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PREFACE





This report is conveniently divided into two main parts, the first

covering Design Work, the second covering Research and Development.

Each part is further divided into these sections:

I. Progress During Calendar Year 1958

II. Evaluation of Progress to Date and Objectives of Future Work

At the direction of the Atomic Energy Commis sion, Section I of

both parts covers only the work period from July 19 1958 through

December 31, 1958.
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IN T RODUC T ION





The objectives of the Liquid Metal F.el Reactor Experiment (LMFRE)

program provide for the research, design, fabrication, erection, operation,

and testing of an experimental reactor facility that will advance the technology

of the Liquid Metal Fuel Reactor (LMFR) concept-to the point where a large-

scale power reactor can be considered.

The over -all LMFR Research and Development Program will answer

the many important technical questions related to this advanced reactor

concept.

Based on the above broad scope, the following specific objectives have

been established:

Materials of construction must be developed that demonstrate long-
life service under anticipated LMFR operating conditions of power,
temperature, flow 3 and radiation.

Adequate information must be obtained to establish that liquid metal
fuel reactors and associated systems possess satisfactory nuclear
and chemical stability and control characteristics8

Economical LMFR designs that provide for converting or breeding
must be developed. Conversion is necessary to achieve competitive
power costs, and breeding is expected to be highly desirable in the
future0

Adequate test data and operating experience must be obtained to
permit the design and fabrication of primary and auxiliary systems
and associated components that are reliable, maintainable, and
economical.

The over -all program must provide information for the design of
suitable chemical processing systems0

It mast be demonstrated that large-scale power plants can be main-
tained at a cost that does not adversely affect the economic attractive-

ness of the concept.





PART ONE

DESIGN





I Progress During Calendar Year /958

A. REACTOR

1. Reactor Arrangement

The reactor (Figs. 1 and 2) has a graphite moderated and reflected

core, fueled with a circulating uranium-bismuth solution. The entire

assembly is contained within a full-.opening 9-ft-diameter vessel.

The core consists of two layers of graphite quadrants with over-all

dimensions of 64-in, diameter and 48-in. height. The present core

nuclear section is a right-circular cylinder (52-in, diameter) with 1 -9/16-

in. -diameter fuel channels ,an.d a 0.5 bismuth-to-graphite ratio. Plenums

at each end of the core help distribute flow through the core. Holes drilled

in the end reflectors allow for fuel passage and distribution of flow into or

out of the plenums.

The side reflector is assembled from 10 radial segments in three

horizontal layers. A temperature-compensated molybdenum rod assembly

supports each vertical section from the upper reactor vessel head, and

temperature-compensated circumferential clamps, placed around the

periphery of the graphite reflector, clamp the whole assembly together.

The over-all dimensions of the total graphite assembly are about 8 ft-6 in.

high and 8 ft-10 in. in diameter.

The reactor vessel is designed to accommodate eight safety rods

and one centrally mounted regulator rod. The safety rods will control the

sudden insertion into the core of double the normal uranium concentration.

In addition to the penetrations for control rods, a vertical port in the side

reflector provides for a graphite sampler, to which the startup source

can be attached.

Other items indicated in Figure 1 include necessary flow baffling

devices, instrumentation requirements, secondary containment and vessel

support members, and control rod and control rod housing arrangement.

- 7 -



2. Selection of Reactor Operating Temperatures

The nominal operating temperatures of the reactor fuel stream have

been set: maximum 1000 F, minimum 775 F. The maximum temperature

is based on considerations of metallurgy requirements for corrosion. The

minimum temperature is consistent with recent uranium solubility data and

the required AT across the reactor..

The expected minimum temperature in the fuel stream, (736 F)

occurs in the heat transfer film at the outlet of the intermediate heat exchanger.

This temperature is obtained by assuming a 720 F intermediate system tempera-

ture, a 5 F error in temperature measurement, and a 10 F allowable tempera-

ture variation in operating conditions.

The minimum expected U-235 concentration, before precipitation occurs

at a temperature of 736 F, is 742 ppm by weight. This value includes sufficient

concentration tolerance to compensate for possible e'rors in solubility measure-

ments, LMFRE criticality experiments, fuel isotope buildup, and fission

product poisoning.

3. Selection of Reactor Graphite Size

The dimensions of the LMFRE-I graphite assembly were revised to

provide adequate reflector thickness and core design flexibility (in event of

revisions). The over-all graphite diameter is 106 in. The entire graphite

assembly can be placed in a 9-ft-diameter vessel.

4. Graphite Sampler Requirements

The functional specification for an LMFRE-I graphite sampler is

complete. The system design accommodates samples (sizes up to a 3-in. -

diameter right-circular cylinder), which are positioned in the side reflector

region. This sampler provides a method of inserting and withdrawing

prepared samples for testing in high radiation fields and flowing U-Bi

solutions. The following information wi]]. be obtained:

The effect of fission fragment damage on thermal conductivity,

on changes in graphite dimensions, and on the surface condition

of graphite;

The effectiveness of protective metallic coatings on graphite;

The pickup of fission products and uranium under actual operating

conditions.

- 8 -
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FIG. 2: LMFRE-I REACTOR (Section Through Core Midplane)
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5. Thermal Analysis

a. "Conducting Paper" Studies of Temperature Distribution in

LMFRE-I Side Reflector

A conducting paper (Teledeltos) analog study was performed to

determine the temperature distribution in the side reflector. A horizontal

cross section was simulated by a scale model of the graphite reflector

section. The analog (Fig. 3) consists of the conducting paper (1), a

series of resistors (2) to set the current flow in the paper, a "styro-foam"

(3) board for mounting the model, a potentiometer (4) for electrical

measurements, and a current source (5).

The analog operates on this principle: Heat flow in the graphite

is analogous to electrical current flow in the conducting paper. Electrical

current, which simulates the internal heat generation in the graphite,

enters the paper at various points (6). The potential difference between a

point on the paper and a given reference (cooling channels) is proportional

to the temperature difference between the same two points. By measuring

this potential difference with a potentiometer, it is possible to locate

isotherms (equal temperature lines) and the maximum expected temperatures

in the graphite.

Figure 4 is a typical example of one of the studies, based on the

LMFRE-I reference reactor design equivalent heat generation when

graphite absorbs 0.3 g U-Bi/cc.

The analog studies have been checked on the Electro-Data 205

digital computer using a temperature relaxation technique. The tempera-

tures thus obtained (as shown in Fig. 4) were about 10% higher than the

equivalent temperatures obtained using the "Teledeltos" paper analog

method. Refinement of the digital computer analysis (to minimize the

effect of lumped resistances and heat sources used in the studies) should

provide more accurate data. These data, in conjunction with the analog

studies, will be used to determine the number and the position of cooling

holes in the side reflectors.

- 12 -



FIG. 3: THERMAL ANALOG MODEL FOR SIDE REFLECTOR SECTION (LMFRE-I)
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FIG. 4: TEMPERATURE DISTRIBUTION IN SIDE REFLECTOR
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b. Reactor Support Rod Thermal Study

The temperature gradients and radial thermal stresses were

calculated for the rods that support the graphite assembly. Each support

rod is a solid, 1-in. OD, molybdenum rod within a 1 1 /2-in. annulus

filled with fuel. Heating in the rods and rod annulus is caused by capture

of gammas from the core, reflector, and reflector outer annulus, and by

neutron-gamma reactions.

The calculations were based on a power level of 8 1/3 MW, a

fuel penetration of 0. 3 g/cc graphite, a stagnant fuel annulus surrounding

the rods, and the transfer of heat by conduction only. Temperature

gradients of 0.6 F across the rod, and 52.6 F across the annulus, yield

a radial stress of less than 100 psi in the rods. Thus, temperature

gradients and stresses should not present serious problems in the LMFRE-I

design.

c. Reactor Secondary Containment Thermal Study

The maximum temperature rise due to gamma heating in the

secondary containment vessel was calculated. The sources considered

are gammas from the core, reflector, and reflector annulus plus those

from the eta, gamma reaction in the vessel. When the reactor is

operating at a power level of 8 1/3 MWh, the maximum heat generation

occurs in a localized area near the outlet pipe. This value, calculated

to be 682 Btu/hr/ft3 for a reactor power of 8 1/3 MW gives a AT of

10.5 F between containment and reactor vessels (assuming that by

radiation and natural convection all the heat is transferred to the reactor

vessel through a stagnant helium volume between the vessels). No excess

thermal temperatures are expected to occur in the reference design

secondary containment.

d. Heat Generation Due to Primary System Radiation Energy

The heat generation rates were calculated for the primary

system dump tanks and dump tank vessel walls, after the dumping of

primary system fuel. The calculations were based on infinite reactor

operation at 8 1/3 MW, a dump tank volume of 38 ft3 and a vessel

thickness of 3/4 in. Maximum values calculated were: 1.7 x 104 Btu/

hr/ft3 for the dumped fluid; 5.6 x 102 Btu/hr/ft3 for the vessel wall.

- 15 -



Preliminary calculations of the heating rates in the shielding

surrounding the reactor vessel, primary piping, primary pump,and the

intermediate heat exchanger were completed.

The maximum heat generation rates at the inside surfaces of

the shielding were calculated to be 7.54 x 102, 1.16 x 103, 1.94 x 10, and

1.94 x 10 Btu/hr/ft3, respectively. These values will be used to calculate

shielding temperatures and cooling requirements.

6. Instrumentation and Control

a. System Analysis

The AEC approved a subcontract with Franklin Institute to begin

a system analysis study of the LMFRE-I primary system. This work, to

be completed in nine months, encompasses derivation of transfer functions

of the intermediate heat exchanger (IHX) and the reactor, and the building

and testing of the primary system analog model based on Franklin's Data

Sampling" technique.

The constant-flow IHX model has been built and run with

variable frequency temperature inputs at a constant flow rate. A model

that can be used for variable flow is also under construction: It will

consider the variable film coefficients of heat transfer in the IHX. Another

study, to obtain the theoretical reactor transfer equations, has started and

will be checked using the simulated reactor.

The basic reactor partial-differential-nuclear equations used

for this study are:

8n/8t = h2 /1 n/8Z2 +nB + [kf (1-R) - 1] n/ + (1)

i=6+i=6

P'Q' X. C. + V. C.,

i 1 i 1F i- 1 1g

i=l F i1 g

dCi /dt = (1 - G1 0 ) keff-pi n/. -Q C g, and (2)
g g

aC. /at + q 8C. I/8Z = G keffipi /I - \.C. (3)
iFF10 ef 11i

- 16 -



n = relative neutron density neutron/cm 3

t = time sec

C. P' Q. times the precursor concentration of the

F ith delayed neutron group nuclei/cm3

C. = P' Q. times the precursor concentration of the
1 1 1

g ith delayed neutron group in the core graphite nuclei/cm3

P = resonance escape probability of the delayed neutrons
.1.th
in the i group

Q. = fast nonleakage probability of the delayed neutrons
.1.th
in the i group

~eff 2 2
I = 1/2 v (1 + L B2) sec
eff a

= macroscopic absorption cross section of core

material adjusted to account for thermal plus

fast neutron absorption cm

v = average velocity of thermal neutrons cm /sec

L2 = square of thermal diffusion length cm

B = geometric buckling of the equivalent bare
-2

reactor using core material cm
2 -2

B = radial buckling of equivalent bare core cm
r
2 2 2 -2

B =-B -B cm
z r th

X. = decay constant of the precursor for the i
1 -1

delayed neutron group sec

p. = fraction of fission neutrons in i thdelayed

/ neutron group

= fraction of fission neutrons in all delayed neutron

groups

= effective fraction of fission neutrons in ith

delayed neutron group, = P.'Q!
2 2 2 2 1112

h = L2/1 + L B cm

x = distance along vertical axis of reactor cm

q = flow velocity of U-Bi solution in the core cm /sec

G10 = fraction of core fissions which occur in U-Bi

fuel solution

Z = vertical distance along reactor cm

- 17 -



The transfer functions of the IHX constant-flow model have

been computed by B&W (digital computer) and checked on the analog.

Figure 5 shows one set of data, the amplitude ratio for the intermediate

fluid (Bi). Figure 6 shows the phase plot. The two methods show

excellent agreement, establishing-a lot of confidence in the "sample data"

simulation techniques employed at Franklin Institute. 1

The data transmitted to Franklin Institute should enable them

to obtain the values necessary to simulate the reactor. Present design of

the simulation circuit involves a two-section representation of bottom and

top plenums, and a nine-section representation of the reactor core. The

thermal core model will be represented as an equivalent fuel channel

surrounded by two graphite-ring sections; the radial flux will be assumed

flat, and the axial flux values will be considered based on the "Z" dependence

factors for the delayed neutrons in each section. The corresponding

weighing factors for temperature coefficients of each section represented

and for the side reflector have been determined.

The program will be used in obtaining preliminary information

needed to (1) analyze the LMFRE, (2) determine a preliminary reactor

control system, and (3) obtain primary system transient behavior.

b. Control Rod Calculations

Preliminary analysis of a regulating rod and a functional con-

trol rod drive specification is complete. The regulating rod analysis

gave values that help determine the rod characteristics. From the

standpoint of control, important values are the inertia of the drive

system, the viscous frictional force, and the drive system torque

requirements. The specification describes requirements for a system

containing three shim-safety rods and one regulating rod, and is

applicable to liquid-metal-column or mechanically driven rods.

The maximum reactivity insertion (rod withdrawal rate) has

been tentatively established as 0.01% 6,k/sec (--5 in. /min for a 5%

reactivity rod worth). The safety rods should be fully inserted into the

core in about 0. 5 sec. The shim-safety rods will be B4 C, canned in

Croloy, tantalum, or molybdenum; or liquid metal absorber rods

1 Stubbs, G. S. , "A Sampled Data Simulation and Computer Using
Stepping Delays, " Automatic Control, April 1958.

- 18 -



canned in Croloy or molybdenum. Similar material will be used for the

regulating rod, but it will have a neutron cross section that provides a

rod worth about 0.5% reactivity.

c. Plant Radiation Monitoring

A preliminary equipment specification for an LMFRE-I plant

radiation monitoring system has been issued to vendors for evaluation

and preliminary bids. The proposals will be evaluated to determine

cost, adequacy of equipment, and possible engineering changes. The

system includes a primary system leakage monitor; a ventilation system

monitor, to detect activity in the building air; an IHX monitor, to detect

leakage from primary to the intermediate system; an off-gas monitor,

to determine activity in the off-gas system; and health.physics monitors,

to protect plant operating personnel.

7. Shielding

a. LMFRE-I Shielding Requirements

Preliminary calculations are complete for the heating rate

and shield thickness requirements necessary to limit the dose rate during

maintenance to 60 mr/hr at the IHX plug. Assuming that 10% of the

total fission products plate out uniformly on all surfaces of the primary

loop, a 10-in-thick steel plug is needed to reduce the dose rate to the

specified limits. The maximum heating rate in the plug is about 39

w/cu ft, not enough to cause serious thermal problems.

The requirements for the permissible radiation exposure to

man1 have been established for LMFRE-I; they will be used to determine

design requirements for shielding thicknesses and plant operating

procedures.

Requirement Summary

The total dose received in any one year shall not exceed 5 rem.

The total dose received by an individual in any 13'-wk period

shall not exceed 3 rem.

The total dose for any one week shall not exceed 0. 3 rem

(0.9 rem in exceptional cases).

'Handbook 59, National Bureau of Standards and Addendum, April 15,
1958, The Sanitary Code of New York State Department of Health.
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FIG. 5: AMPLITUDE RATIO CURVES (IHX)
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FIG. 6: PHASE PLOTS (IHX)
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Preliminary shielding thicknesses determined for the plant's

concrete walls limit the dose rate during full-power operation to 7.5

mrem/hr in the canyon and limited access areas, and to less than 0.75

mrem/hr in other areas. During maintenance procedures, these limits

are: 0.75 mrem/hr in the control rooms, a maximum of 0.75 mrem/hr

1000 ft from the plant building, and 7.5 to 30 mrem/hr in all other areas

of the building except the canyon.

The following shield thicknesses (tentatively set) satisfy the

allowable dose rates:

10 ft of water above any component in the storage pool;

3 ft of barytes in the wall between the reactor and primary loop;

4 ft-3 in. of barytes in all walls around the primary loop;

7.5 ft of barytes around and above the reactor to shield areas

when 7.5 mrem/hr dose rate must be met;

8 ft-3 in. of barytes shield the reactor, and 4 ft-10 in. shield

the primary loop where the 0.75 mrem/hr dose rate must be

met (control room);

4 ft of barytes for all other canyon floor areas and the concrete

hat above the pump and heat exchanger;

2 ft-9 in. of concrete for all canyon walls;

1 ft-6 in. of barytes for the canyon roof;

2 ft-9 in. of 3. 3 g/cc lead glass for the maintenance viewing

window;

About 3 ft-4 in. of barytes or 3. 3 g/cc lead glass for the hot

cells when a 1000-curie source is used.

The intermediate system shielding requirements have been

tentatively established assuming that 30 curies of Na-24 and 1 cu ft of

U-Bi are present in the intermediate system. There must be about

2 ft-4 in. of barytes to shield personnel from the sodium activity and

reduce the levels to 0.75 mrem/hr. If U-Bi leakage of 1 cu ft were to

occur, the same thickness could result in a dose rate of about 150 mrem/hr

at the outer surfaces of the shielding.
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b. Radiation Loop Shielding Requirements

The Radiation Loop No. 2 shielding required for a plugged heat

exchanger and associated piping is of 1 ft-8 in. of concrete. This

shielding will reduce the dose rate to 7.5 mr/hr at the external shielding

face after a 30-day shutdown time. The calculated dose rate at the

surface of the plugged components is 1000 R/hr.

Thickness of the MTR shield wall was determined for maximum

expected radiation levels. Between 3 ft-3 in. and 3 ft-9 in. of magnetite

concrete will be required to reduce radiation levels to tolerable limits.

The calculated shielding requirements for U-Bi samples from

ETR and MTR loops is 3.4 and 2.7 in. of lead, respectively. Calculations

were based on a loop operating time of 5000 hr, and a 30-min decay time

for each sample. The calculated activity rate after the 30 min delay, is

4.49 x 109 Mev/cm3/sec for ETR loop, 1.4 x 109 Mev/cm3/sec for MTR

loop.

B. HAZARDS EVALUATION

1. Definition of Maximum Credible Incident

The maximum credible incident for the LMFRE-I has been reval-

uated in light of design decisions and is tentatively considered as two

separate incidents: Maximum Credible Reactivity Addition, and

Maximum Credible Release of Radioactivity.

It is convenient to consider the two incidents independently since

there is no apparent credible reactivity addition that would result directly

in a breach of containment.

a. Maximum Credible Reactivity Addition Incident

Because the total system inventory U-235 (23 kg) is large

compared to a core critical mass (3.6 kg U-235), it is postulated that a

significant fraction of a core critical mass could be deposited in the

external system and enter the core later, resulting in a reactor reactivity

increase.

These methods will be used to determine system inventory:

Administrative control over uranium and bismuth additions

to the system.
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Analysis of fuel samples to determine uranium concen-

tration in the fuel.

Calculation of uranium burnup from integrated power

measurements,or by spectroscopic analysis for U-236.

Estimation of fuel penetration into graphite moderator.

Any accountable loss of uranium inventory (and uncertainties

in the measurements or calculations indicated above) can be considered

as uranium that is potentially capable of entering the reactor as over-

concentrated fuel. Figure 7 indicates k effversus core fuel concentration.

Figure 8 represents the Ak addition. as fuel (concentrated to double the

normal amount of U-235) passes in plug flow through the reactor. The

worst case (continuous flow of doubly concentrated fuel) requires reentry

of 3.5 kg of U-235 into the fuel stream in about 10.5 sec. Deliberate

attempts to redissolve deposited uranium in the circulating loop experi-

ments have been made: Analysis of fuel samples taken periodically over

a period of days indicates that uranium reentry rates are of less

magnitude than the rate above.

It was decided to design the safety system with sufficient shut-

down reactivity to prevent a severe nuclear excursion in the event the

reactor were filled with doubly concentrated fuel. It was calculated that

eight safety rods (3-in. diameter, B 4 C) will provide reactivity in excess

of the required shutdown activity. Figure 9 shows the calculated shut-

down reactivity in the LMFRE-I for four and eight safety rod banks with

different fuel concentrations.

To illustrate a specific case, Ak was calculated for eight rods:

3-in. diameter, B C in fuel concentration of

1480 ppm by weight U-235 36.8%

Ak added to reactor as a result of fil]ing

with double concentrated fuel 18.4%

This leaves a total of 18.4% excess shutdown Ak, which may

be utilized as additional safety against a mechanical rod failure (4.6%), as

necessary shim requirements, or to reduce the size of the safety rods.

(Eight 2-in, diameter B 4 C rods provide 28.5% shutdown Ak in a reactor

filled with double the normal fuel concentrated.)
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FIG. 7: kff VS N5S/NB.
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FIG. 8: Ak VS TIME

24

Slug Flow of Overconcentrated

Fuel (N25/NBi = 1320), Full Power

20

Full Reactor Slug

4--

S16
IU

N O
a U

O12

0

5.64 -cu ft Slug _
.2 8

4-- 2. 82 -cu ft Slug ~

0
0 1 2 3 4 5 6 7 8 9 10

Time (sec)

-~



FIG. 9: ROD WORTHS
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It is evident that as doubly concentrated fuel began to enter

the reactor, the safety rod system would provide sufficient shutdown

reactivity to control the excursions and keep the reactor subcritical.

The requirement here is that the rods scram fast enough to prevent

a severe nuclear excursion. The kinetic calculations are based on

beginning the rod scram 0.5 sec after the beginning of the nuclear

excursion and allowing a rod insertion time of 0.5 sec.

Following is a summary of the maximum credible reactivity

addition incident.

(1) By some means, not yet determined, an amount of U-235

greater than 3.5 kg is deposited somewhere in the external

system.

(2) The excess U-235 is released fast enough to appear at the

reactor inlet at double the normal fuel concentration.

(3) As the doubly concentrated fuel enters the reactor,

excess reactivity is added at an initial rate of about

1.3%/sec, resulting in a rapid rise of power level,

insertion of the safety rods into the reactor, and

interruption of the power supply to the primary

circulating pump.

(4) Because the eight safety rods are actuated independently,

it is assumed that only one safety rod fails.

(5) Sufficient shutdown reactivity is inserted into the

reactor, limiting the nuclear excursion and causing the

reactor to become subcritical.

(6) Because the safety rod shutdown reactivity is greater

than the reactivity introduced by filling the reactor with

doubly concentrated fuel, the reactor will remain sub-

critical although pump coastdown results in the continued

flow of overconcentrated fuel into the reactor.

Figure 10 shows reactor power, mean fuel temperature and core

fuel pressure as a function of time when the reactor (with eight safety rods) is

being filled with doubly concentrated fuel. Figure 11 shows power, mean

fuel temperature, and core fuel pressure for a 1.5%/sec ramp reactivity

input (with no safety rod action).
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FIG. 10: REACTOR KINETICS - SAFETY ROD
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FIG. 11: REACTOR KINETICS - NO SAFETY RODS
(1.5 %/sec Ramp Input)
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b. Maximum Credible Radioactivity Release Incident

To understand the hazards associated with a release of

radioactive isotopes to the environment, the following accident is

postulated.

(1) A leak develops in the primary system, spilling the fuel

containing fission products into the close-fitting containment surrounding

the primary system.

(2) All fission products are assumed to have been retained in

the fuel stream for 2 yrs operation at 8 MW, and,,when the fuel spills into

the containment, all the radioactive Kr, Xe, I and 5%/day of the Po-210

are assumed to be released from the fuel to the gas in the containment.

(3) Since the pressure in the containment is essentially

equal to the cell pressure (atmospheric), and since the containment is

designed for a maximum leakage of 1%/day at 35 psig OP across the

containment, it is calculated that the volatile fission products would

have to leak from the secondary containment at a rate of 0. 1%/day to

circulate the gas in the secondary containment.

(4) It is assumed that the ventilating system continues to

operate and that the assumed 20-ft by 30-ft by 60-ft cell is ventilated

with an air flow of 60 cfm. Fission product volatiles that escape the

containment are mixed with the cell air and leave the building via the

stack.

Figure 12 shows the first-week dose and the lifetime dose

to an individual exposed to the radioactive cloud for 12 hr.

Dose Rates for the Postulated Accident

Release Rate for: Dose Rate at 1000 M
Isotope Accident Postulated Unstable ~Weather

c /hr mr/hr

Kr-85 9.0 x 104 0.00031

Xe-133 3.9 x 105 0.00073

Xe-135 6.1 x 10 6 0.06
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FIG. 12: INTERNAL DOSE VS. DISTANCE
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2. Comparison of Hazard on North and South Site at Brookhaven

National Laboratory (BNL)

Evaluation of possible hazards associated with locating the LMFRE-I

either on the north or the south BNL site indicates that argon-41, formed by

neutron capture of the reactor cell air, presents the major hazard. LMFRE-I

will produce approximately 130 curies /day, which should not add to the

total hazard since the BNL pile produces nearly 6,600 curies/day at

original design power. Considering the design difference in stack height

and the increased operating power of the BNL pile, the LMFRE-I should

not contribute more than 10% of the total argon-41 in the south-site area.

The north site should present an even smaller problem.

LMFRE-I should not contribute a significant problem to area water

contamination at either site since water effluent from the plant should

not contain waste above tolerance level.

3. Plant Equipment Failure Evaluation

An initial draft report on system behavior and procedures to be

followed after an equipment failure was prepared by Systems Engineering.

These failures were considered:

Sudden loss of primary circulating pump

Loss of any one heating and cooling system blower

Leak in primary system to containment

Leak in intermediate heat exchanger

Leak in air blast cooler

Gas pressurization failure (heat exchanger seals)

Failure of air blast cooling system blower.

An evaluation of the possible hazards associated with each of these

failures will be made to aid in preparing the preliminary hazards report.

C. PHYSICS AND MATHEMATICS

LMFRE-I Design

a. Reactor Vessel Size

The reactor vessel has been sized to contain an overall graphite

assembly 8 ft-6 in. high and 8 ft-10 in. in diameter.
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For a small, highly reflected core (thin reflectors) an increase

in core radius (with an equivalent decrease in reflector thickness) has

little effect on the criticality of the system. As the reflector approaches

an infinite thickness, however, k is very sensitive to adjustments in

core radius; therefore, substantial changes in k can be effected with

only small changes in core radius and no changes in reactor vessel size.

This versatility has been incorporated into the LMFRE-I

reference design. Figures 13 and 14 show the magnitude of this effect

in plots of reflector savings against reflector thickness. One cm of

radial graphite reflector is worth about 1 cm of core, up to reflector

thicknesses of 30 cm, and 90 cm may be considered infinite. Figure 14

shows the effectiveness of the end reflector. For thicknesses up to

35 cm, 1 cm of graphite appears to be worth more than 1 cm of core.

This is due to the effect of the 3-in. U-Bi plenum, which has a fuel

concentration of three times that in the core. To allow for future

criticality adjustments, by adjusting core dimensions without changing

the reactor vessel size, the reflector thickness has been initially

designed to permit moderate core dimension modifications.

b. Allowable Uranium Concentration

The initial, hot, clean critical concentration of U-235 has

been set at 660 ppm (atom ratio) in bismuth.

With a U-Bi (coolant fuel) core inlet temperature of 775 F,

uranium limitations may be summarized as follows:

Item U Concentration in Bi (wt)

Solubility at 738 F 1080 ppm

Less 5% uncertainty in

U measurement 54 ppm

Uncertainty in calculations,
12.6% of initial concentration 100

Higher U'isotopes + U-235
buildup 132

Initial concentration 794

Assuming an enrichment of 93.5% U-235, the detailed allowances

for various uranium isotopes in the fuel are shown in Table I.
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FIG. 13: RADIAL REFLECTOR SAVINGS VS REFLECTOR THICKNESS
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FIG. 14: VERTICAL REFLECTOR SAVINGS VS REFLECTOR THICKNESS
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TABLE I

DETAILED BREAKDOWN OF URANIUM REQUIREMENTS

Item

Initial Concentration

Equilibrium Xe Poison

Equilibrium Sm Poison

Fission Product Poison

Higher Uranium
Isotope Buildup

Safety Margi. for
Uncertainty in
Calculation

Subtotal

Uncertainty in
Chemical Analysis,
5% of Subtotal

Total

U-235
Atom Wt

ppm

660 742

53.3 60

14.7 16.5

18.1 20.7

U-236 U-237
Atom Wt

ppm

U-238
Atom Wt

ppm

45.3 51.6

3.7 4.2

1.0 1.1

1.2 1.4

Total
Atom Wt

ppm

705.3 793.6

57.0 64.2

15.7 17.6

19.3 22.1

19.5 22.0 7.7 8.8 27.2 30.8

83 93.5 5.7 6.5 88.7 100

829 933 20 22 65 74 913 1028

42 47 1 1 3 4 46 54

871 980 21 23 68 78 959 1082

c. Core and Reflector Dimensions

Having established the allowable U-235 concentration based on

solubility limitations and operating characteristics of the system, calcu-

lations were performed to establish the core and reflector critical

dimension for hot, clean, operating conditions. Using these dimensions,

the critical fuel concentration was computed for the case of complete

penetration of all graphite with bismuth (0. 3 grams bismuth per cc graphite).

The uranium-to-bismuth ratio in the graphite was asspimed equal to the

ratio in the U-Bi fuel stream.

All calculations were made in one dimension, using four-

group diffusion theory and a 38-group spectral code to prepare the diffusion

constants. The specifications and data used in the calculations, and the

parameters of the resulting reference design are given on the. following page.
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Reactor Specifications

Reactor vessel ID

Bismuth annulus thickness

Reactor diameter

Reactor height

Control rod void in core

Core diameter

Core height

Plenum thickness

Side reflector thickness

End reflector thickness

9 ft

1 in.

8 ft-10 in.

8 ft-6 in.

none

106 cm (41.73 in.)

106 cm (41.73 in.)

3 in.

81.6 cm (32.13 in.)

68.9 cm (27.13 in.)

Nuclear Characteristics

No Fuel Penetration

Average temperature

Core

Plenum

Reflectors

Core bismuth-to-

graphite ratio

Bismuth density

Graphite density

Initial N 2 5 /NBi

Core void fraction

842.5 F

842.5 F

842.5 F

0.5

9.88 gm/cm 3

- 1.80 gm/cm 3

660 ppm

none

Fuel Penetration

877.5 F

877.5 F

1042.5 F

0.53

9.88 gm/cm 3

1.80 gm/cm 3

567.6 ppm

none

Initial Fuel Distribution

Core

Plenum Chambers

Side Reflector

End Reflector

External Loop

Total

No Fuel Penetration

2.29 kg

0.99

0.73

0.19

18.36

22.56

Fuel Penetration

2.09 kg

0.85

3.33

0.45

15.79

22.51
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d. Neutron Fluxes

Figures 15 and 16 show the thermal flux profiles (axial and

radial) for the case of no fuel penetration of graphite. The cut-off

energy for the thermal group is 0. 2 ev in all cases.

e. Temperature Coefficients

The reactor temperature coefficient has been computed for the

case of zero power with no Xe-135 or SM-149 in the reactor. The

temperature defect (or the difference in criticality 'requirements for two

temperatures) may be predicted when this over-all isothermal coefficient

is known. The response of the reactor during a reactivity transient,

however, is highly dependent upon the response time of the partial coef-

ficients that make up the over-all coefficient.

Material temperature coefficients for each major reactor region

have been calculated for use in transient analysis and analog simulator

closed-loop studies. The prompt temperature coefficient is due to the

rapid heating and expansion of the U-Bi coolant-fuel. The slower acting

(delayed) coefficient is associated with the graphite in each region and

is due to expansion of the-graphite and a change in the thermal neutron energy.

Table II gives the results of these calculations. Figure 17 plots keff as a

function of temperature.

TABLE II

AVERAGE TEMPERATURE COEFFICIENT (800-900 F

Material

Graphite'

F uelV

Gr aphite'*

Fuel

Fuel

Graphite

Total

Region Temperature Coefficient
Ak F

(Fuel Absorption)

End Reflector -0.008 x 10-4

Plenum -01.062 x 10~4

Core -0.929 x 10-4

Core -0.205 x 10~ 4

Side Reflector -0.007 x 10~4

Side Reflector +0.016 x 10-
-1.20 x 10 4

Temperature Coefficient
Ak F

(No Fuel Absorption)

+0.018 x 10-4

-0.062 x 10-4

-0.928 x 10'4

-0.216 x 10~4

-0.009 x 10-4

+0.122 x 10-

-1.08 x 10 4

Includes effect of changing temperature in both ends of reflector.

Includes the entire effect produced by changing the energy of the

thermal neutrons in the fuel plenums.
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FIG. 15: THERMAL NEUTRON FLUX VS REACTOR RADIUS
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FIG. 16: THERMAL NEUTRON FLUX VS REACTOR HEIGHT
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FIG. 17: k VS TEMPERATURE
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FIG. 18: RING WORTH OF 8 B4 C RODS AS A FUNCTION OF POSITION
IN END REFLECTOR
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FIG. 19: CRITICALITY CURVE FOR CRITICAL CONCENTRATION
OF PLUTONIUM AS A FUNCTION OF ENRICHMENT
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FIG. 20: THORIUM-TO-URANIUM RATIO CRITICALITY VS FUEL CONCENTRATION LMFRE-I
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FIG. 21: k VS CORE DIAMETER
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FIG. 22: k VS CORE HEIGHT (Reactor Height Constant)
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FIG. 24: keff VS REFLECTOR THICKNESS
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FIG. 25: k VS N INeff 25 Bi
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FIG. 26: k VS PLENUM THICKNESS
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FIG. 27: k VS RELATIVE POISON
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FIG. 28: N25/NBi VS RELATIVE POISON
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h. Control Rods

The reactivity holdup of the control rods in the end reflector

was evaluated as a function of vertical position. The rods were assumed

to be 3-in-radius B 4 C with 60-mil molybdenum cladding. The ring of

eight rods had a 12.5-in, radius. The results, plotted in Figure 18

indicate that the maximum end reflector rod holdup is 3% in Ak. This is

8% of the calculated total rod worth compared to the 9% estimated from

experimental data for a 1-in. Croloy rod.

i. Plutonium Fuel Study

Preliminary calculations were performed to determine the

LMFRE-I critical fuel concentration with plutonium as fissionable material.

Figure 19 is a criticality curve of fuel concentration as a function of

enrichment. The critical mass of Pu-239 is 2. 36 kg for 90% enrichment.

The total mass of fissionable material in the primary loop is 12.7 kg.

j. Thorium Slurry Study

A study was carried out to determine the criticality characteristics

of the LMFRE-I design using a thorium-bismuth slurry. A criticality curve

was generated, giving the critical thorium-to-uranium atom ratio as a

function of the U-235-to-bismuth ratio in the slurry. (See Fig. 20.)

The curve exhibits a maximum, or stable, slurry concentration at 2. 3 w/o

of thorium for a U-235 to bismuth atom ratio of 2200 ppm.

k. Criticality Effects

A series of parametric calculations has been made, based on

the established core design, to show the variation of k with each

parameter. The parameters included are shown graphically in Figures

21-28.

D. SYSTEMS AND ARRANGEMENT

1. Primary, Intermediate, and Heat Rejection Systems

Calculations, carried out to optimize the intermediate heat

exchanger (IHX) design, show that a decrease in intermediate fluid

outlet temperature at 8 1/3 MW operation (from 960 F to 945 F, as

proposed in the reference design) increases the log mean temperature

difference, giving the following advantages: reduces bismuth and uranium
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inventory; reduces heat transfer surface; reduces IHX length and

diameter; and eliminates 200 tubes and 400 tube seat welds.

A study on the effects of an IHX tube rupture produced the

following conclusions:

If the intermediate system is operated with bismuth as the

intermediate fluid, the pressure differential would be toward

the primary system for all conditions.

If the intermediate system is operated with a 150-psi overpressure

(sodium intermediate fluid), the pressure differential would be

toward the primary system for all conditions.

If a surge volume of 2 sq ft (cross-sectional area) is added to the

intermediate pump barrel, leakage from the intermediate system

could be detected in amounts greater than 1/2 cu ft.

Since pressure differentials are always toward the primary system

it is improbable that a significant quantity of U-Bi could leak to

the intermediate system.

Calculations indicated that the primary system pressure drop for

full-rated flow (as shown in the reference design) between the reactor

outlet and the primary pump inlet exceedes 2 ft of bismuth, the value for

current pump design. A study of this problem resulted in the following

recommendations, which have been incorporated into the design:

The reactor outlet shall be well rounded and have a maximum

pressure drop of 0. 1 velocity head.

Piping between the reactor and the pump inlet shall be 6.125-in.

ID by 0. 28-in, wall, of a minimum length consistent with

flexibility requirements.

The metallurgical sampling station, fuel addition mechanism,

and the fuel sampler shall be located on a bypass line.

These changes result in a calculated pressure drop of 1 .81 ft of bismuth

between the reactor outlet and the pump inlet, compatible with present

pump design.

An analysis of vertical-air-flow and horizontal-air-flow air blast

coolers led to a selection of the vertical type. The horizontal type had

definite arrangement advantages but introduced heat distribution problems

in the coils.
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After investigation, a propane burner was chosen as the best

means of preheating the air blast cooler coils.

2. Primary Fill and Drain System

A study of mounting the dump tanks horizontally rather than

vertically (as called for in the reference design) indicated that horizontally

mounted tanks reduce the total head on the fill pump, reduce the dump

tank pit depth, and increase accessibility to the tanks. However, the

vertical arrangement was reinstated after structural analysis revealed

that severe thermal stresses exist in the horizontal tanks during filling

and emptying.

Component design work progressed, with the preliminary sizing

of the dump tanks, dump header, fill valve, fill piping, dump valves,

dump piping, freeze valve, bypass line, melt tank, bismuth filter, and

isolation valve. The design specifies three dump tanks, each with these

specifications: 34-in. ID and 3/4-in. walls; a 91 7/8-in. straight section;

2:1 elliptical heads; 110 1/2-in. outside height (without insulation); and

a 54-cu ft capacity. Minimum center-to-center spacing of the tanks is

6 ft 10 in.

A section of the system that could be used to remove U-Bi from

the dump tanks, if necessary, has been under study. The dump header

is fitted with a goose-neck freeze valve that leads to three portable

containers of the same size as the dump tanks. Each container is

supplied with an isolation valve, a means of remotely sealing the inlet

line, and a removable heating jacket that can bring the container metal

temperature to 850 F. After the U-Bi in the dump tanks has cooled

for 24 hr, the liquid temperature is between 800 F and 850 F, where it

is maintained during transfer by the dump tank cooling system.

The freeze valve opens upon heating, and helium overpressure

forces the U-Bi from the dump tanks into the containers. During

transfer, decay heating causes the temperature in the portable containers

to rise to about 960 F: The tanks will then cool by radiation and

convection heat transfer (heating jackets removed) until the U-Bi is

frozen and an equilibrium temperature of about 450 F is reached. The

tanks can be remotely disconnected from the fuel-removal line at any

time after the heating jackets have been removed.
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If a slurry fuel is used, it must be agitated while in the dump tanks;

if a solution-type fuel is used, the need for agitation is not. definitely

established. Therefore, various methods of agitation were studied,

including mechanical agitation, agitation by bubbling gas through the liquid,

and agitation by pumping. This study is continuing.

3. Intermediate Sampling System

Investigation revealed that the intermediate system fluid requires

only one sampling station.

The sampling mechanism is mounted in a bypass across the

intermediate pump. A throttle valve provides flow control. Local

shielding provides for contact maintenance and manual operation.

The mechanism will receive a capsule from an inert atmosphere,

fill it with a representative sample from the fluid stream, and deliver

the sample to a helium-filled transfer container.

The following conditions are imposed upon the sampler: must

maintain an inert atmosphere around the capsule at all times; must

prevent air from entering the intermediate system; must prevent escape

of polonium-210 to the atmosphere; must prevent, capsule failure caused

by thermal shock; and must prevent deposition of additives on any part

of the mechanism in contact with bismuth.

The capsules for the samples are made of impervious graphite

and designed for mechanical strength, resistance to thermal shock,

inertness to the intermediate fluid, an.d fineness of surface finish to

restrict adhesion and absorption.

4. Intermediate Fluid Fill and Dump System

Work has been directed toward refining and completing the

preliminary design which incorporates a melt and charge section,

a dump section, and a coolant removal section.

A 25-cu ft melt tank equipped with 50 kw electric induction

heaters liquifies the bismuth. which flows by gravity - through a metallic

filter (being developed at Allianc e), a bellows seal valve, and a goose-neck

freeze valve - into a 65-cu ft vertical, cylindrical dump tank
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Helium overpressure forces the bismuth through a dump tank dip tube

and into the intermediate system through a conventional bellows seal

"fill and dump" valve. When the intermediate system is filled, the "fill

and dump" valve is closed. An intermediate gas pressure is main-

tained in the dump tank to combat assumed "fill and dump" valve leakage.

The intermediate system fluid is dumped by opening the "fill

and dump" valve which causes a vent valve between the pump and dump

tank to open. Most of the fluid drains by gravity. Remaining fluid is

forced through another valve (the "fill and dump" and vent valves are

closed) in a line connecting the IHX dip tube to the dump tank dip tube.

A goose-neck freeze valve is also connected to the dump tank dip tube

so that the fluid may be transferred from the dump tank to a portable

container .

5. Electrical, Standby and Emergency Power, and Intermediate

Startup Heating Systems

a. Electrical

Electrical system design has progressed as electrical

requirements of the various systems have become better defined.

The primary supply is 13.8 kv, the total load is 2000 kva.

The secondary voltage is three-phase, 60-cycles, at 480/277 v.

Three buses are provided: No.one, 480 v - 3 4 - 3 W - 60 cycles, with

a normal equipment ground, serves major equipment such as primary

pump, intermediate pump, hoist crane, heating and cooling systems,

cooling water pumps, air compressors, air blast cooler fan, and

vacuum pump. No. two, 480 v - 3 4. - 4 W - 60 cycles, supplies the

spectrograph, welding machines, lighting, etc. The electrical equip-

ment that requires emergency power for safe reactor shutdown will be

connected between bus No. two and an emergency bus. A system of

interlocks will coordinate the emergency and the normal power supply

systems.

A constant power supply, consisting of an a-c motor, d-c

motor, and a-c generator, all on the same shaft, provides power for

instruments and controls that are affected even by the short power

interruption that results from switching to the emergency generator.
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b. Standby and Emergency Power

This system (presented in the preliminary specification issued

October 30, 1958)has been evaluated.

The power failures experienced at Brookhaven there in the

past five years and the general reliability of their electrical supply system

were investigated. Long Island is now supplied by a loop system; three

generating stations are in operation and a fourth is to be built. A tie-in

with the mainland also exists. A new overhead supply line to Brookhaven

and a new underground distribution system, to be in operation by the time

LMFRE is built, will add to the reliability. It is therefore concluded

that the present standby and emergency power system design will be

adequate.

c. Intermediate Startup Heating

Alliance's progress on research and development of induction

heating methods indicates that the 6-in. intermediate piping can be

heated with 36-turn coils of 2/0 cable. Each coil is 5 ft long with a 3-ft

space between coils. A 25-v drop across each coil will be required with

a 100-amp current. An arrangement has been developed for remotely

removing and replacing the individual coils.

6. Heating and Cooling Systems

These systems will heat primary system and dump tanks during

degassing operations and before filling with U-Bi fuel, and after shutdown

will provide cooling to remove decay heat. Three systems are provided:

a. Reactor Heating and Cooling

A7 1/2hp, 2000 lb/hr blower (with standby) circulates helium

in a closed loop through a 250,000 Btu/hr helium-to-air cooler, a

75-kw resistance electric heater, and a baffled gas shroud surrounding

the reactor, and then back to the blower. Reactor heating or cooling

thus may be accomplished using the same helium.

b. Primary Component Heating and Cooling

This system, similar to the one above, is separated into two

loops. Loop one, which serves 'the IHX, primary pump, fuel addition

mechanism, metallurgical sampler, and fuel sampler, has a 1. 5-hp
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blower (and standby) that forces 400 lb/hr of helium through a 30-kw

heater and a 100,000 Btu/hr finned-type helium-to-air cooler. Loop

two, which serves primary system cold leg and primary fill and dump

system piping has a 1 . 5-hp blower (no standby), a circulation rate of

400 lb/hr, a 20-kw electric heater, and a 75,000 Btu/hr-cooler.

c. Dump Tank Heating and Cooling

The critical nature of this system's function (removal of

decay heat from the dump tanks) requires duplicate blowers. Five-hp

blowers, 75-kw heaters and 250,000 Btu/hr-coolers are provided.

A 6,000-cfm fan (with standby) provides cooling air for the

helium-to-air coolers in all systems. Appropriate ductwork and dampers

apportion the air to the various coolers. Discharged air from the coolers

is directed to the stack.

7. Cell Cooling System

This system has two assemblies, reactor cell cooling, and

primary loop cell cooling, each with an air blower, an air-to-water

finned tube heat exchanger, and ductwork necessary to recirculate the

cell air through the coolers. Each assembly is plug-mounted in the

canyon floor with the fan motors positioned above the shielded plugs for

contact maintenance. Effluent water lines are buried in the canyon

shielding floor to prevent a gamma radiation hazard.

The coolers are designed to maintain the cell air at 150 F or

below during normal operation; there is no provision for maintaining this

temperature after a fuel spill or other abnormal occurrence. The

heat loads of the coolers consist of the insulation losses from cell

equipment plus a small amount of heat generated by gamma ray and neutron

attenuation in the shielding (heat that is not removed by the shield cooling

system).

A recirculating cell-air-cooling system is used rather than a

through-type because calculations have shown that the latter would

discharge too much argon-41 to the atmosphere.
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8. Shield Cooling System

The need for a separate system to remove the heat generated

within the shielding walls by gamma ray and neutron attenuation was

investigated. Results show that only the shielding immediately

surrounding the reactor requires such a cooling system. The heat

generation rate was calculated to be about 450 Btu/hr per sq ft of wall

area.

Calculations also have been made to determine the optimum

position for the cooling coils, and the cooling water flow rate as a

function of cooling water temperature.

A study of cooling water decomposition resulting from the high

radiation field indicated that decomposition is appreciable unless excess

hydrogen is present. Therefore, the cooling water has been provided

with a hydrogen overpressure to maintain hydrogen saturation.

9. Plant Ventilation System

The system, divided into three sections, is designed to provide

air flow from areas of least contamination to areas of greatest con-

tamination. The essential components of each section are fans, filters,

dampers, and ductwork. Exhausted air is filtered through AEC- or CWS-type

absolute filters (99. 95% efficiency for 0. 3 micron particles) and discharged

up the 150-ft stack.

The first section ventilates the reactor and primary component

cells. Ventilation rate is held to a minimum since the rate of argon-41

generation is directly proportional to the throughput of air in these

highly radioactive spaces. The ventilation rate is fixed so that a slightly

negative pressure (about 1/2-in. water) is maintained in the cells in

respect to the canyon area above, insuring that leakage will always be

from the canyon space to the cells. Since the minimum possible

ventilation rate is desired, the canyon floor must be sealed to the best

practical extent by gasketing, caulking, and well-fitted joints. A

standby fan is provided for this section. Shielding of the filters is

necessary.
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The second section, independent of the other two, ventilates

the chemistry hot cell, junior caves, and glove boxes. Individual

shielded CWS or AEC filters, installed at the outlet of each space

served, remove as much contamination as possible from the air stream

at the source. This reduces the radiation hazard and shielding require-

ments for the ducts leading to the fans and stack. A standby fan is

also provided for this section.

The third section, the largest of the three, ventilates the remaining

areas, in which the air does not normally contain radioactive matter but

which may become contaminated after an accident or maintenance operation.

This includes the canyon area, auxiliary system area, etc.

10. Containment System

An accident involving the spill of fuel from the reactor at elevated

temperatures (3000 F) was originally postulated. This accident, later shown

to be beyond the realm of credibility, is no longer taken into account in

design. However, considerable design effort was spent on a reactor

backup containment to confine such a spill. This containment consisted

of a refractory lined vessel (around and below the reactor, filled with

alternate layers of sand and firebrick) of sufficient volume and heat

capacity to contain the spill and prevent the containment vessel metal

from exceeding 600 F. A cooling system was provided to restrict the

temperature of the supporting structure and to cool the spilled fuel.

Analysis of drainage in relation to the close-fitting containment

around the primary piping and components resulted in the addition of

drains to all low points in the system. Each drain line, provided with

a conventional bellows seal valve, is connected to a header that drains

into the portable containers of the fuel removal system.

11. Process Gas System

The original concept was based on containment and recirculation

utilizing the natural decay of radioisotopes to reduce system radioactivity.

,This system, previously referred to as the "Inert and Off-Gas

System,''is now officially designated as the "Process Gas System."''
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Tanks designed to promote plug flow would provide holdup for the decay

process. This concept was developed and the following technical progress

was made (from the beginning of the report period to the issuance of the

system specification draft on November 7, 1958).

a. Additional information on the integrity of proposed gas seals

showed that the design flow rate in the off-gas loop must be

increased from 1 to 6 cfh to accommodate the expected seal

leakage. The size of the loop is almost entirely governed

by primary system seal leakage.

b. A charcoal bed replaced the plug flow tanks, to impede the

flow of Xe and Kr isotopes; the increased gas flow made

the tanks prohibitively large. However, one 200-cu ft tank

was retained upstream from the charcoal bed to reduce the

decay heat generation in the bed.

After the system specification draft was issued, these important

design changes were made:

a. The draft specification located the off-gas compressor up-

stream from the charcoal bed because study had indicated

that the holdup capacity of the bed is directly proportional

to the operating pressure, or inversely proportional to the

sweep gas velocity. However, the compressor was re-

located downstream from the charcoal bed after investigation

revealed that:

Design data on charcoal beds at elevated temperature

are not available; and

The upstream location imposes a danger of cesium

deposition in the compressor.

b. A second vacuum pump has been provided to evacuate primary

system components wherever air contamination of the helium

is not encountered. The pump will exhaust to the off-gas

decay loop. Formerly, all gas evacuated from the system was

stacked because one pump handled all air-contaminated and

non-air-contaminated gases, none of which could be returned

to the off-gas loop.
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c. Emergency facilities have been provided to handle a primary

system off-gas flow of 60 cfh for a one-week period every

120 days. This will prevent immediate shutdown in event

of a primary seal failure.

d. Helium sweep of the primary pump has been eliminated; new,

pump seal developments make leakage of gaseous radioactivity

into the pump motor very improbable.

e. Pipe and tank sizes have been calculated, instrumentation needs

investigated, sampling points determined, and valving require-

ments studied.

f. Decay heat generation in the charcoal bed was calculated. The

valve is within the range that could be effectively removed by a

water bath at ambient temperatures.

g. The effects of possible seal failures have been investigated.

Results indicate that any credible malfunction or series of

malfunctions could be handled without serious consequences.

12. Fuel Addition, Fuel Sampling, and Metallurgical Sampling Systems

The mechanisms for these systems are now located in a bypass

loop off the main primary loop.

The bypass loop, equipped with a variable flow semicontact-

maintainable electromagnetic pump, is designed to circulate a fixed

percentage of the primary flow. Uranium bismuthide fuel (50 grams

U in 950 grams Bi) cast in gas-tight magnesium cans is introduced into

a cage designed to prevent escape of fission gases from the loop and

leakage of air into the loop. The heat of the loop stream melts the

uranium bismuthide before the magnesium can is dissolved. Thus,

when the can is dissolved, uranium bismuthide is immediately mixed

with the bypass stream. The cage bars restrain undissolved portions

of the magnesium can until solution is complete.

The fuel sampling mechanism utilizes graphite capsules to

obtain small fuel samples from a sampling pot located in the bypass

loop. The mechanism solidifies the sample and a pneumatic tube

delivers it to the hot cell for analysis. Necessary provisions prevent

air from entering or fission products from escaping the loop.
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The metallurgical sampling mechanism suspends metallic samples

in the bypass loop to determine how a moving fuel stream affects various

metals. Samples may be introduced or withdrawn from the fuel stream

only at zero power operation or at shutdown. The samples will be

exposed only to the hot leg fuel; however, the desirability of including

a cold leg mechanism is under study.

To prevent deposition, all three mechanisms have a double

containment in which hot helium is circulated to maintain metal tempera-

tures at fuel temperature levels.

13. Gas Sampling System

This system has three stations: reactor off-gas sampling,

primary component off-gas sampling, and intermediate cover gas

sampling. Each station is designed to receive samples from several

sampling points by way of a valved manifold. At the station the

samples are collected in a shielded, portable container for transfer to

the analytical laboratory.

The system has provisions to (1) prevent entry of air into the

process gas system, (2) prevent escape of volatile fission products to

the atmosphere, (3) protect operating personnel from excessive heat

or radiation, and (4) allow a minimum time elapse between sample

collection and actual sample analysis. Sample points are located

upstream and downstream from each process unit in the process gas

system so that the efficiency of each unit operation can be measured.

An investigation is under way to determine the feasibility of

using available instrumentation such as the Hersch Oxygen Cell, and

of combining gas chromatography analysis of the gas stream with

radiochemical isotope separation and analysis.

14. Radioactive Liquid Waste Disposal System

Since Brookhaven's evaporator, concrete drumming station, and

sea disposal facilities will be available for LMFRE-I use, the system has

been designed as a low-level and a medium-level liquid waste collecting

section. High-level liquid wastes (greater than 0. 258 microcuries/ml)

are contained, shielded, stored, decayed, cooled, and disposed of as

solid wastes.
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Wastes are collected and monitored and directed to the appropriate

low-level or medium-level storage tanks (low-level, less than 3 x 10-6

microcuries/ml; medium-level, less than 0. 258, greater than 3 x 10-6

microcuries /ml). Low-level wastes are discharged to the sanitary

sewage system, medium-level wastes are transferred by tank truck to

Brookhaven's evaporator facilities. Concentrates from the evaporator

are drummed with cement. Distillate is discharged to the sanitary sewer.

15. Storage Pool System

The need for and the extent of purifying storage pool water was

investigated. This led to the design of a system that (1) removes impurities

in the source water by de-ionizing the initial fill and makeup water, (2)

prevents leaching of salts from the concrete walls by providing an impervious

coating ("liquid-tile' or other preparation), (3) prevents growth of algae or

plant life by chemical water treatment, and (4) removes (by filtrating and

de-ionizing) suspended particles and dissolved radioisotopes from

contaminated equipment placed in the pool. The latter is accomplished

by a loop that circulates a stream of pool water through a diatomaceous

earth filter and a de-ionizing bed of mixed resins. The de-ionizer can

be bypassed when only filtration is desired.

16. Plant Arrangement

The following concepts resulted in major changes to the reference

design arrangement presented in BAW-1052: 1

a. A "flying-rope" crane - the motors are mounted outside of

the canyon area rather than on the crane bridge. Power is

transmitted to the crane hook by cables and sheaves .

b. Horizontal placement of failed components - components

are placed in the pool horizontally, cut, and transferred under

water to the outside of the canyon.

c. Separation of the various heating and cooling systems -

separate shielded rooms provide protection from radiation

in the event of an accident to any one system.

BAW-1052, Reference Design Report, LMFRE-I, June 1958.
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d. Contamination control arrangement - the location of

functional areas prevents the possibility of traffic spreading

contamination through them.

In view of these concepts and a continued effort toward providing

an optimum arrangement for the various systems' components, five

plant areas have been established:

The reactor cell area contains the reactor and the reactor cell

cooling unit. This unit is bayonet-mounted in the canyon floor (directly

above) and is semicontact-maintained. All instrumentation, control

rods, and electrical connections for the reactor are likewise maintained

from the canyon floor. The remote cutting of pipe lines and, possibly,

decontamination cleanup after an accident are the only maintenance

operations to be considered in this cell's arrangement. Since an actual

need for these operations is considered unlikely, access is provided only

through a knock-down-type door from the primary cell.

The primary cell area is separated by a steel grating into an

upper level containing the primary system piping and its auxiliaries,

and a lower level containing the dump tanks. Operational components

(primary pump, intermediate heat exchanger, sampling mechanisms, and

fuel addition mechanisms) are bayonet-mounted in the canyon floor above.

Maintenance must be performed remotely because high activity levels

will exist in this cell a long while after shutdown. The reactor and

primary components are in separate cells - thus, the primary components

are not exposed to high-level radiation from the reactor. This reduces

design requirements for certain instrumentation and control equipment,

permits a thinner shielding floor between the primary cell and the canyon,

and reduces the radiation effect on maintenance equipment, especially

television lenses.

The canyon area, located above the primary and reactor cells,

is separated from them by a shielding floor that supports the bayonet-

mounted components. This area is accessible at all times during

reactor operation - it is inaccessible only during transfer of failed

components to the storage pool. The storage pool is partly in the canyon

and partly outdoors, the two sections (both covered and ventilated) being

separated by the canyon will which extends several feet into the water to

prevent mixing of canyon air and outside air.
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The auxiliary system area, adjacent to the canyon, primary cell,

and reactor cell areas, has three floors and contains the reactor supporting

systems which may become contaminated. The first floor (same elevation

as canyon floor) houses the intermediate and heat rejection systems. The

first basement has four shielded rooms, two for the process gas system,

one for the primary component heating and cooling system, and one for

the liquid-waste-disposal-system pump room. The second basement

also has five shielded rooms, one for the process gas tanks, one for the

reactor heating and cooling equipment, one for waste disposal tanks, and

two for dump tank heating and cooling equipment. The stack is mounted atop

the building and the plant ventilation equipment is housed in a penthouse

adjacent to the stack.

The electrical and control area contains all instrumentation and

control equipment systems required to operate the reactor. The area

is completely accessible since none of the systems are contaminated.

There are no special functional or maintenance requirements for thesc

systems, other than that they should be as close to the canyon as possible.

E. REMOTE MAINTENANCE

1. Primary Fluid Sampler

This mechanism will be located on the reactor side stream, off

the primary system. Electromagnetic pumps will provide flow to and

from the sampler at all times.

The fuel samples will be contained in graphite capsules, which

prevents contamination of the specimen. A pneumatic conveyor system

transports the capsules to the hot cell. The primary fluid sampler

preliminary design (Figs. 37 and 37A) is based on these considerations:

Sample specimen volume is about 2 cc.

Inert atmosphere must be obtained around the primary fluid

at all times.

The sample must be representative of the primary fluid.

Before sampling, the sample capsule must be heated to about

the same temperature as the primary fluid.

The sample must be cooled to below the freezing point of the

primary fluid before ejection from the mechanism.

Double containment must be preserved.
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FIG. 29: LMFRE-I SYSTEMS ARRANGEMENT III,
(FLOOR PLAN-EL. 100 FT)
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FIG. 30: LMFRE-I SYSTEMS ARRANGEMENT III,
(FIRST BASEMENT PLAN)
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FIG. 31: LMFRE-I SYSTEMS ARRANGEMENT III,
(SECOND BASEMENT PLAN)
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FIG. 32: LMFRE-I SYSTEMS ARRANGEMENT III,
(SECTION AA)
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FIG. 33: LMFRE-I SYSTEMS ARRANGEMENT III,
(SECTION BB)
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FIG. 34: LMFRE-I SYSTEMS ARRANGEMENT III,
(SECTION CC)
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FIG. 35: LMFRE-I SYSTEMS ARRANGEMENT III,
(SECTION DD, EE)
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FIG. 36: LMFRE-I SYSTEMS ARRANGEMENT III,
(SECTION FF, GG)
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The capsule must be outgassed before entering the mechanism.

The primary fluid specimen must be filtered.

After a specimen is taken, it may or may not come in contact

with metal, depending upon the analysis involved.

Radioactive gases must be contained.

The use of inert gases will be minimized.

The mechanisms must be remotely removed if maintenance cannot

be performed.

Several graphite capsules have been machined without difficulty

at the EPDF.

2. Flying Rope Bridge Crane

The conceptual design (Fig. 38) incorporates commercially available

equipment into a reasonably priced, reliable crane that should minimize

emergency repair and provide for the safety of maintenance personnel.

The motor drives (they have the highest failure frequency) are

located in a shielded room at the end of the canyon. Thus, motors,

gear trains, bearings, and cable drums can be repaired at any time,

and expensive items need not be duplicated. This reduces over-all cost

but still provides a highly reliable crane.

A system of sheaves and wire ropes (highly fail-safe) transmits

forces from the drive to the hook, trolly, or bridge within the canyon.

However, if a main hoist cable should fail while carrying a load,

emergency steps provide for placing the load in a shielded area for

repair.

An auxiliary 5-ton hoist will handle small. loads. In the event of

failure, however, the main 50-ton hoist can handle such loads.

If the hook rotation drive on the main crane hook fails, the mobile

manipulator truck can rotate the load as required.

If one of the bridge driving cables fails while the crane is carrying

a load, the remaining attached cable can still provide bridge movement.

In this way, the load can be deposited in a shielded area before repair

begins.
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FIG. 37A: SAMPLE BOAT TRANSFER MECHANISM
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i uG. 38: FLYING-ROPE BRIDGE

SHIELDING WALL=

MA CHINE RY ROOM (MOTORS &
DRIVE S OMIT TED)\

TROLLEY

HOST DRUM \

TROLLEY DRUM--

N \ AUX. HOIST

Vsv5 TON

BRDGE
BRIDGFDRUM-

MAIN HOIST
50 TON

CANYON AREA





I~
4?
0
v:

Qf

Q

- '
Si'
v

P

.47 4

f - T_ -II 
.--
7 -1 1

a 1 4 . n

7'P/ /- ---- _ _ _ _ _ _ _
JPfli Q a- ~~nx ~72ZX 7

vz r z i ~ f iz r r n r m

a a fh 27li

0

0
o'

e
z
0

L

Vl

jL

K
SiK

0
Si

z
N

7 7" 7 7 7

22
<, o'2

a ,

-z - - SS

\ 
\ 

\





3. Graphite Sampler

The conceptual design (Fig. 39) accommodates eight specimens

which can be placed into the reflector at any elevation desired. A

neutron source can be attached to any sample.

Complete selectivity allows a sample to be removed or inserted

without affecting other samples. However, when a sample is removed

from its holder, it cannot be reattached and reinserted into the sampler

since the LMFRE-I does not provide the required hot cell facilities.

An inert atmosphere is maintained at all times, and pressure

letdown seals control the leakage of inert gas and fission product gases.

A preliminary study indicates that a shielding "hat'' must be

provided over the sampler in addition to its internal shielding.

4. Control Rods

The completed conceptual design of a shim safety control rod

provides an electric drive for shimming, and a pneumatic system for

scramming. A two-speed electric motor drives a ball-screw assembly

which is connected to the control rod by a pneumatic latch.

Scramming at any rod position is accomplished by disengaging the

ball-screw assembly from the control rod. This disengagement is done

by exhausting the gas from the bottom side of the piston that operates

the release mechanism. The accumulator gas pressure acting on the

top of the piston forces the rod down to full insertion. A pneumatic

snubber at the bottom of the cylinder decelerates the control rod.

The rod, held in position by gravity, cannot be removed until

the ball-screw assembly has again engaged the control rod and full

accumulator pressure is reestablished.

This scram system is completely independent of any power

source and is always available. Shimming cannot take place until the

pneumatic system is fully charged and ready to scram.

A prototype mockup of the release mechanism was constructed

and proved the idea to be feasible. The release mechanism is being

redesigned to overcome stress problems.
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F. CHEMISTRY

The present philosophy as applied to the LMFRE-I off-gas system

is one of containment and recirculation. The natural decay of the volatile

fission products, instead of posing a heat and disposal problem, is now

utilized to obtain a gas whose radioactivity is low enough for reuse as

inert gas in the system.

Containment, and possibly separation, at very low activity levels,

is substituted for separation and concentration at high activity levels

(posing severe heat removal problems), containment, and stack disposal

(Fig. 40). This implies integration of the inert-gas system (wherever it

is apt to include radioactivity) and the off-gas system. The entire

primary gas system shall be referred to as the gas decay loop. All

gas (that may become radioactive) used in the operation and maintenance

of the reactor system will originate in and return to the gas loop.

The natural reduction in radioactivity occurs in the gas loop. The

amount of gas used for various functions will determine the loop volume

at the required pressures. To keep the loop volume small, it is best

to minimize gas volumes throughout the primary system, including

requirements for sampling, fuel addition, etc.

The volume of the volatile fission products is almost insignificant

and the size of the system is almost completely determined by inert

gas usage. Loop size will depend upon the average operational gas

demand.

Essentially, the loop consists of decay tanks, charcoal beds, a

compressor, a pressure storage vessel., and a surge tank (Fig. 41).

Provisions will be made for integrating the vacuum sink, gas purification,

and emergency requirements. Purging and fission gas recovery also

will be provided if desirable. The advantages of this type of processing

are:

1 There is no real "handling" of the gas until radioactivity

has decayed to a practical minimum; the design permits the

major radioactivity to decay before the gases reach the

compressor.
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FIG. 41: PRIMARY SYSTEM INERT AND OFF-GAS LOOP
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2. Substitution of ambient-temperature adsorption beds for low-

temperature charcoal beds reduces the danger of system

failure due to breakdown of refrigeration.

3. The amount of radioactive gas disposed to the atmosphere will

be minimized or eliminated. The necessity for extensive

dilution and careful monitoring to meet permissible levels on

exhaustion to the atmosphere is thus eliminated.

4. Capital costs and maintenance and operational costs are reduced..

5. The system possesses great operational flexibility.

General Sizing Parameters

1. All demands for inert gas (that may become radioactive) must

be considered. These include gas for:

Sweep of the sampler system

Sweep of the fuel addition system

Instruments and components that may require a flow of gas

Maintenance demands

Chemical processing

Other flowing inert cover gas in the entire system

Flow or level control achieved by variable gas pressures

2. Total flow from the above is averaged over a convenient time

interval.

3. The tank farm is sized to hold up this amount of gas for 120 days.

4. The 'recovered" inert gas and inventory tank is sized to main-

tain enough pressure to satisfy peak demands. To meet these

peaks, the tank is assumed capable of containing the entire

gas inventory of the system.

5. The dump tank system is sized to supply necessary pressure

to the dump tanks during the filling of the primary loop.

The decay here is incidental since this system is assumed

chemically clean but not necessarily low in radioactivity. The

system also may be used to buffer gas requirements in the "main"

loop - then if very large demands are made for a period, the

gas may be bypassed through this system until balance is achieved.

Considerable decay is effected because these pressure tanks are

large in relation to the average flow rate.
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One large line connects the dump tanks directly to the reactor,

permitting rapid gas flow to the primary loop during a prompt

dump.

G. BUILDING AND SITE DEVELOPMENT

A brief description of the completed LMFRE-I Building Design

(Figs. 42-47) follows.

1. Nuclear Systems Areas

a. Canyon

The reactor, IHX, primary pump and piping, and their

maintenance requirements, determine the width and length of the cells.

The pool and other service facilities utilize the rest of the canyon area.

Two sections of the canyon wall (at the pool and adjacent to the reactor

cell) must remain open for access. Two canyon exits provide for

safety and accessibility.

b. Auxiliary Systems

The auxiliary systems are located adjacent to the canyon to

simplify connecting piping arrangements. These systems should be

isolated from the normally inhabited areas in view of possible radiation

and accidents. The set up of the various areas facilitates maintenance

and normal operations. A three-story arrangement with two stories

below grade makes it possible to relate the auxiliary systems to the

primary systems that they serve. This arrangement also utilizes the

natural advantage of earth shielding.

2. Nonnuclear Areas

a. Control Areas

The operations control area is located between the canyon

and the electrical equipment room to allow a more direct routing of

conduit and control lines. It is also convenient to the electronics

maintenance and storage area on the second floor.
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FIG. 42: LMFRE-I BUILDING, GROUND FLOOR PLAN
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FIG. 43: LMFRE-I BUILDING, SECOND AND THIRD FLOOR PLANS
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FIG. 44: LMFRE-I BUILDING, FIRST AND SECOND LEVEL BASEMENT PLANS
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FIG. 45: LMFRE-I BUILDING, ELEVATION SECTIONS
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FIG. 46: LMFRE-I BUILDING, FRONT AND REAR ELEVATIONS
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FIG. 47: LMFRE-I BUILDING, SIDE ELEVATION
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The maintenance control area is located on the second floor

at the reactor end of the canyon. This arrangement allows a good view

of the normal. maintenance areas on the operating gallery floor. The

maintenance control consoles in this area are adjacent to the electronics

shop and storage. The third floor houses crane machinery and controls,

facilitating the use of the 'flying rope" crane, and permitting ready

access from the maintenance control area. In this "stack" arrangement

the canyon end wal.l shields all, three areas. The shop, located just

outside the decontamination area, is convenient to the canyon and

auxiliary systems area.

The electric equipment areas having the largest electrical

load are located adjacent to the control room (close to crane machinery)

and the mechanical equipment room. The electrical areas, the electrical

equipment, generator and battery rooms, are outside the building for

purposes of ventilation and access and convenience to the outdoor

transformer installation.

The necessity of contamination control. creates another group

of areas that should be closely related to each other and to the areas of

possible contamination (canyon, hot cell., hot chemistry lab, and

auxiliary systems). Ready access from these areas to the equipment

and personnel decontamination rooms is maintained without traffic

through clean areas. The only cross traffic occurs when contaminated

articles from the auxiliary systems must pass through the canyon, a

situation that can't be avoided because of other design requirements.

These areas require supervision of the health physicist whose office

is located in the clean area adjacent: to the decontamination areas.

b. Chemistry Areas

The hot cell areas include hot cell, junior caves, glove boxes,

and hot chemistry laboratory. The hot cell is located adjacent to the

canyon to facilitate hot sample transfers and to utilize one of the canyon

walls for cell shielding. The junior caves and glove boxes adjoin the

hot cell and each other. These units, which front into the hot chemistry

laboratory, require access from the rear for maintenance and removal.

The hot chemistry laboratory is adjacent to the hot cell, junior caves,

and glove boxes. A minimum clearance of 13 ft-0 in. must be maintained

from the face of the hot cell for the removal of the manipulators.
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The cold chemistry areas (dark room, spectrographic reading

room, and cold chemistry laboratory) are located adjacent to the hot

chemistry areas. Access is provided through the decontamination

area. Cold samples and spectrographs may be transferred direct.

c. Personnel Facilities

The offices are located between the control area and the

maintenance area, convenient to all plant operations.

The toilets, conveniently located near the offices, also

serve the control areas.

The locker room serves primarily the laboratory and

maintenance functions of the operation. It also serves as a toilet

area for this section. The locker room is located to help with

contamination control by keeping even slightly contaminated persons

from having to circulate in the clean areas of the building.

3. Mechanical Services

The mechanical equipment room, located near the electrical

equipment, has an outside entrance and a loading platform. The

room is located at a safe distance from the stack, away from the

contaminated areas.

The filter room for the contaminated exhaust system is located

in the auxiliary systems area adjacent to the stack.

4. Cost Estimate

A detailed cost estimate is summarized below.

Land improvement $ 110,000

Reactor building 1,026,300

Utilities 202,800

Equipm ent 702,000

2,041,100

Engineering Design 110,600

2,151,700

Contingency, 20% 430,300

Total $2,582,000
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HT EvQ/uotion of Progress to Dote
And Objectives of Future Work

A. REACTOR

Design has progressed to the point where graphite dimensions and

vessel size have been established for the 5-MW solution-fuel-type reactor.

Preliminary design of the reactor internals is complete; however,

flow-model tests or revised thermal and hydraulic calculations may warrant

minor revisions. The design includes eight safety rods, a graphite sampler,

and a neutron source mechanism. Hole size and drilling pattern have been

established for the preliminary cooling channels. Future work involves the

detailed design of reactor and internals, and the issuance of final reactor

component specifications.

Preliminary shielding requirements established for the existing plant

layout will be revised in accordance with the delayed-neutron-relaxation-

length measurements and the types of concrete selected.

The radiation instrumentation (reactor and plant) preliminary speci-

fications have been sent to vendors for comment and preliminary bids.

After revision the specifications will be sent out for final bids.

System analysis has begun, and an analog contract has been let.

Preliminary reactor and primary system work has been performed. The

contract will remain in force until the information generated is sufficient

to establish control system parameters and issue a specification for

LMFRE-I thermal and nuclear control systems.

B. HAZARDS EVALUATION

Work has been directed toward evaluation of a "Maximum Credible

Accident", and study of environmental hazards. Two conclusions can be

drawn:

1. To understand the maximum credible reactivity fully, experimental

data must be obtained on the behavior of uranium in circulating

molten bismuth systems. The method and rate of deposition in the
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external system, and the method and release of solid deposits to the

fuel stream, must be studied.

2. The release of fission products and polonium from a primary system

leak does not apparently present great environmental hazard. How-

ever, the assumptions made in the calculations must be verified by

experimental data on the behavior of fission product gases and

polonium in molten bismuth.

The over-all objective of future work is to provide a safe LMFRE-I

design and to gather data for a Summary Hazards Report. This objective

requires these specific areas of study:

Mechanism and rate of loss of uranium inventory from circulating
molten bismuth loops;

Mechanism and rate of reentry of precipitated uranium to a circulating
molten bismuth stream;

Behavior of fission product volatiles in molten bismuth and in an off-

gas system (charcoal beds, filters, etc.);

Experiments on the rate of polonium release from both molten and
solid bismuth under atmospheres of different degrees of cleanliness;

System response to various perturbations in components, and inter-
locks that protect personnel and system in event of component failure;

Reactor kinetics with large reactivity additions.

C. PHYSICS AND MATHEMATICS

A mathematical model was developed to describe the LMFRE core

physics. Digital calculations on this model have been used to set core and

reflector dimensions that conform to a 9-ft reactor vessel and provide a

sufficient safety factor for possible uranium concentration addition.

Future modifications to the reactor core will depend upon the interpre-

tation of criticality data from the experimental program, and the control

rod evaluation program.

Safety analysis of criticality hazards will be completed for primary

system containment and dump system.

D. SYSTEMS AND ARRANGEMENT

Progress to date can be measured in terms of each system's current

specification:

Draft Specification - indicates that conceptual design is complete,

that preliminary design work is underway.
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Preliminary Specification - indicates that system design is fairly

advanced, that final design has begun.

Final Specification - indicates that procurement is underway.

Draft specifications have not been issued for these systems: Cooling

Water, Primary Component Heating and Cooling, Dump Tank Heating and

Cooling, Leak Detection. Design work has progressed, however, and

(excluding the Cooling Water System) draft specifications can be prepared.

Future work includes the completion of draft specifications and additional

system development leading to the issuance of preliminary specifications.

Draft specifications have been issued for these systems: Primary,

Intermediate, Intermediate Fill and Dump, Containment, Heat Rejection,

Reactor Heating and Cooling, Cell Cooling, Electrical, Plant Ventilation,

Process Gas, Gas Sampling, Primary Fill and Dump. The Primary,

Intermediate, Heat Rejection, Reactor Heating and Cooling, and Contain-

ment Systems have been developed to the point where preliminary specifi-

cations can be issued.

Before finalizing the preliminary specification for the Primary Fill

and Dump system, the following will be revaluated: primary system filling,

dump tank plumbing arrangement, agitation of fuel in the dump tanks, and

the use of freeze valves in the charge portion of the system. Intermediate

Fill and Dump System design also will be revaluated with a view to simplify-

ing the system, before a preliminary specification is written.

The Process Gas System specification should be issued in the first

quarter of 1959. Additional information (expected soon) on (1) the rate of

volatile fission product release from undisturbed surfaces and (2) the

required helium cover gas purity will. permit a firmer design of piping,

compressors, and purifiers for inclusion in the preliminary specification.

Preliminary specifications have been issued for these systems: Fuel

Sampling, Liquid Waste Disposal, Standby and Emergency Power, Fuel

Addition, Intermediate Sampling, Metallurgical Sampling. Future work

includes development of component specifications and issuance of final

specifications.
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E. REMOTE MAINTENANCE

Conceptual designs have been prepared for the primary fluid sampler,

the graphite sampler, and the "flying rope" crane. Conceptual design of

the control rods and the fuel addition mechanism is underway.

These designs have been revised in accordance with Project suggestions.

Future design revisions will incorporate the latest R&D findings as well

as the results of Project investigations.

Work on the off-gas sampler, wet sampler station, and special remote

maintenance equipment will be started.

A prototype model of the primary fluid sampler will be built and tested,

before fabrication of the sampler begins.

F. CHEMISTRY

Chemical processing requires further study of off-gas system handling.

The dynamics and kinetics of the system are still unknown (e. g., degassing

rates, adsorption phenomena of steel and graphite, aerosol formation).

However, Nuclear Science and Engineering Corporation's R&D program, to

be applied to the ETR in-pile loop off-gas study, should yield much useful

information in 1959. The NSEC and ETR studies also should do much to

resolve analytical and sampling problems in the LMFRE off-gas system.

G. BUILDING AND SITE DEVELOPMENT

The next step in the conceptual design of the LMFRE-I building in-

volves an Architect-Engineer contract for final, detail building design and

specifications. Design criteria, space requirements, and plant layout

have been outlined for the complete plant.

Future work includes design refinements and study of construction

procedures and materials with a view toward economy.

A construction sequence which incorporates the delivery date of major

components will be developed.
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I Progress During Calendar Year / 9 58

A. MATERIALS STUDIES

1. Container Materials

a. Dynamic Corrosion Test Loops

The purpose of this program is to demonstrate the feasibility

of Croloy 2-1/4 and 1-1/4 as construction materials for the LMFRE.

Forty-eight loops will be tested, investigating the variables of material,

heat treatment, test time, fluid velocities, temperature differences, and

additives. The reference condition is annealed Croloy 2 -1 /4, with a

bismuth velocity of 8 to 10 fps, a AT of 135 F, and a minimum temperature

of 775 F. The additive concentrations are 350 ppm magnesium, 200 ppm

zirconium, and 1080 ppm natural uranium.

Twelve tests are complete with durations of 1015 to 5311 hr.

These tests demonstrate that bismuth can be contained and circulated in

a typical liquid metal system without difficulty. Corrosion rates calcu-

lated from the weight losses of strip-type specimens range from a

minimum of 0. 06 mils per year to a maximum of 190 mils per year.

The maximum rate was obtained from a test without zirconium (used

for corrosion inhibition). Available data indicate that corrosion can be

held to a tolerable level.

Test work includes exposing specimens of beryllium, tantalum,

and molybdenum to the circulating bismuth under specified test conditions.

Three grades of graphite are being installed in the pump sumps

to determine the amount of bismuth adsorbed by the graphite, and to

observe other phenomena that may occur.

A loop is being designed to duplicate as closely as possible the

surface areas, volumes, and residence times that bismuth will be exposed

to in the LMFRE-I.
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A brief of progress on the Dynamic Test Loops follows.

(1) Corrosion Test Loop 4

This loop was operated at an 80 F AT (only Mg added to

the Bi) to determine the corrosiveness of zirconium-free bismuth under

dynamic conditions. As expected, intergranular corrosion in the hot leg

was excessive. No mass transport occurred in the cold leg, but trans-

ported metal was found in the colder dashpot line. Transported metal

also. collected in the pump sump, the coldest part of the loop. These

results clearly indicate that zirconium should be added to the bismuth to

prevent corrosion.

(2) Corrosion Test Loop 5A

This loop was designed to evaluate the corrosion resistance

of normalized and tempered Croloy 2-1 /4 under standard additive and

reference conditions. The amounts of zirconium and uranium progressively

decreased as the test continued. Metallurgical examination revealed

excessive corrosion in the hot leg, attributed to the loss of zirconium.

Cause of the zirconium loss was not determined at the time, so the test

is being rerun. Later tests revealed that the zirconium was deposited

on the cold pump sump lid.

(3) Corrosion Test Loop 4A

This loop was designed to evaluate the corrosion resistance

of annealed Croloy 2-1/4 under reference conditions. The test was run

for 1500 hr and an identical test (No. 4B) was extended to 3000 hr.

Metallurgical examination of Loop 4A revealed relatively high (60 mils/yr)

pitting-type corrosion, which had been expected because of zirconium and

uranium loss (due to cold pump sump lid conditions) during testing.

Transported metal was found in the cold leg, dashpot lines, and pump

sump. One of the two weldments in the hot leg was preferentially attacked.

Operation of this loop disclosed the difficulties and phenomena to be expected

when the zirconium concentration is not maintained.

(4) Corrosion Test Loop 4B

This test was run under the same conditions as test 4A, but

for a longer period of time (3000 hr). The zirconium level was maintained
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and corrosion rates (established on a machined section welded into the hot

leg) were consequently relatively low, 8 to 17 mils /yr. No weldment in

the hot leg was attacked. A small quantity of transported metal was found

in the cold leg and in the sump.

(5) Corrosion Test Loop 12A

Operated for 1500 hr, this loop was one of two (the other,

12C, operated for 4500 hr) designed to evaluate the corrosion resistance

of annealed Croloy 1-1/4 under reference conditions. Operational

difficulties were encountered. Infiltration of oil, and zirconium and

uranium losses, which deposited on the cold pump sump lid, caused poor

operation. Despite the low zirconium level, the corrosion rate measured

on the machined section in the hot leg was low, 2. 5 to 3. 8 mils /yr. The

two weldments in the hot leg were slightly attacked, and some transported

metal was found in the cold leg.

Operation of this loop thus offered a further insight into

operational difficulties and confirmed preferential sites of corrosion

and metal transport.

(6) Corrosion Test Loop 12C

This loop was operated for 4500 hr, also to evaluate the

corrosion resistance of annealed Croloy 1-1/4. Maintenance of zirconium

and uranium levels was good, and corrosion rates measured on the

machined hot leg section were low, 2. 6 to 4. 6 mils /yr. One of the two

weldments in the hot leg was slightly attacked. One feature of this loop

was the formation of crud in the heat exchanger, attributed to poor operating

conditions, and the formation of a scale-like material in the hot and cold legs.

The scale-like material, however, appeared to be on the as-received material.

b. Tilting Capsule Tests

Tilting capsule tests were conducted to evaluate some of the

variables in liquid metal systems; e. g., the behavior of Croloy 2-1/4 in

contact with a U-Bi solution at high temperatures. Different levels of

additives to the fuel solution were explored and evaluated according to

their effects on the mass-transfer characteristics of Croloy 2-1/4. The

effectiveness of the material being tested is also under consideration.
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The need for enough zirconium in the fuel solution is verified

by several tests. Even in tests lasting only 250 hr, the weight losses on

specimens tested without zirconium are greater than losses recorded from

tests with zirconium. The importance of zirconium is further emphasized

by the fact that capsules containing 50 ppm zirconium show mass transfer

of metal after about 2000 hr of testing; but capsules containing 175 ppm

zirconium were tested for more than 3000 hr before mass transfer occurred.

Comparison of different heat treatments show no significant

difference in resistance to mass transfer of metal. Data scatter, plus

the fact that all capsules exhibited mass transfer during long tests (3000 to

4000 hr, Bi containing 1150 ppm U, 350 ppm Mg, and 175 ppm Zr),

makes it impossible to give preference to any of the heat treatments used.

Surface preparations show very slight differences in resistance

to mass transfer of metal, although acid cleaning seems to delay excessive

mass transfer. The rates of corrosion for acid-cleaned capsules and

specimens are smaller than the rates for sandblasted capsules and

specimens. This comparison is valid for testing times of 3000 hr, or

less. All tests had to be discontinued before the desired 4000-hr time

because the capsule's cold end plugged; therefore, acid cleaning cannot

be considered highly protective for extended periods of time.

The nature of mass transfer observed in the Croloy 2-1/4

tests suggests a nonuniform rate of corrosion. In many instances, after

small initial corrosion occurred, there was a period of negligible

corrosion. Then, after an extended period of time (3000 to 4000 hr in

tests conducted with 175 ppm Zr), the mass transfer rate increased.

Tantalum, beryllium, and molybdenum-0. 5% titanium alloy

were also tested. Results show that these materials are resistant to

serious attack in the bismuth fuel solution.

c. Properties of 2-1/4 Cr - 1 Mo Steel and 1-1/4 Cr - 1/2 Mo Steel

(1) Mechanical Properties

The absence of embrittlement under long-time operating

conditions is an important property of a container material. The known

embrittling tendency of higher chromium steels in the vicinity of 885 F

(within the LMFRE operating temperature range) caused some concern.

However, an investigation of the Charpy-Vee impact properties of annealed,
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and normalized and tempered Croloy 1--1/4 and Croloy 2. -1/4 (before and

after 2000-hr aging at 885 F) showed no brittleness at room temperature

or 885 F. The impact properties of the long-time 885 F-aged material

were slightly higher than the unaged material. A wide scatter of the low-

temperature impact values for a given heat treatment was observed.

Microstructural, hardness, and magnetic -susceptibility studies did not

reveal the cause of this scatter. However, the study demonstrated that

embrittlement of the container material under thermal effects is not a

critical item.

(2) Creep-Rupture Properties of Croloy 1-1 /4 and Croloy 2-1 /4
in Contact with the U-Bi Alloy at 885 F and 975 F

The tendency of molten U-Bi to attack Croloy's grain

boundary at the high end of the LMFRE operating temperature could im-

pair the creep-rupture strength of the container material. To determine

the significance of this phenomenon, creep-rupture tests on Croloy 2-1/4

and 1-1/4 were run at 885 and 975 F, in air and in contact with U-Bi fuel.

Results indicate that the two Croloys' rupture strength in contact with

U-Bi is about the same as their rupture strength in air. The longest test

time was 9900 hr.

d. Liquid Metal Control Rod Materials

A liquid metal control mechanism was proposed. This mech-

anism has two concentric tubes with closed bottom ends (can and plunger),

and utilizes a low-melting liquid metal of high neutron-capture-cross

section in the annular space between the two tubes. When not in use, the

inner tube is pulled up so that the liquid control metal fills the bottom of

the outer tube. When control is required, the inner tube is pushed down

into the liquid metal, forcing it up into the annular space. For successful

application the can and plunger material (Mo, Mo-0. 5 Ti, and Ta have been

considered) must not wet and must resist corrosive attack by the liquid

control materials. These liquid metal alloys have been suggested as

control materials: (a) 40. 7% Bi, 31.4% Cd, 27. 9% Sn; (b) 60% Bi,

40% Cd; (c) 56% Cd, 22% Sn, 22% Pb. Combinations of these materials

(container and plunger) and liquid metal alloys were tested in tilting

autoclaves for 1000 hr. After testing, the container and plunger

materials were examined for evidence of wetting and corrosion.
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Test results are shown in the following table.

TEST SUMMARY

Container and Liquid Metal
Plunger Material Alloys Results

Ta Bi-Cd-Sn Promising

Ta Bi-Cd Promising

Mo-0. 5 Ti Bi-Cd Promising

Mo-0, 5 Ti Cd-Sn-Pb Promising

Mo Bi -Cd -Sn Promising

Mo Cd-Sn-Pb Inconclusive

Ta Cd-Sn-Pb Unsatisfactory

Mo-0. 5 Ti Bi-Cd -Sn Unsatisfactory

Mo Bi-Cd Unsatisfactory

e. In-Pile Loop Tests

Out-of-pile testing of construction materials will provide data

on variables such as heat treatments, fluid velocity, and additive con-

centrations. In-pile loops, however, are needed to predict the effects of

irradiation on corrosion. The LMFRE in-pile test loops will simulate

expected reactor conditions as closely as possible.

The ETR test loop will be constructed of 2-1/4 Cr - 1 Mo steel;

the MTR loop, 1 -1 /4 Cr - 1/2 Mo steel. Both loops will contain specimens

of 1-1/4% Cr - 1/2% Mo steel, 2-1/4% Cr - 1% Mo steel, graphite,

molybdenum, tantalum, and beryllium; both loops will be operated at

LMFRE-I design conditions. The in-pile sections will be placed in the

reactor and exposed to a thermal neutron flux, providing the necessary

data on radiation effects. These data then will be correlated with data

from Brookhaven Irradiation Loop 1.

Material specimens similar to those above will be placed in the

BNL loop. Thus, the effect of irradiation on the corrosion resistance of

various materials will be obtained at three flux levels: ETR loop,

MTR loop, and BNL loop.

(1) Radiation Loop 2 (ETR)

Fabrication is complete except for the closed cooling system.

The loop was flushed with alcohol, evacuated to 20 to 35 microns, and

purged with helium several times to remove the oxygen. The loop was

outgassed at 25 to 35 microns at 750 to 800 F. Bismuth with mnagnesium
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and zirconium additives was then added, and flow was established on

December 5, 1958.

Initial operation provided a check of individual components

to determine whether they met design conditions. A 135 F AT was placed

on the loop and maintained for about 50 hr. The loop and all loop compo-

nents, except the EM flowmeter, performed satisfactorily. An additional

EM flowmeter, calibrated against an orifice, will be placed on the loop.

Assembly of the first in-pile section is complete. This

section will be installed on one of the corrosion test loops (or the utility

loop) to determine whether it meets design conditions. Figure 48 shows

the completed in-pile section. Construction and assembly of the second

in-pile section, to be used in ETR, is progressing as scheduled.

The possibility of advancing the loop startup date was

discussed with ETR personnel. The present plan is to perform the 1000-hr

test run at ETR. This will save time which will be utilized to train ETR

reactor personnel in loop operation and to test the reliability of out-of-pile

loop components. Part of the auxiliary loop components have been sent

to ETR, including those required during the initial stages of erection.

The loop was recently shut down for repair of the main

heater cable connections. The design will be modified to eliminate

oxidation and loosening of the cable connections. The auxiliary heater

circuits used to preheat the loop also require slight modification.

Heater capacity must be increased and some heater arrangements must

be changed to permit better control of loop temperatures during startup

and to eliminate some cold spots.

The magnesium and zirconium additive concentrations

which were stable throughout the test are shown in Table III.

TABLE III

Mg AND Zr CONCENTRATIONS IN PUMP SUMP

IRRADIATION LOOP NO. 2

Mg Conc. Zr Conc.
Date ppm ppm

12/2 325 200
12/4 340 180
12/5 340 185
12/5 Added Zirconium
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TABLE II CONTD

Mg Conc. Zr Conc.
Date _pm ppm

12/8 320 200
12/10 340 195
12/10 Added Zirconium
12/11 390 220
12/12 340 230
12/15 345 225
12/16 355 215
12/17 340 230
12/18 340 210
12/19 380 205
12 /22 340 220
12/23 330 225
12/24 350 225
12 /26 350 220
12/27 310 210
12 /30 310 215

A test stand (required by ETR) containing the loop piping

and lifting tool mechanism was built to mockup the area in the reactor

subpile room. Some modifications have been necessary. ETR personnel

will be invited to view this mockup after it has been satisfactorily tested.

At the same time, the cutoff mechanism, remote sampler, removal

mechanism for the in-pile section, and the loop proper will be inspected.

The cutoff mechanism was mocked up and tested. After

modifying feed rate and blade speed, mockups of loop piping were satis-

factorily cut.

The modified sampling apparatus is now under test. The

new design eliminates some microswitches and positions electrical

components to provide a more reliable apparatus. Samples were taken

with a graphite sample boat containing graphite (or metallic) filters of

33-, 65-, and 165-micron pore size. A sample was obtained in three

minutes using the 165 micron filter, in 15 to 20 mi using the 65 micron

filter; the 33-micron filter was unsuccessful. The use of bismuth with

no additives gives an unfiltered sample in 45 sec. Sampling is being done

continuously to determine the sampler's reliability.

A test program designed to obtain irradiation testing data

on Croloy 2-1/4 and Croloy 1-1/4 impact and tensile specimens is under -

way. Specimens have been placed in aluminum capsules (fabricated and

- 112 -



FIG. 48: IN-PILE SECTION, RADIATION TEST LOOP 2 (ETR)
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assembled at B&W's Alliance Research Center) for testing in either

ETR or MTR loops.

(2) Radiation Loop 3, (MTR)

The high priority given Radiation Test Loop 2 has delayed

work on this loop. The LMFRE research program is being revaluated to

determine whether the design and purpose of this loop are sound.

f. Welding of Materials

(1) Beryllium Fabrication

In the LMFRE, the uranium is dissolved in molten bismuth

and circulated as a fluid fuel. A neutron detector will be placed in the

graphite core assembly to measure neutron level. To prevent contact

between the instrument and the molten bismuth, the instrument is con-

tained in a metal thimble which is sealed to the reactor wall. The choice

of a thimble material is limited since neutron absorption must be

minimized. The thimble must be compatible with molten bismuth and

resist corrosion by bismuth. Beryllium was investigated for this appli-

cation because it has- a low thermal-neutron-capture cross section

(0. 01 barns) and exhibits suitable corrosion resistance.

Previous attempts to weld beryllium metal were un-

successful. Welding of beryllium to beryllium using standard welding

techniques usually resulted in cracking of the weld bead. Various

beryllium alloys, however, have been successfully welded and indicate

that a satisfactory brazed joint can be made.

The thimble required will be.a tube about 11 ft long and

3 in. in diameter, with about 1/8-in, wall thickness. One end will be

closed by an end-capping method; the other end will have a flange for

joining to the vessel wall.

Since extruded beryllium tubing in the required length is

not presently available, a method of joining two or more lengths to-

gether to make up the 11 -ft length will be required. Beryllium can be

joined by welding, brazing, and the use of mechanical joints.

Important considerations in beryllium fabrication studies

are toxicity and related contamination of air and equipment.
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A welding drybox has been purchased for welding and

brazing studies, and a glove box hood has been constructed. The latter

will contain equipment for cutting, grinding, and polishing beryllium

specimens. An enclosure to contain all beryllium fabrication equipment

is also planned. This will minimize contamination of equipment and

personnel not associated with the beryllium project. The welding of

beryllium metal in the welding drybox generates considerable vaporized

metal, which is deposited on all drybox surfaces. Up to 4, 000 g of

vaporized beryllium metal was collected on a filter paper disc during

evacuation of the helium after welding in the drybox.

Beryllium fabrication studies were initiated with an

attempt to confirm reports published by various concerns engaged in

beryllium work. Brush Beryllium Company was visited and various

beryllium fabrication procedures were observed. Samples obtained for

the preliminary investigations included several sections of 4-in. OD by

3/16- and 1/8-in. wall beryllium tubing. Flat end plates were also

obtained to fit machined ends of the tubing. A section of the tubing was

cut into specimens 1 /2 in. wide and 1 in, long.

Lap joint, butt joint, and edge welds were made on the

1/2-in. specimens using a-c and d-c heliarc welding with helium and

argon cover gas in the drybox. The drybox was evacuated to less than

1 micron prior to inert-gas purging. All butt-welded specimens with

full penetration cracked along the weld centerline. Lap joint welds with

minimum penetration, and edge welds did not show cracks upon visual

examination. A 4-in. OD, 1/8-in. wall tube specimen was closed at one

end by welding a machined flat plate into a counterbore on the tube ID.

A fillet of weld deposit was built up on the outside circumference of the

tube allowing the weld to be made on the full circumference. The weld

was made in the drybox using a-c heliarc with argon atmosphere and

welding current of about 100 amps. Visual examination of the weld re-

vealed several transverse weld cracks; a soap leak test at 90 psi showed

that the weld was defective.

A second specimen, similar in design but with a heavier

tube wall, was welded using the same methods. Visual examination

showed no cracks; a soap leak test showed no leaks at 90 psi.

Several brazed joints were attempted on small specimens,

but the surface condition of the extruded tube stock did not lend itself to
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good brazing results. Because most of the brazing materials considered

are not compatible with the liquid bismuth environment, any brazed joint

considered for use should first be corrosion tested. A brazed joint like

that required for the flanged end of the beryllium tube should be satis -

factory regardless of the corrosion test results, since it is not exposed

to the molten bismuth. Silver-, gold-, and nickel-base alloys were

considered as brazing materials. Aluminum and silicon alloys gave

better results, but neither is compatible with bismuth.

This limited welding work indicates a successful welded

joint probably can be made. Weld joints made to date will be metallur-

gically examined after the beryllium facilities are completed. Additional

weld joint designs will be attempted and various brazed joints will be

made and corrosion tested to determine suitability.

(2) Welding and Brazing of Molybdenum

The possibility of welding and brazing molybdenum to

molybdenum, and molybdenum to steel and Croloy was investigated.

Various joint designs for welding and brazing will be

investigated, and specific tests will be applied to completed joints

according to specifications supplied by the Lynchburg AED.

2. Graphite

a. Graphite -to -Metal Seals and Bismuth Seepage Through Graphite

The original LMFRE design was based on a two-fluid, two-

region concept utilizing the graphite moderator as a barrier between the

regions. This design requires a mechanical joint (between the graphite

moderator and the steel pipe at the reactor inlet and exit) to prevent

excess leakage of fluid from one region to the other. Various interface

arrangements and pressures required for sealing the joints were

investigated. The amount of bismuth seepage through the graphite was

also investigated, since the feasibility of a two-region reactor would

be determined by the amount of seepage.

Thirteen hollow graphite cylinders (3 1/4-in. OD x 3 in. high

with 1-in, thick wall) were tested at various pressure differentials,

using three grades of graphite. No seal problems were evident. The

minimum seepage rate recorded was 0. 02 lb/hr, the maximum was

59.0 lb /hr. Four graphite pots were tested (12-in. OD x 12 in, high

- 116 -



with 1-in. thick wall). The seepage rates ranged from 0.12 lb/hr to

0.83 lb/hr. The decision to use a single fluid in the first LMFRE rele-

gated the seal and seepage problem to relative unimportance.

b. Graphite -Bismuth Absorption

The LMFRE core and reflector regions utilize large graphite

blocks which will be exposed to the fuel solution at 30 to 80 psia. During

reactor operation the graphite pores may absorb fuel solution, increasing

the graphite's heat. Before this increase can be calculated, we must

know how much fuel solution is absorbed.

Therefore, a test program was initiated to determine the

amount of bismuth absorbed by three different grades of graphite (from

three manufacturers).

An apparatus has been constructed to hold 300 cylindrical

specimens, which will be machined to a known diameter and carefully

weighed prior to test. The apparatus will be filled with bismuth and

heated to the temperature desired. Then the specimens will be soaked

for various periods of time after which the bismuth will be drained and

the specimens removed for weighing. In this way, determination of the

amount of bismuth absorbed will lead to a choice of the best grade of

graphite for LMFRE use.

c. Uranium Diffusion in Graphite

In actual application, the LMFRE fuel solution will contain

uraniumj as well as bismuth. The uranium could diffuse inward through

the graphite pores and generate additional heat. This absorbed uranium

is also important from the standpoint of control. Since data on uranium

diffusion are limited, the rates at which uranium diffuses from a bismuth

solution into graphite are being measured. The test equipment has been

constructed.

d. Cemented Graphite Joints

The cemented joints of three grades of commercial graphite

have been tested. Samples of each grade were given two joint geometries:

cemented plane joint, cemented sawtooth joint. Each joint was tested for

tensile strength, compressive strength, torsional shear strength, and

for compatibility of the cement with the LMFRE fuel solution.
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The purpose of these tests is four-fold: (1) to determine

whether cemented graphite joints that possess mechanical strength values

comparable to the parent material can be made; (2) to determine which

type of joint (plane, sawtooth) exhibits the higher tension, compression,

and shear strengths; (3) to determine which of the three types of graphite

produces a stronger joint; (4) to determine whether the joint materials

are compatible with the LMFRE fuel solution.

The graphite's brittleness necessitated the design of special

grips and fixtures for tension and torsional shear strength testing.

Compression testing of graphite requires a spherical bearing block

between the cross -head of the testing machine and the specimen to

distribute the load evenly. The tensile grips were designed with a swivel

ball joint at each end. This eliminates the presence of any extraneous

shear or bending stresses caused by possible misalignment of the test

sample when it is mounted in the grips. The shear apparatus subjects

the test specimens to torsional shear by mounting the specimen between

two low-friction bearings. A torque is then applied to the shaft extension

at one end of the specimen while the other end remains fixed. All grips

and fixtures are designed for use with any universal testing machine.

The shear and tensile specimens were designed so that failure

would occur in the gauge length of the specimen and not in the portion

being gripped by the machine.

In each type of test, the rate of loading was essentially the

same for each specimen.

Samples of the three types of graphite containing the joint

material were subjected to 1000-hr tilting capsule tests. Upon removal

from the tilting capsule, the samples were examined microscopically

for attack by the fuel solution. Results are listed below.

(1) The mechanical strength of cemented graphite joints is

comparable to the parent material.

(2) Cemented plane joints exhibit better mechanical strength

properties than cemented sawtooth joints, particularly

significant in shear strength values. The sawtooth joint's

lower strength values are accountable to stress con-

centrations.
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(3) No one type of graphite tested had cmosistentiy higher

strength values in tension, compression, and shear. How-

ever, one was consistently lower than the other two.

(4) No joint material was attacked by the liquid metal fuel

solution after 1000-hr exposure.

e. Metallic Carbide Coatings on Graphite

The graphite proposed for LMFRE use has a high void volume

fraction, about 20%. An appreciable percentage of this pore volume is

penetrable by the liquid metal fuel solution. This necessitates changes

in the reactor design to compensate for the effects of the absorbed fuel.

Surface coatings on graphite were proposed as a means of

rendering the graphite absolutely impervious to the LMFRE fuel solution.

The coatings should be insoluble in the fuel solution, resistant to

corrosion and erosion, and should have relatively low nuclear cross

section.

A series of tests was proposed to study the effectiveness of

these sample coatings: ZrC, TiC, CbC, SiC, TaC, CrC, and MoC.

The coated graphite samples are tested in bismuth absorption vessels,

tilting capsule equipment, and corrosion loops. Microscopic examinations

are made before and after testing.

Two silicon carbide coated graphite samples were tested and

found to be totally resistant to bismuth penetration.

Graphite samples have been cut from each of the three grades

of graphite for shipment to companies providing coated graphite samples.

f. Alternate Impregnants Tests

The LMFRE graphite core material should be impervious to

the liquid metal fuel solution. Commercial grades of reactor graphite

have a pore volume of about 20%, which does not render the graphite

impervious.

If a metallic compound of relatively low neutron-absorption-

cross section could be interspersed throughout the graphite pores, the

graphite probably would be less permeable to the liquid metal fuel

solution.

A preliminary investigation was carried out to determine the

feasibility of impregnating the reactor graphite with a metal, then
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converting the metal to a metallic compound compatible with the fuel

solution. Finely powdered natural graphite was individually mixed with

each of four finely powdered metals (Al, Mg, Si, Zr) and dry-pressed

into pellets. The pellets were pressed to about the same density as

commercial graphite in bulk form (75 to 80% of theoretical density).

These methods were used in an attempt to reduce the dry-

pressed pellets' pore volume:

(1) Metallic oxide formation by heating the pellets in air;

(2) Metallic oxide formation by heating the pellets in a carbon

monoxide gas atmosphere;

(3) Metallic carbide formation by heating the pellets to

temperatures above 3000 F in an inert gas.

Two additional methods were tried using commercial graphite in bulk

form:

(1) Metallic oxide formation by decomposing a metallic salt

in which graphite had been soaked;

(2) Metallic carbide formation in commercial graphite of

bulk form.

Test results follow.

(1) Dry-pressing powdered mixtures of metal and natural

graphite produces a structure substantially different from

commercial bulk graphite. Therefore, results were often

complicated and inconclusive because of inherent charac-

teristics of the dry-pressed material.

(2) Heating the dry-pressed mixture in air (to oxidize the

metal-impregnated graphite) is unfeasible because the

graphite oxidizes in air as readily as the metal.

(3) Heating the dry-pressed mixtures in a carbon monoxide

gas atmosphere at a controlled temperature accomplished

oxidation of the metal-impregnated graphite without

oxidizing the graphite.

(4) Metal carbide formation appears to be the most promising

approach to reducing graphite pore volume.

(5) Saturating the graphite with a metallic salt solution and

then heating to decompose the salt, thus adding a metallic

oxide to commercial bulk graphite, appears feasible.
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g. Physical-Mechanical Properties

In addition to testing for permeability to bismuth or the fuel

stream, each grade of graphite must be tested for possible major

differences in mechanical. properties. Density variation throughout large

graphite cylinders (similar to those planned for the LMFRE-I) also must

be determined.

To provide comparative information, three parameters were

measured: density, modulus of elasticity, and flexural. strength.

One hundred ninety-eight graphite samples cut from the three manufactur-

er's cylinders were measured. The individual samples were cut according

to a master plan of sample areas. This master plan was designed to

provide data for statistical analysis.

The standard method of measuring sample weight and dimension

was used to determine density, expressed in gm/cc. The average density

determined for each grade of graphite is shown in the following table.

Average Density of Graphite Samples

No. of Total Average
Sample No. of Density

Grade Areas Samples g/cc

A 10 100 1.80
B 6 60 1.90
C 2 38 1.84

To provide better data and shorten the length of time needed

to obtain data, the modulus of elasticity was determined using the non-

destructive sonic method instead of the standard method of stress-strain

measurements. The former method utilizes a fundamental relationship

between a material's natural frequency of vibration and its modulus of

elasticity.

A special piece of electrical equipment, designed to measure

the natural frequency of vibration, was purchased. This natural frequency

has been determined for all of the samples from each grade of graphite,

and the data are being analyzed.

The third-point loading method, standard for brittle materials

such as graphite, was used in determining flexural strength. All measure-

ments are complete and the data are being statistically analyzed.
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Another program is being designed to test completely the single

grade of graphite chosen for LMFRE-I use.

The proposed program will provide engineering design data on

the following parameters: (1) density, (2) modulus of elasticity by

two methods, sonic and static stress -strain curves, (3) coefficient of

thermal expansion, (4) tensile strength, and (5) compressive strength.

h. Graphite Preconditioning Test

The LMFRE graphite is a porous material with many inter-

connecting voids which initially will be filled with gases. If these gases,

a large portion of which probably is air, are not removed before the

system is filled (fuel solution), some uranium could be converted to the

oxide in the graphite. This conversion is undesirable since it causes

uranium loss and heat generation.

Therefore, in this test, the gases will be removed by evacuation

and bismuth, magnesium, and zirconium preconditioning. Results should

determine satisfactory outgassing and preconditioning times.

3. Miscellaneous Materials Programs

a. Zirconium Nitride Film Theory

Corrosion resistance of the container materials (Croloy 1-1/4

and 2-1/4) is believed to depend upon the formation of a protective film

of zirconium nitride derived from a reaction between the nitrogen in the

steel and the zirconium added to the liquid bismuth. The availability of

the nitrogen in the steel in turn depends upon its form: Dissolved nitrogen

can diffuse to the surface, but nitrogen compounds (nitrides) cannot diffuse

and therefore cannot react with zirconium in the fuel.

Heat treatment determines which form of nitrogen is present

in the steel. Fast cooling from high temperatures promotes nitrogen

solubility and availability, whereas exposure to intermediate temperatures

(750 to 1350 F) promotes formation of nitrides and restricts solubility.

The amount of nitrogen available for protective film formation also de-

pends upon the total nitrogen present in the steel. This amount may vary

widely depending upon the manner in which the steel is melted and de-

oxidized.

To determine the amount of nitrogen available in commercial

Croloy 2-1 /4 and 1 -1 /4, 20 heats of Croloy 2 -1 /4 were water quenched
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from 1800 F and reheated for 24 hr to temperatures of 750, 850, 950,

1050, 1300, and 1350 F. The samples were then analyzed for dissolved

(soluble or available) nitrogen.

The presence of elements (magnesium, silicon) that form

stable nitrogen compounds may significantly reduce nitrogen availability.

To determine the degree of such restriction in commercial Croloy 2-1 /4

and I -1 /4 a full -scale investigation of nitrogen availability was decided

upon. Ultra -pure alloys of Fe; Fe + Cr; Fe + Mn; Fe + Si; Fe + Cr + Mn;

Fe + Cr + Si.Fe + Cr + Mn + Si; and Fe + Cr + Al.were to be tested. A

special., small., vacuum melting furnace was obtained and suitable melting

procedures were explored. Dissolved and surface oxygen in the available

ultra-pure raw materials caused difficulty, especially in the electrolytic

chromium. The actual. preparation of the experimental alloys was de-

layed in an effort to purify the "pure" metals.

b. Solubility of Materials in Bismuth

A study of the solubilities and solution rates of corrosion and

fission products in a Croloy 2-1/4 liquid bismuth system was begun. The

test was to utilize triple distilled commercially pure bismuth to determine

the effect of impurities. Nine pure constituents, Cro]oy 2-1/4, and

fission products were to be investigated at 750, 885, and 975 F.

However, after considerable effort, including the design and

construction of special. equipment, a review of Brookhaven's data on

recent solubility and rate -of-solution tests indicated that continuation of

this program was not warranted. The equipment is now being used for

slurry studies.

c. Molybdenum Coatings on Croloy

The possibility of applying a molybdenum coating to the internal

surfaces of the LMFRE primary system has been initiated. A survey of

molybdenum coating processes indicated that the vapor deposition and

electroless techniques should be investigated.

Further study indicated that vapor deposition techniques are

inadequate for LMFRE purposes. Adequate electroless molybdenum

metal. coatings have not been developed, but electrolytic and electroless

molybdenum oxide coatings were discovered. Testing of both coatings

in the LMFRE fuel solution (at reactor operating temperatures) showed
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that the electroless oxide coating holds promise as a primary system

corrosion inhibitor. Further development, however, is needed.

A thermodynamic study was conducted to determine whether

electroless tantalum coatings could be developed easier than electroless

molybdenum coatings. Results were negative.

B. CHEMISTRY STUDIES

1. Slurry Development

a. Research and Development at The Babcock & Wilcox Research
Center, Alliance, Ohio

Early work indicated that ThO2 -Bi slurries are subject to re-

duction by magnesium and that uranium oxide is reduced by zirconium at

750 F. Therefore, more recent work has been on solid-solution particles

for use in bismuth slurries. Attempts to form these carbides by reacting

metallic thorium and uranium with carbon in bismuth at 1200 F were not

successful. A second method, in which stoichiometric quantities of

thorium and uranium oxide were mixed with carbon and fired under an

inert atmosphere at 4000 F, was successful: X-ray diffraction analyses

indicated the products to be UC or ThC. The production of homogeneous

ThC-UC particles by reacting ThO2-UO2 mixtures with carbon has also

been attempted, but x-ray examination of this material is incomplete.

Initial tests indicate that dispersion of the thorium-uranium

carbide in bismuth plus 700 ppm zirconium is relatively unstable. The

uranium carbide also dispersed in the bismuth, but the melt has not been

completely analyzed.

Several tests have verified the reduction of uranium oxide by

zirconium. Similar tests on uranium fluoride indicate that some reduction

takes place.

Since reduction by zirconium may make the use of UO2 by itself

unfeasible, homogeneous, solid-solution ThO2 -UO2 was considered. In

this case it was hoped that zirconium would contact and thus reduce only

the uranium oxide on the surface of the particles, leaving most of the

combined oxides essentially intact.

Homogeneous ThO 2 -UO2 was prepared by firing co-precipitated

oxalates and hydroxides at 3000 F. Also, mixed nitrate solutions were

evaporated to dryness and calcined at 3000 F. X-ray diffraction analysis

- 124 -



showed that both procedures produce homogeneous, solid-solution material.

Dispersion tests for homogeneous ThO2 -UO2 particles in bis-

muth indicate that these particles were not reduced measurably over a

25- to 28-hr period. The material disperses readily in bismuth at 750 and

900 F, but there is a marked tendency for the material to rise to the top

of the melt. This work is now being investigated in tilting capsules over

long periods of time.

Up to now, slurry stability has been evaluated in screening tests,

measuring or estimating the rate at which the insoluble material sinks or

floats in a static system. However, the stability that is needed to handle

the slurry satisfactorily in a dynamic system is not known. Stability and

handling characteristics of dispersions will be further investigated in

small, bench-scale pump-loop assemblies through which the slurries will

be circulated.

Wetting angle studies of bismuth plus additives in contact with

thorium and uranium compounds are in progress. Results are not yet

available.

b. The Effect of Slurry Inhomogeneity on Nuclear Stability of
Liquid Metal Fuel Reactors

The effect of slurry inhomogeneity on nuclear stability is an

important consideration in the design of Liquid Metal Fuel Reactors

(with fixed graphite moderator) that embody the slurry concept. The

LMFRs will be either one-region converters or two-region breeders,

both operating on the Th-232-U-233 cycle. Two types of slurries are

being considered for the ultimate reactor design: thorium bismuthide,

which is partially soluble in bismuth; insoluble slurries such as thorium

oxide, carbide, or fluoride. In the latter case, the slurry particle also

may be composed of a single solid phase in which the mixed thorium and

uranium compounds are in solid solutions.

These related questions were studied:

One- or two-region LMFR using soluble or insoluble slurry -

What happens when the slurry concentration increases or

decreases in the core or blanket region?

Can these variations be compensated by choice of suitable

initial operating conditions and slurry materials?
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A generalized method of approach to these problems has been

evolved, which should be applicable to any reactor operating with a slurry,

including fluidized-bed reactors.

Soluble slurries -- Data show that the uranium in the system

distributes itself between the solid and the liquid phases according to the

relationship:

(weight fraction U in solid) = kU x (weight fraction U in liquid),

where kU is the uranium distribution coefficient.

Insoluble slurries -The uranium either may be all in the particle

or some may be put into the solution and some into the particles: This per-

mits independent variation of the uranium concentration in both phases

and thus creates a fictitious distribution coefficient.

The shape of the operating curves (changes in Th and U con-

centrations) that the reactor would have to follow in the event of slurry

concentration changes was investigated for both types of slurries.

From multi-group calculations, criticality curves have been

prepared by plotting the thorium-uranium ratios in the core (or blanket)

vs. the uranium concentrations required to achieve criticality and excess

reactivity. The previously mentioned "slurry" operating lines were then

superimposed on these criticality loci, and the amount of excess re-

activity was introduced by a change in the slurry concentrations evaluated.

Criteria for selecting a stable operating point were then con-

sidered, and equations for estimating the initial slope of the "slurry"

operating line were derived for any initial reactor operating condition

and uranium distribution ratio. Using this slope, the excess reactivity

introduced by a given slurry concentration change may be rapidly de-

termined.

The following conclusions may be drawn from this study:

One-region converter - For an insoluble slurry, it is possible

to start with an operating condition that is stable to relatively large

variations in slurry concentration. The reactivity at this condition always

decreases upon any concentration change, and, for major variations, the

reactor always becomes subcritical. To achieve this condition at an

arbitrary initial operating point, uranium must be distributed between the

liquid and solid phases.
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For a soluble (ThBi2 ) slurry, reactivity is very sensitive to

a change in slurry concentration when the best known value of kU is

assumed. However, if kU can be altered (by additives, new methods of

slurry preparation, etc. ), stable operating conditions may be obtained.

Two-region breeder.- There is no operating condition (for

either type of slurry) at which the reactivity change is insensitive to

slurry concentration variations; however, the reactivity changes caused

by a given slurry concentration change are not as severe as for the one-

region reactor and, thus, might be tolerated for safe reactor operation.

The soluble slurry concentration required in reactors with an

acceptable breeding ratio is at or above the limiting viscosity for pump-

ing. Insoluble slurries probably will be required if a true breeder is

desired.

2. Fuel Chemistry

a. Uranium Solubility

The LMFRE design requires quantitative data on the solubility

of uranium in molten bismuth and in bismuth plus additives. Early in

1958, Armour Research Foundation was awarded a subcontract for this

investigation. In the course of the work, two independent experimental

techniques were used: chemical analysis of filtered samples from

saturated melts; determination of electrical resistance variation with

temperature. The work, completed in December 1958, reported the

following results t:

(1) System U-Bi

In the binary system, uranium solubility varies from

about 0. 09 w/o (900 ppm) at 350 to near 2 w/o (20, 000 ppm) at 600 C.

Data from three different melts are shown graphically in Figure 49.

Although these data agree generally with data presented

by Brookhaven National Laboratory, a minor variation exists: When the

logarithm of the concentration is plotted vs. the reciprocal of the

absolute temperature (Fig. 49), van't Hoff's relation predicts a straight

line. From the data obtained, it is evident that two straight lines

intersect at about 470 C. This indicates a change in the nature of the

solution, and the resistance data give further evidence of this change.

'Armour Research Foundation's Final Report, "Solubility of

Uranium in Liquid Bismuth", January 26, 1959,
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FIG. 49: URANIUM SOLUBILITY IN SYSTEM U-Bi
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FIG. 50: URANIUM SOLUBILITY IN SYSTEM U-Bi-Zr

2100

2000

1900

1800

1700

1600

1500

1400

1300

1200

1100

1000

900

800

700

0d

V

o

I I I I
Binary System, U-Bi

125 ppm Zr
~ 210 ppm Zr

I I I I

o A Samples Obtained by Filtration

Data Obtained by Resistance Measurements

-NOTE: Zr Content of Specimens Varied with
Sampling Temperature.

Binary, U-Bi

125 ppm Zr

210 ppm Zr

IIIII I I I
360 370 380 390 400 410350 420 430

Temperature, 0 C

- 1 29 -

,-



FIG. 51: ISOTHERMAL LIQUIDS CURVES OF SYSTEM U-Bi-Zr
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FIG. 52: URANIUM SOLUBILITY IN SYSTEM U-Bi-Zr--Mg
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FIG. 53: URANIUM SOLUBILITY IN SYSTEM U-Bi-Zr-Mg-FP

2100

2000

1900

1800

1700

1600

1500

1400

1300

1200

1100

1000

900

800

700

I I I I I I I II

350 360 370 380 390 400

Temperature, *C

410 420 430

- 132 -

Q-,

10

0

H.

O U-B1-160 Zr-1025.Mg--100FP

_ I U-Bi-170 Zr-2700 Mg-200 FP

AU- Bi-175 Zr -6000 Mg-100 FP

A U- Bi-205 Zr -5700 Mg-200 FP

VBinary, U-B1

2700 Mg
200 FP

-I

- / / 5700 Mg
6000 .M /00 F
100 FPg ZOOFP

/-

Binary, U-Bi

1025 Mg - 100 FP

/ -

0 y



FIG. 54: URANIUM SOLUBILITY IN SYSTEM U-Bi-Zr-Mg-Na
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(2) System U-Bi-Zr

The ternary system is shown in Figures 50 and 51. In

concentrations greater than 75 ppm, and in the temperature range of

interest, it is apparent that zirconium reduces uranium solubility to a

much greater extent than in the binary system Bi-U.

(3) System U-Bi-Zr -Mg (Fig. 52)

In concentrations of 1500 to 5500 ppm, Mg does not

materially affect uranium solubility at 370 C (compared to effects on

the ternary system, Bi-U-Zr). However, for all magnesium concentra-

tions studied, uranium solubility increased rapidly with increasing

temperature, exceeding solubility in the ternary system at temperatures

from 375 to 390 C (dependent upon magnesium content) and equaling

solubility in the binary system at about 405 C. The effect of varying the

magnesium content is small but uncertain.

(4) System U-Bi-Zr-Mg-FP (Fig. 53)

Uranium solubility was only slightly affected within the

range of 100 to 200 ppm total fission products (compared to that in the

system U-Bi-Zr-Mg). The effect of varying the fission product con-

centration was not definite.

(5) System U-Bi-Zr -Mg-Na (Fig. 54)

Uranium solubility compared to that in the system

U-Bi-Zr-Mg is not greatly affected by adding 80 or 5000 ppm Na in the

lower temperature region. However, 5000 ppm Na appears to increase

uranium solubility at higher temperatures.

b. Fuel Dissolution Study

Armour Research Foundation was awarded a subcontract to

study dissolution rates of fuel additives (Mg, Zr, U) in bismuth.

A Bi-2 w/o Zr master alloy was dissolved in sufficient

quantity to increase the Zr by 100 ppm within 15 min at 500 C. Analysis

of the melt indicated 100% recovery of the zirconium addition. Similar

results were achieved at 400 C.

Magnesium Dissolution - 5000 ppm Mg as 0. 026-in. sheet

was completely dissolved (within 15 min at 500 C) in a simulated fuel
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solution containing 1440 ppm U, 1700 ppm Mg, and 193 ppm Zr. To

study the effect of particle geometry, 5000 ppm of 0. 050-in. Mg sheet

was put into a fuel solution (1100 ppm U, 187 ppm Zr, 950 ppm Mg,

100 ppm FP) and dissolved in 15 min at 500 C. On a similar run, using

0.050-in. sheet at 400 C, dissolution was not complete in 15 min.

Uranium Dissolution Bi-10 w/o U master alloy was dissolved

in a solution (Bi - 880 ppm U, 142 ppm Zr, 1200 ppm Mg, 100 ppm FP)

within 15 min at 500 C, in sufficient quantity to raise the concentration

of the melt by 690 ppm U (about 700 ppm U had been added). When re-

peated at 400 C, this procedure increased the uranium concentration by

670 ppm within 15 min. Dissolution rates of elemental uranium (0. 017-in.

sheet) were determined in a Bi Zr(175 ppm) -Mg(1000 ppm) melt at 500 and

600 C. At 500 C, 1400 ppm uranium dissolved in 6 hr. At 600 C, the

same amount of uranium dissolved in 2 hr. At 400 C, 24 hr were required

for complete dissolution.

Previous qualitative observations have indicated that uranium

dissolution is governed by at least two distinct rate processes, one

probably being related to solid state diffusion of bismuth and uranium.

That a single rate constant is not operative is borne out by the poor com-

parison between experimental dissolution rates and calculated values.

A metallographic method for determining uranium solubility in

liquid bismuth has been developed at the B&W Research Center: fixed

amounts of uranium and bismuth are equilibrated at step-wise increased

temperatures and the solutions are frozen by ultra-fast quenching in thin-

wall tantalum capsules. The occurrence or non-occurrence of uranium-

bismuth intermetallic compounds in the microstructure reveals whether a

true solution of uranium in bismuth existed at the quenching temperature.

Preliminary results from this method indicate that the solubility of

uranium in bismuth is less than that assumed from available uranium-

bismuth phase diagrams.

c. Uranium Carbide Formation

The University of Michigan was awarded a subcontract to study

possible uranium carbide formation in uranium -bismuth -graphite systems

and in uranium-bismuth-zirconium-graphite systems. The work to date

has not produced any reproducible or significant data. Two obstacles have

delayed the project: analytical chemistry problems (now resolved), and
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adsorbed gases on the graphite surfaces. As to the second problem, it

was originally agreed that high-purity graphite surfaces should be used

in the studies. The University of Michigan has designed furnaces to

eliminate surface contamination problems, and the first runs are complete.

(B&W's Research Center is studying the effect of gases on the graphite

surface as a separate problem.)

The present approach is to outgas the graphite crucible and

the specimen (UC, ZrC, or graphite) in a furnace at 3400 F. Crucible

and specimen are then transferred to a furnace for actual contact with

the fuel. The crucible charge (master alloy) is attached to a control

rod and added to the contact furnace along with crucible and specimen.

The furnace assembly is sealed, and crucible and specimen are out-

gassed at 1500 F. The charge is lowered into the crucible from a cooler

region of the furnace and allowed to melt into the crucible. The specimen

(which is attached to a movable, rotatable shaft) is lowered into the melt.

The melt temperature is controlled to the desired value, and the experi-

ment is carried out with or without specimen rotation as necessary.

After contact, the specimen is withdrawn from the melt and spun to re-

move bismuth. The crucible alloy and the test specimen are then

analyzed to determine extent of reaction.

d. Investigation of Sodium-Bismuth Reactions

Sodium-bismuth reactions are of importance if sodium is used

as secondary fluid in a uranium-bismuth -fueled reactor, since preliminary

calculations have indicated that the reaction may be highly exothermic.

Test apparatus was built, and the first run is complete. The

unit is now ready for a 500-hr run.

It was difficult to maintain a constant leak rate during the first

run. Initial leak rate was very high, which caused vibration and audible

noise. By lowering the sodium pressure, a leak rate of about 1 cc/hr

was recorded until the leak plugged. The leak could not be reopened by

increasing the sodium pressure so the test was concluded prematurely.

Fourteen of the 20 lb of sodium leaked into the bismuth tank.

Metallurgical inspection showed no evidence of corrosion,

erosion, or excessive temperature effects on the Croloy 2-1/4-in.

material adjacent to the leak.

- 136 -



3. Analytical Chemistry

a. Spectrographic Determinations

(1) Magnesium and Zirconium in Bismuth

A satisfactory method for determining magnesium and

zirconium in bismuth was developed using the rotating disc technique.

Since the porous cup technique seemed better adapted to

analyzing radioactive samples, this method was investigated to determine

whether it could give better precision than it had previously given. Pre-

cision did increase significantly when we employed the same internal.

standards used with the rotating disc method. Precision was 4% for

magnesium; 2% for zirconium, Working curves were obtained, and

the method was used satisfactorily in analyzing loop samples.

This work is significant because the porous cup method can

be easily adapted and used on radioactive samples to determine magnesium

and zirconium in bismuth, with or without sulfide -precipitation-decontami-

nation of the sample.

(2) Corrosion Products in Bismuth

Chemical methods have been chosen for determining

corrosion products, iron, chromium, manganese, and molybdenum in

bismuth. Spectroscopic methods were emphasized to save time. The

method is that of Owens and Webb, British Atomic Energy Research

Establishment, which uses cobalt as an internal standard and d-c arc

excitation of the bismuth. oxide sample.

Chromium, manganese, and molybdenum in loop samples

were determined on a routine basis over a period of several months and

found satisfactory. Initial iron determinations did not correlate too well

with the chemical results, but this difference has been adjusted.

(3) Spectrographic Determination of Additives and Corrosion
Products in Metallic Bismuth Samples

Spectrographic determination right in the bismuth metal

matrix would involve minimum handling, reduce possible contamination,

and save time. Until recently, however, sample inhomogeneity prevented

the various metals from being satisfactorily determined by arcing bismuth

metal directly. Now the development of a so-called "Mixer-Mill" (a device
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that pulverizes and mixes a wide variety of materials) may overcome this

problem. Therefore, preliminary studies were undertaken in which

standard samples containing oxide impurities were mixed in the "Mixer-

Mill" with high purity bismuth metal.

Considerable difficulty was experienced in maintaining

sample homogeneity, presumably because of density differences in the

oxides and the bismuth metal. A master bismuth melt was therefore

prepared: This melt contains metallic additives of such quantities that

variable concentrations can be prepared by diluting the master alloy.

There has been some difficulty in detecting iron at the same concen-

tration levels at which it is easily detected in the bismuth oxide sample;

e. g., when the cobalt internal standard is added to the bismuth metal,

wide variations in the cobalt line intensity were observed. This is

partly due to poor mixing since some improvement is shown when the

whole sample is passed through a 325-mesh filter. However, in 75%

of the cases, the cobalt lines cannot be measured, even when the 325-

mesh filter is used. Excitation variables are still being investigated.

(4) Spectrographic Determination of Synthetic Fission
Products in Bismuth

A study was initiated to determine which of the elements

comprising the synthetic fission product mixture might be determined

spectrographically. Initial study showed that the rotating -disc -solution

technique probably would be sensitive enough to determine barium and

strontium but would not detect the proposed rare earth fission products

(lanthanum-enriched misch metal).

Because the rotating-disc metal lacks sensitivity,

emphasis was shifted to the d-c arc techniques. Preliminary investiga-

tions showed that probably all synthetic fission product elements except

samarium and ruthenium could be determined by suitable adaptations of

the basic d-c arc method.

b. Wet Chemical Analysis

Wet chemical procedures have been investigated for the de-

termination of various elements and metallic oxides in bismuth. Carbon

reduction and mercury extraction methods were used. In the latter

method, a quantitative estimate of the separated oxides and oxide
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identification can be obtained if the solvents and colorimetric procedures

used are sensitive for specific metals in the gamma range.

The ester-halogen method for determining aluminum nitride

was used successfully, and the chemical zirconium method for possible

fission product interferences was tested. Nominal concentrations of

fission products indicated no interference.

Several analytical approaches for determining microgram

quantities of chloride were investigated. A procedure using distillation

of the chloride as NOCI and a turbidimetric measurement for quantita-

tive chloride detection showed the best sensitivity.

A satisfactory method was developed for determining phosphorus

in a bismuth matrix, The sample is dissolved in nitric acid, and oxidized

with perchloric acid. The bismuth is removed by precipitation as the

hydroxide. The phosphate is detected and measured by colorimetric

means, using the amino acid method. Absorbance is measured at

700 mu mu. The method has been used to detect phosphorous level on

corrosion loop samples.

c. ETR In-Pile Loop Off-Gas Analysis

The broad objective of this research program is to develop

suitable analytical methods and facilities for measuring the concentrations

of the volatile fission products in an irradiated uranium-bismuth reactor

fuel solution and in the off-gas stream. The methods and apparatus thus

developed could be used for ETR in-pile loop off-gas analysis and, ulti-

mately, for LMFRE or LMFR off -gas analysis.

In July of 1958, the necessary research and development work

was subcontracted to the Nuclear Science and Engineering Corporation

(NSEC). Essential provisions of the program were: development of a

basic analytical technique for separation and analysis of krypton, xenon,

and iodine isotopes; application of the separation and analytical pro-

cedures to fission gas isotopes of short and moderate half-lives;

preparation of standard counting techniques for these nuclides; and

requisite calibrations of the apparatus and counters.

The original subcontract has been recently amended to include

(1) the design and. construction of the analytical, and sampling system to

be used on the ETR off-gas system, (2) operation of sampling and
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analytical equipment during the course of the experiments, (3) perform-

ance of the necessary tests to provide information to be used in the

design of the sampling system, and (4) additional operational tests.

Work to date has progressed considerably. The design and

fabrication of the required analytical apparatus is complete. Liaison

between NSEC, B&W, and BNL is maintained on a continuous basis to

expedite the program. Preliminary experiments were centered around

the conditions under which charcoal exhibits optimum gas retention,

finalization of counting techniques, and design and fabrication of a

suitable gas train. Irradiation bombs containing uranium-bismuth were

prepared and irradiated in-pile at BNL.

Experiments have been performed to determine suitable means

of quantitative removal of xenon and krypton from a helium flow, simula-

ting the sampling system from the off-gas system of Radiation T'est

Loop No. 2. Provision was made for in-pile testing of the BNL analytical

apparatus. Additional developmental tests have been performed to modify

existing krypton and xenon separation procedures to the particular re-

quirements of the program.

A preliminary test was performed to estimate the effect of

phase changes, temperature and helium flow rate on the removal rate

of iodine and xenon from liquid uranium-bismuth using uranium-bismuth-

Croloy capsules irradiated at BNL. Results indicate that the release

rate of xenon from liquid uranium-bismuth depends more on temperature

than on helium flow rate. It is also apparent that the uranium-bismuth

temperature must be raised to about 1000 F for efficient xenon removal.

A significant fraction of the liberated iodine activity was found on the

surface of the Croloy capsule, while only a very small fraction appeared

to remain in the gas phase.

The in-pile experiment at BNL has demonstrated that

analytical techniques are available for 5. 3 day-Xe-133, 9.2 hr -Xe -135

and 17 min-Xe-138 in a typical mixture of "fresh" volatile fission

products. A technique is also available for the lower yield species,

12-d Xe -131m, although it is not present in significant quantities in the

low flux BNL experiment. The analytical techniques for krypton isotopes

are being evaluated.

The facilities for analyzing samples from the ETR test loop

are being designed at B&W's Research Center.
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The arc stand for spectrographic analysis has been delivered.

A heavily shielded manipulator for remote handling operations will be

delivered early in January 1959. Chemical equipment for uranium

analysis has been ordered. Shielding requirements for the samples to be

handled have been established. The design of various types of equipment

used in existing remote-handling facilities has been obtained and is being

modified to meet the requirements of this facility. Work on the mockup

of the junior caves will be started when equipment is delivered. Close

contact has been maintained with personnel from the Chemical Processing

Plant at. Arco, and a definite allotment of working space is being arranged.

4. Cleaning and Dec ontamination

It was recognized early in the LMFR concept, that successful

decontamination of Croloy systems that have been exposed to irradiated

uranium-bismuth could have considerable bearing on maintenance

procedures and costs.

Most of the work at B&W's Research. Center has been concerned

with the use of mercury and mercury vapor techniques. Several sumps

and pumps from dynamic bismuth test loops have been mercury-cleaned.

While bismuth removal was successful, the quantitative removal of

radioactivity by this method is still open to question since these were

"cold" tests.

Bench -scale tests indicate that mercury vapors may be trans-

ported in piping to any point desired and then condensed by cooling to a

temperature between its condensation temperature and the bismuth melt-

ing temperature. Massive bismuth is apparently much more readily

removed by the hot liquid mercury when the bismuth is held slightly above

its melting point.

More recently, the decontamination studies have been expanded

to include the use of radioisotopes (as tracers or actual radioactive

uranium-bismuth) in the experiments, the purpose being to determine

quantitatively the radioactivity removed or remaining in the Croloy sur-

face after use of various decontamination procedures.

Prior to this work, Alliance investigated the solubility of fission

and corrosion products and the corrosion rate of Croloy 2-1/4 in various

chemical solvents that could be used for decontamination. Niobium and
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ruthenium appear to be difficult to remove. Strontium, Ba, Cs, Ce and

Zr were dissolved with relative ease using a 5 w/o solution of inhibited

hydrochloric acid to which 0. 5% ammonium bifluoride had been added.

The corrosion rate of Croloy 2-1 /4 produced by this solution was only

0. 03 ipy, comparable to that obtained by standard boiler acid-cleaning

techniques. Rubidium, Y, and Nd have not been tested, but no

difficulty is expected.

5. Fission Product Leach-Rate Studies

The use of a storage pool for radioactive components of the

LMFRE prompted an investigation of possible hazards associated with

pool operation; e.g. , a component (such as the heat exchanger tube

bundle) with a large surface area that has been exposed to U-Bi, may

be immersed in the pool. This question then arises: When the component

is immersed what happens to the fission and corrosion products and the

polonium that either are adsorbed on the Croloy surface or are in the

U-Bi film on the surface? Is the activity released as an initial burst

or as a relatively low-rate leaching process similar to that of punctured

fuel elements?

Specifications have been drafted to initiate experiments that

will supply quantitative data (how much activity is released for a certain

amount of exposed surface area?) and qualitative data (what are the

significant isotopes?).

C. PROTOTYPE DEVELOPMENT

1. Component. Developments

a. Filters

The objective of the filter program is to develop a filter'

capable of filtering the bismuth as it is initially charged into the LMFRE.

Sintered metal filters between 5- and 20-micron pore size will be

investigated. Primary materials to be tested are 300 and 400 series

stainless steels, molybdenum, and pure electrolytic iron.

An apparatus was constructed; testing procedures were

checked using 300 series SS filters which corroded severely. Future

runs, however, will utilize filters that possess higher corrosion

resistance to liquid bismuth..
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b. Flanges

The flange program was initiated with the decision to test

two flanges of different design. One, a Conoseal joint developed by

the Marman Division of the Aeroquip Corp. , features a clamp arrangement

that holds the two flange halves together. The other, a freeze flange

developed by Oak Ridge National Laboratories, utilizes a cooling-air-

stream to solidify the bismuth trapped in the flange interface. The

cooling air flows through a duct which is part of the flange. A test

rig in which the flanges will be tested statically in liquid uranium-bismuth

is under construction.

c. Electromagnetic Pump

Bids received for the development and manufacture of a

d-c conduction-type EM pump were abandoned in favor of Alliance's

developing and fabricating an ac-dc test pump. The basic design of

a 10-gpm pump has been approved but may be further refined before

the test unit is built.

d. Pump Bearings

Three bearings have been ordered, each of different

material (graphitar 84, die steel 66, 18 -4-1 tool steel). These

bearings are dimensionally identical to the bearing in the Byron-Jackson

pump installed in Brookhaven's 4-in. utility loop. Byron-Jackson

will supply these bearings and test them on a specially constructed

test rig of their own design.

e. Bellows

Test work will determine the durability of metallic bellows

designed for eventual use (in a U-Bi reactor system) as a sealing

mechanism on valve stems and pressure sensing devices.

Several manufacturers' bellows, of their own design and

manufacture, will be examined. About 10 samples from each

manufacturer will be tested at system design conditions: 200 psig

operating pressure on the external surface of the bellows in contact

with the U-Bi solution; helium purge (at atmospheric pressure) of

the bellows internal surfaces; solution temperature of 750 and 975 F.

The bellows will be cycled through a prescribed stroke (about 5/8 in.)

at 10 cpm for 10,000 cycles, or until failure.
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The test apparatus design simulates conditions in a dynamic

system operating with a temperature differential. Approximately 20%

of the total bismuth volume is shunted back and forth between two

test vessels at a frequency of about 1/2 cpm. This movement agitates

the solution and promotes a condition conducive to mass transfer.

In the test procedure, a bellows is installed in both test pots;

the bellows in the cold pot (750 F) is unmoved as long as it remains

intact; the bellows in the hot pot is changed as required. In this way,

most of the bellows will be tested at 975 F and, if mass transfer

affects the bellows durability, the longer exposure in the cold pot

will be conducive to failure.

Bellows from two manufacturers, made from Croloy 2-1/4

using welded-disc design, have been tested. The following differences

in design were noted:

Company Company
''A '' ''B '

Disc thickness (in.) 0.022 0.012

Inside diameter (in.) 1.04 3/4

Outside diameter (in.) 2.50 2

Free length (in.) 3 1/2 to 4 1/4 2 1/2

All company "A" bellows have been tested, and none failed

within 10, 000 cycles. The last pair was tested until the specimen in

the hot pot (975 F) failed after 69, 780 cycles. The specimen in the

cold pot (750 F) was still intact after 111 , 616 cycles.

Three Company "B" bellows have been tested. Each

failed after relatively few cycles: 1069 and 1021 cycles at 750 F;

1504 cycles at 975 F. These failures are apparently due to insufficient

disc thickness since each rupture occurred in the parent metal, not

in the circumferential welds.

f. Valves

The reactor accessory systems (fuel processing, sampling,

drain lines) require several valves of special material, designed to

operate in liquid bismuth.
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(1) Two 1-in. gxobe valves have been. cycled for about 375 hr

in the 3/4-in. utility test loop. The lower bellows in

one of these valves failed after 1150 cycles.

(2) A 1 -in. check valve was leak tested, showing a leak rate

of 0. 08 cu in. /hr with 200 psi pressure drop across the

seat. This valve has now been cycled for about 375 hr

in the 3/4-in. utility test loop. Results appear satisfactory.

(3) A 1-in. ball valve failed because a bellows ruptured on

startup while the test apparatus was being charged with

bismuth, Charging pressure was approximately 15 psig.

The valve seat leaked substantially during charging.

(4) A 2 1/2-in. globe valve has been received and installed on the

2 1/2-in. test loop. No operating data are available from

this valve.

(5) Orders have been placed for a 2 1/2-in. globe valve, a

4-in, horizontal valve, and a 4-in, vertical valve.

g. Pumps

Seven vendors submitted bids for a semicontact-maintainable

liquid bismuth pump. The Thompson Products Corp. and the Byron-

Jackson Co. pumps were selected for testing because they approach the

problem of cavitation differently. However, the AEC has deferred the

purchase of both pumps for the present.

h. Semicontact-Maintenance Method. for Nonnuclear Instruments

A developmental program is underway. An apparatus

(now under construction) has been designed to test the feasibility of

the semicontact-maintenance of pressure sensing devices.

2. Systems Investigations

a. 60-Cycle Induction Heating Test

When an LMFR is loaded for startup, the entire system must

be preheated to keep the molten bismuth from freezing and creating a

stoppage as it enters the system. Since induction heating appeared

more attractive than resistance heating, tests were undertaken to

determine the feasibility of induction heating in a Croloy 2-1/4 system.
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A 12 -in.pipe was heated with half -coils at each end, and

data were recorded with 1 1/16 in. of insulation under the coils.

These tests, which indicate that induction-heating is

advantageous, have produced information needed to design 60-cycle

induction heating coils for Croloy 2-1/4 pipe.

b. Cavitation Investigation

A rotating-disc apparatus is being used to study cavitation

in liquid uranium-bismuth. The apparatus consists of a Croloy 2-1/4

disc in which eight 1/4-in. holes have been drilled at various distances

from the center. The disc, submerged in liquid uranium-bismuth, rotates

to produce cavitation, the degree depending upon the disc's rotational

velocity and the test duration. Seven discs have been tested at 360 rpm:

One, submerged for 180 hr at a velocity of 8 fps, showed evidence of

cavitation; the others did not. Materials other than Croloy 2-1/4 will be

tested later.

c. U-*Bi Precipitation

The U-Bi precipitation program will determine how U-Bi

precipitation occurs under various conditions of flow and temperature

differentials.

Original corrosion loop tests to determine the U-Bi pre-

cipitation mechanism have not proved satisfactory. This is due to

redissolution of additives from the pump lid and a general failure to

achieve stability of additive concentrations.

3. Nuclear Instrumentation

Evaluation of the A. D. Little studies and the objectives of

continuous uranium monitoring, indicated that magnetic susceptibility

principles should be investigated. A realistic method based on neutron

multiplication and attenuation would be very insensitive to reactivity

changes less than 5%, but magnetic susceptibility measurements could

provide f 2% uranium concentration data and indicate the condition of the

fuel stream more accurately.

'Continuous Uranium Monitoring of a Liquid Metal Fuel Reactor,'
C-61041, January 3, 1958.

'Safety Monitor for a Liquid Metal Fuel Reactor,' C-61378,
September 3, 1956.
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A. D. Little was awarded a subcontract to research and develop

two laboratory test instruments, one for BNL, one for B&W's Alliance

Research Center. These instruments should be sensitive to at least

10-8 emu/cc ( 10 ppm uranium in bismuth), and should operate at

temperatures up to 600 C, at least. If testing of the laboratory

instruments should be successful, a prototype instrument would be

designed, built, and constructed for LMFRE-I use.

4. Nonnuclear Instrumentation

Various temperature, pressure, and flow-sensing devices,

and liquid-level indicators are being procured for testing which will

determine their operating characteristics and dependability in liquid

bismuth.

Five swaged thermocouples have been calibrated and tested to

determine operating characteristics in liquid bismuth:

Leeds & Northrup - Croloy 2-1/4, 1/8-in. sheath

Aero Research - Croloy 2-1/4, 1/16-in. sheath

Aero Research - Croloy 2-1/4, 1/8-in. sheath

Aero Research - Croloy 2-1/4, 1/8-in. sheath
with a flattened bead area

Aero Research - tantalum, 1/8-in. sheath

Test results indicate that maximum deviation from the true temperature

ranged from 0.06 to 0.72% of the operating range (0 to 975 F) and that

response times varied from 0.33 to 2 sec. The average accuracy

and the response times are:

Accuracy Response
(%) (sec)

Leeds & Northrup 1/8-in. sheath 0.29 0.780

Aero Research 1/16-in. sheath 0.28 0.333

Aero Research 1/8-in. sheath 0.24 0.603

Aero Research flattened sheath 0. 26 0. 345

Aero Research tantalum 0.40 1.960

These thermocouples were later installed in Alliance's 3/4-in.

utility loop for operational testing. The Aero Research tantalum sheaths

failed (embrittlement) during the first few hours of operation.
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Testing of other nonnuclear instruments has not started yet.

However, the diaphragms for Taylor's pressure, flowmeter, and level-

indicator instruments were successfully cycled (20, 000 cycles) in

liquid bismuth. (Two were cycled between 0. 25 and 200 psig and two

between 20 and 200 psig.)

5. Reactor Model Tests

A 1/4-scale model of the reactor vessel and internals was

designed, simulating the fluid flow characteristics of the LMFRE-I. The

test fluid was room-temperature water.

These tests should (1) indicate the areas of flow maldistribution

and instability in the reactor core, reflector, and vessel annulus, (2)

produce data on baffling, orificing, and other flow control measures,

necessary to establish desired flow rates and ratios.

The model will be constructed primarily'of brass and clear

plastic, and vessel internals may be easily modified or replaced.

Flow rates, pressure drops, and mixing coefficients will be measured.

D. REMOTE MAINTENANCE

1. Engineering Prototype Development Facility Programs

This facility, occupied in June 1958, has been equipped to

prototype, test, and modify the equipment and mechanisms anticipated

for LMFRE-I use. The facility has about 5700 sq ft of floor space,

4500 sq ft being used for AEC purposes. The remaining 1200 sq ft

is used by B&W as a light-duty machine shop.

The equipment received for mockup and testing includes a one-

ton bridge crane, a remote -controlled electric tractor, several closed

circuit TV systems, an electric fork lift truck, a power manipulator,

an equipment control console, and remote-control radio equipment.

a. Bridge Crane

The bridge crane will be used during mockup and testing of

remote handling procedures. A pneumatic drive system on all motors

gives flexibility of motor speed. The bridge and trolley speed ranges

from 0 to 19 fpm and the hook ranges from 20 to 30 fpm.

- 148 -



b. Remote -Controlled Electric Tractor

This tractor (Fig. 55), purchased as a stock item, performed

three remote-control functions: forward, steer right, and steer left.

The tractor has since been modified by B&W to add two

remote-control functions: reverse, and uncoupling. The maximum speed

has been limited to 1 mph.

All viewing and operation of the tractor is accomplished by

controls installed in the master console.

A dolly will be used with this tractor to simulate material

handling problems anticipated in the LMFRE-I. The dolly design provides

for remote coupling and uncoupling.

c. Remote Viewing

Two closed-circuit TV systems are in operation. These

systems use cameras with a "zoom" lens and a pan and tilt mechanism,

all remotely controlled from the master console.

A TV camera was mounted on the electric tractor and operated

successfully from the tractor battery. Although a low quality picture was

received, the feasibility of operating a TV camera without the use of

trailing cable was proved. A study is underway to determine whether a

tractor-mounted camera can produce pictures of the desired quality.

A completed study indicates that all walls within the area of

camera operation should be painted with a highly reflective paint that

doesn't produce excessive glare. In this way, a light level of 150 ft-

candles, the minimum for obtaining a good quality picture with a "zoom"

lens, can be maintained.

The AEC has been requested to allocate four VHF or UHF TV

channels for video transmission from cameras mounted on mobile

equipment.

d. Mobile Manipulator

A General Mills power manipulator was mounted on the base

plate of a fork lift truck where the forks are normally mounted.

The truck was equipped with a double mast movement, allowing

operation from floor level to a 12-ft height. In a collapsed height, the

truck and its attachments will clear an 8-ft-high opening.
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FIG. 55: REMOTELY CONTROLLED TRACTOR
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The truck was modified to allow vertical movement of the

base plate without mOvement of the mast. Two lifting booms attached

to the moving part of the mast move up and down independently of the

manipulator. These booms are operated by a double acting hydraulic

cylinder.

Operation of the truck is viewed by two TV cameras mounted

atop the stationary part of the mast. These cameras are equipped with

remote-controlled "zo.om" lens, and pan and tilt mechanisms.

The manipulator control console has been modified to allow

control of the fork lift truck. All functions of the truck, manipulator, and

cameras are remotely controlled with the aid of a "tag line" between the

console and the truck.

Figure 56 shows the manipulator holding the battery cable

connector for the remote -controlled tractor. The TV cameras are at

the top of the mast, just above the lifting booms. The booms are shown

without chain or hook attachments. The "tag line," for control of the

unit, is just behind the mast.

Figure 57 shows the manipulator arm lifting a hoist hook.

Note the various positions of the TV cameras. Figures 56 and 57

demonstrate vertical movement of the manipulator without movement

of the lifting booms.

Figure 58 shows the manipulator operating at a height of

approximately 12 ft.

Figure 59 shows the manipulator handling a socket wrench

on the EPDF crane hoist motor.

Remote operation of the manipulator and truck is being

studied to determine the limitations of this equipment.

e. Equipment Control Console

Figure 60 shows the equipment console in the control room,

completely isolated from the floor operations. The equipment may be

viewed only on TV monitors. Since the monitors require little attention

during operation, they are located out of reach. The camera controls

(pan, tilt, zoom, and focus) are located on the inclined surfaces

of the console.
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FIG. 56: MANIPULATOR ARM HOLDING BATTERY CABLE CONNECTOR
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FIG. 57: MANIPULATOR ARM LIFTING A HOIST HOOK
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FIG. 58: MANIPULATOR OPERATING AT CEILING HEIGHT
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FIG. 59: MANIPULATOR HANDLING A SOCKET WRENCH
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FIG. 60: EQUIPMENT CONTROL CONSOLE
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The handle on the left (Fig. 60) can be used for control of

seven functions. This handle now controls all functions of the tractor:

steer right, steer left, forward, reverse, and uncouple.

The control handle on the right, a mockup of a 14-operation

unit, was used only as a prototype.

A study is underway to determine optimum control room

conditions, including light manipulation within the room, operator

location, coordination between operators, remote viewing, and ease

of controlling various functions.

Another study evaluating performance of the remote-control

tractor includes remote -control and viewing from the console.

f. Control System

An ultrasonic sound system will be mocked up and studied

as a possible alternate to the use of radio frequencies. This equipment

will consist of amplifiers, speakers, audio generators, relays, and

related small equipment.

2. Remote Welding Program

Investigation of a suitable welding process for remote mainte-

ance has continued with emphasis on gas shielded-metallic arc, inert

gas-tungsten arc, and high frequency-induction forge welding.

a. Gas Shielded-Metallic Arc Welding

Horizontally fixed pipes (Croloy 2-1/4) have been satis-

factorily welded, with weld beads starting at the top (12 o'clock

position) and ending at the bottom (6 o'clock position), alternating

from side to side, and overlapping starts and stops.

A mixture of helium and carbon dioxide gases with a 1/16 in.-

diameter wire gave best results.

Difficulties encountered were maintenance of bead contour,

arc stability, and satisfactory root penetration.
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This investigation1 indicates that a satisfactory welding

technique can be developed. However, the eventual aim of remote-

control operation introduces design and control problems that will be

difficult to resolve, and any increase in efficiency over the further

advanced and more readily controlled inert gas-tungsten arc method is

doubtful.

Therefore, further development of the gas shielded-metallic

arc process was discontinued through mutual agreement of B&W Lynchburg

AED and B&W Alliance Research Center personnel.

b. Inert Gas-Tungsten Arc Welding

The inert gas-tungsten arc welding process under development

by another company was followed closely. Visual, mechanical, and

radiographic examinations of carbon steel welds made by this machine

appear satisfactory. This equipment probably can be adapted for the

remote welding of Croloy 1 -1 /4 and Croloy 2-1 /4 steel.

c. High Frequency Induction Forge Welding

In this process, the pipe ends are induction-heated, force

is applied, and the ends are forged together.

A preliminary investigation of the parameters involved

showed that satisfactory results are obtainable on the butt welding of 3-in.

schedule 80 carbon steel and Croloy 2-1 /4 pipe. The research

program will be continued so that this process can be adapted to the

pipe sizes anticipated in the LMFRE-I.

Piping that has been welded ranges in size from 2. 375-in.

to 12. 750-in. OD, with wall thicknesses from 0. 154 in. to 0.4375 in,

Experience with wall thicknesses of 0. 250 in. to 0.4375 in. shows

favorable results. Satisfactory root and face bends have been

obtained from butt joints made in 8. 625-in. OD, 0. 4375-in. wall

Croloy 2-1 /4 tubing.

The following developments have helped to produce better

welds.

1 BAW -1072, "A Gas -Shielded Consumable -Electrode Arc Welding
Process for Butt Welding Croloy 2-1 /4 Piping,' March 10, 1959.

2 BAW-1061, "Investigation of Induction Welding for Remote
Maintenance," Report No. 1, March 24, 1958.
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(1) The use of steel laminations at the inductor split has

improved circumferential heating.

(2) A system of limit switches was added. These switches

stop the heat input after a predetermined amount of movement between

the work pieces, making heat control a more direct function of the heat

at the joint.

(3) A time-delay circuit that interrupts the heating cycle was

installed. This permits the heat to flow by conduction from the outside

to the inside of the joint producing more complete fusion through the wall

thickness.

(4) Two temperature recorders were added to record

temperature across the joint during the heating and forging cycle.

Work to date has been limited to the welding technique and to

procedures for 6 5/8-in. OD tubing and smaller, since larger-diameter

tubes are not likely to be used on the LMFRE-I. After these techniques

have been defined and the results are easily reproducible, the equipment

will be modified and remote welding will be done. This is necessary

since the equipment will operate in an area too radioactive for admittance

of personnel.

Figure 61 shows the high frequency induction welding equipment.

In the foreground are the forging press and welding fixture. In the back-

ground, from left to right, are the control station, high frequency actuator

(300 kw, 3, 000 cycle) and reduced voltage-high inertia starter. The

temperature recorders are mounted near the inert gas tank.

Figure 62 shows two induction-welded joints subjected to

internal hydraulic pressure. At 12, 500 psi, the fracture originated

about 2 in. from the joint, well out of the heat affected zone. These

joints were prepared and tested to demonstrate the results that might

be expected under extreme pressure.

Figure 63 identifies some of the specimens and bend test re-

sults. Specimens No. 235, 236, 237, and 238 are 6 5/8-in. OD by 0.280-in.

wall Croloy 2 -1 /4.

The specimens are laid out with one face bend (top) and one

root bend (bottom) to the right of each quadrant. The guided bend tests

were made around a 1 -in. diameter.
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HIGH FREQUENCY - INDUCTION FORGE WELDING EQUIPMENT
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FIG. 62: FRACTURE OF INDUCTION-WELDED JOINTS
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FIG. 63: SPECIMENS AND BEND TEST RESULTS
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FIG. 64: SPECIMENS AND BEND TEST RESULTS
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Figure 64 identifies other specimens and bend test results.

Specimens No. 239 and 240 are 6 5/8-in. OD by 0. 280-in. wall Croloy 2-1/4.

Root and face bends accompany each quadrant section.

Specimens No. 241, 242, and 243 (Fig. 64) are 1.900-in. OD by

0.200-in. wall Croloy 2-1/4. A root and face bend is shown with each weld.

E. PHYSICS

1. Critical Experiment

Erection and check-out of all equipment was completed. Measur-

ing and safety systems were calibrated; the response of all systems was

satisfactory. Statistically selected samples of materials to be used in the

assembly were weighed and chemically analyzed.

The final Hazards Report and a Manual of Operating Procedures

were sent to the AEC, along with applications for construction and oper-

ating permits. AEC inspection was conducted on September 24, 1958,

and Construction Permit CPCX-13 and Operating License CX-12 were

issued on that date. Initial criticality was achieved on September 26, 1958.

The first set of experiments checked the accuracy and reproducibility of

data. They included measurement of the reproducibility of control rod

and table gap positions, and the effects of source, power level, material

uniformity, temperature, and wall and structural reflections.

Studies on two assemblies have been completed. Both consist of

pseudo-cylindrical cores, 48. 56 in. high, with a bismuth-to-graphite

volume ratio of about 0. 5. The core is completely surrounded by graphite,

forming a pseudo-cylinder 115. 5 in. in diameter, with a 23-in, top re-

flector and a 24-in. bottom reflector. In Assembly A, N 2 5 /NBi =-6 AsmlB,60x1-6
750 x 10 ; in Assembly B, N25/NBi = 600 x 10 , both nominal values.

Studies included determination of the just-critical radius; effects

of irregular core-reflector interfaces; worth of control rods, guides, and

voids; gross axial, radial, and diagonal flux traverses with bare and cad-

mium-covered gold foils; and intra-cell flux measurements in Assembly B.

The effect of changing the loading of Assembly A from "heterogeneous" to

"homogeneous" was also measured.

1 BAW-1049-1, LMFRE Critical Experiment, Final Hazards Evaluation,
June 1958.

- 164 -



2. Delayed Neutron Relaxation Length Test

A specification for measurement of delayed neutrons' relaxation

length in ilmenite, barytes, portland, and ferro-phosphorous concretes,

was completed. Both thermal and fast neutron flux levels will be

measured at various positions in the concrete for thicknesses up to

36 in. Gamma intensities near the outer surface of the tested samples

will be measured to determine the material's effectiveness in stopping

secondary gammas, and to check theoretical data.

3. Po-210 Release from Irradiated Bismuth

A test specification to determine the release rate of polonium

from irradiated bismuth at various temperatures and polonium con-

centrations was issued. Mound Laboratory is testing prepared samples

from room temperature to 1000 F, for various air ambients (filtered,

smoke filled,and unfiltered), and for at least two sample surface-

volume ratios. These tests will help determine the extent of a polonium

hazard due to a uranium-bismuth spill.
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if Evolution of Progress to Date
And Objectives of Future Work

A. MATERIALS STUDIES

1. Container Materials

a. Dynamic Corrosion Test Loops

All loop test stations are complete and the test program is

proceeding as planned. Some loop tests were not conducted at the

specified conditions because of operational difficulties. These were

corrected and recent data show a decline in corrosion rate. The past

year's experience is reflected in the better loop operation now observed.

Loop operating conditions will be further improved where

possible. The loop designs will be evaluated with a view to testing

other variables, including mass transfer, residence time, etc. In

addition, the loop program will be revised as needed to reflect the

latest data obtained from supporting tests.

b. Tilting Capsule Test

These tests, used as a screening method for supplementary

liquid metal studies, continue to verify BNL data. Future work will

be less extensive, but the suitability of other materials for liquid

bismuth service will be studied.

c. Properties of Croloy 2-1 /4 and Croloy 1 -1 /4

The study of the mechanical properties of the steels is

essentially complete.

Creep-rupture tests will be run until enough data are gathered

for a conclusive evaluation. The data have not deviated significantly

from tests conducted in air.
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d. Liquid Metal Control Rod Material

This program was discontinued because of a decision to use

boron carbide control rods in the LMFRE-I.. The program may be

renewed in the future if the liquid metal control rod appears more

practical.

e. In-Pile Loop Tests

Fabrication and testing of Radiation Loop 2 (ETR) progresses.

Many scheduling conflicts with other experiments at ETR has necessitated

many design changes. In addition, a lack of firm flux values within the

ETR facility presented difficulties, especially in the loop's in-pile section;

however, these difficulties are being resolved.

The loop is being disassembled for shipment to the ETR. There

it will be reassembled and given a final 1000-hr out-of-pile proof test,

providing time for operator training. The loop will then be inserted and

in-pile testing will begin.

The design of Radiation Loop 3 (MTR) will continue, on a low-

priority basis.

f. Welding of Material

All welding programs show promise of producing satisfactory

welds in beryllium and molybdenum. Future work will be on improving

the properties of the weld and the heat-affected zone of both materials.

2. Graphite

a. Graphite-to-Metal Seals and Bismuth Seepage Through

Graphite

Tests show that a graphite-to-metal mechanical seal is

feasible, and that seepage rates are not excessive. Therefore,

no future work is planned.

b. Graphite-Bismuth Absorption

The test apparatus was designed and is being fabricated.

Test work will begin during 1959.
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c. Uranium Diffusion in Graphite

Testing will begin in 1959.

d. Cemented Graphite Joints

These tests show that cemented graphite joints are compatible

with the LMFRE fuel solution. Joint strength is comparable

to the base material, although the strength of the plane joint

is greater than that of the sawtooth joint. No further work

is planned.

e. Metallic Carbide Coatings on Graphite

Investigation reveals that silicon carbide coatings on graphite

may be suitable for LMFRE use. Further testing is needed.

Other coatings will be tested.

f. Alternate Impregnant Tests

Preliminary results show that the alternate impregnation of

graphite may be possible, but that further work is needed.

The study of various impregnations and methods of impregna-

tion will continue.

g. Physical-Mechanical Properties of Graphite

The densities of the three grades of graphite being tested

are satisfactory. Further physical and mechanical property

tests will be conducted.

h. Graphite Preconditioning Tests

Test work will begin shortly.

3. Miscellaneous Materials Programs

a. Confirmation of Zirconium Nitride Film Theory

This program verified published reports of the relation between

heat treatment and nitrogen availability in steel. A means of

controlling the steel's available nitrogen must be found, since

the nitrogen can react with zirconium in the steel. Future work

includes determination of nitrogen availability in ultra-pure

alloys.
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b. Solubility of Materials in Bismuth

This program has been discontinued because of new BNL

data.

c. Solubility of Uranium in Bismuth

This work is incomplete. Future work may be initiated to

define more fully the difference between the metallographic

determination of the solubility and the published phase

diagrams.

d. Molybdenum Coatings on Croloy

An electroless molybdenum oxide coating was developed

for possible LMFRE use. Further proof testing of the

coating's corrosion resistance is required in addition to

work on improving the coating and coating technique.

B. CHEMISTRY STUDIES

Several items in the over-all chemistry functions of the LMFRE

will be further emphasized at an accelerated rate. Slurry research

and development is a particularly important item.

Experimental data to date do not favor the use of ThO2 and UO2
as individual particles in a bismuth slurry system because both are

reduced by zirconium and magnesium.

Theoretical considerations have also indicated that in both single-

region converters and two-region breeders using a soluble slurry

(ThBi2 ), reactivity is very sensitive to a change in slurry concentration

(if the presently best known value of the distribution coefficient is

assumed). For the present at least, this indicates that the solid-

solution particles (containing both uranium and thorium in the same

particle) are more promising. Investigation in this area will be

intensified along with other promising approaches. In addition, fluid

dynamics, wetting characteristics, viscosity, etc. need much more

study.

In the field of analytical chemistry, progress has been made on

methods using wet chemical analysis or wet chemical preparation

followed by spectroscopic analysis.

- 169 -



Further effort is needed for the development of simpler techniques.

Some possibilities are:

Analysis of sample constituents in the solid state (no wet chemistry

used).

Electrochemical techniques in the liquid sample (either in the

liquid Bi or after some sample preparation).

Spectrochemical techniques for which sample preparation is less

complicated.

Some effort in this di-rection is anticipated during 1959.

The decontamination program for the LMFRE and LMFR should

be intensified with a view to development of practical procedures backed

up by quantitative experimental data.

The work on mercury and mercury vapor techniques followed by

various solvents is a start in the right direction. But, this and other

promising methods must be applied to radioactive materials and systems

in well organized experiments before evaluation or extrapolation to

full-scale reactors can be made. The radioactive phase of these

experiments will begin within the coming year.

C. PROTOTYPE DEVELOPMENT

1. Components

a. Filters

Tests have shown that 316 stainless steel filters are

subject to severe corrosion and plugging. These tests, which have

helped to develop testing procedures, showed that quantitative results

would be difficult to obtain. Work will continue until an adequate filter -

one that can filter the nonradioactive bismuth charge into the LMFRE

system - is developed.

b. U-Bi Flange

Two flange concepts are being investigated. If these flanges

prove satisfactory under static-testing, they will be dynamically tested

in liquid bismuth.
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c. EM Pump

This program is divided into two phases: In phase one,

a pump will be designed to meet the minimum requirements of the LMFRE.

This pump will provide information on field and coil requirements, and

on the magnitude of current and flux losses. In phase two, a semi-

contact-maintainable pump will be developed.

d. Bearing Program

The bearing program has been deferred.

e. Bellows Testing

Various makes of Croloy 2-1 /4 valve bellows will continue

under test to determine their adaptability to liquid bismuth service.

f. Valves

The testing of small valves indicates that a reliable valve

can be developed.

The program on bellows-sealed valves (where the bellows

operates in liquid bismuth) has been de-emphasized, since the LMFRE

no longer requires this type valve. The present dump valve design does

not require a bellows to operate in liquid bismuth.

Testing of the 4-in, vertical dump valve in liquid bismuth

should begin in August 1959. The project is progressing as planned.

The braze that forms the principal gas seal in the 4-in.

horizontal dump valve (a backup for the vertical valve) has proved

difficult to heat. Work is under way to solve this problem, and testing

should begin in July 1959.

g. Pumps

The two pump designs were selected, primarily on their

respective approaches to the problem of required net positive suction head.

The shaft length of the Byron Jackson design requires a bearing that

must operate in the liquid bismuth.

Both designs seem adequate from the standpoint of hydraulic

performance, but their proposed purchase was justified on the basis

of design reliability, maintainability, and degree of speed control.
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AEC deferment of the purchase and testing of pumps has

caused delay of vital information necessary to LMFRE system design.

h. Maintenance Apparatus

The apparatus now being developed for semicontact-maintenance

of instruments lends itself primarily to the maintenance of pressure

sensing devices. The LMFRE design is not dependent on this method,

however, because of the comparatively short life of the system. On the

other hand, the successful development of this apparatus would increase

the reliability of the LMFRE.

Further development will probably be required, even after

initial testing is complete. Barring unusual difficulties, the entire

program should be finished by the end of 1959.

2. System Investigation

a. Induction heating tests on concentric pipes will be initiated

with the testing of a 10-ft section (a 4-in. schedule 40 pipe inside a

6-in, thin-wall pipe). The feasibility of induction heating has been

demonstrated although the optimum design parameters have not been

determined. Testing will continue until these parameters are determined.

All necessary design data will be obtained well ahead of actual LMFRE

construction.

b. Rotating disc experiments will be run at higher disc speeds

and in bismuth without additives to determine whether these conditions

induce cavitation. In addition to the ultimate program objective

(determination of conditions under which cavitation is inhibited), the

program should provide valuable information on cavitation effects in

various materials.

c. A separate test loop is being planned, solely to test U-Bi

precipitation. This program will give a better understanding of the

conditions that caused U-Bi precipitation in the heat exchanger; thus the

harmful effects (deposition on tube walls and nonuniform entry of

uranium into the reactor) may be prevented.
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3. Nuclear Instrumentation

Research and development contract studies on the feasibility

of a continuous uranium monitor to measure uranium in the solution fuel

stream have been completed. This type of measurement depends upon

the magnetic susceptibility of the fuel stream or sample. A specification

has been prepared for a prototype instrument (for use in circulating

stream or the laboratory as well as LMFRE-I). A subcontract will be

consummated for development of the instrument.

Negotiations for the research and development of a high-tempera-

ture neutron detector are complete, but the program has not been initiated.

This instrument will provide startup neutron information for the experiment.

4. Nonnuclear Instrumentation

Testing of Croloy 2-1 /4 thermocouples indicates that LMFRE

requirements were satisfactorily met.

Future testing will determine operating characteristics of the

pressure, flowmeter, and level-indicator instruments now on order.

At least one instrument of each type should be successfully developed

to meet LMFRE needs by November 1959.

5. Reactor Model Tests

The preliminary specification for a scale-model flow test has

been issued, and the method of testing has been established. The

results will be used to establish final reactor internal design and flow

guidance systems.

D. REMOTE MAINTENANCE

The material handling and maintenance equipment effort has

proved the workability of mobile remote-controlled maintenance

equipment. Future work includes integration of all the equipment

into the LMFRE-I maintenance procedures. The maintenance equipment

being developed at the EPDF may be shipped directly and installed as

a part of the LMFRE-I.

The development of welding techniques and procedures for the

pipe sizes to be used in the LMFRE-I will continue. The equipment

will be modified for portability and remote control.

- 173 -



E. PHYSICS

1. Critical Experiment

Construction was completed, and operation was successfully

initiated. Two assemblies, designed to provide data on relatively

simple, highly reflected systems, were completed. Data from these

assemblies are being analyzed.

Work will be done to extend these highly reflected systems to

other uranium concentrations and reflector thicknesses. This will

provide additional basic data to be used in improving calculational

models.

After these experiments are complete, engineering mockups

of the LMFRE-I design will be initiated.

2. Delayed Neutron Relaxation Length Test

The delayed neutron relaxation measurement specification was

completed. Data from this experiment will be used to determine the

shielding effectiveness of concrete types that may be used for the

experiment. The final results will be obtained early in 1959.

3. Po-210 Release from Irradiated Bismuth

A specification to determine the release rate of Po-210 from

irradiated bismuth was completed, and a vendor has been selected

to do this work. The contract will be completed during 1959. The

results will be used to establish the possible hazardous conditions

resulting from a spill of LMFRE-I fuel.
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