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DISCLAIMER

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal liability 
or responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents 
that its use would not infringe privately owned rights. Reference 
herein to any specific commercial product, process, or service by 
trade name, trademark, manufacturer, or otherwise does not 
necessarily constitute or imply its endorsement, recommendation, or 
favoring by the United States Government or any agency thereof. The 
views and opinions of authors expressed herein do not necessarily 
state or reflect those of the United States Government or any agency 
thereof.

DISCLAIM ER

Portions of this document may be illegible in electronic image 

products. Images are produced from the best available 

original document.
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This quarterly report is intended as a detailed progress report on all 

homogeneous-reactor motivated work at ORNL, including the work of the Homoge­

neous Reactor Experiment, the long range research programs associated with 

aqueous-fluid fuel systems, and that fraction of the activities of the long- 

range study group which are associated with aqueous-fluid fuel reactors.

I. SUMMARY

A report, ORNL-830, has been issued covering the prospects for the 

utilization of homogeneous reactors for plutonium production or breeding with 

a simultaneous production of useful power. A similar but less detailed 

report, CF-50- 10- 114. has been prepared to show the possible application of 

aqueous homogeneous reactors to mobile propulsion.

The detailed engineering design of the experimental reactor is now about 

60% complete, and is expected to be about 90% complete by January 1.

Serious delays have been experienced by the building construction con­

tractor in the procurement of steel and other materials. Receipt of the steel 

for the building was completed on November 30. The contractor cannot finish 

on December 21, as originally scheduled, but will be a month or so delayed.

A high-pressure test loop has been added to the full-scale mock-up. Gas 

holdup and pressure drops have been measured at expected operating temperatures 

and pressures. The results agree with the predictions of earlier experiments 

at atmospheric pressures. Bethlehem Steel Company has completed machining on 

the large forged steel pressure vessel, and is awaiting the receipt of high- 

tensile strength bolts before pressure - testing it. It is expected that this 

vessel will be received and installed in the mock-up during this next quarter, 

at which time dump tests on the core and reflector solution may be performed. 

The final pressurizer and gas-removal systems will also be completed and 

tested. It is not certain that the large heat exchanger will be received from

L» • ••• • • • •••••••
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A, 0. Smith in time for complete testing before it is necessary to dismantle 

the full-scale mock up for conversion to the final reactor and installation in 

the new HRE Building.

A high-pressure test loop using a model 30 Westinghouse pump has been 

operated with limited success. Further work must be done in order that 

conditions suitable for solution stability may be consistently provided and 

satisfactory bearing materials for the pump may be developed. The second test 

loop, utilizing a model 100A pump, is nearly completed. Several thermal 

siphon loops are also under construction. From these loop experiments the 

dynamic corrosion results will be obtained. One high-pressure feed pump has 

been satisfactorily operated at 1000 psi on water and is being converted for a 

uranyl sulfate test. A soup cooler and a preheater double-pipe type heat 

exchanger was fabricated but was unsatisfactory because of faulty welding. A 

new exchanger is under construction. The specially modified pressure-seal 

ring- joint gaskets and the pressurizer level control have been found to be 

satisfactory. Neutron fluxes and induced activities have been calculated 

throughout the shield. The results indicate that all components can be re­

placed without excessive personnel exposures. Human access to the D20 com­

partment should be possible immediately after shutdown. With the incorporation 

of 1% boron in the concrete shield the induced activity in the concrete itself 

will be reduced to the point that human access to all compartments should be 

possible after removal of several of the Motter pieces of equipment.

Nearly all the automatic controls and nuclear instrumentation have either 

been received, are under construction, or are on order with satisfactory 

delivery promises. The reactor simulator has been completed to the extent 

that the transient behavior can be accurately observed for times up to 2 sec 

after the initiation of the transient. The results match rather closely those 

obtained by numerical methods, as reported in ORNL-730. Following this check 

on the simulator accuracy, a large number of additional data were obtained, 

some of which have been correlated.

Corrosion experiments in the absence of radiation have continued on an 

extensive scale. Emphasis has been on stainless steels, zirconium, reflector 

materials, and miscellaneous materials of construction. An exploratory study 

of corrosion inuranyl fluoride and uranyl nitrate solutions has been started.

8



Twenty-two in-pile corrosion and solution stability tests have been made 

in addition to the 16 previously reported (ORNL-826). Of these, only two gave 

results considered failures as indicated by precipitation of the uranium and 

extensive corrosion. There is some reason to believe that the failures may 

be associated with pile shutdowns.

Corrosion protection is apparently being obtained by means of a chemi­

sorbed film or series of films. With proper preparation the film is completely 

protective and self-healing. Emphasis during the next quarter will be placed 

on fundamental studies of this film and factors influencing its reliability.

A demonstration of the feasibility of a combustion type recombiner for 

the recombination of hydrogen and oxygen has been completed. A satisfactory 

system for quenching flash backs has been designed and tested. Preliminary 

testing of catalytic recombination has been completed with encouraging results. 

The catalyst efficiency at a variety of temperatures and flow rates for various 

hydrogen-oxygen-steam mixtures has been measured. Temperatures for operation 

using Product-43 catalyst (platinum on charcoal) should not be allowed to 

exceed 350°C. Temperature rise in the catalyst bed and pressure drops across 

the bed have been measured.

Preliminary design for a recombiner and fission-gas-disposal system has

been completed.

Studies of the solubilities of fission product sulfates at elevated tem­

peratures has been continued, and data are given for lanthanum, cadmium, and 

zinc sulfates in water and in uranyl sulfate solution. Tracer technique is 

being employed to measure low solubilities.

Investigation and development of methods for analytical chemical control 

of the reactor solution has been continued. Two methods of following uranium 

concentrations appear most feasible: (1) the use of an electromagnetic 

densitometer to determine density, and (2) the use of a high-frequency coil 

linked to an electronic circuit to measure capacitance effects produced by 

changes in uranium concentration.

Chemical studies now in progress which do not directly apply to the HRE 

but have a longer range significance in the homogeneous reactor field include 

a phase study of the thorium nitrate—water system, studies of uranium and

9



thorium slurries, and studies on the feasibility of using selective-adsorption 

methods to effect a continuous and satisfactory processing method for the 

uranyl sulfate — water reactor solution. Molten thorium nitrate hexahydrate 

(m.p. 110°C) offers promise as a fluid breeder blanket in so far as chemical 

stability and thorium density are concerned.
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LONG"RANGE REACTOR PROGRAM

A Long-range Reactor Group has been established at ORNL for the purpose 

of evaluating the possibilities of the many types of reactors capable of pro­

ducing plutonium and power, breeding U233 and producing power, or producing 

power alone Their studies are expected to guide the Laboratory and the AEG 

in establishing a long-range program for developing reactors for mobile power 

plants and for producing fissionable materials and stationary power economi­

cally.

Because at ORNL there is great interest in the future of aqueous homo­

geneous reactors and the HRE is being built here, the first studies of the 

group are concerned with the feasibility of aqueous homogeneous reactors in 

general, the economics of fissionable material and power production in such 

reactors, and the role of the HRE in obtaining information of importance to 

the future development of aqueous homogeneous reactors.

From results of the first study reported in ORNL-855, the following 

statements may be made:

1. It is possible to build a reactor designed to operate at 250°C and 

1000 psia pressure with a solution of uranyl sulfate in D20. If natural 

uranium is used as the fuel, the core tank must be 35 ft in diameter and 6 to 8 

in. thick. Significant reductions in core size result from enriching the 

uranium slightly. The feasibility of the engineering design depends upon ob­

taining stainless steel or a reasonable substitute having satisfactory cor­

rosion resistance.

2. All reactors which produce plutonium by burning U23S must eventually 

be coupled to an isotope-separation plant. It does not appear possible to 

operate a natural-uranium or a plutonium-seeded reactor to a depletion greater 

than that achieved economically in a diffusion plant.

3. In a 106-kw reactor plutonium and/or power are produced most economi­

cally when fuel enriched to 0.75 to 0.8% U235 is used. This comes about as a 

result of a balance between enriching, operating, and chemica 1 -processing 

costs and fixed charges. The large requirement of expensive D20 places the 

natural-uranium reactor in an unfavorable position.

12



4. A 0 8% enriched homogeneous reactor operating with a heat output of 

106 kw and a useful electrical output of 230,000 kw is estimated to produce 

plutonium at a net cost of $50 per gram while selling the power for 5 mils 

per kilowatt-hour. If the same reactor produces power only, the power cost 

(80% load factor) is 7 mils per kilowatt-hour.

5 Homogeneous thermal breeders now appear very attractive. It seems 

resonable to expect a breeding gain of at least 0.1. No isotope separation 

plant is required, and the chemical processes are relatively simple. A major 

problem is that of developing a thorium solution or slurry.

6. Demonstration of satisfactory control and solution stability in an 

aqueous-solution reactor of high power density and determination of the feasi­

bility of control by solution temperature and concentration, of rates of gas 

production, and of the resistance of materials of. construction to corrosion 

by the pile solution under operating conditions must be accomplished in the 

HRE before larger reactors are possible.

A comparison has been made of several 500,000-kw m&bile power plants 

moderated with D20 and with H20- The plants were assumed to contain two 

reactors, each operating at a power of 250,000 kw. The reactor diameter was 

limited to a maximum of 9 ft because of space considerations and a minimum of 

6 ft by the power density. Because the he at-1ransfer system outside the re­

actor is the same in all cases and the pressure vessels do not differ greatly, 

there are differences which favor one reactor over another because of dif­

ferences in the fuel solution. Pertinent data leading to the selection of one 

system as being more desirable than another are given in Table 1.

Although the H20-moderated reactors have the advantage of a cheap modera-
%

tor, this advantage is outweighed by the expense of the more highly enriched 

uranium required. Also, the D20-moderated reactors produce enough plutonium 

that they can be operated for about 28 days at full power on an initial fuel 
charge. Fuel must be added to the H20-moderated reactors as U235 is consumed. 

Calculations which have been made to date for aqueous homogeneous reactors 

favor D20 as a moderator for all types operated at a high total power output.

• >
• •

• • • •
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TABLE 1

500,000-kw Reactor Specifications

Moderator h2o H20 d2o

Number of reactors 2 2 2

Core diameter (ft) 6.0 6.0 9.0

Isotopic percent U23S in fuel 94. 3 3.5 1.5

U per liter in solution core (g) 11 400 230

Average thermal flux in core 2.5 x 10 14 1.8 x io14 to H
-1 X h-
* O ■£
»

Power density (kw/liter) 78 78 23

Holdup in cores of two reactors (m3) 6. 4 6. 4 20.8

External holdup (m3) 13.3 13. 3 13. 3

Reserve (m3) 1.0 1.0 2.0

Total holdup (m3) 20.7 20.7 36. 1

Total U in system (kg) 228 8300 8300

Total U235 in system (kg) 214 290 125

Total cost of fuel solution (dollars) 5,700,000 4,760,000 3,100,000

Total weight of reactors, shielding, 
and steam production equipment 
(metric tons) 1600 1600 1600
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DESIGN PROGRESS

Design effort during this period has been concentrated on preparation 

of a final flow sheet, final design of the shield arrangement, location of 

equipment within the shield, piping layouts, and preparation of final detailed 

drawings of equipment. The principal items remaining on which little or no 

design work has been done are the catalytic recombiners, silica-gel absorbers, 

charcoal adsorbers, outer dump-tank cooling system, and off-gas condenser.

Flow Diagram. A schematic flow diagram of the reactor process is given 

in Fig. 1, with instrument lines omitted.

Reactor Tanks. Figure 2 shows the assembly of the core tank and reflector 

tank with the pressurizer and control-rod housings mounted on top. Detail 

design of all components shown is complete.

Recombiners. As a result of experimental work with recombiners a flame 

type recombiner has been designed and is being constructed for use in the HRE. 

The final design of this unit is shown in Fig. 3.

Air System, It is planned to cool the shield by maintaining a flow of 

approximately 1000 cfm through it toward the center. A sketch of the duct 

work and probable flow paths is shown in Fig. 4. The air will be discharged 

through a 90-ft stack at the southeast corner of the building. Calculations 

indicate a maximum daily activity output from the stack of 0.56 curie, due to 

argon activity, and a maximum shield temperatune of 249°F. A fan capacity of 

3000 cfm is being specified in order to be able to reduce this temperature if 

necessary. If flow is increased to 3000 cfm the maximum concrete temperature 

is reduced to 211°F.

Piping. Since location of equipment and general design of the shield has 

been settled, work has progressed on general layouts of the piping. Estimates 

of sizes and quantities of pipe and fittings have been made and orders placed 

for approximately 90% of the’ .large-size pipe required.

Auxiliary Boilers. Two auxiliary high-pressure steam boilers have been 

designed, one of 10 kw for supplying steam to the pressurizer, and another of 

40 kw for heating the entire soup system during passivation treatment. Heat 

is supplied by electric immersion type heaters in 10-kw units.

16
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Oil Systems A new type of packaged oil system has been designed to cool 

the two canned-rotor circulating pumps The oil pump, . fi11er, cooler, and 

reservoir are all packed inside an 18-in. schedule-40 pipe so that, in event of 

failure of the' rotor cans in either of the circulating pumps, there will be no 

leakage into the air.; Gear type oil—circulating pumps are being used to ensure 

positive circulation even though radiation may cause thickening of the oil.

Miscellaneous. Bids have been requested for all components of the steam- 

power system as shown in Fig. 1. Boiler feed pumps and vacuum pumps indicated 

on the diagram are on hand from available surplus equipment.

The control rod drives have been detailed according to the design de­

scribed in a previous report, and a mock rod is being fabricated for dropping 

tests to determine the amount of shock-absorber capacity required.

Figures 5, 6, and 7 show actual construction details of the reactor steam 

generator, the soup pressurizer, and the concentric-core draw-off tubes, 

respectively. In Fig. 7 the outer tube is the pressurizer connection; the 

next inner one is the soup exit line, and the small inner one is the gas 

outlet.

Status of Design and Procurement. Design and procurement status of 

various items of equipment are given in Fig. 1. Tentative scheduling calls 

for completion of all design and checking work by Jan. 1, 1951, so that by 

that time all items should be either on hand, on order, or in the shop.

CALCULATIONS AND PRELIMINARY DESIGN

Thermal Stress in Reactor Pressure Shell and Core. Thermal-stress anal­

yses of the various parts of the reactor have been made. It is planned to 

issue a complete report on the subject in the near future.

Heating of the pressure vessel and cover plate from reactor gammas and 

neutrons was considered, in addition to normal heat conduction. Three types 

of cooling were considered: air on the outside, circulating D20 at reflector 

temperature in tubes on the outside, and a D20 jacket on the inside. The 

reactor operating levels at which the maximum allowable thermal stress of

21
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15,000 psi was reached were 1500, 6700, and 33,000 kw, respectively, for the 

three types of cooling. These results prompted the selection of internal 
jacketing for cooling, thus giving a larger factor of safety

Study of neutron and gamma absorption in the core tank revealed this to 

be a minor factor in the therma 1 -stress picture, 15,000 psi stress being 

reached with no normal heat conduction at 53,000 kw. Calculated normal heat 

transfer from core to reflector limits the reflector temperature to about 

250°F, or higher if excessive thermal stress is not to be encountered. There 

is considerable uncertainty concerning this temperature owing to the fact that 

convection effects in the reflector can only be approximated. Measurements in 

the mock-up will produce more accurate data at a later date.

Reflector Heating The time required to heat the HRE reflector from 

room temperature to 200°Cbyheat transferred from the core has been estimated. 

Two estimates were made at a 150°C temperature difference (core to reflector), 

one using a heat-transfer rate of 150 kw and another using one of 50 kw. The 

high transfer rate gave a required time of 2% hr, and the low rate gave a 

required time of 8 hr. The weight of a full reflector plus pressure shell and 

plug was assumed to be the mass to be heated.

Investigation of Gas Control by Circulation Through the Reflector. If 

the reflector feed pump is run continuously, heat and dissolved gases will be 

removed from the reflector by the D20 let-down to reflector dump tanks. At a 

feed-pump rate of 1 gpm and with a 200°C reflector the rate of heat loss is 

45 kw. To remove the anticipated gas (H2 and 02) production of 1/3 standard 

cfm (assuming 100 ev per ion pair), it would be necessary to let down 14 gpm 

from the reflector to prevent the reflector gases from going higher than 10% 

H2 plus 0, in He. Control of gas in the reflector by this means is therefore 

impractical, and a high-pressure recombiner must be constructed to keep the 

gas concentration below explosive limits.

Radiation Damage and Gas Formation. Gas Generation in Pump Armature 

Compartment. An estimate of the radiation intensity in the armature compart­

ment of the Westinghouse 100A pump with accompanying water decomposition
S

showed a gas rate of 60.9 cc/hr at standard conditions. A water or soup flow 

of 60 cc/hr would be adequate to remove the gas by solution.
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Radiation Damage to Pump-cooling Oil. Based on samples exposed in the 

X-10 pile and an estimate of radiation intensity in the Westinghouse pump, the 

life of the pump-cooling oil was predicted to be 4.63K days, where K-is the 

v olume of the oil system in liters. Inasmuch as the volume will be in the 

neighborhood of 80 liters,. the life of the oil will be about a year. Semi­

annual oil changes would ensure satisfactory operation. This work is reported 

more fully in ORNL CF- 50 - 10 - 145.

Gas Generation in the Pressurizer. Hydrogen and oxygen production in the 

pressurizer system was estimated at 4.4 standard liters per hour. This amount 

of g&s is very easily soluble in the 1-gpm stream from the pulsafeede^ which 

is connected to the pressurizer line leading to the core, and gas will dif­

fuse from the pressurizer to this connection. This work is reported in

ORNL CF-50-IQ-133.

There is consequently very little build up of gas in the pressurizer 

during operation. However, an equilibrium gas pressure is established in the 

pressurizer^which produces a pressure gradient that allows the gas to diffuse 

from the upper part of the pressurizer system to the feed-pump inlet point. 

This partial pressure has been estimated at 1.75 psi. A vent from the pres­

surizer to the dump system is provided in case unexpected gas build-up occurs 

during operation and for venting when the system is being started.

Radiation Damage to the Dump-valve Operator. The soup 1 fet-down-va1ve 

operator, which contains organic material (neoprene), is exposed to a high 

continuous radiation level. Assuming the operator to be unshielded and 1 ft 

from the pipe, this amounts to 7100 r/hr from delayed neutrons and 61,400 r/hr 

from delayed gammas. With a lO'-r lifetime, the operator would be good for 

only 148 hr. Beta dosage is negligible. The data indicate that shielding is 

required between the line and operator. The operator will be 4 ft from the 

pipe, and most of the space between it and the pipe will be filled with 

shielding, resulting in adequate operator life.

Fission-gas Removal In order to discharge gas accumulated in the soup 

system with safe release of activity to the atmosphere, it is proposed to 

install a charcoal column to selectively adsorb krypton and xenon. This 

column is sized to provide a 100-day holdup of xenon, at which time there is 

less than 1 curie per day discharged from the bed. Hydrogen (or air) travels
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through the charcoal at a much higher rate, so that this method allows a con­

siderable saving in space as compared to a holdup-tank type of arrangement.

The design of this equipment is not yet complete; a report will be issued 

in the near future.

Decontamination System Two auxiliary dump tanks are being installed in 

the HRE mock-up They are located at an elevation below that of any other 

part of the system, and for the actual reactor they would be buried at a re­

mote location outside the building. They are to be used for soup storage 

during decontamination, and are connected to the regular dump tanks through 

two valves in series. Provision is made for steam heating to drive soup into 

the inner dump tanks, and for removing the heat after shutdown.; This system 

has the following advantages over the system of allowing soup to remain in the 

regular dump tanks as planned previously: (1) Maintenance is possible in the 

vicinity of the dump tanks; (2) a number of valves have been eliminated from 

the main reactor system; and (3) there is no longer the necessity of depending 

on absolutely tight valve shutoff during decontamination.

Steam and water connections for decontamination are provided above the 

soup condenser and in the line between auxiliary and regular dump tanks. A 

drain line for decontaminated solutions is connected to the waste-disposal 

system.

EXPERIMENTAL WORK

Summary HRE Component Testing. 1. A test loop in which uranyl sulfate 

solution is recirculated at a rate of 30 gpm has been operated for approxi­

mately 800 hr. Precipitations have occurred, but in each case a plausible 

explanation for them has been found. If further precipitations can be pre­

vented, pump operation will probably be reasonably satisfactory. The system 

is ready for further operation, and longer operation without further precipi­

tation is anticipated.

2. A second 100-gpm pump has been received and will be installed in a 

second test loop. It will pump uranyl sulfate at 250°C for several thousand 

hours, or until trouble develops. •
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3. The first 100-gpm pump has been operating satisfactorily in a water- 

filled high-pressure system for measuring gas holdup and core pressure drop. 

Measurements thus far are in line with those made in the low-pressure appa­

ratus. Data taken in this apparatus have not yet been completely inter­

preted, This equipment will be converted for an experiment to determine the 

effect of liquid-flow (to dump tanks) control on the vortex.

4. The high-pressure soup-feed pump has operated satisfactorily with 

water, and the system has been altered for operation with soup. Erosion and 

corrosion effects on valves with stainless-steel and stellite trim will be 

tested in this apparatus.

5. Several additional devices that have been tested or are under con­

struction are the pressurizer level control, the soup Let-down heat exchanger, 

a device for testing corrosion resulting from boiling soup at about 100°C, 

ring-and-groove seals, and a device for removing gas from a pipe line.

Mock-up Construction. To obtain a test on the important components 

before final assembly of the reactor, a full-scale mock-up has been constructed 

which, when testing and development have been completed, will be dismantled 

and moved into the HRE building and will then serve as the homogeneous reactor.

Soup Recirculating Test Loop Tests on static solutions have shown that, 

before being exposed to uranyl sulfate, stainless-steel surfaces must be pre­

treated in order to prevent precipitation of uranium and excessive corrosion 

of the steel surfaces at the operating temperature (250°C) used in the HRE. 

The pretreatment now used consists in (1) etching for 5 to 10 min with a 

HgN03-HCl solution (6.5 g of HgN03, 100 g of HC1, and 100 g of H20), rinsing 

throughly, neutralizing with 1% sodium hydroxide, and rinsing further to re­

move all traces of HC1; and (2) passivating with 1% HN03 at 250°C for a 

minimum of 4 hr, The etching step appears to be unnecessary on freshly 

machined or exceptionally clean surfaces.

As reported in ORNL-826 (p. 32), the initial run with soup was made 

without etching, but the system was passivated with 1% HN03 at 250°C for 12 hr. 

Almost total precipitation of the uranium as the oxide occurred in about 24 

hr. Before a second run the system was cleaned, etched, and repassivated. 

During the etching the Westinghouse pump armature and stator were removed, but 

the scroll, or housing, remained in the system, and the pump impeller and
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thermal spacer, which are in contact with 250°C soup, were etched separately. 

The pump was reassembled and run during the passivation with nitric acid. 

After a total operating time of approximately 700 hr with soup (250°C and 1000 

psi), no precipitation or other visible change took place in the solution. 

There were several shutdowns for pump-bearing checks, repairs were made to the 

system, and a welded level indicator was added to the system during the time 

the 700 hr were being accumulated.

At this point the leve1-indieator tank was removed for necessary changes 

and replaced. Instead of a second nitric acid passivation to treat the new 

level-indicator tank, it was decided to try the addition of nitric acid to the 

soup to prevent corrosion and/or precipitation in the level-indicator tank. 

This method appeared favorable in the light of static corrosion tests. There­

fore 80 cc of concentrated nitric acid was added to 8 liters of soup. After 

about 20 hr of operation, a precipitate of iron (presumably iron oxide) was 

picked up by the uranyl sulfate, but there was no precipitation of uranium.

This necessitated recleaning of the system with the etching solution and 

repassivation with nitric acid. After 150 hr of additional operation (total 

of 850 hr) with satisfactory results, the system was drained and it stood 

empty for about four days while changes were made on the level indicator. 

During the next run of about 140 hr duration the uranyl sulfate precipitated, 

presumably because of the four-day exposure of the system to air. A series of 

static tests had indicated that three to four days exposure to air after pre- 

treatment is not harmful. A longer exposure results in precipitation.

From the above results it is apparent that, if solution precipitation is 

to be avoided, all surfaces must be carefully pretreated and exposure to air 

for any length of time after pretreatment is undesirable. A question still in 

doubt is the proper procedure to use when and if precipitation, formation of 

corrosion products, or prolonged exposure to air occurs in the HRE. Is it 

necessary to etch before repassivation? Or will cleaning, say, with dilute 

HN03 at lower temperatures, be satisfactory?

Operation of the test loop will continue as soon as repairs to the pump 

rotor and bearings are made. ;

Bearings for the Recirculating Pump., The Westinghouse model 100A pump as 

received is equipped with graphitar No. 14 bearings and titanium carbide
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bujhings. These bushings are unsatisfactory for operation in the soup system, 

and bushings of hardened 410 stainless steel and stellite are now being 

tested. Bushings of 410 stainless steel hardened to Rockwell C-43 have been 

used in the model 30 pump in the high-pressure test loop. A check after 150 

hr of operation indicated less than 0.001 in. wear on the diameter of the 

bushings. The uranium precipitation mentioned above has prevented further 

checks, although it should be noted that after an additional 150 hr of opera­

tion, during which the precipitation of soup occurred, wear on the front and 

rear 410 stainless-stee 1 bushings was 0.0025 in. and 0.0005 in., respectively. 

Most of this was attributed to the scoring action of the precipitated uranium 

oxide particles. The graphitar bearings, being much softer, were more severely 

damaged.

Stellite No. 6 bushings under test in a bearing test device appear to be 

as satisfactory as type 410 stainless steel. However, the 410 stainless steel 

is believed to be more desirable because of the necessary nitric acid pre- 

treatment since the action of nitric acid is more severe on stellite. Re­

placement type 410 bushings are being made for the model 30 pump so that 

operation of the test loop can be continued.

100A Test Loop. A model 100A pump recently received is being equipped 

with type 410 stainless-stee1 bushings and a tantalum labyrinth. This pump 

will be installed in a second test loop for operation with soup.

The loop will consist of a short length of type 347 stainless-steel pipe 

connecting the pump suction to the pump discharge. The system will be pres­

surized by means of helium gas in a small sump tank which is connected to the 

loop. A cooler will be provided to remove the heat of pumping and will be 

automatically controlled to maintain the temperature at 250°C in the pump and 

loop, A circulating-oil system will cool the pump motor. Suitable connections 

will be provided for sampling the soup for loss of uranium or corrosion pro­

ducts. This system will be etched and passivated in the conventional manner 

before soup is added.

Gas Holdup and Core Pressure Drop. During this period the heavy steel 

sphere and its accessory equipment were completed and tested on water. The 

final flow sheet is shown in Fig, 8.
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Apparatus. In generalj the main circulating system is the same as the 

poposed reactor circuit described in ORNL-730. Since the final boiler was 

not available, a small steam heater was inserted in its place to hasten heating 

and provide additional pressure drop in the external circuit.

No pressurizer was used so that all volume displaced by bubbles would be 

indicated by increased level in the gas separator. Several vent valves were 

provided to eliminate errors resulting from trapped gas.

Pressure gauges (0 to 2000 psi) were connected to the inlet and outlet of 

the sphere to detect any gross changes in pressure drop as a result of reduced 

viscosity of the solution at high temperatures. A venturi meter in the inlet 

pipe allowed continuous measurement of flow while the effect of temperature on 

pump performance was being studied.

The gas separator serves the dual purpose of a separator and holdup 

measuring device. When operating, the level in the separator is noted before 

admission of gas and also while gas is flowing. The rise in level then 

indicates the volume of fluid displaced by bubbles in the system, principally 

in the sphere itself. The separated liquid is returned to the pump suction. 

The exhaust gas passes through a throttling valve, a cooler and condenser, a 

water trap, and a rotameter whose discharge line is equipped with a thermometer 

and a manometer.

Gas was supplied to the system by a four-tank helium manifold, and the 

pressure was reduced to 1000 psi by a regulator. During operation this 

pressure was continually applied to the gas inlet, but gas flows only when the 

discharge valve is opened, permitting the system to fall slightly below 

equilibrium pressure. The rotameter was calibrated for helium with a dry-gas 

meter.

An accessory piece of equipment which proved very convenient was a small 

high-pressure feed pump, which during start-up maintained any desired pressure 

up to 1100 psi. It was loaded by means of an air-operated by-pass valve, 

which accommodated the expanding liquid during heatup but at the same time 

maintained a constant pressure to protect the Westinghouse pump, which must 

not be allowed to cavitate. After the desired temperature was reached, the 

feed system was closed off by means of a valve, and the gas regulator took 

over, holding the system at 1000 psi.
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Miscellaneous Experiments Conducted to Date. Sphere Vibration. Prelim­

inary tests were made to check the vibration characteristics of the sphere. 

The procedure for determining the magnitude and freqi*ency of vibration for 

purposes of mechanical clearance and calculation of instrument time constants 

was as follows:

Two dial gauges were rigidly supported independently of the sphere and so 

located that their measuring tips contacted the sphere on the top flange, one 

just above the inlet pipe and the other 90° from it. With 125 gpm of water 

circulating through the sphere, the indicators were viewed with a strobotac to 

observe the frequency and maximum amplitude. The maximum deflection was found 

to be ±0.010 in. parallel to the inlet stream; the frequency varied from 4 to 

10 cycles/sec, going through a cycle which took about 5 sec from minimum to 

maximum. The largest deflection occurred at the lowest frequency.

Heat Transfer from Core to Reflector. A large cubical tank about 30 in. 

on a side surrounded the sphere and was filled with a weighed amount of water. 

Thermocouples were spot-welded to the outer wall of the sphere and to the 

outer surface of the cubical tank, placed in the water in the tank, and one 

was clamped to a pipe carrying water in the circulating system. All thermo­

couples were connected to a multipoint recorder.

The pump and steam were allowed to heat the circulating water to 114°C, 

at which time the system was allowed to cool. From these heating and cooling 

curves a maximum value of the film coefficient from the sphere to the water in 

the tank of 957 Btu/hr/sq ft/0F was obtained. Accurate information will be 

obtained when the mock-up is completed, since uncertainties in the effects of 

convection in the reflector limit the accuracy of calculations.

Pressure Drop Across the Sphere and Pump Outlet at Various Temperatures. 

Theoretical investigation of the flow through the sphere predicted an increase 

in pressure drop across the sphere as the fluid viscosity decreases at higher 

temperatures. It can also be shown that pressure drop decreases as inlet 

velocity is reduced.

Since it is desirable to know what might be expected in the HRE, data 

were taken to observe any gross change between room temperature and 250°C. 

There was no appreciable change in measured pressure drop across the sphere 

(about 38 psi) over this temperature range. It may be assumed that both these
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effects are small or tend to nullify each other and will pose no problem in 

the HRE.

The data presented in Fig. 9 show pump flow vs. the temperature and con­

firm the curYes provided by Westinghouse with the pump.

Gas Holdup, Using the method described earlier to measure gas holdup, 

numerous runs have been made under varying conditions and the results tab­

ulated. Although runs were made at temperatures up to 250°C, the high-temper­

ature data are not sufficiently well developed to be reported at this time.

Using the outer cubical tank mentioned previously as a cooling vessel 

with cooling water flowing continuously to remove the approximately 5-kw input 

of the pump, measurements were made at about 50°C (see Fig. 10). It will be 

seen that these values of holdup agree with those taken at lower pressures, 

described in ORNL 826 p. 37 . Gas flows recorded were computed for inlet 

pressure (600 psi/‘, and, since the discharge pressure was only about 38 psi 

lower, the problem of bubble expansion is now negligible and results can be 

considered reliable.

Soup Feed Pump (Pulsafeeder). The soup-feed pump with bolted head design 

has been operated with water for approximately 300 hr and is now pumping at 

0.95 i 0.05 gpm at 1000 psi. The soup-feed pump system now includes a steam 

heater and two dump valves of different design and trim (type 410 stainless 

steel and stellite). This system will soon be operated with soup to check 

corrosion, erosion, and operating properties of the dump valves. After pro­

longed operation the 0.020-in. stainless-steel diaphragm in the pump and check 

valves will be removed for inspection.

Equipment and Testing Pressurizer and Level Control. Final design of 

the pressurizer has been completed. Temperature and corresponding pressure 

will be maintained by a steam jacket. The pressure controller now on the test 

loop is a prototype of the final instrument and controls at 1000 ± 10 psi. 

The control will be much better in the mock-up because the on-off electric 

heaters will be replaced by a continuous steam source.

A level indicator controller, as described in ORNL-826, has been in 

operation on the test-loop pressurizer. After a few minor modifications, this 

unit indicated level quite accurately During steady operation, indicated
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iat-ions are within ±3% (corresponding to approximately ±0.4 in. of level 

change in the pressurizer). The control mechanism has not been operated to 

date, but will be demonstrated in the mock-up.

Soup- "Let-down11' Heat Exchanger. The soup heat exchanger described in 

ORNL-826 was installed in the the soup-feed pump system. After the system had 

been etched, several leaks were found in the heat exchanger between the inner 

and outer tubes. These leaks were at points where spacers were welded to the 

inner tube to center it with respect to the outer pipe. This renders the 

present heat exchanger useless, and a second one essentially of the same design 

but with a different kind of attachment for spacers will be built.

Boiling Corrosion TV. s* t. A miniature prototype of the soup dump tanks and 

soup evaporator was fabricated of type 347 stainless steel. All joints wetted 

by uranyl sulfate solution were welded by the heliarc process. The internal 

surfaces were etched by a solution containing 6lA g of HgN03 and 100 g of HC1 

per 100 g of H20, which was allowed to remain in the vessel for 15 min at 

room temperature. This treatment was followed by an alkaline rinse and a 

thorough rinse with distilled water. The vessel was then filled with 3 liters 

of a solution of U02S04 containing 40 g of uranium per liter.

The evaporator was heated with 60-psig steam, and the evaporated water 

was continuously condensed and returned to the vessel. The system operated 

for 475 hr with no change in concentration and no observable decomposition of 

the solution The boi1ing-solution temperature varied between 81 and 119°C. 

The pressure-contro1 system was not functioning properly because of a plugged 

pressure snubber which was in the line to the pressure gauge and the pressure 

controller, resulting in temperature fluctuations.

The system was allowed to operate in this way for 824 additional hours 

before the final sample was taken. During this time water had leaked from the 

system (as steam) through a threaded connection in the vapor line to the 

condenser, and the uranium concentration of the solution increased from 40 to 

100 g/liter.

The evaporation heater, which is a 6-in. length of 1-in. pipe closed off 

at one end and containing the heating steam inside, has been cut from the 

system and examined for corrosion. Its surface was free from pits and other
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e iLdenee of attack by corrosion. The weld at the sealed end was also appar­

ently unattached o

The heater will be welded back into the system, piping will be rearranged 

to give better temperature and pressure control, and all joints will be leak- 

tested. The same procedure as described above will be followed in preparing 

the surfaces and operating the boiling test. Samples of solution will be taken 

weekly, and the test will be continued for as many weeks as are required to 

determine the stability of the solution under continuous boiling in the stain­

less-steel system.

Rzng-and-groov e Type Pipe Joints. During the past quarter a second 

leakage test was run on a 1%-in 1500-lb rine-and-groove type flanged joint of

special Taylor Forge design. The test setup was the same as that described 
in the previous report (ORNL-826).

The joint was disassembled, and the component parts were cleaned prior to 

the beginning of this test The hydrostatic pressure applied was such that 

the pressure inside the gasket ring was about 1300 psi at a furnace temperature 

of 550'F. The gasket groove.was not pressurized. Twenty-seven cycles, 

alternate heating and cooling to room temperature, were run during a period of 

43 days with little or no leakage. The pressure at the completion of the 

cycling consistently read 1310 ± 20 psi. Calculations show that a pressure 
decrease of 100 psi represents a leakage of approximately 0.05 cm3 of water. 

The data indicate that the leakage, if any, was considerably less than this 

volume. Including this test, there have been four assemblies of the joint, 

which indicates that the contact surfaces were not unduly damaged by successive 

lo adings.

A standard ring-and-groove joint will be tested in this apparatus as 

soon as it is received, and, if successful, will be used in the reactor. The 

standard joint is essentially the same as the special joint described above, 

and is expected to be satisfactory.

Device for Removing Gas from a Pipe Line. This device, shown in Fig. 11, 

an assembly of plastic parts from earlier sphere experiments, was made to test 

the applications of the vortex separator idea in the pipes of the external 

circuit. A simple volute with smooth transition curves into the pipe provided
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the necessary rotation, and, as the stream emerged, rotating about the axis of 

the pipe, all visible bubbles moved into the central vortex which terminated 

at the gas outlet, 18 in. downstream.

Only qualitative tests were made, but they showed the device to be quite 

insensitive to fluid or gas-flow-rate changes. Visibly, separation was 

complete and the system was quite stable. No further work is being done on 

this device until a need for it arises.

CONTROL AND SIMULATOR

Most of the control effort during the quarter has been devoted to ac­

quiring and checking the instrumentation outlined in ORNL-826. Several of the 

instruments are now on hand and ready for installation.

The instrument panels have been designed and are being fabricated. The 

design of these allows installation in the Y-12 mock-up and then transfer to 

the final site with a minimum of dismantling. The instrument placement on 

these boards and the relation of the boards themselves with respect to the 

control position are shown in Figs. 12 and 13.

The grouping of various pieces of operating electrical equipment has been 

altered slightly to permit use of the local generator operating from house- 

boiler steam for an orderly shutdown in the event of a power failure. The 

generator will be synchronized on the 120-208-volt system rather than on the 

440-volt circuit as previously planned.; Essential electrical equipment will 

be connected to the 120-208-volt circuit so that by a proper operating proce­

dure the load may be removed from the incoming line and supplied from the 

generator. The house boiler can supply enough steam to give power for an 

orderly shutdown to stand-by condition without a scram with its attendant 

longer restarting time.;

The simulator has been completed to the point where it simulates the pile 

behavior without gas evolution for approximately the first 2 sec after a 

disturbance is introduced.' In its present form six delayed neutron groups are 

simulated with a reduction in the contribution of the longer delayed groups to 

allow for loss in the external circuit of the actual reactor. Other than this
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no soup-flow effect is simulated, the temperature circuit representing a 

tu:. bulent (average) condition with constant dissipation.

Considerable information has already been obtained for step-function 

changes of k. The experimental procedure of getting these data was, briefly, 

to set the operating power scale so that the power pulse would not exceed the 

range of the instrument; then a positive Sfe step was introduced and neutron 

level, log n, and temperature were recorded on the oscillograph.

The results of an analysis of a series of these oscillograms are given 

in Figs. 14 through 18. These results are in agreement with computed check 

values and a more detailed comparison is presented in the Reactor Physics 

section of this report (pp. 50 ff.). It should be pointed out that these 

results cannot be compared with the computed curves in ORNL-730 since the 

latter neglect delayed neutrons. Furthermore, it should be borne in mind that 

the curves presented here result from neglect of any gas and a partial neglect 

o f fluid flow

As an indication of the correct functioning of the simulator, certain 

characteristics of the curves may be pointed out. The initial period of the 

simulated reactor is independent of temperature and very closely checks the 

period computed from the relation

T = l/Sk

The final temperature in each case is Bk/a, where a is the temperature coef­

ficient.

In no case were oscillations observed, indicating adequate damping by the 

delayed neutrons. Additional tests are being made to determine the contribu­

tion of each group to this damping and at the same time obtain more data for 

comparison with computed results to further verify the reliability of the 

simulator.

Further tests planned for the immediate future will simulate concentration 

control by varying at a uniform rate corresponding to various concentration 

rates. The effect of safety rods will be checked by introducing a positive 

step function followed by a negative continuous function.
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The next constructional step will be the addition of a gas simulating 

unit with adjustable evolution time delay and adjustable gas coefficient. 

This will be followed by the addition of flow-simulating circuits.



REACTOR PHYSICS
Induced Activity

Introduction. The HRE being an experimental reactor, accessibility of 

equipment is a very important factor. The thermal neutrons absorbed in the 

many components of the reactor and auxiliary equipment result in the formation 

of radioactive gamma sources (with half-lives ranging from minutes to months). 

The evaluation of the thermal-neutron absorption, the resulting gamma sources, 

and the biological effect of these sources is the subject of this section.

Calculation procedure. A material with macroscopic therma1-neutron 

absorption cross section cirT1 and which contains isotopes that are converted 

to radioactive components by neutron absorption may be labeled in terms of the 

percentage of the cross section attributable to each of the parent isotopes 

and the half-lives and gamma energies of the radioactive daughters. The cross 

sections may be represented by

X jSy,, X2^T’ X 3^T’ Xn^T’ XN1T

for the N isotopes of interest. The radioactive daughters will have the cor 

responding decay constants

, A, A A.

each giving rise to photons of energy

Ell’ E12’ E13 •' Eimi; E21‘ E22‘ E 23 '2M2’ En1' En2< n3 , E , etc.
nMn

When exposed to a thermal flux of 0 neutrons/cm2 sec the number of radioactive



atoms produced per second per cubic centimeter of each kind is

a)

If the exposure time is seconds, the number of these radioactive

atoms present per cubic centimeter at time t after shutdown is

N (t , t ) = -&■ 
n e s X. n

t
1 - e n e

-k t n s (2)

and the number of disintegrations per cubic centimeter per second is

ts) = Xn^ 1 - e
tn e -k tn s (3)

which may be considered sources of ^n^e> ts) photons per cubic centimeter per

second of each of the energies E . E „,»»•£ .. •D n1 n 2 nMn

This source strength multiplied by the appropriate geometric factor g(r) 

where V is the., saurce volume, will yield a gamma flux (unshielded) at the 

position r which may be written

Fn ( ^ e' ts’ ~ S(r) V (te I *s) photons/cm2 sec (4)

The biological effect of these radiations depends upon the gamma flux and the 

energy. For a given energy the biological dose rate may be expressed in terms 

of milliroentgens per hour per unit of gamma flux. (A biological dose rate of 

7.5 mr/hr will be considered tolerance for an 8-hr day, 5-day week.) The 

biological dose rate per unit of gamma flux is shown in Fig. 19- If this
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value is represented by B(Enk) and the shielding is represented by A(Enk), 

the attenuation factor, the biological dose rate due to the radioactive com­

ponent n is

D (tn ' e r) = J B(Enk) A(Enk) Fn(ti r)

and the total biological dose rate is

D(te, ts, r) - 2 Dn(te, ts, r)

= ^Enk) A^nk^
[ t' A t

Xn 1 - e n e e n s

- _
g(r) [Zj&V] mr/hr (5)

which may be written

D(te, ts, r) = ZZ B(En,) A(E ) C(t t ) g(r) N mr/hr (6)
nk

This expression contains five factors;

B(Enk ), conversion of gamma flux to biological dose rate 

A(Enk), attenuation due to shielding

Cn (te, ts), conversion of neutrons absorbed per unit time to gamma 
source strength

g(r), a geometrical factor giving gamma flux due to the gamma source 

jV, which is the total neutrons absorbed per unit time.

53



This subdivision of the calculations was selected to aid visualization and to 

present data on materials and configurations which will be useful for general 

induced-activity calculations as well as those of interest here.

The components in which the induced activity has been studied are: (1) 

core tank, (2) pressure vessel, (3) soup piping, (4) heat exchanger, (5) soup 

pump, and (6) shield material.

Neutron Sources. The production of neutrons in the reactor when operat­

ing at 1000 kw is given in ORNL-730. In this report it was shown that there 

is a therma1-neutron flux at the core tank of 0.92 x 1013 neutrons/cm2 sec. 

The thermal-neutron current into the pressure vessel is 3.5 x 101 1 neutrons/cm2 

sec, and the fast-neutron current into the shield is 2 x 1011 neutrons/cm2 sec. 

Another source of fast neutrons outside the reactor is the delayed neutrons in 

the external soup-circulating system. The calculation of this external source 

is given in ORNL CF-50-10-55 and is plotted in Figi 20. The thermalization of 

these two fast sources takes place primarily in the shield material. Figure 

21, taken from ORNL CF-50-9-139, shows the fluxes in a borated heavy concrete 

shield due to the reactor source, and Fig. 22 shows the fluxes due to the 

delayed neutrons in the piping. On the basis of Fig. 21, the thermal current 
flowing back into the pressure vessel is 2.5 x 109 neutrons/cm2 sec. Figures 
20 and 22 give a thermal current returning to the piping equal to 0.87 x 108 

neutrons/cm2 sec.

The thermal flux in the heat exchanger is based upon diffusion calcu­

lations applied to an equivalent spherical configuration. The source in this
P

configuration is the fast delayed neutrons from the soup in the heat-exchanger 

tubes. The number of neutrons absorbed per second in the heat exchanger tubes 

is 6.72 x 1012, and the thermal current entering the heat exchanger tank from 

the inside is 108 neutrons/cm2 sec. The soup-circulating pump has a fast- 

neutron source within it owing to the holdup of soup, but since it is in a 

rather large compartment there is no effective thermalization of*these neutrons 

near the pump. The slow neutrons absorbed in the pump come primarily from 

the shield. The evaluation of this flux will be a modification of the pipe 

calculation illustrated in Fig. 22*

The number of neutrons absorbed in the shield material is based upon 

Figs. 21 and 22 and varies over an extremely wide range.
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Activity Factors in Materials. As outlined under Calculation Procedure

(p. 50 ), the biological dose rate depends on 6(£'nfe) which converts gamma flux

in photons/cm2 sec to mr/hr and has the units (mr cm2 sec)/hr. The factor

C (t , t ) is nondimensiona1 and contains the time and relative-absorption

factors. These two quantities are combined to form a gamma activity factor,

£ B(Enk )Cn - 2 for the material in question. A convenient way to prepare 
n n , . .
this information for permanent record is illustrated in Fig. 23, which is the

chart for 347 stainless steel. The spectrum form with various time levels

gives at a glance the relative importance of the various constituents and

allows computation of the effect of gamma shielding. On this curve is also

shown the sum of all activities for various times after shutdown. The total

absorption cross section, Ej., is recorded along with other significant data.

This form is suggested as a means for preparing data on various materials.

The induced activity in 347 stainless steel has been measured after ex­

posure in the X-10 pile. A comparison between those test values and the 

calculated values as given in Fig. 23 is shown in Table 2.

TABLE 2

TIME AFTER SHUTDOWN

ACTIVITY (rns cm2/hi )

AFTER EXPOSURE AT PILE 
TEMPERATURE FOR 4 9 DAYS

CALCULATED at 20°c

1 day

2 days

1.54 x 10s

1.28 x 10s

1.22 X 106 

1.13 x io6

The uncertain factors in the calculated values are primarily isotope neutron 

cross sections, whereas the uncertainties in the measured valu.es are the flux 

in which exposed, variations in power level of the pile during irradiation, 

sample temperature, and measurements with an ionization instrument calibrated 

with a 1.2-Mev cobalt source to give photons per second. Figures 24 and 25 

give the activity in SA-105-46I, ASTM-212-B steels, and in barytesconcrete.

The induced activity in barytes concrete has been measured, and Table 3 

shows a comparison between the experimental and the calculated values.

• •
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TABLE 3

TIME AFTER SHUTDOWN

ACTIVITY (ms m2/hi-)

AFTER EXPOSURE AT PILE 
TEMPERATURE FOR 2 8 DAYS

CALCULATED AT 20°C

1 day

2 days

2.64 X 104

2.29 x io4

6.22 x 10s

3.60 x 10s

The uncertainties again are those given in connection with 347 stainless steel. 

In any case, if the measured values are correct the calculated values will 

give conservative estimates of induced activity.

Geometrical Factors. The geometrical factor g(r) referred to above is 

based on the source configuration and the distance of the point of observation 

from the source. If the source strength is Q photons/sec and is concentrated 

at a point, the gamma flux at distance r centimeters is

F - Q/47rr2 photons/cm2 sec

= g(r) Q

the geometrical factor being g(r) = l/47rr2.

When dealing with more complicated distributions, it is desirable to have 

the geometrical factor in a form for ready reference. This has been done in 

the case of (1) spherical volume distribution, Fig. 26; (2) spherical surface 

distribution, Fig. 27; and (3) cylindrical surface distribution, Fig. 28

Self-shielding. Since most induced activity is due to the absorption of 

neutrons in heavy materials, it is necessary to consider the shielding of these 

materials to evaluate the effective source strength. The calculation of self­

shielding of a spherical volume source for any point of observation involves 

difficult integrals. It is fortunate that the effect is of rather small 

magnitude, as illustrated in Fig. 29 for the cases of (1) observation point on 

the surface, and (2) observation point at infinity; if the curve for the 

observation point on the surface is used in all cases, the results will be 

c onservative.
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The references made above to surface distributions are meant to include 

volume distributions in thin shells. Since the absorption of thermal neutrons 

in such shells is not uniform, the se1f~shieIding will depend on both neutron 

and gamma cross sections. The calculations for such thin shells are made for 

a slab geometry, and two different cases must be considered, namely, (1) point 

of observation on the same side of the plate as the neutron source, and (2) 

point of observation on the opposite side of the plate, The first is illus­

trated by the activity induced in the piping by a thermal-neutron current 

coming from the shield, and the second case by the activity induced in the 

pressure vessel by the pile flux with the obvious point of observation outside 

the vessel. Figure 30 applies to case (1) and Fig. 31 to case (2).

induced Activity in Various Components. As pointed out in the section on 

procedure, the induced activity in any component can be expressed by the 

relation

D(tg, ts, r) - Z Gk(Ek, tgl ts) Ak(Ek) g(r) JV mr/hr (8) 
k

In a practical problem Gk{Ek, tg, ts) is obtained from Figs. 23 through 25. 

Ak(E0 is obtained from Figs. 29 through 31, andg(r) from Figs. 26 through 28.

The factor N is the total neutrons absorbed in the component per second. 

It is obvious that with a complex arrangement, the induced activity of the 

components cannot be solved accurately without the expenditure of effort out 

of proportion to the importance. We can, however, combine some of the simpler 

geometrical arrangements already discussed to obtain results which are of the 

correct order of magnitude.

In computing the induced activity we will start with the core tank The 

flux in the core tank is 0.92 x 1013 neutrons/cm2 sec. If this is assumed to 

be constant throughout the 347-stainless-steel tank, the total number of 

neutrons absorbed is

N - 0.92 x 1013 x 0.185 x 3110 - 5.29 x 1015 neutrons/sec

where 0.185 is the absorption cross section of the steel at 213°C and 3110 cm3
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is the volume of the steel. Referring to Fig. 23»- it may be seen that the 

activity factor for all energies of gammas for infinite irradiation time and

one day after shutdown is Gr - 1. G, - 5.4 x 10 5 ——
1 k R hr

The geometrical factor for very large distances is g(r) = 1/4'77'r2, where r 

is in centimeters. For a distance of 50 ft, which is the greatest distance 

from the center of the core to some point within the reactor room, the geo­

metrical factor is

g(r) = 1/477(30.45 x 50)2 = 3.44 x 10“8 cm

Hence the•biological dose rate at this point is

D - Gy g(r) N ~ 9.8 r/hr

With a tolerance of 7.5 mr/hr for a 40-hr week, a crane operator will 

receive his permissible daily dose of 60 nar in % hr if shielding is provided 

equivalent to an attenuation by a factor of 82. With the gamma spectrum given 

in Fig. 23, this would require 7 in. of ordinary concrete, which seems reason­

able for a barrier behind which the operator may work. For the operator to 

work all day and not exceed the dose of 7.5 mr/hr, 13 in. would be required.

Before the core tank is removed from the pressure vessel, the dose rate 

outside the pressure vessel will depend on the shielding provided by the 

pressure vessel and the D20 in the reflector space. This shielding reduces 

the dose rate to a value of 2.96 r/hr at 1 ft from the surface of the pressure 

vessel. With 2 ft of concrete around the pressure vessel the effect outside 

this concrete would be nil. After removal to a dump, it will require 25 months 

for the core tank to "cool" to tolerance at 1 ft.

The induced activity in the pressure vessel is computed on the basis of 

an' exponentia1 absorption of thermal neutrons. The thermal neutron current 

flowing into the vessel from the reflector has been given in a previous section 

as equal to 3.5 x 1011 neutrons/cm2 sec. With a surface area of 2.93 x IQ4 cm2, 

the total neutrons entering is 1.03 x 1016 neutrons/sec. From the exponential
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attenuation of the thermal neutrons, we get 79% of these absorbed, or N - 

8.15 x 1015 neutrons/sec. The attenuation due to se1f shieIding is obtained 

from Fig. 31 and the activity factors from Fig. 24 for SA-105'46I steel. By 

combining these for each gamma energy and adding, we get

£ GkAk = 3.03 x 10' 7 
k

The geometrical factor for a surface distribution on a sphere is obtained from

Fig. 28.

g(r)
C s

477T 2

1.18 

477T 2
1.37 x 10*5 cm2

at 1 ft from the surface. The biological dose rate is then

D = 1 GkAk g(r) A - 33 8 r/hr 
k

which applies for infinite irradiation time and one day after shutdown. There 

is also activity induced in the pressure vessel from the absorption of neutrons 

which come from the shield. From Fig. 21 it may be seen that the returning 

current should be half of the flux value at the inner face of the shield or 

2.5 x IQ9 neutrons/cm2 sec. In this case, the shielding is different from that 

above because the absorbed neutrons have come from the same side of the 

pressure vessel as the point of observation. This requires the use of Fig 30 

for the se1f-shieIding. The biological dose rate in this case becomes

D - 463 mr/hr

The induced activity in the piping will depend on the extent to which it is 

embedded in the concrete shielding. There are two sources of the thermal 

neutrons absorbed in the piping, the neutrons in both cases being thermalized



in the concrete shield but the initial fast neutrons coming from both the 

reactor and the soup within the pipe, The neutrons originating in the reactor 

and thermalized in the shield give, in accordance with Fig. 21 (for a pipe 

located 2 ft from outside of pressure vessel), an absorption of iVj = 1.75x108 

neutrons/sec per.foot of pipe. The neutrons originating in the pipe and 

thermalized in the shield (which is assumed in contact with the pipe) give 

rise, in accordance with Fig 22, an absorption of N2 - A 6 x 109 neutrons/sec 

per foot of pipe. Since these have entered from the same direction they may 

be added, giving a total of N ~ 4 78 x 109 neutrons/sec per foot of pipe The 

pipe is made of 347 stainless steel, whose activity is given in Fig 23. The 

seIf*shieIding, given in Fig. 31, results in the value

2 GkAk = 5.06 x 10'6
k

The geometrical factor in this case depends upon both the radius and the 

length of the pipe section in question. From an infinite length at 1 ft,

g(r) - 1 x 10"3 cm

The biological dose rate is then

D - 1 G.A, g(r) N ~ 24,2 mr/hr
k * *

The activity induced in the heat exchanger may occur in two places the tube 
bundle and the tank. In the tube bundle, as shown before there are 6.72 x 1012 

neutrons absorbed per second. The tubes are made of 347 stainless steel and 

produce the effective values of biological dose rate shown in Table 4. Cases 

2 through 5 show how the source is effectively shielded by the surround­

ing water and tank. Case 6 gives the biological dose rate after the tank has 

been drained.
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TABLE 4

1.

2.

3.

4.

5.

6.

CONDITIONS

At 50 ft distance from the 
removed bundle

At 1 ft from surface of tank; 
no shielding (reff — 82-1 cm)

At 1 ft from surface of tank; 
water shielding within bundle 
volume

At 1 ft from surface of tank; 
shielding as in case 3 plu 
water lay e r

At 1 ft from surface of tank; 
shielding as in case 4 plus 
tank wall

At 1 ft from surface of tank; 
shielding tank wall only

f GkAk g(r) 2 GkAk g(r)
k

D (mr/hr)

5.43 x 10"S 3.44 x io'8 1.87 x io‘10 12.6

5.43 x 10'5 1.2 x io‘s 6.52 x io'10 4380

1.71 x 10'5 1.2 x io"5 2.05 x io*10 1376

4.54 x io'6 1.2 x 10*s 5,45 x io"11 366

8.15 x io~7 1.2 x 10"S 9.78 x io'12 65.2

8 64 x io'6 1.2 x io'5 1.04 x io'10 698

The induced activity in the heat-exchanger tank is due to neutrons coming 

from the tubes inside and to those coming from the shield, Those coming from 
the inside correspond to a current of 1 x 10s neutrons/cm2 sec. The tank 

absorption results in N - 1.22 x 1012 neutrons/sec being actually absorbed. 

The tank is made of ASTM 212B steel, whose activity is given in Fig. 24. 

Since the gammas are observed on the outside of the tank, the se1f-shie Iding 

for an inside source is of the form given in Fig. 31. The combination then 
becomes 8.84 x 10‘7. With a geometric factor of g (J" ) - 1,305 x 10"5,the 

biological dose rate is

D j = Z.GkAk g(r) /Vj = 14.1 mr/hr 
k

The induced activity due to neutrons absorbed from the shield amounts to ~

0.26 mr/hr, a negligible amount compared with Dj.

The pump in the soup system is placed in a rather large compartment. The 

source of fast neutrons within the pump is obtained by multiplying the soup 

volume of the pump by the source strength ftom Fig. 20. This gives a total



fast source of NF = 1.435 x 1013 neutrons/sec. These are thermalized within 

the shield, resulting in 3% of them returning to the pump cavity. Not all of 

these, however, reach the pump since the pump presents an absorption area which 

is reduced because of the cavity size. If the effective pump radius (con­

sidered spherical) is R1 and the effective cavity radius (considered spherical) 

is R2, the fraction absorbed is

/ = i - a - (fij/fl,)2

With an effective ^1/^2 of 1/3, we have / = 0.064 and the number of thermal 

neutrons reaching the pump as a result of fast neutrons leaving the pump is

N = 0.03 x 0.064A'f = 1.92 x 10 3NF

- 1 92 x IQ"3 x 1.435 x 1013 = 2.76 x IO10 neutrons/sec

The pump is constructed of stainless steel, silicon steel, and copper. Using 

the activity of stainless steel augmented by the 1 35 Mev 12.9 hr activity of 

Cu63, the biological dose rate at 1 ft, one day after shutdown, is

D = 45 mr/hr

The activity induced in the concrete may be investigated on the basis of 

absorption of neutrons per unit volume. If the flux is neutrons/cm2 sec, 

with an absorption cross section of 0.022 cm'1 the number of neutrons absorbed 

per unit volume is

n ~ 0.0220 neutrons/cm3 sec

In the case of a cavity in the concrete, the self-shielding and geometrical 

factors are combined in terms of the gamma absorption coefficient, •••

••• ••• ••• • • • • •

74



1
g(r) A k ^kV

The dose rate at the center of the cavity is given by

D = Z. G.A g (r ) iV = 2 
k k

mr/hr

From Fig..25 and absorption data on barytes concrete we get

k
Z-------- 4.33 x 10"s mr cm3 sec/hr
k

resulting in

D - 9.5 x 10" mr/hr

For a borated concrete, tolerance is given at a point 22 in. from the reactor 

pressure vessel. For a non-borated concrete, tolerance is obtained at a point 

36 in. from the pressure vessel (Fig. 21).

These induced activity calculations are summarized in Table 5.

Accessibility. By studying Table 5 conclusions may be reached concerning 

the general accessibility of the system. These conclusions may be expressed 

in terms of the following list of cautions;

1. The soup system must be thoroughly flushed after shutdown.

2. Piping repairs may be made at 1 ft distance for all piping 
separated from the pressure vessel by 2 ft of concrete.

3. The pressure vessel must never be uncovered except remotely from 
behind a 1-ft concrete shield or the equivalent.
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4. The core tank must be removed remotely from 50 ft with the 
operator behind 1 ft of concrete,

5. When hauling the core tank to th,e dumpa the tank should be 12 ft 
from the driver and an equivalent of 3 in, of lead-shielding 
between. This arrangement gives 120 mr/hr equivalent to % hr 
per day, permissible exposure

6. Heat exchanger tubes may be removed from 50 ft without a shield. 
The header on the heat exchanger may be disengaged manually if 
not more than % hr is required,

7. Shielding blocks which are closer than 2 ft to the pressure 
vessel should not be handled manually.

TABLE 5
infinite irradiation, one Day after Shutdown

COMPONENT NEUTRON SOURCE NEUTRONS ABSORBED
(n/sec)

biological dose 
RATE

(mT/hir )
REMARKS

Core tank Core and reflector 5.29 x 101S 9800 At 50 ft; shielded

120 At 50 ft; 7 in. concrete

7.5 At 50 ft; 13 in. concrete

2960 At 1 ft; outside pressure 
vessel

Pressure vessel Reactor 1.03 X io16 33,800 At 1 ft

Shield 5.78 x io13 460 At 1 ft

Total 34,260 At 1 ft.

Pressure vessel and 
core tank

Total
»

37,220

5.4

At 1 ft

2-ft barytes concrete 
shield

Soup pipes Reactor 1.75 x 10® per ft

Soup in pipe 4.6 X io9 per ft

Total 4. 78 X 10® per ft 24.2 At 1 ft

Heat-exchanger tubes Soup 6.72 x 1012 12.6 At 50 ft; no shield

698 At 1 ft from tank; no 
water

65.2 At 1 ft from tank; with 
water

76

• • • • • * m • • • • • • • •
• • • • • • • • • • • • • • •
•• ••• • ••• • • • • • • • • • • • • •



TABLE 5 (Con t)

COMPONENT NEUTRON SOURCE NEUTRONS ABSORBED
(n/sec)

BIOLOGICAL DOSE 
RATE

(mr/hs-)
REMARKS

Heat exchanger Soup 1.22 x 10i2 14.1 At 1 ft

Tank Shield 0.3 At 1 ft

Heat-exchanger,
complete

Total 79.6 At 1 ft

Soup pump Soup 2.76 X io10 45 At 1 ft

Shield Thermal flux, d> 0.022<£ per cm3 9-5 x io -1 <t> In a cavity

(Illustration) 7.9 x 106 1- 74 X IQ5 per cm3 7.5 In a cavity

The overall accessibility seems to be idequate for changes made one da

after shutdown. Some advantage is gained by waiting longer,, especially in 

cases where shielding is involveds since most of the highest energy gammas 

come from short half-life sources. Probably a schedule should be prepared out­

lining the procedure to be followed when a particular alteration is undertaken 

The preceding material has been prepared in such a way that this scheduling 

may be made without many detailed calculations
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Dynamics

introduction. About a year ago the Instrument Department was called upon 

to build an electronic simulator for the Homogeneous Reactor. After much pre­

liminary work in selecting components; the first phase of this work has been 

completed in about the same form as originally proposed This first phase 

consists of a conventional simulator augmented by an electronic multiplier to 

give the effects of a temperature coefficient of reactivity.

It seems timely to attempt a comparison of the data obtained with the 

simulator and those obtained by numerical and analytical solutions of the 

equations of motion. It should be borne in mind that the simulation applies 

to the equations of motion as outlined in ORNL-630 and ORNL-730 and therefore 

simulates the reactor operation only to the extent of the applicability of 

these equations.

Analytical Work. The simplified equations of motion which are satisfied 

by the simulator in its present form may be written

- A0[( 1 - P)k - kc]4> + ZX..C.
(1)

dc .
dt + Vi - (2)

dT
— = S[P - pn) (3)
dt

P = y\0k<p (4)

k = k +c c 0 a(T - TQ) (5)

where

0 - thermal flux
^0= reciprocal lifetime of prompt neutrons = 104 sec
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k material multiplication constant

- multiplication constant required for -criticality at tempera­
ture T

fe,Q - multiplication constant required for criticality at tempera­
ture Tq

c, = concentration of delayed neutron emitter

- time constant of delayed neutron emitter

/3; - fraction of total neutrons from fission having time charac­
teristic

P - power level of reactor, kw

S := reciprocal heat capacity, °C/kw-sec

a - temperature coefficient of reactivity

T = temperature

Tq - initial temperature

PQ ~ power dissipation

A complete analytical solution of these equations has not been obtained, 

but the nature of the motion may be studied by various approximations.

The solution of Eq. (2) may be written

ci(t) i(0)
-A.. t

ke'l o
-\.t -\ .T 

, l 0(r) dr (6)

The initial value c. (0) is given by

C;(0) — Vo ^0)
K.

(7)

where kQ is the initial value of the multiplication constant and ^(0) the 

initial flux level.

Using integration by parts, relation (6) may be written

Pi
Vf> \

A..i

k0 -k
r* A, [«(«)-{(<,!,)]

du
<t>( o )

(8)
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Substituting this in Eq. (1) we have

dcfc
— = M* - M k ]d> /3.X.c ^ ‘ ^ i 0i

-<t>

3 </>( o )

>v. [*(u)-tC*/')]
e c/u (9)

In terms of power this may be written

hP
ti t

k0(k - fec)P \ fe Z /S.0 • ^ l

rP
[t (s) ‘ HP)]

e ds (10)

where /3(k - k^) is neglected as a second-order quantity.

Combining Eq. (10) with Eq. (3) the time derivative is eliminated.

dP
If

X„
- fec> J/o

X. . [t( S )•> t(P)] 
e 1

P P o

ds (11)

The time has not been eliminated from the last term, but it is in the 

convenient form of an average. If the arithmetic mean is assumed for the time 

being, we have

dP

dT s {k
V
s 1 +

-iv, t (p)
e (12)

The evaluation of

P( * ) 1 +
-X■t(p) 

e 1
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will be made for various values of time t (see Table 6)^ The fractions /S^

TABLE 6

t ( sec) M t) REMARKS

0 0.00759 No loss in external system

0 0.00661 100% loss in external system

0-05 0.00650 98-3% loss in external system

0. 10 0.00637 , 96.3% loss in external system

have been modified to take into account the loss of delayed neutrons in the 

external circulating system. Table 7 shows the values used.

TABLE 7

Pi 1

0.00029 14

0.00084 1.61

0.00217 0 456

0.00172 0. 154

0.00138 0.0315

0.00021 0.0125
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On the basis of the arithmetic mean the change in /J-(t) is small for all 

values of time, including those corresponding to the maximum power surge 

Hence we may consider /u. as a constant up to the maximum power point. Equation 

(12) then becomes

dP
If s (13)

Adopting new variables given by (n>02 - ^-oa>SP0/ e - k - K 0)>

=_JL [e - a(T - TQ)]

P
------ 1

kfi

Equation (13) becomes

(14)

(15)

(16)

dw v
—— +-----+ v - e = 0
du w —*

On a time basis this corresponds to

(17)

d2u du
-jji + u + "A = o (18)
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which is a damped oscillation with variable damping. Since this equation is 

nonlinear and has no known analytical solution it will be discussed in the 

phase plane.

The similarity with the Van der Pol equation pertaining to relaxation 

oscillations of a multivibrator circuit may be seen from comparing Eq. (17) 

with Eq. (19)s

dw v
+— - e( 1 - v2) = 0

dv w
(Van der Pol) (19)

The difference lies in the fact that the damping in our equation is an odd 

function of v whereas in the Van der Pol equation it is an even function of v. 

A comparison of the damping is shown in Fig. 32.

6(l - I^2 ) Van der Pol

Positive
Damping Negative 

Damping

Positive Damping
Negative
DampingNegative

Damping

Fig. 32
plot of Damping, Showing Comparison of HRE with Van der pol
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The resulting motion is shown in Fig. 33.

Van der Pol

FIG. 33
plot of Motion Resulting from Damping, Showing Comparison of HRE

with Van der pol

Since Eq. (17) admits no analytical solution we will investigate it by

the method of isoclines. The slope of the path being the first derivative, we 

have

dw v
tan 4>----------- e - v (20)

dv w

Any curve along which tan 0 is constant is called an "isocline," Some of the 

simple isoclines of Eq. (20) are as follows:

(1) tan 0- xi w

(2) tan 0—6
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(3) tan (p - -v/w v - e Tangential

(4) tan 0 = 0 w = v/(e - v)

(5) tan
w

v
Radial

A plot of isoclines ranging from tan <p - —00 to tan = e = 91 is shown in 

Fig. 34. The arrows on the curves indicate the direction cj), A number of loci 

are plotted 6n the isocline^ using the arrows as a guide. The motion, at 

least for initial values not much larger than 6, is monotonic, rising ho a 

maximum and then dropping to w - 0 in infinite time without changing sign.

The petal-shaped curve at the right and above the origin is a plot of the 

inflection point given by;

d2w w e e 2
” ~ °: V

10+1

H
-

J. - (u* + 1)2 (21)

When a locus reaches this curve the curvature is zero and the slope begins to 

decrease, resulting in the locus staying within the region and progressing 

toward the origin.

Although the criterion has not been established, it seems feasible that, 

with large enough initial values of v , the locus may cross the v - Q axis and 

actually go negative. By intuition, it seems that the limiting value of vq is 

2e and for any value of above 2e the locus will not intersect the inflection 

curve and will cross the v - 0 axis at a slope equal to e. This, however, 

should not lead to sustained oscillations, since the damping is high enough 

that on the second cycle the locus will cross the w = 0 axis at a value of v 

less than 2e and the subsequent motion will again be monotonic.
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The maximum attained for a given initial value of is not easily 

obtained analytically, but a careful consideration of the equation of motion 

approximations may be made, at least for large values of i,e, , above 

vo = e.

The motion starts from the w - 0 axis with v - v and rises initially 

vertically with v not changing much from the initial value With this be­

ing the case we may make the following approximation:

The accurate equation [Eq. (17)]

dw

dv
e v

V

w

is approximated by

dw

dv

v v

v w0

when v is near VQ. This approximate equation has the solution

(17' )

(22)

- e

v

v,
log  o - v‘

(23)

Using the values v^ - 20.65 and e ~ 9.1 corresponding to an e. - hk of

0.014, we have the tabulation given in Table 8.
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TABLE 8

w V

0 20.65

5 20.4

10 20.05

15 19.65

20 19.24

25 18.8

30 18.35

35 17.9

Another approximation may be made in the region of the maximum where 

w >> 1. The accurate equation [Eq= (17)]

dw

dv
£

V
V -

w
(17' )

is approximated by

dw
—r- = e - v (24)
dv

when w » 1. The solution of this equation may be written

w - w - %(e - v)2 in (25)

Using the values for w and v in Table 8 we can tabulate the maximum, as 

shown in Table 9.
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TABLE 9

w w m Pm'm

0 67 68

5 69 70

10 70 71

15 71 72

20 71.5 72.5

25 72.2 73.2

30 73 74

35 73.8
1 1 , 1   —-.................A , ■■

74.8

where Pm ~ wm ^ ~ ^m/Po ^or comParison with the other data. A comparison of

the three sets of data is shown in Table 10.

TABLE 10
e = Sfe = 0.014

MET HOD

Ana lytical

Stepwise numerical

Simulator

68 (w = 0 above)

67

65

This agreement is more than can be hoped for in general and does contain 

some adjusting in the case of the damping factor e =: 9.1 in the analytic 

solutions. Also, the closest value in Table 8 was selected corresponding to 

w ~ 0- Since the agreement is good for this case we will select as a useful 

approximation:

wm = X(e - v0)3’, pM = 1 + % (e - v0)2 (26)
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For comparison with the simulator data the results for various Sk values 

are given in Table 11.

TABLE 11

8k P„, S IMULAT OR Pm, CALCULATED

0.0025 1.5 14.6

0.005 2.9 2.5

0.010 20 17

0.015 80 86

0.020 175 208

0.025 325 435

0.030 550

/

615

The accuracy at values less than 8k = 0.010 cannot be expected to apply, since 

the condition w > 1 is not satisfied. The agreement for 8k - 0 005 is acci­

dental .

For very low values a third approximation of the maximum may be obtained 

by examining the plot in phase space. Here we can see that the isocline 

dw/dv = 0 is an upper bound for the maximum. The equation then becomes';

Upper Bound; w - ------ 2— ; p - 1 + -----2— = ------------ (27)
m e - v m e-z'e-v o oo

For this equation we have the values in Table 12. This solution loses its 

usefulness above Sfc = 0.004, giving a value Pm = 00 somewhere in the range

0.006 < 8k < 0.007.

• • • •
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TABLE 12

Sk Pm,S IMULATOR P (UPPER BOUND)
m calculated

0.001 1.15 1.20

0.002 1.38 1.48

0.003 1.69 1.95

0.004 2.17 2.85

0.005 2.9 5.26

0.006 4.0 36.4

0.007 6.0 -7.52

From the above considerations it appears that a reasonable picture of the 

dynamic behavior can be obtained if reasonable caution is taken in making 

approximations to the basic equation. This basic equation is itself an 

approximation of the equations with the separate delayed neutron groups taken 

into account. The fair success of this treatment gives some justification to 

lumping the delayed neutrons into a single damping factor. This is true at 

least for time values up to that corresponding to peak power.

A useful means of visualizing the nature of the motion is afforded by a 

simple tuned grid vacuum tube oscillator which may have possibilities as a 

simple simulator. The circuit is shown in Fig. 35.

M

L

Fig. 35
Simulator Circuit
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If the tube has a quadratic characteristic given by

2P - {av + fiv 2)
O D

(28)

the equation of motion becomes

cl2v
JL- + £0, 

dt2 °
---  - co Ma - 2/3oj'Mv
<»«L 0

dv

nr + = 0 (29)

Comparing this equation with Eq<> (18)j we see that they are the same if

co -o 4Tc
2/3u0M - 1; ~vg ~ v

A step function is introduced by disconnecting the condenser C from the 

grid, charging it to an initial voltage vg0 - vo, and then reconnecting it, 

observing the voltage v as a representation of v or temperature and the 

current i as a representation of w or power.

Numerical Calculations. The set of Eqs, (1) through (5), along with 

boundary conditions, values of constants, and corrections for finite circulat­

ing time, were submitted to the Mathematics Panel. Atypical solution obtained 

by a stepwise procedure is shown inFigs, 36, 37, and 38, giving the power, 

temperature, and delayed emitter densities respectively. The motion as shown 

is monotonic and is as expecited from the analysis in the preceding section.

The time consumed in such a calculation may be appreciated when it is 

considered that the rate for one computer was 0.01 sec per day along the time 

axis. The accuracy obtained by such a procedure is undoubtedly greater than 

that of the other methods discussed in this report, but since extreme accuracy 

is of doubtful value, further expenditure of this kind of effort is not 

justified.
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Simulation. The simulator as described elsewhere in this report has been 

used to obtain data on the effect of a step function in reactivity. The 

motion as measured is monotonic for all values of the step function used, and 

the agreement with the stepwise calculations is remarkable. There is one dis­

crepancy, however, in the time required to reach maximum power. The numerical 

calculations indicate 0 04 sec compared with 0,064 sec measured on the simu­

lator.

Additional data were obtained for the case of no delayed neutrons, which 

agree with the power values obtained by analytical means and reported in 

ORNL-730. The oscillations which have been predicted have not been obtained 

because of the presence of resistance in the simulator circuit. The values of 

peak power, however, are not materially affected by this resistance.

The next step in construction of the simulator will be the inclusion of a 

time delay in gas generatiqn and a gas coefficient of reactivity. The excess 

reactivity when gas is taken into account becomes

k - kc
k - kcQ - a(T - TJ - g{v * vQ) (30)

where v and vQ are the volumes of the gas at any time and at equilibrium, 

respectively, and g is the gas coefficient of reactivity. If the gas takes an 

appreciable time to cause a change in density, we may write the gas-procjuction 

equation,

dv (t) 

dt
Mrl [p[t - t) - Pq] dr (31)

where A(r) is a normalized distribution function for the time delay. If the 

right-hand side is expanded in a Taylor series and only the first two terms 

are retained, the equation becomes

dv [ t ) 

dt
P( t

dP 
Tavs dt

(32)
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w he r e

r
avg

f 00

k(r)T dr 
o

(33)

is the average time delay

With Eqs» (30)and (32) included in the system, the power equation may be 

written

d2 log P 

dt2
+

P
grr

d log P
+ k A aS + ■ ) t D

The middle term is the damping, the first part being positive damping due 

to delayed neutron e f fee t-and the second part being negative damping introduced 

by the gas time delay.

The damping becomes zero when the time delay is of the order of 1 sec. 

Anything greater than 1 sec will result in a net negative damping with the 

possibility of a runaway. The simulation to be attempted first will be crude, 

being effectively an accumulation of energy for a time Tavg and then introduc­

ing a negative change in reactivity in proportion to it This is expressed in 

the relation

c
dk 

d t
gr S V g

Tai'y g J 0

[Pit) - po] dt (35)

which is the rate at which k is changed , starting at time t - 7'av g-

The simulation of the delay described by Eq. (31) requires the aid of a 

memory device and will be undertaken with other memory requirements for the 

circulating system at a later date.

The simulator will be modified to provide a variable prompt lifetime to 

take into account variations in properties from one reactor to another. The
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reciprocal lifetime as it appears in the equations is given by

o
v s

1 + B2T
(36)

where is the thermal absorption, r t'he Fermi age, and B2 the buckling.

General Equations of Motion. The dynamic behavior of homogeneous reac­

tors in general and the HRE in particular has been analyzed in great detail, 

but the treatment has been in connection with bulk quantities such as multi­
plication constant required for criticality, total heat capacity, net flow of 

coolant, and so on. None of the equations used contained positional coordi­

nates within the system as independent variables. It is obvious that such a 

treatment can shed no light on such questions as (1) the effects of fluid 

turbulence; (2) the movement of pressure waves; (3) the growth and movement of 

bubbles; (4) the local dissipation of heat by conduction; and (5) the effects 

of local changes in reactivity. These questions are of considerable importance 

in understanding the behavior and are more fundamental than the previous 

treatment. The results obtained thus far can be considered as applying to 

average values of intensity factors and integrated values of capacity factors 

and should be of value in discriminating between first- and second-order 

effects.

Nuclear System. fhg behavior in bulk so far considered is based upon the 

premise of the permissibility of using a multiplication constant required for 

criticality, which has been computed for a static system. For small dis­

turbances a succession of states of equilibrium is reasonable, but for a 

general treatment of local phenomena the neutron-diffus ion equations must be 

solved for nonstatic conditions* The time-dependent equations to be used are 

as follows:
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(1)

Core

SC1 c4>
DSC^2^SC * ^SC^SC + ^FC^FC ~ ~

VSC 0

^>FC^2^>FC “ ^FC^FC + (1 ' P') k'Z<fr4>xr " ^ ^ia
1 3^>FC

SC^SC i i
V FC

da . 

d t
+ \.a. Pi^sC^SC’ @

(2)

(3)

Reflector,

1 ¥>sr
DSR^2^SR ' ^SR^SR + ^-FR^FR „

VSR 01

DFR^2^FR ‘ ^FR^FR
1 $0,Tfi

VFfl

(4)

(5)

These equations are to be solved satisfying conditions of continuity 

between the core and reflector and the condition of no returning current at the 

outer boundary of the reflector. The boundary condition between core and re­

flector is to take into account the tank absorption. The total derivative in 

Eq. (3), as in the rest of this section, will mean a transport derivative,

^ B _
— = ------- + v
dt B t (6)

It is used in the delayed-neutron-emitter equation to take into account the 

transport of the fission fragments by the fluid motion.

For the delayed-emitter density outside the reactor, Eq . (3) is to be 

solved with the right-hand side set equal to zero. Conditions of continuity 

are to be satisfied at the interfaces.
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Thermal System The heat removal from a volume element in any region may 

be written

pc — - = P (7)
d t

where p is the density, C the specific heat, K the thermal conductivity of the 

fluid, and P the specific power production at the position in question. The 

first term represents the convection transfer, and with the interpretation of 

the total time derivative given in Eq (6) it takes into account both forced 

and thermal convection In the cooling system external to the reactor the 

production can be set equal to zero, and the second term, which represents the 

conduction, must be considered as satisfying boundary conditions of continuity 

with thermal solutions in various dissipative elements such as parasitic loss 

from pipes, intentional cooling in a heat exchanger, etc.

Connection of Nuclear and Thermal Systems The connections between the 

nuclear and thermal systems are reciprocal in that the power derived from the 

fission process is the source function for the thermal equation and because 

the temperature solutions of Eq (7) result in changes of cross sections, 

diffusion constants, and velocities. The conditions are expressed in the 

relations

P yk^SC^SC (8)

^ = Zso'77(t-) (9)

^ = »so ' (10)

In Eq. (9) the exponent for thermal absorption can usually be taken as 

equal to For scattering cross sections n varies considerably from one sub 

stance to another. The thermal diffusion constants may be written

DS
m
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The epithermal cross sections and diffusion constants are dependent on temper­

ature also, but only through the density

£F (12)

DF (13)

Thermodynamic System „ The dependence on density given in the previous 

section results in a dependence on temperature and pressure through the 

equation of state,

Fk [p, p, T) = 0 (14)

The subscript k refers to different phases because the fluid in general 

is heterogeneous, containing bubbles of gas and steam Hence, we have a 

different equation of state in the two phases The exchange of matte.r between 

the different phases will be dependent upon many factors which have meaning 

only in a state of equilibrium To make use of these relations it will be 

necessary to consider any changes as a succession of equilibrium states. The 

chemical potential of any one component will be considered the same for co­

existing phases, and the thermodynamic potential of the complete fluid will be 

taken as stationary for a fixed temperature and pressure In general, the 

relation between variables necessary to determine the state of the fluid will 

depend on the degrees of freedom dictated by the phase rule To specify the 

average density at a particular point in the reactor, it will be necessary to 

average the concentrations obtained from thermodynamic considerations. Since 

the phases are separated by curved surfaces (bubbles), the surface tension 

must be taken into consideration as producing a pressure difference between 

the phases, given by

Ap - cr (15)
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where and R2 are principal radii of curvature and cr is the surface tension.

Another factor which must be taken into consideration is the change of 

bubble volume and the consequent motion through the fluid. Both the growth 

and the motion of the bubbles may be studied by hydrodynamic considerations.

Chemical System, The intimate association of fissionable material and 

the fluid of a homogeneous reactor results in considerable decomposition of 

the fluid molecules, It is assumed that the rate of decomposition is pro­

portional to the power density. In the case of water the end decomposition 

products are hydrogen and oxygen Since the gas formed may remain in solution 

or form bubbles it must be considered present in two phases. In the liquid 

phase the material balance is given by

dC„__
d t

ks f{Cs) + Q = P (16)

The middle term on the left side is the rate of recombination in solution. 

P is the power density, and Q is the rate of formation of gas. The'rate of 

formation of gas may be written

f 00

Q(t) = Mr) C<jU - t) dr 
o *

(17)

where A-(r) is a distribution function of the time delay involved* 

The kinetic equation in the gas phase may be.written

rtf + C = « (I8)

where the second term on the right is again a recombination rate in the gas 

phase.

There is no apparent removal of gas shown in Eqs. (17) and (18), but it 

is present and contained in the total derivatives as given in Eq. (6), In the 

case of dissolved gas the velocity in Eq. (6) is the velocity of the liquid
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which carries the gas with it In the case of the gas itself the velocity is 

a vectorial sum of the liquid velocity and the gas diffusion through the 

liquid. In a reactor with rotation imparted to the liquid,, centrifugal forces 

play a prominent part in this diffusion

Hydrodynamic System „ The equation of state [Eq (14)] shows that the 

density is a function of pressure, The pressure under conditions of motion is 

ve1ocity-dependent. To obtain the pressure and velocity dependence it is 

necessary to consider the hydrodynamic equations. The first of these is the 

equation of continuitys

dp _
—— + pV'-u - 0 
a t

(19)

The second hydrodynamic equation is the force equation,

dv
p —------ F - Vp + pV2 v

a t (20)

where the terms on the right are (1) body forces (gravitation) (2) pressure 

gradient, and (3) viscous forces The total time derivative contains the 

shock forces. The solution of these equations gives relations between v, p3 

and p such that the propagation of pressure waves may be determined.

Connections Between All Systems a has been mentioned that there is a

connection between the nuclear and thermal systems which involves the tempera 

ture T and the power density P This combination is not completely determined 

because of the variations of density p with pressure p and temperature T, The 

density and pressure are related by the equation of state and the hydrodynamic 

equations. The density is dependent upon the presence of gas as given under 

the chemical system.

In general, the systems of equations outlined are sufficient to discuss 

all first-order effects. The simultaneous solution of these equations appears 

to be practically unattainable, but with a careful selection of approximations 

it is hoped that a more refined dynamic theory of operation may be developed.
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Concliision0 The analytical or numerical solution of these equations is 

very important if consideration is given to the problems involved in large ex­

pensive reactors, small scale models of which would not give useful information 

unless the effect of scaling down can be evaluated The application of 

electrical analogs is not very promising unless relaxation methods are used 

containing a vast network of components

With the increasing interest in large scale fluid fuel reactors both 

boiling and nonboiling, the answers to many questions which may determine 

feasibility are likely to be found in such an analysis

CONSTRUCTION

Figure 39 is a picture of the construction taken on December 1 1950- The 

construction contractor experienced serious delays in procurement of steel and 

copper products. However, as of December 1, most of these materials were 

either on hand or their receipt was momentarily expected, It is expected that 

the contractor will be approximately one month behind the scheduled completion 

date of December 21.
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IV CORROSION AND RADIATION STABILITY



OUT-OF-PILE CORROSION
J. L. English L- L. Fairchild
A. R. Olsen J. W. Brown
S. H- Wheeler a- Barker

E. Bonifaceous*

Summary
Continued success has marked the use of either nitric or chromic acid 

pretreatment on stainless-stee1 surfaces prior to their exposure in 0 17 M 

uranyl sulfate at 250°C in the absence of irradiation. Corrosion attack on 

these steels has been reduced to negligible magnitudes as compared to in­

tensified attack on untreated surfaces, and evidences of mass reduction of the 

sulfate medium are nearly nonexistent. Numerous tests, operated for 18 to 22 

weeks to date, have substantiated the preceding observations; Film studies on 

pretreated and suIfate-exposed films have been made; the identification of the 

nitric acid pretreatment surface has not been completed. Three layers, 3 to 7 

fj. in total thickness, have been found on exposed s tainless • s tee 1 surfaces. 

A general mechanism for the formation of these films in uranyl sulfate at 

elevated temperatures has been suggested. Surface pretreatments, with either 

nitric or chromic acid, must be performed at 250°C to be effective in reducing 

corrosion attack and greatly minimizing reduction of the uranyl sulfate. A 

minimum pretreatment time for nitric acid has been established tentatively as 

4 hr. The protective influence of nitric and chromic acid pretreatments was 

destroyed by heating in air at lib to 120UC for periods of 1 hr. Similar 

results were obtained on permitting nitric acid—-pretreated surfaces to stand 

exposed to air at room temperature for a period of seven days; intensified 

corrosion attack and solution reduction were evident on subsequent exposure 

.to uranyl sulfate at 250°C. Complete immersion of treated surfaces in uranyl 

sulfate at room temperature for a period of seven days prevented any loss in 

the effectiveness of the pretreatment film at elevated temperatures.

Low concentrations of chloride, bromide, and iodide ions destroyed the 

protective nature of nitric acid —pretre ated surfaces in uranyl sulfate at 

2 5 0°C Severely scratching a nitric acid—pretre ated stainless-stee1 surface 

did not impair the quality of the unscratched film when exposed to elevated 

temperatures in uranyl sulfate. No signs of increased corrosion attack on the 

scratched area were observed, and there was no indication of solution reduction 

at this area This behavior indicates that the protective film may be self- 

healing or that solution volume—surface area ratio is a critical factor in 

cont rolling solution stability.

ks Full time, ©an loam firom Am® i yt i© a 1 Chemists'y D rtf i s i ©n <>
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Corrosion rates of type 347 stainless steel, pretreated with 1% nitric 

acid, have averaged 001 to 0.05 mil/year after 18 to 20 weeks in 0.17 M 

uranyl sulfate at 250°C, Corrosion rates for types 309, 316ELC, and 410 

stainless steel and Carpenter 20, exposed to similar conditions, have averaged 

0 02 to 0.11 mil/year after 20 to 24 weeks in uranyl sulfate containing 1% 

nitric acid Heliarc welded stainless steels, pretreated in nitric or chromic 

acid have shown comparable corrosion resistance after four to six weeks in 

sulfate at 250°C.

Zirconium corrosion studies have continued on an expanded scale with 

excellent results. Recent Bureau of Mines zirconium having no initial pre- 

treatment has shown corrosion rates of 0.05 to 0.07 mil/year after 23 weeks 

in 0 17 M uranyl sulfate at 250°C. These rates are comparable to the rates 

obtained on pretreated stainless steel surfaces. The corrosion resistance of 

Bureau of Mines zirconium containing 0,86% niobium has been very good in 

uranyl sulfate at 250°C.

The corrosion resistance of reflector materials has been studied at 200°C 

in distilled water with and without small amounts of hydrogen peroxide to 

simulate irradiation effects. In the absence of hydrogen peroxide, increasing 

the water pH to 11.0 to 11.5 greatly reduced corrosion attack on 1030 carbon 

steel. At a pH of 5.1 to 5.5, with no peroxide present, corrosion rates 

averaged 1,4 mils/year, at a pH of 10.2, with no peroxide present, corrosion 

rates averaged 0.8 to 14 mils/year. When the pH was increased to 11.7 the 

corrosion rate of the 1030 carbon steel dropped to 0.08 mil/year. In the 

presence of 0.005 M hydrogen peroxide, initial corrosion attack on carbon 

steel was high 7.2 mils/year,but it decreased to 1.4 mils/year after 13 weeks 

at 200 C No bulky rust deposits were observed on these samples. The galvanic 

corrosion behavior of 103 0 carbon steel—2S aluminum and zirconium-—2S aluminum 

samples in distilled water at 200°C have been studied also.

Corrosion studies have continued with materials that could be substituted 

for stainless steels in component reactor parts. Titanium and tantalum are 

two metals which show excellent promise. The corrosion resistance of both 

materials in 0.17 M uranyl sulfate at 250°C has been excellent after 19 weeks.

A preliminary study of the corrosion resistance of various metals and 

alloys in uranyl fluoride and uranyl nitrate systems at 100°C has been begun.

« •
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Introduction

3

Corrosion studies for the Homogeneous Reactor Experiment have continued 

with increased emphasis during the past quarterly work period. The major 

portion of these studies are concerned with the uranyl sulfate system contain­

ing 40 g of uranium per liter at 250°C. Preliminary work has started on an 

investigation of the corrosion resistance of various metals and alloys in 

uranyl fluoride and uranyl nitrate systems at 100°C. Corrosion studies with 

the uranyl sulfate system at 150 to 200°C will be conducted also.

Additional stainless steel autoclaves, 225 ml capacity, are being procured 

and will increase the number of these test facilities to 76. In addition, 

plans have been made for the installation of 10 dynamic test loops for cor 

rosion studies under slow flow conditions. These loops will employ electrical 

heating to obtain thermal cycling of the sulfate medium, and solution veloci­

ties will probably not exceed several feet per second or so. A, 35-gal-capacity 

autoclave previously used for high temperature beryllium corrosion testing, 

is being converted for use as a dynamic system at 250°C. Flow velocities of 

2 to 4 ft/sec will be obtained with this apparatus.

The bulk of the corrosion program for the Homogeneous Reactor Experiment 

has been conducted under stagnant-test conditions. There are two reasons for 

using this type of test;

1 Procurement of corrosion data on approximately one hundred types 
of metals and alloys in a relatively short time was essential.

2. Obtaining of these data was not feasible when the necessarily large 
dynamic systems were used to obtain high flow velocities.

The use of stagnant test conditions has permitted the acquisition of voluminous 

corrosion data on many materials many time^ faster than they could be obtained 

with cumbersome and expensive, and oftentimes completely impractical, flow 

systems The need for dynamic corrosion data has always been realized, and 

efforts are being made to fulfill this need. Since laboratory corrosion tests 

can only hope to simulate actual operating conditions, the true evaluation of 

corrosion resistance of materials can be obtained only in a full scale working 

model of the Homogeneous Reactor Experiment . To construct a suitable apparatus 

for determining the dynamic corrosion behavior of materials would mean es­

sentially an expensive duplication of portions of the reactor itself.
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It is believed with good reason, that stagnant-test results presented in 

h s investigation are indicative of results to be expected in a large-scale 

dynamic system- This opinion is substantiated by good experimental evidence,

namely

1. The films involved in pretreatments and in subsequent exposures 
to uranyl sulfate at 250°C have been found to be very thin (3 to
7 j-L total film thickness), extremely adherent, uniform, and hard 
and,, for all purposes, impervious. Velocity ranges contemplated 
in actual reactor operation are 15 to 18 ft/sec. The film 
characteristics indicate that negligible disturbance of the film 
itself will occur with these rates in regions of unrestricted 
flow. Excluded from this statement are mechanical damage effects 
that can be produced by erosion cavitation at high velocities 
which create pockets or low-pressure areas by irregularities in 
the flow Such effects are apt to occur on the suction side of 
pump impellers and on the discharge end of regulating valves.

2. The fact that no bulky or voluminous corrosion products are pro­
duced on the metal surfaces during exposure gives additional 
support to the belief that velocity effects in the operational 
range will' not materially affect the corrosion behavior of the 
stainless steels. In cases where the corrosion reaction produces 
loosely adherent and voluminous corrosion products, the velocity 
effects are very pronounced and generally tend to increase cor­
rosion rates by removing the loose films, thus permitting the 
continual exposure of the unprotected metal surfaces to fresh 
corrosion medium. By this mechanism there is no chance for pro­
tective films to be permanently oriented on the metal surfaces.

3. The operation of a large-scale dynamic test loop containing 8 
liters of uranyl. sulfate solution at 250°C has been demonstrated 
successfully for a period of approximately 700 hr. This system 
was pretreated initially with 1% nitric acid at 250°C. In­
spection of int ernal "surfaces, wherever possible, showed no. in­
dications of increased corrosion attack as a result of fluid 
flow Solution velocities averaged 10 to 15 ft/sec. The only 
indication of corrosion damage as a result of mechanical effects 
due to cavitation was observed on the suction side of the pump 
impeller in the Westinghouse totally enclosed induction pump.
This attack was manifested by a small concentric area of de­
pleted metal surface, pitted in appearance. This type of metal 
removal is generally attributed to the impingement and collapse 
of large low-pressure bubbles on the metal surfaces. The col­
lapse of the bubbles actually tears away metal particles,- re­
sulting in a pitted-appearing surface.
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The evaluation of corrosion data in the investigation is based not only 

on physical measurements from test specimens, but also on chemical and spec 

trographic analyses of the corrosion test solutions. The present scope of the 

corrosion study necessitates the analysis of hundreds of solutions. During 

the next quarter the results of these chemical analyses will be analyzed and 

evaluated to obtain a more complete presentation of the corrosion data. The 

chemical and spectrographic analyses are concerned with pH measurements, 

uranium(VI) and uranium(lV) concentrations, and the determination of all 

metallic constituents of the material undergoing test.

A general observation on the correlation of solution analyses with cor 

responding weight - change measurements on test specimens has been made. When 

there is no indication of solution reduction, the concentrations of chromium, 

nickel iron and manganese in the test solution, as constituents of stainless 

steels are extremely low 100 ppm or less, individually. When solution decom 

position occurs, very high concentrations of these ions are found in the test 

solutions. Uranium analyses, conducted on all solutions before and after test, 

check within the ±2% accuracy permitted by the colorimetric method when solu­

tion reduction does not occur. In the cases in which the solution is reduced, 

the uranium content of the liquid phase is almost negligible, indicating that 

reduction is practically complete when it occurs.

This report is divided into six sections:

1. Protective' Treatments for Stainless Steels

2. Corrosion Resistance of Stainless Steels

3. Corrosion Resistance of Zirconium

4. Corrosion Resistance of Reflector Materials

5. Miscellaneous Corrosion Studies

6- Uranyl Fluoride and Uranyl Nitrate Corrosion Studies

Protective Treatments for Stainless Steels

A summary of 25 different pretreatments used on stainless-stee 1 surfaces 

to overcome the reduction of the uranyl ion in uranyl sulfate systems opera­

ting at 250~C was presented in the Homogeneous Reactor Experiment Quarterly 

P'-ogr-ess Report for Period Ending August 31, 1950 (ORNL-826). Of the treat­

ments attempted only two were found to be effective in eliminating the reduc­

tion phenomenon these were the use of either 1% nitric acid or 2% chromic acid
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anhydride It was found by experiment, that the temperature of application 

of both these solutions was the same as the proposed operating temperature of 

the reactor experiment namely 250°Ch Much effort has been expended on study­

ing the nature and characteris tics ofthe films formed on stainless steel using 

either nitric acid or chromic acid anhydride for pretreatment at 250°C prior 

to the introduction of uranyl sulfate into the stainless steel system.

Numerous experiments conducted to date have shown conclusively that, under 

controlled conditions uranyl sulfate solution may be operated in a pretreated 

stainless steel system at 250°C successfully and with almost negligible cor 

rosion These results, of necessity, are based on stagnant corrosion tests 

made in the absence of irradiation. The feasibility of using nitric acid for 

pretreatment of a large scale dynamic test loop has been successfully demon­

strated also although again in the absence of irradiation. The controlled 

conditions previously mentioned are very important to the success or failure 

of the pretreatment One of these effects, surface condition, was described 

in the Homogeneous Reactor Feasibility Report, July 6, 1950 (ORNL-730) and is 

discussed again here. The presence of heavy layers of oxide film or scale, 

such as that formed during welding operations, renders the protective film 

useless for preventing reduction of the uranyl ion at operating temperatures. 

This effect has been verified by repeated experimentation. In every case 

where heavy weIding-seale formation was permitted, the uranyl sulfate solution 

was reduced, with the weld area acting as a focal point for the reduction. In 

the absence of the welding scale, accomplished by machining or etching, there 

was no difficulty encountered with solution reduction. There fore these data 

stress clearly the need for cleanliness in a stainless-stee1 system designed 

to handle uranyl sulfate at 250°C, Several measures must be undertaken to 

eliminate unclean surfaces as a cause of solution reduction. Welding scale 

may be removed by chemically etching with suitable reagents. If it is not 

feasible to etch the entire reactor-experiment assembly, thought must be given 

to etching component parts prior to installation in the system. If welding is 

required for the installation of these parts, it should be done using a back­

ing of inert gas to eliminate or at least minimize welding scale formation. 

It may be possible in some cases to remove welding scale by mechanical means 

such as grinding or buffing. Corrosion studies have shown that a machined 

stainless steel surface, even after exposure to air for four to six months, 

will successfully contain uranyl sulfate solution after the steel has been
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pretreated These data indicate the magnitude of the consideration that must 

be given to the fabrication and assembly of the reactor experiment. The 

importance of metal surface cleanliness cannot be overemphasized since the 

successful operation of the experiment hinges greatly on this one factor.

Another controlling factor in the effectiveness of a pretre at ment, and 

which has been demonstrated by experiment, is that any extended heating in 

normal atmospheres at temperatures above 100°C will destroy the protective 

nature of the pretreatment film. This would mean that after a stainless-stee1 

system has been pretreated, it would not be possible to perform any welding 

operation on or near any part of the system which contacts uranyl sulfate 

solution at 250°C without incurring the danger of destroying the inactive 

nature of the pretreatment film

A discussion of test results with the nitric acid and chromic acid 

anhydride pretreatments appears in the following paragraphs.

Effect of Nitric Acid pretreatment Time on Film Stability. It has been 

reported previously that the effect ofpretre ating with 1% nitric acid at 250°C 

has been to cause either a slight weight increase or decrease on type 347 

stainless stee1 samples, dependent upon the time of the pretreatment. The 

amount of time generally employed for pretreatment in the laboratory cor- 

rosion tests was 24 hr For this period of time a corrosion rate of 0.7 

mil/year and less was obtained. Tests were then uhdertaken to determine the 

minimum pretreatment time required to obtain surfaces on stainless steels 

which would not promote solution deterioration. ft was found that a pretreat­

ment time of 1 hr in 1% nitric acid at 250°C did not prevent precipitation of 

uranium oxides from the uranyl sulfate. Pretreatment times of 4, 8, and 12 hr 

were successful however, and these tests have been in operation for a period 

of 16 weeks without any indication of solution reduction. The tests are in­

spected weekly, and the old uranyl sulfate is replaced with fresh sulfate 

solution Corrosion rates of type 347 stainless steel specimens, treated in 

the same manner as the test bombs, are extremely low: they are summarized be­

low for 15 weeks in 0,17 M uranyl sulfate at 250°C

pretreatment time

(hr)

4
8

12

CORROSION RATE
(mil is /ye a.T )

o.oio 
0.03 0 
0.005
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Thuss under the test conditions, the minimum time required for pretreat- 

rig stainless steel surfaces in 1% nitric acid at 250°C is 4 hr. A pretreat­

ing time of 8 hr resulted in a slightly greater corrosion rate on subsequent 

exposure to uranyl sulfate, while a pretreating time of 12 hr resulted in an 

overall corrosion rate slightly less than that obtained with the 4-hr pretreat­

ment However, the magnitude of all results is so low that there appears to 

be no particular advantage in pretreating a system for 12 hr rather than 4 hr.

Figure 40 shows cumulative weight changes as a function of exposure time 

for type 347 stainless steel specimens, pretreated for various intervals in 1% 

nitric acid at 250°C and then exposed to 0 17 M uranyl sulfate solution at 

25G“C The pattern of the weight change-time curves is very similar for all 

three cases the sample pretreated for 8 hr showed the greatest weight losses. 

During the first week of the test in uranyl sulfate, all samples exhibited a 

weight gain. Points of maximum weight loss during the ensuing 15 weeks 

occurred at periods of 3, 7S and 13 weeks; points of lowest weight loss 

occurred at periods of 1 4 9, and 14 weeks. No measurable solution reduction

has taken place during the course of these tests, and there is no reasonable 

explanation to be made at this time for the apparent cyclic behavior of weight 

1 oss ,

Effect of Cyclic Nitric Acid pretreatments on Film Stability. A series 

of tests was operated for 16 weeks in which stainless stee 1 bombs were pre 

treated with 1% nitric acid for 12 to 24 hr at 250°C. One ’set of bombs was 

given a single initial treatment; one set was pretreated initially and there­

after once every two weeks; one set was pretreated initially and once every 

three weeks thereafter and the last set was given an initial pretreatment and 

then pretreated once every four weeks during the course of the test. All 

tests were inspected weekly, and the uranyl sulfate was replaced with fresh 

solution weekly The tests were operated with 0.17 M uranyl sulfate at 250°C 

for 16 weeks after which time they were stopped. During the entire test

period no signs of solution reduction were seen. Inasmuch as one initial pre-

treatment on a bomb did last as long as the cyclic treatments without solution 

decomposition being incurred no particular advantage is obtained by pretreat­

ing stainless steel periodically every two three, or four weeks, unless under

actual operating conditions such a pretreatment should be required after a 

reactor was shut down for an extended time interval
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A stainless steel autoclave was initially pretreated in 1% nitric acid 

for 24 hr at 250~C Thus far it has operated in 0.17 M uranyl sulfate, re­

placed weekly at 250°C for a period of 22 weeks without failure of the 

original protective film Chemical analyses for uranium, made on the sulfate 

solution used each week, have shown negligible variation from the original 

uranium contents

Effect of Nitric Oxide Removal on Film Stability. Since the formation of 

a protective film on stain less-steel surfaces is a direct result of contact 

with the thermal decomposition products of nitric acid at 250°C, a test was 

carried out to determine the effect of early removal of these decomposition 

products from a solution of uranyl sulfate at 250°C. Uranyl sulfate, 0.17 A/, 

containing 1% nitric acid was placed in a stainless - steel bomb and heated to 

250°C The gases were bled from the system after a period of 20 hr at this 

temperature The test was then carried out for 17 weeks with weekly in­

spections. No failure of the protective film occurred during this time, and 

corrosion samples of 347 stainless steel exhibited a shiny, dark appearance. 

Figure 41 shows a graph of weight losses vs. time for duplicate samples of 347 

stainless steel. The average corrosion rate of the stainless steel was 0.01 

mil/year at the end of 17 weeks. The maximum corrosion attack occurred at the 

end of 10 weeks; the corrosion rate at this point was 0,05 mil/year. The 

graph in Fig. 41 shows two peaks of increased corrosion attack, both followed 

by a gradual decline in the intensity of attack. These results indicate that 

the protective film is required initially to prevent reduction of the sulfate 

medium at 250°C but, after an extended period of time, when the sample 

actually shows a weight loss the original protective film must be removed or 

displaced. Therefore, if continued protection of the stainless steel is to 

exist a new type of film must be formed. The initial film, which is ob­

tained by treatment in nitric acid, must be of such nature that it acts as 

an effective barrier to prevent exchange or molecular rearrangement of elec­

trons for sufficient time until the new film or films are formed. Work is in 

progress to determine the mechanism of this film formation.

Effect of Extended Nitric Acid pretreatments on Film Stability. A group

of tests is being conducted in which stainless steel autoclaves were pre- 

treated in 1% nitric acid for a period of 96 hr at 250°C. These autoclaves 

have been operated for 18 weeks with 0 17 M uranyl sulfate at 250°C. No 

evidences of solution reduction have been observed during this time, and the
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tests are being continued. The value of the tests lies in the effort to show 

whether or not a long exposure to 1% nitric acid at 250°C is of greater 

advantage than a short (4 to 12 hr) exposure. At this point in the testing 

program there does not appear to be any advantage in a long pretreating time 

as compared to one of 4 to 12 hr in length

Effect of Heating Nitric Ac id~pretreated Stainless-steel Surfaces. An

unknown factor in the stability of uranyl sulfate solution in contact with a 

pretreated stainless steel system was the effect of heating the stainless- 

steel system prior to the introduction of the uranyl sulfate. A stainless- 

steel autoclave was pretreated with 1% nitric acid for 24 hr at 250°C. After 

this treatment the entire assembly, including corrosion samples, was heated in 

air for 1 hr at 115 to 120°C. Uranyl sulfate, 0.17 M, was introduced into the 

bomb and the apparatus was operated at 250C. At the end of three days the 

test was stopped. Examination of the test solution showed that reduction of 

the sulfate had occurred and that the stainless stee1 sample was corroded to 

the extent of 54 mils/year. These data indicate that the application of heat 

to a nitric acid — pretreated stainless steel surface destroys the protective 

nature of the film thus putting it in such a condition that it reacts with 

uranyl sulfate at 250°C and causes reduction of the uranyl ion. Study of this 

type of test is continuing.

Effect of Air Exposure on Nitric Acid — pretreated Films. A group of tests 

is in progress to determine the effective life of a nitric acid—treated sur­

face film as a function of subsequent exposure time to ordinary atmospheres. 

Three stainless steel autoclaves were treated with 1% nitric acid solution at 

250°C for 24 hr and were then allowed to stand open in air for periods of 48, 

72 and 168 hr. At the end of these periods 0 17 M uranyl sulfate was placed 

in the bombs which were then operated at 250:>C, The bombs exposed for 48 and 

72 hr respectively: have operated thus far for 672 hr without any indication 

of solution reduction the bomb exposed to air for 168 hr showed nearly com­

plete reduction of the sulfate medium after a run of 168 hr at 250°C. The fol ­

lowing results on type 347 stainless steel corrosion specimens were obtained 

from these tests:

AiB-KXPOSUKi; TIME

(hir )

TESTING TIME

(hT )
WEIGHT CHANGE

9
(mg/dm /day )

CORROSION RATE
(mils / ) SAMPLE APPEARANCE

48 672 £ o o 0.013 Shiny brown-red color
72 672 0.15 0.03 Dull black color

168 168 +10.40 Heavy black scale

118

X-19-/3



Thus it appears that a stainless steel system that has been pretreated 

w , :h 1% nitric acid may be safely exposed to ordinary atmospheres for a period 

of three days without disrupting the stability or protective nature of the 

film. However, in a period between three and seven days, the protective value 

of the pretreatment film is lost. These tests are being repeated to determine 

the time that a pretreated system may remain exposed to air without causing 

reduction of uranyl sulfate during subsequent operation.

The above series of tests was repeated with the exception that all pre­

treated parts were submerged in uranyl sulfate solution at room temperature 

for periods of 48 72, and 168 hr. The bombs were then operated with uranyl 

sulfate solution at 250°C After 672 hr of test (four weeks) no indication of 

solution reduction has, been observed. Corrosion data for type 347 stainless 

steel specimens appear below

sulfate pre -exposure 

TIME (hi- )

TESTING TIME

(hir )
WEIGHT CHANGE CORROSION RATE 

2
(mg/dm /day'i; (mils/year) SAMPLE APPEARANCE

48 672
72 672

168 6 72

-0.26 0.05
0.15 0.03
0.34 0.06

Shiny brown-red film 
Shiny brown film 
Shiny blue film

If uranyl sulfate solution is used to "wet" nitric acid — pretreated 

sta iniess - stee1 surfaces, there is no apparent deterioration of the pro­

tective film. The above tests will be continued until solution decomposition 

occurs to ascertain the effect of pre-exposure in uranyl sulfate a.t room 

temperature on the life expectancy of the pretreatment film.

A rather significant observation made on this group of tests was that 

when a specimen was allowed to stand exposed to air for a period of 72 hr, the 

resulting appearance of the sample after exposure to uranyl sulfate was 

different from that of the sample pre exposed for 48 hr in air. In the case 

of the former the sample showed a very dull black, uniform film; in the case 

of the specimen exposed to air for 48 hr the sample had a shiny reddish-brown 

color, very similar to the appearance of the sample after the nitric acid 

pretreatment. This indicates that the extended exposure to air results in 

some physical or chemical change in the characteristics of the pretreatment 

film.
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Effect, of Halide ions on pretreated Nitric Acid Filins. The effect of 

ch .oride ions, present in the uranyl sulfate solution as a contaminant, 

possibly from brazing, welding, or etching operations, on the life of a nitric 

acid — pretreatment film was determined. This study also included the determi­

nation of the effect of bromides and iodides, formed as fission products during 

the operation of the reactor. For the chloride tests stainless-stee 1 bombs 

were pretreated with 1% nitric acid for 24 hr at 250°C. Uranyl sulfate, 0.17 

M, containing 12 5 and 25 ppm, respectively, of chloride ion as sodium chlo 

ride was introduced into two bombs. The tests were operated for 168 to 336 

hr at 250 C The solution containing 25 ppm of chloride ion showed heavy pre­

cipitation of uranium oxides the solution containing 12.5 ppm of chloride 

showed no signs of solution reduction. Corrosion data for type 347 stainless- 

steel test samples appear below. The test with uranyl sulfate containing 

12 5 ppm of choride ion will be continued until solution decomposition takes 

place,

TEST T: ME CHLORIDE WEIGHT CHANGE CORROSION RATE SAMPLE APPEARANCE
( hf ) ( ppm) (mg/dm^/day) (miis/yeair )

336 12.5 +0.1 Shiny black film
168 25.0 -29.0 5.3 Heavy black s c al i

Chloride concentrations of 25 ppm act to destroy the protective nature of 

the pre t reatment fi 1m the phenomenon of the destruction of the passivity of 

stainless steel by halogen ions, particularly chlorides, is well known.

Calculations by J. 0- Bradfute, based on reactor operation at rated 

capacity with 75 liters of uranyl sulfate , have shown that the fission-product 

concentration build-up of bromine and iodine can be approximately 0.8 and 13.2 

ppm respectively, after 100 days of operation. Corrosion tests were conducted 

at 250°C with 0.17 M uranyl sulfate to which was added 25 ppm of potassium 

iodide or 25 ppm of potassium bromide. Both tests showed solution decomposi­

tion at the end of 168 hr. The test bombs were pretreated with 1% nitric acid 

at 250 C for 24 hr before the tests. A 347 stainless-stee 1 specimen, pre­

treated similarly to the test bombs, showed a corrosion rate of 11.4 mils/year 

in the solution containing the 25 ppm of potassium iodide. This sample was
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unique in that it exhibited numerous pits, 10 to 20 mils in depth, over all 

th sui face. This pitting phenomenon has been encountered rarely in the entire 

corrosion investigation. A pretreated 347 stainless-stee 1 specimen exposed to 

the sulfate solution containing 25 ppm of potassium bromide showed a weight 

gain rate of 115.2 mg/dm2/day. This specimen was irregularly coated with a 

heavy black scale.

These tests have shown that the nitric acid pretreatment is of no value 

in the presence of 25 ppm of chloride ion or of 17 ppm of bromide ion and 19 

ppm of iodide ion.

Effect of Damaging a Nitric Ac id-~pretreatment Film. A test was conducted 

using a 347 stainless steel specimen pretreated in 1% nitric acid for 24 hr 

at 250&C. After the pretreatment an approximately 1/8 -in.-wide area across 

the face of the specimen was scratched with a file to a depth of at least 

•several mils. The sample was then placed in 0.17 M uranyl sulfate for 168 hr 

at 250 C. At the end of this exposure, there was only slight change in the 

appearance of the scratched area. It was light gray in color as compared to 

the shiny brown-black color of the surrounding pretreated areas. There were 

no signs of increased corrosion attack or adhering black deposits of reduced 

uranium sulfate. The test solution remained yellow in color throughout, and 

chemical analyses for uranium before and after the test gave no evidence of 

solution reduction The overall corrosion rate of the specimen at the end 

of the testing time was 0.5 mil/year.

These preliminary data suggest that the nitric acid pretreatment film may be 

self-healing in nature, similar to the behavior of scratched surfaces on 

aluminum. The other possibility exists of the effect of solution Volume— 

surface area ratio. The existence of small areas devoid of a pretreatment 

film may be relatively insignificant when in contact with fairly large volumes 

of uranyl sulfate. Not much conclusive evidence along these lines can be pre­

sented until additional studies have been completed.

Cnromic Acid Anhydride Pretreatments of Stainless Steels. The fact has 

been discussed previously that the use of 2% chromic acid anhydride in water 

at 250 C for 24 hr will successfully prepare stainless steel surfaces to pre­

vent reduction of uranyl sulfate solution at 250°C. Numerous tests using this 

method have proved satisfactory. The chromic acid treatment results in a 

heavier protective film on surfaces than is obtained with nitric acid pre- 

t reatments.
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A stainless-steel autoclave pretreated with chromic acid, has operated 

f • 22 weeks without indications of solution reduction. The autoclave is in­

spected weekly and fresh uranyl sulfate solution is used weekly. The test is 

operated at 2503C,

Other stainless-stee 1 autoclaves, initially pretreated with chromic acid 

at 250 C were subjected to cyclic chromic acid pretreatments at intervals of 

two and three weeks respectively. These tests have operated at 250°C with 

0 17 M uranyl sulfate for a period of 22 weeks without solution breakdown 

occurring More emphasis will be placed on the use of chromic acid pretreat­

ments during the next quarter

In order to determine the effect of heating a chromate-treated stainless- 

steel surface, a sample of 347 stainless steel was pretreated in 2% chromic 

acid anhydride at 250 C for 24 hr in a stainless-stee 1 bomb. After the pre- 

treatment, the sample and test bomb were heated in air for 1 hr at 115 to 

12 0 ° C Uranyl sulfate was introduced into the bomb, and the assembly was 

heated to 250:>C for 168 hr Solution decomposition occurred during this 

period and the corrosion rate of the sample was 3.2 mils/year. From these 

data it may be seen that the protective influence of the chromate pretreat­

ment is destroyed by heating in air at 115 to 120°C for a period of 1 hr. 

The nitric acid - pretreated film reacted in a fashion similar to that described 

previously.

General Discussion of pretreatment Films. A program was initiated by the 

Corrosion Group in September, 1950, with T. E. Willmarth of the Optical 

Microscopy Section of the Analytical Chemistry Division to study pretreatment 

films and films formed during exposure of prfetreated stainless-stee1 specimens 

to uranyl sulfate at 250°C. These studies were made on types 410 and 347 

stainless steel specimens which had been exposed approximately 3000 hr. The 

results of Willmarth's work have made possible the formulation of a general 

theory on the mechanism of the film propagation and characteristics.

Three films or strata were observed on the su 1 f at e •• exp os ed specimens. 

The outer film was identified as containing uranium oxide, U308; this film 

thickness was 75 to 100 angstrom units The film was extremely adherent and 

homogeneous Beneath the outer film there was another thin layer, as yet not 

completely identified but found to contain iron which constitutes essentially 

the nitric acid—pretreatment film. The substrate film, very thin, appeared 

to be the film normally found on stainless steels exposed to air.
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This information coupled with observations and results from numerous 

: . '-osion tests suggests a possible mechanism for the formation of film on 

stainless steels in uranyl sulfate at 250°C Previous corrosion studies have 

shown conclusively that an untreated stainless steel surface in contact with 

uranyl sulfate at 250C causes nearly complete reduction of the uranyl ion 

throughout the solution This effect is apparently a direct result of a 

corrosion reaction between the acidic sulfate medium^ pH 2.1 to 2.6, and the 

untreated stainless steel involving the liberation of hydrogen and subsequent 

reduction of the uranyl ion throughout the solution to oxides of uranium. It 

has been shown experimentally that uranyl sulfate contained in a nitric acid — 

pretreated s tainle ss-stee 1 system at 250:>C under partial pressure of hydrogen 

also undergoes nearly complete reduction.

The presence of a film formed by treatment with dilute (1%) nitric acid 

at 250'C acts to greatly restrict the reduction phenomenon and from outward 

appearances eliminates it completely However, from a study of existing in­

formation on the films it appears that essentially, the same type of solution 

reduction is taking place but it is now confined to a purely meta 1 -solution 

interface region The fact that iron has been observed in the middle layer of 

the films formed on pretreated and suIfate-exposed stainless steels suggests 

that the metallic iron atoms migrate through the pretreated layer to contact 

the sulfate solution. At this point of contact, reduction of the uranyl sul­

fate by the iron atoms to uranium oxide occurs and the oxide is deposited 

very tightly on the metal surface. This reaction must continue until a thin 

and uniform layer of uranium oxide is deposited over the entire stainless- 

steel surface. When the film attains an optimum thickness, seemingly 75 to 

100 A the diffusion of iron atoms through the oxide layer is greatly slowed 

and the build up of uranium oxide discontinues. The reduction of uranyl sul­

fate by an atom of iron may be explained by two mechanisms. (1) It has been 

determined experimentally that metallic iron will cause some reduction of 

uranyl sulfate at 250'C and (2) the reduction may occur by the simple process 

of a chemical action on the iron atoms by the acidic sulfate solution; this 

causes hydrogen to be liberated, which reduces the solution

Thus the protective film formed by pretreatment seems to act as a 

barrier to greatly restrict the mass migration of metallic iron atoms to con­

tact the sulfate solution. The fact that iron atoms eventually do migrate 

through the initial protective film indicates that this film is not completely 

nonporous.
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These suppositions as to the mechanism of the protective film formation

based on preliminary observations and may not represent what is actually 

taking place Additional experimental evidence is needed to verify or dis 

prove them

The actual role of the initial nitric acid pretreatment at 250°C is not 

well defined at this point The mechanism appears undoubtedly to be one of 

physical adsorption or chemisorption or a combination of the two. Test data 

indicate that the nitric acid film considered completely independently of the 

natural thin layer of oxide always present on stainless steels exposed to air, 

is physically adsorbed, although little or no adsorption of gases would be 

expected to take place on stainless steel at temperatures of 250°C. One of 

the major differences between physically adsorbed and chemisorbed films is the 

reversibility of the former. The results of two tests indicate the reversibil­

ity of the nitric acid pretreatment. First, it was determined that the pro 

tective influence of the nitric acid pretreatment was destroyed by heating for 

1 hr at 115 to l^S^C and secondly it was shown that a pretreated surface 

loses its protective nature after exposure to air at room temperature for a 

period of one week

The passivity of stainless steels is believed generally to be the result 

of a chemisorption process with oxygen or other substances which have a high 

affinity for chromium By this mechanism oxygen is adsorbed on the surfaces 

of the metal causing a reduction in its chemical activity by a satisfaction 

of surface valence forces. The chemisorbed film is not sufficient in itself 

to prevent reduction of uranyl sulfate from occurring at 250°C. Only when 

such a surface is first pretreated with nitric acid at 250°C is the reduction 

phenomenon greatly minimized. Therefore at least the initial corrosion be­

havior of pretreated stainless -stee1 surfaces appears to be primarily the re­

sult of the presence of a physically adsorbed film with or without the presence 

o-f the already existent chemisorbed film found to exist normally on stainless 

steels. It is fully realized that these assumptions are based on very little 

preliminary information, but, nevertheless, the results do emphasize the need 

for additional studies along similar lines.

Another line of reasoning, more sound perhaps than the consideration of a 

physically adsorbed film suggests the possibility that the initial nitric 

acid pretreatment results in a reaction-product type of film. Subsequent 

failure of this type of film by heating at 115 to 120°C on long exposure to
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air could be explained by the loss of water of crystallization from the film. 

This water of crystallization, formed at high temperatures as an inherent part 

of the film, may become unstable at ordinary temperatures and may attempt to 

reach a state of equilibrium. The loss of water of crystallization may tend 

to make the film more pervious and therefore more susceptible to conditions 

promoting solution reduction.

Corrosion Resistance of Stainless Steels

Corrosion studies on stainless steels in uranyl sulfate systems at 250°C 

have advanced sufficiently to demonstrate their successful behavior under con­

trolled laboratory conditions for use as component parts in a homogeneous 

reactor. These studies have been concerned almost entirely wiph pretreated 

stainless steels since the use of untreated steels is not feasible. Lack of 

facilities and equipment have made it necessary to conduct the majority of 

these tests in the absence of irradiation and under stagnant conditions. An 

intense effort on this phase of the program is being expended in cooperation 

with members of the Chemistry Division, Plans are also in progress to expand 

stainless steel corrosion studies to dynamic systems in order that the effect 

of velocity on the protective films may be investigated.

Average corrosion rates for 347 stainless steel, pretreated for 24 hr or 

less in 1% nitric acid at 250°C and then exposed to 0.17 M uranyl sulfate so­

lution at 250^C for periods of 16 to 18 weeks,have ranged from 0.01 to 0.05 

mil/year, an extremely small rate. No reduction of uranyl sulfate solution 

occurred during the operation of these tests.

A series of tests has been in process for 20 to 24 weeks with various 

stainless steels exposed at 250°C to 017 M uranyl sulfate containing 1% nitric 

acid These samples were run in duplicate and did not receive any pretreat­

ment with nitric acid initially. The tests were dismantled weekly for sample 

inspection and fresh uranyl sulfate—nitric acid solution was used weekly. 

Results of the tests appear in Table 13.

With the exception of 410 stainless steel, all other materials exhibited 

very minor corrosion rates at the end of the test periods. Type 410 stainless 

steel showed a slight weight gain 0.44 mg/dm2/dayr Figures 42 through 44
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EXPOSURE TIME, WEEKS

Figure k2* Cumulative Weight Loss on Type 316 
Extra Low Carbon Stainless Steel 
Exposed to 0.17M Uranyl Sulfate Con­
taining 1$> Nitric Acid at 250°C
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Figure 43. Cumulative Weight Loss on Type 3^7 
Stainless Steel Exposed to OdTM 
Uranyl Sulfate Containing 1$ Nitric 

Acid at 250°C
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Figure 44. Cumulative Weight Gain on Type 4lO Stainless Steel 
Exposed to 0.17M Uranyl Sulfate Containing 1# Nitric 

Acid at 250°C
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TABLE 13

The Corrosioii of Stainless Steels in 0.17 M Uranyl Sulfate 
Containing 1% isitric Acid at 250'C

MATERIAL EXPOSURE
(Weeks)

WEIGHT CHANGE 
(mg/d m2/d ay)

CORK OS ION RATE
( m i i s / ye a ir ) SAMPLE APPEARANCE

3 09 SS 18 -0. 59 0.11 Shiny black uniform film

316ELC SS 18 -0.09 0.02 Shiny black uniform film

347 SS 24 -0.62 0.11 Dull black uniform film

410 SS 22 + 0.44 Dull gray uniform film

Carpenter 20 19 -0.32 0.06 Dull black film

illustrate the behavior of types 316ELC, 347, and 410 stainless steels. The 

curve for 316ELC stainless steel shows a gradually increasing weight loss for 

a period of six weeks. From this time to the end of the test a fairly con­

stant rate of weight change was maintained with only a few fluctuations in the 

curve. The corrosion rate at the time of maximum weight loss, 12 weeks, was 

0 05 mil/year, the corrosion rate at the end of 18 weeks was 0.02 mil/year.

The corrocion behavior of 347 stainless steel is shown in Fig. 43. The 

trend was a gradual increase in weight loss for a period of seven weeks, after 

which time the rate remained fairly constant for nine weeks. At the end of 16 

weeks, an increase in weight loss occurred which has continued almost linearly 

with time for an additional eight weeks. The corrosion rate at the end of 24 

weeks was small, 0.11 mil/year.

Figure 44 shows the cumulative weight gains recorded for 410 stainless 

steel in uranyl sulfate—nitric acid solutions. This curve approaches an 

exponential function of weight gain vs. exposure time. The fact that the 

specimens exhibited weight gains rather than weight losses as in the case of 

the other stainless steels indicates a distinct difference in behavior attrib 

utable to either a difference in the mechanism of film formation or to the 

inherent characteristics of the alloy. The weight gain at the end of 22 weeks 

was 00044 mg/cm2.
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The corrosion resistance and behavior of welded stainless-stee1 specimens 

exposed to uranyl sulfate at 250°C is being investigated. Sampies were 

initially pretreated in either 1% nitric acid or 2% chromic acid at 250°C for 

24 hr previous work had shown that these pretre atments were completely in 

effective in preventing reduction of uranyl sulfate when applied over heavy 

welding scale. For this reason it is absolutely necessary to remove this scale 

by mechanical or chemical means. The samples for these tests were heliarc 

welded no additional heat treatment was performed after the welding operation. 

The samples were then machined to remove welding scale and pretreated in 

nitric or chromic acid at 250°C. Test results are given in Table 14.

TABLE 14

The Corrosion of pretreated Heliarc-welded Stainless 
Steels in 0.17 M Uranyl Sulfate at 250°C

MATERIAL EXPOSURE
(Weeks) PRETREATMENT

WEIGHT CHANGE
SAMPLE APPEARANCE(mg/dm^) (mg/dm2/day)

309 SS 3 hno3 + 1.3 + 0.06 Shiny brown film

316 SS 3 Cr03. -6.2 -0.30 Uniform black film

316 SS 5 hno3 +0.2 + 0.01 Shiny blue film

347 SS 3 hno3 -8.0 -0.38 Shiny brown film

The condition of these samples at the end of the test periods was ex­

cellent. The weight gains exhibited were very slight,, and in no instance were 

any signs of solution deterioration observed. The tests are being continued.

Several tests were conducted with type 410 stainless steel at a temper­

ature of 150°C in 0.17 M uranyl sulfate. One set of cold-rolled and polished 

specimens was exposed without any pretreatment in silica tubes at this 

temperature Corrosion attack was severe and amounted to 27.3 mils/year at 

the end of three weeks. Chemical analyses indicated that solution reduction 

had occurred also at this temperature.

A test was made with 410 stainless steel which had been heated at 1850°F 

for 15 min, cooled in airs and pickled to remove heat-treating scale. The
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s,,roles were then pretreated in 1% nitric acid for 24 hr at 250°C and exposed 

to 0 17 M uranyl sulfate at 150°C. Figure 45 shows the cumulative weight 

gains as a function of exposure time at this temperature. Film formation was 

rapid during the first three weeks of the test but remained constant during 

the following nine weeks. These data indicate that very little film growth 

occurred during the last nine weeks after the initial film was formed. The 

samples retained a shiny green blue color throughout the entire test period.

Corrosion Resistance of zirconium

Emphasis has continued on the corrosion testing of zirconium metal in 

uranyl sulfate at 250°C since zirconium remains of great interest as a con 

struction material for a homogeneous reactor. Both crystal bar zirconium and 

Bureau of Mines zirconium have been considered in this investigation although 

the use of the latter is preferred because of its lower cost and availability 

in the necessary shapes and sizes required for component parts of a reactor.

Crystal Bar Zirconium. Crystal bar zirconium, made by the iodide re­

duction process, was obtained from MIT and has been in test for considerable 

time. Since the purity of this material has been generally better than that 

of Bureau of Mines zirconium, the corrosion results from these samples were 

intended to be used as relative standards to obtain a basis of comparison for 

Bureau of Mines c o rr os i on t e st results. In order to operate the corrosion 

tests without incurring precipitation of the uranyl sulfate in untreated 

stainless-steel systems, it was decided to contain the sulfate medium in fused 

silica tubes, open at one end, in stain1ess-stee 1 bombs. This method has 

proved satisfactory except that the tubes do require replacement after several 

runs owing to the pickup of silica in the test solutions.

Corrosion results for the various crystal bar zirconium samples are 

given in Table 15. Chemical analyses of the material have been reported 

previously (ORNL 826 ). The tests were inspected weekly, and fresh uranyl 

sulfate solution was used weekly.

It may be readily seen that the weight gains and corrosion rates, where 

corrosion attack occurred, are extremely small. All samples remained in ex­

cellent condition throughout the tests except CB-6, which became coated with
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TABLE 15

Corrosion of Crystal Bar Zirconium in 0.17 M Uranyl Sulfate at 250°C

MATERIAL
EXPOSURE
(weeks)

WEIGHT CHANGE 
(mg/dm2/day)

CORROSION RATE
(mils/yea r) SAMPLE APPEARANCE

CB-1 19 -0. 11 0. 03 Shiny gray fi 1m

CB-3 18 -0.26 0. 06 Dark gray shiny film

CB-4 24 +0.09 Dull gray fi1m

CB-5 23 + 0.21 Light gray shiny film

CB-6 23 +0.30 Red colored film

CB-7 18 + 0. 17 Dull gray film

CB-109 23 -0.04 0.01 Shiny light gray film

an as yet unidentified red-colored film near the end of the test. Figure 46 

shows the cumulative weight changes for samples CB-1, CB-4, and CB-5 as a 

function of exposure time. Sample CB-1 exhibited a general increase in cor­

rosion attact for a period of 11 weeks; there followed a gradual decrease in 

corrosion attack for the ensuing eight weeks of the test. The increase period 

during the first 11 weeks was accompanied by several peaks of decreased weight 

loss, suggesting the repeated formation and deterioration of a protective film. 

The second phase of the curve seemed to indicate a more stable type of film 

formation, as evidenced by decreased weight losses. Sample CB-4 exhibited 

the same general type of behavior on a slightly more pronounced scale. The 

behavior of sample CB-5 was characterized throughout the major portion of the 

test by changing weight gains rather than losses. Initially film formed 

rapidly, but the rate of formation was gradually decreased by corrosion re­

actions, After a period of 11 weeks this film started to grow again.

A sample of crystal bar zirconium, cold-rolled sheet, was obtained from 

Battelle Memorial Institute and exposed to 0.17 M uranyl sulfate at 250°C in a 

silica tube for 10 weeks. The sample at the end of this period showed a 

slight weight gain, 0.13 mg/drn2/day, and exhibited a shiny gray uniform film 

on all surfaces. Initial sample preparation consisted of a degreasing treat­

ment only. The test is being continued.
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Crystal bar zirconium samples, designated Vl-A, were procured from the 

ioote Mineral Company, This metal was produced from Y~12 oxide, prepared by 

salicylic acid treatment. The chemical analysis of the zirconium was:

Aluminum <0.01%
CaIcium 0.004
Iron 0,15
Magnesium <0.001

Titanium 0042%
Carbon 0.01
Nitrogen 0.002
Chloride 0.002 8

One sample was degreased just prior to exposure in uranyl sulfate; another 

sample was etched for 5 min at room temperature in 5% hydrofluoric acid prior 

to exposure. The samplefe were run in 0,17 M uranyl sulfate, contained in 

silica tubes at 250°C for 10 weeks. The results were

EXPOSURE 
(w ee ks )

WEIGHT CHANGE 
None tched

o
(mg/dm )

Etched

2 -2.5 +4.3
4

oo

+ 10.8
6 +4.9 + 15.0
8 + 4.9 + 19.4

10 0.0 + 17.2

The etched specimen exhibited slight weight gains throughout the. test, suggest­

ing a tight, protective film. This sample was shiny gray in color with a few 

interference colors The sample which was not etched showed a weight -loss 

period a period of weight gain and finally another period of weight loss. 

These data indicate cyclic film formation and degenerations. The sample re­

tained a very shiny blue purple cast during the test. Both tests are being 

contin ue d,

Crystal bar zirconium designated VI B, having a slightly different chemi­

cal analysis from VI A, was obtained from Foote Mineral Company. This ma­

terial was produced in a similar manner to VI A. The chemical analysis was:

Aluminum 0.02% 
Calcium 0.033 
Iron 0.036 
Magnesium 0.002

Titanium 0.061%
Carbon 0.07
Nitrogen 0.009
Chloride 0.0025
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These samples, one not etched and the other etched for 5 min in 5% hydrofluoric 

acid, were exposed to 0.17 M uranyl sulfate at 250°C for 10 weeks. The uranyl 

sulfate, in silica tubes, was changed weekly. Test results appear below.

EXPOSURE WEIGHT CHANGE
2

(mg/dm / day)
( veeks ) None t ched Etched

2 0 .0 +6.3
4 -12.5 +7.8
6 -14.1 +7.8
8 -17.2 + 14.0

10 -28.1 +7.8

The nonetched specimen showed a continuous loss in weight, more severe 

than that exhibited by the nonetched VI-A sample. The corrosion rate at the 

end of 10 weeks was 0.09 mil/year; the sample was dull gray in color. The 

etched VI B specimen showed a very slight increase in weight, less than that 

of the etched VI A specimen, and exhibited a shiny gray surface spotted with 

interference colors. The difference in corrosion behavior of the VI-A and 

VI B samples, assuming all variables constant in both series of the test, may 

be attributed to the difference in the chemical analysis of the two materials.

Crystal bar zirconium tubing, % in. O.D. and 0.040 in. wall thickness, 

was procured from MIT for corrosion studies. The tubing was made from previ­

ously extruded crystal bar metal. No chemical analysis' is available at this 

time. Samples, nonetched and etched 5 min in 5% hydrofluoric acid, were 

exposed to 0.17 M uranyl sulfate in silica tubes at 250°C. Both speci­

mens showed weight gains during the test; the nonetched sample was removed 

from the test at the end of three weeks owing to the formation of heavy black 

specks, presumed to be uranium oxide, on the interior walls of the tubing. 

The weight gain at this time was 214.9 mg/dm2, a rate equal to 10.2 mg/dm2/day. 

The etched specimen showed an initially high rate of weight pickup, 225.7 

mg/dm2 during the first 168 hr. This weight increase gradually decreased over 

a period of seven weeks, so that by the end of the seventh week the weight 

gain was 49. 9 mg/dm2, a weight-gain rate of 1.02 mg/dm2/day for the entire 

time of the test. The decreasing weight-gain trend indicated that the ini­

tially formed film was gradually being removed by the corrosive action of the 

solution .
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The major emphasis on the zirconium-corrosion program has been placed on 

Bureau of Mines material. The history and chemical analysis of the materials 

undergoing test, with the exception of recently received samples, have been 

reported previously in ORNL-826. These data are discussed in the following 

paragraphs.

BM: I-H-7 (Vacuum resistance-meIted sponge metal in graphite crucible; 

tested in cast condition). This sample was exposed for 10 weeks in 0.17 M 

uranyl sulfate containing 1% nitric acid at 250°C. The specimen showed a 

cumulative weight gain of 17.3 mg/dm2 at the end of the test. This figure is 

equivalent to a weight-gain rate of 0.24 mg/dm2/day. The sample remained 

light gray in color during the test.

BM; I-I-7 (Graphite melted sponge metal; forged and rolled in mild-steel 

sheath at 850°C; sheath removed and metal hot-rolled in air at 650°C). A 

sample was run 13 weeks in 0.17 M uranyl sulfate contained in a silica tube at 

250°Ci. At the end of 10 weeks a corrosion rate of 2.1 mils/year was observed; 

during the following week of exposure, however, a very black film deposition 

was noted. The sample increased in weight by 1603.6 mg/dm2, the bulk of which 

was due to adhering deposits of uranium oxide. The sudden reduction of the 

uranyl sulfate by these samples after 10 weeks of quiet corrosion behavior is 

unexplained at the present time.

BM: I-K-7 (Graphite-melted sponge metal; forged and hot-rolled in mild- 

steel sheath at 850°C; sheath removed and zirconium swaged in air at 650°C; 

cold-swaged with annealing to 0.210 in.). A set of samples, one nonetched and 

one etched in 5% hydrofluoric acid, were run in 0.17 M uranyl sulfate in 

silica tubes at 250°C. Cumulative-weight-change data for both samples are re­

ported in the following table.

EXPOSURE 
( we e k s )

CUMULATIVE WEIGHT 
Nonetched

CHANGE (mg/dm2 
iTtched

2 +310.1 -17.0
4 -104.4 -74. 9
6 -199.3 -315.2
8 -362.3 482.2

10 -446.1 -579.4
12 -612.3 770.3
14 +797.3 -1233.7
16 -1269.5
18
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The sudden weight gain exhibited by the nonetched specimens at the end of 

14 weeks is attributed to uranium oxides produced from the uranyl sulfate 

solution which adhered to the sample. The etched sample showed a steady 

weight loss during the entire test. This sample remained light gray in color. 

The corrosion rate after 18 weeks was 3.4 mils/year. The effect of etching 

the specimen was pronounced during the early stages of the test. The non­

etched sample showed a weight increase after two weeks, which was followed by 

a gradual increase in weight loss until reduction of the sulfate occurred. 

The etched specimen exhibited a weight loss after two weeks. These data 

indicate that the initial film on the nonetched specimen tended to retard cor­

rosion attack for several weeks, hut then the two samples followed nearly 

identical trends in weight losses until precipitation occurred on the non­

etched s ample.

A sample of the same material, I-K-7, was exposed to 0.17 M uranyl sul­

fate containing 1% nitric acid at 250°C for 16 weeks. The sample was not 

etched prior to the test. The corrosion data below again indicate the for­

mation of an original film on the metal which was rapidly removed during »the 

course of the test by the corrosive action of the solution. A light gray 

uniform film remained on the specimen throughout the test.

EXPOSURE

(weeks)
CUMULATIVE WEIGHT CHANGE

9
(mg/dm )

CORROSION RATE

(mils/year)

2 +61.6

4 -10.3 0.1

6 -79. 9 0.4

8 176.0 0.7

10 -263.2 0.9

12 -478.5 1.1

14 -991.2 1.8

16 -1621.8 2.4

BM: S948 (Arc-melted with consumable electrode in inert atmosphere; 

hot-rolled at 650°C). The test specimen was etched for 5 min in 5% hydro­

fluoric acid prior to exposure to 0.17 M uranyl sulfate (silica tube) at 250°C. 

Corrosion data on this specimen were very interesting; cumulative weight 

changes are plotted in Fig. 47. The corrosion pattern was divided into two
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EXPGSUBE TIME, WEEKS

Cumulative Weight Changes on Bureau of Mines 
Zirconium (S9^8) Exposed to 0,17M Uranyl 

Sulfate at 250°C
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distinct phases over the 21 weeks of the test. The first phase, 11 weeks 

duration, consisted of a gradual film formation and weight increase until a 

maximum increase of 137.3 mg/dm2 was obtained. From this point corrosion 

attack on the film started and continued until the end of the test, at which 

time the corrosion rate was 0.1 mil/year. The initial corrosion behavior of 

this specimen was different from that of zirconium specimens mentioned pre­

viously. These specimens, also etched, exhibited weight losses after only one 

to two weeks of exposure. The S948 specimen, even though etched, showed a 

good rate of film formation for as long as 11 weeks in uranyl sulfate at 250°C.

BM: S980, S982, and S983 (Arc-melted with consumable electrode contain­

ing tantalum; hot and cold-rolled to 0.062 in. thickness; containing 0.80, 

0.30, and 0,095% tantalum, respectively). Samples of these zirconium-tantalum 

alloys were exposed to 0.17 M uranyl sulfate at 250°C for 23 weeks in order to 

determine the effect of the tantalum addition on corrosion resistance. Cumu­

lative weight change data are plotted in Fig. 48. Addition of tantalum in the 

range 0.3 to 0.8% afforded the best corrosion resistance; the addition of 

0.095% resulted in increased weight gains for a period of 15 weeks, after which 

very rapid loss in weight occurred. The corrosion rate of this specimen at 

the end of 21 weeks was 0.7 mil/year. The corrosion rate of S980 (0.8% 

tantalum) at the end of 23 weeks was 0.01 mil/year; sample S982 (0.3% tan­

talum) showed a weight-gain rate of 0.35 mg/dm2/day at the end of 23 weeks.

BM Zirconium-Titanium Welded Samples (Sheet zirconium butt-welded to 

titanium sheet). Samples of these welded specimens have been exposed to 0.17 M 

uranyl sulfate at 250°C for 19 weeks thus far. One specimen, A, was polished 

on all sides prior to testing; the other sample, B, was polished on one side 

only before exposure. Cumulative weight changes are tabulated below.

XPOSURE CUMULATIVE WEIGHT CHANGE (mg/dm2)
we e k s ) Sample A Sample B

i -5.2 -7.5
2 -8.7 -25.1
3 -17.4 -50.2
4 -25.2 -56-9
5 -42.6 -41.1
7 +36.5 -4,2
9 -192.9 -281.7

11 -283.3 -369.5
13 - -326.7 -464.0
15 -344.1 -539.2
17 -470.1 -602.8
19 -524.9

14 0

-671.2
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At the end of seven weeks it was observed that both samples, run in­

dependently, showed a sudden increase in weight. After this period weight 

losses increased fairly rapidly for the remainder of the test. The physical 

appearance of both specimens indicated that the bulk of the corrosion attack 

was taking place on the zirconium portion of the specimen. The titanium, in 

both cases, was shiny brown, while the zirconium was pink-white. The immedi­

ate area of the weld was black on the titanium side and white-streaked on the 

zirconium side. The weld area showed no other signs of increased corrosion 

attack. The tests are being continued.

BM: VI-D (Recent Bureau of Mines zirconium prepared from zirconium 

oxide purified by salicylic acid treatment at Y 12; oxide converted to sponge 

and re sistance-melted in graphite crucible). This zirconium represents recent 

Bureau of Mines production material, and therefore much emphasis has been 

placed on the determination of its corrosion resistance in uranyl sulfate at 

elevated temperatures.

One sample was tested in an as-machined condition in 0.17 M uranyl sul­

fate at 250°C; at the end of two weeks, black specks, apparently uranium 

oxides, were observed on the samples and the test was discontinued. The 

sample increased in weight from 21 2 mg/dm2 at the end of the first week to 

269.6 mg/dm2 at the end of the second week. The great increase in weight was 

due obviously to the heavy deposits of adhering uranium oxides.

Another set of duplicate specimens, run independently, were polished on 

all sides using Nos. 80 and 120 paper, and exposed to 0.17 M uranyl sulfate 

contained in silica tubes at 250°C. The samples were inspected weekly, and 

fresh sulfate solution was used each week. The results are shown in Figi 49. 

The samples reacted similarly for 21 weeks of the test, but after the following 

two weeks one showed an abrupt weight increase while the other showed a 

pronounced weight decrease. The corrosion rate of the latter, after 23 weeks, 

was 0,17 mil/week; the weight-gain rate for the other specimen was 0.75 

mg/dm2/day. Both samples remained light gray in color throughout the tests, 

which are being continued.

A sample of Vl-D zirconium was etched in 5% hydrofluoric acid at room 

temperature for 5 min and then exposed to 0.17 M uranyl sulfate (in a silica 

tube) at 250°C for 23 weeks. The solution was changed weekly. The cumulative 

weight change data are shown in the following table:
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EXPOSURE WEIGHT CHANGE
(weeks) (mg/dmz)

1 0.0
2 -2.6
3 -6.5
5 + 9.1
1 + 18.1
9 -11.7

11 +141.8
13 +133.4
15 +296.6
17 -129.5
19 -147.6
21 + 15.5
23 -47.9

These data were quite erratic, and no definite trends or patterns were 

established. Again, the corrosion behavior appears to be a function of cycl-ic 

film formation and dissolution. There appeared to be no particular advantage 

in etching the specimen as compared to corrosion results on polished and non­

etched samples. The corrosion rate of this etched specimen was 0.07 mil/year 

after 23 weeks. There was a soft-gray - colored film on the sample.

Another sample of VI-D zirconium was polished and pretreated in 1% nitric 

acid at 250°C for 24 hr. This treatment of the zirconium was more severe than 

that encountered in pretreating stainless steels; the weight loss was 0.10 

mg/cm2, equivalent to a corrosion rate of 4.7 mils/year, or a metal thickness 

of 0.008 mil in 24 hr. The cumulative weight changes are plotted below for 15 

weeks in 0.17 M uranyl sulfate at 250°C.

EXPOSURE 
(w eeks)

1
2 
3 
5 
7 
9

11
13
15

WEIGHT CHANGE
(mg/dm2)

-10.4 
-13.8 
-6.9 
-2.6 

+ 13.0 
+ 18.1 
+ 18.1 
+20.7 
+ 15.6
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The sample had a uniform light-gray-colored film throughout the entire 

test. There were no indications of any reduction of the uranyl sulfate so­

lution. The test i,s being continued.

Figure 50 shows a comparison of the corrosion resistance of Bureau of 

Mines zirconium samples, VI-D, which were treated by different procedures be­

fore being exposed to 0.17 M uranyl sulfate at 250°C. Sample A was polished 

only, using Nos. 80 and 120 emery paper; sample B was etched for 5 min in 5% 

hydrofluoric acid at room temperature; and sample C was polished and pre- 

treated for 24 hr in 1% nitric acid at 250°C. It is readily seen that sample 

C shows by far the best corrosion resistance in the sulfate medium. The weight 

change—time curve is very regular and consists of an initial period of slight 

weight loss followed by a period of slight weight gain. The other two samples 

exhibited very erratic behavior after a period of nine weeks. The behavior of 

all three specimens was somewhat similar during the first nine weeks of test­

ing, but then samples A and B differed widely in their corrosion character­

istics as compared to sample C. Sample B showedavery large weight increase 

during the 9- to 15-week period, which was followed by a drastic loss in 

weight during the 15- to 17-week period. This phenomenon indicates that a 

complete breakdown of the surf ace-layer film may have occurred, resulting in 

severe weight losses by corrosion attack.

A series of tests was conducted with Bureau of Mines zirconium IC-235, 

containing 0.86% niobium. The metal was prepared by arc-melting, using a 

zirconium electrode low in hafnium content and impregnated with niobium. The 

metal was tested in a cold-rolled condition, 0.050 in. thick. The chemical 

analysis of the material was as follows;

Aluminum <0.01%
Iron >0.60
Magnesium 0.001
Titanium 0.04

Carbon 0.012%
Nitrogen 0.011
Chloride 0.002
Columbium 0.86

The samples were treated by different methods prior to exposure in 0 17 M 

uranyl sulfate at 250°C. The surface preparations were-

Sample 4: degreased only

Sample B- degreased and etched 5 min in 5% hydrofluoric acid at 
room temperature
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Sample C degreased and pretreated for 24 hr in 1% nitric acid at 
250°C (weight gain, 1.1 mg/dm2)

Sample D: degreased, etched 5 min in 5% hydrofluoric acid at room 
temperature, and pretreated 24 hr in 1% nitric acid at 
250°C (weight loss, 1-2 mg/dm2 in nitric acid pretreat­
ment)

Sample E: degreased and pretreated 24 hr in 2% chromic acid an­
hydride at 250°C (weight gain, 3.0 mg/dm2)

Figure 51 is a graph of the cumulative weight changes as a function of exposure 
time for the five specimens. The tests have not been in operation long enough 

to permit any conclusive statements as to the merits of the various pretreat­

ments. Samples D and E, nitrate and chromate pretreatments, respectively, did 

show substantial weight increases during the first two weeks of the test, 

which were followed by rather abrupt weight losses. Sample B, etched with 

hydrofluoric acid, also showed a steady weight increase during the course of 

the test. Samples A and C showed slight initial weight increases which were 

followed by fast - incre asing weight losses. All samples exhibited a pinkish- 

white color during the tests except the ch romat e - t r e at e d specimen, which was 

dark gray in color. The weight changes for the five specimens are given below.

EXPOSURE WEIGHT CHANGE (mg/do2/day)

(weeks) A B C D E

l + 1.0 + 1.5 + 0.5 + 1.5 + 1.2
2 +1.1 +1.2 + 0.8 +3.5 +6.9
3 + 1.2 + 1.4 + 0.3 + 1.1 + 0.7
4 +1.0 +1.4 -0.4 + 1.3 -0.4
5 + 0.1 + 1.6 -1.0
6 -0.4 + 1.5
7 -0.8

Corrosion Resistance of Reflector materials

Corrosion studies have continued with materials to be used in the D20- 

cooled reflector. The reflector shell is a forged carbon steel, ASTM A-105-46, 

grade 1.
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The corrosion problem in the reflector system will be largely dependent 

upon the D.O, formation by irradiation and the subsequent presence of oxygen, 

free and dissolved, from the decomposition of the peroxide. High concen­

trations of either or both of these constituents will promote corrosion 

attack on carbon steel to a great extent. The general practice in the 

operation of industrial steam boilers is a combination of low oxygen concen­

tration and high water pH to minimize corrosion.

The use of highly alkaline water for a homogeneous reactor reflector 

system is not practical as long as the system contains aluminum, such as Boral, 

(aluminum-boron carbide) in the neutron-absorbing plates in the shim controls.

Corrosion data on type 1030 carbon steel at 100°C were presented in the 
Homogeneous Reactor Experiment Quarterly Progress Report for Period Ending 

August 31, 1950 (ORNL-826). Tests at 200°C, the probable maximum temperature 

in the reflector system, are summarized in this report.

A set of specimens was etched in 6 N hydrochloric acid containing 3% 

Rodine-60 as a corrosion inhibitor. After washing and weighing, the samples 

were exposed to distilled water at 200°C for 12 weeks. The samples were in­

spected weekly, and the test water was replaced with new at each inspection 

period. The initial water pH ranged from 5.1 to 5.5; the final water pH, at 

the end of the weekly runs, averaged 6.3 to 6-8. The specimen areas were 20.3 

cm2. Average weight losses vs. time are shown in Fig. 52, as is the corrosion 

rate, as a function of time. These tests were conducted under stagnant 

conditions. Corrosion attack progressed in a rapid fashion and followed an 

exponential type of curve when plotted on semilogarithmic paper. During the 

test, the specimens remained shiny black in color and did not appear badly 

corroded. A maximum corrosion rate of 2.4 mils/year was observed after 8-6 

weeks; the corrosion rate at the end of the test, 12.6 weeks, was 1.4 mils/year. 

It should be mentioned that no attempt was made to de-gas the test water prior 

to the start of each weekly run.

In an effort to determine the effect of increasing the water pH on the 

corrosion resistance of 1030 carbon steel, tests were run in which the initial 

water pH was adjusted to 10.0 to 10.5 with sodium hydroxide. The tests were 

operated at 200°C, were inspected weekly, and had the test water replaced with 

new at each inspection period. Stagnant conditions were employed. The in­

itial water pH averaged 10.2; the final water pH at the end of each week’s
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test was 7.8 to 8.2. One specimen, sample 1, was polished with No. 80 and 

with No. 120 emery paper before testing; sample 2 was etched 5 min in 6. N 
HC1—-Rodine solution at room temperature and rinsed in alkaline solution. 

Both specimens were degreased before weighing. A comparison of the corrosion 

resistance of the samples is shown in Fig. 53. Initial corrosion attack on 

the etched specimen was greater than that on the nonetched sample, but, as the 

test proceeded, this situation was reversed. The cumulative weight loss on 

the etched sample was 234.0 mg/dm2 as compared to 393.1 mg/dm2 on the non­

etched sample. These results are based on 7.6 weeks of exposure. Corrosion 

rates of the carbon steel were 1.36 and 0.87 mils/year for the nonetched and

etched specimens, respectively. The sample condition in both cases was fairly1
good. There were no bulky, rust-colored corrosion products visible, but in­

stead the surfaces were shiny with a few rough black-brown streaks.

The effect of increased water pH was investigated still further by ex­

posing carbon-steel specimens at 200°C distilled water made 0.01 N in sodium 

hydroxide. The initial water pH was 11.7; the water pH at the end of each 

week’s test dropped to 10.1 to 10.2. Fresh test water was used weekly and 

stagnant test conditions were maintained. Initial corrosion data with type 

1030 carbon-steel specimens have been excellent for a period of approximately 

five weeks with these test conditions. The data are tabulated below.

EXPOSURE
(hr)

WEIGHT CHANGE 
(mg/dm2)

CORROSION RATE 
(miIs/ye ar)

96 +13.1
264 +9. O’""
432 -1.6 0.09
600 -2.5 0.10
768 -2.5 0.08

The sample condition was excellent at the end of the .test period. All sur­

faces were covered with a glossy blue-colored film. No evidences of corrosion 

attack were detected. A slight weight gain was observed during the first 264 

hr, after which very slight corrosion attack occurred. Although the corrosion 

resistance of the carbon steel is greatly minimized by employing water of pH 

11.5 to 11.7, the use of highly alkaline water would not be practical if 

other metals or alloys such as aluminum were present in the system.
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Several tests have been in operation to determine the corrosion resistance 

of 1030 carbon steel in distilled water at 200°C containing a small concen­

tration of hydrogen peroxide. Samples were run in distilled water containing 

0.005 M hydrogen peroxide and at two ranges of pH, 5.5 to 6.5 and 10.0 tp 10.5. 

Duplicate specimens were used which were first etched in HCl-Rodine solution 

for 5 min followed by an alkaline rinse. Care was taken to assemble the test 

bombs rapidly after adjusting the peroxide solution to the higher pH since 

alkalinity acts to accelerate hydrogen peroxide decomposition. The tests were 

run under stagnant conditions. The data are plotted in Fig. 54. For the two 

ranges of pH there was not any great difference in the corrosion behavior of 

the specimens. However, after eight weeks the high pH test specimen was being 

corroded at a slower rate than the low pH sample. The corrosion rate curve 

for the pH 5.5 to 6.5 water test sample was very regular and dropped off ex­

ponentially with increasing time; at the end of 13 weeks the rate had decreased 

from 7.2 to 1.4 mils/year. The corrosion rate of the pH 10.0 to 10.5 specimen 

was 1.6 mils/year after eight weeks. The surfaces of this specimen were dull, 

stained, and black streaked in appearance. The pH 5.5 to 6-5 specimen was 

streaked and dull black in appearance. There were no bulky deposits of cor­

rosion products visible.

GaIvanic-coupie tests with 2S aluminum and 1030 carbon steel were run at 

200°C in distilled water with and without 0.005 M hydrogen peroxide under 

stagnant conditions. Samples were bolted together by means of a 2S-aluminum 

nut and bolt. The initial water pH was 5.5 to 6.5; fresh water was used 

weekly. The carbon-steel specimens were etched 5 min in HCl-Rodine solution 

before exposure to the test solution. Weight losses and corrosion rates are 

plotted as a function of the exposure time in Fig. 55. The corrosion re­

sistance of the carbon steel decreased with 0.005 M hydrogen peroxide present 

in the water, as shown in Fig. 55. In both tests, with and without hydrogen 

peroxide, weight losses increased rapidly for a period of seven weeks, after 

which time a general decrease in the intensity of corrosion attack was ob­

served. The 1030 carbon steel was attacked preferentially in both cases, with 

more severe attack occurring in the peroxide water. The 2S aluminum, with no 

peroxide present, showed slightly increasing weight gain throughout the course 

of the test, which lasted eight weeks. This specimen was black in color on 

the area contacting the carbon steel and dull gray on all other surfaces. 

There were no indications of localized corrosion attack on any of the surfaces.
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The aluminum specimen contacting the carbon steel in the 0.005 M peroxide 

water was badly pitted on all surfaces except the contact area. The carbon 

steel sample with no peroxide present was discolored black and showed a shiny 

film on all surfaces; the specimen exposed to the peroxide water was coated 

with a black film and had numerous rusted areas. Data from the aluminum and 

carbon steel specimens are given in Table 16.

TABLE 16
file Corrosion of 1030 Carbon Steel-—2S Aluminum Galvanic 

Couples in Distilled Water at 2ii)0oC

EXPOSURE 
(Weeks )

NO PEROXIDE 0.005 M HYDROGEN PERCKIDE
2S ALUMINUM 1030 CAJtBCN STEEL 2S ALUMINUM 1030 CARBON STEEL

2(mg/dm /day) (mi Is/year) o(mg/dm /day) (mils/year ) (mg/dm^/day) (mils/year) (mg/dm2/day) (mi1s/year)

l +7.5 -6.7 1.2 + 1.3 -8.1 1.5

2 + 4.4 -11.1 2.0 -9.3 4.9 -6.2 1.1
3 + 2. 9 -7.3 1.3 -5.3 2.8 -20.7 3.8

4 +2.5 -6.7 1.2 -2.3 1.2 -15.7 2.9

5 +2.1 -6 o 6 1.2 -1.4 0.7 -13.4 2.5

6 + 1.9 -9.3 1.7 -1.2 0.6 -15.7 2.9

7 + 1.7 -10.8 2.0 -1.0 0.5 -17.9 3.3
8 + 1.6 -11.4 2.1 -1.1 0.6 -17.0 3.1

O
O O
h +1.5 -12.6 2.3

10.6 + 1.2 -11.3 2.1
12.6 +1.0 -10.1 1.9

Although it has long been Established that the dichromates and chromates 

undergo reduction to trivalent chromium compounds under irradiation, a group 

of tests was run with 1030 carbon steel~2S aluminum couples in distilled 

water, with and without 0.005 M hydrogen peroxide, at 200°C, and containing 

sodium chromate. Previous tests at 100°C with aluminum-stee1 couples in 

distilled water, with and without peroxide, had established that a minimum 

concentration of sodium chromate to reduce corrosion attack was 125 ppm. This 

concentration was used in the 200°C tests. The test solutions were replaced 

with new solutions every time the tests were stopped for sample inspection. 

Figure 56 shows the corrosion data for both the carbon steel and the aluminum 

alloy under both conditions of testing. In the absence of hydrogen peroxide 

the 2S-aluminum alloy was attacked preferentially and the 1030 carbon steel
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eyhibited weight gains. This relation continued for six weeks, and then a 

direct reversal of behavior was observed. The carbon steel became the anodic 

member of the couple while the aluminum continued to show very slight weight 

losses as in the first six weeks of the test. With 0.005 M hydrogen peroxide 

present in the test solutions, the corrosion resistance of both the aluminum 

and carbon steel was greatly enhanced by the presence of 125 ppm of sodium 

chromate. Both specimens exhibited slight, fairly constant weight increases 

during the 13 weeks of exposure. In this test the carbon steel surfaces were 

shiny black in color; the aluminum surfaces were gray on the outside and brown- 

black on the contact surface. There were no signs of localized corrosion 

attack on either specimen. Thus, from these data, the presence of 125 ppm of 

sodium chromate was effective as a corrosion inhibitor only when hydrogen 

peroxide was present in the solution. Without hydrogen peroxide present, the 

carbon steel was attacked preferentially and there was also corrosion attack 

on the 2S aluminum. For these specimens, corrosion rateSj at the end of 13 

weeks were 1.1 mils/year for the 1030 carbon steel, and 0.04 mil/year for the 

2S aluminum.

The galvanic corrosion behavior of Bureau of Mines zirconium and 2S 

aluminum was also determined in distilled water at 200°C. Tests were run for 

21 weeks under stagnant conditions; fresh water was used each time the tests 

were stopped for sample inspection (every two weeks). The initial water pH 

was 5.0 to 6.0. A summation of the data is presented in Fig. 57. Both 

samples exhibited weight increases during the entire time of the test. The 

increase of the aluminum sample was always greater than that of the zirconium 

specimen. The weig9it-gain rates after 21 weeks were 0.36 mg/dm?/day for the 

zirconium and 0.61 mg/dm2/day for the 2S aluminum. Both specimens were in 

excellent condition at this time; the aluminum was gray in color and the zir­

conium was dark gray in appearance. There were no evidences of pitting cor­

rosion attack on the contact areas or the outer surfaces.

Miscellaneous Corrosion Studies involving uranyl Sulfate Systems

Titanium and Tantalum. Much consideration has been given to the cor­

rosion resistance of materials which could be used as possible substitutes for 

stainless steel in component parts of a homogeneous reactor. Two materials, 

titanium and tantalum, have showed excellent promise although their cross
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sections are relatively high as compared to zirconium or even stainless steel 

Tests with these two materials have been in operation for 19 weeks in 0.17 M 

uranyl sulfate at 250°C under stagnant conditions. The corrosion data are 

shown in Fig. 58. The weight increases were greater for the tantalum specimen 

than for the titanium specimen. A slight corrosion rate for the titanium speci­

men was noted between the seventh and eighth week of exposure; this rate was 

0.02 mil/year. After 13 weeks of the test, both samples tended to show 

leveling off to a constant weight gain for the ensuing six weeks. A tabulation 

of the weight-change rates for both materials is shown below.

EXPOSURE 
(v/eeks )

WEIGHT CHANGE 
Tit a nium

2
(mg/dm /day)

Tantalum

i + 0.26 +2.90

2 + 1.31 +2.10

3 + 0. 52 + 1.00

4 + 0.32 +0.80
5 + 0.31 + 0i 70

6 + 0.30 + 0.75

7 + 0.78 + 1.38

8 -0.07 + 0.95

9 + 0.14 + 1.32

11 + 0. 12 +0.63
1 3 + 0.22 + 0.36

15 + 0.14 + 0.31
17 + 0.12 + 0.27

19 + 0.12 + 0.25

The titanium specimen showed a very uniform film with a purple cast and 

no signs of corrosion attack or precipitation of uranyl sulfate. The tantalum 

specimen was gray-brown in color and was also in excellent condition. These 

samples will he submitted to the Optical Microscopy Section to determine 

whether or not uranium oxides are deposited on the surfaces in a fashion 

similar to the deposition on stainless - stee 1 surfaces. If the mechanism of 

uranyl sulfate reduction on st ain le ss-st ee 1 surfaces is attributed to the 

migration of iron atoms to the surface, there would be no reason to expect 

uranyl sulfate reduction on pure tantalum or titanium surfaces unless it was 

due to an additional unknown phenomenon.

Durimet 20. Durimet 20, a high-strength machinable austenitic stainless 

steel of the chemical composition
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Nickel 29.0% Coppe r 4.0
Chr omium 19.0 Silicon 1.0
Molybdenum 3.0 Car bon 0.07 (max . )

was considered for intermediate—temper ature operation, say 150 C, in uranyl 

sulfate solutions. A test was operated at 150°C in 0.17 M uranyl sulfate, 

changed weekly. Corrosion data appear in Fig. 59. The magnitude of corrosion 

attack on the specimen was slight, although a steady increase in weight loss 

started after the third week of exposure. The corrosion rate at the end of 12 

weeks was 0.06 mil/year, and the sample retained a bright metallic luster dur­

ing this time. The use of Durimet 20 at 150°C would offer a distinct advantage 

over stainless steels, since at this temperature the latter alloys in a n on- 

pretreated condition are subject to fairly significant corrosion attack. The 

presence of 4% copper in the Durimet alloy greatly enchances the corrosion 

resistance of the material to sulfuric acid solutions. Durimet 20 is available 

in wrought and cast forms.

Durhy and Carboloy 44A. Two materials, Durhy and Carboloy 44A, were con­

sidered for use as possible bearing materials for the totally enclosed West- 

inghouse pump. Durhy is an extremely hard therm a 1-shock - re sistant material 

used in the construction of turbine blades. It contains 36 to 44% silicon 

carbide, 44 to 55% silicon, and 6.4 to 8.9% carbon. Later information dis­

closed that where close tolerances are required, fabrication of the Durhy be­

comes extremely difficult. Carboloy 44A is a sintered metal carbide, essenti­

ally tungsten carbide bonded with cobalt, used for cutting tools. Tests were 

conducted in 0.17 M uranyl sulfate at 150°C. The Carboloy 44A alloy was found 

completely unsuitable for use in this medium; a cumulative weight loss of 

7825.0 mg/dm2 was observed at the end of 10 weeks, and there were evidences 

of solution reduction as shown by uranium analyses. The Durhy exhibited a 

cumulative weight loss of 318.8 mg/dm2 for a 12-week period. No solution 

reduction was apparent, and the sample remained unchanged in appearance.

Type 440C Stainless Steel. Type 440C stainless steel, containing 16 to 

18% chromium and 0.95 to 1.10% carbon, was checked in uranyl sulfate systems 

for corrosion resistance. This alloy was considered because of its high 

hardenability, Rockwell C 60-62, which would make it a good choice for bearing 

material. The results of tests in 0.17 M uranyl sulfate at 100 and 250°C
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were completely unsatisfactory. Severe corrosion rates, 135 mils/year, were 

encountered with all specimens, and complete solution reduction was observed 

and determined chemically in each case.

Uranyl Fluoride and uranyl Nitrate Corrosion Studies

Preliminary corrosion studies have been initiated to determine the cor­

rosion resistance of various materials in uranyl fluoride and uranyl nitrate 

systems. The major effort is being placed on the uranyl fluoride system at 

the present time.

Twenty metals and alloys, selected from a literature survey as having 

good resistance to fluoride solutions, are undergoing tests at temperatures of 

100°C. Those materials which show promising corrosion resistance will then 

be exposed to temperatures of 150, 200, and 250°C in uranyl fluoride solution. 

One of the greatest problems in this investigation is to find a material 

sufficiently corrosion-resistant whicli may be used to fabricate a bomb or bomb 

liner to permit corrosion studies at the elevated temperatures.

Ten metals and alloys are undergoing tests in uranyl nitrate solutions 

containing 40 g of uranium per liter at 100°C. Metals showing good corrosion 

resistance will be exposed to higher temperatures. The maximum critical 

temperature for the uranyl nitrate—water system has been determined to be 

less than 200°C; at this temperature thermal decomposition occurs.

Several tests were run with uranyl nitrate solutions in stainless—stee 1 

bombs which had not been pretreated with nitric or chromic acid. The tempera­

tures of these tests were 150 and 200°C. The tests were operated three to six 

days. In the 150°C test the uranium material balance was within the accuracy 

of the analytical uranium method, ±2%. The initial U(VI) concentration was 60 

g/liter; the final total uranium content was 61-1 g/liter. The solution 

remained clear yellow in color throughout the test, but on the bottom of the 

test bomb there was observed a moderate mass of orange-col ored crystals. 

These have been submitted to the Analytical Chemistry Division for chemical 

analysis. The uranyl nitrate solution exposed at 200°C in a stainless- 

steel bomb showed partial reduction; the initial uranium content was 60.0 

g/liter, while the final uranium content was 34-5 g/liter. A light-green- 

colored precipitate was observed in the bottom of the test bomb; it has been 

submitted for identification.
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RADIATION STABILITY AND INPILE CORROSION
J. w. Boyle D. M. Richardson
F. J. Fitch C. H. Secoy
J. F. Manneschmidt M. D. Silverman
H. F. McDuffie A. w. Smith
A. R. Olsen F. H. Swee t on

Summary
Twenty-two "dn-pile”1 corrosion-irradiation tests of aqueous uranyl sul­

fate solutions in contact with only type 347 stain less-stee 1 surfaces, carried 

out in the X-10 graphite pile during the past quarter, are discussed in this 

report. The stainless-stee 1 surfaces had been either pretreated with 1% HN03, 

or with 2% Cr03, or simply cleaned and etched prior to the experiments. 

Thirteen of the tests were classed as giving encouraging or successful results, 

seven as giving inconclusive results because of some abnormality during the 

run, and two as failures. Classification as being successful or having 

failed was on the basis of pressure - temperature-flux data recorded throughout 

the run; a successful run showed normal responses to temperature and flux 

changes and maintained appreciable pressures of hydrogen and oxygen in excess 

of steam pressure throughout the run; an unsuccessful run failed to maintain 

pressure in excess of steam pressure, suggesting that the uranium had been 

removed from solution. There is some evidence suggesting that the failures 

were associated with pile shutdowns. Available analytical data indicate that 

only very small amounts of tetravalent uranium and reduced sulfur are present 

at the end of a run.

Improvements in apparatus and technique during the past quarter now per­

mit experiments to be carried out with greater safety and less loss of experi­

mental data than previously. Additional facilities for radiation studies have 

been made available at hole 60 of the X-10 pile and placed in service.

In anticipation of the plans to do experiments at higher neutron flux in 

the MTR mock-up, a high-pressure testing area has been constructed. All ex­

periments so far have been carried out at fluxes which, while not so high as 

those for which the HRE is designed, are considerably higher than those at 

which the HRE will operate until the system has been thoroughly tested. Thus, 

it is unlikely that deleterious radiation effects, the absence of which may be 

demonstrated in the present study, will be manifested at the low power levels 

which will characterize early operations of the HRE. >
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Fundamental studies of films on stainless steel are underway, employing 

optical and electron microscopy. The results are reported in the section on 

Electron Microscopy.

Obj ectives

The major objectives of the group are to provide, in advance of the date 

of operation of the HRE, answers to the questions:

1. How long will the uranium remain in solution?

2. How long will the walls of the container remain protected from 
corros ion?

With the facilities available it is believed that solution corrosion data can 

best be obtained through experiments in stainless-stee 1 bombs, made to with 

stand pressures encountered in the X 10 pile flux. Conditions as nearly as 

possible like those projected for the HRE are desired so as to minimize ex­

trapolations, i.e., temperatures of 250 to 300°C are used, aqueous uranyl sul­

fate solutions containing 40 g of U23S per liter are placed in the bomb, type 

347 stain1ess-stee 1 surfaces are pretreated in accordance with techniques 

recommended by the Reactor Technology Divisions’s corrosion group as being 

best for such solutions in the absence of radiation, and the highest possible 

neutron flux of the X-10 pile is used which is consistent with safety limits 

for the pressures in the bomb.

It is realized by the group, and should be made clear for the benefit of 

other workers, that these are essentially static experiments, whereas the HRE 

is to be a dynamic system. One very important factor in the dynamic system, 

the influence of flow upon corrosion, is being neglected. The study of tftis 

factor would probably require the HRE itself or an equally elaborate device 

for circulating hot uranium solutions inside the X 10 graphite pile.

Other objectives of the present study include determination of the ef­

fects of changes in pretreatment techniques, radiation intensity, concentra­

tion and enrichment of uranium, and temperature and type of uranium salt. Study 

of the causes of uranium precipitation and development of methods for preventing 

or reversing this effect are naturally of great interest, and all the informa­

tion which is being gathered in the present study will be of value in these 

more fundamental efforts.
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Description of Experiments

General Technique. All experiments have been conducted by placing 5 to 8 

ml of aqueous enriched uranyl sulfate solution inside a stainless-steel bomb, 

connecting the bomb to a Baldwin SR-4 pressure cell by means of a 20 to 30-ft 

length of sma11-diameter stain1ess stee1 tubing, placing the bomb inside a 

suitable furnace for temperature control, and exposing bomb and furnace to the 

neutron flux in the X-10 graphite pile. Pressure and temperature within the 

bomb are continuously recorded. Details of the bomb and fittings are given in 

Figs. 60 through 63.

Pile Facilities During the past quarter experiments in hole 12 (a 

vertical hole) have continued. Three bombs may be exposed simultaneously in a 

single furnace in this hole. Hole 60 (a 4- by 4-in. horizontal hole terminat­

ing 1 ft from the pile core) has been made available and facilities have been 

constructed allowing a possible maximum of six bombs to be exposed simultane 

ously in this hole. One set of three experiments using three bombs was 

carried out in hole 11 (used by ANL and filled with water under pressure). 

Modifications of the ANL apparatus now in progress may facilitate use of this 

hole during the next quarter.

Experimental Information. As noted above, continuous records of the 

temperature and pressure are obtained throughout each run. The known position 

of the bomb in the pile, plus the record of the pile power, allows the flux to 

be calculated at all times during the run. Subtracting the steam pressure 

from the total pressure leaves a record of the pressure of hydrogen plus 

oxygen (plus inert gases) as a function of time, temperature, and pile power. 

Corrosion of the container is known to be accompanied by reduction of the 

uranium and precipitation as U308. Such precipitation would effectively 

prevent the formation of hydrogen and oxygen by preventing the fission fragments 

from traveling through the water. Accordingly, it may be inferred that, if 

the pressure within the bomb during an experiment falls to and remains at the 

value corresponding to steam pressure at the temperature of the solution, the 

uranium has been removed from the solution. Conversely, maintenance of a 

considerable pressure in excess of steam pressure is assumed to mean that the 

solution remains for the most part unaffected and in good condition.
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At the conclusion of each experiment the residual gas over the solution 

is removed through a valve outside the pile at the pressure cell connection 

before the bomb is withdrawn from the pile. This gas is saved for subsequent 

analysis. After the bomb has been withdrawn from the pile and opened, analyses 

of the solution and/or sediment contained therein are carried out for comparison 

with similar analyses of unirradiated solutions. After the solution has been 

removed from the bomb, a small cylindrical corrosion specimen is removed for 

observation. The following analyses are made

1. The gaseous material which is not condensable by liquid nitrogen 
when at a gas pressure of 100 /z Hg is analyzed for hydrogen, 
oxygen, and inerts.

2. The solution withdrawn from the bomb is analyzed for total 
uranium (mg/ml) to 1%, the U(IV)/U(VI) ratio, pH. Cl', Fe-Cr-Ni 
to 2 to 3%, and non-sulfate sulfur.

3. The solid residue is analyzed spectrographically for U, Fe, Cr,
Ni, etc., after which the residue is dissolved and determinations 
of U, Fe. Cr, Ni, sulfate, and non-sulfate sulfur are carried 
out.

4. The appearance of the corrosion specimen and its weight change 
are determined in order to indicate the condition of the specimen.

Fabrication of Bombs and Fittings. All bombs used during the last quarter 

have been tested at 5000 psi pressure, and the heliarc welding around the top 

seam has been made slightly heavier. Bombs have consistently been free from 

recognized mechanical defects. It may be of interest to note that the mechan­

ical construction of all bombs and thermocouple wells during the last two 

quarters has been essentially the same; thus the mechanical construction of all 

surfaces normally in contact with uranium solution has not changed.

Figures 60 through 63 show the bomb and the types of fittings used for 

the connections to the strain gauge. The width of the annulus around the 

thermocouple well at the cone seat has been increased during the past quarter 

from 0.005 to 0.021 in. in order to avoid collapse of the annular gas passage­

way at the time the fitting is forced into the conical seat. Before the 

thermocouple well is soldered in place, an area at the site of the proposed 

joint is mechanically cleaned of film or other surface contamination.
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Use of Smal1-diameter Pressure Tubing. The primary reasons for using 

small-diameter s t ainless - s t ee 1 (type 3,47) tubing to connect the bomb with and 

transfer the pressure to the pressure cell (located 20 to 30 ft away, outside 

the pile) are (1) only a small mass of stainless steel is exposed to the pile 

flux, thus minimizing the radiation hazard on withdrawal of the apparatus, and 

(2) the small tubing is flexible, facilitating the necessary manipulations in 

a restricted space when charging or withdrawing the apparatus. The use of 

much larger or thicker stainless-steel high-pressure tubing would dictate slow 

withdrawal of apparatus at the conclusion of the experiment. Nevertheless 

some compromise between mass, flexibility, and ease of fabrication must be 

made which is consistent with safety. Originally the bombs were connected by 

means of 3-mil wall tubing (19 mils I.D. and 25 mils O.D.), but this tubing 

was found too easily broken by mechanical shocks. Beginning with run 301, the 

tubing used had a 7-mil wall (19 mils I.D. and 33 mils O.D.). This tubing 

appears to have much greater strength and toughness without contributing 

excessive radiation on withdrawal. The possibility of using tubing even as 

large as 1/16 in. O.D. is being investigated.

At first, joints involving the small tubing were made by means of silver 

solder and a hand torch (gas-oxygen), using a conventional hard-solder flux 

(Handy-Flux). This technique was open to objections because of the danger of 

overheating the tubing and because of the possibility of the presence of flux 

components which might have a deleterious effect on the protective character 

of the pretreated stainless-stee 1 surface. Care was therefore exercised to 

avoid excessive heating, and the tubing and fitting were rinsed with a slow 

stream of distilled water for several hours to dissolve and remove flux com­

ponents. Attempts have been made to use induction heating in a hydrogen 

atmosphere with silver solder to provide a fluxless weld of the thermocouple 

well and pressure tubing to the fitting in a single operation. Results to 

date have not been uniform; in some cases there has been excess heating, 

leading to excessive grain growth in the tube wall and intergranular penetra­

tion of the silver solder. Photomicrographs of typical sections are shown in 

the section on Optical and Electron Microscopy, Figs. 64 through 66. The 

development of couplings for small stainless-steel tubing is under investiga­

tion, in the expectation of being able to avoid all heating of the small 

tubing or the use of silver solder with such joints.
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High-pressure Testing During the past quarter a cell for this purpose 

has been under construction in the basement of Building 205. Barricade walls 

of boiler plate separated by 1 ft of sand are used to provide the necessary 

protection, and all controls, together with the minimum amount of high-pressure 

tubing, are located outside the barricade. The compressor has been factory- 

tested at 22,000 psi. The gauge has a 20,000 psi range with a working pressure 

of 15,000 psi.

Safety Precautions, Operations involving uranium solutions containing 

fission products and a high level of activity at high pressures and high 

temperatures are extremely dangerous. Sudden rupture of a small tube might 

release a high pressure jet of fission-product solution which could penetrate 

the skin and create an emergency, possibly requiring immediate amputation. 

Consequently, precautions are taken that no person shall inadvertently approach 

parts of the system under pressure and that deliberate approaches shall be 

made only when the pressure is at the lowest possible value. Thus, after the 

pile is shut down and most of the recombination has taken place, the tempera­

ture of the bomb is dropped to below 100’C before the residual gases are with­

drawn into a protected, evacuated glass bulb. After this operation there is 

no pressure on the solution, and the radiation and contamination hazards may 

be dealt with in the usual fashion. Moreover, experiments are always started 

with the tubing completely filled with distilled water this prevents radio 

active gases from diffusing to the outside of the pile and also acts as a 

buffer to prevent (by friction in the tube wails) the release of full pressure 

at the pile face.

Detailed Experimental Results

In order to facilitate detailed discussion of the twenty-two experiments, 

they are grouped according to pretreatment conditions and temperature of the 

irradiation into 10 groups designated by letters from A to J. Table 17 

summarizes the experimental conditions for each of these groups and classifies 

each experiment as to the general conclusion

Following pressure tests, the bombs were cleaned and etched for 3 min at 

room temperature with a saturated solution of ferric chloride in concentrated 

hydrochloric acid containing 2% nitric acid. Then they were flushed with
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TABLE 17

Summary of Irradiation Corrosion Experiments

GROUP

PRETREATMENT
IRRADIATION

RESULTS (Experiment Nos*)

ACID TEMPERATURE ( °C
TEMPERATURE (°C)

GOOD INCONCLUSIVE FAILED

A 1% hno3 250 250 290a 297
291a
306
307

B 1% hno3 290 250 298
299

C 2% Cr03 250 250 292a
30 3
308

D 2% Cr03 290 250 30 9 300

E None 250 304 30 2

F 1% hno3 250 290 296
2906
2916

G 1% hno3 290 290 305

H 2% Cr03 250 290 2926 294
295

I 2% Cr03 290 2 90 301

J None 290
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distilled water, rinsed with 10% sodium hydroxide solution, and again rinsed 

with distilled water. The pretreatment consisted in filling the cleaned bombs 

with either 1% nitric acid or 2% Cr03 solution, submerging the filled bomb in 

a similar solution in an autoclave, and heating to either 250 or 290°C for 

24 hr. After cooling, the bombs were rinsed again with distilled water and 

calibrated for volume. The uranyl sulfate solution was placed in the bomb 

from several hours to as much as one day prior to use. In the following 

discussion all pressures are given as total pressure after subtracting t he 

steam pressure at the particular temperature involved.

Group A. Run 290a was one of a set of three (290a, 291a, and 292a) in­

serted in hole 11 in the circulating water of the ANL experiment. It was 

located approximately 4 ft from the vertical center plane of the pile. The 

run was terminated after 60 hr because of a leak in bomb 292a resulting in the 

contamination of the ANL facility. At the conclusion of the run the pressure 

in bomb 290a was 2200 psi, that in bomb 291a was approximately 1200 psi, and 

both were still rising. Analysis of the combined solutions from the three 

bombs indicated no loss of uranium from the solution within the experimental 

error of analysis.

Analysis of the uncondensable gas removed from bomb 291a at the end of 

the run gave the following results:

SAMPLE h2 (%) o2 (%) INERTS BY DIFFERENCE (%) H2/02

1 57.8 28.7 13. 5 2.01

2 57. 3 28.7 14.0 2.00

3 57. 9 29.0 13. 1 2.00

The large percentage of inerts suggests that considerable air (nitrogen and 

oxygen) was included in the sample. If the hydrogen-to-oxygen ratios are 

calculated after correction for the oxygen that would be present if the inert 

gas is air, the values obtained are 2.30, 2.30, and 2.27.

The corrosion specimens from these three bombs were not examined at the 

conclusion of the runs. Instead, the bombs, fittings, and test specimens were
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refilled with fresh solution and returned to the pile after a cooling period 

of 18 days. This second series is designated runs 290b, 2916, and 2926 and 

is discussed below under Groups F and H.

Run 297 was exposed for 185 hr in hole 12. A pressure peak of 3100 psi 

was reached at 30 hr, followed by a gradual fall to 1500 psi at 150 hr, after 

which a leak in the pressure tube allowed gaseous products (including steam) 

and perhaps some uranium to escape. A small quantity of yellow solution 

recovered from the bomb did not indicate that precipitation had occurred. 

Analysis showed 0.017 mg of U(IV) per milliliter, a very small amount of re­

duced uranium when compared with the U(IV) concentration of 0.043 mg/ml found 

in the unirradiated solution.

The corrosion-test sample showed a weight gain of 23.8 mdd (milligrams 

per square decimeter per day). Visual inspection showed the sample to be 

covered with a brown rust-colored scale, with only one small black patch of 

what looked like the pretreatment film remaining.

Runs 306 and 307 are, at the time of this report, in their fourth week 

in hole 12 without pressure-temperature evidence of uranium precipitation.

Group B- Bombs 298 and 299 were pretreated with nitric acid at 290°C 

and irradiated at 250°C. Run 298, exposed for 336 hr in hole 12, gave a 

pressure maximum of 4000 psi at 108 hr, followed by a fall to 1600 psi at the 

end of the run. The bomb was kept frozen at dry ice temperature from the time 

of removal from the pile until the time of chemical analysis (nine days) so as 

to try to preserve any easily oxidizable sulfur compounds present. When re­

moved from the bomb, the solution was a clear yellow and quite viscous, 

indicating that a concentrating process had occurred by loss of water. It was 

diluted from 0.33 ml to 4.0 ml before any analyses were made. The reduced 

sulfur then amounted to 0.028 mg/ml as compared with 0.007 mg/ml for the 

starting solution. The volume at the start was 4.9 ml. The diluted sample 

also showed chromium present in the amount of 0.069 mg/ml and U(IV) present to 

the extent of 0.031 mg/ml compared with 0.043 mg/ml for the starting solution. 

These findings suggest that some corrosion of the surface and some reduction 

of the sulfate ion had taken place.

The weight change of the corrosion specimen was a gain of 3.7 mdd. 

Visual inspection indicated the best results to date. The entire surface had
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the same appearance as after pretreatment. However, there was a yellow- to 

orange-co1ored powder sprinkled over one end of the sample. Attempts to 

identify this powder will be made.

Run 299 was exposed for 280 hr in hole 12. A pressure peak of 4300 psi 

was reached at 20 hr and again at 140 hr, subsequently falling slightly to 

3400 psi at the end of the run. Examination of the corrosion specimen and anal­

ysis of the solution have not been completed. Analysis of the gas gave a hy­

drogen- to- oxygen ratio of 2.07 ± 0.02 with only 0.4 ± 0.1% inert gas present.

Group C. This group includes runs 292a, 303, and 308, in which the pre- 

treatment was done with 2% Cr03 solution at 250°C and the irradiations were 

carried out at 250°C.

Run 292a, mentioned under Group A, was exposed for 60 hr in hole 11. 

This run was interrupted by a leak in the pressure tubing, first observed at 

20 hr, after which the pressure appeared normal, building up to 2600 psi at 54 

hr when another leak occurred. No evidence of precipitation of uranium from 

solution was obtained, either from pressure-temperature data or from chemical 

analysis of the solution removed from the bomb.

Run 303 was exposed for 336 hr in hole 12 along with runs 298 and 304. 

A pressure peak of 3000 psi was observed after 88 hr and again after 276 hr, 

falling to 2000 psi in between the peaks and to 2100 psi at the end of the 

run. The run was terminated by failure of the tubing when an attempt was made 

to change the position of the bomb to obtain a higher flux. Temperature- 

pressure data following this tubing break indicated that most or all of the 

water was lost as steam. Thus, analysis of the residue in the bomb may be 

encouraging if the uranium contained therein is water soluble, or inconclusive 

if otherwise. All the available evidence indicates that the solution was 

stable throughout the run with no substantial corrosion or precipitation of 

uranium. The corrosion specimen has not been examined yet.

Run 308, along with runs 306 and 307 in hole 12, is in its fourth week of 

testing without signs of precipitation of the uranium.

Group D. Run 300 was exposed for 280 hr in hole 12. A pressure peak of 

2000 psi occurred at 100 hr followed by a smooth fall to 100 psi at the end of 

the run. Pressure-temperature data indicate that precipitation of the uranium ••
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may have been initiated by a 12-hr pile shutdown (162 to 174 hr). A few hours 

after the subsequent start-up the temperature was allowed to rise to 270°C and 

fall to 215°C over the course of 2 hr because of relay failure. However, it 

is believed that the pile shutdown rather than the temperature fluctuation was 

the event associated with the beginning of precipitation of uranium.

Run 309, in hole 60, is finishing its first week of testing with no 

abnormalities having been discovered. The pressure is being maintained at a 

considerably lower value than would otherwise be the case by the presence of 

a small piece of platinum foil wrapped around the thermocouple well above the 

liquid level. This simulates to some extent the action of a recombination 

unit for hydrogen and oxygen such as is contemplated for the HRE.

Group E- Bombs 302 and 304 were cleaned and etched in the usual manner 

but had no other chemical pretreatment. Run 302 was a 280-hr exposure in hole 

12 along with bombs 299 and 300. The useful portion of this run was terminated 

after 40 hr by a rupture of the tubing leading to the pressure gauge. The 

bomb, in dry condition, was left in the hole for the remainder of the time so 

as not to disturb the other two bombs. Prior to rupture there was no evidence 

of precipitation of the uranium; the pressure rose normally, responded normally 

after a 3-hr pile shutdown, and fell normally after the furnace was raised to 

a position of lower flux at 23 hr. If the uranium is found to be water soluble 

when the bomb is opened, this will be called a successful run.

Bomb 304 was exposed for 336 hr in hole 12 along with bombs 298 and 303. 

A pressure peak of 1600 psi occurred at 52 hr, after which a very slow fall 

was observed. During the run the pressure followed changes in pile power, and 

was 300 psi at the end of the run with the pile at half power. The tubing 

ruptured when an attempt was made to change the position of the furnace to 

obtain higher flux, and the escape of steam left a dry bomb. As stated before, 

analysis of the residue in the bomb may be encouraging if the uranium content 

is water soluble or inconclusive if not soluble.

Group F. In runs 2906 and 2916, the bombs used in 290a and 291a were 

rinsed with distilled water and refilled with fresh solution. No pressure 

(above steam pressure) was ever observed, indicating that the uranium was 

taken out of solution before the flux was applied or immediately thereafter. 

Probably the failure of these bombs can be attributed to the fact that they
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were allowed to remain exposed to the air for a period of 18 days between 

radiation exposures. The protective character of the pretreatment film is 

lost on prolonged exposure to air.

The corrosion specimen from runs 290a and 2906 showed a weight loss of 

24.0 mdd. It was brownish black in appearance and showed slight scaling.

The specimen from 291a and 2916 showed a weight loss of 13.8 mdd and 

appeared to have a heavy black scale streaked with loose rust.

Bomb 296 was exposed for 320 hr in hole 12 along with bombs 294 and 295. 

The pressure failed to follow temperature changes at 60 hr and again at 95 hr, 

after a pile shutdown. Before the shutdown the pressure was about 500 psi. 

It is believed that the small tubing was clogged or restricted very near the 

bomb. The bomb has not yet been opened for examination.

Group G Bomb 305, in hole 60 and at 290°C, contained a large charge of 

uranium solution in order to maximize the ultimately available analytical 

sample. As a result of the low free volume (0.2 ml) at 290oC, pressure effects 

at start-up were exaggerated and accelerated. However, the run appeared 

normal with a pressure peak of 3600 psi at 9 hr, followed by a slow fall to 

2350 psi at 95 hr when a pile shutdown occurred. Recombination of hydrogen 

and oxygen during the shutdown lowered the pressure almost to steam pressure. 

When the pile was started up again, the pressure not only failed to rise but 

even decreased to steam pressure. After 20 hr of no pressure with the pile 

up, the temperature was reduced to 250°C for an additional 8 hr with the pile 

up. At this time the heat was removed from the bomb and the temperature was 

allowed to fall toward pile ambient. Shortly thereafter the pile was shut 

down for about an hour, and at pile start-up the pressure in the bomb began to 

rise at a rate of approximately 300 psi per hour. After the pressure had 

risen to 5000 psi (including steam pressure at 190CC) the pile was shut down, 

the bomb was cooled, and the pressure was relieved by releasing some of the 

gas into an evacuated bulb. Following this, temperature control was re­

established at 290°C with the bomb behaving normally for another 20 hr, at 

which time it was removed and frozen for subsequent examination.

Group H Run 2926 was exposed for 132 hr in hole 12 along with 2906 and 

2916. For this run bomb 292a was reused after b^ing rinsed with>disti1led 

water and refilled with fresh solution. The pressure was 900 psi at the end
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of the 132 hr period, and there was no evidence of precipitation of the uranium 

from pressure temperature data. Analytical data are not yet available. The 

corrosion specimen from 292a and 6 showed a weight loss of 14.2 mdd and 

appeared to be covered with a very flaky, redd ish-black scale.

Bombs 294 and 295 were irradiated for 320 hr in hole 12. These experi­

ments were marred by a temperature-control failure for 4 hr at 93 hr, which 

permitted the temperature to drop to some unknown value below 200°C. The 

pressure in run 294 failed to respond to temperature fluctuations after 250 hr. 

The bomb was found to be dry when opened although there was no evidence of 

leakage during the radiation. Some liquid leakage was noted through the 

severed pressure tubing after the assembly had been removed from the pile. 

Rinsing the bomb with water gave a slightly yellow solution indicating that at 

least some of the uranium had been deposited in a soluble form. The corrosion 

specimen lost 12.2 mdd. Visual inspection showed the entire surface to be 

covered with a very flaky, brownish rust-colored scale.

Bomb 295 gave a pressure peak of 1500 psi at 14 hr, followed by a fall 

to 400 psi at 93 hr. At this time the above-noted failure in temperature 

control occurred. When the temperature control was re-established, the 

pressure was 1900 psi, after which there was a rapid fall to 350 psi at 136 hr. 

At this point a pile shutdown occurred, and upon start-up there was no in­

crease in pressure. In fact, the pressure continued to drop until, at 150 hr, 

the system showed no pressure above that of the steam.

Group I Bomb 301 was irradiated for 670 hr (28 days) in hole 60 at a 

position which gave the highest neutron flux attainable in any experimental 

hole in the X 10 pile. This was also the first run using heavier walled 

tubing.

A pressure peak of 2300 psi at 24 hr was followed by a slow fall to 1200 

psi at the end of four weeks. A tempenature-contro 1 failure after eight days 

allowed the pressure to rise to 2700 psi, followed by a gradual return to the 

original pressure range over the next five days. Many pile shutdowns and 

changes in pile power occurred during this run, and the pressure responded 

normally in all instances. The length of time, temperature, and position in 

the highest flux of the X- 10 pile without pressure temperature evidences of 

any substantial precipitation of uranium combine to make this a very en­

couraging experiment.
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Group J. No runs have been made under the conditions specified for 

Group J because of the decision to concentrate on bombs which have undergone 

some type of pretreatment,

Association of Pile Shutdowns with Uranium Precipitation. All the

failures, as indicated by a loss of pressure, appear to be possibly related 

to the discontinuation of neutron flux accompanying pile shutdowns. Runs 

2906 and 2916 were heated to operating temperature for 1.5 hr before being 

moved into a neutron flux, at which time they appeared to have no uranium in 

solution. Run 305 behaved normally from November 2 until a 20"hr shutdown on 

November 6. After the shutdown, during which most of the hydrogen-oxygen gas 

mixture had recombined, no increase in pressure was observed, indicating that 

by the time the pile started up again the uranium had precipitated completely 

from the solution. In run 300 most of the permanent gas pressure was lost 

over a four-day period starting at about the time of a 12-hr shutdown.

Plans for Next Quarter

Irradiations in the X 10 Pile. Expansion of the use of hole 60 will be 

carried as far as instrumentation will permit. A total of six bombs at one 

time is the ultimate possibility. Continuation of the work in hole 12 using 

three bombs at one time is contemplated. Consideration has been given to the 

possibility of sharing hole 11 with experimenters from ANL. This will depend 

on the availability of facilities at that hole and the relative difficulty of 

sharing facilities as compared with utilizing other holes to better advantage.

Irradiations in the MTR Mock-up Plans are being made for the use of two 

sites in the MTR mock-up beginning in December or January. These are the 

vertical holes which are normally utilized for shim rods and the horizontal 

thimble holes which are normally intended for experimental use. The horizontal 

holes are to be utilized for radiation studies in much the same manner as the 

present experiments in hole 60 of the graphite pile, with the proper scaling 

up of shielding for the higher fluxes and beams anticipated. Until flooring 

and shelter are available at the site of the horizontal holes it is planned to 

make use of the vertical holes' this will require less in the way of special 

equipment since the unpressurized water tank of the mock-up may be used for 

shielding Moreover, it is expected that these exposures will allow better
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estimation of the effects to be expected when the horizontal holes are used. 

Particular points for which information is needed and on which experiments are 

now in progress in the laboratory are the magnitude of the heat transfer 

problem and the magnitude of the pressure produced at the higher fluxes.

Uranium Peroxide Investigation. Ampoule experiments are underway in 

which the effects of different levels of uranium concentration, pH, tempera­

ture, and neutron flux upon the precipitation of uranium peroxide are being 

studied. This work is considered to be of interest in connection with problems 

of start-up and shutdown of the homogeneous reactor as well as the prevention 

of precipitation during operation at a steady level.

Joining Small-diameter Tubing Metallurgical studies are underway in 

cooperation wi'thT.E. Willmarth and members of the Metallurgy Division to study 

the effects of various welding procedures upon the small tubing in an effort 

to develop procedures which will minimize loss of experimental information as 

a result of mechanical failures.

Catalytic Recombination of Hydrogen and Oxygen. In cooperation with 

members of the Y-12 chemistry group who have been studying the subject in the 

absence of pile irradiation, experiments will be extended to study catalysts 

suitable for use in the HRE in a radiation environment.

Regeneration of Solutions. Experiments are underway to study the pos­

sibilities of reversing the corrosion-precipitation of uranium solutions in 

such a way as to bring the uranium back into solution without removing the 

solution from the bomb or the pile. Development of such a technique would 

have interesting implications for operation of the homogeneous reactor.
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OPTICAL AND ELECTRON MICROSCOPY

T. E. Willmarth F. D. McNeer 
B. I. Gary

In this section are included the pictorial results of the work done on 

induction methods of soldering and the study of various samples of pretreated 

and corrosion-tested stainless steel. Pertinent information is included with 

each photograph.
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Fig, 64, Microstructure of 347 stainless steel before and after induction 
brazing (small-tube assembly).

1. Structure of parent metal

2. Structure 11.5 mm from heat zone

3. Structure 6 mm from heat zone

4. Structure in heat-affected zone

5. Silver solder as deposited

6. Structure of small tube in heat-affected zone

7. Diffusion of silver solder at grain boundaries

8. Po1arized-1ight view of No. 7 (white lines and mass are 
silver solder
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Figs 65. Microstructure of 347 stainless steel before and after induction 

brazing (thermocouple assembly).

1. Structure of parent metal

2. Structure 11,5 mm from heat zone

3. Structure 6 mm from heat zone

4. Structure in heat-affected zone

Note: The large tube showed same gradation of structure. No diffusion of

solder was observed in tube or fitting.
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Fig, 66, Silver-Copper diffusion at grain boundary, 5000x,
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Fig. 67. Silver-Copper diffusion at rain boundary.

• • •

5000x.
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Fig. 68. Silver-Copper eutectic appearing within grain ofstainless-steel 
alloy, 5000x,
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Fig, 69, Segments of two=layer film produced by heating iron in 1% HNO^ 

at 100°C. Substrate layer is probably a Fe„03: top layer is possibly a Fe„03, 

Approximately lOOOx,
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Fig. 70. Segment of film produced by heating Cr in 1% HN03 at 100°C. 

Electron diffraction pattern was too diffuse for accurate measuring. Small 

crystals are possibly Cr(0H)2 ; large ones, Cr203. Approximately lOOOx,

j
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Fig. 71. Segment of film removed from type 347 stainless steel after 

immersion in 0.17 M uranyl sulfate containing 0.1 M HN03 for 3200 hr. This 

photomicrograph shows the presence of what appears to be three separate layers, 

indicated in the photograph by the following numbers: (1) the substrate layer, 

(2) the middle layer, and (3) a deposited layer. The substrate layer, labeled 

(1), appears to be a very thin pale-brown semitransparent film by transmitted 

light. This is probably the protective layer. The middle layer, labeled (2), 

appears reddish brown to deep amber by transmitted light and is much thicker 

than the substrate. This material is similar to that observed as the top layer 

in Fig. 69. The deposited layer, labeled (3), is black and resembles material 

deposited on wales of corrosion-test bombs during earliest tests and identified 

by X-ray studies as U30g. lOOQx.
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Fig. 72. Greatly enlarged photomicrograph of area (1) in Fig- 71. showing 

the existence of a film structure just beyond the resolving power of the optical 

microscope. Approximately 4000x,
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Fig. 73. Replica surface study of type 347 stainless steel pretreated 

with 2% chromic acid, showing that the surface of the material is extremely 

irregular and is composed of projections or hills of crystallites or aggregated 

crystallites. The color was reddish brown to amber by transmitted light, 200x

*
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Fig. 74. Surface study of type 347 stainless steel pretreated with 1% 

HN03. The surface layer here appears much tighter and more regular than that 

observed with chromic acid—pretreated type 347 stainless steel. The color was 

reddish brown to dark red by transmitted light, 200x,
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Fig. 75. Surface study of specimen after immersion for 3200 hr at 250°C 

in corrosion bath of 0.17 M uranyl sulfate containing 0.1 M HN03. The surface 

material here appears more regular and unbroken than that in Fig. 74 and has 

a more "crusty" appearance, with frequent overlapping, Striation markings 

following the machining marks of the base metal are less in evidence than in 

Fig. 74. The heavy scratch through the center was made in connection with 

thickness measurements. Thickness measurements of this surface material, 

segments of which are shown in Figs. 71 and 72, showed the distance from the 

top of the outermost layer to the top of the metal to be approximately 7 to 

10 /j.. By reflected light the material was black. 200><,

207



Neg. No. ME-636



Fig. 76, Replica of surface of type 347 stainless steel pretreated with 

1% HN03. The surface appears to be made up of very small particles, approxi­

mately 0.1 ft in size. In this compact mass are much larger particles, 0.3 

to 1 /Li in size, which appear to be imperfect crystallites, possibly hexagonal 

in form. Within the temperature range at which this stainless steel was pre­

treated, i.e., 250°C, one would expect to find a Fe203, which is hexagonal. 

(At 225°C 7 Fe2Oa, a cubic spinel type of oxide, transforms to a Fe203 , the 

hexagonal form.) X-ray spectrometer results on this sample were inconclusive. 
9000x.
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Fig. 77. Replica of surface of type 347 stainless steel pretreated with 

1% HN03. This is a greatly enlarged view of the smaller particles observed in 

Fig. 76. 45,OOOx.
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Fig. 78. Replica of surface of type 347 stainless steel pretreated in 2% 
chromic acid at 250°C. The electron micrograph shows a subsurface apparently 

not so compact as that seen in Fig. 76 and seemingly different in nature. 

Small rod-shaped crystallites can be observed in the background. In the fore­

ground can be seen again the large imperfectly shaped crystallites mentioned 

in Fig. 76, together with a few large rods. It can be assumed that the loss 

of sharp definition of the larger crystallites is caused partly by the greater 

distance between the top of the large crystals and the substrate. This is in 

accord with observations made of the structure of this same material at lower 

power in Fig. 73 (see description of surface). X-ray data on the sample were 

inconclusive. 9000*.
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Fig. 79. Replica of surface of type 347 stainless steel pretreated in 2% 
chromic acid at 250°C. This picture shows more clearly the nature of the 

crystallites observed in the background in Fig. 78. Note the rodlike shape. 

45,OOOx.
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The following four photographs are electron micrographs of replicas of 

type 347 stainless steel immersed in 0.17 M uranyl sulfate containing 0,1 M 

HN03 for 3200 hr at 250°C.
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Fig. 80. Electron micrograph illustrating the type of overall surface 

observed on this sample. It is composed of a dense mass of small particles 

which give it a crustlike appearance. There are some portions which overlap, 

labeled (l), and inother fields can be seen open areas, labeled (2). (Compare 

with Fig. 75.) The black dots in the background appear to be exceedingly small 

particles deposited on the outer surface of the crust. These could well be 

submicro crystallites of U308. X-ray examination of this sample showed the 

presence of a Fe203 or Cr203, and there was one line which could be associated 

with U30g. 9000x. ••
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Fig. 81. In this view of the 
compacting of the particles making 

the picture are breaks in the repl

sample are shown more closely the shape and 
up the surface. Cracks in the upper half of 

ica film and should be disregarded. 9000x,

x-zy-ii#-
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Fig. 82. This electron micrograph of the sample illustrates that, although 

the surface is seemingly tight at lower magnifications, openings between part­

icles and rows of particles do exist. This suggests that the upper layer is 

permeable. 45,OOOx.
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Fig. 83. Another area of the sample, showing well-formed crystals very 

similar to those observed in Fig. 76. It is believed that the area pictured 

here may be representative of the material lying immediately below the outer 

crust, possibly at such an opening in the outer surface as seen at (2) in 

Fig. 78. 45,OOOx.
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Work Done in Relation to the HRE Project

Microscopic studies of the structure of crystal bar and Bureau of Mines 

zirconium.

1. Relationship of structure to previous treatment, i.e., heat- 
treatment, annealing, cold-working, hot-working, extrusion, etc.

2. Attempted identification of inclusions other than the carbide 
and nitride.

Microscopic studies of the structure and surface of Bureau of Mines zir­

conium after corrosion tests, i.e., immersion in uranyl sulfate solution.

1. Deposition of uranium oxide (U30g) on surface and intergranu- 
larly observed on corroded specimens.

2. The observation and identification of the corrosion product as 
the monoclinic variation of zirconium oxide.

3. Studies which attempted to show the relationship between carbide 
inclusions and passivity of Bureau of Mines zirconium, e.g., 
electron microscopy of areas adjacent to carbide inclusions be­
fore and after corrosion tests.

Metallographic studies of stainless steel in relation to its use in the

HRE.

1. Cross sections of various types and sizes of stain1ess-stee 1 
tubing and fittings prior to use.

2. Cross sections of sta inless-stee 1 tubing and fittings that had 
failed.

3. Cross-section studies of 347-stainiess-stee 1 fittings and tubing 
prepared by induction brazing and blanks of the same material to 
show microstructure and intergranular diffusion of silver solder 
after treatment.

4. Studies of the microstructure of stainless steel after corrosion 
tes ts.

5. Optical and electron microscope studies of the corroded surface, 
and material stripped from this surface of stainless steel 347 
a f ter corrosion tests.

a. Layer thickness measurements.
b. X-ray examination.
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6. Studies of the surface films or layers on type 347 stainless 
steel induced by pretreatment with 1% nitric acid and 2% chromic 
acid,

a. Layer thickness measurement's.
b. X-ray examination,

Work Proposed in Relation to the HRE Project

Surface examination of hot samples at low power for pits, cracks, and 

buckling in protective layers.

Studies to determine any changes in protective layers of pretreated 

samples (HN03 and chromic acid) as a function of time before use and changes 

induced by being kept in an as-wet state (H20) or dry (room temperature and 

humidity),

Further studies of corroded stainless-stee 1 surfaces by electron micros­

copy using replica techniques.

Investigation of the possibilities of using replica techniques with hot 

samples of stainless steel so that earlier studies can be made of possible 

radiation damage to protective layers.

Continuation of previous work on induction brazing of stainless steel in 

an attempt to further a reproducible method of producing assemblies that 

will stand up under working conditions.

Cooperation with personnel about to embark on electrochemical studies.

Continued work on zirconium corrosion problems.

Conclusions

Brazing of Stainless Steel by Induction Methods, Studies to date, results 

of which are shown in the microphotographs included in this report, suggest 

that a closer time and temperature control should be established on the process. 

Other expedients, which might lead to a refined grain size and a stronger 

structure, should possibly be tried, including (1) introduction of smal1 amounts 

of nitrogen with the hydrogen gas, and (2) more rapid cooling of the assembly 

after fusion has taken place.
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From the standpoint of corrosion, the introduction of hydrogen at the 

elevated temperatures used in the past would appear to be injurious. Possibly 

some method to stop the flow of hydrogen, when the flow point of the solder 

is reached, could be worked out.

Studies of Films and Layers Formed on Passivation-treated 347 Stainless 
Steel and on Stainless Steel Immersed in 0 17 M Uranyl Sulfate Containing 0.1 
M Nitric Acid for 3200 hr at 250“C. The observations made on the samples 

included in this report, while not conclusive, suggest the following:

1. Pretreatment methods, while establishing a seemingly protective 
film, also induce the growth of a crystalline layer on the sur­
face of the substrate film which may act as a focus for forma­
tion of U3 0g which adheres to it.

2. Whereas so-called "protective films" are reported as being in 
the region of about 100 to 300 A in thickness, all pretreated 
material received so far has had an overall layer thickness of 
the order of 5 to 7

3. The layers formed above the substrate during corrosion tests are 
not protective in nature, inasmuch as they appear to be extremely 
porous.

4. From the electron microphotographs there appears to be some dif­
ference in the nature of the material formed at the surface of 
the stainless steel when chromic acid or nitric acid is used for 
pretreatment. The effect of this has not been determined.

5. X-ray results, while negative in the case of the pretreated 
samples, do show that the principal constituent of the outer 
built-up layer on the corrosion-test specimen is either Cr203 or 
a Fe203.
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Vo RECOMBINATION OF HYDROGEN AND OXYGEN



INTRODUCTION

During the past quarter emphasis has been placed on study of catalytic 

recombination of hydrogen and oxygen to provide a basis for the design of 

catalytic recombiners for the reflector system as well as for use as supporting 

units in the fuel system. The study of explosion limits has been extended 

to lower temperatures and pressures and to include more complex gas mixtures. 

The feasibility demonstration of the combustion type recombiner has been 

virtually concluded, and preliminary testing of a catalytic secondary recom­

biner has been satisfactorily completed.

LABORATORY-SCALE STUDIES
W. R. Grimes 
D. W. Kuhn 
F. L. Daley

A. D. Ryon 
A. A. Palko 
K» 0. Johnsson

Composition Limits for Explosions in Hydrogen-Oxygen Mixtures. The in­

vestigation of explosion limits in hydrogen-oxygen-steam mixtures as previously 

reported (ORNL-826) has been continued with a larger bomb of improved design. 

The explosion limit determined with this larger bomb (1050 ml volume, 3% in. 

I.D.) is, as shown in Table 18, lower than that observed in the earlier work 

(65-ml bomb, 1 in. I.D.). This is not surprising since it is known that in 

tubes of small diameter the observed explosion limit is a function of the 

diameter of the tube used for flame propagation. In tubes 2 in. in diameter 

and smaller the observed explosion limit increases as the tube diameter de­

creases. However,, for tubes larger than 2 in. in diameter the observed ex­

plosion limit is virtually independent of tube diameter.

Explosion limits were also determined in this same apparatus for hydrogen- 

oxygen-helium- s team mixtures. Here again the gas mixture was in contact with 

liquid water in the bomb, so that the partial pressure of steam was determined 

by the temperature of the experiment. The pertinent data are shown in Table 19.

In all the explosion limit studies previously reported,,the hydrogen- 

oxygen mixture was in the stoichiometric ratio of 2 moles of hydrogen to 1 mole 

of oxygen. Work has just been begun on determining how the explosion limit is

• • • • «
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TABLE 18

Explosion Limits in M2“G2“Steam Mixtures

TEMPERATURE
(°C)

total

PRESSURE 
(psia)

partial PRESSURE (p s i a ) EXPLOSION
LIMIT

(% h2 + o2)h2 °2 STEAM

100 19,06 2,83 1,42 14,81 22

113 29.3 4.3 2.2 22,8 22

147 85.0 14,3 7,1 63,6 25

170 158 29 14 115 27

180 199 36 18 145 27

192 262 47 23 192 27

242 661 105 52 504 24

TABLE 19
Explosion Limits in H2-02-He-Steam Mixtures

TEMPERATURE
TOTAL'

PRESSURE
(p«ia)

PARTIAL PRESSURE (psia) EXPLOSION LIMIT

H2 °2 He STEAM % h2 + o2 % He % h20

140 952 92 46 761 53 15 80 5

172 965 97 48 699 121 15 72 13

194 950 95 47 611 197 * 15 64 21

245 1018 128 64 292 534 19 29 52
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affected if hydrogen, for example, is present in excess of the stoichio­

metric ratio. The data in Table 20 are probably typical of what may be ex­

pected .

TABLE 20

Explosion Limits in H2“02=Steam Mixtures with Excess H2

TEMPERATURE
total

PRESSURE
partial PRESSURE (psia ) EXPLOSION limit

(°C) (psia) H2 °2 h2o % H2 + 02 % n2 % o2

100 19.06 2.83 1.42 14.81 22 14.7 7,3

101 22.76 5.90 1.35 15,51 32 26 6,0

In the second mixture the composition of the dry gases is 81% hydrogen 

and 19% oxygen. The explosion limit in this case is probably dependent upon 

a sufficient percentage of oxygen in the gas-steam mixture.

Catalytic Recombination of Hydrogen and Oxygen. The use of "Product 43" 

(1% platinum on charcoal) as a catalyst for the recombination of hydrogen and 

oxygen mixed with steam has been investigated over a wide range of conditions. 

The catalyst has been found to give excellent conversions even at high flow 

rates, its principal limitation being that at temperatures above 350°C oxida­

tion of the charcoal begins, as shown by the evolution of C02. For this reason 

experiments with other catalysts and catalyst supports are now in progress. 

One catalyst, prepared by depositing platinum on activated Al203, has been 

found to be as effective as Product 43,

Most of the testing of Product 43 has been carried out in a %-in. stain­

less-steel pipe (0.82 in. I.D.), and the length of the catalyst bed has been 

varied from 2 to 17 in. The composition of the hydrogen-oxygen-steam mixture 

has been varied from 0.2% electrolytic gas + 99.8% steam to 56% electrolytic 

gas + 44% steam. It must be pointed out that 56% electrolytic gas is far in 

excess of the allowable concentration of electrolytic gas when the reaction is 

carried out in a relatively massive bed such as a packed tube, since with rich 

mixtures the catalyst temperature exceeds 500°C and excessive burning of the 

charcoal results. It has been found that if the composition is maintained
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at not more than 5% electrolytic gas, the catalyst temperature will not exceed 

350°C, all the heat of reaction being transferred to the steam passing through 

the catalyst bed. Flow rates have been varied from 2 to 88 liters per minute. 

Space velocity, defined as the number of volumes per hour of electrolytic gas- 

steam mixture (calculated at 0°C and 1 atm) passing through unit volume of 
catalyst, has been varied from 600 hr"1 to 130,000 hr"1.

The data in Table 21 were obtained with Product 43 catalyst in in, pipe, 

the length of catalyst bed being either 2 or 4 in., as indicated. As shown 

in Fig. 84, the efficiency of the catalytic conversion is, in certain limiting 

cases, dependent on temperature. This may be observed only at high space 
velocities, such as the 120,000 hr'1 cited in Fig, 84, curve B. At space 

velocities of the order of 30,000 hr"1 (curve A), the reaction is at least 99% 

complete even at temperatures less than 200‘;'C. Figure 85 illustrates the same 

fact in showing the effect of composition on percent conversion. The richer 

mixtures on curve B of Fig, 85, show a higher conversion because the catalyst 

temperature increases as the proportion of electrolytic gas increases. In 
curve A, however, the space velocity is low enough (28,000 hr"1) so that 

even in dilute mixtures, where the maximum catalyst temperature is as low as 

182°C, the conversion is essentially 100% complete.

On the basis of these observations it is recommended that, when using 

Product 43 catalyst, the temperature of the catalyst not be allowed to exceed 
350°C and that space velocities be not more than 35,000 hr"1.

Pressure Orop Across Catalyst Mass. Since such data were necessary for 

engineering calculations relating to design of catalytic recombiners, the 

pressure drop across Product 43 masses in tubes of various sizes and at various 

gas flow rates was measured. For these measurements the Product 43 was packed 

in stainless-stee 1 pipe. The gas used was air with the pressure drop measured 

by means of a draft gauge or U-tube manometer while the flow rate was measured 

with a wet-test meter or calibrated rotameter. The data obtained are shown 

in Table 22.

Poisoning of Product 43. It was stated in a previous report (ORNL-826) 

that Product 43 was not poisoned by moderate quantities of iodine. In those 

experiments apparatus was fabricated from stainless steel; when the apparatus 

was dismantled it was observed that severe corrosion of the steel had occurred,
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TABLE 21
Catalytic Conversion of H2-02 Mixtures to Water, Platinum-on-charcoal Catalyst

FEED MAXIMUM CATALYST TEMPERATURE COMPOSITION steam flow rate SPACE EFFICIENCY OF
TEMPERATURE TEMPERATURE RISE (% electrolytic ( liten/min VELOCITY CONVERSION( C)

< ( C) ( C) gas > at 100 C) (hi'1) REACTION (%)

140 170 30 0,85 87 120 000 86.0
160 195 35 0.85 87 120,000 94,8
185 215 30 0,85 87 120,000 97,9
215 240 25 0,85 87 120,000 98,9
150 175 25 0,43 87 120,000 96.7
150 190 40 0-85 87 120 000 97,6
150 225 75 1.7 87 120 000 99,0
185 205 20 0,43 87 120,000 98.2
185 220 35 0.85 87 120,000 98.8
185 250 65 1.7 87 120,000 99,2
125 145 20 0.93 40 55,000 90,0
125 180 55 1,8 40 55.000 96.2
125 215 90 2.7 40 55,000 98.4
125 250 125 3.6 40 55.000 99,2
125 182 57 1.8 20 28,000 99.98
125 237 112 3,6 20 28,000 99.95
125 302 177 5.3 20 28,000 99-83
125 360 235 7.0 20 28,000 *

150 260 110 3.6 10 31,000** 98.7
150 400 250 7.0 10 31,000**

l—------------------
99,13

* Some burning of charcoal occurred owing to high temperaturec 

** In these two cases catalyst bed length was 2 in0? all others

Formation of CC^ interfered with usual determination of efficiency, 

had a 4—in bed length in in, pipe (0,82 in. IcD,),
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TABLE 22

Pressure Drop Across Packed Tubes of Product 43

3/4 - IN. PIPE 1K-IN. PIPE 2 - IN, PIPE

FLOW RATE A P/ IN OF BED FLOW rate A P/IN OF BED FLOW rate A P/IN, OF BED
1 iter s/min cfn (in of H^O/in,) 1iters/min c fin (inQ of in,) 1 i tei- s/mln c fm (in. of H^O in0)

4.2 0.15 0.083 2.8 0.10 0.01 51 1.8 0.20

00V
O 0.24 0.17 5.4 0.19 0,022 76 2.7 0,40

8.8 0.31 0.25 8.8 0.31 0,042 93 3,3 0,60

10.5 0.37 0.33 14.7 0.52 0.080 108 3,8 0.80

11.9 0.42 0.42 16.7 0.59 0,10 119 4,2 1,0

16.4 0.58 0.67 22,7 0.80 0.16 130 4,6 1,2

20.7 0.73 1.00 25,5 0.90 0.20 147 5.2 1.6

45 1.6 0.40 161 5.7 2.0



and it seemed likely that no iodine had reached the catalyst. More recent 
experiments with all-glass systems, to ensure that iodine is actually available 

to the catalyst, have shown that some poisoning does occur.

When 25 g of Product 43 was exposed to a flow of 33 mg per hour of iodine 

for 50 hr and then exposed for 18 hr to a flow of 9 liters per hour of steam, 

the efficiency of the catalyst was found to be 44, 83, and 94% of its initial 

value at temperatures of 180, 300, and 408oC, respectively. It appears that 

the efficiency of the poisoned catalyst is stropgly dependent upon the reaction 

temperature.

In other tests the efficiency of fresh portions of catalyst was measured 

and subsequently checked at intervals following addition of known quantities 

of iodine vapor to the gas stream. In most of these studies 20-g portions of 

catalyst were exposed to 9 liters per minute of steam with 200 ml per minute 

of electrolytic gas and 47 mg per hour of iodine. While the efficiency of 

each portion tested has decreased with increasing exposure, there has been 

considerable variation in the amount of poisoning in the various tests. Analy­

sis of the materials is not yet complete, but it appears that considerably 

more iodine is absorbed by the catalyst at low temperatures and that the 

poisoning is therefore more rapid and severe at the lower temperature. Ele­

vation of the temperature serves to remove some but not all of the effect.

Since the amount of iodine fed per gram of catalyst is very much higher 

in these experiments than in the anticipated recombiner, it seems safe to say 

that poisoning by iodine should not be a major difficulty in actual operation. 

Studies designed to better evaluate poisoning by iodine and other materials 

are currently in progress.

The deleterious effect of uranium, as from entrained spray, on the cata­

lyst bed has been approximated by dipping the catalyst in a 5% uranyl sulfate 

solution, drying the material, and testing its catalytic activity. After one 

dip the efficiency of the catalyst had dropped to about 75% and after two 

dips to about 50% of its original value. Analysis indicated that the material 

had picked up uranium equivalent to 4% of its weight. It is apparent, however, 

that if the catalyst were to serve as the primary recombiner, it would be 

necessary to guard against its exposure to entrained spray.

• •
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Preparation for In-pile Testing of Catalysts. Actual exposure of cata­

lysts to hydrogen and oxygen produced during in-pile irradiation of uranium 

sulfate solutions has seemed very desirable as a method of simulating poisoning 

of the catalyst by gaseous fission products and uranyl sulfate spray. In pre­

liminary tests without irradiation Product 43 has been supported on a stainless- 

steel gauge in a small bomb containing water at 250°C and has successfully 

recombined hydrogen and oxygen from an external source. The bomb assembly for 

in-pile study has been chosen and is now under test without irradiation. 

Irradiation of this specimen is scheduled to begin in the very near future.

PILOT-SCALE TESTS OF RECOMBINERS

W. R, Grimes T. Si Mackey 
H. M. McLeod Don Phillips

A previous report (ORNL-826) has described the essential features of, as 

well as some preliminary operations with, a burner type recombiner for the 

fuel circuit. During the past quarter continued operation of this apparatus 

has demonstrated the feasibility of this equipment. A satisfactory system for 

quenching flash backs has been designed and tested. In addition, preliminary 

pilot-scale besting of a catalytic secondary recombiner has been satisfactorily 

completed.

Testing of the Burner System. Preliminary tests previously described 

provided necessary data for the selection of the most suitable burner orifice 

for the expected gas-flow range and optimum steam-flow values for prevention 

of flash backs at the lower gas-flow rates. This information provided the 

basis for the design of the pilot plant.

Description of Assembly. The pilot-plant installation consisted of a 

burner chamber, a condensate pot, and a condensate receiver, all contained 

within a sandbag barrier as a protection in the event of an explosion, together 

with equipment for metering hydrogen, oxygen, and steam, and for measuring 

and recording temperatures and pressures at various points in the system. 

The desired quantities of mixtures of H2 + %02 and steam passed through pre­

heaters to prevent condensation of the steam and entered the burner chamber 

through the burner orifice, where they were burned in contact with a spark. 

The water-cooled burner chamber (designed to condense up to about 30 lb of
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steam per hour) was placed in a vertical position and connected to the con­

densate pot by means of a 2-in. pipe which extended 2 in. above the bottom of 

the burner chamber to maintain a constant level of condensate at that point 

as a protection for the bottom. The condensate pot contained an overflow out­

let 4 in. above the bottom and was provided with means for heating or cooling 

as desired. Condensate and unrecombined gases overflowed into a receiver from 

which the water was siphoned at intervals for measuring. Unrecombined gases 

left the receiver through a cooler, where most of the water vapor was removed, 

and were conducted outside the sand barrier, where they were passed through a 

wet-test meter for measuring their volume or were discharged under about 6 in, 

of water to the atmosphere.

Operating Procedure. To demonstrate the feasibility of the flame recom­

biner as well as to obtain additional data on the performance of burner 

orifices, three pilot-plant runs, each lasting 5 to 6 hr, were made employing 

a flow rate of about 17 cfm with each of three different orifices; runs lasting 

2 hr were also made with each orifice employing a gas flow rate of from 0.21 

to 0.26 cfm with a steam flow rate of about 0.5 cfm. The orifices employed in 

these runs consisted of: (1) a:hollow cylinder formed from a 3/4-in..standard 

copper pipe plug with approximately 1/8 - in.-thick plate containing sixty-five 

1/32-in.-diameter holes, (2) a solid type 316 stain 1ess-stee 1 cylinder about 

9/16 in. thick, threaded to fit a standard 3/4-in. pipe tap, and containing 

sixty-five 1/32-in.-diameter holes, and (3) a solid copper cylinder which 

otherwise was the same as No. 2 except that its thickness was 1/16 in, less. 

Runs 1M and 1L were carried out employing burner orifice No. 1, runs 2M and 

2L employing No. 2, and runs 3M and 3L employing No. 3. The burner-chamber 

cover plate, which contained the burner hood and orifice, was cooled by steam 

in run 1M and by water in all other runs.

Prior to starting a run at high gas flow rates (M series), cooling water 

was turned into the burner-chamber shell, cover plate, and condensate pot, and 

steam for heating the gases was turned into the heat exchanger. The system 

was purged with nitrogen, after which the flow of oxygen was started at a rate 

of about 1 cfm and that of metered steam at about 0.75 cfm. As soon as the 

temperature of the gases leaving the heat exchanger reached 300°F, the ignition 

system was turned on, the flow rate of oxygen was reduced to about 1/3 cfm, and 

that of hydrogen started at about 2/3 cfm. Burning of the gases was indicated 

by a pyrometer connected to a thermocouple located in the burner hood adjacent
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to the flame. As soon as this temperature reached equilibrium, usually at 
about 350°F! the flow of combined gases was increased to the desired value 

while that of steam was shut off. The procedure for starting a run at low gas 

flow rates (L series) was essentially the same except that the steam flow rate 

was maintained constant at about 0.5 cfm and the gas was igni ted at a combined gas 

flow rate of about 0.25 cfm and then adjusted downward to the rate below which 

combustion was not self-sustaining. At 15-min intervals the product water was 

siphoned from the receiver for measurement and the volumeofunrecombined gases 

leaving the burner chamber was recorded. The results of the tests are given 

in Table 23.

Conclusions. For the runs with gas flow rates of about 17 cfm, the re­

sults show that the water produced in the recombination averaged about 31.8 lb 

per hour, which was slightly in excess of the 30 lb per hour equivalent of 

the maximum rate of gas formation at a power level of 1000 kw. The maximum 

deviation from the average in the hourly measurements of the product water was 

only 2.16%, indicating that steady flow rates were maintained rather closely 

during the runs. The average volume of unrecombined gases was 0.252 cfm 

during run 1M and 0.085 cfm during run 3M, largely because of unbalanced flow 

rates due to frequent changing from empty to full hydrogen and oxygen cylinder 

banks. However, during intervals between changes it was observed that the 

off-gas rate was as low as 0.083 cfm during run 2M and 0.033 cfm during run 3M. 

(Facilities were not available for measuring unrecombined gases during run 

1M.) It was concluded that recombination in a closed system was feasible with 

combined gas flow rates of about 17 cfm and that the recombination was essen­

tially complete.

For the runs with gas flow rates of 0.26 cfm or less, the results show 

that sustained combustion was maintained over a 2-hr period with combined gas 

flow rates as low as 0.21 cfm and a steam flow rate equivalent to about 0.46 

cfm in runs 1L and 2L (31% gas) and 0.26 cfm of combined gas with about 0.46 

cfm of steam in run 3L(36% gas). Combustion was not sustained for periods 

longer than 30 min below those gas flow rates. The volume of unrecombined gas 

leaving the burner chamber was negligible, indicating that recombination was 

essentially complete. The lowest gas flow rate that would sustain combustion 

in run 3L was 0.26 cfm as compared to 0.21 cfm in runs 1L and 2L; this may 

have been due to partial condensation of steam in the orifice openings, A 

water balance shows an excess for runs 1L, 2L, and 3L, amounting to 4.2, 8.2,

• •
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TABLE 23

Data from Pilot-plant Runs at Both High and Low Gas Flow Rates

RUN
NO

DURATION
( h- )

BURNER
ORIFICE

NO

PRODUCT WATER

OFF - GAS

COMBINED GAS FLOW RATES
TOTAL

off-gas

(eu ft)

cim at 70 F p 1 a t

TOTAL
(lb)

AVERAGE
(lb/hr )

MAXIMUM
HOURLY

DEVIATION %) AVERAGE

LOWEST OVER
15-MIN
PER IOD

H? t
(cfm at

705F, 1 atm)

equivalent
WATER
(Lb/hs)

1M 6 l-H 191,5 31.9 -2,18 Not Not Not 17,1 31,84
m e asured measured measured

2M 5 2-T 159.4 31,8 +2.14 75.65 0,252 0.083 17,1 31.84

3M 6 3-T 190,5 31,75 -1.6 30.5 0,085 0,033 17.0 31.65

1L 2 l-H 3.35 1,675 1.1 0,005 0.21 0,39

2L 2 2-T 3,79 1.89 0.095 0.0008 0.21 0, 39

3L 2 3-T 3.62 1.81 None 0,26 0,48



and 0.6%, respectively, of the water that should have resulted from recombina­

tion and from steam condensation. Inasmuch as the close control of steam flow 

at these low flow rates is rather difficult, the errors indicated by measure­

ments of total water produced are not regarded as serious. In general, the re­

sults of the runs at low gas flow rates were consistent with those obtained 

previously in the burner tests, and it was concluded that, by using a burner 

orifice similar to the orifices used in the pilot runs, the entire range of 

gas flow rates could be recombined if a small catalytic recombiner were in­

stalled to follow up the flame recombiner.

Automatic Quenching of Flash Backs. During operation of the pilot plant, 

considerable difficulty was experienced with flash backs. Although rearrange­

ment of the piping resulted in minimizing the time lost due to flash backs, 

it was recognized that a recombination system should be developed with the 

viewpoint that flash backs were to be expected and that the necessary provi­

sions for automatically quenching flash backs should be incorporated in the 

system. It appeared that the most promising method was that of maintaining a 

noncombustible mixture of gas and steam (about 25% gas) from the core up to a 

point near the burner chamber, at which point most of the diluting steam would 

be condensed and removed from the gas stream, leaving a mixture saturated with 

water vapor at the temperature and pressure of the system at the condenser 

exit.

The equipment for testing this possibility consisted of a vertically 

positioned tubular condenser, 4 in. in diameter and 5 ft long, containing 

seventeen in. pipes of 316 stainless steel around which the coolant water 

circulated, an electrically heated condensate pot operated as a reboiler, and 

a fitting which contained the burner orifice. A spark plug for igniting the 

gas behind the orifice burner was introduced to produce the flash backs. The 

gas and steam mixture was heated to about 250°F and passed into the bottom of 

the condenser, where most of the steam was condensed, and then passed upward 

and out to the burner orifice, where combustion was maintained by contact with 

a spark generated by a test coil.

Preliminary tests showed that flash-back quenching was not achieved when 

the condenser was operated as a total condenser (cold) with no steam in the 

inlet gas stream. With a 50% gas-steam mixture entering the condenser at a 

rate of about 2.3 cfm and with an exist gas temperature of about 155°F, flash

• •

• • • • •
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backs were repeatedly quenched in the condenser assembly, and in every case 

the gas readily relighted at the burner orifice. The conditions at the inlet 

and outlet of the condenser over a 15-min test period are given in Table 24.

TABLE 24

Conditions at the Condenser Inlet and Outlet During 
Flash-backs Quenching Tests

(Data obtained over a 15-min period)

FLOW RATES COMPOS IT I ON OF “STEAM ’’

TEMPERATURE GAS STEAM GAS STEAM
(°F) (cfm) (cfm) (%) (%)

Inlet 212 1.1 1.2 47.8 52.2

Outle t 156 i.i 0.23* 82.7 17.3

* Water vapor*

The results show that, under the conditions of the test, flash backs were 

quenched in the condenser without flashing back to the point of admixture of 

hydrogen and oxygen. Also, after every flash back the gas was relighted 

readily by the external spark. It should be emphasized that lack of quenching 

in the preliminary tests may have been due to lack of depth in the noncom­

bustible zone caused by operating the condenser cold so that the shock wave 

resulting from the flash back either penetrated the zone or dispersed it to 

permit propagation of the flame front back to the point of mixing hydrogen and 

oxygen.

Testing of Catalytic Recombiner. The pilot-plant tests showed that a 

flame recombiner was suitable for recombining stoichiometric mixtures of 

hydrogen and oxygen at flow rates ranging from about 0,25 cfm of gas up to the 

maximum flow of about 17 cfm and that sustained combustion could not be main­

tained at flow rates much lower than 0,25 cfm. Tests conducted by another 

group indicated that recombination of electrolytic gas in the presence of a 

catalyst (Pt on charcoal) was complete provided the gas was diluted with steam 

to give an approximately 5% gas mixture and that the maximum catalyst bed 

temperature was not in excess of 750°F, Consequently tests were conducted to

• •• •
• • •
• •• •
• • 
• • r*

• • •• • • • •
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determine: (1) the difference in catalyst bed temperature at various points 
in the bed at constant flow of steam and gas; and (2) the recombination ef­

ficiency, with the maximum bed temperature maintained at about 750°F.

The catalyst chamber consisted of an 8-in,-long section of standard 

2-in, pipe of 316 stainless steel in which the 4.5-in.-long catalyst bed was 

maintained between two screens. Temperature along the length of the bed and 

that of the inlet gas stream were determined by moving a thermocouple in 

the thermowell, which extended completely through the bed. The combined gases 

were heated to above 212°F in a heat exchanger, after which they were mixed 

with steam and then passed into the catalyst chamber where the gases were 

reacted. The steam and unrecombined gases were then passed first into a con­

denser, to condense out the steam, and then through a wet-test meter to the 
a tmosphe re.

The initial test, for the purpose of determining the temperature of the 

gas stream at various points in the catalyst bed with constant gas and steam 

flow, was carried out with a gas flow rate of about 0.55 cfm and with suffi­

cient steam so that the inlet mixture contained about 9% gas. Prior to start­

ing the run the thermocouple was positioned at about the midpoint of the bed, 

and as soon as the temperature at this point remained unchanged over a 15-min 

period, temperatures were measured at ^-in. intervals throughout the length 

of the bed. These measurements indicated that the temperature of the gas 

stream as it passed through the bed rapidly increased from 212°F at the inlet 

to a maximum of about 1015°F at a point 3 in. from the bed inlet, after which 

the temperature decreased to about 780°F at the exit end.

The second test consisted of a 2-hr run with the maximum bed temperature 

held at about 750°F; the flow rate was about 8.3 cfm and the combined gas and 

steam contained 6% gas. The results in Table 25 show that recombination was 

95% complete. Since the flow of hydrogen and oxygen during the 2 hr was not 

completely stoichiometric, the actual recombination efficiency probably was 

somewhat higher. The off-gas sample for which the analysis is shown was 

collected over an interval during the second hour, and the 11.2% C02 content 

indicates that some reaction between hydrogen and oxygen and the carbon 

occurred. Although it is known that the plant steam contains some C02, calcu­

lations based on the maximum possible quantity of C02 available from breakdown 

of Na2C03 do not account for more than a small portion of that found in the 

off-gas sample. It may be concluded that catalytic recombination appears 

promising although study of catalysts with more inert base materials is needed.
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TABLE 25

Operating Data for Catalytic Recombiner

Combined gas and steam flow rate (cfm) 8.3 Off- gas: &

Gas flow rate (cfm) 0.5 Total volume (cu ft) 3.125
Gas (% by volume) 6.0 Flow rate (cfm) 0.026

Maximum temperature in catalyst bed (°F) 752 Analysis (% by volume)

Water balance: h2 74.4
Total collected (ml) 22 290 o2 13.2
From steam (ml) 21,220 co2 11.2
From gas recombination (ml) 910 Efficiency, based on H2 (%) 95
Excess (ml) 160

Excess (% of total) 0.7

PLANS FOR HRE

Based on experimental evidence, as reported previously, a recombiner for 

the HRE has been designed (see Fig. 3 ). The design specifications are given 

in Table 26. Figure 86 is a flow sheet outlining the plans for the catalytic 

recombiners and charcoal traps.

TABLE 26
Flame Recombiner Design Data

1. Gas delivered to burner nozzle at 1000-kw power level of reactor
Hydrogen
Oxygen

2. Volume of Stoichiometric mixture at STP
3. Total heat liberated

0.0553 Ib/min 
0-4400 Ib/min
14.79 cfm 
59.3 kw
203,000 Btu/hr

4. The combustible gas mixture generated in the reactor will be de­
livered to the burner nozzle mixed with a controlled amount of 
steam. It is assumed that the minimum combustible mixture con­
sists of 30% gas and 70% steam. Actually, the gas mixture de­
livered to the nozzle will be in the order of 70% gas and 30% 
steam. The total pressure of combustible gas mixture and steam 
at the nozzle inlet is to be held at 14 psia. The delivery of 
gas and vapor mixture varies with the ratio of partial pressure 
of the combustible gas mixture to total inlet pressure as follows:
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RATIO

\ + P°2
14

SATURATION
TEMPERATURE

<°F>
GAS-VAPOR MIXTURE FLOW RATE

(dim) ( Ib/min)

0 30 192 67.5 2.24

0 40 185 51.0 1.63

0 50 177 40,0 1.25

0 60 167 33.0 1.00

0 70 155 27.5 0.82

0 80 139 23.5 0.68

0 90 113 20.0 0.58

1 00 16.8 0.50

5. Burner Nozzle:

Material 

No. of holes 

Diameter of holes 

Pitch of holes 

Length of holes

Type 347 stainless steel 

Approximately 150 

0.0312 in.

3/32 in.

9/16 in.

6. Pressure drops through nozzle for gas-vapor at 1000-kw operating level of reactor:

GAS MIXTURE 
(* of total volume)

PRESSURE DROP 
(p.ii)

55 5

60 3

70 1.8

80 1.25

90 0.90

100 0.60
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7. Heat transfer data:

Approximately 9.2 sq ft
2

Approximately 22,000 Btu/ft -hr 

Approximately 66.8°F

8. Cooling water data:

Heat transfer surface area 

Heat flux

Average temperature gradient over com­
bustion chamber wall

CALCULATED EXPERIMENT

Quantity 3 12 gpm 7 gpm

Entrance temperature 70 °F 70 °F

Exit temperature 200°F 140 °F

9. Combustion-chamber-wall average temperature 202°F

10 Combustion-chamber pressure data:

Working pressure of 70% mixture 

Design pressure 

Test pressure

122 psia 

912 psig 

1375 psig
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VI HRE CHEMICAL STUDIES
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SOLUBILITY OF FISSION PRODUCT SULFATES AT HIGH 
TEMPERATURES AND PRESSURES
M° Ho Lietzke and B. Zemel

This section describes measurements of the solubility of La2(S04)3, CdS04, 

and ZnS04 in water and in uranyl sulfate solution at elevated temperatures. 

The quartz-tube method described by Benrath^1*2^ was used in all cases except 

for La2(S04)3 at 26°C. This method depends upon the visual observation of the 

appearance or disappearance of crystals in mixtures of known concentration. 

In the experiments described the tubes were heated in aluminum block furnaces 

which were mounted on rockers so that complete mixing could be accomplished. 

The temperatures were measured by iron-constantan thermocouples and recorded 

on a calibrated Brown recording potentiometer.

The scope of the measurements was limited by the ability to notice the 

first appearance of crystals in the tubes. With some salts the crystals were 

visible in much more dilute solutions than in the case of other salts. The 

solubility measurements of La2(S04)3 in U02S04 solution could be extended to

0.04% La2(S04)3 while the CdS04 and ZnS04 limits were much higher (2 to 3%). 

In all cases the measurements were extended to as dilute solutions as possible.

Lanthanum Sulfate. The solubility of La2(S04)3 in water and in a uranyl 

sulfate solution containing 30 g of uranium per liter (approximately the con­

centration to be used in the HRE) is shown in Table 27 and Fig. 87. Data at 

the lower temperatures from Seidel^3^ are plotted on the same graph.

TABLE 27
La2(S04)3 Solubility

IN WATER IN URANYL SULFATE SOLUTION
CONTAINING 30 g OF U PER LITER

TEMPERATURE (°C) LVS04>3 (%) TEMPERATURE (°C) La2(s04)3 (*)

26 2.04 97 2.04
108 0.61 105 1.74
113 0.46 120 0.87
115 0.37 145 0.29
117 0.31 169 0.15

199 0.083
215 0. 042

(1) Benrath, A*, Gjedebos F. » Sehiffe-rs, B« , and Wunderlich, H* # ®4Uber die Loglichkeit von Saizen und 
Sa 1 z gemi sc hen in Wa s s e r bei Te rape ira t ur en oberhalb 100°® I»99 Z» (MOFgo allgeoio Cheirio 23 1» 285 (1937)*

(2) Benr at h, A® » ** Ube r die Lo&lichkeit von Saizen und Sa Iz gemischen in Wasseir bei Te mper at ur en oberhalb
100°® Z. anorgo allgenio Chem* 247, 147 (1941)®

(3) Seidell, A,, Solubilities of Inorganic and M^tal Organic Compounds, vol. 1, p„ 894» Van Nostrand, 
New York, 1940®

• • * • • • •
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FIG. 87

SOLUBILITY CURVES OF LANTHANUM SULFATE
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In both cases the solubility of La2(S04)3 shows a negative temperature coeffi­

cient. Since the La (S04)3 solutions all showed a strong tendency to become 

supersaturated, it was necessary to heat them 50 to 70°C above the equilibrium 

solubility temperature before c rys tabs a ppe are d . The temperatures given in 

Table 27 represent the points at which the last crystals redissolved upon slow 

cooling. The La2(S04 )3 crystals did not adhere to the sides of the tube.

Several of the La2(S04)3 solutions were heated to 300°C to check on the 

possible existence of double solubility points at a given concentration. No 

such points were observed. When the 0.31% La2(S04)3 solution was held at 260°C 

for 48 hr, there was no noticeable change either in the amount or in the type 

of crystals in the tube. The crystals redissolved easily at the expected 

temperature when the solution was cooled. Hence it appears that La0(SG4)3 is 

stable at the temperatures investigated. To check on the stability of the 

La2(S04)3-U02S04 system in water at high temperatures, the tube containing

0.87% La2(S04)3 and 30 g of uranium per liter as uranyl sulfate was maintained 

at 250°C for 72 hr. There appeared to be no change either in the amount or in 

the form of the La2(S04)3 crystals in the tube. When the tube was cooled, the 

La2(S04)3 crystals redissolved at the expected temperature. The La2(SG4)3- 

U02S04-water system therefore seemed to be stable at 250°C. The increased 

solubility of the La2(S04)3 in uranyl sulfate solution is probably due to 

strong sulfate complexing by the U02S04.

Cadmium Sulfate. The solubility of CdS04 in water and in a uranyl sul­

fate solution containing 30 g of uranium per liter was determined over a wide 

range of concentrations. Table 28 and Fig. 88 show the results obtained. 

Data obtained by Benrath^4) are plotted on the same graph.

TABLE 28
CdS04 Solubility

IN WATER
IN URANYL SULFATE SOLUTION 

CONTAINING 30 g OFU PER LITER

TEMPERATURE (°C) CdS04 (%) TEMPERATURE (°C) CdS04 (%)

124 29.6 175 28.5
160 14.8 200 14.2
182 7.4 219 7.1
190 3.0 251 2.8

(4) Benrath, op, cit. (1937)*
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Like La2(SG4)3, CdS04 showed a negative temperature coefficient of solubility, 

and the presence of uranyl sulfate in the solution increased the solubility of 

the CdS04 at a given temperature. The CdS04 solutions also showed a tendency 

to become supersaturated: hence the temperatures given represent th ■ points at 

which the last crystals redissolved as the solutions were cooled. The crystals 

obtained at the higher temperatures (eg . in the 3% solution) adhered to the 

walls of the tube, while the crystals from the more concentrated solutions 

were nonadherent. No double solubility points were found below 300°C at any 

given concentration. The CdS04-U02 S04-wate r system did not appear to be as 

stable as the La2(S04)3-U02S04-water system. When the 28% CdS04 solution 

containing uranyl sulfate, in which crystals of CdS04 appeared at 251°C when 

the solution was heated steadily to this point, was held for 24 hr at 230°C or 

for 1 hr at 240oC, a br own is h - or ange precipitate appeared in the tube The 

precipitate redissolved when the solution was cooled. Analysis showed that 

the precipitate did not contain any uranium. When the brownish crystals were 

dissolved in dilute H2S04» a colorless solution resulted. When NaOH was added 

to the solution, a white precipitate of Cd(OH)2 was obtained. The precipitate 

may have been cadmium oxide.

Zinc Sulfate. The solubility of zinc sulfate in water also decreased as 

the temperature increased. The data obtained are shown in Table 29 and in 

Fig. 89. Data obtained by Benrath^5) are plotted on the same graph, as indi­

cated.

TABLE 29
Solubility of Zinc Sulfate in Water

TEMPERATURE (°C) ZnS04 (*)

178 34.0
203 25.5
219 22.7
238 17.0
248 11,3
253 8.5
255 5.1
257 2.1

(5) Benrath, op. cit. (1941).
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The zinc sulfate solutions, unlike the La2(S04)3 and CdS04 solutions, did not 

show a strong tendency to become supersaturated. No double solubility points 

at a given concentration were found below 300°C« The crystals of ZnS04 that 

appeared adhered to the walls of the tube.

Occasionally the zinc sulfate solutions behaved very peculiarly. For 

example, when the 2.1% solution was heated for the very first time, non- 

adherent crystals appeared in the solution at 225°C. The crystals redissolved 

on cooling. When the solution was heated again no crystals appeared at 225°C, 

but the "normal" adherent crystals were observed at 257°C. Several subsequent 

heatings failed to produce the nonadherent crystals in the tube again. This 

phenomenon was also observed in the 5.1% and in the 11.3% solutions. No ex­

planation is given for this behavior although the points may indicate an 

extension of the lower half of the zinc sulfate solubility curve. The 2.1% 

zinc sulfate solution contained 0.39 mg of Si02 per milliliter after three 

heatings to 260°C, while a similar solution that had been heated only once 

contained only 0.03 mg of Si02 per milliliter

When the 11.3% zinc sulfate solution was held at 250°C (2° above the 

point at which crystals appeared in the tube) for 24 hr a very large amount of 

crystalline material was deposited in the tube. X-ray analysis of these 

crystals showed them to be a mixture of ZnS04°H20 and ZnS04 which seems to 

preclude a hydrolytic reaction as the cause of the increased number of crys­

tals. When the 17.0% zinc sulfate solution was held overnight at 210°C (28° 

below the point at which crystals normally appear) crystals appeared in the 

solution, and redissolved readily when the solution was cooled. Their compo­

sition has not yet been determined.

Future work will include measurements of the solubility of Y2(S04)3 and 

Cs2S04 in both water and uranyl sulfate solutions.

Solubilities by Tracer Technique. The determination of the solubilities 

of the fission product sulfates by means of the radioactive tracer technique 

is continuing along the lines previously laid out (ORNL 826, pp 78. 79).

The solubility of SrS04 in water has been determined over the temperature 

range of 129 to 320°C. The concentration of SrS04 in solution was determined 

from the ratio of the activity of the solution at any given temperature to 

that of a concentrated solution made up at room temperature and having a known 

specific activity.
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Two different tracers in two different stock solutions were used, namely 

Sr 8 9 (57 day) and Sr 9 0 ( 25 year). The samples were evaporated on a 1-in. 

watch glass and mounted on an aluminum card. In order to avoid decay or other 

counter corrections an equivalent sample of the reference solution was counted 

in the same counter under the same conditions.

Sample runs, in bombs of 3 to 5 ml capacity at room temperature, lasted 

from 12 to 60 hr. At the end of each run the bomb and furnace were carefully 

and slowly upended at the equilibrium temperature, the bomb was then removed 

and cooled by plunging into cold water. In order to avoid the possibility of 

distillation from one part of the bomb to another, the bomb and furnace were 

inverted in several runs The inversion was done periodically (after equilib­

rium was reached) for periods of several hours. However, no significant 

differences in solubility were noticed.

The resultant data are shown in Table 30 and plotted in Fig. 90. The 

triangles represent data obtained with Sr90 as a tracer, the circles represent 

those obtained with Sr89, and the«squares represent the data obtained by Booth 

and Bidwell, Since the data of Booth and Bidwell were obtained as small 

differences in two large weights and since no attempt was made to check for 

solubility of the bomb material, it is felt that the lower results obtained by 

the tracer technique are the more valid.

TABLE 30
Solubility of SrS0„ in Water 6 *

TEMPERATURE TRACER SOLUBILITY

(°C) (mg/100 g of solvent)

124 ± 3 Sr89 2.61
127 ± 3 Sr89 2.64
163 ± 5 Sr89 1.25, 1.35
168 + 3 Sr83 1.29, 1.37
186 ± 8 Sr89 0.66
199 ± 5 Sr90 0.8
220 ± 2 Sr89 0.63
250 ± 4 Sr89 0.248
260 ± 4 Sr30 0.1, 0.0 96
273 ± 5 Sr89 0.124
280 ± 2 Sr90 0,123
319 ± 3 Sr89 0.05

(6) Booth, H. S. , and Bidwell, R. M. , *> So lub i 1 a t ie s of Salts In Water at High Temperatures,” Am. Chem.
Soc. J. 72, 2567 (1950).
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An attempt was made to determine the solubility of ZnS04 by the tracer 

technique as a check against the work done by the quartz-tube method. The 

results obtained were, however, time-dependent in a manner which varied with 

temperature. The solutions obtained contained considerable amounts of iron, 

and the bombs showed a fair amount of etching. Apparently the ZnS04 solutions 

underwent hydrolysis and the resultant acid attacked the steel, thus driving 

the reaction to completion at a rate which increased with temperature. The 

stainless-stee 1 bombs being used were apparently unsuitable for this type of 

compound, and the experiment was dropped.

Solubility studies are now being made on yttrium sulfate. BaS04 and 

La2(S04)3 tracer solutions have been prepared, and solubility studies will be 

undertaken on them shortly.

ANALYTICAL CHEMICAL CONTROL OF THE HOMOGENEOUS REACTOR SOLUTION
W. H. Davenport, Jr. and R. H. Powell

An investigation of methods for the analytical chemical control of the 

reactor solution has been reported.The two most feasible methods appeared 

to be (1) the determination of density using an electromagnetic densitometer 

and (2) the determination of uranium concentration by its effect upon the Q of 

a suitable high-frequency coil (20-megacycle range). Accordingly work has 

been concentrated on the development of these methods.

Electromagnetic Densitometer. The principle of the electromagnetic 

densitometer and the high sensitivity which may be achieved under controlled 

conditions were reported in the previous HRE Quarterly Report.^8) The main 

problem in the adaptation of this method to the measurement of the reactor 

solution is in the fabrication of a unit which will withstand the conditions 

of the reactor and still retain the sensitivity that is desired for control of 

the soup. A unit has been partially completed, and to date no large sacrifices 

of sensitivity have been required. A schematic diagram of the unit is shown 

in Fig. 91.

(7) Davenport, W. H«, Jr*, and Powell, R. H. , ‘‘Experimental Homogeneous Reactor Chemical Control,** 
Analytical Chemistry Division Quarterly Progress Report for Period Ending June 30, 1950, 0RNL- 788, 
P* 51 (Oct. 4, 1950).

(8) “Experimental and Developmental — an Electromagnetic Densitometer,” Homogeneous Reactor Experiment 
Quar ter ly Progress Report for Period Ending August 31, 1950, ORNL-826, p. 85 (Oct. 24, 1950).

!* * *
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The component parts of the densitometer are float or sinker, magnetic 

coil float detection device, temperature control, and electrical circuit.

1. Float or Sinker A sinker (Fig. 92) has been constructed of type 309 

stainless steel which is capable of withstanding hydraulic pressures up to 

1700 psi In the fabrication of the body, two dome-shaped cylinders were 

flanged at the base and heliarc welded in an argon atmosphere at room tempera­

ture. The sinker body is 5/8 in. 0 D. and 1-5/8 in. long, and has a 0.010-in. 

wall thickness. The collapsing pressure was determined by subjecting another 

sinker of the same dimensions to hydraulic pressures which started at 500 psi 

and increased in increments of 200 psi. At 1700 psi the sinker collapsed. 

The sinker may be equipped with a soft iron core and an Alnico magnet as shown 

in Fig. 92. The soft iron core makes possible the movement of the sinker by a 

magnetic field. Originally the Alnico magnet was added to operate a detection 

device which would determine the position of the sinker. Since it now appears 

that better methods of detecting the sinker position may be available, the 

Alnico magnet probably will not be used. In this case the sinker becomes a 

float in soup solutions with a density of 0.80 or higher.

2. Magnetic Coil The float is moved by means of a magnetic coil placed 

at the bottom of the unit (Fig. 91). Placing the coil at the end of the pipe 

rather than around it has the advantages that better positioning of the float 

is obtained and the coil may be removed without disturbing the unit. In 

addition, the sides of the pipe are left available for thermostat ing or 

position-detecting devices. The distance over which the float is moved was 

arbitrarily set at % in. Since the densitometer wall is % in also, the float 

must be moved from a point % in. away from the coil. The coil must pull a 

maximum mass of 2 g, which represents the difference between the mass of the 

float and the buoyancy of the soup at the highest density anticipated.

The specifications for a magnetic coil to meet these requirements were 

determined mainly by trial and error with the help of P, P- Williams of 

R Toucey's Instrument Group The final coil was wound by J. P, Leslie of the 

Electrical Shops, using 18 gauge single Vitrotex covered copper wire and an 

Armco iron core of high purity. The core was 3/8 in. in diameter and 3 in. 

long. The outside diameter of the coil was 2K in. and the number of turns 

1520. The completed coil required about 1.5 amp current to move the float in 

the solution of density equal to 1,0.
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3. Position-detect ing Device. Three methods of detecting the float 

position have been considered.

The first method is based on the response of a magnetic switch to the 

position of a permanent magnet attached to the sinker. A magnetic switch made 

by the Research Shops was tested and found to be fairly sensitive, but it 

lacked ruggedness and the fields of the magnetic switch, the Alnico magnet, 

and the magnetic coil overlapped. This over lapping could be lessened bychang- 

ing the dimensions of the float, if necessary, if this method should be 

utilized. Further details of the operation of the magnetic switch are given 

in ORNL-867.<9>

A second method uses as a position indicator the change in radiation 

level at a given position in the pipe caused by displacement of the solution 

by the float. This change may be detected by means of an ionization chamber. 

The pipe would have to be completely shielded except for a slit at the detect­

ing position level. A laboratory experiment was performed which indicated 

that the percentage change in radiation level produced by % in. travel of the 

float would be sufficiently large to give a good indication of float position. 

In order not to contaminate the float, two test tubes were used in the experi­

ment, one having an outside diameter of 5/8 in. to simulate the float and the 

other having an inside diameter of 15/16 in. to simulate the solution-contain 

ing pipe. Approximately 15 ml of a Zr-Nb solution, 1 mi 11 icurie/m 1, was 

placed in the large test tube, with appropriate holdback carriers. Lead 

shielding was arranged so that a slit 1.8 by 0.2 cm was in a plane just below 

the bottom of the simulated float. When the test tube was lowered % in. its 

maximum cross section was opposite the slit. Using a Geiger-Mue lier probe 

from a "teacart" and 5 min counting time for counting rates of 12,000 to 

19,000 c/m after correction for background and coincidence, the radiation level 

seen through the slit was determined for three positions; (1) maximum dis­

placement of the solution, (2) partial displacement (moving float 1/8 in.), 

and (3) minimum displacement (moving float % in.).

The results showed a 19% increase in counts for 1/8-in. movement and a 

37% increase for %-in. movement. This percentage increase in radiation level 

was considered to be more than enough to give a good indication of float 

movement. Since changes in radiation level rather than absolute intensity are

(9) Davenport, W. H. , Jr., and Powell, R. H. , “Analytical Chemical Control of Homogeneous Reactor So­
lution,” Analytical Chemistry Division Quarterly Progress Report for Period Ending October 10, 
1950, ORNL- 86 7, p. 71 (Dec. 28, 1950).

• •

• •
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all that are necessary to indicate float movement, the accuracy of the ion 

chamber will not be important. At the high levels anticipated in the reactor 

solution the response of an ionization chamber should be very fast.

A third method of detecting float position might be that of using a 

microformer. The microformer is a three-winding differentia1 transformer which 

would be located on the outside of the pipe. The position of the iron core of 

the float as it moves through the microformer determines the output voltage. 

The adaptation of a suitable microformer to the conditions of the reactor is 

now being investigated with the aid of W, Brand of the Instrument Department 

and R Coyle of the NEPA project.

4- Temperature Control. At 250°C, the operating temperature of the re 

actor, the temperature coefficient of density is such that it has been esti­

mated that temperature would have to be controlled or known to 0.1°C in order 

to measure uranium concentration in terms of density with an accuracy of 0.1 g 

of uranium per liter. If the solution could be cooled to the region of 100oC, 

much less rigid control of temperature would be required. In either case the 

temperature of the soup must be controlled either by thermostating or by 

measurement and compensation.

The disadvantage of thermostat ing is that the solution is constantly 

heating up internally, although the possibility of thermostat ing both a known 

solution and the unknown with the soup solution itself has been considered. 

In this way the effect of temperature or density measurement would be detected 

in the measurement of the standard solution.

The measurement of temperature is difficult but not impossible. With a 

carefully calibrated thermocouple the temperature might be followed with 

sufficient accuracy even at high temperatures.

5. Electrical Circuit A Leeds and Northrup type K potentiometer has 

been obtained for measurement of the coil strength and for thermocouple 

measurement of the temperature on a laboratory scale. The coil strength will 

be measured in terms of the voltage drop across a standard resistor accurate 

to 1 part in 10,000.

For the laboratory investigation of the electromagnetic densitometer a 

stainless - stee1 pressure bomb has been fabricated by the Research Shops. The 

temperature of the bowl will be controlled with a resistance heater and
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measured using a thermocouple placed in a high-pressure thermowell. The bomb 

is similar to the proposed densitometer (Fig, 91) except that the outlet and 

inlet tubes are replaced by a high-pressure removable cap at the top. The 

overall length of the bomb is 8 in., the inside diameter is 7/8 in., and the 

wall is 1/8 in. thick.

A commerical densitometer called the "Princo Densitrol"' has been suggested 

by W. Brand of the Instrument Department as having possibilities for use in 

the reactor. This instrument uses a float also but differs from the electro 

magnetic densitometer in that no external force is placed on the float. The 

float acts as a hydrometer but its total travel is limited by a chain attached 

to the wall of the container and to the float. The weight added to the float 

by the chain varies with the movement of the float. The position of the float 

is indicated by a microformer Mr. Brand is inquiring further into the 

possibilities of adapting an instrument of this type to the conditions of the 

r e ac tor

Q Measurement,. A major problem in the measurement of the Q of a high- 

frequency coil as affected by changes in uranium concentration is the in­

troduction of an electrically insulated coil directly into the high-pressure 

high temperature soup solution. The insulating material must combine rugged­

ness to withstand conditions of the reactor with low power loss. Increasing 

the wall thickness of the insulator in order to strengthen the unit results in 

a greater power loss. The reactor temperature of 250°C approaches and in some 

cases is higher than the softening temperatures of many of the common plastics, 

such as bakelite and Polythene. A higher melting plastic, Teflon, as well as 

these low-melting ones, has been reported "to deteriorate badly" under the 

maximum flux radiation of the Chalk River pile.^10 11) Several ceramics are 

being investigated. Commercial Lava and AlSiMag have low power loss and high 
mechanical strength. Favorable radiation stability is reported/11 ^ They are 

both porous, however, and a method for impregnating the pores or glazing the 

surface would be required before these insulators would be considered further.

(10) Averbach* B* L* » Billington, D® S« , Irvine, J* W®, Jr*, Johnson, W* E* , Kaufman, A* R*, Larson, 
A* W*, Jr®, Low, J® R®, Unteirmyer, S®, and Slater, J* C®, 44 Survey of Effects of Radiation on 
Materials,M AEC-500, p. 127 (no date).

(11) Coyle, Richard (NEPA), private communication to W® H« Davenport, Jr®, Nov® 10, 1950®

<(12) Sis man, 0*» private communication, Aug » 10, 1950-
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Quartz shows possible applicability, but mechanical strength in the 

presence of high radiation has not been satisfactorily investigated. It is to 

be noted that fused quartz and crystalline quartz are being examined at Chalk 

River for changes in electrical insulating pro per ties and dimens ion a 1 stability 

as part of the general radiation damage studies. Plastics are also being 

examined.(13)

The results of these tests should be obtained as speedily as possible, 

since the Chalk River reactor is, at the present time, the nearest approxi­

mation to the highest flux of the proposed Homogeneous Reactor Experiment, and 

the flux, as well as total irradiation, is a factor to be considered in 

radiation damage.

A semiquantitative laboratory experiment gave indication that the change 

of Q with concentration should increase with increasing temperature. The test 

was not conclusive since the temperature was varied only from room temperature 

to 85°C.

Development of a Lava-insufated platinum Coil for Q Measurement of Soup.
Preliminary experiments with silicone No. 9971 — t re at e d baked lava, grade A, 

indicated that it was not possible to make the small pore spaces in the lava 

impenetrable to water at room temperature and atmospheric pressure conditions; 

furthermore, a chloride salt of the iron component of the lava formed to a 

slight extent. Introduction of any chloride ion into the stainless-stee 1 

piping system is to be avoided. Washing the ceramic did not remove this 

chloride satisfactorily.

Two cylinders 2 in. in diameter by 4 in. in length, with a 1 in.-diameter 

hollow core 3K in. deep, were machined out of stock lava, grade A, and sub 

sequently baked at 1850°F. One cylinder was silicone-1re ated as above, and 

the other was pressure-tested hydraulically for collapse and seepage of ex­

ternal water through the formed lava. At 3000 psi the cylinder was pressure 

stable, but a small amount of H20 (about 20 ml) came through the lava walls in 

a 2-min pressure test, It is believed that a satisfactory glaze might be 

devised.

(13) Averbach, B. L- et al., op. cit.

• •
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The above cylinders were tested for loss of power by measuring the Q of a 

copper coil (six turns of 18-gauge wire, 3/4-in» f.D. and 1 in. long) first in 

air and then inserted in the lava forms described above, using a Q meter type 

160A (Boonton Radio Corp.) at 20 megacycles.

This particular coil had a Q of 230 in air and a Q of 227 within a 2- 

by 4-in. lava form, with % in. wall thickness separating the coil from the out­

side of the lava form; low power loss was therefore observed.

This copper coil within the lava insulator described above was surrounded 

by uranyl sulfate solution containing 28 mg of uranium per milliliter. A Q 

of 213 was observed at room temperature.

A solution lowers the Q of the coil insulator system. It is believed 

that the presence of an electrolyte solution is equivalent to inserting a 

resistance in the following electrical system when in resonance:

R

where R is the resistance of the solution.

A seemingly linear relationship between Q and concentration was observed 

in uranyl sulfate solutions over the concentration range 15 to 40 mg of uranium 

per milliliter by K. Klein of the Instrument Department when a 20-megacycle 

frequency was applied to such a system and the coil was glass-insulated within 

a test tube at room temperature and atmospheric pressure.

It is to be noted that if a method can be developed to glaze lava with a 

glaze stable under HRE conditions, if the lava wall thickness can be reduced 

to approximately a 1/8- to 1/4-in insulation, and if lava can be successfully 

attached to a stainless stee 1 surface, then such an insulated coil might be 

inserted directly into the high pressure external stream of the HRE to follow 

properties of the solution such as uranyl sulfate concentrations without 

sampling the soup. Such a development is being projected.

Preliminary experiments designed to measure the change of Q with tempera­

ture indicate that, over the limited range of temperature tested, Q measure 

ment is a straight line function of Q with temperature changes, and that the 

increments increase with concentration of uranyl sulfate. Results of Q meas­

urements are given in Table 31
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TABLE 31

TEMPERATURE

(°C)

GLASS TEST TUBE (1/16 IN. WALL THICKNESS) LAVA CYLINDER 04 IN. WALL THICKNESS)

21 mg/ml 28 rng/ml 21 mg/ml 28 mg/ml

30 188 183 212 210

60 178 164 205 202

85 170 152 ♦ ♦

♦ Measurement discontinued because of solution evaporation at high temperatures®

It is planned to obtain data up to 250oC with various concentrations of 

U02S04 at elevated pressures. A pressure bomb has been fabricated for this 

purpose by the Research Shops. Development of a suitable ceramic glaze is 

projected.

E. S. Cantrell and R. J. Fox of the Research Shop have embedded a platinum 

coil in powdered lava, grade A, with the hope that a satisfactory glaze may be 

developed to stand the HRE conditions. R. Steele and Dr. MaxBredig contributed 

to the joint enterprise by making stereoscopic X-ray examination of the 

position of the embedded platinum coil within the compressed lava molds as an 

aid to machining the molds, and viewing the position of the coil for electrical 

properties (Figs. 93, 94, and 95). Mr. Steele obtained a radioautograph (Fig. 

96) of the molded ceramics after they had been machined by Mr. Cantrell.

The technique of Cantrell and Fox for embedding the platinum coils in the 

compressed lava grade A (Fig. 97) consists in putting the lava in a powdered 

form and then recompressing it with the coil in position. In making the coil 

it must be taken into account that the powdered lava is compressed about 260% 

at 60 tons .

A small coil on the same axis and wound in the same direction as the 

larger coil was made extending down the center lead. Both coils were made 

longer (Fig. 98) than the final desired dimension to allow for compression of 

the coil when compressed in the lava. The lava was compressed in a hardened 

steel die having a taper of 3/8 in. per foot. The lower plate of the die was 

provided with holes for leads of the coil to help position the coil in the 

billet .
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B-l Position perpendicular 
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A - Top View

B - Top View

X- Ray Data 
35 KV 
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By R. M. Steele 

Dr. M. Bredig

COMPRESSED LAVA CYLINDERS A AND B
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A - Top and Side Views
Exposure conditions same as X-ray- Position 90° to Pt. leads

B - Top and Side Views
Exposure conditions same as X-ray Position 110° to Pt. leads

COMPRESSED LAVA CYLINDERS A AND B AFTER MACHINING FIG. 96
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Care must be taken, while loading the die with the powder, that a parting 

plane is not established. A small amount of tamping with a small rod will 

work a good portion of the air out of the powder, but partial compressing before 

all the powder is loaded will produce a parting plane and the billet will come 

apart at this point. All the powder must be compressed at the same time. The 

coil is positioned by weighing the quantity of powder required to reach the 

top of the coil, tamping with a small rod evenly around the coil, then loading 

the rest of the powder and compressing without tamping.

The billets were compressed at 60 tons (approximately 20 tons/sq in.), 

and it was noted that the billet expanded 0.02 0 in. in diameter when ejected 

from the die. (A study made after these billets were prepared indicates that 

lower pressures may be desirable. ) They were fired over a 40-hr cycle at 

1850°F maximum, a record of which is attached (Fig. 99). A great advantage of 

the recompressed billets is that they can be machined after firing by using 

carboloy tools, although even these tools do not stand up very long and require 

frequent resharpening. To date the Research Shop has not been successful in 

using carboloy tools on lava in its normal form after firing. The billets 

were turned to the desired sizes after firing. Another advantage of this 

technique is the fact that greater thicknesses can be fired without cracking.

Development of a Quartz insulator for platinum Coil for Q Measurement of 
Soup. A quartz thimble encasing either a copper coil or a platinum coil 

similar to that incorporated in the compressed lava, but wound in a suitable 

groove in a quartz rod, is being attempted in the Chemistry Division Glass 

Shop by'Mr. Rustenbach. The quartz thimble and the quartz rod will be fused 

to make a seal against the soup. The quartz rod will be fused to a quartz 

base plate so that the base plate may be attached to a stainless -stee 1 pipe by 

the "0" ring technique or by stainless-stee1 sylphon bellows. K. Klein is 

devising an automatic recording circuit for Q measurements.

One sample of a high-energy X- or gamma ray absorbing glass containing 

tungsten phosphate, developed and patented by J. J. Rothermel, Kuan Ran Sun, 

and Alexander Silverman has been obtained, and four samples of a slow-neutron 

absorbing glass, developed and patented by Lebten Melnick, Hurd W. Safford, 

Kuan Ran Sun, and Alexander Silverman has been received. An exploratory in­

pile experiment is being conducted with one of the neutron-absorbing glasses 

at 250°C in the X-10 graphite pile for discoloration. If the preliminary 

experiment is successful, more detailed experiments are planned to test the 

glass in a slow-neutron flux.
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FIG. 99

TEMPERATURE CHART FOR FIRING OF CERAMIC A AND B
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The in-pile radiation stability test on an Alnico magnet is continuing. 

Details of this test were previously reported in ORNL-867, Analytical Chemistry 

Division Progress Report for Period Ending September 20, 1950.
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THE THORIUM NITRATE —WATER SYSTEM
W. L. Marshall J. S. Gill 

C. H. Secoy

A study has been completed of the thorium nitrate—water system from room 

temperature to decomposition t emper atur ea of the salt.

The only phase data in the literature are those of Mi sciate11i,^1^ who 

gives comprehensive solubility data for the system from the freezing point of 

water to an ice eutectic at -43.5°C and 64 wt % salt, and the solubility curve 

of a hexahydrate determined from the eutectic point to 20°C. In our study 

this hexahydrate solubility curve was continued to a melting point at 110°C, 

from which temperature a solubility curve was determined for a tetrahydrate up 

to a melting point at 158°C, The solubility of another hydrate was then 

followed to 211°C. An initial hydrolytic decomposition temperature was 

determined between 115 and 130°C; above this temperature nitrogen oxides are 

liberated and basic thorium oxide is precipitated. However, in a closed 

system, the vapor phase appears to equilibrate with the liquid phase, and the 

system in this form does nut show precipitation up to an experimentally de­

termined curve, at which a solid phase appears even in the closed system.

Data which extend the density—weight percent relationship to greater 

salt concentrations than those previously studied were also determined, to­

gether with supercooling data, limiting-flow temperature estimates, and boil­

ing points at atmospheric pressure up to saturation concentrations of aqueous 

thorium nitrate.

Experimental. Chemically pure thorium nitrate tetrahydrate obtained from 

the Maywood Chemical Company was used. Solubility data from room temperature 

to 140°C were obtained analytically by stirring the Th(N03)4 solutions in the 

presence of excess salt for about 40 min in a 200 ml round bottom flask set in 

a thermostat. (Preliminary sampling had shown that 10 to 15 min was sufficient 

for equilibration.) The stirrer was stopped the solid was allowed to settle,and 

duplicate samples of the clear solution were taken. These samples were 

weighed, evaporated to dryness, and ignited directly to Th02 at 900°C. Dupli­

cate samples deviated approximately ±0.15%. Solid phase samples were obtained 

by direct sampling of the solid, drying between filter papers, and ignition 

to Th02.

(1) Misciatelli, P. , “The System Thorium Ni t r a t e — Et he r —^ Wa te r Between 0 and 20 Gazz* chitn* ital* 
60, 833 (1930).
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Solubility and precipitation data above 125°C were obtained in 4- and 6- 

quartz tubing by the synthetic method.^2'3) The rates of decomposition 

precipitation at the elevated temperatures were found to be relatively slow 

compared to the rates for attainment of solubility equilibrium. The latter 

can be c he eked directly by slowly raising the temperature of a solution of 

known concentration, but the former process either goes through an induction 

period or has a slow decomposition rate at the initial temperatures. Conse­

quently, to obtain reliable dec om position data, solutions were rocked at 

various constant temperatures overnight; the decomposition temperatures de 

termined are accurate within about ±4°C

Supercooling and viscosity data were also obtained by this synthetic 

met hod .

Boiling points were determined by a modified micromethod^4-1 employing an 

inverted capillary tube inserted in a solution of the salt that was being 

stirred and refluxed. The temperature of the solution was lowered and the 

corrected boiling point was determined from the temperature at which bubbling 

from the capillary stopped.

Density was determined by direct measurement, in the tubes, of the volume 

for a given weight of solution, and by weighing volumetric aliquots from 

solutions .

Results and Discussion. The data are given in Tables 32 to 38 and are 

shown in Figs. 100 to 103. Table 32 gives our solubility-concentration-density 

data for the Th(N03)4 H20 systems. Tables 34, 35, and 36 give decomposition 

precipitation temperatures, supercooling, and viscosity estimations, which 

data are shown graphically in Fig, 100. The solubility data of Misciatelli1-5) 

along the ice curve and up to 20°C are not shown but a curve following his 

data is drawn. Line AB in Fig. 100 is the ice curve to the cryohydric eutectic 

point at -43.50C and 64% salt. Line BC is the solubility curve for the hexa 

hydrate. Solid phase analyses at 37.3 and 72 0°C verify Misciate11i’s con 

elusion that the solid phase was the hexahydrate The melting point of the

(2) Secoy, C. H. , The System Uranyl Sulfate — Water. II. Temperature-Concentration Relationships above
25(PC, ORNL-98 (July 7, 1948).

(3) “phase Rule Studies,” Homogeneous Reactor Quar terly Progress Report for Period Ending August 31, 
1950, ORNL- 826, p. 89 (Oct. 24, 1950).

(4) Siwolobof f , A. , “ Ube r d ie S i edepunk t be s t immung kleiner Mengen F lus s i gke i t e nBer.,19, 795 (1886).

(5) Misciatelli, op. cit
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thorium nitrate hexahydrate is at 110°C (point C), at which temperature con­

version to the tetrahydrate occurs, the solubility curve of this hydrate being 

shown by line CD This conversion is indicated both by solid-phase analyses 

at 129.5°C and the break in the solubility curve at 110°C. Line DE is the 

solubility curve of an undetermined hydrate from the melting point of the 

tetrahydrate at D. Above 120 to 130°C, represented by line L, decomposition 

of the thorium nitrate occurs, giving nitrogen oxides and possibly basic 

thorium oxide; therefore, above this temperature most of the work was done in 

closed quartz tubes, as indicated in Table 32- Solubility data are given, 

however, for temperatures above 125°C on the assumption that decomposition was 

not extensive enough in a closed system to appreciably alter solubility values 

up to about 200°C.

Temperatures at which a solid + solution mush type mixture will actually 

flow to some extent in a 4 -mm I-D tube are represented by line HI , accurate 

to about ±3°C. The extent of supercooling of a given concentration of solution 

is indicated by curve JK, It may be seen in Table 36 that flow of supercooled 

solution still occurs at much lower temperatures than flow of solid + solution 

mixtures.

Upper Limit, Decomposition precipitation Temperatures. By means of a 

series of Th(N03)4-H20 solution runs in closed tubes we have established a 

maximum solution line above which irreversible precipitation of a white sub­

stance occurs, presumably hydrated thorium oxide. It has been concluded that, 

while decomposition occurs below line GF (and above line L in the concentrated 

regions of Fig. 100), the following type of equilibrium, which is coupled with 

the usual nitrogen oxide s — ni tr i c acid —water equilibria, exists

Th(N03)4 (aq) KThQ2 (aq) + 4N02 + 02

Realizing that vapor-1o-1iquid ratio changes of the system will change the ef­

fective solution equilibria, all our ratios have been set at approximately 1:1.

Density-concentration data are given in Tables 32 and 33 and in Fig. 101. 

Density data at dilute concentrations have been reported eIsewhere.^6^ The

(6} Koppelj, I.v and Holtkampg H® 9 “Beitrage z ur Theorie der Fabrikation von Thor iumsa 1 zen v” Z. anorg<. 
Chem. 67, 266 (1910).
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data in the intermediate concentration range at 25°C (Table 33) are those of 
J. L. Bamberg of the Chemical Technology Division, presented in this report by 

his permission. Our data in the more concentrated region were obtained at the 

saturated-solution temperature.

Making use of the solubility-density-coneentration relationships given in 

Tables 32 and 33 we have determined solubility data in terms of grams of 

thorium per milliliter of solution. The calculated data are given in Table 37 
and are shown in Fig. 102 as line AB; they indicate the amount of thorium 

that might be expected in solution at a given saturation concentration. Line 

L of Fig. 102 corresponds to line L of Fig. 100 and represents the temperature 

at which decomposition starts.

Similarly, from density - temperature variations of water, we have estimated 

the density-coneentrat ion -1emperature relationship of thorium nitrate solutions 

along the precipitation line GF of Fig. 100. For this estimation we have 

neglected temperature expansion coefficients of thorium nitrate in solution 

and have considered only the expansion due to the weight fraction of water in 

solution. Using these data we have determined the grams of thorium per milli­

liter of solution along the precipitation curve GF of Fig. 100; the data are 

given in Table 37. The variation as a function of temperature is shown along 

line CB of Fig. 102. Therefore the area between curves AB and CB of Fig. 102 

represents a region in which no precipitation of a solid occurs in a closed 

thorium nitrate — water system of approximately 1 1 vapor to liquid ratio.

Boiling point data for aqueous thorium nitrate solutions at standard 

pressure are given in Table 37 and Fig. 103;

Breeder pile Application. It is thus seen in Fig* 102 that it is possible 

to obtain 1 g of thorium as the metal per milliliter of saturated solution at 

118°C. The boiling point at atmospheric pressure of a solution containing 

this concentration of thorium would then be approximately 142°C.

The decomposition precipitate in the concentrated solutions at higher 

temperatures is gelatinous and tends to remain suspended in the solution until 

the 275 to 300°C temperature range is reached. The precipitate then settles 

immediately. This precipitation could probably be avoided entirely and con­

sequently higher temperatures might be used if some free nitric acid was added 

to the solution. All work given here is with reference to thermal stability 

and has no bearing whatsoever on radiation stability.
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Summary. 1. A study of the system thorium ni t r at e — w at e r has been 

extended from 20°C to decomposition temperaturesof the solution.

2. Dens ity-concentration and boiling point data are given.

3. The experimental data indicate that a solution containing 1 g of 

thorium per milliliter can be attained in an aqueous solution of thorium 

nitrate at and above 118°C. Such a solution appears to be satisfactory, in so 
far as chemical stability is concerned, as a breeder blanket. Of course, N15- 

enriched nitrate would be required in order to minimize neutron losses.

TABLE 32
The Solubility and Saturation Density of Aqueous Thorium Nitrate

TEMPERATURE DENSITY Th(N03)4 METHOD OF SOLID PHASE

(°c> (I/ml) (Wt %) ANALYSIS Th(N03)4 (wt %) COMPOSITION

37. 3 2.09 67. 07 Analytical 81.18 (theoretical for 
fh(N03)4°6H20, 81.62)

Th(N03)4 °6H20

54. 5 2. 17 69.78 Analytical Th(N03)4°6H20

72.0 2. 23 73.39 Analytic al ■80.82 (theoretical for 
Th(N03)4"6H20, 81.62)

Th(N03)4’6H20

90.2 2. 37 76. 39 Analytical Th(N03)/6H20

99.7 2. 41 78. 56 Analytical Th(N03)4”6H20

110.4 2.44 81. 11 Ana 1ytica 1 Th(N03)4n6H20
+Th(N03)4c4H20

110. 9 2. 45 81. 50 Analytical Th(N03)4°4H20

120.2 2. 57 Th(N03)4°4H20

120.6 2. 54 82. 01 Analytical Th(N03)4 °4H20

128 82.41 Synthetic Th(N03)4”4H20

129.5 2-59 85.84 (theoretical for 
Th(N03)4°4H20, 86.95)

Th(N03)4°4H20

130.5 2.53 82. 85 Analytical Th(N03)4°4H20

139-5 2.70 84. 27 Analytic al Th(N03)4°4H20

159 2.75 87.41 Synthe tic Th(N03)4 4H20

211 2.86 91. 82 Synthetic (?)

• • •
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TABLE 33

The Density of Aqueous Th(N03)4 at 25°C*

Th(N03)4 

(wt %)

DENSITY

(g/ml)
Th(N03)4 

(wt %)

DENSITY

(g/ml)

16.54 1.161 57.63 1.833

26.28 1.279 60.84 1.894

34.30 1.400 61.94 1.938

41.39 1.508 63.34 1.971

45.41 1.586 66.06 2.035

51.02 1.694 68.26 2.110

54.41 1.765

♦ Original data of J. L« Bambeirg of the Chemical Technology Division.

TABLE 34

Decomposition — precipitation Temperatures 
of Th(N03)4-H20 Solutions

Th<N03>4

(Wt %)

TEMPERATURE. UPPER LIMIT

BEFORE PRECIPITATION (°C)

87.41 229

55.23 217

32.94 ~176

7.41 ~113
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TABLE 35

initial Flow Temperatures (Solid-Liquid Mush) 
of Th(N03)4-H20 System

Th(N03)4 (wt %) TEMPERATURE (°C) FLOW IN 4-mm TUBING

82.41 116 Medium t o none
87.41 148 Medium to none
91.82 208 Medium to none

TABLE 36
Supercooling Flow Temperatures, Th(N03)4-H20 System

Th(N03)4 (wt %) TEMPERATURE (°C) FLOW IN 4-mm TUBING

82.41 >65 Medium to fast
82.41 65 Slow to none
82.41 <50 (crystallization)

87.41 >115 Medium to fast
87.41 115 Slow to none
87.41 104 (crystallization)

91.82 >150 Medium to fast
91.82 150 Slow to none
91.82 135 (crystallization)
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TABLE 37

Boundary Curve Data

(Calculated from Density-Temperature-Solubility-Precipitation Data)

TEMPERATURE
(°C)

SOLUBILITY OF THORIUM 
NITRATE (g Th/ml)

CONCENTRATION OF SOLUTION AT 
DECOMPOSITION-PRECIPITATION 

TEMPERATURE (g Th/ml)

50 0.7 04
60 0.735
70 0.779
80 0.825
90 0.872

100 0.922
110 0.97 9
120 1.007
130 1.026 0.040
140 1.059 0.06 0
150 1.099 0. 084
160 1.144 0.115
180 1.195 0.200
200 1.240 0.335
210 1.281 0.440
220 1.302 0.600
225 1.32 0.715
230 1.34 1.14
232 1.35 1.35

TABLE 38
The Boiling points of Aqueous Thorium Nitrate 

Solutions at 760 mm Hg Pressure

Th(NO3)4 (wt %) TEMPERATURE (°C)

22.3 101
58.0 110
72.3 130

85.3 147
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URANIUM SLURRY STUDIES
L. E. Morse

Summary. During the past quarter the preparation of slurries suitable 

for use in the homogeneous reactor was further investigated. These slurries 

contain 40 g of uranium as a solid per liter, and they should be stable with 

respect to sedimentation upon shutdown of the slurry-circulating pumps. The 

operating conditions are 250°C and 1000 psi pressure.

ft has been shown that slurries prepared from anhydrous UO, in water, 

although stable at room temperatures, break and settle very rapidly after 

being heated at 250°C for 1 hr. Further work indicated that these slurries 

could be stabilized by the addition of bentonite, a naturally occurring 

colloidal a 1umino -si 1 icate clay having cation-exchange properties.

Studies on bentonite showed that the clay was best utilized when present 

in particle sizes below 25 m^t. The clay was fractionated to separate the 

smaller particles in a Sharpies centrifuge. It was found necessary to remove 

from the bentonite all the exchangeable cations such as iron, magnesium, 

calcium, sodium, and potassium since the presence of these positively charged 

ions adversely affected the stability of the bentonite colloids. By means of 

electrodialysis the exchangeable cations were removed, producing a hydrogen 

bent onit e.

Thermal Stability of uranium Tr i ox ide — Bentonite Slurries. The thermal 

stability of a slurry prepared from anhydrous U03 and a suspension of bentonite 

heated at 250°C in a stainless-stee1 bomb (Table 39) was studied at intervals 

up to 526 hr. This slurry showed good stability at the end of 33 0 hr of heat­

ing but settled with fairly hard caking on standing at room temperature after 

being heated for 526 hr. There were indications of the presence of colloidal 

ferric hydroxide. Analyses made at various time intervals showed that the 

iron content of these slurries increased as the heating period lengthened. 

These analyses also showed that iron had been introduced into the slurries 

during their preparation in the colloid mill. This will necessitate changes 

in the method of preparation.

It is not known whether the iron introduced during the heating is due to 
either corrosion or erosion of the stainless-stee1-bomb surfaces or both. It 
may be possible to protect the steel against corrosion by passivation. How­
ever, if there is appreciable erosion, it will necessitate the addition of 
phosphates, which previous work has indicated to be effective in complexing 
t he iron,
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TABLE 39

Sedimentation Behavior of Slurries over Long Heating periods

Slurry composition: uranium, 40 g as anhydrous U03; bentonite, 1000 ml of 
suspension containing 12 to 15 g of electrodialyzed 
bentonite solids of average particle size below 25 m/z

Heating conditions: 250°C in stainless-steel bomb

Heating time (hr) 4 66 100 189 330 526

Sedimentation time (days) 5 1.5 0.75 3.6 1.8 1*

Sampling level** Uranium concentration (g/liter)

1 14. 1 17.8 10.3 8.8 1. 2 10.0
2 30.1 33.5 39.3 36.3 1. 6 6.7
3 32.8 35.7 39. 3 39.2 40.0 21.8
4 32- 8 34. 0 40.0 40.7 50.7 54.8
5 34. 0 35.0 40.0 41-9 52.7 58.0
6 37.0 38.0 41.3 44.2 55.7 61.7

Volume ratio of settled 
solids'to total solids 0.90 0. 88 0.90 0.88 0.69 0.60

*On longer standing, sedimentation continued until all the solids had settled out 
and packed fairly hard*

♦♦Successive 3-ml samples were removed until the entire volume was sampled



One other possible approach is conversion of the hydrogen bentonite to 

another suitable bentonite, for example, a beryllium bentonite. This probably 

would show less sensitivity to the presence of foreign cations.

Colloidal Silicic Acid as a Slurry Stabilizer. An investigation was made 

of colloidal silicic acid (H2Si03) as a possible slurry stabilizer in place of 

bentonite. It was prepared by passing r'Ja2Si03 through a cation-exchange resin 

in the hydrogen form and aging the resulting clear solution until it became 

colloidal.

The results of several tests using various concentrations of H2Si03 indi­

cated that for a (hteating period of 22 hr at 250°C in a stain less stee 1 bomb 

colloidal H2Si03 was not as effective a stabilizer as bentonite under the same 

conditions (Table 40).

It appears from qualitative observations on the degree of settling that 

over 4% Si02 (40 g per 1000 ml) as colloidal silicic acid would be necessary 

to achieve a satisfactory suspension of U03•

Further experiments will be carried out using mixtures of colloidal 

silicic acid and colloidal aluminum hydroxide in an attempt to prepare alumino­

silicate systems with satisfactory stabilizing properties.

Uranium Dioxide as an Alternate Reactor Fuel. Inasmuch as cations affect 

the stability of the bentonite colloids unfavorably, and anhydrous U03 is 
hydrolyzed by water to yield water-soluble uranium, slurries were prepared 

substituting U02 for U03 as the fuel material. The brown oxide U02 is known 

to be unreactive, although there is no information available concerning its 

behavior with water at 250°C.

To avoid iron contamination the slurries were 

in a mullite mortar. Analyses of several slurry 

fairly uniform dispersion was achieved.

The composition of the slurry was 40 g of uranium as U02 (obtained from 

K-25) plus 1000 ml of a bentonite suspension containing 15 g of electrodialyzed 

bentonite solids of average particle size below 25 m/x. This slurry was heated 

in a sealed quartz tube for 138 hr at 250°C. After standing 24 hr at room 

temperature, analyses for uranium distribution showed that almost all the 

uranium had settled out.

prepared by hand grinding 

samples indicated that a



TABLE 40

Colloidal Silicic Acid as a Slurry Stabilizer

Slurry composition; uranium, 40 g as anhydrous U03; HjSiC^, 1000 ml 
of suspension

Heating conditions: 250°C for 22 hr in stainless-stee1 bomb 

Sedimentation time: 24 hr

SILICIC ACID CONCENTRATION 
(£ Si02/1000 ml)

CONDITION OF SILICIC ACID
VOLUME RATIO CF SETTLED 
SOLIDS TO TOTAL SOLIDS

20 Freshly prepared 0.35

20 Colloidal suspension 0.32

30 Ge 1 0.46

40 Gel 0. 57
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On the possibility that the U02 might have contained some water-soluble 

impurities, another sample of the brown oxide was ground in a ball mill and 

then heated with 6 N H2S04 for 1 hr. The undissolved oxide was separated, 

washed until the filtrate was colorless, and then ignited for 1 hr at 900 to 

1000°C. On cooling it was made into a slurry and heated in the previously 

described manner. The analysis for uranium distribution again showed that all 

the uranium had settled out after 24 hr of standing.

Judging from previous results the amount of iron in these slurries would 

not be sufficient to account for the observed settling of the solids; there­

fore it would seem that sufficient U(IV) ion has been produced from the U02 to 

flocculate the bentonite and render it useless as a stabilizer. Since U(IV) 

is a very highly charged ion, only small amounts of it would be required to 

bring about the flocculation of the bentonite.

As a comparison, it is interesting to note that a slurry using uranium 

phosphate, U3(P04)4, in place of UO2 was much more stable under the same 

conditions .

THORILM SLURRIES FOR BREEDER PILE 
T. C. Bunion

In the production of 23 from the neutron irradiation of thorium, certain 

advantages in neutron economy and in engineering features of pile design are 

offered by a system containing the thorium in the form of a suitable slurry. 

The immediate objective is the production of such a slurry with the following 

physical and chemical characteristics:

1. A thorium concentration exceeding 1000 g/liter.

2. Stability to intensive heat and radiation; i.e., the thorium 
should not floe or pack for relatively long periods of operation 
or during temporary shutdown.

3. Stability to the products of equilibrium pile operation, e.g., 
peroxide and fission products.

4. High fluidity to permit efficient pumping and circulation; if 
gelling properties are in evidence the slurry must have a high

degree of thixotropy.

5. The slurry must not be excessively erosive or corrosive.



present Status of Work. Using Th02 of approximately 0.5-,u. particle size, 

thixotropic gels containing about 1000 g of thorium per liter have been pre­

pared which are very stable at room temperature. Starting with the production 

of fused Th02 at 1000°C from Th(OH)4, Th(N03)4, or Th0C03, slurries were 

stabilized with 3.5% bentonite by the procedures used in the preparation of 

oil-well drilling muds. Such slurries have a high degree of fluidity under 

increasing rates of shear, and they set to a plastic gel at rest. After one 

month of syneresis the solids still occupied more than 95% of the original 

volume. Demonstration of the stability at higher temperatures and pressures 

is awaiting the arrival of a suitable autoclave. However, the success of L. E. 

Morse of the Chemical Technology Division with uranium slurries along these 

lines holds some promise for this approach with thorium.

Future program. 1. Synthesis of Bent onit e. jt is planned to attempt 
the laboratory synthesis of a bentonite with the idea of obtaining a product 
of more consistent properties than the natural product. Using this form of 
bentonite the stability of thorium slurries under heat and radiation will be 
investigated.

2. Breeder Blankets Utilizing "Fluidized ThO^.” Anhydrous Th02 in the 

particle size range of 0.1 to 1.0 U has a high degree of fluidity, even at 

very high temperatures. This property may be further increased by the in­

corporation of an inert diluent of low cross section. It is planned to in­

vestigate the behavior of such a system from an engineering point of view.

3. Separation of Thorium, Uranium, and Protactinium. No major difficulty 

is anticipated with this operation. Since Th02 is highly insoluble in dilute 

nitric acid, it is believed that a leaching process will selectively remove 

the uranium after an appropriate decay period for protactinium. Alternatively, 

the entire system would be dissolved, using HF as a catalyst, and processed by 

the 23 process that has already received pilot - plant-scale demonstration.
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CONTINUOUS FUEL PROCESSING
I. R. Higgins and W. E. Shockley

Summary. For continuous removal of fission products from uranium solu­

tions in homogeneous reactors selective adsorption methods have been emphasized 

since they approach the ideal process requirements in simplicity and exhibit 

high specificity for fission product ions in uranyl sulfate solution. By 

using a combination of adsorbers, selective removal of all the major fission 

products and plutonium has been demonstrated. The organic cation exchangers 

have apreferential affinity for plutonium, the rare earths, barium, strontium, 

yttrium, and cesium; the organic anion exchangers for molybdenum, iodine, 

tellurium, niobium, and ruthenium; and Super Filtrol inorganic adsorber for 

cesium, niobium, zirconium, and plutonium.

All the adsorbers hold up some uranium temporarily, which must be com­

pletely and selectively removed from the adsorbed fission ions. Uranium is 

eluted from the organic cation exchangers with 0.25 M sulfuric acid and from 

Super Filtrol with (NH4)2S04 at the same molarity and pH as the fuel solution. 

The selective desorption of uranium from the anion exchangers has not been 

successfully accomplished.

Only preliminary tests have been made using electrolytic methods. Indi­
cations are that molybdenum, iodine, and tellurium are most readily deposited 
with negligible uranium loss. It is considered fortunate that the activities 
removed by this method overlap those removed by the anion exchangers from 
which uranium is removed with difficulty.

In a sulfate fuel system barium will be expected to precipitate out after 

one week or less of production in the HRE* Zirconium has also been precipi­

tated by hydrolysis of Zr(IV) in uranyl sulfate. Quite likely there are other 

precipitations, of which advantage should be taken by filtration.

Successful application of the above-mentioned methods could almost be 

assured if there was nothing to fear from radiation damage. Dowex 50, chosen 

to remove the rare earth activities especially, is an organic polymer, and 

experiments using a Co60 gamma source have shown a definite loss in capacity 

of the resin from radiation damage. Some loss in capacity is not alarming 

since only a few grams of fission products is involved, and the decontami­

nation factor, Kq, for rare earth activities in U02S04 is high. Also, any

• ••• t ••••••• ••
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loss in capacity is beneficial as far as uranium holdup is concerned. Since 

there is definitely a capacity loss with radiation, the processing cycle must 

be adjusted to allow the maximum permissible build-up of fission products in 

the reactor and the maximum practical increase in fuel inventory to allow for 

decay.

In general, a processing cycle for the HhE is visualized as follows: One 

complete fuel batch, 70 liters, is cycled every 21 days, allowing a 1% accumu­

lation of fission products. One day’s cooling is allowed to reduce radiation 

energy, which increases the fuel inventory by about 5%. The processing methods 

of electrodeposition and Super Filtrol adsorption, which are not subject to 

radiation damage, are introduced first to relieve the radiation load on the 

organic adsorber Dowex 50. From this processing cycle and the Co60 gamma 

radiation studies on resins, 1 kg of Dowex 50 is calculated to lose 90% of its 

capacity in about two days. At this point the resin bed could be removed, the 

uranium eluted with 0.25 M H2S04, and the resin discarded or processed for 

plutonium. It is undesirable to use a material even slightly sensitive to 

radiation, but no other method has yet been found as efficient for rare earth 

removal as the organic cation resins.

Cation-excliange Studies. The only major fission products in solution in 

U02S04 solution with well defined cationic properties are plutonium, the rare 

earths, strontium, and cesium. These four are representative of four different 

valence states, Pu4 + , RE3 + , Sr++, and Cs+, and they behave accordingly (Fig. 

104). The relatively low affinity of Dowex 50 for U02++ may be realized by 

noting the preferential adsorption of monovalent cesium. Figure 105 indicates 

the degree of shift from equilibrium caused by using a coarser mesh resin and 

faster flow rates. Figure 106 indicates the influence of a greatly increased 

U02 + t ion concentration Figures 1 04, 105, and 106 indicate the high se­

lectivity and capacity for the particular activities mentioned.

Figure 107 indicates the capacity loss thus far from the 300-curie Co60 

gamma source. The energy absorbed by water from this source was determined to 

be 0.01 calorie/g/min . Assuming the same energy absorption by Dowex 50 resin 

and a 1% fission product build-up, 21 g, in the HRE reactor with a one-day 

cooling period, the f is s i on •• prod uc t energy build-up on the adsorber indicates 

that 1 kg of Dowex 50 resin would lose nearly all its capacity in 1)4 days. 

Table 41 shows the effect on resin life and fuel inventory with longer cooling 

periods. Figures 108 through 111 indicate how the breakthrough of Nb, Pu,
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FIG. 104
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FIG. 105

DOKEX jO CAPACITY TEST

for Fission Activity
U

from Uranyl Sulfate - 30kA
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FIG. 106

Dowex 50 Capacity Test

for Fission Activity

from Uranyl Sulfate - 200g. U/l
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FIG. 107

DCWEX 50 CAPACITY LOSS FROM IRRADIATION

from a 300 Curie Co^ Gamma Source

( Energy atisorption assumed to be the same as for water 
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DRAWING 10250

STRONTIUM BREAKTHRU on IRRADIATED DCWEX 50 BESIH

Solution Uranyl Sulfate 30g. U/l

Column 0.3 cm x 5«4 cm 

Flow Rate 2 ml/min/cra2

Activity Clinton Slug Solution ( Tracer Only )

RADIATION ABSORBED 
( 300 Curie Co^O Gamma)

No Irradiation

0.7 KVfH/Kg of Resin 
( 26% Capacity Loss ]

0.9 KWH/Kg of Resin 
( 355? Capacity Loss ]

1.3 KMi/Kg of Resin 
(Uk% Capacity Loss )

Uters of Resin Per One HRE Fuel Volume
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FIG. 109
DRAWIUG 10251

CESIUM BREAKTHRU on IBBADIATED DOWEX 50 RESIN

Solution Uranyl Sulfate 30g. u/l
Column 0.3 cm x 5.4 cm

Flow Rate 2 ml/min/cm^

Activity Clinton Slug Solution ( Tracer Only )

RADIATION ABSORBED 
( 300 Carie 'Cofc’(-) Gamma )

CODE

No Irradiation

0.7 OfH/Kg of Resin,
( 26% Capacity Loss )

0.9 KWH/Kg of Resin 
( 35% Capacity Loss )

Liters of Resisin Per One HRE fuel Volume
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FIG. 110

NIOBIUM BREAKTHRU on IBRADIATED DOKEX 50 RES IB

Solution Uranyl Sulfate 30g. U/l 

Column 0o3 ^ 5.4 cm

Floy Ratfe 2 ml/min/cm^

DRAWING 10252

Activity Clinton Slug Solution ( Tracer Only )
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FIG. Ill
DRAWING 10253

PLUTOKIUM and RARE EARTH BREAK THRU on IRRADIATED DCKEX £0 HESIN

Plutoniurr,

Rare Earth's

. 100
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Solution Uranyl Sulfate 30g« u/l
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Flow Rate 2 ml/min/cm
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" ( Tracer Only )
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tracer rare earths, Sr, and Cs changes in radiated resin used in a column. 

A quicker breakthrough would be expected because of loss in capacity, but the 

abnormal increase of niobium adsorption in unexplained. Apparently the resin 

polymer is altered in such a way that it forms an active center with an 

affinity for niobium. The nature of cesium adsorption seems to change also.

All exchange groups not filled with fission products are occupied by 

U02++- It will never be possible to load the capacity to 100% with fission 

products because of radiation effects. Therefore the uranium must be se­

lectively desorbed without disturbing other adsorbed ions. Uranium has some 

complexing affinity for sulfate and is selectively desorbed with dilute sul­

furic acid. The efficiency of Dowex 50 and the effect of particle size and 

flow rates are shown in Fig. 112,

Anion-exchange Studies. The highly basic anion organic exchangers, 

Dowex A 1 and A 2 and IRA 400 exhibit a highly selective adsorption for certain 

anionic fission products in the presence of the uranyl sulfate fuel. The 

affinity for molybdenum seems to be particularly high, followed by iodine and 

tellurium, as indicated in Fig. 113 Also, considerable portions of the "bad 

actors" niobium and ruthenium are adsorbed. However, uranium is held up, 

probably as a sulfate complex, on all active centers not occupied by fission 

products. The removal of this uranium has not been accomplished to the degree 

desired without removing the adsorbed activity also. The application of anion 

resins cannot be considered unless this problem is overcome. Radiation effects 

on anion resins have not been studied

Inorganic Adsorbers. These adsorbers were of interest because they are 

less sensitive to radiation and often exhibit unusual affinity for certain

ions; for example. Super Filtrol has a very high affinity for cesium, is good

for niobium, zirconium and plutonium but has almost no affinity for rare 

earths. In general they do not have the high capacity of the organic ion ex­

changers are more sensitive to pH, and do not always yield all adsorbed 

material with vigorous chemical treatment The uranium holdup of Super Filtrol 

is about 5 g per kilogram of adsorber It can be removed by various eluting

agents but selectively only by using a sulfate salt of the same pH and ion

concentration as the uranyl sulfate fuel

The inorganic adsorbers activated charcoal, activated alumina, Super 

Filtrol, silica gel and bentonite were tested to determine their selective 

adsorption of fission products activities from uranyl sulfate. Super Filtrol 

and activated alumina showed most promise.
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DRAWING 10254
FIG- 112

URANIUM ELUTIOM from DOWEX 50

WITH 0.25M SULFURIC ACID

1 cm x 15.2 cmColumn

Resin Form

10.8 mlResin Volume

Mr U/m of Resin

RESIN MESHFLOW RATECODE

1 ml/min/i

3 ml/min/cm' 

5 ml/min/cm' 

1 ml/min/cm'

10-50

10-50

100-200

Milliliters of Eluting Solution
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FIG. 113

DOftEX A-l AFFINITY TEST for FISSION ACTIVITY

DRAWING 10255

Solution Uranyl Sulfate 30g. U/l 

Column 1 cm x 5.1 cm 

Flow Rate 1 ml/min/cm^

Activity U02S0^ "Rabbit" ( Tracer Only )

Liters Resin Per One HRE Fuel Volume



Electrolytic Methods, Very little work has been done using electrolysis, 

but the method looks very attractive since no radiation effects are expected. 

Few, if any, chemicals have to be added, and uranium losses are expected to be 

very low. Using a copper cathode, a lead anode, and a trace of cupric ion in 

solution, molybdenum has been plated almost quantitatively on the cathode, and 

iodine, tellurium, and ruthenium from 10 to 50% on the anode. Using 0.2 amp, 

uranium losses have been of the order of 5 mg per 100 sq cm of cathode and 

less than 1 mg per 100 sq cm of anode for a 1 - hr run.

TABLE 41
Life of Dowex 50 Resin with Various Cooling periods, Assuming 

About 90% Capacity Loss Due to Radiation from the LRE

Fission Product Accumulation in the Reactor, 21 g (1%) 
Fission Product Removal Rate, 1 g/day

TIME OF COOLING FUEL HOLDUP (%)
LIFE OF 1 kg

OF RESIN (days)
FISSION PRODUCTS ADSORBED 

PER k g OF RESIN (g)

1 hr 0.2 0.62 0.07

1 day 4.8 1.6 1.66
2 d ays 9.5 2.1 2.22

3 14.3 2.5 2.50

4 19.1 3.1 3.07

5 23. 9 3.4 3.44

10 47.7 5.0 5.0

21 100.0 9.1 9. 1
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