand, more favorable values might be 
obtained for some of the other factors through 
design changes, with small penalties in turbojet 
engine weight or performance. 

It i s  important to note that the NaK transit time 
for the intermediate heat exchanger is 0.23 sec, 
which shows that even i f  a step change in NaK 
temperature could be effected i n  the secondary 
circuit, such a temperature change would be damped 
out over a period of more than 0.23 sec in the 
intermediate heat exchanger. It i s  interesting to 
note, too, that the combined thermal capacity of 
the fluoride and NaK circuits i s  2000 Btu/sec; 
hence, even i f  the reactor were operating at 200 

- 
14.3 18 22.7 28.5 

0.40 0.35 0.32 0.29 

0.47 0.43 0.39 0.35 

0.625 1.25 2.5 5 

megawatts and heat removal in the engine radiators 
was stopped instantaneously (something that would 
be impossible to effect), the temperature i n  the 
reactor could not r ise at a rate greater than 1OOOF 
per second. Thus the negative temperature co- 
eff icient of the reactor should be able to cope with 
a condition even so impossibly severe as th is with 
a wide margin of safety. 

G E N E R A L  DESIGN P A R A M E T E R S  

Several parameters of importance in  both control 
and shielding calculations have been compiled i n  
Tables 3.2 and 3,3 for a variety of reactor power 
outputs and core diameters. A constant power 
density of approximately 10,OOO kw/ft3 i n  the 
intermediate heat exchanger was assumed for a l l  
cases. 

TABLE 3.2. FUEL VOLUME I N  CORE AND FAST-NEUTRON ESCAPE FOR VARIOUS CORE D1AMETERS 

Constant Heat Exchanger Power Density: 10 Megawa+ts/ft3 

*Fraction of neutrons escaping from reactor core as fast neutrons. 

REACTOR 
POWER 

(megawatts) 

50 

100 

200 

40 0 

TABLE 3.3. FRACTION OF FUEL I N  HEAT EXCHANGER FOR VARIOUS 
REACTORPOWERSANDCORE DIAMETERS 

Constant Heat Exchanger Power Density: 10 Megawotts/ft3 
I__._- 

EXCHANGER 
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4. REACTOR PHYSICS 
W. K. Ergen, ANP Divis ion 

A review of the status of the work on kinetics 
of the circulating-fuel reactor brings out three main 
points: (1) permanent introduction into the reactor 
of more than 1% of the total uranium investment 
i n  excess of the amount of uranium required to 
make the reactor crit ical, has to be avoided or 
quickly compensated for by control rods or the 
reactor wil l  be damaged by the resulting permanent 
r i se  in the equilibrium temperature, (2) oscil lations 
in reactor power w i l l  donip out quickly i f  the 
reactor can be regarded as r ig id  and the flow 
pattern remains constant, and (3) following a sudden 
introduction of excess reactivity, no serious over- 
swings i n  power and in temperature are expected. 
The possibi l i ty of an excessive pressure surge has 
not yet been ruled out, 

A number o f  results were obtained by further 
analysis of the cri t ical experiment data for the 
ARE, The reactivity values of both the regulating 
and the control rods, as well as the axial and the 
radial cadmium fractions of  the reactor, have been 
determined, The cri t ical mass is, however, s t i l l  
uncertain. Since the earlier estimate(') of 28 Ib 
was made, the coolant composition was changed to 
eliminate the highly absorbing potassium. This 
would allow a reduction in cri t ical mass, but other 
revisions in the calculations, such as revision of 
the data on the absorption of Inconel, increase the 
cr i t ical  mass. 

KINETICS OF A CIRCULATING-FUEL R E A C T O R  
W. K. Ergen, ANP Division 

If a disturbance is  introduced into a reactor, the 
kinetic behavior of the reactor introduces three 
problems: (1) the behavior at long times after the 
disturbance, (2) the question of whether osci l-  
lations init iated by the disturbance build up or are 
damped, and (3) the extent of the f irst overswing 
of reactor power, temperature, and pressure. 

Behavior at Long Times After a Disturbance. It 
i s  known that an excess reactivi ty Ak introduced 
into a reactor wi th a negative temperature coef- 
f icient -a, sets up a new equilibrium temperature 
which exceeds the original equilibrium temperature 
by AT = &/a. Thus i f  a = 10-4/0C and hk = 196, 
-____ ~ ___ 

'"W, B. Cottrell (ed.), Reactor Program of the A i r -  
craft Nuclear Propulsion Projec t ,  ORNL-1234, p. 45 
(June 2, 1952). 

AT = 100°C, which is barely tolerable. However, 
i f  a were smaller or hk greater, the reactor would 
be in danger. A M of 1% can be caused, for 
instance, by introducing into the reactor 3 to 4% 
more uranium than is required for cr i t ical i ty, that 
is, less than 1% of the total uranium investment. 
The HRE, with its much larger temperature coef- 
ficient, can tolerate much more excess fissionable 
material in the core; but, on the other hand, the 
large concentration differences occurring i n  the 
HRE fuel are mainly due to  the reprocessing of 
the fuel circulation, and such reprocessing will  
not be attempted during the operation of the ARE. 
Though the possibi l i ty of bringing excess fission- 
able material into the reactor is more QT less a 
specific dif f iculty of the circulating-fuel reactor, 
other aircraft reactor proposals have similar prob- 
lems, such as the possibi l i ty of the deformation 
of voids or the compression of supercritical low- 
density water. 

It has been shown thut the circu- 
lat ion of the fuel causes damping of power ostil- 
lotions of the reactor. This damping can now be 
demonstrated, even in  cases in which the power 
distribution varies along the fuel path and perpen- 
dicularly to it and in cases in which different fuel 
particles have different transit times through the 
reactor. Also, this damping i s  added to  the damping 
afforded by whatever delayed neutrons are left, and 
there is no destructive interference between the 
damping by delayed neutrons and the damping by 
circulation. However, the present theory i s  as yet 
incomplete, because it does not take into account 
possible mechanical deformation of the reactor or 
variation in the hydrodynamic flow of the fuel. 

Oscillations. 

Professor Cornel ius Weygandt has obtained, on 
the differential analyzer of the University of Penn- 
sylvania, a few numerical solutions to the kinetic 
equation of a circulating-fuel reactor, and some of  
them are shown in Fig. 4.1. The solutions refer 
to the constant-power-d istr i  but ion cons tan t-trans i t- 
time case without delayed neutrons. It was as- 
sumed that at times t < 0, the transit time is equal 
to the period p of the oscil lation. At t = 0, the 
transit  time changes, while a l l  other parameters 
of the equation remain constant. Figures 4.10 and 
4,lb refer to a smal l  oscillation; for the undamped 
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Fig. 4.1. Differential Analyzer Solutions to the 
Kinet ic Equation o f  a Circulating-Fuel Reactor. 

condition at t < 0, the maximum and minimum power 
deviate by only , l% from p 0 .  At t = 0, the transit 
time in Fig. 4.10 abruptly gets 10% smaller than 
the period o f  the undamped oscillation, and i n  
Fig. 4.16, 10% greater. 'The osci l lat ion i s  practi- 
ca l l y  sinusoidal, and the damping i s  rather weak, 
though present. Figures 4,k, 4,ld, and 4.le use 
a different scale and refer to a more violent osci l-  
lation. In  the undamped condition, the maximum 
of the osci l lat ion i s  6,s times P,, and the minimum 
is  only 0.01 p0; that is, the reactor almost shuts 
i t se l f  off. At t = 0, the transit time jumps to 0.9, 
1.1, o ld  1.5 times the period of the undamped 
osci l lat ion in Figs. 4.lc, 4,ld, and 4.le, respec- 
t ively. Figures 4 . 1 ~  and 4,ld show that the 
damping i s  small i n i t ia l l y  because of the snioll 
deviation of the transit time from the period. As 
the amp1 itude decreases, the period decreases. In 
Fig. 4,lc, this means that the period more closely 
approaches the transit time, and hence the damping 
decreases. In Fig. 4.14 the opposite is the case. 
In Fig. 4.le, the large deviation of the transit time 
from the period results in strong damping during 
the f i rs t  cycle. Then the period happens to  have 
decreased to  one half the transit time, and the 
osci l lat ion continues essentially undamped. It 
should be noted, however, that undamped oscil- 
lations of th is  kind are unstable, because CI small 
disturbance which decreases the amp1 itude and 
hence the period would "detune" the system and 
cause further damping. More important, the possi- 
b i l i t y  o f  undamped oscil lations is  largely a conse- 
quence o f  the simplifying assumptions used in  the 
computation, in particular, the assumptions of 
constant t ransi t  time and of  constant power and 
flux distribution. Under more general Conditions, 
the undamped oscil lations are much less l ike ly  
to occur, and with proper design, their Occurrence 
can be prevented, 

The f i r s t  Overswing Following a Disturbance. 
Sufficient work has been done to show that under 
conditions envisaged for the aircraft reactor, even 
a sudden application of considerable excess reac- 
t i v i t y  w i l l  only result in  a moderate temperature 
overswing, However, since this temperature in- 
crease occurs in a short time, it is not easy to 
show, and it has not yet been shown, that the fuel 
expans ion occurs without accompanying large pres- 
sure surges. 
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STATICS Q F  THE CIRCULATING-FUEL ARE 
CRITICAL EXPERIMENT 

C. B. Mills, ANP Division 

The analysis of the data of the ARE Crit ical 
Experiment i s  not yet complete. However, several 
interesting results have been obtained, 

1. The multiplication constant of the reactor 
with a simple loading pattern of about 61 tubes in 
the 70 fuel-coolant tube holes(2) in the core was 
recalculated, and a l l  the correction factors now 
known were used. The result was 1.003, as com- 
pared with the experimental value of 1.000. As 
reported previously,(3) the assembly also went 
c r i t i ca l  wi th Q higher U235 concentration and about 
42 fuel tubes. Recalculation of this arrangement 
gave a multiplication constant of 1.009. These 
sl ight errors are consistent with a sl ightly in- 
correct value for neutron channeling from the un- 
f i l l ed  fuel-tube holes, No large errors have as yet 
been found. 

2. The danger coefficient of Inconel, the struc- 
tural material to be used in the hot ARE, was 
inconsistent with the assumed absorption cross 
section of the material. An error was found in  the 
basic data which increosed the values o f  the 
thermal macroscopic absor t ion cross section from 

ficient for lnconel thus changed from 0.170 to 
0.231, and the predicted cri t ical mass of  the ARE 
was increased by about 4 Ib. Previously,(’) a 
value of  28 Ib was predicted as the uranium re- 
quired in the ARE core. However, since that 
prediction was made, the fuel and reflector coolant 
were changed in composition and the highly ab- 
sorbing potassium was eliminated. The lnconel 
correction and the elimination of the potassium 
almost compensate for each other, but because of 
the possibi l i ty of  other corrections, the cri t ical 
mass is s t i l l  somewhat in doubt, 

0.310 cm-’ to 0.356 cm- P . The reactivity coef- 

3. The computed and the experimental cadmium 
fractions, both radial and axial, for the ARE (CA-8) 
are given in Fig. 4.2. The discrepancy at the core 
boundary i s  largely due to the assumption of core 
homogeneity, with the boundary specified by the 
mean f irst neutron col l ision distribution. 

(2)D. Scott and C. B. Mills, ANP Quar. Prog.  Rep. 
S e p t .  10, 1952, ORNL-1375, p. 43. 

(3)D. Scott, C. B. Mills, J .  F. Ell is,  0. V. P. Williams, 
ANP 3uar. Prog. R e p .  Dec .  70, 7952, ORNL-1439, p. 54. 

4. The assumed cos2 B for control rod sensi- 
t i v i t y  and the cos2 8 d8 for control rod value are 
compared to the experimental values i n  Fig. 4.3. 
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Fig, 4.2. Radial and Axial Cadmium Fraction in 
the ARE Crit ical Experiment. - 
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Fig. 4.3. Control Rod Values for the ARE Crit- 
ical Experiment. 
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5.  Computed and experimental values for the 
cadmium fraction vs. computed values for per cent 
thermal f iss ion are shown in F ig .  4.4. 

eif' 
6. The three safety rods are worth 13% i n  k 

T h i s  i s  twice the value required to reduce t e 
aperating ternperatwe ?OOQ°F. T h e  preliminary 
guess for the value of the rods had been 35%.(4) 

(4)'#. 8. Cottrell (ed.), Reactor Program of the  Air- 
craft Nuclear Propulsion Project, ORNL-1234, p .  49 
(June 2, 1952). 

Fig. 4.4. Per Cent Thermal Fissions as  a Func- 
tion of the Cadmium Fraction for the Bare ARE. 
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5. REFLECTOR-MODERATED REACTOR CRITICAL EXPERIMENTS 

A. D. Call ihan 
D. V. P. Williams 

R. C. Keen 
J. J. Lynn 

Physics Division 

D. Scott C. 8. Mi l l s  
ANP Division 

The second cri t ical assembly of the reflector- 
moderated circulating- fuel reactor was described 
previously.(’) The fuel, a mixture of ZrO,, NaF, 
and C (66-24-10 wt 5%) with sufficient enriched UF, 
added to make the U235 density 0.2 g/cm3, was 
placed around a central “island” of beryllium and 
was, in turn, surrounded by a beryll ium reflector. 
The cr i t ical  mass of this system was 7.7 kg  of 
u235. 

distribution has been remeasured in  the same 
location, with the f ission rate reduced in the ends 
of the fuel coolant channels by shielding the chan- 
nels on four sides with bora1 sheets 0.25 by 2.87 
by 9 inches. (Bora1 i s  a mixture of aluminum 
powder and boron carbide sandwiched between 
aluminum sheets; the boron thickness i s  0.25 
g/cm2.) Figure 5.1 gives the two power distr i-  
butions normalized at a point 5.25 in. from the 

POWER DISTRIBUTION mi d-plane. 

The power distribution and the method used in 
obtaining it in a direction parallel to the reactor 
axis were given in a previous report.(,) The power 

(’ID. V. P. Wil l iams et of., ANP &or. Prog. Rep,  

(2)lbid. ,  p.  58. 
Mar. 70, 1953, ORNL-1515, p. 53. 

DISTANCE FROM REACTOR MID-PLANE (in 1 

Fig. 5.1. Power Distribution Paral lel to Axis of the Reactor. 
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L E A K A G E  FLUX 

The fast neutron leakage through the end of the 
reactor, both with and without the boral around the 
fuel coolant channels, was measured by a f ission 
chamber placed outside the end reflector and 
perpendicular to the axis of  the reactor. The 
chamber was l ined with almost pure U238 und 
covered with boral. For measurements of the fast- 
neutron leakage through the side of the reactor, 
the chamber was placed in the mid-plane outside 
the reflector and parallel to  the axis of the reactor. 
The fast-neutron leakage f lux through the end was 
30 times the corresponding flux through the sides 
without the boral around the fuel-coolant chanvels, 
and only about s ix times the f lux through the sides 
with the boral shield in place. Of course, th is 
reduction in fast-neutron leakage causes some loss 
in reactivity; the introduction of the boral on one 
end reduces the K by 2%. 

e / f  
CONTROL ROD MEASUREMENTS 

The loss in reactivi ty as a function of  the po- 
sit ion of a Y16-in. stainless steel tube f i l l ed  with 
boron when inserted along the axis into the island 
of  the reactor i s  shown in Fig. 5.2. The boron 
density was about 9.14 g per inch of  the 9.1375 
in.-ID tubs, OF about 50% of the theoretical density. 
A sol id stainless steel rod of the some size in- 
serted along the axis to the mid-plane gave a loss 
in reactivi ty of 5 cents. 

DANGER COEFFBClENT ~~~~~~E~~~~~ 

A large nunaber of  danger coefficient measure- 
ments were made with the test material placed i n  
both the fuel and reflector regions. The results 

Fig. 5.2. Change in Reactivi ty Produead by 
Borm-FiIled Rod as Q Function of  I t s  Posi t ion 
Along Reactor Axis. 

are reported in Table 5.1. The last two columns 
l i s t  the change in  reactivi ty which occurred when 
an empty test space was f i l l ed  with the sample. 
The samples o f  Li7, KF, NaF, Zr, Cr, and RbF 
were in aluminum containers Yl6 by 21/2 by 9 in., 
which had \,-in.-thick walls. These containers 
were assumed to have no significant effect on the 
reactivity. The sample of sodium was contained in 
a thin stainless steel can, The reactivi ty value 
o f  the can when empty was compared with that 
obtained with the sample in place to obtain h e  
reactivi ty value for sodium. The other materials 
required no containers. The long dimensions of 
the samples were parallel to  the reactor axis, and 
the samples were symmetrically l ~ c a t c d  about the 
mid-plane. When in the reflector, the samples were 
placed about 12 in. from the axis. In this location 
the total neutron f lux was greatest.(3) 

The reactivi ty change incurred by the substitution 
of a sample of D,O for beryllium was measured at 
three locations in the assembly, The sample was 
99.2% D,Q and weighed 2,65 kg. It was placed ut 
the assembly mid-plane in  the island adjacent to 
the fuel, in  the reflector adjacent to the fuel, and 
i n  the reflector 3 in. from the fuel layer. In each 
of the f i rst  two locations the gain in reactivi ty 
resulting from the substitutions was 12 cents; in  
the latter position the reactivity was decreased 
24 cents. 

In the present design o f  a three-region reflector- 
moderated reactor, the fuel-coolant flows in en 
lnconel shell. ( 4 )  To evaluate the loss  i n  reactivi ty 
caused by the insertion of such a poison around 
the fuel region, k-in.-thick stainless steel sheets 
9 in. long were placed around one-quarter of the 
fuel annulus. The section covered was symmetri- 
cal  about the mid-plane. The addition of this 
stainless steel resulted in  a 1.4% loss in reactivity, 
which was compensated far by the addition of  
468 g of  U235 distributed in the fuel region. 

C O R R E L A T I O N  W I T H  T H E O R Y  

Theoretical extrapolation of the various measure- 
ments, as well  as of the danger coefficient meas- 
urements presented in Table 5.1, indicates that 
the distribution of 1 vol % of  lncoi-iel throughout 
the moderator and the addition of a b-in.-thick fuel- 
coolant container would iiicraose the cr i t ical  mass 

~~ 

(3) /bid. ,  p. 60, Fig. 4.22. 
(4)lbid. ,  p.  62, Fig. 4.25. 
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T A B L E  5.1. DANGER COEFFICIENT MEASUREMENTS 

SAMPLE 

l.i7 

K F  

NaF 

Zr 

Cr 

RLF 

In con el 

Ni 

Pb 

Pb 

Stainless Steel 

Stainless Steel 

Stainless Steel 

Be 

N3 

Bi 

Graphite 

Graphite (Density, 1.72 g/cm3) 

Graphite (Density, 2.0 g/crn3) 

Be0 

SAMPLE WEIGHT 

( 9) 

152.4 

198.0 

97.2 

287.7 

249.4 

156.3 

1956.4 

2061.0 

2544.8 

4592.7 

1990.4 

3195.0 

995.2 

753.6 

366.9 

3931.8 

376.2 

700.1 

825.6 

375.5 

-. 

SAMPLE 
SIZE* 

-.__I 

A 

A 

A 

A 

B 

B 

A 

A 

C 

D 

C 

D 

E 

D 

D 

D 

A 

D 

D 

F 

-. 

REACT1 V I  TY CHANGE (cents/g) 

In Fuel 

0.0000 

-0,0162 

-0.0058 

t 0.0 150 

-0.0237 

+0.0118 

-0.0276 

-0.0274 

-0.0008 

-0.0243 

+0.0108 

In Reflector 

-- 0.04 15 

-0,0578 

-0.0354 

- 0.0498 

-0.0680 

+0.0026 

-0.0448 

-0.0437 

-0.0007 

-0.0012 

-0.0385 

-0.0233 

.--0.0509 

+0.0090 

-0.0 190 

+0.0006 

+0.0043 

i-0.0064 

+0.0065 

t0.0055 

* A  = ?,6 by 5 by 9 in. D = 1 by 2% by 8% in. 

E = '/B by 5% by 9 in. 
7 7 F = /a by 2 4  by 5 in. 

B = ?,6 by 2 4  1 by 9 in. 

C = '/4 by 5 4  by 9 in. 3 
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to about 40 Ib, compared with 17 Ib for the cr i t ical  
experiment not containing the Inconel. A cr i t ical  
mass of only 30 Ib results i f  the pressure shell i s  
only 1/8 in. thick and the Inconel structure in the 
reflector decreases rapidly from 1% at  the core- 
reflector interface to 0.04% at the outside of the 
reflector, wi th the average being 0.2%. This distri-  
bution i s  probably a good approximation to the 
distribution in an actual reactor. 

The cadmium fraction for one point at the tore- 
reflector interface of  the reactor was previously 
reported(3) to  be significantly different from the 
computed value. The discrepancy has now been 
resolved by shif t ing the rodial coordinate in the 
computation to properly take into account the void 
which existed at the boundary. Figure 5.3 shows 
the revised computed curve; some difference s t i l l  
exists between the shapes of the experimental and 
the theoretical curves. These differences may be 
due to (1) the deviation of the experimental, f lat  
geometry from the spherical geometry assumed in 
the computation, (2) boundary effects not quite 
accurately described by simple diffusion theory, or 
(3) the radial orientation of the foi ls i n  the experi- 
ment. The radio1 orientation makes locating the 
effect ive centers of the foils dif f icul t  in the rapidly 
varying flux. 

m 
DWG 19902 

INCHES 

Fig. 5.3. Computed vs. Experimental Indium 
Activation and Cadmium Fractions at the Fuel- 
Coolant-to-Reflector Interface o f  the Reflector- 
Moderated Reactor. 
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INTRODUCTIOW AND SUMMARY 
The research on high-temperature l iquids has 

been primarily concerned with the detailed study 
of the complicated NaF-ZrF,-UF, system, the 
production of the fluorides required by the ARE, 
and, to a lesser extent, wi th other halide systems 
containing UF, or UCI, (sec. 6). The pseudo- 
eutectic that has been shown to exist  at or near 
the composition 65-15-20 mole % i s  now designated 
as the ARE fuel concentrate. Although i t s  melting 
point (515OC) i s  comparable to that of the previ- 
ously considered 50-25-25 mole % mixture, the 
new mixture i s  the more desirable, since it does 
not segregate on cooling and, i n  addition, has a 
lower vapor pressure. Use of this new fuel- 
concentrate in conjunction with the NaZr F, carrier 
results in a fuel composition of 53-43-4 mole 76 of 
NaF-ZrF4-UF4. Construction o f  the faci l i t ies for 
production of these fluorides in the quantities 
required by the ARE i s  complete. These faci l i t ies 
provide for the necessary purif ication by hydrogen- 
ation-hydrofluorination to effect the removal of 
such corrosive contaminants as NiF,, FeF,, and 
CrF,. 

The recent corrosion studies have been almost 
entirely devoted to the general problem of the 
corrosion of  lnconel by fluorides (sec. 7). Other 
studies include secondary systems associated with 
the ARE, such as fluorides on SteIl ites and be- 
ry l l ium oxide in sodium, as wel l  as the longer 
range problem of mass transfer in lead. The cor- 
rosion of lnconel by the fluoride fuel NaF-ZrF4- 
UF4 (50-46-4 mole X) has been reduced to around 
5 mils i n  500 hr, and the corrosion mechanism i s  
now fairly we l l  established. The corrosion rate 
decreases with time and i s  primarily a function of 
the fluoride contaminonts NiF and FeF,, which 
react with the chromium in the metal. At present, 
the attendant fo rmt ion  of UF, l imi ts the extent 
to which the NiF and FeF, contaminants may be 
removed from the fuel. With regard to beryll ium 
oxide in sodium, i t  has been fair ly wel l  established 
that the corrosion mechanism i s  in real i ty only the 
mechanical erosion of the beryll ium oxide surface. 
In convection loop tests of various metals i n  lead, 
only molybdenum and columbium did not show any 
mass transfer, while type 446 stainless steel 
showed a s l ight  amount, Other metals, including 
lnconel, Armco iron, and types 304 and 347 stain- 
less steel, showed extensive mass transfer. 

We I di ng, br az i ngr c reep-r upture tests , deve lop- 
ment of cermets, and the fabrication of various 
pieces of equipment constitute the metallurgical 
research program (sec. 8). Manual inert-arc welds 
have been successfully applied to tube-to-header 
heat exchanger welds which did not lend them- 
selves t o  the semiautomatic cone-arc technique. 
The f lowabil i ty of the Nicrobraz haz ing  al loy 
used to assemble the liquid-to-air radiator section 
is adversely affected by the presence of nitrogen. 
The use of h igh-conductivi ty oxidation-res i s t  ant 
fins for these radiators i s  obviously desirable. 
Coating copper with chromium, nickel, Inconel, 
and stainless steel hus been undertaken. Several 
copper al loys show promise as f in  material. 
Creep and stress-rupture tests in air, argon, hy- 
drogen, and fluorides indicate that lnconel and 
nickel  are more sensitive to  environmental changes 
than are the austenitic stainless steels. The 
creep rate of lnconel in fluorides is comparable 
to that in argon. Of the several methods for the 
fabrication of spherical sol id fuel elements that 
were investigated, forcing the molten alloy through 
a small ori f ice produced the most uniform and 
least oxidized particles. Numerous compacts with 
14 vol 76 MoS, have been hot pressed for use as 
pump seals. 

While the physical properties of molten fluorides 
and hydroxides are being measured at temperatures 
of up to looO°C, the heat transfer characteristics 
of these liquids are being studied in various 
systems (sec. 9). Among the physical property 
measurements pertinent to the ARE are (1) the 
viscosity of the recently designated ARE fuel 
NaF-ZrF,-UF, (53-43-4 mole %I, which decreases 
from 13.5 cp at 620T to 8.8 cp at 757"C, (2) the 
density of this fluoride, which is 3.5 g/cm3 at 
653OC, and (3) i ts vapor pressure, which ranges 
from 4.5 mm Hg at 790°C to 39 mm Hg at 958OC. 
The experimental velocity profi les which have 
been determined in a convection system differ 
signif icantly from the parabolic characteristic of 
isothermal laminar flow. Forced-convection heat 
transfer for the NaF-KF-L iF eutectic-Inconel 
system in 0.175-in.-ID tubes is one half that for 
a comparable fluoride-nickel system, probably be- 
cause of a corrosion layer found on the Inconel 
surface. A mathematical analysis has been made 
of  the effectiveness of a reactor coolant with 
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regard to  duct dimensions and spacing, amount 
of  heat to  be removed, coolant temperature rise, 
and coolant physical properties. 

The radiation damage studies w e  primarily con- 
cerned with the evaluation of the results of the 
fluoride-lnconel samples irradiated in the LlTR 
and MTR, as well as the effect of radiation on 
creep and thermal conductivity. An inpi le fluoride 
loop is being constructed (sec. 10). The irradiated 
fluoride-containing lnconel capsules show on inter- 
granular attack of up to 3 mils, which does not 
occur in control samples, Chemical analyses of 
these fluoride mixtures indicated uneven distr i-  
bution of uranium. Cantilever-type creep measure- 
ments made on lnconel in c1 helium atmosphere in 
the LlTR indicated no serious change in  creep 
properties as a result of irradiation; also, there 
was no significant change in the thermal conduc- 
t i v i t y  of nn lnconel specimen irradiated in the 
MTR. 

The analytical studies of  reactor materials in- 
clude the development o f  chemical, petrographic, 
and x-ray analyses of fuel compositions and/or 
identification of fuel corrosion products (sec. 11). 
A procedure, which uses BrF as a reagent, has 
been developed for the determination of oxygen in 
fluorides. The determination of zirconium in  fuels 
may be made volumetrically by the use of p- 

bromomandelic acid as a reagent, or colorimetri- 
ca l l y  wi th reference to zirconium al izarin sulfonate. 
“Tiron” i s  shown to be a suitable reagent for the 
determination of uranium. The concentrations of 
UF, and Zr’ in  NaF-ZrF,-UF, (50-46-4 mole %) 
have been determined by the evolution of  hydrogen, 
upon treatment of  the  mixture with hydrochjoric and 
hydrofluoric acids, Optical data, from petrographic 
examination, are reported for many new f luwide 
compounds. 

Studies of reprocessing of  fluoride fuels indicate 
that reprocessing may be accomplished readily i n  
exist ing faci l i t ies (sec. 12). Although the NaF- 
ZrF,-UF, (50-46-4 mole %) fuel was used in these 
studies, the information obtained i s  generally 
applicable to  other compositions within th is 
system. After an aqueous solution o f  the fluoride 
that i s  suitable for solvent extraction i s  obtained 
by reaction with di lute aluminum nitrate-nitric 
acid solution under ref lux conditions, the uranium 
can be recovered and decontaminated by solvent 
extraction in batch countercurrent runs with losses 
of less than 0.01%. Processing of the fuel in th is 
manner i s  possible in the present ORNL Metal 
Recovery Plant without major equipment additions, 
although the corrosion of  exist ing equipment w i l l  
be severe and some precautions w i l l  have to be 
taken to avoid cri t ical i ty. 
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6. CHEMiSTRY OF ~ ~ ~ ~ - T ~ ~ ~ ~ ~ A ~ ~ ~ ~  LIQUIDS 
W. R. Grimes, Materials Chemistry Div is ion 

An effort is being made to obtain a better under- 
standing of  the solid-phase relationships in the 
very complicated NaF-ZrF4-UF, system because 
o f  i t s  importance to the aircraft reactor program. 
Some additional thermal data were obtained, but 
the greater number of samples prepared was for 
solid-phase studies. A pseudoeutectic has been 
shown to exist  at or near the composition 65-15-20 
mole %, and it has been tentatively designated as 
the ARE fuel concentrate rather than the previously 
considered 50-25-25 mole % mixture. Data on a few 
compositions in the RbF-ZrF,-UF, system indicate 
that th is  system may possible be o f  interest as a 
fuel material. Because of the current interest in  
BeF, pump seals, the change in the melting point 
of the 50 mole % NaF-46 mole % ZrF,-4 mole % 
UF, mixture when various amounts o f  BeF, a r e  
added was restudied. 

Studies of the phase diagrams of  mixtures of 
metal and uranium halides, other than those con- 
taining UF,, have continued. Several binary 
fluoride systems containing UF, have been ex- 
amined, but no satisfactory phase diagrams have 
yet been obtained. Lack of  suff iciently pure IICI, 
has hampered the thermal analysis of  chloride 
system; however, low-meiting-point compounds are 
indicated in several mixtures. 

Modifications of  the hydrogenation-hydrofluori- 
nation process previously described for the fuel 
preparation have been studied on laboratory and 
p i lo t  scales. There has been considerable study 
of the k inet ics of removal of HF from the melts by 
stripping with helium and hydrogen, and efforts 
have been made to evaluate the kinetics of re- 
duction of NiF,, FeF,, FeF,, CrF,, and UF, by 
hydrogen in these melts. It appears that stripping 
of the HF by use of hydrogen rather than helium 
i s  to be preferred, since more complete rernoval of 
the structural meto) fluorides w i l l  be effected at 

the same time. 
Construction of  the equipment for production of 

3000 Ib of  ARE fuel solvent (NaZrF,) i s  complete, 
and preliminary test ing of the equipment has been 
satisfactory. Production o f  th is material i s  sched- 
uled for June and early July. 

X-ray dif fract ion studies have been made on two 
fluoride mixtures to establish the compounds and 
phases found in the respective melts. The mixtures 

studied were NaF-UF, (75-25 mole %) and NaF- 
ZrFd (50-50 mole %)* Several ternary phase regions 
were also examined, and the  x-ray data, together 
wi th petrographie observations for compounds found 
i n  these regiens, are presented. 

FUEL M I X T U R E S  C O N T A & N I N G  19F4 

L. M. Bratcher J. Truitt 
C. J. Barton 

Materials Chemistry Division 

The discovery that UF, sepa- 
rates from the mixture NaF-ZrF,-UF, (50-25-25 
mole %) when cooled without eff icient stirring made 
t h i s  mixture undesirable Q S  a fuel concentrate for 
the addition o f  enriched uranium to the ARE. The 
need for a nonsegregating composition with CI high 
uranium concentration was all so demonstrated i n  
radiation damage studies. 

X-ray diffraction data for compositions on the 
NaUF,-Na,ZrF, l ine indicated that these corn- 
pounds may form the pseudobinary system for 
which thermal data are shown in Fig. 6.1. The 
data seem to indicate a minimum composition at 
about 45 mole % NaUF, (22.5 mole % UF,). Haw- 
ever, petrographic examination of the 40 wd 45 
mole % compositions showed that both compositions 
had the appearance of a eutectic (aggregates of 
very fine-grained crystals), and the results of 
settling tests (cf., “Analytical Studies of Reactor 
Materials,” sec. 11) seem to indicate that the 
lower concentration of NaUF, i s  cjoser to the 
eutectic. This composition (NaF-ZrF,-UF,, 65- 
15-20 mole %) is, at present, tentatively designated 
as the enriched-uranium composrtion for ARE 
startup. 

It seemed undesirable to change the composition 
of the uranium-free fused salt (NaZrF,) that w i l l  
be circulated in the reactor before the addition of 
uranium. Mixing the new uranium-rich cornposition 
wi th NiaZrF, in the proper proportions results in a 
fuel with the composition NaF-ZrF,-IIF, (53-43-4 
mole a). Th is  mixture shows a melting point of 
520°C, which i s  approximately the  s a m e  as that of 
the 50-46-4 mole % fuel composition previously 
considered, Vapor pressure data for d t i ~  new duel 
composition are reported in  sec. 9, “Heat Transfer 
and Physical Properties.” 

NaF-ZsF,-UF,. 
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_l_l 

COMPOSlTlON 
(mole % RbUF5) 

__- 
4 

8 

12 

14 

20 
__I I._._........_._.. 

Na3ZrF, (0  20 3 0  40 50 60 70 80 90 NoUF5 

NoUF5 (mole %) 

THERMAL EFFECTS 
("C) 

..I._._.I__ _. 

400, 385 (halt) 

400 (halt) 

560, 400 (ha I t )  

505, 400 (halt) 

575, 400 (halt)  

Fig. 6.1. The System Nlo,ZrF,-NaUE,. 

RbF-ZrF,-UF,. The low melting point of  RbZrF,, 
recently redetermined to be 405 k 5"C, makes this 
material seem attractive as a possible base for a 
fuel preparation. Mixtures containing various 
proportions o f  RbZrF, and RbUF, (melting point, 
710 k 10°C) were prepared, and data on thermal 
effects were obtained from cooling curves (Table 
6,l) .  

Thermal data for the 92 mole 76 RbZrF,-8 mole 
% RbUF, mixture were checked on samples pre- 
pored in sealed capsules. This material showed 
CI halt only at 402"C, which i s  the lowest melting 
point yet recorded for a nonberyllium fluoride 
mixture containing as much as 4 mole % UF,, For 
mixtures with higher uranium concentrations, the 
rather sharp r ise in the melting point probably 
indicates the formation of  a higher melting complex, 
such as Rb,UF, (melting point, 990OC). Further 
work on this system wi l l  be undertaken as the 
supply of RbF permits 

NaF-ZrF,-BeF,-UF,.  Data on mixtures result ing 
from the addition of BeF2 PO the binary cornpo- 
s i t ion w i th  NaF-ZtF,-UF, (50-46-4 mole 7%) were 
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CONCENTRATION 
OF BeF2 
(mole %) 

1 

2 

however, that l iquid probably exists in mixtures 
wi th 60 or 70 mole % BeF, at QS !ow Q S  430°C. 
The uranium concentration in these mixtures i s  
very low, and the data we of interest only i n  

-- 
THERMAL EFFECTS FROM 

COOLING CURVES 
(OC) 

ll_-.-.__ll 

510 (halt), 490 

520 (halt) 

5 

10 

20 

50 

60 

70 

493, 445 

476 (halt), 435, 365 

465 (hal t )  

602, 543, 444 (halt) 

505, 430 

620, 430 

80 1 880(?), 415 

connection with the possible use of BeF, in pump 
seals. 

FLUORIDE M I X T U R E S  C O N T A I N I N G  UF3 

Mater io Is Chemistry Division 

T. N. McVay, Consultant, Metallurgy Division 

Thermal analyses of binary mixtures of NoF- 
UF, and KF-UF,, supplemented by examination of 
t h e  sol id phases, have not, to dote, provided satis- 
factory information for the preparation of phase 
diagrams of  these systems. A number of compo- 
sit ions in other systems were prepared to aid in 
the identi f icat ion of the sol id phases occurring in 
reduced zirconium-base fuels. The complex com- 
pound 2ZrF, .UF3,  mentioned in  a previous re- 
port,(2) ha5 been definitely identified. Table 6.3 
shows the thermal data obtained from cooling 
curves and the optical data obtained from petro- 
graphic examinations for several preparations in 
the LIF,-OJF,-ZrF, system. 

V. S. Coleman C. J. Barton 

(2'W. C. Whitley,V. S. Coleman, and C, J. Barton, ANP 
Quar. Prog. Rep. Dec. 10, 1952, ORNL-1439, p. 109. 

T A B L E  6.3. THERMAL AND OPTICAL DATA FOR hlF3-ZrFq AND UF4-ZrF4 MIXTURES 

MOLECULAR COMPOSITION 

UF3-2ZrF4 

U Fa- ZrF4 

U F4.UF ,a2 Zr F 4  

UF4*UF3*4ZrF4 

UF4*3UF3-8ZrF4 

U F 4*U F 3* Zr F 

3 U F 4-8U F 3.Zr F 

15% UF4-35% UF3-50% ZrF4 

THERMAL EFFECTS ( O C )  

715, 631 

730 

742 

71 2 

735 

847 

784, 773, 600 

725, 590 

OPTICAL DATA 

Orange-red compound; RI*  = 1.556 

Ye l l ow  and brown crystals; R I  = 1.616; free UF3 

Predominantly brownish, some o l ive drab 

Predominantly o l ive drab; biax ia l  i-, alpha = 1.556, 
garnrria ;1: 1.568, 2V = 80 deg 

Mixture of olive-drab and red-orange str iated crystals 

Brown isotropic phase; alpha =: 1.560, gamma =: 1.568; 
s o m e  UF3 

Predominantly U F  surrounding brown-orange 4 
c r y s t a l s  of R I  = 1.56 to 1.57 

H o m o y e n e o u s  ol ive-drab phose dif ferent from the  1:1:4 
preporotian; uniax ia l  t-, pleochroic, alpha -= 1.570, 
gamma = 1.578 

Predarninontly olive drab, trace of  UF3 and brown- 

orange crystals 

*Refractive index. 
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C H L O R I D E  M I X T U R E S  CONTAINING UCI, 

Materials Chemistry Division 
R. J. Sheil C. J. Barton 

A consideroble part of the work wi th uranium 
tetrachloride during the past quarter was devoted 
to  efforts to obtain pure material. Neither subl i-  
mat ion of product from hexachloropropylene chlori- 
nation of UO, nor from chlorination of UH, pro- 
duced material of the desired purity, Although the 
accepted value for the melting point of UCI, is 
590'6, the highest melting point obtained t o  date 
from these preparations was 567oC. Plans have 
been made to  procure pure UCI, and pure UCI, 
prepared by vapor-phase chlorination of UO, with 
CCI, (and reduction of the UCI, wi th H2) from the 
Y-12 plant. 

Although one significant experiment i n  the KCI- 
UCI, system is  reported below, l i t t le  study of the 
NaCI-UCI , and KCI-UCI, systems was attempted 
during the quarter. This work w i l l  be resumed for 
f inal exploratory checking when sufficiently pure 
L K l ,  i s  available. Studies of the LiCI-UCI,, 
TICI-UCI ,, and L.iCI-KCI-UCI, systems were in- 
i t iated during th is period. The best material avail- 
able was used. 

KCI-UCI,. Thermal data obtained in  this labo- 
r a t ~ r y ( ~ )  indicated a eutectic between K,UCI, and 
KUCI, which melted at 320 5 10°C, while the 
previously published(4) diagram for th is system 
shows a melting point for this composition of about 
600°C. To ascertain whether CI sol id phase sepa- 
rates from the melt without giving a detectable 
thermal effect, a mixture containing 57 mole % 
KCI and 43 mole % UCI,, the approximate eutectic 
composition, was heated to 355"C, and a portion 
of the I iquid was drawn by suction through a fritted- 
glass filter. It was not possible to f i l ter the l iquid 
at lower temperatures, probably because of i t s  high 
viscosity. The comparison of observed and calcu- 
lated values for composition of the l iquid are 
shown below: 

The agreement between the calculated and the 
analytical results shows that no significant amount 
of material separated from the melt at 355OC and 
indicates that the previously accepted value for 
the melting point of th is composition is erroneous. 

LiCI-LBCI,, Thermal data for compos it ions in 
the LiCI-UCI, system containing 25, 40, and 75 
mole '% UCI, were reported in a previous study.(4) 
On the basis of the few compositions studied, it 
was reported that there were no compounds and 
that the eutectic temperature was 410 to 430°C. 
The thermal data obtained in this laboratory with 
the use of impure UCI, prepared by hexachloro- 
propylene chlorination of UO, are shown in Fig. 
6.2. The data are considered tentative and sublect 
t o  revision when purer UCI, becomes available. 
The values obtained thus fa- ugree reasonably well  
with those reported in the previous study, but they 
seem to  indicate that two eutectics melting at 
415°C (approximately 29 mole % UCI,) and 405°C 
(approximately 48 mole % UCI,) exist in the sys- 
tem. The compound Li2UCl, appears to melt con- 
gruently at 430 k 10'6; however, the flatness of 
the l iquidus curve suggests that th is compound i s  
rather unstable. The existence of the compound 
i s  not yet supported by petrographic examination, 
since compositions in th is region were too poorly 
crystal I ized to permit microscopic characterization 
of the solid phases. 

TICI-UC1,. 0-1 the basis of data obtained to 
date, it appears that there i s  a eutectic in the 
TICI-UCI, system at approximately 16.5 mole % 
UCI, which melts at 362 k 10°C ond a congruently 
melting compound T12UC1, which melts at about 
480 f 10°C. The data are subject to the reser- 
vations stated above regarding purity of materials. 

KCI-LiCI-UCI,. The f ive compositions studied 
t o  date in the KCI-LiCI-UCI, system were prepared 
by adding increasing amounts of UCI, (HCP 
product, as received) to the KCI-LiCI eutectic 
(41 mole % KCI; melting point, 352°C). The ad- _ .  

Found (X) Calculated (%) dit ion of 2 mole 76 UCI, to  the binary eutectic 
Potassium 10.9 10.8 raised the melting point about 16 deg, and subse- 

48.8 48.1 
quent additions of up to 20 mole % raised the 
melting point further. For UCI, concentrations 

Uranium 
w. 

__I ___- 

Mar. 70, 79-53, ORNL-1515, p. 108. 

of Uranium with Halides of the Alka l i  and Alkaline 
Earth Meta ls ,  M-251 (July 1, 1943). 

of up to  10 mole %, the cooling curves indicated 
the probable existence of a eutectic whose compo- 
s i t ion is not yet known which melts at 345OC and 
contains a very low of UCI,, At tile 
higher UCI, concentrations (30 and 35 mole % 

(,)R. J. Sheil and C. J. Barton, ANP Quar. Prog. Rep. 

(4)c. A. Kraus, Phose  Diagrams of Some C o m d s x  Salts 
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700 ,...... ~ , .  ...... I___ 

LiCl to 20 30 

I_ ........ .. I 
.......... . - i 

40 50 60 70 ao 90 UCI$ 

UCI, (mole %) 

Fig. 6.2. The System LiCI-UCI, (Tentative). 

UCI,), the cooling curves showed halts at approxi- 
mately 275OC. The halts are probably due to  a 
high-uranium eutectic in the v ic in i ty of the KCI- 
UCI, binary eutectic (43 mole % UCI,; melting 
point, 320 k 10T) .  Work on this system i s  con- 
tinuing. 

C O O L A N T  D E V E L O P M E N T  

L. M. Bratcher V. S. Coleman 
C. J. Barton 

Materials Chemistry Division 

Most of the work with coolants during the past 
quarter was devoted to  checking some of the 
results of earlier work and to preparing possible 
compounds for petrographic and x-ray diffraction 
examination. An effort was also made to extend 
the data on the binary ZrF, systems to  higher 
ZrF, concentrations through the use of sealed 
capsules. It seems l ikely that a part of the earlier 
data on systems containing KF, RbF, and CsF 
with ZrF, was erroneous because of the lack of 

sufficient care in keeping water out of contact 
with these hygroscopic materials. Work on a 
number of systems i s  s t i l l  i n  progress and w i l l  
be reported at a later date. 

NaF-ZrF,-BeF,. Although some data on the 
NaF-ZrF,-BeF, system were reported earlier, 
renewed interest in the system OS a result of the 
recent use of BeF, in pump seals made further 
work with compositions in this ternary system 
desirable. The lowest melting point found was 
345OC for a mixture containing 15 mole % ZrF,, 
42.5 mole % NaF, and 42.5 mole % BeF,. Halts 
on the cooling curves were observed with th is  
composition and other compositions in i t s  v ic in i ty 
ut temperatures ranging from 290 to 320OC. It is  
not clear from the available data whether th is 
thermal effect is  due to o sol id transition or to a 
eutectic of  unknown composition. On the NaZrF 
BeF, line, the lowest melting point observed in 
the range of 4 to 45 mole % BeF, was 487OC at 
12.5 mole % BeF,. 

5- 
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.- 
LiF-ZIP,. Preliminary data on the LiF-ZrF, 

system were reported in a previous progress re- 
port.(5) Most of the early data have been subse- 
quently proved to be incorrect, probably because 
of the presence of oxide or oxyfluoride in the 
mixtures. The minimum melting point i n  the system 
was reported more recently.(6) Publication of an 
equilibrium diagram for the system has been de- 
layed by an apparent confl ict between the thermal 
data and the results of  petrographic and x-ray 
diffraction identifications of the so l id  phases in 
the 7.5 mole 70 LiF-25 mole % ZrF, mixture. Since 
i t  appears that o rather detailed examination of 
th is region w i l l  be necessary to clear up the dis- 
crepancy, the thermal data me presented in Fig. 
6.3 as a tentative equilibrium diagram. 
- ~ _ _ _ _  - 

("J. P. Blakely, L. M. Bratcher, R. C. Traber, Jr., 
and C. J. Barton, A N P  Quare Prag. Rep. Mar. 70, 7952, 

'6)L. M. Bratcher and C. J. Barton, A N P  Quor. Prog. 

ORNL-1227, p. 104. 

Rep. Qec. 70, 7952, ORNL-1439, p. 112. 

The liquidus l ine shown in the diagram indicates 
Li,ZrF, to be a congruently melting compound, 
but the sol id material of th is composition was 
found to contain Li2ZrF6, LiF, and a crystal l ine 
phase of lower refractive index than Li,ZrF,. 
Th i s  latter phase has not been prepared in pure 
form, but it predominates in  the mixtures con- 
taining 15 and 20 mole Yo ZrF,. The thermal data 
also show some indication of n compound con- 
taining more than 1 mole of  ZrF, per mole of LiF. 
An unknown phase, in addition to Li,ZrF, and 
ZrF,, wa5 reported to  be present in  the x-ray 
diffraction pattern of the 67 male % ZrF, mixture. 

D I F F E R E N T I A L  T H E R M A L  ANALYSIS 

R. A. Rolomey, Materials Chemistry Division 

Experience during the quarter wi th the differ- 
ential thermal analysis apparatus has shown that 
both the precision and the accuracy of the data 
obtained with this apparatus me increased by 

LiF 10 2 0  3 0  40 5 0  60 70 80  90 Zr F4 

Z r 5  (mole %) 

Fig. 6.3. The System LiF-Zr F, (Tentative). 
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referring the differential temperature to  the sample 
temperature rather than to the AI,O, reference 
material. Further improvement might be effected 
by using reference materials which have the same 
thermal properties as those of the sample but 
which do not exhibit transition temperatures in 
the temperature range of interest. 

P R O D U C T I O N  AND P U R l F l C A T l O N  O F  
F L U O R I D E  M I X T U R E S  

F. F. Blankenship G. J. Nessle 
Materials Chemistry Div is ion 

Removal of M F  from Fuel Batches (C. M. Blood, 
F. F'. Boody, F!. E. Thoma, Jr., Materials Chem- 
istry Division). Poor corrosion performance of the 
fluoride mixtures could be caused by HF thot re- 
mains in the finished fuel. Although there is no 
reason t o  believe that tiF i s  appreciably soluble 
in NQZ~F, at 80OoC, further experinentation to 
check this point and t o  evaluate the rate of re- 
moval of HF by stripping techniques were per- 
forined during the quarter. Generally speaking, 
vacuum techniques for removing the HF must be 
avoided because of the r isk of introducing air and 
water vapor through undetected small leaks. 

The HF content of  gas which has been bubbled 
through the molten salts i s  best measured by the 
method of VJhite and in which the con- 
duct iv i ty of a di lute HBQ,  so!ution i s  measured 
as a function of the H F  it absorbs from the strip- 
ping gas. In this way, the concentration of  HF 
in  the effluent gas can be followed almost con- 
tinuously. 

It has been shown that HF can be removed from 
the molten salts at 85OOC much more rapidly than 
from the unheated valves, gages, traps, and con- 
nections of the purif ication assembly. Conse- 
quently, numerous blanks hove been run to oscer- 
ta in the rate of removal of HF from empty os- 
semblies under various conditions; these runs 
served only to  indicate that the l o s t  iraces of 
adsorbed or trapped H F  are almost impossible to 
remove. Diminishing returns were reached at a 
level of about mole of HF per liter uf str ip 
gas when routine procedures were appl ied to an 
empty apparatus with the usual Sines attached, 
and IOM6 mole of HF per liter of strip gas was 
regarded as close to the l imi t  of  removal. 

f7)J. C. White and D. L. Manning, AMP Quur. P r o g .  
Rep. Mar. 70, 7953, ORNL-1515,  p.  173. 

A mathematical analysis (L. Alexander, private 
communication) based on models resembling the 
system showed that CI first-order process can be 
expected. If a first-order process i s  actually 
followed, the amount of HF remaining in the melt 
at any time during the stripping operation can be 
calculated and then combined with the equil ibrium 
vapor concentration t o  provide the Henry's law 
constant for solubi l i ty of MF i n  the melt. 

When helium i s  used as the stripping gas, the 
concentration o f  H F  in the effluent gas decreases 
with time in a manner approximating that expected 
for a first-order process. When 2 kg of NaZrF, 
i s  stripped at 80O0C with a 5-cm bubble path, the 
half life appears to be 10 l i ters or less. Larger 
values seem to be due to slow removal of residual 
and adsorbed HF from cooler sections of the 
apparatus; wi th the most rigorous efforts to  avoid 
extraneous contributions, half l i fe  values between 
5 and 10 l i ters have been obtained with NaZrF, 
as the melt. If 10 l i ters is used as the half l i fe  
volume and 0.6 as the fraction of equil ibrium con- 
centration maintained in the effluent gas, an upper 
l im i t  estimate of 0.25 mole of HF per l i ter of strip 
gas per mole of HF per kg of fuel is obtained for 
the Henry's law constant. When the stripping rate 
i s  1 rnmole of H F  per l i ter of strip gas, the equi- 
l ibrium concentration is 4 mmoles of HF per kg 
of fuel; th is amount of HF would produce about 
80 ppm of CrF, by the reaction 

2CrQ + 6HF&2CrF3 + 3H, . 
The conclusion has been reached that melts 
stripped to a concentration of IOe4 mole of HF 
per liter of strip gas cannot contain H F  in amounts 
sufficient to cause appreciable corrosion; pre- 
cautions must, of course, be taken t o  avoid recon- 
taminotion of the melt from tramp HF f rom other 
portions of the system. 

When hydrogen i s  used to remove H F  from the 
molten salts, the stripping operation is compl i- 
cated by the production of HF by reduction of 
various fluorides. The differences observed in 
the use of hydrogen and helium for stripping a 
uranium-containing fuel are given in Fig. 6.4, 
which shows that helium stripping occurs at a 
rate corresponding to a hai f - l i fe volume of about 
20 liters but that the change to hydrogen results 
i n  the production of HF at a higher rate, The 
steeper portion of the hydrogen curve appears IO 

be related to  t h e  reduciion of structural metal 
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4O- l1+Lr  HALF LIFE ' 
f 

CHANGE FROM H, 

I I 
t 3 k g  OF 50 5 0  NaUF5-NaZrF5 AT 700°C 

5-in BUBBLE "ATH I I 

STRIP GAS ( l i te rs1  

F i g .  4.4. Stripping of Hydrogen Fluoride f r o m  Q 

Molten Fluoiidc with H e l i u m  and Hydrogen. 

ions; a leveling takes place at about 1.8 x IO", 
inole of t-IF per l iter of gas, which corresponds to 
the rate of reduction of UF, to UF,. 

In the larger scale apparatus for treating 50-lb 
batches of moterial, the flow rate has been in- 
creased from 1 to 5 liters/rnin, and the bubble 
path is 10 cm. Stripping rates f r o m  the 50-lb 
apparatus arc about the same as those for the 
smaller rigs. Experimental data for four runs in 
the 50-lb apparatus, in which hydrogen was used 
for the stripping operation, are shown in  Fig. 6.5. 
It appears from these data that WF concentrations 
i n  the gas phase can be brought to moderately low 
values by using hydrogen, even in large apparatus, 
without excessive stripping times. 

Reduction of Metal Fluorides with H, (C. M, 
Blood, F. P. Soody, R .  E. Thoma, Jr., Materials 
Chemistry Division). Nickel is one of the metals 
that i s  resistant t o  HF at high temperatures be- 
cause of a protective f i lm of NiF, that f o r m s  on 
the metal. However, when nickel is used t o  con- 
ta in a melt capable of dissolving th is film, the 

HF FOR IWO HOURS NICKEL CONTAINER) 
REACTION MONITORED BY MEASURING 
RATE OF HF EVOLUTION ' 

* 815°C 10-in BUBBLE PATH 
I 

\ 

I 

I 

HE ( l i lers) 

Fig. 4.5, Stripping of Hydrogen from Hydrogen 
FBuoride in 4- ta 50-it3 Batches of NaF-ZrF,-UF, 
(50-46-4 m o l e  %I. 
metal i s  slowly attacked by t1F to the extent that 
0.1% or more of Ni can Le dissolved by the melt 
during a 2-hr I i F  treatment at 800°C. Unless this 
Ni t+ is subsequently removed, the melt is quite 
corrosive to Inconel because of the nearly quanti- 
tat ive replacement of Ni by chromium from the 
metals 

several attempts hove bscn nwde 
t o  study the rate of reduction by hydrogen of 
structural metal fluorides in NaZrF,. In general, 
the NaZrF, contained in graphite was stripped 
with hydrogen unti l  the HF concentrdiion i n  the 
ex i t  gas concentration reached mole/l iter, 
After the melt had cooled, the predetermined 
quantity of metal fluoride was added. The sample 
was reheated to  800°C: while being stirred with 
helium; hydrogen was then readmitted and onalysi s 
of the exit gas was begun. 

Data f rom some preliminary runs with NiF, arc) 
shown in Fig, 6.6. The tr ial  run with 1 wt 273 Ni++ 
indicated that a clear-cut first-order reaction was 
involved. However, the datu shown by 0.1% ad- 
ditions were poorly reproducible and did not agree 
we l l  with those obtained with the higher concen- 
tration. In most cases, the integrated total y ie ld 

++ 

t-t 

Accordingly, 
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3 - k g  BATCd AT8OO"C 1 
5 4  BUBBLE PATH 

Fig. 6.6. Rate of Reduction of NiF in NaZrF, by 
Hydrogen. 

of HF was about 25% low; this i s  wel l  beyond 
the l imi ts of accountable experimental errors. I t  
seems l i ke ly  that some reduction by the graphite 
from the container i s  responsible for these di f f i -  
cui  t ies. 

Preliminary data for other structural metal fluo- 
rides reveal that Fe t t  i s  reduced about four times 
less rapidly than Ni++ and about. 10 times 
less rapidly i f  equal quantities of these ions are 
present during the usual fuel-production procedures. 
In practice, no significant quantity of  chromium is  
present in the starting materials. About 500 to 
700 ppm of iron i s  present and, as described above, 
signif icant concentrations of  nickel are added from 
apparatus, 

Data from analyses for iron, chromium, and nickel 
i n  the finished fuel are plot ied as a function of 
hydrogen treatment i n  Fig. 6.7. It i s  apparent that 
substantial benefits are obtained by hydrogen 
treatment for reasonable intervals of time. 

It has been established that the reduced metals 
tend to accumulate as spongy masses on the 
hydrogen delivery line, on the vessel walls, and 
at the surface of  the melts. Although the accumu- 
lation i s  valuable in prolonging f i l ter life, it may 
prove to be a serious problem in equipment which 
cannot be opened for cleaning after preparation of 
the molten mixture. To date, however, there i s  no 

0 ! 2 3 4 
HYDROGEN STRIPPING (hr) 

Fig. 6.7. Hydrogen Reduction of Structural Metal 
Fluorides in NaF-ZrFB-UF, (50-46-4 mole %) at 
15QW F. 

evidence that continued re-use of the equipment 
leads to l ess  pure fuel mixtures. 

Attempts have been made to prepare very pure 
fuel by using graphite4 ined nickel equipment. A 
batch of NaZrF5 so handled and given 20 hr of 
hydrogen treatment showed 30 ppm of iron and less 
than 20 ppm each of chromium and nickel. 

A more thorough study of the effect of UF, 
concentration on t h e  rate of reduction of UF, by 
hydrogen i s  planned. The preliminary indication 
from tr ia ls with compositions containing 20 and 
25 mole % UF, was that the rate of reduction is 
approximately the same as with 4 mole 5% Uf, or, 
in other words, that the reaction i s  of zero order 
with respect to UF, concentration. 

Pilot-Seale Fuel Purificofion (G. J. Nessle, J. P. 
Blakely, J. E. Eorgan, Materials Chemistry Di- 
vision). During th is  quarter Q total of 3?8.9 kg of 
mixed fluorides was processed. This quantity of 
fluorides comprised 12 small batches of approxi- 
mately 2 kg each and 11 large batches of approxi- 
mately 27 kg each. 
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per cent 

F U Z r  

42.1 8.52 38.8 

42.3 8.92 38.0 

43.8 ( d )  43.2 

33.6 41.2 16.3 

27.3 67.4 
I 

The gas treatment of the fluorides during prepa- 
ration has been altered to effect a more thorough 
removal o f  retained HF in the melt and to  y ie ld a 
final product lower in metal impurities. The treat- 
ment consists o f  the following steps: 
1. melt fluoride charge under HF atmosphere, 
2. treat with hydrogen for 1 hr, 
3. treat with HF for 1 ‘/2 hr, 
4. flush with hydrogen for 3 to  4 hr, 
5. transfer molten fluorides to  receiver with helium, 
6. flush with helium during cooling and sol idif i -  

cation. 
This  altered procedure substitutes a hydrogen 

flush for the helium flush; hydrogen w i l l  strip out 
HF as eff iciently as helium and, in addition, w i l l  
reduce more of  the metal impurities. With the 
uranium-bearing mixes, the longer hydrogen flush 
may produce a small amount of UF,. Careful con- 
trol o f  the amount produced w i l l  be necessary to 
avoid precipitation of  the UF,. 

An additional change in the treatment procedure 
i s  the use o f  a continuous flow of gas of approxi- 
mately 5 liters/min during the hydrogen-flushing 
period. Previously, intermittent flow had been 
obtained by pressurizing to 10 Ib  and then bleeding 
off to otmospheric pressure in u 2-min cycle. 

The data concerning the preparation of mixed 
fluorides in the pi lot-scale faci l i ty  during th is  
quarter are given in  Table 6.4. 

Fluoride Production Fac i l i t ies  (G. J. Nessle, 
Materials Chemistry Division). The installation o f  
process equipment to  be used for production o f  the 
nonuranium fluoride base for the ARE fuel has been 

__. 

N i  

125 

135 

37 

20 

20 

MIXTURE 

completed, and preliminary tests are under way. 
The f irst “dry run’’ i n  one o f  two process cubicles 
proceeded with no difficulty, and data were ob- 
tained concerning heating time and gas flow; no 
leaks were found either before or after the test, 
During a second dry run in th is cubicle, a short 
c i rcui t  developed in the receiver furnace and 
necessitated a complete shutdown for two weeks 
for instal lat ion of  new elements in the furnace. 

A dry run for the other process cubicle i s  sched- 
uled in the near future. It i s  hoped that some 
valuable information concerning the behavior of HF 
i n  the process equipment can be obtained simul- 
taneously with the tr ial  runs. 

The instal lat ion of the process equipment to be 
operated by the Y-12 Production Division for the 
production o f  the enriched-fluoride mix for the ARE 
i s  nearly complete, Arrangements have been made 
to  train the personnel directly concerned with th is  
operation. This  short training program w i l l  probably 
be started during May. 

TABLE 6.4. PILOT-SCALE FLUOR1 DE PREPARATIONS 

(‘)Average of  4. 
(b)Average of  16. 
(‘=)Average of  3. 

P R E P A R A T B Q N  O F  C O M P L E X  F L U O R I D E S  

B, J. Sturm L. G, Overholser 
Moterials Chemistry Div is ion 

Methods of preparation and partial l ist ings of 
properties of  complex fluorides of  the types re- 
sulting from interaction o f  a lkal i  and structural 
metal fluorides have been reported previously. (8 )  
During th is  quarter, additional batches of  the 

( 8 ) A N f  Quar. Prog. Rep. Dec. 10, 7952, ORNL-1439, 
p. 115. 

NaF-ZrF4-UF4 (46-50-4 m o l e  %)(‘I 
NaF-ZrF4-UF4 (50-46-4 mole %)(b)  

NaF-ZrF4 (50-50 mole %)(c) 

NaF-ZrF4-UF4 (50-25-25 mole % ) ( e )  

NaF-UF4 (50-50 mole %)(e )  

COMPOSITION 

245 

40 

120 190 

P H  

2.03 

2.32 

2.38 

2.92 

2. 85 
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complex fluorides, as well  as batches of the 
simple structural metal f6uorides, were prepared. 
These materials were identif ied or characterized 
by the use of chemica! analyses, x-ray examination, 
and crystallographic data. 

?he following list gives the materials prepared 
during th is  quarter. Similar batches of some of 
these materials were prepared previously by th i s  
groupI but some other batches represent new 
syntheses made during th is  period: 

NiF, KNiF, 

tentatively identif ied 
Na,FeF, CsNiF, 
L i ,Cr F, RbNiF, 
CrF, NiCI, 
NaCrF, FeCI, 
Fusions were made that consisted of NaZrF, 

with each of the following: CrF,, Na,CrF,, and 
NaCrF,. In each case, the chromium compound 
lost  i t s  identity; x-ray analysis indicated a possi- 
ble solid solution of Na,CrF, and NaZrF, after 
fusion. 

Fusions of mixtures of KF and MnF,, corre- 
sponding to KMnF,, K,MnF,, K,MnF,, and K,MnF,, 
a l l  yielded compounds with the same x-ray pattern. 
The product approximated K2MnF,, which may be 
a solid solution of KMnF, and KMnF4. 

X - R A Y  DI F F R A G T  I O N  STUDlE S 

P. A. Agron, Chemistry Division 

In order to resolve some of the complexities in 
the NaF-ZrF,-UF, system, examinations have been 
made of  several incongruently melting binary com- 
pounds and a number of ternary regions. 

?he binary region in 
the v ic in i ty of the NaF-UF4 (75-25 mole %) compo- 

NoF-UF, (75-25 mole X). 

sit ion was investigated. Cooling curves, along 
with x-ray examination of the sol id phases, defi- 
nitely established that Na,UF, i s  an incongruently 
melting compound. The tetragonal Nc~,UF,(~’ o p  
pears to be stabil ized by small additions o f  
zirconium ion, Another phase, which may be an 
allotropic Form of Na,UF,, w i l l  be investigated 
further. 

NoF-ZrF, (50-50 mole  %). Further study of the 
NaF-ZrF, (50.9 mole %) region indicates strongly 
that NaZrF, has an incongruent melting point and 
the attendant complexities. Preparations of  th is  
binary salt generally y ie ld the normal hexagonal 
compound(*’) on cooling the melt with adequate 
stirring. On exomination of large-batch preparations 
of  NaZrF,, ihe appearance of  an unknown phase i s  
marked in many instances. Two new phases i n  
the NaF-ZrF, (SO-SO mole %) composition region 
have been observed in quenching experiments at 
60OOC and on fusing small quantities of NiF, and 
CrF, with narmai NaZrF,. Further work will 
definitely establish the nature of these two new 
crystal structures. The phase induced by rapid 
cooling was observed earlier and erroneously 
attributed to a reduced form of zirconium fluoride. 
This unidentif ied phase was found to be unstable 
when exposed to atmospheric conditions. The lack 
of maintenance of squi libriurn conditions on 
passing through the incongruent freezing point i s  
doubtless responsible for the mult ipl ici ty of phases 
found in  the solid. 

(9)W. H. Zachoriasen, The Crystal Structure of Na3UFTO 

( la )P .  Agron, ANP Quar. Prog. Rep. S e p t .  10, 7952, 
AECD-1798 (Mar. 3, 1948). 

ORNL-1375, p. 86. 
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W. D. Manly, ketal lurgy Div is ion 
W. R.  Grimes, Materials Chemistry Div is ion 

H. W. Savage, ANP Divis ion 

During this quarter, the static and seesaw test 
faci l i t ies have been used almost entirely for the 
study of the corrosion of lnconel by a proposed 
ARE fuel mixture, NaF-ZrF,-UF,. Among the 
corrosion parameters examined in  100-hr tests at 
1500°F, were exposure time, crevice corrosion, 
container cleanliness, and the effect of various 
additions, including potential corrosion inhibitors, 
as we1 I as fuel-processing contaniinants. Neither 
crevices nor container cleanliness seems to have 
a significant effect on corrosion. The corrosion 
rate decreases with time and is  shown to be a 
function of the fluoride contaminants, particularly 
h iF and FeF2. Hard-facing alloys of  the Stellite 
type that were deposited on lnconel and static 
tested in the fluorides at 1.500 and at 130OOF were 
rather severely attacked. 

Several corrosion tests have been completed with 
fluorides in  lnconel on the NACA type of rotating 
apparatus, This type o f  apparatus i s  advantageous 
because velocities can be obtained that are higher 
than those available in thermal convection loops or 
in the seesaw tests; however, no large temperature 
gradient can be attained and the f low of l iquid i s  
not continuous. In tests conducted so far at 1500'F 
for 100 hr, there has been no indication of  plugging, 
and the corrosion is  similar to that obtained in the 
stat ic tests, even though a flow velocity o f  10 fps 
i s  employed. 

Fluoride corrosion studies in  dynamic systems 
provided by thermal convection loops have been 
continued. The loops are normally operated for 
500 hr with a hot-leg temperature of  1 5 0 0 O F .  Most 
of  the work during this quarter was with lnconel 
loops circulating the fluoride NaF-ZrF,-UF, 
(50-46-4 mole %), which was the proposed ARE 
fuel, It has been shown that the depth of attack 
increases quite rapidly during the f i rst  250 hr of 
operation but that thereafter the attack i s  essen- 
t ia l l y  constant. These effects are also found 
with the fluoride NaF-ZrF, - the ARE fuel carrier - 
but the attack i s  not so deep. The depth of attack 
i s  not temperature sensitive; only a sl ight increase 
i n  depth occurred h e n  the temperature was in- 
creased from 1250 to 1600OF. The type o f  attack, 

however, does change. The depth of attack was 
reduced when the small amount o f  weld scale found 
on the loop was removed by precleaning with 
NaF-ZrF, (50-50 mole %). Some purif icat ion o f  the 
fuel i s  desirable, but the present production- 
purification faci l i t ies seem to be adequate, It was 
shown that the depth of attack i s  a function o f  the 
fuel and not of the diffusion o f  chromium f rom the 
solid-solution Inconel, since two botches produce 
almost twice the penetration o f  c single batch. 
Addition o f  NiF, to the fuel increased the depth of 
attack. Chromium metal added to the fluoride 
NaF- K F- Li F-U F , (1 0.9-43,4-44.5- 1.1 mole %) had 
no effect on the attack. 

In a nickel loop which circulated the fluoride 
NaF-ZrF,-UF, (50-46-4 mole 76) there was practi- 
cal ly no attack; however, a small amount o f  metallic 
mass transfer was found. Two type 316 stainless 
steel loops were operated for 500 hr with this 
same fluoride composition; these loops showed 
considerable mass transfer but no plug formation. 

The study of  die mass transfer o f  various metals 
in high-purity lead i s  being conducted in quartz 
thermal convection loops. So far, the fol lowing 
container materials have been examined: Inconel, 
molybdenum, columbium, Armco iron, and types 3LM, 
347, and 444 stainless steel. In these tests, mo lyb  
denum and columbium did not show mass transfer, 
while type 446 stainless steel showed a s l ight  
amount of  mass transfer. The remaining metals 
showed extensive mass transfer and premature 
plugging of the thermal convection loops. 

The corrosion resistance of treated beryl1 ium 
oxide specimens has been studied in both stat ic 
and dynamic corrosion tests. The corrosion 
rnechani s m  is, apparently, only the mechanical 
erosion of the beryllium oxide surface. Beryllium 
samples plated with chromium and nickel have been 
tested in  sodium contained in lnconel tubes. The 
plating did not adhere to the specimens. Several 
Carboloys have been tested in  sodium and lead at 
1500°F and, wi th the exception of Carboloy 608, 
these al loys appear to have good corrosion re- 
s i stance. 
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F L U O R I D E  C O R R O S I O N  O F  I N C O N E L  IN 
S T A T I C  A N D  S E E S A W  TESTS 

H. J. Buttram C. R. Croft 
R. E. Meadows 

Materials Chemistry Div is ion 

D. C. Vreeland 
E. E. Hoffman 

L. R. Trotter 
J. E. Pope 

Metallurgy Div is ion 

The test conditions o f  the static tests in which 
the Inconel specimen i s  sealed with the fluoride 
mixture i n  an lncond capsule are 100 hr at 816OC, 
unless otherwise stated in the following sections. 
The conditions of the seesaw tests in which the 
capsule containing the specimen and the fluoride 
is rocked in a furnace are 4 cpm with the hot end 
of  the capsule a t  8W0C and the cold end at 65OOC. 

Effect of Exposure Time. Although a large 
number of  studies have been reported i n  which 
fluoride mixtures in capsules of  Inconel have &en 
exposed in  the t i l t ing furnace for intervals of up to 
5Qo hr, very l i t t le  information has been available 
on the course of the attack during the f i rst  few 
hours of such exposures. To supplement previous 
data, capsules containing the fluoride NaF-ZrF,-UF, 
(50-46-4 mole %)with and without zirconium hydride 
additions have been examined after exposures of 
1, 5, and 10 hours. 

Metallographic examination of the capsules with- 
out zirconium hydride after these short exposures 
indicated only very sl ight attack. Chemical anoly- 
sis of the fuel after tests (Table 7.1) revealed that 

the chromium content increased in  direct proportion 
to the exposure time during these short exposures 
but that the iron and the nickel contents of  the 
material dropped to nearly constant values after 
5 hours. 

In the tests made with zirconium hydride added 
to the fuel, somewhat less corrosion was found 
upon meta I lographi c examination. W i t h  zirconium 
hydride added to the fuel, the iron and nickel com- 
pounds are apparentiy reduced quite rapidly, and 
they remain at low concentration levels far the 
duration o f  the tests. The linear increase i n  
chromium content with exposure time i s  prevented. 
In previous experiments(') wi th fuel to which 
zirconium hydride had been added, the chromium 
content increased by about IC0 pprn in the interval 
between 100 and 5Qo hr of  exposure. 

Effect of Hydrogen Fluoride. The value of 
previous work(2) on the effect of HF on the cor- 
rosion of ARE fuel was somewhat i n  doubt because 
o f  the possibi l i ty that the presence of UF, in the 
melt might have, according to the reaction of 
2UF, + 2 H F 4 2 U F 4  t H,, masked the dele- 
terious effect o f  small additions. Additional studies 
have been performed with a mixture which should 
have contained less UF, than was present in the 
previous mixtures. To produce hydrogen fluoride 
concentrations of 0.016, 0.032, 0.097, and 0.2%t 

(')D.c, Vreeiand et a/., AMP Q U ~ .  Pmg. Rep. Mar. 7 0 ,  

(2)rbid., p. 120. 
1953, O R N l - 1 5 1 5 ,  p. 118. 

TABLE 7.1- EFFECT O F  EXPOSURE TIME ON CORROSIQN O F  INCONEL BY 
NaF-ZrFq-UF4 (58-46-4 m o l e  %) IN A TILTING FURNACE 

.... __ 

*Metal c o n t e n t  of fuel before test:  Fe, 364 pprn; Cr, <20 ppm; Ni, 50 pprn. 

**Average  of two t e s t s .  
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NoHFZ ADDITION 

(meq of HF/kg) 
.... __l_l_ 

(wt  %) 

None 0 

0.05 8 

0.1 16 

0.3 48 

0.9 144 

NaHF, was added to the mixture. The tests were 
conducted i n  the t i l t ing furnace a t  800T. The data 
shown in Table 7.2 reveal thal, as before, the two 
sinal lest additions were not harmful; however, the 
0.097 and the 0.29% HF additions caused very 
marked increases in  the chromium concentration. 
Thus the previous results were confirmed. There 
is  no obvious explanation for this behavior. Similar 
studies w i l l  be conducted with uranium-free fuel 
solvent to elimitrute uranium as a possible source 
a f  difficulty. It should be pointed out that the 
lowest concentrobion of  HF used i n  these tests i s  
probably higher than the amount that w i l l  be l e f t  
in the fuel during i ts  preparation. Accordingly, 
i t  seems l ikely that residual HF wi l l  not cause 
enhanced corrosion by carefully hydrogenated fuel. 

Fluoride Pretreatment, Since the corrosion 
characteristics o f  the fuel might be strongly de- 
pendent on the manufacturing process, the effect 

........... ......... 
l__ll ... 

METAL CONTENT CHANGE IN METAL 
AFTER TEST* CONTENT DURING FINAL HF 

CONCENTRATION 
(wt %) 

TEST (meq/kg) ..... ( P P d  

Fe Cr N i  
.... .._.. ......... ...-I_ 

0 70 830 60 -8.6 

0.0 16 45 755 <20 -93 -0.8 

0.032 110 850 UO -7.3 -0.8 

0.097 80 1705 <20 -8.4 -0.8 

75 3065 
.. .-__ .. ............. 

0.29 

o f  some o f  the process variables has been evaluated 
by the standard ti Iting-furnace technique. 

The standard processing for fuel mixtures in- 
cludes h igh-temperature treatment w i  th anhydrous 
HF. Since HF causes increased corrosion, a t  
least whew u s e d  in large amounts, parallel tests 
have been conduebed on otherwise comparable 
materials from which the HF was stripped by 
purging with helium for various intervals of time. 
The data obtained by chemical analysis o f  three 
batches of fuel after 100-hr seesaw tests are shown 
in Table 7,3, Since the in i t ia l  concentration of 
soluble structural metal compounds was similar in 
the three batches, the decrease in  chromium con- 
tent with increasing stripping time i s  probably due 
to  the effect ive removal o f  HF. Metallographic 
observation o f  the test capsules showed moderate 
corrosion to a depth of  1 mil  f o r  the shortest strip- 
ping time; corrosion by the other two batches was 

TABLE 7.3. EFFECT OF HEklUM STRlPPlNt  ON CORROSION OF INCONEL. BY Na%-ZrFd-UFg (50-46-4 male %) 
.............. ____ ..... 

METALCONTENT 
AFTER TEST* (ppm) 

METAL CONTENT 
B E F O R E  TEST (ppm) 

STRIPPING 
TIME 

Fe 
....-il_ _I__x._ 

410 

3 680 

5 470 

CHANGE IN METAL CONTENT 
DURING TEST (meq/kg) ...... 

I 

F e  

-1 1.4 

-19.6 

-15.4 

+ 57.8 
+41.0 

i-35,5 -0.5 

'Average of two tests. 
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PROCESSING 
VARIATION 

Reference 
(untreated) 

Hydrogen stripped 

Hydrogen stripped 
and filtered 

- 

considerably less severe, and there were no ap- 
preciable differences between the results for the 
3- and 5 h r  stripping times. 

Hydrogen should be more advantageous than 
helium for stripping the HF, since reduction of 
FeF3, FeF,, and NiF, to the metall ic state and 
reduction o f  some UF, to UF, would be simul- 
taneously accomplished. In Table 7.4, the results 
of tests w i th  untreated fuel, fuel treated at 7X)OC 
for 1 '/2 hr with hydrogen, and fuel treated a i  75PC 
for 11/, hr with hydrogen and then fi l tered are shown 
for comparison. Results o f  metallographic exami- 
nations indicate that i n  100 hr at 8OOOC in the 
seesaw apparatus, the untreated material caused 
heavy attack, to a depth of 4 mils, while the fuel 
which was treated with hydrogen and fi l tered 
caused sl ight attack, to a depth of  1 m i l .  The 
material which was treated with hydrogen but not 
f i l tered caused moderate attack, to a depth of 3 
mils. 

Structural Metal Fluoride Additions. In addi tional 
studies, FeF,, CrF,, and NiF, were added to 
molten fluorides i n  an attempt to evaluate the 
importance of  these materials in the selective 
leaching of chromium from Inconel. Previous 
experience had shown that FeF, increased the 
corrosion of  Inconel by fluoride mixtures, and in 
the recent experiments in which FeF, was used, 
there was severe attack, as was expected. How- 
ever, the recent experiments indicated that in- 
creasing the FeF, concentration from 0.1 to 0.9 
wt % had very l i t t le  effect on the quantity of  

CHANGE IN 
ME T A L  CONTENT 

DURING TEST 
(meqlkg) 

METAL CONTENT METAL CONTENT 
BEFORE TEST AFTER TEST* 

( P P d  ( P P d  

Fe Cr Ni F e  Cr Mi Fe Cr 
- 

2100 35 200 75 4000 80 -74 229 

690 70 190 26 5 2035 -6 118 

470 20 35 205 610 -10 35.2 

chromium dissolved or on the severity of attack 
during the 1 OOhr exposure. Additional experiments 
w i l l  be required to confirm and explain this be- 
havior. 

The addition o f  large amounts of  CrF, (0.5 to 
3.0 w t  %) to the ARE fuel mixture prior to exposure 
caused moderate to heavy subsurface void formation 
to a depth of 6 mils i n  the hot portion o f  the cap- 
sule. 

CrF, + C r o e 2 C r F 2  

i s  responsible for the very high corrosion observed. 
Structural Metal Oxide Additions. A series of  

static tests of  Ineonel i n  the fluorideNaF-ZrF,-UF4 
(46-50-4 mole %) with additions o f  Fe,03, Cr,O,, 
and NiO hove been completed. The tests were run 
for 100 hr a t  816OC. In these tests, additions of  
Fe20, and Cr,O, did not affect the depth of attack, 
but Hi0 increased the attack. The metallographic 
results of these tests are l is ted in Table 7.5. 

In a l l  tests i n  th is series, a bluish-gray phase 
was detected on the surface of the Inconel in what 
have in  previous tests been considered voids. It 
was found on repolishing some o f  the specimens 
that by eliminating the last  two polishing steps on 
the long-nap cloths, a large amount of  this phase 
could be retained. The material i n  place i n  the 
voids is shown in Fig. 7.1, enlarged 2000 times. 
In order to confirm the presence of material i n  the 
voids, a Bergsman microhardness determination was 
run on this bluish-gray phase. It was found to 
have a DPH value of 893 (Inconel matrix 135). 

It i s  possible that the reaction 

TABLE 7.4. EFFECT OF HYDROGEN STRIPPING ON CORROSION O F  INCONEL 
BY NoF-ZrF4-LIF4 (50-46-4 mole %) 

*Average of two tests. 
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.- 

ADDITIVE 

None 

1% Fe20g 

1% NiO 

1 %  CrZOg 

.. .. . . 

METALLOGRAPHIC NOTES _ ................ I .................... __ 

Specimen attacked 3 to 6 m i l s ,  average 4 m i l s ;  tube attacked less than 0.5 m i l  

Specimen and tube attacked 3 to 4 mils 

Specimen attacked 5 to 7 mils; tube attacked 7 to 8 mils 

Specimen attacked 3 to 4 mils; tube attacked 2 to 3 mils 

_p 

UNCLASSIFIED 
PHOTO Y-8708 

Fig. 7.1. Static Corrosion of lnconel by tdaF-ZaF,-LIF, (45-58-4 mole X) After 100 hr at 816°C. Note 
material in voids. 2000X 

Microspark spectrographic examination of these 
specimens indicated that the material in the voids 
contained Fe, Ni, Cr, Zr, and probably U, although 
only a faint trace of  uranium was detected. 

Chromium Metal Addition. Molten ARE mixture 
was pretreated in a t i l t i ng  furnace by exposure to  
chromium metal in  lnconel capsules. Most o f  the 
excess chromium was then removed by sedimenta- 
tion, and the pretreated mixture was transferred to 
another capsule for testing. In a series of  experi- 
ments, th is pretreated mixture caused only a sl ight 
roughening of  the surface at the hot end o f  the 
capsule and a sl ight deposit on the cold wall. The 
addition of NiF, to samples similarly pretreated 
increased the corrosion considerably; in these 

tests the chromium content o f  the melt increased 
linearly with the NiF, addition. 

Zirconium Hydride Addition. Zirconium hydride 
reacts with U F ,  in fluoride melts to form uranium 
trifluoride. A certain amount of the trifluoride can 
be retained in  solution, but precipitation of th is 
material occurs i f  extensive reduction takes place. 
An effort has been made to check previous duta on 
the tolerable l imi t  of ZrH, addition by allowing 
the insoluble UF, to separate by sedimentation 
after exposure. The additional data obtained 
(Table 7.6) indicate that the uranium concentration 
of  the melt i s  decreased considerably with addi- 
tions of 0.7% or mora o f  ZrH,. These data, in  
general, agree with data from previous experiments 
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ZrH, ADDED 
(wt X) 

None 

0.1 

0.3 

0.5 

0.7 

0.9 
I_ 

performed with other techniques. The chromium 
content o f  the melt i s  sharply decreased by the 
addition of as l i t t l e  as 0.1% of ZrH,; further 
increases in the ZrH, concentration have only a 
sl ight effect. It appears that although up to 0.7% 
o f  ZrH, may be tolerable in this system, much 
lower concentrations, of the order o f  0.275 may 
show the beneficial action desired without the 
r i s k  o f  precipitation of  uranium from the melt. 

Carbon Addition. Static tests were run far 100 hr 
a t  816OC with a mixture of 25% powdered graphite 
and 75% NaF-ZrF,-UF, (50-46-4 mole %) in  type 
316 stainless and lnconel tubes to determine 
whether carburization of these materials would 
occur. No evidence of carburization was detected 
in  these tests, After testing, the grain boundaries 
o f  the type 316 stainless steel had large amounts 
of carbides present, but the deposits were uniform 
throughout the specimen and no hardness change 
could bedetected from the inner to the outer surface 
o f  the tube wall. 

URANIUM CONTENT A F T E R  M E T A L  CONT F T E R  TEST* 

ZrH2 ADDITION 
( w t  %) 

9.11 

9.01 

8.94 

9.17 

8.65 

6.76 
.- ..__ 

Crevice Corrosion. Crevice corrosion tests have 
been run in the seesaw furnace with the tapered, 
or V-shaped, crevices described previously.(') 
Corrosion in these crevices seemed to be somewhat 
erratic, with some surfaces being apparently un- 
attacked and others having the usual subsurface 
voids. No acceleration of  corrosion was noted in 
these crevices, and the depth and the extent of  
attack in the crevices was not  beyond what might 
be usually expected for the materials tested. Table 
7.7 summarizes the results obtained in these tests. 
Similar results for crevice corrosion were obtained 
in  the rotating tests reported in a following section. 
Inconel Container Pretreatment. The descaling 

propertiesof the fluoride NaZrF5 have been checked 
on oxidized lnconel at 5005 and a t  1300'F. As 
can be seen in Fig. 7.2, the oxidized lnconel was 
cleaned up after 4 hr at 13OO0F, but i t  was not 
cleaned up after 4 hr a t  1000'F. 

I t  was thought that perhaps a passivation treat- 
ment, similar to that given to stainless steels, 

TABLE 7.6. E F F E C T  O F  VARYING QUANTITIES O F  ZrH2 ON CORROSION O F  
lNCONEL BY NoF-ZrF4-UF4 (50-464 m o l e  W) 

TABLE 7.7. RESULTS OF SEESAW TESTS OF INCONEL WITH TAPERED CREVICES IN 
NaF-ZrF4-UF4 (50-464 m o l e  %) FOR 100 hr WITH A HOT-ZONE TEMPERATURE 

O F  800'C AND A COLD-ZONE TEMPERATURE O F  600°C 
-I- 

POSITION OF CREVICE METALLOGRAPHIC NOTES 

Hot z o n e  

Hot xone 

Cold z o n e  

2 mi ls  of subsurface voids in upper part of crevice, i n c r e o s e d  to 
3 m i l s  in lcwer part 

Subsurface  voids to 2.5 mi ls  

Apparently no attack 
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U NCLASSi F I ED 
PHOTO Y-9192 

AS OXIDIZED AS POLISHED 

4-ht AT 100O0F IN FLUORIDE 31 

4-hr AT 1300°F IN FLUORIDE 31 

Fig.  7.2, $emperoaure-g)apendence Tests an' the escalirag sf Oxidized lnesnel by NaZrF,. 

would be beneficial i n  increasing the corrosion 
resistance of  Inconel to the fluoride mixtures. 
'Therefore, Inconel tubes were hydragen fired and 
the specimens were electropolished, as usual, 
and h t h  the tubes and the specimens were treated 
in a 25% solution o f  n i t r ic  acid at approximately 
1 2 O O F '  for 30 minutes. The tubes and specimens 
were then used for static corrosion testing with 
fluoride NaF-ZrF,-UF, (50-46-4 mole %) for 100 hr 
a t  816%. The pretreatmant did not appear to be 
especially beneficial. Attack i n  these tests seemed 
more erratic than i s  usual. In two of the tests, 
subsurface voids to a depth of 5 mi l s  were noted; 

i n  the other test, subsurface voids were noted i o  a 
depth of 3 mils. 

STATIC C O R R O S l Q N  O F  STELblTE 
B Y  F L U O R I D E S  

D. C. Vreeland 
L. 2. Trotter 

E. E. Hoffman, 
.Je E. Pope 

Metallurgy Div is ion 

In conjunction with the hard-facing problems of 
the ARE, Stell i te No. 6 (27.5% Cr, 4% W, 2 to 3% 
Fe, 1% C, balance Co) WQS deposited an pieces of 
Inconel, and these composite specimens were 
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stat ic tested i n  the fluoride NaF-ZrF,-UF, (46-504 
mole %) i n  Inconel tubes a t  both 816 and 538OC. 
The structure o f  Stel l i te No, 6 has been described 
as "dendrites of  a cobalt-rich solid solution sur- 
rounded by a mixture o f  carbides." Apparently i t  
is the carbides which are attacked by the molten 
fluorides. There appeared to be no acceleration of 
corrosion on either the Stel l i te or the lnconel as 
o result of the presence and contact of  these 
dissimilar metals. The extent of attack appeared 
to be the same i n  the tests at  538OC as in  the 
tests a t  816OC. In a l l  cases, the lnconel showed 
about 1 mil o f  subsurface voids, while the Stel l i te 
showed an average attack of 3 to 4 mi ls  and a 
maximum attack of  9 mi ls on the carbide phase in  
the Stellite. Figure 7.3 shows the type of  attack 
which occurred in these tests. 

F L U O R I D E  CORROSION O F  I N C O N E L  
I N  R O T A T I N G  TEST 

D. C. Vreeland 
E. E. Hoffman 

t. R. Trotter 
J. E. Pope 

Meta I I urgy D i v i  si  on 

Several tests have been completed with the fluo- 
rides i n  lnconel on the NACA type of rotating 

apparatus.(3) This type of apparatus i s  advan- 
tageous because velocities can be obtained that 
are higher than those available i n  thermal convec- 
tion loops or i n  the seesaw tests. In  the tests 
conducted to date, there has been no indication of 
plugging, and the corrosion results have been 
similar to those obtained in  static tests, even 
though a f luid velocity of  10 fps i s  being employed. 
The depth of  penetration has not exceed d 7 mils 
i n  any o f  the tests in  which leaks hav.> not OC- 

curred. 
A typical 100-hr test with NaF-ZrF,-UF4 (46-50-4 

mole %) in  which a temperature of  816OC was 
maintained throughout the apparatus resulted in  
uniform attack i n  the form o f  subsurface voids to 
a depth of 2 mils. Additions of sodium have re- 
sulted i n  the development of surface layers on the 
Inconel, as was also noted in  static tests. The 
fluoride, with 2% sodium added, was tested for 
94 hr with a hot-zone temperature o f  816OC and a 
cold-zone temperature o f  783OC. AI though the 
attack was in  the form of subsurface voids, a 
surface layer was vis ib le in  many places. The 
total depth of  voids and layer did not exceed 0.5 

__ 
(3)/bid., p. 121. 

* . .  *4 
i 

i 

Fig. 7.3. Static Corrosion of Ste i l i t t  No. 6 After 100 hr a t  816OC in NaF-ZrF,-UF, (46-50-4 mole %). 
250X ., 
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mil, nor did the attack vary in  extent or nature 
from the hot zone to the cold zone. 

Some of the crevices near welded joints tested 
in the whir l igig apparatus in fuel mixture with the 
2% sodium addition were examined metal lograph- 
i ca l l y  for evidence of  crevice corrosion, and no 
accelerated corrosion could be found. The greatest 
depth of  attock noted was 0.5 mil  in the form o f  
subsurface voids. On the other side o f  the crevice 
with the greatest depth of  attack, there was attack 
to 0.5 mil  that was definitely intergranular. As  i s  
usually noted in these crevices, the attack was 
somewhat erratic, with some sections unattocked. 

F L U O R I D E  C O R R O S I O N  I N  INCONEL 
T H E R M A L  C O N V E C T I O N  LOOPS 

G. M. Adarnson, Metallurgy Div is ion 

The use o f  thermal convection loops for determin- 
ing dynamic corrosion by l iquids has been pre- 
viously described.(4) Unless otherwise specified, 
for the tests described i n  the following sections, 
the temperature of  the hot leg o f  the loop was 
maintained at 1500OF and the temperature o f  the 
uninsuloted cold leg was approximately 13000F. 
With the fluoride salts, th is temperature difference 
results in a f luid velocity o f  about 6 to 8 fpm. The 
usual testing period i s  500 hours. 

A series of  loops has 
been placed in operation to determine the effect of  
time on the depth of maximum penetration. The 
loops were f i l led from a single batch of  fuel a t  as 

Effect of Exposure Time. 

(4’D. C. Vrceland, R. B, Day, E. E. Hoffman, and 
L. D. Dyes, ANP Qunr. Frog. Rep. Mor. 10, 1952, ORNL- 
1227, p. 119. 

near the same time as possible and were then 
allowed to circulate for times varying from 10 to 
3000 hours. The tests o f  short duration have been 
terminated, and the loops have been examined. 
The data obtained are given in  Table 7.8, along 
with the data obtained from loops run previously 
for periods o f  100, 250, 500, and 1000 hours. The 
data show that the depth o f  attack increases quite 
rapidly for about 250 hours, After 250 hr, the 
depth of attack remains almost constant, but there 
i s  some increase in the intensity o f  attack. When 
data are available from the other loops f i l led from 
the same fuel batch, a time curve w i l l  be prepared. 

Since chromium must diffuse to the surface o f  the 
hot leg before it can be removed, the diffusion rate 
could be the l imit ing factor in  the corrosion rate. 
Two lnconel loops were operated for 500 hr to test 
this hypothesis. The f i rst  loop operated for two 
250-hr periods, with a new charge of fuel for the 
second period. The second loop operated for 500 hr 
with a single charge from the same fuel. I f  dif- 
fusion was the l imit ing factor, the attack should 
have been the same. The loop which had two 

charges showed heavy subsurface void formation of  
8 to 17 mils, with the voids primarily in the grain 
boundaries. The loop with a single charge showed 
moderate to heavy attack o f  from 3 to 8 mils, with 
general attack o f  5 mils. The hot-leg sections 
from both o f  these loops are shown in Fig. 7.4. 
The doubling in  depth of attack for two charges 
was also confirmed by the chemical analyses. The 
chromium content o f  the fluorides increased more 
during the second 250-hr period in  Loop 281 than 
i t  did in the entire 5OO-hr period in  Loop 280. 
These loops show that the decrease in attack rate 

TABLE 7.8. EFFECT O F  EXPOSURE TIME ON THE CORROSION O F  INCONEL 

EXPOSURE TIME 
(hr) 

10 

50 

100 

2 50 

500 

1009 

MAXIMUM DEPTH 
OF ATTACK 

(mils)  

1 

3 

4 

9 

9 

11 

__ 

REMARKS 

Widely scattered grain boundary attack 

Scattered groin boundary attock 

Light, typical  subsurface voids 

Moderate attack 

Moderate attack 

Moderate to heavy attack 
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Fig. 7.4. Corrosion of lnconel by NaF-ZF,-UF, (H2.46-4 mole %) After 500 hr at 816OC. ( a )  500 hr 
with same fuel charge. (b )  250 hr on each of two fuel charges. 250X 
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with time i s  caused by changes in the fuel rather 
than by the l imit ing action of  diffusion. The in- 
crease in attack i s  probably caused by an increase 
in impurities with a double charge, 

Temperature Dependence, In the previous re- 
results for a single loop operated a t  a 

hot-leg temperature of  1650°F were compared with 
those for a loop operated a t  a hot-leg tempera- 
ture of 1500°F. An additional series o f  three loops 
has now been operated to confirm those results. 
The loops in  t h i s  series were a l l  f i l led from a 
single fuel pot on the same day. The results o f  
th is temperature study are presented in Table 7.9 
and illustrated in Fig. 7.5. These results show 
that the change in depth o f  penetration of the attack 
i s  not very temperature sensitive. The maximum 
penetration a t  130OOF i s  sl ightly less than at 
150O0F, but i t i s  within the usual spread in re- 
sults,and the results for al l  the loops are definitely 
within the experimental variation. 

The nature and distribution o f  the attack does 
change with temperature. A t  the lower temperature, 
the voids are small and evenly distributed. AS the 
temperature increases, the voids concentrate in 
the grain boundaries and become quite large. The 
growth and concentration in the voids are caused 
by the increasing mobil i ty of the f luid as the 
temperature increases. In contrast with the pre- 
vious temperature tests, the recent tests showed 
no systematic distribution o f  impurities in the 
fluorides at any temperature. 

("G. M. Adamson, ANP Quar. Prog. Rep.  Mar. 10, 7953, 
ORNL-1515, p. 123. 

Chromium and Nickel Fluoride Additives. One 
more attempt was made to reduce the depth o f  
attack by pretreating the fluoride NaF-KF-LiF-UF, 
(10.9-43.5-44.5-1.1 mole 76) with chromium metal 
powder. The powder was added to the fluoride 
while in the charging pot. The mixture was held 
a t  1300 to 1400°F, agitated with helium for several 
hours, and then blown through a stainless steel 
pressure snubber before the sample was taken. 
The snubber served as a very coarse fi l ter, The 
chromium content of the fluorides as charged to 
the loop was 3500 ppm. After the 500-hr test, the 
chromium content was 2400 ppm. The attack in  th is  
loop was to a depth of 10 to 14 mils (which i s  a 
standard depth of attack), and a corrosion layer 
was found in the cold leg. This  was the f i fth 
loop operated with the fluoride NaF-KF-Li  F-UF, 
to which chromium metal was added by some 
means. Of the f ive loops, four definitely did not 
show any improvement in  corrosion resistance, and 
the improvement of  the fifth i s  doubtful. An attempt 
w i l l  now be made to add chromium metal to NaF- 
ZrF,-UF, (50-45-4 mole %) to determine whether 
an improvement can be obtained in this system. 

Three loops were operated w i th  material from the 
same batch of NaF-ZrF4-UF4 (50-46-4 mole %), but 
NiF, was added to two of  them. The additions 
were made in the f i l l  pot, which was agitated for 
1 hr before the loop was filled. The attack in- 
creased with increasing amounts of  NiF,. The 
control loop showed moderate attack of up to 8 
mils. With the addition of 0.05% NiF,, the attack 
was reported as heavy, with a maximum depth of 

TABLE 7.9. EFFECT OF TEMPERATURE ON CORROSION OF INCONEL BY NaF-ZrF4-UF4 (50-46-4 mole %) 
-I 

I 

HOT-LEG ATTACK HOT-LEG TEMPERATURE 
(OF) 

1650* 

1500* 

1300 

1500 

1650 

Light to moderate subsurface voids of 4 to 1 1  mils; voids larger 
than normol and concentrated in grain boundaries 

Light to moderate subsurface voids of 3 to 10 mils; general 
attack to 4 mi ls  

Moderate to heovy attack of 4 to 9 mils; voids very small and 
well  distributed 

Moderate to heavy attack of 7 to 13 m i l s  

Moderate attack of 3 to 12 mils; voids very large and concentrated 
in groin boundaries 

*Results reported previously.(5) 
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Fig. 7.5. Corrosion of lnconel by NaF-ZrF,.UF, (50-46-4 mole %) After 500 hr As a Function of 
Temperature. ( a )  13000F. (6 )  1500°F. ( c )  16500F. 250X 
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10 mils. With a 0.2% addition, a rough surface and 
heavy attack of up to 11 mils was found. The 
nickel analyses of  three samples taken as the 
loops were f i l l ed  were reported as 120, 280, and 
500 pprn, respectively. It has not yet been de- 
termined whether insufficient time was allowed for 
all the nickel fluoride to go into solution. In the 
samples wi th the NiF, addition, the iron content 
increased from 620 to 1100 ppm, while the chromium, 
which i s  the usual reaction product, only increased 
from 230 to 620 ppm. 

Fuel Purity. Several loops were operated with 
special high-purity batches of  NaF-ZrF,-UF, 
(50-46-4 mole X) prepared in  graphite-I ined vessels. 
One loop contained a batch of  high-purity fuel 
prepared from standard materials, while two other 
loops were f i l led with fuel prepared from hafnium- 
free zirconium oxide, which was low in  iron im- 
purity. However, the actual chemical analyses 
showed the iron and the nickel contents to be about 
the same in  all three charges, that is, a total of 
about 300 ppm in each. In addition, one of the 
loops with fuel prepared from hafnium-free zir- 
conium oxide was cleaned by circulating NaZrF,. 
In the specially cleaned loop, the attack was less 
than normal, with a maximum penetration o f  5 mils; 
in the other two loops, the attack was normal, with 
a maximum penetration of 9 mils, However, the 
corrosion attack of the high-purity fuel batch was 
not measurably different from that of  the standard 
fuel i n  the comparable test. 

In another test, two batches o f  fuel that had 
received no purification other than a vacuum drying 
during melting were run in two other loops. Heavy 
attack, wi th a maximum penetration of 15 mils, was 
found in both loops. This i s  the deepest pene- 
tration found in any loop in which the fluoride 
NaF-ZrF,-UF, (50-46-4 mole %) has been circu- 
lated. 

It i s  apparent from these tests that although 
purification of  the fuel i s  desirable, the present 
standard production procedures appear to be ade- 
quate. Lit t le, i f  any, additionol reduction in 
attack can be obtained with additional fuel puri f i -  
cation processes. However, the contaminants 
(FeF, and NiF,) that remain in the fuel may be 
further reduced by additions such as ZrH,. 

To  determine the effect of 
oxide scale on the maximum depth of attack, 
several loops that had been subjected to  various 
surface treatments were operated for 500 hr at 

Loop Oxide Films. 

816OC with fluoride NaF-ZrF,-UF, (50-46-4 mole 
%). The various treatments included (1) circu- 
lating NaZrF, for 2 hr at 14OO0F, (2) degreasing, 
and (3) oxidizing before fi l l ing. The maximum 
attack in  the three loops was 6, 7, and 8 mils, 
respectively. The attack on the NaZrF5-cleaned 
loop and the attack on the oxidized loop are shown 
in  Fig. 7.6. 

Although the treatment with NaZrF5 removed the 
oxide f i lm from the loop, there was a brown f i lm on 
a l l  sections of  the loop which varied in thickness 
from thin in parts of the cold leg to granular in the 
hot horizontal section. A diffraction test showed 
the f i lm to be over 90% Na,ZrF,, with some zir- 
conium oxide present. The effect o f  th is compound 
on the fuel i s  not known. No measurable attack 
took place during the cleaning. Removing the 
small amounts of oxide f i lm by treating with 
NaZrF, results in  what appears to be a slight 
reduction in depth o f  attack; however, a large 
oxide content did not cause a large increase i n  
depth of  attack. 

During the iest- 
ing and f i l l i ng  o f  the ARE system, fluoride mixtures 
which do not contain uranium w i l l  be used. Cor- 
rosion work on such mixtures was started in the 
previous quarter and was continued. The corrosion 
results confirm those previously reported in  that 
nonuranium bearing fluorides are found to be less 
corrosive than the fuel mixture. With the fluoride 
NaZrF,, a l ight attack wi th a maximum penetration 
of  5 mils was found. In the cold leg, the maximum 
attack was 2 mils. A maximum attack of 5 mils 
was also found in a second loop, which was similar 
but was allowed to circulate for 1000 hours. A 
very thin corrosion layer was found in  the cold leg 
of each loop. Such a layer i s  not usually discerni- 
ble with NaF-ZrF,-UF, (50-46-4 mole X). The 
nature o f  the attack is the same with or without 
the uranium in the mixture. 

Nanuranium Bearing Fluorides. 

F L U O R I D E  C O R R O S I O N  OF N I C K E L  
T H E R M A L  C O N V E C T I O N  L O O P S  

G, M. Adamson, Metallurgy Div is ion 

The fluoride NaF-PrF,-UF, (50-46-4 mole ’%) 
was circulated in  a nickel thermal convection loop 
which was cleaned with dry hydrogen. After 500 hr 
a t  816OC, a few metallic crystals were found in  
the trap and in the fluorides in the lower part of  
the cold leg. An extremely thin corrosion layer 
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Fig. 7.6. Effect of Oxide Scale on the Corrosion of lnconel by NaF-ZrF,-UF, (504464 m o l e  X) After 
500 hr at 816OC. (a) Deoxidized with NaZrF5’ (b) Oxidized.  250X 

63 



ANP PROJECT QUARTERLY PROGRESS REPORT 

was found on the cold-leg surfaces by metallo- 
graphic examination. The hot-leg surfaces were 
quite smooth, with no intergranular or subsurface 
voids. The wall of  the hot leg was 0.002 in. 
thinner than that of the cold leg, but since the 
thickness was s t i l l  within commercial tolerances, 
no definite conclusion may be drawn from th is  one 
measurement. Sections of both the hot leg and the 
cold leg o f  this loop are shown in  Fig. 7.7. A 
sinul! amount of mass transfer took place, but it 
was less than that found with type 316 stainless 
steel and many times smaller than that found when 
the fluoride NaF-KF-LiF-UF, (10.9-43.5-44.5-1.1 
mole %) was circulated in nickel. 

FbUOR1DE C O R R O S l O N  O F  TYPE 316 
S T A I N L E S S  STEEL T H E R M A L  

C O N V E C T I O N  LOOPS 

G, M. Adamson, Metallurgy Div is ion 

Two type 316 stainless steel thermal con- 
vection loops operated for 500 hr at 150O0F with 
NaF-ZrF,-UF, (50-46-4 mole X) without plugging. 
These were the f irst loops of  stainless steel to  
circulate uranium-bearing fluorides at 1500OF with- 
out plugging. Typical hot- and cold-leg sections 
from these loops are shown in  Fig. 7.8. The hot 
legs in  both loops were very rough, with both the 
intergranular and the typical Inconel types of  
attack. In loop 133 the depth of attack was 5 to 
1 1  mils, while in loop 134 it was 4 to 7 mils. Some 
groins hod been removed from the surface, but the 
average thickness had not been reduced, In both 
loops, a heavy multilayer deposit was found in the 
cold lag. The top layer of the deposit consisted 
o f  fine, dendritic, metallic crystals. These crystals 
were also found in  the fuel. Diffraction and 
spectrographic studies show these crystals to be 
mainly iron, with some chromium in  solution. The 
zirconium content was higher than would be found 
i f  fuel particles were mixed with the crystals. 
Both the nickel  and the molybdenum contents were 
very low. Under the f i rst  layer was another layer 
which appeared to  be nonmetallic, and in  some 
areas there was another metallic layer beneath the 
nonmetallic layer. The attack found in these loops 
appears to  be much more comparable to that found 
with lnconel than was the attack in the loops that 
plugged with the fluoride NaF-KF-LiF-UF, (10.9- 
43.5-44.5-1.1 mole X). 

L I Q U I D  M E T A L  CORROSION 

F. A. Knox E, E. Ketchen 
L. G. Overholser 

Material s Chemi stry Division 

J. V. Cathcart 
G. P. Smith 
W. H. Bridges 

D. C. Vreeland 
E. E. Hoffman 
L, R. Trotter 

J. E. Pope 
Metallurgy Div is ion 

L. A. Mann D. R. Ward 
ANP Division 

Studies of the 
mass transfer of various solid metals in  small 
thermal convection loops containiny I iquid lead 
have continued. These tests have been performed 
in  thermal convection loops made of quartz tubing. 
Samples of the test metals are fastened in the hot 
and cold legs of the loops. Detai ls of the con- 
struction of  the loops and of the results obtained 
for Inconel, columbium, molybdenum, and type 304 
stainless steel were reported previously. (6*7) 
Armco iron and types 347 and 446 stainless steels 
were tested during this quarter. 

The loop containing type 347 stainless steel was 
operated with hot- and cold-leg temperatures o f  
800 and 5OO0C, respectively, and failed after 140 
hr because o f  the formation of a plug in  the cold 
leg. Figure 7.9 is  a cross section o f  the hot leg 
of th is loop; the intergranular type of corrosion 
which occurred, in addition to the mass transfer, 
can be seen. A similar, but less marked, corrosive 
attack occurred in the cold leg. 

The loop containing Armco iron fai led because 
of  plug formation after 250 hr of operation. The 
hot- and cold-leg temperatures were 800 and 545"C, 
respectively. As may be seen from Fig. 7.10, 
which shows a cross section of  the hot leg of  the 
loop, the iron specimen suffered almost no inter- 
granular attack. A decrease in  wall thickness o f  
0.003 in. was measured for the hot-leg specimen, 
There was no change in the wall thickness of the 
cold-leg specimen. 

A marked increase in  resistance to mass transfer 
was noted in  the loop containing type 446 stain- 
less steel. This test was terminated on schedule 
after 619 hr ofoperation with the hot leg at 810OC 
and the cold leg at 520°C. Although insufficient 

(6)G. P. Smith e t  ai., ANP Qoar. Prog. R e p .  Mar. 70, 

(7)Met. Prog. Rep. April 10, 1953, ORNL-1551 ( in press). 

Mass Transfer in  Liquid head. 

1953, ORNL-1515, p. 128. 
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Fig. 7.7. Corrosion of Nickel Thermal Convection Loop by NaF-ZrF,-UF,( (50-464 mole %) After 
500 hr at 1500OF. (a) Hot leg. (b) Cold leg. 250X 
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Fig. 7.8. Corrosion of Type 316 Stainless Steel Thermal Convection Loop by NaF-ZrF,-UF, (50-46-4 
mole %) After 500 hr at 1500'F. (a)  Hot leg. (b) Cold leg. 250X 
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Fig. 7.9. Corrosion of Type 347 Stainless Steel by Lead in Quartz Thermal Convection Loop After 
140 hr at 8000C. %OX 

f 

Fig. 7.10. Corrosion of Armco iron by Leod in Quartz Thermal Convection Loop After 250 hr at 80OOC. 
%OX 
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ma5s transfer occurred t o  form a plug large enough 
to stop the circulation of lead in the loop, a small 
quantity of mass transferred material collected at 
the bottom of the cold leg. It i s  to be presumed 
that had the loop been allowed to operate for a 
suff iciently long time, th is  deposit would have 
grown to sufficient size to stop the circulation of 
lead in the loop. 

The results obtained thus far indicate that al loys 
with a high nickel content - for example, lnconel 
and type 347 stainless steel - show l i t t l e  resist- 
ance to mass transfer or corrosion in  lead. On the 
basis of  the results with type 446 stainless steel, 
it appears that stainless steels containing no 
nickel suffer relat ively l i t t l e  mass transfer as 
compared with the nickel-rich alloys. Columbium 
and molybdenum showed no mass. transfer in lead. 

The compatibility of  
beryllium oxide with sodium or NaK i s  of  such 
concern to the ARE that the problem is  being 
attacked simultaneously in  seesaw, rotating, and 
thermal convection loop tests, with both treated 
and untreated beryllium oxide specimens. The 
treated specimens were sprayed with slurries of  
various fluorides, including CaF, CaF,-AIF,, 
and CaF2-MgF2, and then dried. In general, the 
coatings seemed to have some beneficial effect 
in reducing corrosion, 

Be0 in Sodium and NaK. 

.- -.I__ ........... 

TYPE O F  TEST 

Seesaw 

Rotating 

Convection loop 

Each of the tests WQS operated with a hot-leg 
temperature of about 1500'F for 100 hr in the 
seesaw and rotating tests and for 212 hr in the 
convection loop tests. The results in  terms of  
weight change of the 2- by \- by \-in. beryllium 
oxide specimens vary from ,1% in the seesaw 
tests up to 10% loss i n  the convection loop tests 
and to 71 to 100% loss in  spinner tests. The 
sodium velocity in the rotating test was 4QO fpm 
and, in  thermal convection loop tests, i t was only 
of the order of 6 to 10 fpm. The data obtained are 
summarized in Table 7.10. It now appears that the 
corrasion mechanism is, in reality, a mechanical 
erosion o f  the hot-pressed Be0 surface. Therefore 
the ARE has been designed SO that the sodium in 
contact with the Be0 wi l l  be virtually stagnant. 

In an attempt to determine where the missing 
beryllium oxide ends up, two convection loops 
were sectioned for analysis. Each loop had ope- 
rated for 212 hr at 150OOF; one loop contained 
sodium and the other NaK. The distribution of  the 
residual beryllium oxide in the l iquid metal drained 
from the loop, in the wash solution, and on the 
wall  i s  given in  Table 7. 11. These data indicate 
that the beryllium oxide is mainly suspended in the 
l iquid metal rather than being firmly attached to 
the walls, as was previously reported. 

A series of beryl- 
l ium specimens, some of which were plated with 

Coated Beryl l ium in Sodium. 

TABLE 7.10. EROSlON O F  BERYLLIUM OXIDE BY SODIUM AT 1500OF 
I__ - ............. I 

SPECIMEN 

AIF3-CaF2 treated Be0 
AIF3-CaF2 treated Be0 
Special grade of Be0  
Special grade of Be0 

AIF3-CaF2 treated B e 0  
AlF3-CaF2 treated Be0  
Special grade of Be0 
Special grade of Be0 

Untreated B e 0  
AIF3-CaF2 treated Be0 
AIF3-CoF2 treated Be0 
CaF2 treated Be0 
CaF2 treated 8eQ 

MgF2-CaF2 treated Be0 

..... .- ................. .- 

TEMPERATURE ('0) 

Hot Leg 

825 
820 
800 
805 

816 
816 
816 
816 

816 
816 
81 6 
816 
816 
a i 6  

Cold Leg 
% 

76 0 
6 75 
690 
720 

816 
816 
816 
816 

6 00 
600 
625 
650 
650 
600 

-1.1 
+0.20 
+O.R9 
f0 .32  

-100 
-7 1 
-94 
-90 

- 16.8 
-9.8 
-1.8 
- 10.5 

-7.3 
0.0 

.. ..--- 

LENGTH 
O F  TEST 

(hr) 

100 
100 
100 
100 

100 
100 
100 
100 

21 2 
212 
21 2 
212 
212 
212 

68 



PERIOD EMDlNG JUNE 70, 1953 

TABLE 7.11. D1STRIBUTlON OF BERYLLlUM OXIDE RECOVERED FROM CONVECTION LOOPS 
~. _..l__l_l 

-._.-._.___^__ 
RECOVERED B e 0  ('X) 

LIQUID METAL CIRCULATED 
On 'Null 

NaK 

Nu 

1.2 

2.4 

chromium and others with nickel at Gerity-Michigan 
Company and a t  Y-12, were tested in sodium in 
lnconel tubes for 100 hr in the seesaw furnace. 
Tubes were crimped so that the specimens were 
restricted to the hot zone. All specimens showed 
attack, and in only one nickel-plated specimen 
was the plat ing at a l l  adherent. Since both  chro- 
mium and nickel have good resistance to sodium, 
i t  i s  assumed that the poor showing of these 
specimens i s  due to porous plating. The appear- 
ance of some of these specimens after test i s  
shown in  Fig. 7.11. 

Carboloy in Lead and Sodium. Static tests of 
several Carboloys have been run with sodium and 
lead in  lnconel tubes for 100 hr at 816OC. Except 
for one test with Carboloy 608 i n  lead, the Carbo- 
loys (907, 779, 44A, and 55A) appeared ta have 
good resistance both to sodium and to  lead. While 
Carboloy 608 was satisfactory in sodium, when i n  
lead, a l ight  color phase appeared to  be preferen- 
t i a l l y  attacked to a depth of 26 to  28 m i l s .  The 
brittleness of these alloys, however, appears to 
make them prone to  cracking and spalling at the 
edges, as can be seen in Fig. 7.12. It i s  not known 
whether th is spalling takes place during testing or 
during metal lographic preparation. 

34,9 

77.2 

61.9 

20.4 

lINCL.ASS1 FlED 
PHOTO Y-8612 

(a) HOT ZONE - 810°C 
COLD ZONE - 640°C 

( b )  HOT ZONE-830"C 
COLD ZONE -.- 7 70°C 

(c) HOT ZONE-883O0C 
COLD ZONE- 725°C 

Fig. 7.11. Corrosion of Chromium- 
lium by Sodium After 108 hr in Seesaw Test, 
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Fig. 7.12. Carboloy 608 After Testing in Sodium for 100 hr at 816'C. Note cracking and spoiling at 
upper edge. 250X 
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8. METALLURGY AND CERAMICS 

W. D. Manly J. M. Warde 
Metallurgy D iv  is ion 

The fabrication of an intricate l iquid-to-l iquid 
heat exchanger was effected by manual inert-arc 
welding of tube-to-header welds. The individual 
t u h  bundles were reinforced and spaced through 
t h e  use of grid-type spacers fabricated by cone-arc 
wire-to-header welding techniques. 

In a study of the effect of the various brazing var- 
iables on the f lowabil i ty of the Nicrobraz brazing 
alloy, i t  was found that contamination of the 
brazing atmosphere with nitrogen has a serious 
effect on the f lowabil i ty of the alloy. Di lut ion 
a d  diffusion studies on three high-temperatwe 
brazing al loys - Nicrobraz, 60% Mn-40% Ni, and 
82% Au-18% Ni - have been completed. Brazed 
tube-to-fin joints were prepared to study the effect 
of the quantity of brazing alloy used, the brazing 
temperature, and the brazing time. 

A technique has been developed to  braze ce- 
mented cmbide rings to  shafts for use as pump 
seals. Standard brazing techniques could not be 
use,: since there i s  approximately a factor of four 
dilference between the thermal coefficient of ex- 
pansion of Carboloy and that of stainless steel. 
Additional information on the elevated tempel ature 
strength of blicrobrazed Inconel and type 336, stain- 
less steel joints has been obtained, 

The study of the effect of different environrnenis 
such as air, argon, hydrogen, and the fused fluoride 
salts on the creep and stress-supture properties 
of Inconel has continued, and a wide variation of 
properties has been found. This study i s  being 
extended to  include austenitic stainless steels, 
ferr i t ic stainless steel, and cobalt-base aljoys. 
Preliminary results indicate that Inconel and nickel 
axe much more sensitive to environmental changes 
than ate the austenitic stainless steels, such cis 
types 316 and 304. A design curve for inconel 
tested in the fused fluorides at 1500°F has been 
completed over the stress range of 2500 to 8000 
psi. 

Special high-purity al loys of the lncone! type are 
prepared in a vacuum melting furnace and then 
extruded to  form a draw blank. The draw blank i s  
then reduced t o  produce \-in.-dra 0.035-in.-wall 
tubing for corrosion tests. The activation energy 
for the oxidation of columbium in air was found to 

be 13,400 cal/mole for the temperature range of 
600 to 900°C and 4350 cab'mole for temperatures 
above 900°C. The oxidation resistance of chro- 
mium on OFHC: copper, chromium and nickel elec- 
troplate on copper, and Inconel and type 310 stain- 
less steel clad on copper has been studied for the 
production of high-conductivity fins for an ANP 
type of radiator. Special oxidatiomresistant al loys 
of copper have been prepared, and their oxidation 
characteristics have been determined. 
Work on the fabrication of control rads for the 

GE-ANP program has continued. Attempts to braze 
hot-pressed segments of B4C-Fe mixture to stain- 
less steel tubes were not successful; therefore an 
alternate method of fabrication is  being tried which 
consists of f i l l i ng  a tube with a mixture of AI-B,C 
or Cu-B,C powders and reducing to final s ize by 
swaging and hot rol l ing to consolidate the mixture, 
as wel l  as to  form a bond between the matrix and 
the tube wall, Powder metaliwgy compacts of 
various metals with additions of koS, were pre- 
pared for use as pump seals. Additional work on 
the  preparation of sphericd particles of uranium- 
bearing alloys has been perfwmed with the use of 
the fol lowing methods: 
1. 
2. 

3. 

4. 

heating in a vacuum to above the melting point, 
dropping particles through a three-phase three- 
electrode arc, which provides the heat source, 
forcing the molten al loys through a small ori- 
f ice, 
lett ing precut particles of the al loy settle 
through a molten salt  both w i th  a temperatwe 
gradient that extends beyond the liquidus and 
solidus of the alloy. 

Research has been init iated to determine to what 
extent the burning of jets of l iquid sodium can be 
seduced by alloying the sodium with some of the 
heavy metals. In the in i t ia l  phase of th is project, 
a large number of al ioys wi l l  be surveyed quali- 
tat ively, Preliminary experiments indicate that 
al loying with lead, niercury, or zinc does not ap- 
preciably change the j ~ ~ ~ ~ ~ ~ a ~ i ~ ~ t y  of  sodium at 
800°C. A collection of th is t y p e  of qualitative 
data w i l l  serve to indicate whether a detailed 
study of the numerous variables of the inflamma- 
b i l i t y  process w i l l  be worth-while. 
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A cermet has been developed in which 10% USi, 
i s  included in the central portion of a s i l icon car- 
bide fuel element. Other ceramics research has 
included a study of the heating rate of beryll ium 
oxide. It appears that the safe heating rate i s  less 
than 2QQ°C per hour. 

WELDING AND 5 R A Z t N G  R E S E A R C H  

P. Patriarca V. G. Lane 
G. M. Slaughter C. E. Shubert 

Metallurgy Div is ion 

Pre- 
liminary cone-arc welding experiments for deter- 
mining the feasibi l i ty of tho construction of the 
Inconel six-tube-bundle l iquid-to-l iquid heat ex- 
changer were deseribed in a previous report,(') 
Further efforts to  apply the process to this fabri- 
cation merely verif ied the evidence that the pro- 
duction of reliable, consistently leak-tight cone- 
arc tube-to-header welds was complicated by the 
curvature of the dished headers of the heat ex- 
changer. Rather than to delay the production of 
the heat exchanger, several experimentul headers 
were fabricated by manual inert-arc welding. It 
was found that a qualif ied operator can fabricate 
consistently leak-tight tube-to-header welds by the 
use of manual welding techniques. Consequently, 
the manual welding of the s ix  tube bundles corn- 
prised of 35 tube-to-header welds on each end of 
each bundle was undertaken, pending further de- 
velopment of the cone-arc welding process. 

One tube bundle consists of 35 lncone! tubes, 
0.148 in. in outside diameter with 0.025-in.-thiek 
walls, welded on each end into a 0.125-in.-thick 
dished (4-in. radius) header. Each bundle was 
helium leak checked and Dy-Cheked prior to weld- 
ing of the nozzle assembly. The nozzle was at- 
tached by manual inert a r t  welding. Six of the 
420 tube-to-header welds were found by the helium 
leak detector inspection procedure t o  contain 
leaks, which were subsequently successfully re- 
paired. 

Since the tube bundles cantained a free span of 
Qpproxirnately 40 in., the design required that grid- 
type spacers and clamps be used at 8-in. intervals 
to provide reinforcement of the bundle and to 
ensure free flow of l iquid around the tubes. A 
cone-arc w ire-to-header plug-welding technique was 

Welding of Heat Exchanger Tube Bundles. 

("P. Potr iarca ,  G. M. Slaughter,  V. G. Lone, and 
c, E, Shubert, ANP Quar. Prog. Rep. Mor. 10, 1953, 
ORNL-1515, p. 140. 

developed and applied to the fabrication. Suitable 
j igs were used t o  provide the dimensional toler- 
ance required with respect t o  curvature and spac- 
ing. Figure 8.1 shows three completed tube bundles 
welded into a half section which w i l l  constitute 
the Cylindrical vessel of the six-tube-bundle I iquid- 
to-l iquid heat exchanger when welded to  i t s  mate. 

UNCLASSIFIED 
e PHOTO Y.9060 

Fig. 8.1. Three Tube urndles Welded into Half 
Section of Cylindrical Six-Tube-Bundle biquid-to- 
L iqu id  Heat Exchanger. Note spacers, 
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Brazing of Air Radiators, In the fabrication of 
previous heat exchanger test assemblies by furnace 
Nicrobrazing,(’) experience indicated that furnace 
temperatures of 2300°F were necessary t o  obtain 
suitable f iowabil i ty of the brazing alloy, At braz- 
ing temperatures below 2300°F, a granular braze 
was often obtained, and as c1 result, the joints 
Beaked. Brazing at 2300°F was found to cause 
severe di lut ion o f  the parent material and inter- 
granular di lut ion and/or diffusion, which resulted 
in severe embrittlement of the parent assembly, 
The design of the heat exchanger test units usu- 
a l l y  required a multiple brazing operation. Conse- 
quently, leaky assemblies that were practical ly 
impossible to repair were encountered on the sub-  
sequent rebrazing operations, possibly because of 
excess ive d iB ut ion and/or cr a t  king of prev ious l y 
embaittled joints as a resul t  of the thermal stresses 
set up during the rebrazing operation. In an effort 
t o  remedy the  deleterious effects of the high braz- 
ing temperature, a series of tests was run to de- 
termine the cause of poor f low at normal brazing 
temper at ures. 

Brazing cycles were accurately determined by 
mult iple temperature measurements made with chro- 
mel-alumel thermocouples encased in  impervious 
ceramic tubes, The dew point o f  the hydrogen 
atmosphere was measured and verified as being 
less than -70OF. The effect of rate of rise ad 
temperature on dif fusion of boron and the cffect 
of boron on f lowabil i ty were a lso  experimentally 
discounted as maior factors responsible for poor 

f low when the alloy i s  used in the form of a thick 
slurry and the contact area for boron diffusion i s  
small. A determination o f  the effect o f  nitrogen as 
an impurity in  the hydrogen atmosphere# however, 
produced signif icant results. There is indication 
that elimination of the hydrogen purge being used 
in the brazing operation i s  necessary. Controlled 
experiments performed with the use of a sma l l  
muffle furnace revealed that the presence of nip 
trogen impurity in  the hydrogen resulted in defi- 
nite impedance to  the flow of Nicrobraz by very 
rapidly forming a poorly reducible nitr ide and/or 
a new brazing alloy with a higher melting point, 
These experiments led to the conclusion that ~ C I  

future con-brazing operations a helium purge should 
be substituted for the hydrogen purge. To verity 
th is  thinking, a small 15-fin/in. heat exchanger 
was rebrazed after two previously unsuccessful 
operations a t  2200 and at 2300°F. The joints were 
prepared with a fresh slurry of al loy and brazed at 

2150‘F for 40 minutes. Excellent f low was oh- 
tained, and helium leak test ing did not detect the 
presence of any leaky joinis. 

Future work w i l l  further verify whether complex 
heat exchangers can be fabricated in a single 
brazing operation at a reasonable ternperature 
range (between 2050 and 2150°F) i n  which  $he 
excessive dilution, embsittlement, and developmnt. 
of leaks experienced with the multiple brarirsg 
operations performed at 2308°F can be avoided. 

It was 
indicated in a previous report(*) that studies were 
being made of di lut ion and diffusion of three high- 
temperature brazing alloys - Nicrobraz, 6 

Baazed tu  
joints were prepared for a study aF the metallo- 
graphic effects of (1) the  quantity of brazing alloy 
used, (2) the brazing temperature for a glvcn time, 
and (3) the brazing time Fer a given temperature. 
The joints were prepared froin O.O1@in.-thick type 
302 stainless steel fin material and 0.150-in.-OD 
0.020-in.-walI type 304 stainless steel tubing. 

Small, medium, and large amounts of haz ing  
al loy were investigated, whi le the time at tempera- 
ture was varied from 10 min to 18 hr for an over- 
night brazing cycle, The brazing temperature was 
varied from 20 PO 120°C above the melting point. 

The results of metallographic examination of the 
test specimens are presentid in Table 8.1 as 
average percentages of  the tube  wal l  thickness 
actual ly dissolved during the brazing, 

The specimens brazed with Nicrobraz alloy oIso 
exhibited a diffusion zone which sometimes ex- 
tended completely through the walR thickness. The 
maximum penetration, which was pr;niaaiiy rntsr- 
granular diffusion of d l o y  constituents, was re- 
corded, but the scatter of the data was sm3i as  t~ 
make a definite correlation impossibsc, 
fusion zones wider than 0.5 mil were found  in 
specimens brazed with the gold-nickel and nickel- 
manganese ai IOYS s 

As a result of this investigation, it became ap- 
parent that base-meiial di lut ion increases rapidlp. 
with the use of increased amounts of Nicrobaaz 
alloy, Severe al loying of the tube p lus ceinplete 
collapse of the fin i s  shown in Fig. b,2u, which i s  
a photomicrograph of a joint brazed at 1220°C fur 
30 min wi th  a large quantity of a19oy. Much less 
tube-wall and f in  di lut ion can be seen in F is. 8,2&, 
which is  a photomicrograph of a joint brazed under 
identical conditions but wi th less alloy, Dilution 

Dilution orid Diffusion of Brazing Alloys. 

Ni,  and 82% Au-18% Ni. 

7 3  
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TABLE 8.1. R E L A T I V E  AMOUNT OF DILUTION OF VARsOUS ALLOYS INTO 0.020-in.-WALL 
0.187-in.-OD TYPE 304 STAINLESS STEEL TUBING 

-.-- ~ 
_-I- 

TYP 
OF BRAZING ALLOY 

Nicrobraz 
1 ring of 31-mil wire*  

2 rings of 31-mil w i re*  

3 r ings of 31-mil wire* 

60% Mn-40% Ni 
1 ring of 21-mil wire 
1 ring of 32-mil wire 
1 ring of 45-mil w i re  

82% Au-18% Ni 
1 ring o f  21-mil wire 

2 rings o f  21-mil wire 
1 ring of 37-mil wire 

*Mixture of Nicrobroz olloy powder in acryloid cement binder. 

also increased rapidly w i th  increasing brazing 
temperature, but it was virtual ly independent of 
time at temperature. 

Intergranular dif fusion during Nicrobrazing was 
greatly increased with the use of high temperatures 
and/or the use o f  large quantities of brazing alloy. 
T i m  seemed to affect the depth of the dif fusion 
zone somewhat, but no definite relationship could 
be determined from this investigation. 

Di lut ion of the stainless steel by the manganese- 
nickel and gold-nickel al loys increased substan- 
t ia l l y  with both temperature and quantity of alloy, 
but time at temperature did not seem to be an 
important variable. In general, di lut ion was greater 
wi th the gold-nickel al loy than w i th  the manganese- 
nickel  alloy. 

It has be- 
come necessary to braze cemented carbide rings to  
stainless steel for use as rotating mechanical pump 
seals f o r  operation a t  l5QQOF in both fluoride and 
air environments. Standard brazing techniques re- 
sul t  in severe cracking o f  the br i t t le Carboloy upon 
cooling because of differences in coefficients of 

Brazing Carboloy to Stainless Steel, 

thermal expansion. Carboloy, for example, has a 
representative coefficient of thermal expansion of 
5 x loe6 in./in.."C, while stainless steel has a 
representative value of 20 x 

Nicrobraz, which is  highly resistant to high- 
temperature oxidation and moderately resistant to 
fluoride attack, was used in preliminary investi-  
gations. However, severe distortion of the stain- 
less steel wi th subsequent fracture o f  the Carboloy 
occurs when standard techniques are used (Fig. 
8.3). A small rod of  the cemented carbide fractured 
completely along i t s  length. A nickel shim, which 
was placed between the two parts to  be joined to  
reduce the effects o f  contraction, was so em- 

brit t led by the Nicrobraz that yielding was pre- 
vented and the Carboloy fractured. Thus it became 
evident that a ducti le brazing al loy wi th the re- 
quired corrosion resistance was needed. An 82% 
Au-18% Ni al loy was selected, and actual as- 
semblies were brazed by using 0.020-in. rings of 
brazing alloy, together with vorious thicknesses 
of  nickel shim material. It was found that a nickel 
thickness of  '/8 in. wa5 needed to consistently 

in./in.."C. 
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Fig.  8.2. Stainless Steel Tube-fo-Fin Joint Nicrobrared a t  122OOC for 30 min. (a) With a large quantity 
of brazing alloy, severe tube wal l  di lut ion results. ( b )  With a small quantity of brazing alloy, l i t t l e  tube 
wall dilut ion i s  evident. Etched with aqua regia. SOX 
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Fig. 8.3. Carboloy Rod Nicrobrazed t o  Type 
316 Stainless Steel. 
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produce crack-free pump seals. Cooling rates of 
approximately 1000°F/hr were also employed to 
decrease cracking tendencies. One successfully 
brazed seal consists of  a Carboloy r ing brazed to 
a nickel shim which i s  in turn brazed to the stain- 
less steel body. 

It i s  expected that similar techniques may be 
applied advantageously i n  joining other materials 
with widely different coefficients of thermal 
expansion. 

High-Temperature Brazing A l loy  Evaluation 
Tests. The results of several roam- and elevated- 
temperature butt-braze tensi le tests on Nicrobrazed 
lnconel and type 316 stainless steel joints indi- 
cated that the low-temperature properties of stain- 
less steel joints were definitely superior to those 
of  lnconel joints. However, the difference de- 
creased rapidly above 1200°F, as determined from 
a plot of  tensi le strength vs. testing temperature. 

A summary of  the exist ing data i s  given in Table 
8.2. Each value l isted i n  the table i s  an average 
of  f ive tests on 0.252-in.-dia test bars. The tests 
were short-time tensi le tests on butt-brazed joints 
that were machined under nearly ideal conditions. 
It should be remembered that the strength properties 
of actual joints may vary quite markedly from those 
shown for these more ideal cases. 

C R E E P  AND STRESS-RUPTURE TESTS OF 
S T R U C T U R A L  M E T A L S  

R. B. Oliver 
D. A. Douglas 

C, W. Weaver 
J. W. Woods 

Metallurgy Division 

The effects of  various environments, such as air, 
argon, fluorides, and hydrogen, on the creep and 
stress-rupture properties of Inconel were investi- 
gated, and wide variations in properties were 
found. Th is  study i s  being extended to  include 
the following additional materials: types 316, 304, 
and 405 stainless steel, nickel, and Hasteiloy 
"C". Table 8.3 shows the results of the tests 
made to date. A stress was picked for each ma- 
terial which would cause rupture in an argon 
atmosphere i n  the time range of 700 to 1000 hours, 
The data seem to indicate that there i s  l i t t le  
environmental effect on either type 316 or type 
304 stainless steel under the present testing con- 
ditions. An A nickel specimen which is s t i l l  i n  
test in an air atmosphere indicates that nickel may 
hove considerably more creep strength in air than 
in any of the other environments presently being 
used, If th i s  i s  true, it i s  possible that the 
strengthening agent or mechanism i s  the same for 
nickel as Inconel, which exhibits a similar effect. 
Further tests are in progress so that a more com- 
plete evaluation of the environmental effects can 
be made. 

As (I part of th is program, fine-grained lnconel 
was tested at 3500 ps i  in alternate cycles of argon 
and hydrogen. The f irst 200 hr of the test was i n  
argon, and a constant creep rate was reached 
before the f i rst  hydrogen cycle was started. Each 
hydrogen cycle resulted i n  on accelerating creep 
rate. Each argon cycle tended to maintain es- 
sentially the same creep rate as that observed at 

TABLE 8.2. 

1 
TENSILE TESTS OF BUTT-BRAZED JOINTS - ... 

II.........__.__ 
TENSILE STRENGTH (psi )  

TEMPERATURE (OF) t------ Stain less  Stee I----- lnconel Joint 
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TABLE 8.3. RESULTS OF CREEP AND STRESS-RUPTURE TESTS OF STRUCTURAL METALS 

In Argon In Hydrogen 

730 275 

830 770 

1100 1400 

1004 935 
I 

STRESI MATERIAL 1 ( p s i )  I_ 

In Fluorides 

0.007 0.020 0,015 

0.009 0.010 0.020 

0.005 0.002 

0.003 

750 0.002 

865 0.009 

0.008 

0.0002 

-- 
Fine-grain ed 

lnconel 3500 

Type 316 stainless 
steel 6300 

Type 304 stainless 
steel 3500 

Nickel 1500 

In Air 

Over 2500 

855 

1410 

goo* 

*Still in test .  

the end of the hydrogen cycle. The test was dis- 
continued after 550 hours. Metal lographic exami- 
nation revealed profuse internal intergranular 
cracking. Other tests of fine-grained lnconel at 
3500 ps i  i n  argon only were discontinued after 
200 and 450 hours, Microscopic examination did 
not reveal any intergranular cracking. It has been 
shown that, in both argon and hydrogen, failures 
w i l l  result from init iat ion and propagation of inter- 
granular cracking. Hydrogen apparently tends to 
promote and accelerate the rate of nucleation and 
the propagation of  the cracking. 

Testing of lnconel i n  the fused fluoride NaF- 
ZrF,-UF, (46-50-4 mole %) i s  continuing, and the 
remaining tests are to be performed in the low 
stress range. A preliminary design curve for fine- 
grained material i s  shown in  Fig. 8.4. The dotted 
portions of  the curves that are below 3500 psi  
were obtained by extrapolation. Data for a design 
curve for coarse- and fine-grained lnconel w i l l  he 
completed to a stress of 2500 ps i  in approximately 
three months. Tests at 1500 ps i  are scheduled, 
and it i s  estimated that about 12 months wil l  be 
required for rupture of the specimens. 

F A B R I C A T I O N  R E S E A R C H  

E. S. Bomar 
J. H. Coobs H. lnouye 

R. W. Johnson 

Metallurgy Division 

A. Levy, Pratt and Whitney Aircraft Div is ion 

It was 
indicated in the previous report(2) that the principal 
problem involved in extrusion of  hiqh-purity cost 

Extrusion of High-Purity inconel Tubing. 

(')E. S. Bomar, Jr., et a\., ANP Quar. f r o g .  Rep. Mar.  
70, 7953, ORNL-1515, p. 152. 

lnconel was that of lubrication. During th is  period, 
several lengths of  lnconel tubing was extruded by 
using glass wool on the b i l le t  and rock wool i n  the 
container. The results indicate that malleabil izing 
agents are unnecessary in these vaccum melts. 
The data are tabulated in Table 8.4, 

Analyses o f  the several heats show that the total 
impurities are about 0.4%, of  which 0.3% i s  si l icon 
and iiianganese from the ferrochromium used, The 
extruded tubes are being drawn to 0.50 in. i n  out- 
side diameter and 0.035 in. in wall  thickness for 
corrosion testing. 

The oxidation rate 
of columbium i s  linear between 400 and 12OO0C. 
The logarithm of the rate constant plotted vs. l /T  
is a straight l ine with a break a t  90OOC. This 
temperature corresponds with a change in the modi- 
f ication of the Cb,O, from the low, or "T", form 
to the high, or "H", form. The energy of activation 
between 600 and 900'G was found io be 13,400 
cal/mole. Above 9 W C , a  value of 4350 cal/mole 
WQS obtained. The only oxide found in these tests 
was Cb,O,. Embrittlement o f  the metal occurs a t  
approximately € D O T .  

Control Rod for the G E  Reactor. The prototype 
control rod, 30 in. long and $ in. i n  diameter, was 
assembled and delivered for testing. This rod 
comprised several segments o f  hot-pressed 56% 
8,C-44% Fe absorber canned in CI stainless steel 
tube. However, brazing the hot-pressed mixture to 
the tube did not result in Q satisfactory bond, so 
a decision was made to abandon this method of rod 
fabrication. An alternate method o f  fabrication 
that i s  being investigated consists o f  f i l l i ng  cs 
tube with Q mixture o f  Al-B,C ar Cu-S,C powders 
and reducing the tube to y2 in. in diameter by hot 

Air Oxidation of Columbium, 
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INGOT NO. 

7,9,10 

a 
8,9,10 

0.0 1 

B ILLET UNIT 
TEMPERATURE** EXTRUSION EXTRUSION EXTRUSION 

DIE  PRODUCT RATIO 
(OF) PRESSURE ( ts i )  

2150 Tube 58 to 72 25 deg cone 22: 1 

30 deg cone 23:l 60 2200 Tube 

2200 Rod 14:l 45 45 deg v 

-- __ 

10 

CREEP RATE ( % / h r )  
Of  

LI.! 
100 

TIME (hr)  

1.0 

io00 

IO 

to.000 

Fig. 8.4. Creep and Stress-Rupture of lnconel Sheet Tested in Q Fluoride Fuel  at 1500OF. Heat  
NX8004; cold rolled and annealed at 1500°F. Grain size: approximately 90 grains per square mil l imeter.  
Times were measured for 0.5, 1, 2, 5, and 10% extension and rupture vs. stress. Extension measured by 
dial gage. 
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swaging or hot rol l ing to consolidate the mixture, 
as well  CIS to form a bond between the matrix and 
the tube wall. When a b u t  50 vol % of f ine B,C 
powder i s  used, the core material should have 
nearly the same nuclear cross section as he hot- 
pressed B,C-Fe composition, 

Mixtures containing 47% AI-53% B,C and 75% 
AI-25% B,C were prepared by mixing -100-mesh 
atomized aluminum powder, grade "C" electrolytic 
copper powder, and metallurgical-grade B,@ powder 
for 1 hr i n  an oblique blender. The B,C was 
ground for 16 hr and contained about 60% -325 
mesh particles. The tap densities of  these mix- 
tures were 63% for the B,C-AI mixture and 50% 
for the B,C-Cu mixture. The B,C-AI mixture was 
used with %-in.-dia tubing and was reduced a total 
of 40%. However, since the B,C-Cu mixture re- 
quired more reduction for complete consolidation, 
i t  WQS loaded in a 9,-in.-dia tube and reduced a 
total of 58%. The finished rods were \ in, in 
diameter. 

The tubes used for both mixtures were AIS1 type 
304 stainless steel with an original wall  thickness 
of 0.049 inch. They were bright annealed i n  dry 
hydrogen, loaded by tapping for 3 to 5 min, sealed, 
and evacuated through a porous sintered-metal 
plug. The B,C-AI rods were reduced a t  6 W C  i n  
two steps, while the B,C-Cu rods were reduced at 
1CQOO"C in four steps. 

A total o f  seven experimental rods has been 
prepared, including one 20-in.-long rod of  each 
material, For reactivity tests in the I ITR.  In 
addition, short sections about 6 in. in length of  
each type of  rod have been prepared for thermal 
conductivity and strength tests. In each case the 
care material was consolidated to 95% or more of 
theoretica6 density and showed good distribution 

o f  6,C. The B,C-Cu core material showed good 
bonding to the stainless steel tube wall  in the as 
swaged condition, but the B,C-AS mixture did not. 
However, after heating to 700OC for 15 min, the 
B,C-AI exhibited excellent bonding. 

The stainless steel tube wail was increased in  
the swaging process from 0.049 in. to a final thick- 
ness that varied from 0.053 to 0.057 in.; thus 
the final wall thickness was somewhat less than 
the required 0.065 inch. However, i f  the original 
wall  thickness were 0.058 in,, an increase of the 
same proportion during the swaging would give a 
final thickness very close to that required. 

HOT-PRESSED PUMP S E A L S  

E. s. Bomar 
J. H. Coobs H. lnouye 

R. W. Johnson 

Metallurgy Division 

A. Levy 
Prott and Whitney Aircraft Division 

Fabrication ad Small Compacts with MoS,. Addi- 
t ional small experimental compacts with 14 vol % 
MoS, were prepared by hot pressing. The data from 
these experiments are given i n  Table 8.5. The 
f i rst  four experiments showed that the 95% Ag-5% 
Cu alloy composition could not be prepared by 
using coarse silver powder, In all C Q S ~ O  in which 
the pressing temperature exceeded the eutectic 
temperature of  780°C, a portion of the alloy was 
lost by extrusion of the eutectic composition past 
the rams. A single compact pressed at 770% with 
no loss of material was heated cst 320°C in helium 
for a total of 36 hr in an attempt ta produce a 
fiomogeneous al loy matrix. Th is  treatment was 
not successful. Thus, it was necessary to prepare 

TABLE 8.5. EXPERIMENTAL COMPACTS OF FACE SEAL COMPOSITIONS 
-.- -.-I- 

(Coarse 95% Ag-5% Cu)-MoS2 

Type 304 stainless steel-MoS2 Highly m a g n e t i c  

High ly  magnetic 
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this composition by using the ultraf ine precipitated 
si lver powder. 

Metallographic Examination of Compacts wi& 
MoS,. The compacts o f  stainless steel and MoS, 
are be i n g stud i ed nieta I Io gsap h i ca I I y to d eterm in e 
the extent o f  reaction, i f  any, between the b S 2  
and stainless steel. The sulfide phase seems to be 
interspersed with a metallic phase, which becomes 
more prominent as the pressing temperature i s  
increased. X-ray diffraction analysis revealed 
only ferrite; the identity o f  the sulfide phase could 
not be established and austenite could not be de- 
tected. It thus seems that molybdenum i s  dissolved 
or nickel i s  removed from solution, or both, with 
the consequent formation of  ferrite. Thus the com- 
position may be unsatisfactory for the pump seal 
tests. 

Metallographic examination showed that the 
Cu-MoS, compact and the Ag-MoS, and (95% Ag- 
5% Cu)-MoS, compacts prepared with precipitated 
silver powder had excellent structure. The flake- 
l i ke  particles of  MoS, were oriented perpendicular 
to the direction of  pressing and were distributed a t  
random in the continuous, homogeneous, highly 
dense matrix. 

The coarse si lver compact, on the other hand, 
had a rather poor structure in which the MoS, was 
distributed exclusively at  the particle boundaries. 
This compact showed rather poor interparticle 
bonding and had poor physical properties. 

Fabrication of Face Seal Rings. On the basis of 
results obtained with the small compacts, face 
seal rings 3% in. OD by 2% in. ID by in. long 
with the compositions shown in Table 8.6 were 
fabricated by hot pressing at2500 psi. The Cu-MoS, 
composition seemed quite satisfactory except that 
the density was not so high as desired, A slightly 
higher pressing temperature might have increased 

the density, but during the second hot pressing 
operation the die broke. Since the compact ob- 
tained could be used,the operation was not repeated. 

The Ag-MoS, compacts were prepared with coarse 
si lver powder, and it was necessary to approach 
quite close to the melting temperature of  si lver to 
obtain the low porosity desired. Di f f icul ty in 
accurately controlling the temperature of the large 
d ie  assembly resulted in a substantial loss of  
material from one of the compacts by extrusion past 
the rams and infiltration of the graphite die body. 

The (95% Ag-5% Cu)-MoS, compact was prepared 
with the fine precipitated si lver powder which 
gave excellent results in small compacts. However, 
the density of the f irst compact was rather low, 
and in an attempt to obtain a density of 95%, the 
maximum temperature was exceeded and again a 
substantial amount o f  the material was lost  by 
extrusion and infiltration. All compacts were 
iudged to be satisfactory for testing and were 
del i vered. 

An additional request was received for a number 
o f  smaller rings of  the Cu-MoS, composition to be 
used in a packing gland to seal the shaft o f  a 
fluoride pump. A total of 20 rings, 1 ' 8 in. OD by 
1q6 in. ID by 8 in. thick, i s  required fcw the f irst 
test. Six cylinders, 1% in. OD by It in. ID by 
2 in. long, from which sufficient rings could be 
machined, were prepared from the 92% Cu-8% MoS, 
composition. It was found that densities as high 
as 97.5% of  theoretical could be attained by hot 
pressing the rings o t  950 to 960OC and cooling 
under pressure. 

Efforts to 
form MoS, on the surface of molybdenum have been 
continued. The pyrex reaction vessel used in i t ia l ly  
was replaced with a vessel of material that perinits 

Surfaee Sulfvsization of Molybdenum. 

TABLE 8.6. FACE SEAL TEST RINGS 

COMPOSITION TEMPERATURE I (wt  %) ("C) 

C U - ~ %  MoSZ 

Ag-9% MoS2 

(95% Ag-5% Cu)-9% MoS, 

910 
900 

96 0 
955 

835 
880 

I REMARKS 
DENSITY 

(% of theoretical) 

89.5 
-9 0 

92.5 
95.0 

Die broken 

15% weight loss 

3% loss 

85.5 No loss  

86.5 20% weight l o s s  
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the use o f  a higher temperature. Also, H,S was 
used in one experiment in place of the sulfur vapor. 

For the experiment i n  which H,S was used, the 
molybdenum was introduced in the form o f  an 18-in.- 
long by 0.057-in.-dia wire. Thewire was suspended 
in  a vertical tube furnace that had a temperature 
gradient of from room temperature to 1O2O0C. The 
H,S was passed through the tube a t  the rate of 

ture. The exposure was terminated because o f  
the escape of H,S when the gas outlet became 
plugged with condensed sulfur. 

Data on the free energy o f  formation o f  H,5(3) 
indicate that a t  1OOO"C the equilibrium pressure of 
sulfur gas i s  about 0.08 atomic weight. An appreci- 
able portion of  the decomposed H,S must have been 
swept out o f  the reaction chamber before recombi- 
nation could take place. The molybdenum wire 
reacted with the gaseous atmosphere at tempera- 
tures of from 535 to 102OOC. X-ray diffraction 
patterns showed the reaction layer to be MoS,. 
However, the dif f iculty described here plus the 
psychological and physiological hazards associated 
with the escape of H,S make the use o f  sulfur 
vapor more attractive. 

Two furnaces were arranged to permit the heating 
o f  a molybdenum sample contained in a tube to one 
temperature and the heating of a sulfur reservoir a t  
the other end to a lower temperature. Type 446 

1 I i t e r h i n  during an exposure of 1 1 /2 hr at tempera- 

(3)H. J. T. Ell ingham,  J.  o f  the SOC. of Chem. Ind. 
63-65, 125-133 (May 1 9 4 4 ) .  

SULFUR 
TEMPERATURE 

("C) 

445 

490 

490 

460 

stainless steel tubing was used for the container. 
Data from the four exposures made by using this 
arrangement are summarized in  Table 8.7. These 
tests indicate that a UOS, layer can be formed by 
exposure to sulfur vapor and that a degree o f  con- 
trol may be exercised by varying the molybdenum 
temperature and the sulfur vapor pressure. Further 
checks w i l l  be made to determine whether the 
temperature at which the MoS, i s  formed has an 
appreciable effect on the nature of the compound 
formed. 

HIGII*CONDUCTIVITY METALS FOR R A D l A T O R S  

E. S. Bomar R. W. Johnson 
H. lnouye -1. H. C O O b 5  

Metallurgy Division 

A. Levy 
Pratt and Whitncy Aircraft Division 

Finned tubes could be advantageously used for 
the air radiators that w i l l  be required by most 
nuclear aircraft reactors to transfer the reactor 
heat to a turbojet air stream. The design of the 
f ins requires that they be 0.010 in. or less i n  
thickness, that they be oxidation resistant a t  
150PF, and that they possess high thermal con- 
ductivity. The object o f  the in i t ia l  investigation 
has been to determine the most promising method of  
fu I fi I ! in g these speci f i cation s. 

The major effort, to date, has been directed 
toward the protection of copper by cladding i t  with 

TABLE 8.7, REACTION OF MOLYBDENUM WITH SULFUR VAPOR 

SULFUR VAPOR 
PRESSUR E 

(mm Hg) 

760 

1441 

1441 

948 

MOLYBDENUM 
TEMPERATURE 

(OC)* 

800 

900 

900 

900 

TIME AT 
TEMPERATURE 

(min) 

60 

120 

a 

10 

REMARKS 

- 

No MoS2 formed 

Complete conversion of 4-9 molybdenum 
s a m p l e ;  l ayer  of FeS formed on inner 
s u r f a c e  of tube 

1 P o w d e r y  MoS2 3 
num c o m p a c t  

in. thick o n  molybde-  

Porous molybdenum s a m p l e ,  \ 6 - i n .  
l ayer  of MoS,; d e n s e  molybdenum 
s a m p l e ,  s l ight  r e a c t i o n  

*Data  from L a n g e ' s  Handbook o f  Chemistry, Six th  Edi t ion ,  p. 1421. 
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the specified maximum permissible thickness of 
0.002 in. of oxidation-resistant materials. Some 
attention has been given to the use of oxidation- 
resistant copper alloys as the f in material or as a 
cladding on copper. Type 310 stainless steel clad 
si lver was also investigated. The results, to date, 
are o f  a preliminary nature. 

Chromium-Clad OFHC Copper. 80th vapor-de- 
posited and electroplated chromium claddings on 
oxygen-free high-conductivity (OFHC) copper were 
tested a t  1500’F for 100 hours. The results indi- 
cate that this combination offers protection to the 
copper i f  the plate does not peel of f  or crack during 
tmiperature cycling. Diffusion does not appear to 
be a problem. Samples of “ductile” chromium on 
copper have been requested from the Duct i le Chrome 
Process Company. 

chromium and Nickel Electroplate on Copper. A 
camposite that was intended to be 0.0005 in. of 
chromium plus 0.0015 in. of  nickel on copper WQS 

prepared; however, measurements indicated that 
the composite tested actually had O.OQ2 in. of 
nickel and less than 0.0001 in. of chromium. When 
tested, as plated, a t  15m°F, the surface showed Q 

few areas o f  failure after 100 hours. A 590-hr test 
showed no failure. After a pretreatment of  24 hr 
a t  1000°C in hydrogen, a test for 100 hr showed no 
surface failure, but a test for 500 hr showed com- 
plete failure because of separation of  the plate 
from the care. Metallographic examination of  the 
specimens tested for 100 hr showed that the copper 
core had suffered extreme diffusion and that 
numerous voids had appeared near the original 
interface. The amount of unaltered copper was 
approximately 25% of the original core, 

Inconel Cladding on Copper. In 100-hr tests of  
Incanel-clad copper, diffusion occurs that affects 
a zone that i s  from 0 to 4 mils thick. In 500-hr 
tests, the characteristic color of the copper nearly 
disappears, and the cladding i s  penetrated by a 
copper-rich phase tho; extends to the surface in 
some locations. The 100-hr tests showed that a 
core of  commercial copper develops substantially 
more voids near the interface than does OFHC 
copper. In a l l  instances, surface failure (that is, 
oxidation effects) i s  l imited to the development of  
copper oxide nodules. This type of  failure i s  

attributed to pinholes developed in  the cladding and 
rol l ing of  the composite. Suitable rol l ing tech- 
niques reduce the number of pinholes developed to 
the extent that th is type o f  failure becomes in- 
con sequ en ti a I. 

The wide variations in thickness o f  the diffusion 
zones in the several different composites tested 
suggest that the method o f  fabrication i s  responsi- 
ble for the diffusion. It i s  thought, a t  this time, 
that assernbl ing the composites with both the copper 
and the cladding as clean as possible promotes 
diffusion and that consequently a “not so clean” 
interface i s  desirable. 

Type 310 Stainless Steel Cladding on Copper. 
Tests of type310 stainless steel cladding on copper 
have been completed. These tests were conducted 
in air for 100- and 5W-hr periods. The results 
indicate that the diffusion which occurs i s  p r o  
dominantly of a different type than that found in 
specimens o f  Inconell cladding on copper. In most 
cases the interface becomes highly irregular, to 
the extent that islands o f  a copper-rich phase 
appear i n  the cladding. In only one instance did a 
test piece show alteration of  the copper core. The 
number and the size of the copper-rich islands 
that appear in the cladding are greater when som- 
mercial copper i s  used than when OFHC copper i s  
used. A l l  surface failures were pinholes such as 
found with lnconel cladding, 

Type 310 Stainless Steel Cladding on Silver. 
Tests of  type 310 stainless steel cladding on 
silver were made at 1500°F for 100- and 500-hr 
periods. The material tested showed a cladding 
thickness o f  5 mils. There was no failure i n  the 
cladding, and diffusion at the end o f  500 hr was 
negligible. 

Copper Alloys. Copper alloys were tested for 
100-hr a t  1500’F with the results given i n  Table 
8.8, The thermal conductivity a t  20’C of  the 
copper-aluminum al loys i s  about 0.20 cgs units, 
with a positive temperature coefficient. Extrapo- 
lated data indicate a value o f  about 0.4 cgs units 
at 1500’F (for lnconel and type 310 stainless steel 
the value i s  about 0.06 cgs units). These copper- 
aluminum al loys may prove to be adequate as they 
are, but the present plans are to clad copper with 
both the 6% and the 8% aluminum-bronze allay. 
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LOSS O F  C O P P E R  
(%I ALLOY 

_I_- 

99% Cu-1% Be 7.0 I Uniform black oxide that scaled freely 

98% Cu-2% AI 

96.5% Cu-3.5% AI 

95% CU-S% AI 

94% Cu-6% Ai 

92% C U - ~ %  A \  

90% CU-lQ% AI 

28.5 

1 .o 
0.16 

N o  change 

N o  change 

Weight increased 

Thick u n i f o r m  [)lock oxide 

Nunserous areas of lncolracd oxidution 

F e w  areas o f  locut ized oxidat ion 

P o l i s h e d  surface became du l l  

Polished surface remained b i g h t  

Vis ib le  coating of Al2O3 f o u n d  

62.4 1 Thick H a c k  ox ide  Copper I 

SOLlD FUEL FORMED IN SPHERES 

E. S. Bomar 
J. Ha Coobs He lnouye 

K. W, Johnson 

Metallurgy Div is ion 

A. Levy 
Pratt and Whitney Aircraft Div is ion 

The in i t ia l  work on the preparation o f  spherical 
part icles o f  solid fuel was reported previously,(*3 
For the previous work, al ioys containing 5% uranium 
in copper, nickel or molybdenum were subjected to 
four different methods of  processing. Only one 
method, spraying from a metal l iz ing gun, gave an 
appreciable y ie ld o f  part icles that approached 
spherical geometry. 

Additional work has been based on modiiicntions 
o f  earlier methods or the use o f  additional methods, 
Some success has been achieved. Briefly, the 
work has included: 
1. heating to above the al loy melting point in a 

vacuum, 
2. substitution of a three-phase three-electrode arc 

for a single-phase double-electrode arc as a 
heat source for particles dropped through the nrc, 

3. forcing the molten al loy through a small orifice, 
4. lett ing precut part icles of the atloy sett le 

through a molten salt  bath having a temperature 
gradient extending beyond the l iquidus and 
solidus of the alloy. 

Each of these methods o f  preparing spherical 
part icles i s  discussed below, and additional de- 
tails, including photomacrographs a f  the part icles 

_. 
' ' 'E .S .  Bomar, J. H. COOLS, and H. Inouyc, A N P  Qoor. 

P r o g .  R e p .  Dec. 10, 7952, ORNL-1439, p. 155. 

prepared by these und the previous methods, are 
presented in cather There are no plans 
a t  present for pursuing further the problem of fabri- 
cating sphericcal particles. Yowever, two additional 
methods which might prove of infercst ore: 
1 .  passing of a high velocity stream of  inert gas 

through on electric (irc foamed between elec- 
trodes o f  the desired 

2. forming spherical geometry from small r ight 
cylinders by random impacts in B hammer m i l l .  

The second method w a s  suggested in  o private 
communication from Doyle Rauch, Research D iv i -  
sion, NYO-AEC. This method and the more con- 
ventional ball-bearing manufacturing techniques are 
used to produce the spheres used in ballpoint pens. 

acksum, Part icles clipped from a 
0.010-in. wire of 5% U-93% Ni alloy were degassed 
under a vaccum of IO-' inrii ldg at 90O0C while 
resting on an alumina plate. They were withdrawn 
from t h e  hot zone ok the furnace and examined 
ftirough a glass  port, s t i l l  under vacuum. The 
port icles appeared br igh t  and dean, T h e  furnace 
temperature was t hen  raised to 1450°C, and t h e  
charge was gradually moved into $he hot zone. 
The vacuum did not exceed 5 ji IO-' m m  Hg during 
any of the  heating cycles. Afser approximately 
5 min ut temperature, the charge was withdrawn, 
allowed to coal, and removed from the vacuum 
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furnace for examination. Melt ing had occurred, but 
the formation o f  a surface f i lm again prevented 
spheroi dization. 

Three-Phase C~rbon  Arc. Tliree carbon arcs 
were symmetrically arranged about a common axis 
in a housing purged with tank argon. Passage o f  
cut part icles of 5% U-95% Cu and 5% U-95% Ni 
al loys through the zone o f  the arc produced a very 
low y ie ld  of melted part icles at currents of up to  
35 amperes. At 40 to  45 amp, the major portion of 
the part icles melted. Many part ic les were flattened 
when they struck the bottom of the heusing because 
there WQS insuff icient free fall. As in the earl ier 
two-electrode set upI alignment through the arc 
was very cr i t ical .  Examination of the melted part i-  
cles revealed surface oxidation, porosity, and 
depletion of uranium. Any or a l l  of these effects 
may have been due to inadequate control of the 
atmosphere. 

Molten Alloy Passed Through a Small  Qrifice. 
Spherical part icles were produced, wi th moderate 
success, by forcing molten uranium-copper al loy 
through a smoll  or i f ice i n  the base of a refractory 
container. A posi t ive pressure of argon was re- 
quired to force the al loy through 0.020-, 0.025-, or 
0.031-in. holes in alumina crucibles. For a run, a 
crucible 10 to 15 in. long and '/2 in. in diameter 
was passed through a rubber stopper into a quartz 
tube containing argon. A small graphite sleeve 
placed over the lower 3 in. of the crucible served 
as a hect source when exposed to the f ie ld of an 
induction coil. Upon heating to  approximately 
12OO0C, part icles ranging in s ize from 0.010 to 
0.020 in. were ejected from the crucible. The 
or i f ice s ize appeared to have no effect on the 
result ing part ic le size. Par t i c le  surfaces showed 
l i t t l e  oxidation. Macroexamination revealed a cast 
dendrit ic structure of primary copper plus UCu5-Cu 
eutectic. Some of the surface defects were found 
to  be due to shrinkage upon solidification. 

Settling of Part ic les Through tl Mollten Salt. 
BaCI, was charged into a graphite crucible, which 
was, in turn, posit ioned i n  a quartz tube that was 
being continuously purged w i th  argon. The upper 
half  of the crucible was heated by induction to 
produce a temperature gradient i n  the molten sal t  
that ranged from 962 (mp of BaC12) to  120O0C. 
Part ic les of 5% U-95% Cu al loy cl ipped from0.010- 
in. wire were part ly spheroidired under these con- 
ditions. When the maximum temperature o f  the salt 
was increased to 130O0C, most o f  the part ic les 

were spheroidized. 
part ic les occurred. 

Slight surface oxidation o f  the 

INFLAMMABILITY OF SODIUM A L L O Y S  

G. P. Smith L. L. Hall 
Metallurgy D iv is ion  

Studies have been in i t iated to determine to  what 
extent the inf lammabil i ty o f  jets of l iquid sodium 
can be reduced by al loying the sodium with some 
of the heavy metals. In the in i t ia l  phase of t h i s  
project, a large number of a l loys w i l l  be surveyed 
quali tat ively. The quali tat ive data w i l l  serve to  
indicate the worthwhileness o f  a detai led study of 
the numerous variables, such as part icle-size 
distribution, rate of evaporation, and gas-phase 
reaction kinetics, which probably influence the 
inf lammabil i ty of jets of l iquid alloys, 

The fol lowing method of measurement is being 
used. A 13-cm3 sample o f  al loy is sealcd i n  a 
metal capsule under 1 otm of argon. The capsule 
i s  made so that one end may be broken of f  to  form 
a small hole. After the capsule i s  heated t o  o 

temperature of 900 to 90O0C, the end i s  broken 
off, and the argon prassure developed by heating 
a t  constant volume ejects the molten al loy through 
the small hole to  form a jet. Visual observations 
are made of the extent of combustion. 

One unalloyed sodium jet was burned at 7.5OoC 
and three jets were burned at 8QOOC. The di f -  
ference i n  temperature d id  not make any signif icunt 
difference in the f lanmabil i ty. In a l l  cases, the 
iet burned with a br i l l iant  yel low flash. Copious 
quantities of white smoke were produced. Motion 
pictures were taken at c1 speed of about 700 
frames/sec o f  one of the burning jets as it lef t  the 
capsule, The only source o f  i l lumination for these 
pictures was the l ight  produced by the burning 
sodium. I t  was observed that the jet consisted of 

many, small, br ightly glowing droplets accompanied 
by a less luminous clot~d. Th is  cloud may have 
consisted of very f ine part ic les or may have been 
sodium vapor I ighted by resonunt radiation. When 
the cluster of droplets forming the jet: had moved 
a few centimeters away from the capsule, there 
was a sudden increase in l ight  intensity. 

Three jets o f  unalloyed lead cat 800°& did no t  
take fire, and most o f  the lead was recovered in  an 
unoxidizcd condition. A t  95OoC, a jet o f  unalloyed 
lead oxidized considerably but did not take fire. 

Al loys of sodium Containing 10 and 50 wt  % lead 
appeared to burn more intensely at 800T than did 
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pure sodium. Addit ions of 5 and 10 w t %  mercury 
did not seem to change the burning o f  sodium jets 
to an appreciable extent a t  750 and 8OOOC. A 
single test  was made a t  8OOOC with sodium con- 
taining 10 wt  % zinc. Th is  al loy burned a t  about 
the same intensity as did pure sodium. 

The apparatus being used for these measurements 
i s  of a very simple design. A small  furnace for 
heating the capsules and the mechanism for break- 
ing off the ends of the capsules are mounted O n  CI 

t ransite board which rests on top of a 55-gal steel 
drum. The drum, which serves to confine the 
burning alloy, has a long narrow safety glass 
window down one side for observation, Th is  ap- 
paratus i s  enclosed in a transite hood of temporary 
construction, After sodium or one o f  i t s  a l loys has 
been burned, the dense cloud of  whi te smoke 
(probably a mixture o f  sodium oxide, hydroxide, and 
carbonate) which i s  produced i s  removed through 
the exhaust system o f  the building. 

A new apparatus i s  being constructed in which 
the combustion of sodium al loy jets can be studied 
in a i r  at  low pressures wi th control led water-vapor 
concentration. The purpose of  th is  apparatus i s  to  
simulate more nearly atmospheric conditions at  
high elevation. 

CERAMICS 

L. M. Doney 
J. A. Griff in 

J. R. Johnson 
A. J. Taylor 

Metallurgy Div is ion 

Development of  Cermets. Further developments 
o f  the s i l icon carbide-silicon fuel elements in- 
clude the following: 

1. The inclusion o f  10% US;, in the center 
port ion of  a cross-shaped element has been suc- 
cessful ly achieved. A layer o f  material approxi- 
mately ' / 1 6  in. thick that does not  contain fuel 
completely surrounds the fuel-bearing portion. 

2. Isostat ic techniques for pressing the *orous 
carbon base material have been initiated. 

3. A new meansof fabrication has been developed 
that ut i l i zes  a dipping technique and induction 
heating for melt ing the si l icon. 

4. Prel iminary autorodiographic tests have been 
developed to show the location of the fuel after 
impregnation wi th s i l icon has taken place. 

Effect of Heating Rote on the Beryllium Oxide 
Blocks for the ARE. Experiments were carried 
out to determine the ef fect  o f  heating rate on the 
ful l -s ize hot-pressed beryl l ium oxide blocks in the 
as-received condition. All heating was carried out 
in a large, Harper, glo-bar furnace; the samples 
were shielded from the direct radiat ion o f  the 
heating elements by s i l icon carbide plates 3/4 in. 
thick. Several o f  the blocks were checked for 
inc ipient cracks before the experiment was started, 
but no cracks were found in any of the blocks 
checked. 

In the f i rs t  experiment, two blocks were placed 
in the furnace and heated a t  100°C/hr to 1500OC; 
the furnace was then shut o f f  wi th no holding time 
a t  the peak temperature. The cool ing rate was 
sl ight ly over 100"Chr  down to 13OO0C, but i t  was 
less than 100°C/hr from 130OOC down to room 
temperature, Both blocks were intact  at  the end 
o f  the experiment and had no v is ib le  cracks. 

Two unfired blocks and one from the f i rs t  test  
were then placed in the fwrnace, heated to 15OOOC 
at  200°C/hr, and cooled as before. Both new 
pieces were cracked through a t  the center, per- 
pendicular to  axis; the lower ha l f  o f  one was also 
spl i t  paral lel to axis. However, the piece which 
had been heated previously was unchanged. In Q 

th i rd test, the second heat treatment was repeated, 
but th is  time, no pieces were broken. 

It cannot be claimed khat enough samples were 
used to al low def in i te conclusions to Le made; the 
results should be considered only as indicat ive of 
a trend. However, there is some evidence that 
these pieces do have internal strain and that their 
thermai endurance might be improved by an i n i t i a l  
heat treatment at a very slow heating rate. On the 
basis o f  these few tests i t  would appear that a 
safe heating rate for the as-received blocks i s  
belaw 2C0°C/hr. 
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9. HEAT TRANSFER AND PHYSICAL ~ ~ ~ ~ € ~ T ~ € S  
H. F. Poppendiek 

Reactor Experimental Engineering D iv is ion  

Some preliminary density and viscosi ty measure- 
ments were made on the new ARE fuel NaF-ZrF,- 
UF, (53-43-4 mole %). The viscosi ty was found 
to  vary from about 13.5 cp at 620°C to about 8.8 cp 
at 757°C. The density was found to be about 3.35 
g/cin3 at 653OC. The enthalpies and heat capaci- 
t ies  of I ithium hydroxide and sodium hydroxide 
eutectic and o f  fuel mixture NaF-KF-b iF-UF4 
(10.9-433-44.5-1.1 mole X) have been obtained. 
The heat capacity o f  LiOH-NaOf-4 eutectic was 
determined to be 0.60 * 0.02 cal/g-"C over the 
temperature range 260 to 850°C; the heat capacity 
of the NaF-KF-LiF-UF, was found to  be 0.44 * 0.03 cal/g-"C over the temperature range 500 to  
1000°C. The surface tension o f  NaF-ZrF,-UF, 
(50-46-4 mole %) was determined to vary from 160 
dynes/cm at 530°C to 115 dynes/cm at 740°C. 

Experimental veloci ty distr ibutions have been 
determined in a pyrex convection harp system; the 
profi les dif fered signif icantly from the parabolic 
prof i le characterist ic o f  isothermal laminar flow. 
At Reynolds' moduli as low as 85, large scale 
viscous eddies were observed that were considered 
to be due to thermal turbulence. Forced convection 
heat transfer data for NoF-KF-L iF  f lowing in a 
small Inconel tube were found to l i e  50% below the 
data previously obtained in a nickel system. Some 
evidence of a thin, green corrosion layer was found 
at the surface o f  the Inconel. Such a layer or a 
nonwettiny phenomena could account for additional 
thermal resistance in the thermal circuit. 

The effect iveness of a reactor coolant i s  a 
function o f  coolant duct dimensions and spacing, 
the amount o f  heat to  be removed, the total coolant 
temperature rise, and the physical properties o f  the 
coolant. A mathematical analysis of the effect ive- 
ness o f  reactor coolants has been made w i th  the 
a id  o f  IBM machines; th is  analysis can be used to 
optimize coolant systems in sol id-fuel reactor 
systems. An apparatus which simulates heat 
transfer in a circulating-fuel p ip ing system by 
passing an electr ic current through a f lowing 
electrolyte has been successful ly operated. An 
experiment has been analyzed in which heat was 
transferred in an annular system from a molten 
fluoride to  NaK, The data are compared to Hausen's 
and to  Col burn's equations, 

T H E R M A L  C O N D U C T I V I T Y  

W. D. Powers S, J. Claiborne 
R. M. Burnett 

Reactor Experimental Engineering Div is ion 

The longitudinal thermal conductivi ty apparatus 
for measurements an sol id and l iqu id  metals has 
been completed, and preliminary runs have been 
made. The sol id samples used are i n  the form o f  
rods, the l iquid samples are placed in cylindrical, 
thin-walled capsules. The lieat used i s  passed 
through a heat meter before it f lows through the 
sample being studied. The conductivi ty o f  the 
sample i s  determined by measuring the temperature 
gradient wi th in the sample and the heat f low 
through the heat meter. To  el iminate radial heat 
losses, guard heating i s  provided. All heaters are 
individual I y control led by variacs. 

The uninsulated and uninstrumented conductivi ty 
device i s  shown in  Fig. 9.1. The two top calrods 
guard-heat the sample heater, and the other eight 
calrods are attached to  the eight annular guard 
disks. A copper disk, which i s  cooled with water 
(the heat sink), i s  located at the bottom of the 
apparatus. When in operation, the entire device i s  
surrounded by a metal shell which i s  f i l l ed  wi th 
f ine S i  I -0-cel powder. PI at in urn-pl at  in urn-rhod i um 
thermocouples are welded to the sample at  the 
level of each guard heater disk; similar thermo- 
couples are attached to  the guard heaters. After a 
sample heater has been turned on and a tempera- 
ture gradient has been established in the sample, 
the guard heaters are turned on and adjusted so 
that no temperature difference exists between the 
sample and the guard heater disk at each level. 
At present, the radial temperature differences can 
be held to wi th in less than 1°C when a total axial 
temperature difference of  300°C exists. 

Prel iminary thermal conductivi ty measurements 
have been made on type 316 stainless steel. A 
value o f  10 Btu/hr-ft2.(OF/ft) at  75OoF, which 
compares favorably wi th the I iterature value, was 
obtained. Before the thermal conductivi ty o f  
l iqu id  l i th ium i s  determined, the apparatus w i l l  be  
checked w i th  molten sodium. 
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Fig. 9.1. Longitudinal Thermal Conductivity Device. 
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DENSITY AND VISCOSITY 

S. I. Cohen T. N. Jones 
Reactor Experimental Engineering Division 

A new drybox designed to contain instruments 
for measuring densities, viscosities, and surface 
tensions by each of two methods has been com- 
pleted. Included in the system i s  an elaborate gas 
train for removing the undesirable impurit ies from 
the cylinder gas used to provide the inert atmos- 
phere. This drybox w i l l  be described in detail in 
a future report. 

A study of the density and the viscosity of the 
fluoride fuel NaF-ZrF,-UF, (53-43-4 mole %) i s  
being made and preliminary data have been ob- 
tained. The viscosi ty was found to vary from about 
13.5 cp at 620°C to about 8.8 cp at 757°C. The 
density was found to be about 3.35 g/cm3 a t  653°C. 
These preliminary viscosity and density measure- 
ments are in good agreement with the corresponding 
values for the fluoride fuel NaF-ZrF,-UF, (50- 
46-4 mole %), whose composition i s  very similar. 

Several glass mockups of possible capillary 
vikcometer designs have been fabricated and 
tested. However, no final design for the device 
has been decided upon to date. The gas-bubble 
densitometer has been completed and tested. It 
w i l l  be used in conjunction with the plummet 
method to determine densities. 

H E A T  C A P A C I T I E S  OF LIQUIDS 

- t 

A 4 
4 A 

W. D. Powers G. C. Blalock 
Reactor Experimental Engineering Division 

Investigations of the enthalpy and heat capacity 
of hydroxides and fluoride salt mixtures are being 
continued. The following measurements have been 
made:( ' a 2 )  for NaOH-LiOH eutectic (73-27 mole %) 
at 260 to 850°C, 
HT(liquid) - Hooc(solid) = 44 + 0.60T , 

c = 0.60 k 0.02 , 
and for NaF-KF-LiF-UF4 (10.9-43.5-44.5-1.1 mole 
W) at 500 to 1000°C, 

HT(liquid) - HoaC(soIid) = 21 + 0.44T , 

where H i s  the enthalpy in cal/g, T i s  the tempera- 
ture in  "C, and c i s  the heat capacity in cal/g-"C. 

P 

c = 0.44 t 0.03 I 
P 

P 
( l ) W .  D. Powers and G. C. Blalock, Heat Capacity 

of the Eutectic of Lithium Hydroxide and Sodium Hy- 
droxide, ORNL CF-53-5-103 (May 18, 1953). 

(2)W. D. Powers and G. C. Blalock, Heat Capacity of 
Composition No. 74, ORNL CF-53-5-113 (May 18, 1953). 

VAPOR PRESSURES O F  FLUORIDES 

R. E. Moore R. E. Traber 
Materials Chemistry Division 

Additional vapor pressure determinations of 
fluoride mixtures and components have been made 
by the method described by Rodebush and D i ~ o n . ( ~ )  
Data for the vapor pressure of NaF-ZrF,-UF, 
(53-43-4 mole %), the composition presently con- 
sidered as the fuel for the ARE, range from 4.5 mm 
Hg at 790°C to 39 mm Hg at 958°C. The data are 
best represented by the equation 

-7 160 - 1 0 g l O p ( m m  H g )  -- T(OK) + 7.37 , 

from which the heat of vaporization of 33 kcal/mole 
i s  obtained. 

(3)W. H. Rodebush and A. L. Dixon, Phys. Rev. 26, 
851 (1925). 
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Work has begun on the mixture NaF-ZrF,-UF, 
(65-15-20 mole %), which i s  the new composition 
DroDosed for the addition of  enriched uranium to 

and the boiling point (1207°C) were derived from 
th i s  equation. 

. .  
VELOCllTY D ISTRIBUTlONS IN THERMAL 

CONVECTION L O O P S  

bring the ARE to crit icality. Preliminary results 
indicate that the vapor pressure of this composition 
at 90OOC i s  approximately 8 mm Hg. 

Vapor pressure data for the mixture NaF-KF- 
ZrF,-UF, (5-51-42-2 mole %) were given in a 
previous report.(*) This composition was the f i rst  

D. C. Hami I ton F. E. l y n c h  
L. D, Palmer 

Reactor Experimental Engineering Division 

of the ZrF,-beoring mixtures to  be prepared, and it 
was the only mixture prepared befare the hydro- 
fluorination treatment became the practice. Be- 
cause i t  had not been subjected to such treatment 
and because the zirconium tetrafluoride in use at 
the time was not so pure as that used in mixtures 
prepared more recently, vapor pressure measure- 
ments were repeated on a new sample. 

The recent data, which range from 8 mrn Hg at 
900OC to 64 mm Hg at 1123”C, fa l l  considerably 
below the values obtained previously. A small 
amount of a more volati le impurity (possibly zir- 
conium tetrachloride) in the zirconium tetrafluoride 
used to prepare the f i r s t  samples may account for 
the difference in  pressures. The equation 

which was obtained from data on the new mixture 
over the range 900 to 1123OC, i s  believed t o  be 
mote nearly correct than the equation obtained 
previously. The heat of  vaporization derived from 
the equation i s  32 kcal/mole. 

It i s  expected that mixtures containing beryllium 
fluoride w i l l  be subjected to investigation i n  the 
future. During the quarter, data were obtained for 
beryllium fluoride at higher temperatures than those 
reported previously.(*) The two sets of data are 
i n  satisfactory agreement, although the slope of  
the plot of log P vs. the reciprocal of  the absolute 
temperature i s  slightly greater when values ob- 
tained at the higher temperatures are included. 
The equation 

was derived from data given before, as well as from 
recent data, over the temperature range 891 to 

1073OC. The heat o f  vaporization (42.5 kcal/mole) 

-. 

(,)R. E. Moore, ANP Quor. P r o g .  R e p .  June 10, 1952, 
ORNL-1294, p. 150-151. 

The obiective of  the investigation of velocity 
distributions in thermal Convection loops i s  to 
determine the accuracy with which mean circulation 
velocities in thermal convection harps can be pre- 
dicted by h e  numerical solution o f  the heat transfer 
equation obtained by using experimental wall 
temperature data, The veiocity distribution has 
been measured in  the cold leg of  a 17-mm-ID Pyrex 
harp similar to the one described previously.(5) 
Velocities were determined froin observations of 

suspended particles illuminated by a collimated 
l ight  beam which passed through the center o f  the 
tube. The internal wall temperature was measured 
at various positions i n  both the hot and the cold 
legs. These temperature data are being used i o  
obtain a numerical solution to the heat conduction 
equation. When the numerical solutions are corn 
pleted, the resulting predicted velocities w i l l  be 
compared with the observed velocities to evaluate 
the method. 

Observed velocity distributions are presented in 
Figs. 9.3 and 9.4 for two values of  the Reynolds’ 
modulus. A t  even greater valves o f  Reynolds’ 
modulus, negative velocities were observed in  the 
center o f  the tube, The large deviation of  the 
velocity di stri bution from the fully developed 
isothermal laminar distribution i s  apparent, Large- 
scale viscous eddies were observed to be super- 
imposed on the mean flow. The swirling or eddying 
increased in intensity and decreased in size as the 
temperature difference (or Reynolds’ modulus) was 
increased. This eddying appeared to be sufficiently 
intense to contribute to the transport of momentum 
and heat. Since no data are available on ‘dthen-nal 
turbulence” the accurate prediction of the heat 
and momentum transfer i n  such a system i s  ex- 
tremely difficult, 

_I_ ___ _I_-...._._ 
(’ID, C. H a m i l t o n ,  F. E. Lynch ,  and L. D. Palmer, 

ANP Quor. Prog. Rep.  Dec. 10, 1952, ORNL-1439, 
p. 182. 
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Fig. 9.3. Experimental Velocity Distribution i n  
the Cold Leg of a Glass convection Loop with o 
Reynolds Modulus (2roU, / v )  of $5. 
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Fig. 9.4. Experimental Velocity Distribution i n  
the Cold Leg of a Glass Convection Loop with a 
Reynolds Modulus (2roU,/v) of  105. 

FORCED-CONVECTION H E A T  TRANSFER 
WlTH NaF*KF-LiF 

H. W. Hoffman J. Lones 
Reactor Experimental Engineering Division 

Additional heat transfer data have been obtained 
for the NaF-KF-LiF eutectic(] 1.5-42.046.5 mole %) 
flowing through a heated lnconel tube. The ex- 
perimental resuits i n  terms o f  Colburn's j function 
vs. Reynolds' modulus are presented i n  Fig. 9.5. 
The previously reported data, which were obtained 
in a nickel tube, are also presented for comparison. 
The data obtained in the lnconel tube fall approxi- 
mately 50% below the curve obtained from the 
equation which correlates heat transfer in ordinary 
fluids, i n  sodium hydroxide,(6) and in  NaF-KF-Li F 
in nickel tubes. One would expect NaF-KF-LiF 
to behave as the ordinary fluids do, as far as heat 
transfer i s  concerned, and yet there i s  o difference 
between the dota obtained in lnconel tubes and that 
obtained in nickel tubes. In order to resolve this 
dispari ty, temperature measurements and physicol 
property data were reviewed. Checks on the thermo- 
couple calibrations showed no significant devia- 
tions from the original coli bretions. Checks on the 
mixed mean f lu id temperature measurement tech- 
nique also indicated that no errors appeared to be 
present, The heat capacity of the NaF-KF-LiF 
mixture was never in question, because good heat 
balances were obtained during the heat transfer 
experiments. The viscosity o f  the mixture had 
been checked previously and would have had to be 

(6)H. W. Hoffman, Turbulent  Forced Convec t ion W e a f  
T r a n s f e r  in Circular  T u b e s  Containing Molten Sodium 
Hydroxide,  ORNL-1370 ( O c t .  3, 1952). 
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for NaF-KF-Li  F Systems. 
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an unreasonably low value to account for the dis- 
crepancy. A several-fold change i n  thermal con- 
ductivity would account for the difference in heat 
transfer, but the checks on conductivity, which are 
currently being made, indicate that the original 
values are correct. 

The explanation o f  the difference i n  heat transfer 
between the nickel and the lnconel system i s  ap- 
parently that an interface resistance, such as a 
layor o f  corrosion products, exists between the 
tube wali and the NaF-KF-LiF i n  the lnconel 
system. For example, i t  would only take a 1-mil 
f i lmhaving a thermal conductivityof 0.5 Btu/hr*fte°F 
to account for the reduced j modulus observed; i f  
the conductivity o f  such a fi lm were lower, i t  could 
be much thinner than 1 mil. Examination o f  the in- 
side surface o f  one o f  the lnconel tubes used in 
the experiments showed the presence o f  a thin, 
green film, which has recently beern identified as 
K,CrF,, wi th some Li ,CrF,. These corrosion 
products are typical o f  those found when KF- and 
LiF-bearing fluoride mixtures are contained in 
Inconel. It i s  significant, howevero that n o  such 
fi lm appears when the NaF-ZrF4-UF, system (to 
which the ARE fuel belongs) i s  contained in 
lncanel. The thickness and, possibly, the thermal 
conductivity o f  the green film w i l l  be examined. 

HI GH-T EM PE R ATU RE RE ACTOR 
COOLANT STUDIES 

H. F. Poppendiek J. 1. Lang 
Reactor Experimental Engineering Division 

The effectiveness of  a reactor coolant i s  a func- 
tion of coolant duct dimensions and spacing, the 
amount of heat to be removed, the total coolant tem- 
perature rise, and the physical properties of the 
coolant. An analysis of the effectiveness o f  reactor 
coolants from a heat transfer standpoint has been 
completed. Four simultaneous heat transfer equa- 
tions were reduced to a single equation which con- 
tains several dimensionless moduli. This equation 
was evaluated, with the a id  of IBM machines, over a 
wide range of  the various parameters involved, and 
the results have been plotted in chart form. The 
pressure-drop and pumping-power equations can 
readily be evaluated next. In particular, the pump- 
ing power per heat extracted (a dimensionless 
pumping-power modulus) con be obtained. 

Recently the pumping-power moduli o f  several 
reactor coolants were calculated for heat removal 
from a hypothetical solid-fuel-element aircraft 

reactor with the following characteristics: total 
heat flux, 200 megawatts; length of  the cylindrical 
core, 2.75 ft; cylindrical diameter, 3 ft; coolant 
volume, 30%; total coolant temperature rise, 200OF. 
The coolants lithium, bismuth, sodium, and NaF- 
KF-LiF were considered, and the pumping-power 
modulus for each coolont was evaluated over 
a range of  coolant tube diameters, The results 
indicated that therewas a minimum in each pumping- 
power modulus vs. tubediameter curve and that of  
the four coolants lithium was the best and bismuth 
was the worst. (NaF-KF-LiF and sodium were, in 
general, about the same for the particular case 
considered.) 

It i s  fe l t  that the charts described above can be 
used quickly to make effectiveness optimitofions 
of coolant systems for solid-fuel-element reactors 
from a heat transfer - momentum transfer standpoint. 

TURBULENT CONVECTION IN ANNULI 

J. 0. Bradfute J. I. Lang 
Reactor Experimental Engineering Division 

The design of the previously described annulus 
flow system for measuring velocity profiles has 
been completed, and fabrication of the machined 
part i s  under way. The structural steel bracket 
which w i l l  r igidly support the annulus has been 
installed. A direct-drive blower has been obtained 
and modified to a belt-driven device so that the 
rotor speed can be increased unt i l  an adequate 
head i s  developed. 

A small flow system has been constructed so 
that the photographic techniques can be con- 
veniently developed and refined while the equip- 
ment i s  being fabricated. A few preliminary photo- 
graphs have been made which revealed the need 
for increasing the l ight intensity i n  the beam. 
Several photographs of dust particles that were so 
small as to be invisible in diffuse l ight have been 
taken by using the l ight scattered from a Tyndall 
beam. The resolution or grain size diff iculties 
anticipated have not materialized; the particles 
appear i n  the photographs as well-defined streaks. 
The grid, which is simply a {,-in.-thick sheet of 
Jucite with scratches ruiled on one side to form a 
Cartesian coordinate system, has bean photographed 
i n  l ight emitted from the scratches by illuminating 
one edge. This procedure exposes the negative 
only on the image of the grid l ines and leaves the 
remainder of the fi lm unexposed and, hence, trans- 
parent after development. 
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CIRCULATING-FUEL HEAT T R A N S F E R  
W. F. Poppendiek G. Winn 

N. D. Greene 
Reactor Experimental Engineering D iv i  sion 

The apparatus which simulates heat transfer i n  a 
circulating-fuel pipe system by passing an electr ic 
current through a f lowing electrolyte(') has been 
successful ly operated. Preliminary wal l  and mixed 
mean f lu id temperature measurements were obtained 
over the Reynolds' modulus range o f  about 5,000 to 
10,000 and at a power level o f  about 0.1 kw/cm3. 
The l imited wall- to-f luid temperature differences 
measured were in the range predicted from the 
previously developed theory. S o m e  gassing was 
observed at  the stainless steel electrodes at high 
current flows. Experiments have indicated that i f  
the electrode surfaces which are in contact with 
the electrolyte are made of platinum, the gassing 
can practical ly be eliminated. 

A brief study o f  strong electrolytes(8) far use i n  
volume heat source experiments was made to find 
an electrolyte having a low electr ical resist iv i ty 
and, also, f lat  resistivity-temperature character- 
i stics. The study indicated that phosphoric acid 
sat isf ies these requirements, It was also found 
that th is  electrolyte would be satisfactory from 
the corrosion standpoint. When the platinum- 
surfaced electrodes and a centrifugal pump with a 
somewhat. higher head have been installed, the  
volume heat source experiments are to  be resumed. 

B I F L U I D  H E A T  TRANSFER EXPERIMENTS 

D. F. Salmon, ANP Div is ion  

Heat transfer data fram the previously de- 
scribed(') b i f lu id heat transfer system containing 
NaK and the fluoride mixture NaF-ZrF4-UF4 
(50-46-4 mole %) have been analyzed. Fif teen runs 
were made which yielded about 80 data points. The 
only data points that were considered va l id  were 
those obtained before a gradual reduction of the 
inside diameter o f  the tube occurred; the reduction 
was evidenced by increased pressure-drop meas- 
urements. Subsequent examination showed that 
the reduction of the tube diameter was the result 

(7)H. F. Poppendiek and G ,  Winn, ANP Quar. Prog. 
R e p .  Mar. 10, 1953, ORNL-1515, p. 162. 

('IN. 0. Greene, A Prel iminary Study of the Electr ical  
Conduct iv i ty  of Strong Elec tro ly tes  for Possible App l i -  
cation in  Volume t i e d  Source Experiments,  ORNL 
CF-53-5-149 (May 19, 1953). 

(9)G. D. Whitmon and 0, F. Salmon, ANP Quar. f r o g .  
R e p .  Mar. 70, 1953, ORNL-1515, p. 30. 

of build-up of mass-transferred material in the heat 
exchange element of th is  t r imetal l ic  system: 
nickel heat exchange tube, type 316 stainless 
steel pump, and lnconel piping. 

The heat transfer occurred in a concentric tube 
section; the center tube contained the fluoride and 
the NaK was in the annulus. The center tube was 
made o f  nickel, 0.249 in. ID with a 0.030-in. wall. 
The L / D  rat io o f  the tube was 40, while the L/D 
rat io far the annulus was 22. The fluoride Reynolds' 
numbers ranged from 5,000 to 20,000, and the NaK 
Reynolds' numbers ranged from 20,000 to  100,000. 

Inlet and outlet temperatures o f  the two liquid 
streams were measured with chromel-slumel probes 
welded into the piping at  the center l ine  of the 
streams. Inlet fluoride temperatures varied from 
1200 to  1500'F. Fluoride radial temperature dif- 
ferences varied from 50 to  23QOF. 

The over-all heat transfer coefficient, based on 
the outside tube wall  surface, WQS calculated from 
the equation 

4 

A0 

D t  L. M 

uo  =-___-- ~ , 

where D t L M  i s  the log-mean temperature difference. 
The fluoride heat transfer coeff icient was obtained 
from the over-al I heat transfer caeff icient i n  con- 
junction w i th  a Wilson Plot.(") The fluoride data 
are compared to the Cotburn's(' '1 equation, 

Nu 1= 0.023 Pr1'3 , 
in  Fig, 9.4; the v iscosi ty o f  the fluoride WQS 

('O'W. H. McAdams, Heat Transmission,  p. 272, 2 d  

(")/bid., p. 168, Eg. 40. 
ed., McGruw-Hill, New York, 1942. 
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Fig. 9.6. C ~ m p ~ r i s o n  o f  Fluoride Heat Transfer 
Data with COI~PUIR'S Equation. 
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evaluated at the so-called “film temperature,’* 

In Fig. 9.7, the fluoride data are compared with 
the Hausen’s equation,(12) which takes into 
account the L/D effect: 

Nu = 0.116 (Re2l3 - 125) Pr’ 

In this equation, p i s  evaluated at the bulk tempera- 
ture and pLw i s  evaluated at  the wall temperature. 
The fluoride center l ine temperature rather than 
the bulk temperature was used in Fig. 9.6. Theo- 
retical investigations have shown that for the 
Reynolds’ and Prandtl’s numbers involved the ratio 

‘bulk - *w % 

= 0.92 . 
t c  - *w 

The heat balances were in error by a maximum 
o f  28%, with an average deviation of  11%. The 
fluoride data fe l l  within approximately 11% o f  
Colburn’s equation and about 27% below Hausen’s 
equation. 

The bi f lu id loop was sectioned at the conclusion 
of the test and examination of the nickel heat 
exchange tube showed that a metall ic layer had 
bui l t  up on the inside to o thickness of approxi- 
mately 30 mils at the ex i t  end. This large deposit 
probably was bui l t  up after the represented heat 
transfer data were obtained and during the 300 hr 
of operation with a fluoride velocity of 8 fps. 
Spectrographic and x-ray diffraction analyses both 
identified this 30-mil layer as iron. The iron was 
undoubtedly transferred from the type 316 stoin- 
less steel pump to the nickel heat exchange tube 
by the fluoride. This mass transfer, which re- 
sulted from the presence of more than one metal 
i n  the same fluoride system, would mask such 
corrosion as existed. It i s  significant that th is 
mass transfer phenomenon has not been observed 
in any monometallic system; the ARE fuel system 
i s  monometallic. Dynamic tests of the fluoride 
corrosion of lnconel i n  all-lnconel systems are 
reported in sec. 7, “Corrosion Research.” 

The bi f lu id system i s  now operating wi th a con- 
centric tube exchanger constructed of lnconel to 
operate at fluoride velocities of 8 fps and axial 
temperature differences of  35OOF. The current 
tests are to supply information on dynamic corrosion 
and mass transfer. 

(’”E. Eckert, lntroduction fo the Tronsfer of Heot ond 
Mass, p. 115, McGraw-Hill, New Yo&, 1950. 
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Fig. 9.7. Comparison of Fluoride Heat Transfer 
Data with Hausen’s Equation. 
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10. RADlATlON DAMAGE 
D. S. Billington, Solid State Div is ion 

A. J. Miller, ANP Divis ion 

Addit ional radiat ion damage studies of reactor 
fuels and structural materials were carried out i n  
the LITR and the MTR. Efforts are being made to 
determine and explain the apparent uneven uranium 
distr ibution in the fuel irradiated i n  lnconel cap- 
sules. Since the state.of the fuel i n  the capsules 
wi th regord to turbulence and temperature gradients 
i s  quite different from that found under service 
conditions, the  design and construction of an in- 
p i l e  loop for circulat ing fluoride fuel are being 
carried out as rapidly as possible. The cantilever 
type of creep measurements made on lnconel in 
a he1 ium atmosphere indicated no serious change 
in  creep properties upon irradiation, and a speci- 
men of lnconel irradiated in the MTR showed no 
change in thermal conductivi ty to wi th in the ac- 
curacy o f  the measurements. 

I R R A D I A T I O N  O F  F U S E D  M A T E R I A L S  

G. 'A'. Kei lhol tz 
J. G, Morgan 
H. E. Robertson A, Richt 
C. C. Webster W. R. Wil l is 

P. H. Kle in  
M. T. Robinson 

M, J. Feldman 
Solid State Div is ion 

K. J, Kelly, Pratt and Whitney Aircraf t  D iv is ion  

Examinations hove been made of the Inconel 
capsules containing small amounts of the ARE 
type of fuel that were irradiated in the LlTR and 
i n  the MTR for various periods of up to  several 
hundreds of hours. In the LITR, 230 watts were 
dissipated i n  each cubic centimeter of fuel, whi le 
in the MIR,  approximately 3400 watts were d i s s i -  
pated by increasing the uranium f luoride content 
o f  the fuel, In general, the samples irradiated for 
long periods of time showed an intergranular type 
of corrosion which does not occur in out-of-pile 
control samples; the penetration occurred occa- 
sional ly to a depth o f  3 m i l s .  

Numerous chemical analyses indicated, as i n  
the case reported previously for two capsules 
irradiated i n  the MTR,(') that the uranium content 
o f  the fuel which could be readi ly melted from 
irradiated capsules was lower than would be 
expected after allowance for burnup. On the other 
hand, several samples of fuel bored from various 

("G. W. Kei lho l tz  et of., ANP Quor. Prog. Rep. Mar. 
70, 7953, QRNL-1515, p. 166. 

sections of the capsules were analyzed and found 
to be deficient in uranium, whi le i n  other such 
samples, an excess of uranium was indicated. 
Capsules irradiated in the LITR and in the MTR 
were sectioned and examined visual ly a t  low 
magnification. No evidence could be detected of 
changes in  the fuel or of segregation in th is  ex- 
amination; therefore adequate: fac i l i t i es  for petro- 
graphic examination are now being constructed in 
one of the hot cel ls .  An investigation of the 
val id i ty o f  the methods used for the chemical 
analyses of the irradiated materials i s  continuing. 
It i s  possible that thermal gradients i n  the Fuel 
contained in  the capsules are causing concen- 
trat ion gradients in the fuel, and an inpi le pump 
loop would be a much better method of simulat ing 
service conditions than the stat ic capsule. 

A few, siinple, preliminary experiments were 
carried out to see whether it would be possible to  
readi ly obtain information concerning phenomena 
caused by temperature gradients or overheating of 
the capsules. Out-of-pile control samples were 
heated to 1800 and 2280°F for 140 hours. Very 
I i t t l e  intergranular corrosion occurred; subsurface 
voids to a depth of about 1 mi l  were observed; and 
the uranium concentration of the central portion of 
the fuel was unaffected. Other control capsules 
were hentad in a manner that provided a tempera- 
ture of 2240OF at the top and 1475OF at the bottorn, 
approximately 3 in. away, No signif icant change 
occurred i n  the uranium concentration between the 
hot end and the cold end. 

INPILE CIRCULATING m o p s  

G. Sisrnnn H. M. Carroll 
VI. W. Parkinson 
W. E. Brundoge C. E l l i s  
C. D. Bnumann F. M. Blacksher 

Solid State Div is ion 

A. 5. Cjlson 

Developmental work continued on n pump for un 
inpi le fused-fluoride-fuel loop to be operated i n  the 
LlTR and in  the MTR. Design and fabrication of 
other portions of the loop are i n  progress. 

Berylliuni oxide i n  contnct wi th sodium at 1500OF 
was exposed in the LlTR to determine the effect 
o f  radiat ion on i t s  stabi l i ty. Specimens from both 
the high- and low-density regions of  ARE moderator 
blocks were sealed in capsules containing about 
2 cm3 o f  sodium to give a surfnce-to-volume ratio 

94 



PERIOD ENDING JUNE 10, 1953 

of  3 to  1. Eight such capsules were enclosed in a 
steel can thot provided a helium atmosphere and 
had heaters attached to maintain the temperature 
at about 150OOF. The irradiat ion was carried out 
for three weeks, that is, until an exposure of 
greater than lo’* fast  neutrons/cm2 was obtained. 
inspection o f  the beryl l ium oxide and sodium i s  
under way. The preparation o f  samples for out-of- 
p i l e  control runs i s  almost completed. 

C R E E P  UNDER I R R A D I A T I O N  

J. C. Wilson J. C. Zukas 
W. W. Davis 

Solid State D iv is ion  

The inp i le  canti lever creep apparatus used previ- 
ously has been modif ied to  permit tests in an inert 
atmosphere. Figure 10.1 shows that previous re- 
sul t s  obtained in the Metallurgy Laboratory(2) are 
confirmed by the bench tests; thot is, creep o f  

(2)PB Patriarca and G. M. Slaughter, ANP Quar. Prog. 
_I__ - 

Rep. S e p t .  IO, 1952, ORNL-1375, p. 135. 

Inconel appears to proceed more rapidly in an inert 
atmosphere than in air. The creep curve in the 
only inpi le inert-atmosphere test to  date l ies  above 
that result ing from a test  i n  air  but below the 
corresponding inert-atmosphere bench test. Ap- 
parently, neutron irradiat ion S I  ight ly reduces creep 
in an inert atmosphere. The resul ts are not yet 
conclusive, inasmuch as the purity of the inert 
atmosphere i s  not yet high enough to  prevent 
oxidation and some d i f f i cu l t ies  i n  temperature 
control have been encountered because of the 
parasi t ic  emf’s generated i n  the seals through 
which the thermocouple wires enter the seoled 
experimental can. The main effort at  present i s  
directed toward el iminating these di f f icul t ies.  In 
addition, an inp i le  test  (in air) i s  running a t  the 
condit ions o f  stress and temperature expected in 
the ARE pressure shel l  

Two constant-strength cantilever specimens of  
0.065-in.-thick inconel sheet were tested after 
irradiat ion in the LlTR at 10OOF to an integrared 

JllcL 
SSD-8-756 
DWG 1946BA 

ANNEALED 2 h r  AT 1700°F 
PRIOR TO TESTS 

~ 

0 100 200 300 400 500 600 
TIME (hr) 

Fig. 10.1. In-Reactor Cantilever Creep Tests on lnconel a t  1500°F and 3000 p s i  in Air  and Helium. 
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fastneutron f lux (greater than 1 MeV) of 2.5 x 
The postirradiat ion test  was carried out at 1500°F 
and at a stress o f  3000 psi. In Fig. 10.2 i t  can be 
seen that the irradiated specimens showed less 
creep i n  the earl ier stages than did the unirradi- 
ated controls. After several hundred hours, the 
creep rates of both the irradiated specimens and 
the one control sample were the same wi th in  the 
margin of experimental error. Th is  resul t  indicates 
that at least part of the effect of irradiat ion under 
these condit ions i s  to reduce the creep of Inconel, 
because the radiation-induced hardening effect 
apparently persists over tens of hours at 1500°F. 
In similar tests (at 1500°F) on type 347 stainless 
steel, the creep strength did not appear to  be 
influenced by prior irradiation. The difference i n  
the behavior of stainless steel and of lnconel was 
expected from the results o f  hardness data reported 
previously. ( 3 )  Several addit ional samples are now 
being irradiated. 

A satisfactory extensometer design has been 
evolved for the MTR tensile-creep apparatus, and 

(3)W. W. Davis, J. C. Wilson, and J. C. Zukas, ANP 
Quar. Prog .  Rep. Mar. 70, 7953, ORNL-1515, p. 167. 

means for mounting and connecting the apparatus 
to  the specimen have been worked out. The be- 
havior of the thermocouples under the unusual 
furnace condit ions i s  now understood suff ic ient ly 
we l l  to assure rel iable results. A heat transfer 
and f lu id- f low mockup o f  the experimental appa- 
ratus i s  being mode to test the ab i l i t y  of the un i t  
to  dissipate the 15 kw of induced gamma heating. 

R A D l A T l O N  EFFECTS O N  
T H E R M A L  C O N D U C T I V I T Y  

A. Foner Cohen L. C, Templeton 
Solid State D iv is ion  

A small lnconel sample was irradiated i n  the 
MTR at approximately 600°F for 400 hr in  a f lux  
greater than 1013 fast neutrons/crn *.set. After 
removal from the reactor, the thermal conduct iv i ty 
of the sample was measured a t  300°F and com- 
pared with the thermal conductivi t ies of unirradi- 
ated specimens. The irradiat ion caused no change 
i n  the thermal conductivi ty w i th in  the accuracy of 
the measurements, which was 10%. 

0 5 0  I00 150 200 250 300 

TIME ( h r )  

Fig. 10.2. Post-Irradiation Creep of lnconel i n  Air a t  11500°F and 3003 ps i .  
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11. ANALYTICAL STUDIES OF REACTOR MATERIALS 

C. D. Susano, Analytical Chemistry Division 

J. M. Warde, Metallurgy Division 

Studies were continued on the use o f  bromine 
trifluoride as a reagent for the determination of 
oxygen in  reactor fuels. A procedure was stand- 
ardized in which the oxygen liberated by the 
fluorination of uranium trioxide i s  measured. A 
calibration curve was established by plotting the 
increase i n  terminal pressure as a function of the 
concentration o f  oxygen added in  the form of 
uranium trioxide. Efforts to fluorinate zirconium 
oxide quanti to tivel y were con ti nued. 

The reaction between zirconium tetra p-bromo- 
mandelate and sodium methylate was shown to be 
stoichiometric, and therefore p-bromomandelic acid 
was established as a reagent for the volumetric 
deterrnina ti on of  zirconium. 

The concentrations o f  uranium trifluoride and 
metall ic zirconium in NaF-ZrF,-UF4 (50-46-4 mole 
76) were determined by the evolution of  hydrogen 
upon treatment with hydrochloric and hydrofluoric 
acids. Preliminary studies were conducted on the 
hydrolysis o f  uranium trifluoride as a function o f  
temperature and time. After 48 hr, approximately 
22% of the uranium originally present as uranium 
trifluoride was in solution. 

+Differential colorimetry” was applied to the 
colorimetric determination o f  zirconium as zir- 
conium alizarin sulfonate. The optimum concen- 
tration of the reference solution of the alizarin 
complex, which represents the maximum precision 
theoretically possible, was found to be 1.0 mg of 
zirconium per 10 ml of solution. The method w i l l  
be applied to the determination of zirconium in  
reactor fuels when a sufficient order of precision 
i s  obtained. 

I‘ 

Ti ron, ” d i so di urn- 1,2-d ih y dro xyben zen edi su I fo- 
note, was shown to be a suitable reagent for the 
determination of  uranium. The compo5i tion and 
the stabil ity of the complex were determined, in 
addition to the sensitivity o f  the reagent for the 
determination of  uranium. 

Petrographic examinations of over 700 samples 
o f  fluoride mixtures were completed. Optical 
data are reported for NaUF,, Na,UF,, NaZrF,, 
Na,ZrF,, Na,ZrF,, Li,CrF K,CrF,, Na,CrF,, 

1; 

FeF,, K,NaFeF,, NaHF,, Li,ZrF,, 9’ and Li4ZrF,. 

The act iv i t ies of the service laboratory during 
th is quarter included the analysis o f  872 samples 
involving 9335 determinations. 

CHEMiCAL ANALYSES OF FLUORIDES AND 
TH EIR C b N  TAMIN ANTS 

J. C. White, Analytical Chemi s t y  Div is ion 

Determination of Oxygen i n  Metall ic Oxides with 
Bromine Trifluoride (J. E. Lee, Jr., Analytical 
Chemistry Division), The use of bromine tri- 
fluoride as a reagent for the determination of the 
oxygen which probably exists in reactor fuels 
as oxides of uranium and zirconium i s  being 
studied.(’) In order to conduct the fluorination 
at the temperatures and pressures which have been 
indicated by Emeleus(2) as necessary for quanti- 
tat ive reaction with zirconium oxide and to resist 
the high corrosivity o f  the reagent, an apparatus 
wa5 fabricated from nickel and stainless steel. 
The fluorination step i s  accompanied by quanti- 
tative liberation o f  oxygen from the metall ic oxide, 
and the oxygen i s  collected and measured in the 
glass portion o f  the apparatus, Attempts to apply 
simple gas law relationships for calculating the 
oxygen by measuring the increase in pressure o f  
the system were unsuccessful because o f  the ex- 
treme temperature gradients encountered in the 
system. An empirical procedure was establi shed 
whereby conditions o f  the fluorination were stand- 
ardized, and the increase in  pressure was plotted 
as a function of  oxygen added in the form of 
uranium trioxide. The relationship over a pressure 
range of  0 to 1100 p and 0 to 5 mg o f  oxygen i s  
shown in the calibration curve (Fig. 11.1). Pre- 
vious experiments showed that a maximum of 85% 
o f  the oxygen was released from zirconium oxide, 
When uranium trioxide was mixed with zirconium 
oxide and the mixture was fluorinated for 30 min 
at 3OO0C, the results, i n  some cases, were high 
by as much as 50%. Subsequent investigation 
revealed that the stopcocks were not adequate for 
continuous use under high vacuum. The faulty 
I_. - 

(”J.  E. Lee, ANP Quar. frog. Rep. Mar. 70, 7953, 

(,)H. J. Ernaleus and A. A. Woolf, J. Chern. Soc., 
ORNL-1515, p. 173. 

p. 164-168 (1950). 

97 



ANP PROJECT QUARTERLY PROGRESS REPORT 

LNCLASSIFIED 
3RO 19916 , -____ 

0 800 teoo 400 
TERMINAL P9ESSURE ( p l  

0- 

Fig. 11.1. Calibrat ion Cwave for Determination 
of Oxygen by Reaction wi th BrF,. 

stopcocks have been replaced by stopcocks with 
longer barrels which are better suited for high- 
vacuum work. Further work to produce quanti tat ive 
l iberation o f  oxygen from zirconium oxide and to 
apply the reaction to reactor fuels i s  under way. 

Vojwmetris Determination of Zirconium (T. R. 
Phil l ips, Analyt ical  Chemistry Division). The 
advantages of halomandelic acids as reagents for 
the determination o f  zirconium were l i s ted  i n  a 
previous report.(3) The  application o f  a volumetric 
method in  which p-chloromandelic acid i s  used 
was also described previously. A method o f  syn- 
thesis o f  p-bromomandelic ac id  was obtained 
(private communication from R. 5. Hahn to J. C. 
White, Apri l  3, 1953), and suitable quanti t ies o f  
the ac id  were prepared to investigate i t s  applica- 
bi l i ty to the volumetric technique, In general, 
the bromo derivative i s  equally CIS good as the 
chloro acid, The reaction 

Z r b -  BrC,M ,CHOHCOO), 
+ 4Na(OCH,) -+ 4No(p-BrC,H4CHOHCOO) 

-t Zr(OCH3), 

proceeds stoichiometrically. Complete precipi- 
tat ion of zirconium takes place within 30 min when 
a 40-fold excess o f  reagent i s  used. The standard 
deviat ion of  the method i s  approximately 1%. The 
compilation o f  the data on zirconium in the ARE 
fuel mixture i s  presently under way in preparation 
for the wr i t ing o f  a f inal report on th is  project. 

Determinatian of Uranium Trif luoride and Me- 
t a l l i c  Zirconium (W. J. Ross, Analyt ical  Chemistry 
Division). The uranium tr i f luor ide and metal l ic  

(3)C. K. l o l b o t t  and J. M. McCown, A N P  Quor. Prog. 
R e p .  Mor. 70, 7953, ORNL-1515, p. 172. 

zirconium contents of the f luoride NaF-ZrF,-UF, 
(50-46-4 mole %) to which 1 wt  % o f  zirconium 
hydride was added were determined by the two-step 
oxidation method described in the previous re- 
port,(,) Zirconium was calculated from the volume 
o f  hydrogen l iberated by treatment with 0.2 M 
hydrofluoric acid, and h e  tr ivalent uranium was 
calculated from the volume of  hydrogen l iberated 
by treatment wi th 9.6 M hydrochloric acid. 

In connection wi th th is  problem, preliminary 
studies were conducted on the hydrolysis o f  ura- 
nium tr i f luoride as a function o f  temperature and 
time. Uranium tr i f luoride (124 mg) was placed i n  
Erlenmeyer f lasks containing 100 rnl  o f  water and 
st irred at  25 f 1OC for various periods o f  time. 
An al iquot o f  the supernatant l i qu id  was with- 
drawn, and the concentration o f  the uranium was 
determined. The results are shown in  Table 11.1. 
The data are inadequate at present for any con- 
clusions to be drawn. After 48 hr, however, ap- 
proximately 22% o f  the uranium or ig inal ly present 
in the form o f  the tr i f luoride was in solution. The 
oxidation state o f  the uranium in solut ion has no t  
been definitely established. Tests to determine 
the extent of hydrolysis a t  100°C are also planned, 

TABLE 11.1. CONCENTRATION OF URANIUM IN 
WATER AFTER CONTACT WITH URANIUM 

TRIFLUORIDE A T  2S°C 
........ ._ __ ......... .......... 

CONTACT TIME URANIUM 
(rnmol es) 

.......... 

0.016 

0.046 

0.056 

24 0.061 

48 0.096 
......... 

Colorimetr ic Determination of Zirconium (D. L, 
Manning, Analyt ical Chemistry Division). A method 
for the colorimetr ic 'determination o f  microamounts 
o f  zirconium CIS zirconium al izarin sulfonate was 
reported by Green,(5) The method i s  o f  insuf- 
f ic ient  accuracy to permit application to h e  de- 
termination o f  zirconium in  reactor fuel s. However, 

(4)W. J. Ross, ANP Quar. Prog. R e p .  Mar. 70, 7953, 

(')D. E. Green, Ana/. Chem. 20, 370 (1948), 
ORNL-1515, p. 172. 
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differential colorimetry,” i n  which the absorb- 
ancy o f  reference solutions of  known concen- 
trations rather than the absorbancy o f  d ist i l led 
water i s  used, has been shown to y ie ld  an order 
o f  precision comparable to that obtained by gravi- 
metric techniques. By using Hi skey’s method,(6) 
the optimum concentration o f  the reference solution 
o f  zirconium alizarin sulfonate was found to be 
1.0 mg of  zirconium per 10 ml of solution; this 
reference solution y ie lds the maximum precision. 
The relative accuracy o f  the method, as calculated 
from the formula derived by wa5 calcu- 
lated to be 14: 

11 

s C 

0.434 
Relative accuracy = - x 2.7 , 

where 
s = slope o f  the differential Beer’s law 

C: = concentration o f  the refererice stand- 
curve, 

ard, 
0.434 -- mathematical optimum absorbancy, 

The differential colorimetry technique has been 
applied to the determination o f  zirconium in fuel 
mixtures, and a standard deviation of approxi- 
mately 2% was found. This standard deviation i s  
larger than that o f  either the gravimetric ar volu- 
metric methods. It i s  believed h a t  greater pre- 
cision can be obtained by using extremely careful 
techniques. The method is o f  great potential value 
because o f  i t s  extreme simplicity and rapidity. 

“Tiron” As a Reagent for the Determination of  
Uranium (D. L. Manning, Analytical Chemistry Di- 
vision). A new colorimetric reagent for uranium 
has been found. Di sodium-1,2 -dihydroxybenzene- 
di sulfonate (tiron) forms u reddi +-brown complex 
i n  basic solution with uranyl ion, The complex 
i s  unimolecular, i t  forms immediately, and i t  i s  
stable for several hours. The sensitivity of the 
reagent for uranium is equal ta that of ammonium 
thiocyanate and ascorbic acid. Tests on anionic 
interference reveal that sulfate, chloride, and 
nitrate do not interfere. Phosphate i n  concen- 
trations greater than 20 times that of uranium does 
interfere. Iron, titanium, and vanadium are the 
major cationic interferences. It is planned to test  
the feasibil i ty of applying differential colorimetry 

2.7 = instrument factor. 

(6)C. F. Hiskey, Anal. Chem. 21, 1440 (1949). 
(7)R. Bastion, R. Weberling, and F. Pol i l la,  Anof. 

Chem. 22, 164 (1950) .  

to the deterrninatim of  uranium with this reagent 
i n  reactor fuels i n  which the interference by iron 
i s  not serious. 

P E T R O G R A P H I C  E X A M I N A T I O N  O F  FLUORIDES 

G. 0. White, Metallurgy Division 

T. N. McVay, Consultant 
Metallurgy Division 

Petrographic examinations of about 700 samples 
o f  fluoride mixtures were carried out. The optical 
data collected for various new fluoride compounds 
are given below. 

NaUF ~ 

Coior: green 
Interference figure: uniaxial negative 
Birefringence: crystals show first-order gray and 

yellow between crossed nicots 
Refractive indices: O = 1.510 

E = 1,500 
Na,UF, 

Color: green 
Interference figure: uniaxi a! negative 
Birefringence: interference colors are first-order 

Refractive indices: o = 1,495 
E = 1.490 

gray 

MaZrF, 
Color: colorless 
Interference figure: uniaxial negative; some 

crystal 5 produce a biaxial 
negative figure with a small 
optic angie 

Birefringence: interference colors are first-order 

Refractive indices: o = 1.508 
e = 1.500 

Forms solid solution with NaUF, 

Color: colorless 
Interference figure: biaxial positive with 2~ = 75 

deg 
Birefringence: interference colors up to first- 

Refractive indices: u = 1.419 
y = 1,430 

white to blue 

N o , Z r F ,  

order blue 

Na3ZrF 
Color: colorless 
Interference figure: uniaxial negative 
Birefringence: interference colors bo first-order 

white 
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Refractive indices: 0 =I 1.386 
E = 1.381 

L i,CrF 
Color: pale green 
Interference figure: biaxial negative with 2V = 40 

deg 
Birefringence: interference colors through the 

second order 
Refractive indices: n = 1.444 

y = 1,464 
K,CrF, 

Color: pal e green 
Interference figure: isotropic (no figure) 
Refractive index: 1.422 

Color: pale green 
Interference figure: i sotropi c 
Refractive index: 1.41 1 

Na,CrF, 

f e f  
Cofor: Colorless 
Interference figure: uniaxial positive 
Birefringence: interference colors through second 

a rder 
Refractive indices: 0 = 1.524 

E = 1.90 
K 2N aFeF , 

Color: colorless 
Interference figure: isotropic 
Refractive index: 1.414 

Color: colorless 
Interference figure: uniaxial positive 
Birefringence: interference colors through the 

Refractive indices: 0 = 1,261 
E = 1.328 

NaHF, 

third order 

Li.$rF, 
Color: colorless 
Interference figure: biaxial positive with 2V = 20 

deg 
Birefringence: interference colors through the 

Refractive indices: a = 1.462 
y = 1.482 

f i rst  order 

L i ,ZrF, 
Color: colorless 
Interference figure: biaxial negative with 2~ = 30 

d eg 
Birefringence: interference colors through the 

f i rs t  order 

Refractive indices: a = 1.445 
y = 1.465 

SUMMARY O F  SERVICE C H E M I C A L  A N A L Y S E S  

J. C. White A. F. Roemer, Jr. 
Analytical Chemistry Division 

The work o f  the Analytical Chemistry Laboratory 
during the quarter has continued to consist chiefly 
of  the analysis of  fluoride fuel mixtures, a lkal i  
metal fluorides, and NaK. 

Zirconium i s  being determined gravimetrically by 
precipitation with mandelic acid and ignition to 
the oxide. The ignited oxide has been much purer 
with respect to contamination by iron and si l ica 
than the oxide ottained from ignition of the phenyl- 
arsonic acid salt. Precision and accuracy are 
somewhat improved also. Uranium in these mix- 
tures i s  being determined by reduction with the 
Jones reductor and oxidation with standard ceric 
sulfate solution with the use of  ferroin as the 
indicator. This method i s  used because of  i t s  
simplicity and rapidity. 

A number o f  lnconel specimens, which had been 
used as containers i n  corrosion tests of  fluoride 
fuels, was analyzed for concentration o f  fluorides. 
The pyrohydrolysis method was used with satis- 
factory results. 

During the quarter the laboratory reported 872 
samples involving a total o f  9335 determinations. 
These analyses were made for various groups i n  
the ANP proiect, as indicated i n  Table 11.2. 

TABLE 11.2. SUMMARY O F  SERVICE ANALYSES 

R EQU ESTOR 

Reactor Chemistry 
Group 

Corrosion Group 

Experimental Enyi- 
neering Group 

Heat Transfer and 
Physical Prop- 
erties Dept. 

Total 

l U M B E R  O F  
SAMPLES 

R E P Q R T  ED 

267 

30 9 

284 

12 

a72 

NUMBER O F  
>ETERMINATIONS 

R E P O R T  ED 

2 274 

3762 

3 240 

59 

9335 

- 
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12. FLUORIDE FUEL REPROCESSING 

D. E, Ferguson G. I .  Cathers 
0. K. Tal lent  

Chemical Technology Divis ion 

Development o f  a method for chemical Processing 
of ARE fuel was in i t iated to ensure recovery and 
decontamination of the U235 prior to  i t s  al location 
and use. The processing method now proposed 
was adapted from that in use by the Y-12 Chemical 
Production D iv is ion  for the processing of uranium 
fluorides. It was desirable that the method be 
adaptable to exist ing fac i l i t i es  a t  ORNL without 
much additional equipment and cost, since the fuel 
may be further modified i n  future developments o f  
the ANP program. 

It was considered in th is  study that the fuel to 
be processed was NaF-ZrF,-UF, (50-46-4 mole 
%), which has a melt ing point of 504°C and a 
density of 3.0 g/cm3. (Although the ARE fuel i s  
now the 53-43-4 mole % mixture, the considerable 
research on the 50-46-4 mole % mixture i s  appl i-  
cable, i n  general.) The amount of U2,’ to be 
processed i s  70 kg  per batch, that is, 16 to  18 f t3 
of fused sal t  containing equal parts by weight of 
NaF-ZrFdUF,  and f lush material consist ing of 
ZrF, and NoF (50-50 mole 5%). 

D I S S O L U T I O N  OF A R E  FUEL 

The in i t ia l  work on the preparation of an aqueous 
solut ion o f  ARE fuel was carried out on material 
containing 4 mole % UF,, that is ,  undi luted ARE 
fuel. The fused salt  was used in i h e  form of very 
coarse lumps to simulate probable condit ions i n  
ARE fuel processing. 

Exploratory solut ion experiments showed that 
the fuel mixture could be dissolved in  an aluminum 
nitrate-nitr ic acid solut ion at ref lux temperature. 
In effect, th is  leads to oxidation o f  quadrivalent 
uranium to uranyl ion, complexing of the f luoride 
ion wi th aluminum, and conversion of insoluble 
N a F  and ZrF, to soluble compounds. Although in 
th is  prel iminary work, solutions containing some 
insoluble precipitate were obtained, the method 
promised to be o f  value with further development. 

Addit ional tests w i th  different proportions of  
aluminum nitrate nonahydrate (ANN), concentrated 
n i t r i c  acid, and water were run to  see whether 
complete solut ion was possible and to observe 
dissolut ion rates. The results showed that fast  

and complete solut ion was possible wi th various 
material proportions, The optimum proportions 
seemed 80 be an ANN-to-fuel ratio of 4 to  5 with 
20 to 30 ml o f  acid and 40 to 50 ml of water for a 
5 g  batch of fuel. L e s s  acid and less ANN led to 
a decrease in  rate o f  dissolut ion and some residual 
precipitate. Best results were also obtained when 
an optimum amount o f  water was present to di lute 
the ANN-nitric acid solution. 

The actual composition of the fuel used in the 
above tests was 4.25, 47.9, and 47.9 mole %, re- 
spectively, of UF, NaF, and ZrF,. An ANN-to- 
fuel rat io o f  5 therefore corresponded to a fluoride- 
to-aluminum mole rat io o f  1.7, whi le the lower l im i t  
rat io o f  3 corresponded to a mole rat io o f  2.8. The 
valus of 1.7 appears preferable, because i t  ensures 
more complete complexing of f luoride ion  and 
thereby less corrosion to processing equipment. 
I t  also avoids approaching too closely to the mole 
rat io of 3 represented by the insoluble compound 
AIF,. The use of more aluminum would lead to 

faster dissolut ion and less corrosion, but i t  would 
also lead to  a lower uranium content in the feed 
for solvent extract ion processing. 

On the basis of 1.7 as the fluoride-to-aluminum 
mole ratio, the fo l lowing weight proportion was 
selected for feed preparation in solvent extract ion 
work: 

Weight 

Proportion 

ARE fuel (2 t o  4 mole % UF,) 1 
ANN 5 
Concentrated n i t r ic  acid 
Water 

7 
1 1  

This  weight proportion leads to uronium concen- 
trat ions of 2.2 and 4.3 mg/ml, respectively, for 
fuel p lus f lush material (2 mole % UF,) and for 
fuel alone (4  mole % UF,). Other concentrations 
used are, opproximutely, 4 M HPIO,, 0.2 M Zr, 
0.2 M No, 1.2 M F, and 0.67 M AI. 

Later work showed that i f  the temperature was 
raised too rapidly i n  heating the inhomogeneous 
mixture of a l l  solut ion components, the ARE fuel 
began to dissolve in the lower layer that WQS r ich 
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in aluminum nitrate before thorough thermal mixing 
had occurred. Th is  led to formation of a yel lowish 
precipitate which was not redissolvable. It i s  
preferable, therefore, that a homogeneous solut ion 
of ANN, n i t r i c  acid, and water be obtained before 
addit ion of the ARE fuel, 

S O L V E N T  E X T R A C T I O N  

Feed solut ion iiiirde from 2 mole % UF, material 
(fuel p lus flush) W Q S  used i n  hatch countercurrent 
runs to  test the feasibi l i ty  of a TBP solvent 
extract ion process. The low uranium concentration 
of 2.2 mg/mI made operation of such o process ut 
the usual 60 to 70% uranium saturation of the TRP 
impossible. l o o  l o w  a concentration of TBP i n  
Anisco to obtain an appreciable saturation would 
resul t  i n  low extraction factors and a large uranium 
l o s s  i n  the hot waste. .4 compromise was there- 
fore t r ied in  three batch countercurrent runs w i h  
3, 5, and 7% TBP i n  Arnsco 123-15 with cold feed 
solution. A nonocid scrub of 0.67 M ANN was 
u s e d  to maintain high salt ing strength in  the scrub 
section and to seciire an acid-free product suitable 
for Concentration and isolat ion by ion exchange. 

The distr ibut ion coeff ic ients i n  both the extrnc- 
t ion and the scrub sections showed that 5 and 7% 
TBP was very satisfactory nnd that the uranium 
losses in the waste were  l ess  than 0.01%. The 3% 
TBP run, however, gave a uraniutii d istr ibut ion co- 
ef f ic ient  of l e s s  than 2 i n  the scmb section, and 
the uranium loss was 0.2%. Zirconium carryover 
w i th  the uranium varied over the range of 0.02 to  
0.06 mg/tnl for the three cases; thus, zirconium 
carryover docs not appear to be dependant on TBP 
concentrat ion. FI uor ide and acid decontaminations 
were l i kewise  satisfactory in the 5% TBP run. 

Two runs with feed spiked with trace f i ss ion  
products hnve  shown that adequate f i rs t  cyc le  
radioactive decontamination i s  obtainable w i th  

- 

both 5 and 7% TBP in  Amsco. Gross beta decon- 
tamination was bptter than lo4 in bath cases; thus, 
the TBP concentration i s  not cr i t ical .  The uranium 
saturation of the TBP, 10 and 7%, respectively, 
was far below that for which TBP concentration 
i s  cr i t ical .  

A rough schemofic flowsheet can be drawn on 
the assumption that decontamination w i l l  be suf- 
f ic ient  in  one solvent extract ion cyc le  for coupling 
to a n  ion exchange column (Fig. 12.1). A second 
cycle w i l l  probably be necessary only for material 
of very high burnup. 

COWROSIOH IN DISSQLUTION OF A R E  F U E L  

Corrosion tests have been carried out on types 
309 and 347 stainless steel wi th  a solut ion of ARE 
fuel (2.2 rng of uranium per m l )  operated w i th  ref lux 
a t  about 110OC. Information on corrosion was 
desirable, since i t  was expected that a 4 M n i t r i c  
acid-1.2 M f luoride ion solut ion would be very 
corrosive, despite the high concentration o f  
aluminum, and since most equipment avai lable for 
scal ing up the process would be made of either 
type 309 or type 347 stainless steel. 

The testswere made by suspending square plates 
o f  the materials a t  the liquid-vapor interface, in 
the liquid, and in the vapor of the test  solution. 
Glass supports were  used to avoid metal l ic  junc- 
t ion potentials. The total time of the tests was 
33.5 hr, extended over a five-day period, w i th  
weighings being made at the end of each day's run. 
The data ore summarized in Table 12.1. The re- 
sul ts c lear ly indicate a very large corrosion rote. 
Type 309 stainless steel was somewhat better 
than type 347, presumably because of i t s  higher 
nickel  and chromium contents. The highest cor- 
rosion rates were observed dur ingthe i n i t i a l  period, 
but they decrease to a third or less during Inter 
periods. The lower rates w i l l  probably prevai l  in 

TABLE 12.1- CORROSION TESTS ON TYPES 309 AND 347 STAINLESS S T E E L  1N 
ARE FUEL DISSOLVER AT l lO°C 

.... ___ .... ___ c___.___.___..___...__ .. ..... ........ ...... CI- -I--. I_ __-__..... __I ...... 
.___ 

CORROSION R A T E  (mpy) ...._I ___.._I.~ _I_.._____.p I-- l y p e  309 Stainless Steel Type 347 Stainless Steel 
____....- 

F i r s t  3.5-hr period 

Last 7S-hr per iod  

Over-al l  33.5-hr period 53 44 
l_____l__ ....... ...... 

In Vapor 

117 

19 

3 5  

I 2 3 8  1 166 I 129 

38 

.... ..... ....... 
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HOT WASTE 

Fig. 12.1. f l o w  Sheet for ARE Fuel Processing. Basis: 1 kg o f  U235. 

equipment which has already suffered from ni t r ic  
acid corrosion. The corrosion was highest at the 
liquid-vapor interface and lowest i n  the vapor. 

PLANT PROCESSING 

It appears, on the basis of present knowledge, 
that batches of ARE fuel plus flush material con- 
taining 70 kg of U235 can be decontaminated and 
recovered by using two solvent extraction cycles 
coupled with an ion exchange column. The use of 
Metal Recovery Plant equipment for this process 
is possible without major odditions provided the 
following precautions are observed to avoid cr i t i -  
cality. 

1. Proceeding with processing of ARE material 
on a crash basis w i l l  require batch operation and 
a high order of supervision to ensure safety with 
respect to crit icality. Frequent sampling w i l l  be 
necessary and carewi l l  have to be taken to prevent 
any heel buildup in  the dissolution step. The 
process should be scheduled on the basis of I -kg 
batches of U235. 

2. One-kilogram batches of U235, that is, about 
1 gal of ARE fuel or 2 gal of fuel plus flush, can 

be transported in cylindrical aluminum cans of 
noncritical geometry with adequate shielding. 

3. Dissolution of the material can be carried out 
i n  a 500-gal tank i n  the Metal Recovery Plant. 
The charge would be 60 gal for ARE fuel or 120 
gal for fuel diluted with an equal weight of flush 
material. Cr i t ical i ty i s  to be avoided partly by 
S I  ab geometry. 

4. Two batches of feed may be stored in  the 
2500-gal tank of the Metal Recovery Plant that has 
a concave bottom. Noncrit icality i s  favored by 
the ring geometry. 

5. The 1A pulse column available for this work 
unfortunately extends into a sump well in which 
neutron reflection must be considered. A safe 
Concentration limit, however, would be 12.5 mg of 
U235 per ml, or a concentration 3- to 6-fold above 
that of the feed being considered. 

Several coincident errors, such as the use of 
water in place of 0.67 M ANN solution for t h e  
scrub and reflux and buildup of uranium at the 
feed plate with subsequent leakage from the column 
into the sump well, would be necessary to approach 
cr i t ical  i ty. 









INTRODUCTION AND SUMMARY 
E. P. Bl i rard J, L. Meem, Associate 

Physics Division 

The measurements o f  neutron and gamma spectra 
i n  the divided-shield mockup in the Bulk Shielding 
Faci l i ty  constitute an important advance in shield- 
ing research (sec. 13). These spectra give the 
energy and angular distribution of neutrons from a 
fission source after attenuation i n  water and are 
directly comparable to some calculations being 
carried out under subcontract by Nuclear Develop- 
ment Associates. It i s  by the extension of this 
approach that a real understanding o f  shield design 
w i l l  be achieved. 

The L id  Tank Faci l i ty  i s  being used for the engi- 
neering type o f  studies o f  un i t  shields for which i t  
i s  especially applicable (sec. 14). Many combina- 
tions of  materials and o f  thicknesses of materials 
ore being tried in an effort to obtain the lightest 
possible un i t  shield fur the reflector-moderated 
liquid-fuel reactor. The major uncertainty remaining 
i s  the possibi l i ty  that the delayed neutrons and 
gamma rays from the circulating fuel in the heat 
exchanger cannot be measured in &e Lid Tank 
Facil ity, Efforts have been initiated, however, to 

calculate these components in order to evaluate 
their possible importance. I f  their importunce 
appears to be overriding, which might well be the 
case, some special experiments wi l l  have to be 
devised. W i t h  the use of  this facility, an effective 
removal cross section of 0.99 b was obtained for 
oxygen. 

Construction o f  the Tower Shielding Facility, 
which was delayed by strike, has now been resumed 
and should be completed by the end o f  1953 (sect. 
15). The report to the Reactor Safeguard Committee 
revealed no untoward hazards. 

A Shielding Session i s  scheduled far the month 
o f  June in Oak Ridge. The purpose of the session 
w i l l  be to standardize methods of shield design, 
and members o f  a number of  interested organiza- 
tions will participate. In order to ensure that the 
problems studied w i l l  be generic to the basic 
question of  shield weight, actual shield designs 
w i l l  be studied for the several cycles which are o f  
most interest. A report w i l l  be issued, probably 
late i n  July. 

107 



ANP PROJECT QUARTERLY PROGRESS REPORT 

13. BULK SHIELDING FACILITY 

J. L. Meem 
R. G. Cochran 
M. P. Haydon 
K. M. Henry 
H. E. Hungerford 

E. B. Johnson 
J. K. Les l ie  
T. A. Love 
F. C. Maienschein 
G. M. McCammon 

PI1 ysi cs Division 

During this quarter, the major effort a t  the Bulk 
Shielding Faci l i ty  has been devoted to measure- 
ments on the top-plug mockup for the SIR shield. 
This work has been very useful i n  that i t  afforded 
an opportunity to study the perturbations to a 
shield introduced by engineering features. A 
description of  these experiments w i l l  be given in 
the next Physics Div is ion semiannual progress 
report. Some results o f  the neutron spectral meas- 
urements, as well as results o f  air-scattering cal- 
culations on gamma rays for the divided aircraft 
shield, are presented here; the final results on the 
energy-per-fission experiment are also given. 

NEUTRON SPECTRA F O R  THE DIVIDED SHIELD 

The fast-neutron spectrometer(') a t  the Bulk 
Shielding Faci l i ty  has been used to measure the 
reactor spectra as attenuated by the beryllium 
oxide reflector and various amounts o f  water.(2) 

The experimental setup used i s  shown in  Fig. 
13.1. An aluminum collimator tube 6 ft long 
(OD, 1 in.; ID, in.) was used for the measure- 
ments close to the reactor (0 and 12.5 cm). The 
0-crn distance was the position i n  which the 
collimator WQS pushed thraugh a hole in a beryl- 
lium oxide reflector can so that the end of  the 
collimator tube touched a fuel element. For the 
27.5- and the 37.5-cm distances, the collimator 
length was reduced to 4 f t  to increase the neutron 
intensity. Previous experiments at this facil i ty 
have indicated that as long as the ratio o f  length 
to diameter i s  large, the collimator does not distort 
the neutron spectrum. 

The principal purpose o f  the lead spectrometer 
housing (show in Fig. 13.1) was to attenuate the 

("R. G. Cochran and K .  M. Henry, A Proton Recoil 
Type Fas+Neutron Spectrometer, ORNL-1479 (Apr. 2, 
1953). 

(2)R. G ,  Cochran and K .  M. Henry, Neutron Spectra of 
the BSFReacfor, ORNL CF-53-5-105 (in press) .  

intense gamma rays encountered i n  making measure- 
ments close to the reactor. In addition, i t  served 
as a waterproof container for the spectrometer 
components. To ensure water exclusion, the box 
was uressurized with 2 to 3 psi of  dry air. 

A logarithmic plot of  the data obtained out to 
37.5 cm from the reactor i s  given in  Fig. 13.2. 
The data indicate h o t  the spectrum hardens ap- 
preciably as the neutrons penetrate larger distances 
of water, 

In addition to the proton-recoi I spectrometer data, 
threshold detector measurements(3) have been made 
in a fuel element of  the BSF reactor. Figures 13.3 
and 13.4 show the spectrum obtained by th is 
method. 

E N E R G Y  P E R  FISSION AND POWER O F  
THE BULK SHIELDING R E A C T O R  

The energy per fission in the BSR has been 
measured as 193 In addition, the graphite 
sigma pile, which is the standard for  thermal- 
neutron flux measurements at ORNL, has been 
re~a1ibrated. l~) Since a l l  shielding data at  the 
BSF have been reported as so much radiation per 
watt of reactor power, a correction should be 
applied to al l  previous data. The fast-neutron and 
gamma data should be multiplied by cs factor of 
0.8306 and the thermal-neutron data should be 
multiplied by a factor o f  0.9250. A l i s t  of reports 
to which these corrections apply has been pb 
I i shed. ( 6 )  

(3)J. 0 .  Trice, Neutron Threshold Measurements in the 
BSR, ORNL CF-53-5-139 (in press) .  

(4)J.  L. Meem, L. 0. Holland, and G. M. Mccammon, 
Determination of the Power of the Bulk Shielding Re-  
actor. Pari 111. Measurement of the Energy Released per 
F i s s i o n ,  ORNL-1537 (to be issued). 

(5 )E .  D. Klema, R. H. Ritchie, and G. M. McCommon, 
Recolibration of the X-IO Standard Graphite P i l e ,  ORNL- 
1398 (Oct .  17, 1952). 

(6)J. 1.. Meem, E .  B. Johnson, and H. E, Hungerford, 
Energy per F i s s i o n  and Power of the  BSR, O R N L  CF- 
53-5-21 (May 12, 1953). 
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Fig. 13.1. Experimental Arrangement for Neutron Spectral Measurements. Apparatus operates sub- 
merged in  water. 

GAMMA-RAY A I R - S C A T T E R I N G  C A L C U L A T I O N S  

Measurements have been reported(7) on the spec- 
tra o f  gamma radiat ion emerging from a mockup of 
the reactor portion o f  the aircraft divided shield.(8) 
Calculat ions have been made for the gamma radia- 
t ion arr iving a t  the outside o f  the aircraft crew 
shield, and further calculat ions are planned on the 
penetration of the gamma radiation through the 

( 7 ) F .  C. Maienschein, Gamma-Ray  Spectral  Measure- 
m e n f s  w i th  the  D i v i d e d  Shield Mockup, ORNL CF-52-3-1 
(Mar. 3, 1952); Part I I ,  ORNL CF-52-7-71 (July 8, 1952); 
Port I l l ,  ORNL CF-52-8-38 (Aug. 8, 1952). 

("Report of t h e  ANP Shielding Board for  t h e  A i rcra f t  
Nuc lear  Propu l s ion  Program, ANP-53 (Oci. 16, 1950). 

crew shield. The data col lected recently by the 
Bureau o f  Standards(') w i l l  be used, in part, for 
these calculations. 

The gamma-ray spectral measurements were 
recorded(7) as a function of energy and as a 
function o f  the angles, as shown in Fig. 13.5. 
Data obtained through the lead shadow shields 
shown in  Fig. 13.5 and through various thicknesses 
o f  water were available. The data included the 
dependence of  I' (the emerging gamma-ray f lux i n  

(9)F. .  S. Kirn, R. J. Kennedy, and H. 0. Wyckoff,  
Obl ique  Attenuation of  Gamma R a y s  from Cobalt-60 and 
C e s i u m  737 and P o l y e t h y ! e n e ,  Concrete and Lead,  NES- 
2125 (Dec. 23, 1952). 
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Fig. 13.2. BSF Reactor Neutron Spectra. 

photons/cm 2/sec/Mev/watt/steradian) on the ele- 
vation angle 8 and also on the azimuth angle 4 by 
virtue of the exist ing symmetry along the aircraft 
axis. 

Gamma-ray dose measurements indicated that 
data taken behind h e  lead shadow shield would 

be applicable for a less than 40 deg, whereas h e  
open-water data would be applicable for a greater 
than 70 deg, where a i s  the polar angle indicating 
the point  o f  departure o f  the photons from the re- 
actor shield, The intermediate region a t  the edge 

Fig. 13.3. Neutron Energy Spectrum far the 
Epitherrnd Energy Region (0.5 kev < E < 10 kev) 
by Threshold Detector Measurements. 

of the shadaw shield had to be investigated i n  
further detail. Measurements were made a t  a = 50 
deg for a l l  values o f  8 and a t  a = 60 deg as a 
function o f  both 0 and The measurements t hen  
afforded an approximate knowledge o f  r(E,u,H,+) 
over the entire reactor shield, where E i s  the 
energy (Mev) o f  the emerging gamma ray. The 
gamma radiation arr iving a t  the crew shield was 
then obtained by integrating over the energy and 
the surface o f  the reactor shield and by applying 
the differential scattering CTOSS section and inte- 
grating over a l l  space. Single scattering and n o  
air  attenuation were assumed in  the calculations, 
which should be adequate with the reactor-crew 
separation di stances being con sidered. 

I7(E1a18,c$) K R ' 2  d E  dA dV , 

where 

- 
a) 
P 
-- 

E' = 

gamma-ray f lux arr iving a t  the crew shield 
(photon s/c m2/sec/watt), 
degraded gamma-ray energy (MeV), 
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VARIABLE 

E 

a 

I s =  
E =  
a =  
r =  

o =  
+ =  
K =  

R =  

dA = 
JV = 

_ _ ~  ~ - 
CALCULATION . 

Radial Beam Skew Beam Direct Beam 

6 steps of 1.2 to 2.5 Mev 

18 s t e p s  of 10 deg 

4 steps of 1.2 to 2.5 Mev 

2 steps of 10 deg 

6 s t e p s  of  1.2 to 2.5 Mev 

9 s t e p s  of 10 deg 

receiver angle, 
energy of  the emerging gamma ray (MeV), 
polar angle at the source, 
distance from the point o f  emergence from 
the reactor shield to the point of  scatter 

elevation angle, 

computations were made on a UNIVAC after they 
had been coded by the Mathematics Panel. 

Differential Results. The spectra of the scattered 
gamma-ray flux arriving at the crew compartment 
are shown in Fig. 13.6 for the front region o f  the 

(4, - azimuth angle, SSD- A - 7 1 0  

KI1 ein-Nishina differential scattering cross 
section,('') 
distance from the point of scatter to the 
center o f  the crew shield (cm), 
surface element at the reactor shield, 
volume element o f  scattering space. 

These calculations were simplified considerably 
because, for the most part, the gamma radiation 
emerged radially in the shield regions away from 
the edge o f  the shadow disks. Calculations for a 
typical element o f  volume were carried out by 
using the measured dependence on 0 and q5 and by 
assuming that a1 I the radiationwas emitted radial Iy. 
Since the results agreed to within 30%, the radial 
assumption was used for a l l  regions away from the 
shadow-disk edges. This component was called 
the radial beam, whi le the contribution from the 
edge of  the shadow shield was called the skew 
beam. 

The direct (unscattered) beam calculation was 
given simply by 

@ 
P 

-= (E',P) = d E  du . 
E a  

The actual integrations were performed numsri- 
cally, in steps, as shown in  Table 13.1. The 
.____I.______..._.... _____ 
('"C. M. Davisson and R. D. Evans, Revs. Mod. 

Phys. 24, 79 (1952). 
Fig. 13.4. Neutron Flux Above Threshold Energy 

as a Function of Threshold Energy. 

F 
r 

18 steps of 70 deg 

40 steps of 5 to 500 f t  
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PROJECT QUAR?ERLYPROGRESSREPOR? 

-A- 

-c-... 

-0-- 

- D--. 
... 

A 

-A- 
--B-- 

A 
0- -- -- -I_ 

-. 

A 
B 

- -______  
I A c 1 c ___ .i ---. 

- 
DWG. 19371 

L E A D  
SHADOW SHIELDS -1 / 

/A90#h /POINT OF SCATTERING 

................ .. 
REACTOR St-1IEL.D 

MEASURE : r ( E, a, e ,  $1 CALCULATE : r ’ ( E‘, p 

Fig. 13.5. Definition of Angles for Gamma-Ray Air-Scattering Calculations. 

0 012 

> 
1 0010 
\ 

0 

\ 
V ’u 

\ 

+ t 

3 

N 0008 : 
\ 

W 
L 

? 

& 0.006 

U 

c 

V 0 

?! 

E 0.004 

Ln 
0 

0 
U1 

> W 

- 
z 

0 0 0 2  

9 
4 

0 
0 

8LIII) 
DWG 19868 

. --E---- 

B 
G 

I _- __ - ........... 

........... 

AREA UNDER CURVE = a/f 
SOURCE ANGLE ( a )  = 0 TO 65 deg 
(SHADOW-SHIE1.D REGION) 

RECEIVER ANGLE f i  ( d e g )  

0 TO 180 
0 TO 30 

3 0 T 0  60 

6 0 T 0  90 
90 TO 120 

120 TO 150 
150TO 180 

Fig. 13.6. 
actor Shield. 

112 

Spectra at the Crew Compartment of the Scattered Gamma Rays from the Front of the Re- 
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Fig. 13.7. 
the Scattered Gamma Rays from the Side of the 
Reactor Shield. 

Spectra at  the Crew Compartment Q 

reactor shield. A l l  the high-energy flux arr ives 
from this region. The side o f  the reactor shield 
contributes much more low-energy radiat ion as 
shown in Fig. 13.7 and, f inal ly, Fig. 13.8 shows 
the small contribution of low-energy radiat ion from 
the rear o f  the shield. 

A graphical representation o f  the contribution 
from various volume elements in space i s  shown in 
Figs. 13.9 and 13.10. Figure 13.9 gives the f lux 
contribution in photons/cm2/sec/watt, wh i le  Fig. 
13.10 i s  shaded to demonstrate the same informa- 
t ion  for larger volume elements. Thus i t  may be 
seen that regions far from the aircraft contribute 
Q substantial portion o f  the gamma radiat ion arr iving 
at  the outside o f  the crew compartment. However, 
since this radiat ion has to be scattered through a 
large angle, i t i s  of low energy and i t  loses some 
o f  i t s  importance after penetrating the crew shield. 
A l l  gamma rays arr iving a t  the crew shield with an 

32 

24 

16 

8 
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0 

mmP 
DWG. 19870 

SOURCE ANGLE (a) = I25 TO I80 deg 
(REAR OF REACTOR SHIELD) 
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E', POST-SCATTERING ENERGY (MeV) 

Fig. 13.8. Spectra at the C e w  Compartment of 
the Scattered Gamma Rays from the Rear of  the 
Reactor Shield. 

energy greater than 0.5 Mev, for example, must have 
a + /? <_ 90 degrees. This condit ion implies 
scattering from a point closer than 8.6 meters from 
the aircraft axis. 

The direct-beam radiat ion arr iving at the crew 
shield i s  shown in Fig. 13.11. Since h i s  contri- 
bution i s  plot ted as a function of the angle a, 
rather than as that of the sol id angle, the dose w i l l  
tend to increase with u. Counteracting this, how- 
ever, i s  the fact that 0 increases with increasing 
a and that the radial nature 0 6  the emerging radio- 
t ion causes the contribution to rapidly decrease. 
The marked increase a t  the edge of the shadow 
shield indicates that the shadow shield should be 
made larger and that it should b e  tapered in thick- 
ness toward the edges. 

lntegrol Results. The integral results are shown 
i n  Table 13.2, for which the gamma f lux was 
converted into dose units.(") The results are 
compared w i th  the calculat ions o f  ANP-53,(*) and 
they agree to w i th in  a factor af about 3 .  This  i s  

( ' "E.  P. Blizard, Introduction to Shield Design, 
O R N L  CF-51-10-70, Pari  I Revised, p .  41 (Jan. 30, 
1952). 
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TABLE 13.2, TOTAL ~ A ~ ~ A  DOSE AT THE OUTSIDE OF THE CREW SHIELD 
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(r/hr/watt x 
__ 

METHOD 
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a (degl  

surprisingly good agreement, since for the calcula- 
t ions in ANP-53 it was assumed that a l l  the gamma 
rays had an energy of 2.5 Mev and that they emerged 
radial ly. 

A comparison was also made w i th  the air-scatter- 
ing experiment('*) which was carried out a t  the 
Bulk Shielding Faci l i ty .  After corrections had 
been made for the difference in reactor-crew sepa- 
rat ion distance, the calcu lotions just described 
indicated a dose about f i ve  times less than that 
measured in the air-scattering experiment. Th is  
disagreement i s  not to be interpreted as funda- 
mental, since the experimental arrangement was 
but a poor repl ica of the shield which was calcer- 
lated. 

( ' * )J .  L. Meem and H. E. Hungerford, Air Scattering 
Experiments at the Bulk Shielding F a c i l i t y  (Preliminary 
Issue), ORNL CF-52-7-37 (July 8, 1952); ti. E. Hunger- 
ford, pr ivate communication. 

Fig. 13.11. Direct-Beam Gamma Rays Arr iv ing 
at  the Crew Shield as (I Function of a. 
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14. LID TANK FAClLlTY 

J. D. Flynn 
G. T. Chapman 

M. E, LaVerne 

J. N. Miller 
F. N. Watson 

Physics Division 

ANP Division 
F. H. Abernathy 

Experiments on a unit  shield for the circulating- 
fuel reflector-moderated reactor, as described in  
the previous quarterly report, are in progress. 
Fifty-four configurations have been tested to date. 
Effective removal cross sections have been ob- 
tained for oxygen, nickel, and Inconel. 

R E F L  ECTOR-MODE R A T E D  R E A C T 0  R 
S H I E L D  TESTS 

A preliminary series o f  shielding tests has 
been run i n  the L i d  Tank Faci l i ty  on the basic 
type o f  shield for the reflector-moderated re- 
actor.(') Three basic reflector-intermediate-heat- 
exchanger-pressureshell configurations have been 
tested. Various thicknesses and spacings of lead 
layers were tested with each configurution. A 
typical assembly was then used to determine the 
effects o f  such factors as boron concentration, 
replacement o f  iron by Inconel, water by trans- 
former oil, lead by tungsten carbide, etc. 

The only beryllium available for this f i rst  series 
of tests consisted of one tank of  beryllium pellets 
approximately 1 f t  thick with an average beryllium 
density of 1.23 g/cm3 and two beryllium slabs, 
21 by 42 by 3.6 in., with a density of 1.84 g/crn3. 
By placing the two beryllium slabs together to form 
a 42-in. square and placing this square in series 
with the tank of beryllium pellets, an equivalent 
thickness of  11.3 in. of solid beryllium was ob- 
tained. The heat exchanger was simulated by 
using thin, slab-shaped steel tanks that were 3.5 
cm thick and f i l led with NaF. The sheet-steel 
tank walls of the tanks served to simulate the 
matrix of tubing that would be present in a full- 
scale heat exchanger. Provision was made for the 
insertion of capsules o f  NaF in each tank to permit 
measurements of  sodium activation a t  various 
points in the heat exchanger. A typical shield 
configuration i s  shown in Fig. 14.1. 

("A.  P .  F r a o s  and J.  B. Trice, ANP CJour. Prog. Rep. 
Mar. 70, 7953, ORNL-1515, p .  74. 

The capsules consisted of 0.250-in.-QD aluminum 
tubing attached to the lower end of 0.250-in.-dia 
aluminum rod. Even though the heat exchanger 
tanks were loaded with NaF in as dry a condition 
5s possible and were closed off, it was feared that 
the moisture content might change during the 
course of the test and have an effect on the amount 
of neutron moderation i n  the simulated heat ex- 
changer. Therefore the central position of  each 
heat exchanger tank was fi l led with cans of  sodium 
rather than with NaF powder. The cans of sodium 
were borrowed from the Cri t ical  Experiment Fa- 
c i l i ty .  - 

DWG 49871 

PD 

____ 

Fig. 14.1. Typical Reflector-Moderated Reactor 
Shield Configuration in L id Tank, 
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The regular Lid Tank slabs of lead, iron, and 
boron carbide were used wherever these materials 
were needed. Dry tanks selected from those used 
in previous L i d  Tank experiments were employed 
to ho ld  the various configurations tested. 

The f i rs t  set of experi- 
ments was carried out with a simulated tiagt ex- 
changer region that was only 2.75 in. thick. To 
determine the shielding requirements for a reactor 
surrounded by a heat exchanger of this thickness, 
some 14 configurations were tested. The f i rs t  
configuration mocked up a shield arrangement i n  
which no heavy shielding material would be placed 
a t  the reactor, that is, an arrangement suitable for 
use with a divided shield. The other configurations 
tested employed various thicknesses o f  lead, 
various arrangements o f  the lead relat ive to the 
pressure shell, and various concentrations o f  boron 
in the water region immediately outside the pres- 
sure shell. 

Twenty-two other configurations in th is  f i rs t  
series o f  tests employed a heat exchanger region 
6.9 in. thick. Four o f  the configurations were used 
for investigating the effect o f  various thicknesses 
o f  a lead region placed immediately outside the 
pressure shell. A few tentat ive tests indicated 
that there was l i t t l e  or no over-all advantage to  be 
gained from moving the lead away from the pressure 
shell, since i t s  increased effectiveness would be 
largely of fset  by i t s  greater radius, and the greater 
structural complexity would be undesirable. 

Examination of the data from the f i rst  18 configu- 
rat ions indicated that secondary gamma rays were 
responsible for most of the gamma dose measured 
wel l  out in the water region of the shield. It 
seemed l i ke l y  that the iron tank wal ls between the 
beryl l ium pel lets and the beryl l ium slab were a 
maior source o f  secondary gamma rays that would 
not exist  in a ful l-scale reactor-heat exchanger 
assembly. Also, it was decided that a thicker 
beryl l ium region would be desirable and could be 
simulated by introducing a layer o f  water between 
the tank o f  beryl l ium pel lets and the beryl l ium 
slab. A configuration was assembled with th is  
extra water region and with 0.250-in.-thick bora1 
sheets placed against the iron tank walls t o  inhibit  
the production of capture gamma rays in the iron, 
Also, a 0.125-in.-thick boral sheet was placed 
against the outer face o f  the lead slabs to  prevent 
the thermal neutrons from the borated water from 
entering the lead region. F i v e  configurations 
involved the use of various thicknesses o f  lead 

Shield Configurations. 

wi th th is  arrangement. Three more configurations 
were tested to  investigate the effectiveness o f  the 
boral sheets and the water layer which had been 
inserted between the tank of beryllium pel lets and 
the beryl l ium slab. 

F i v e  additional configurations that were similar 
but contained no lead were tested to compare the 
relat ive effectivenesses o f  iron, nickel, copper, 
and Inconel. There was pract ical ly no difference 
between these four materials when allowance was 
made for density variations. 

Inasmuch as it i s  possible that the problem o f  
containing lead at high temperatures may bc solved 
a t  some future date, a test was made with a lead 
slab between the source plate and the beryl l ium 
region to  simulate a reactor design that might be 
used i f  lead were employed as a moderator coolant. 

A substantial saving in shield weight might be 
effected through the use of a material more dense 
than lead for the gamma shield. Since some tung- 
sten carbide was avai lable from supplies that had 
been acquired by NEPA, a series of tests was run 
w i th  tungsten carbide instead o f  wi th lead. Various 
arrangements o f  bora1 sheet and lead layers were 
employed in an effort to  investigate the production 
o f  secondary gamma rays i n  the tungsten, 

The test  results 
for the various configurations tested in the L i d  
Tank Fac i l i t y  have been plot ted directly, without 
correction far air gaps, Figure 14.2 shows curves 

Gamma-Ray Attentuation Data. 

11 3- in iHlCK BERYLLIUM RFFILFCTOR- 
- 175.13 -THICK IRON PRESSURE SHELL ~ 

LEAD LAYER ~ - p ~ -  

I --CpJ d l  N O  BORON IN THF WATER 

DISTANCE FROM SOURCE PLATE (cm) 

Fig. 14.2. Gamma Attenuation w i th  No Lead 
Layer for Two Heat Exchanges Thicknesses. 
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for operation with only water i n  the L i d  Tank 
Facil ity, together with curves for both a thin and 
a thick heat exchanger with no lead layers. Note 
that despite the relatively large void present i n  the 
assemblies, the mockups for the reflector-heat 
exchanger-pres sure shei I configurations give lower 
gamma-ray doses at any given distance from the 
source plate than would be obtained with water 
only. The effects on gamma dose of  various 
thicknesses of lead placed immediately outside 
the pressure shell are shown in Fig. 14.3 for the 
2.75-in.-thick heat exchanger. Figure 14.4 shows 
test  results for essentially the same configuration 
as that of Fig. 14.3, except that the thickness of  
the heat exchanger region was increased from 
2.75 to 6.9 inches. Note that the thicker heat 
exchanger gave some increase in the gamma-ray 
dose when used with thick layers of lead (because 
o f  an increase i n  secondary gamma-ray production), 
while with no lead layer, it gave a reduction i n  
gamma-ray dose by absorbing a substantial amount 
o f  primary gamma radiation. 

A careful examination of Figs. 14.3 and 14.4 
indicated that the secondary gamma-rays consti- 

100 110 120 130 140 150 160 f70 
5 x  

DISTANCE FROM SOURCE PLATE (cm) 

Fig. 14.3. Gamma Attenuation with Various Lead 
Layers and a 2.75-in.-Thick Heat Exchanger. 

tuted the major portion of  the gamma-ray dose well 
out in the shield when relatively thick layers were 
employed. When the moderator region was thickened 
and bora6 sheets were inserted to inhibit neutron 
capture i n  the iron tank walls, the data plotted i n  
Fig. 14.5 were obtained. Examination of Fig. 14.5 
discloses that the addition of lead just outside 
the pressure shell, up to  a thickness of 6 in., 
gives a configuration i n  which the lead i s  as 
effective as could be hoped for. The addition of 
1.5 in. of lead to give an over-all lead thickness 
of 7.5 in. attenuated the gamma flux by a factor of  
only 2.4. Thus, the apparent attenuation length 
i n  the last layer of lead was approximately 5.3 cm, 
which indicated that the secondary gamma-ray 
production in the lead i s  important in this region, 

Figure 14.6 shows a 
neutron attenuation curve for a typical configuration 
superimposed on a reference curve obtained with 
only water in the tank. Note that in spite of the 
void space in the assembly, the beryllium was so 
effective in slowing down fast neutrons that the 
neutron dose 140 cm from the source plate i s  well 
below that for water alone, and the steeper slope 
o f  the curve indicates a shorter attenuation length 

Neutron Attenuation Data. 

- 
L c 

6 9 - i n  -THICK HEAT EXCHANG 

3b ........ \_ ......... i ..... ~~ 1 J... ~ ~ .... 
5x10' ......... .......... 1 ...-......... 1 ......... a 

100 110 120 130 140 150 160 170 
DISTANCE FROM SOURCE PLATE (cm) 

Fig. 14.4. Gamma Attenuation with Various Lead 
Loyers and a 6.9-in.-Thick Heat Exchanger. 
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DISTANCE FROM SOURCE PLATE (cm) 

Fig. 14.5. Gamma Attenuation for Various Lead 
Layers w i th  Th ick  Reflector and Heat Exchanger. 

5 -~ I- I ~~ L ~ _ _ _  
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I 

1 1 1 1  
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forthose neutrons that do get through the reflector- 
heat ex'changer-pressure shell assembly. 

Changing the thickness of either the heat ex- 
changer or lead regions had l i t t l e  effect on the 
neutron attenuation. The neutron-flux curves for 
all the configurations covered by Figs. 14.3# 14.4, 
and 14.5 fe l l  wi th in a% of  the values given in 
Fig. 14.6 for the configuration with the thin heat 
exchanger, th in reflector, and 6-in.-thick lead layer, 

R E M O V A L  c m s s  SECT~CINS 

Several measurements have been made to deter- 
mine a true removal cross section for oxygen. 
Previously reported values, for example, those 
reported by Welton and BI izard,(,) have been based 
on an average removal effect for oxygen distr ibuted 
throughout a hydrogenous shield and are therefore 
not comparable to  other removal cross sections 
because the material should be placed close to the 
source and fol lowed by a large thickness of water. 

For the recent measurements, n slab o f  carbon 
was inserted next to the source,and an ef fect ive 
removal cross section for carbon was determined. 
Then, a slob o f  o i l  (CH,) was measured to obtain 
a difference, by comparison with water data, i n  
the ef fect ive removal cross section for oxygen and 
carbon. From the difference, the value for oxygen 
i s  obtained by addition. The o i l  measurement was 
veri f ied by another measurement for which a slab 
o f  paraffin (C3,,H6,) was used. The results are 
as follows: 

Carbon measurement 
oC = 0.84 b 

O i l  measurement (H ,O-H,C) 
oO-oc - 0.15 b 

Oxygen removal cross section from oil measurement 
o0 = 0.99 b 

Paraff in measurement (3 1 H ,OX, 
3 1 ~ ~ - 3 0 ~ ~  = 6.07 b 

Oxygen removal cross section from paruff in meas- 
urement 

oo = 1.01 b 

In addition, an effect ive removal cross section 
for nickel  and n removal relaxation length for 
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lnconel have been measured. The results are as 
follows: 

Nickel, aNi = 1.85 b, 
lnconel, X = 6.33 cm. 

The relaxation length obtained for lnconel is 
probably accurate for specifying the performance 
of  the alloy, but it i s  not adequate for determining 
the removal cross section for chromium, since this 
element constitutes only 13.5% of the alloy. 

FACIL ITY MODIF ICATION 

During April, a new shutter and an i r is  made with 
&-in. bora1 were installed behind the Lid Tank 
source plate to replace those made of boron-painted 

aluminum. This  change was necessary because 
the gradual sagging of  the L id  Tank toward the 
p i le  restricted the movement of  the t-in.-thick 
shutter. 

The iris, the purpose of which i s  to l i m i t  the 
effective source to a circle, had previously been 
unsatisfactory because some o f  the boron paint 
had crumbled and partly f i l led the circular space 
which should have been boron-free. The new de- 
sign makes this occurrence impossible. The 
neutron and gamma fluxes i n  the water o f  the tank 
have been remeasured since the new shutter and 
i r i s  have bean installed, and the new flux values 
agree very well with the values obtained previ- 
ously. 
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C. E. CI ifford 
L. B. Holland 

T. V. Blosser 
M. K. Hullings 

Physics Div is ion 

H. E. Stern, Consolidated Vultee Aircraft Corp. 

Although no structural steel has been delivered 
to  the site of the Tower Shielding Facility, the 
tower foundation and cable anchors are completed 
and the construction may be said t o  be well under 
way. A three-week delay occasioned by a strike, 
while inconvenient, w i l l  probably not cause a 
setback in the deadline for f inal completion at the 
end of 1953. 

Actuating mechanisms for the control rods have 
been built and are undergoing tests. The first 
models are unsatisfactory, but it is hoped that 

they can be modified and that the defects can be 
remedied. 

A report t o  the Reactor Safeguard Committee is 
essentially complete.(') In the course of the study, 
it appeared that there were no unusual hazards 
for this particular reactor which could not be 
minimized by careful design and prudent operation. 

("C. E. Cli f ford and L. Abbott, Tower Shielding 
F a c i l i t y  Hazards Summary Report, QRNL-1550 ( io b e  
issued). 
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