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L, SUMMARY

This report presents the conceptual design of an experimental liquid
metal fuel reactor, which constitutes an important early step in a long-range
development program leading to the first large-scale liquid metal fuel reactor
power plant. The overall development program is presented in a companion
report entitled "LMFR Research and Development Program" (BAW-1104).

Experimental reactors are necessary to provide answers to questions that
cannot be supplied by out-of-pile experiments and in-pile radiation loops; e.g.,
the performance of materials in an integrated heat producing system with
realistic radiation fields, and the kinetics of the reactor and associated heat
rejection system. Since more than one experimental reactor is contemplated
in the overall development program, the first liquid metal fuel reactor experi-
ment (LMFRE-I) need answer only basic questions - prototypic questions can
be deferred and directed to a future reactor.

A minimum reactor size is set by criticality requirements; the proper
size of the system components is established by considerations of fluid
dynamics, desirable fission density, availability of proposed components,
and a reasonable degree of extrapolation. of future larger reactors.

The proposed reactor uses a circulating fuel of uranium (plus additives)
dissolved in liquid bismuth, has an unclad graphite moderator, and generates
5 MW of heat at the (nominal) design temperature conditions of 750 F inlet
and 885 F outlet. The heat is transferred from the primary system to liquid
bismuth used as a secondary heat-transport fluid, then is rejected to air.
Systems external to the reactor are designed to allow component maintenance
and/or replacement as necessary. To the extent possible, the design will
permit the future substitution. of a slurry fuel for the solution fuel.

The reactor, primary system, heat rejection system, and auxiliary
systems will be housed in. a building erected on an existing AEC site. The
building will contain a minimum of supporting facilities, such as remote
maintenance equipment and storage pool, control room, fuel addition and
removal equipment, adequate analytical facilities to permit safe reactor
operation, and office accommodations for operating personnel. Supporting
facilities external to the reactor building, such as machine shop, water
supply, fire protection service, guard service, cafeteria, and general labo-
ratory facilities are assumed already available at the selected reactor site.



II. INTRODUCTION

One of the objectives of The Babcock & Wilcox Company's prime contract
with the Atomic Energy Commission is to design, build, and operate an
experimental reactor facility based on the LMFR concept. To date the
Company's engineering work in this field has been devoted to an extensive
evaluation of the LMFR concept, establishing the magnitude of the research
and development program required for this concept, and the preparation of
conceptual experimental reactor designs that fit into the overall research
and development requirements.

This report presents the conceptual design of a small Liquid Metal Fuel
Reactor Experiment that The Babcock & Wilcox Company recommends to be
built as the first reactor in the overall program devoted to developing a
large-size LMFR power plant.
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III. PROBLEM APPROACH

By agreement between the Atomic Energy Commission and The Babcock
& Wilcox Company, the first conceptual designs of the LMFRE were based on
the assumption that only one experimental reactor would be required in the
overall LMFR development program. As a result, B&W produced a con-

ceptual design for a 20-MW LMFRE which would provide the answers to ques-

tions associated with the construction and operation of a large-scale plant.
In October, 1957, this first conceptual LMFRE was discussed with the AEC
and Brookhaven National Laboratory, after which it was mutually agreed
that a simpler, more economical LMFRE should be considered, assuming
that more than one experimental reactor would be built and operated before
the first large-scale LMFR power plant was designed.

The new assumption of a multiple-experiment program allows many of
the questions that were to have been answered in the first experiment to be

deferred until the second experiment. This permits the first LMFRE
(LMFRE-I) to be simpler and more economical. Only those questions basic
to the application of the concept must be answered now; other questions con-
sidered developmental or prototypal in nature to the large-scale LMFR can
be postponed until the second experiment.

The problem then is how to divide the questions or unknowns into the
two categories, basic and prototypic. A detailed list of the basic questions
presented in Section XIV was developed and utilized in establishing the
reference design presented here. This design represents a compromise
between basic data desired, overall reactor cost, and realistic schedules

based on the associated research and development required before the
LMFRE-I can be built.



IV. FACTORS AFFECTING DESIGN

A review of the questions basic to the concept disclosed that the most

important factors influencing the design of the first LMFRE are: the effect

of radiation on construction materials and plant operation; and system

stability as affected by physics, heat transfer, and chemistry.

Consideration of the effects of radiation on materials and system sta-
bility led to the realization that the reactor design should match as closely
as possible the power density or fission density expected in a large LMFR

pow e r plant .

The first decision made was the minimum satisfactory operating life

for LMFRE-I. The test program established for the 20-MW LMFRE was
reviewed and modified in accordance with present requirements. The

program is divided into four phases: precritical testing, startup and low-

power operation, approach to full-power operation, and long-time demon-

stration at fullpower. The first three phases are expected to require a
total of approximately 9 months. To provide adequate information, the

full-power demonstration run should be for one year. Adding some con-

tingency, it was therefore decided that the first experiment should have a
minimum life of 2 to 2-1/2 years, with 1 year of this time devoted to full-
power operation.

It also was decided to use a solution fuel initially because an abundance
of information is available on container materials, additives and operating
techniques for a solution type fuel, whereas, information on slurry techno-
logy is very limited. Therefore, it became necessary to establish the
maximum uranium concentration that could be safely utilized. Before
solubility limits could be established, it was necessary to specify operating
temperatures. A review of the metallurgical research and development to
date indicates that a minimum fuel temperature of 750 F and a maximum
fuel temperature of 885 F, which provide a 135 F temperature rise across
the reactor, could be safely assumed for this first experiment. Further-
more, there was good reason to believe that a temperature rise of 225 F
would be proved feasible in time to be incorporated in the first experiment;
therefore, a minimum fuel temperature of 750 F and a maximum fuel
temperature of 975 F were established as alternate design conditions. Con-
cerning maximum fuel velocity, out-pile loops have been operated success-
fully at velocities from 6-8 fps; thus the maximum design velocity was
assumed to be 8 fps.



These design criteria permitted a reactor to be designed. Because of

criticality requirements, the design produced is capable of generating more
than 100 MW of heat without violating the design criteria. Since it was
logical to assume that the first LMFRE would generate appreciably less than
100 MW, other basic questions that could establish the minimum satisfactory
power level had to be considered.

Although much information can be obtained in out-pile and in-pile dynamic
loops, the conclusive test of a material is its performance in an integrated
heat producing system that incorporates a reactor, pump, heat exchanger, and
necessary auxiliaries of sufficient size to simulate a large-scale LMFR power
plant. The factors that must be considered to assure a close simulation are:
power density, fission density, geometry, composition of the liquid fuel,
operating temperatures and pressures, fuel velocity, and reactor chemistry.

Since very little is known about the effects of radiation on reactor mate-
rials, it is believed advisable in this program to stay within an extrapolation
of 10 in successive reactors. Assuming a two-experiment reactor program,
a 100 to 1 extrapolation is the maximum permissible between the first experi-
ment and the full-scale reactor.

Conventional power plants in the range of 200 to 250 MW (electric) are
becoming common, and the trend to plants of this size or larger is expected
to continue. Assuming that an LMFR power plant has a thermal efficiency
of approximately 40 percent, means that the first LMFR should generate 500
to 700 MW (heat). An LMFRE -I of approximately 5 to 7 MWh would then
provide an hundredfold extrapolation.

Further, since some materials problems such as cavitation may be
affected by physical size, desirably the systems and components should be
of an adequate size to reduce the errors associated with extrapolation.
What constitutes an adequate size is difficult to define, but it is thought that

a piping system at least in the 4-to 8-in. diameter range is required.

Since it is desirable to keep component development to a minimum, it
is necessary to consider what size components are now being developed
which will be suitable for use in the first LMFRE. The 4-in. Utility Test
Loop under construction at BNL will incorporate components of a nominal
5-MW size in an integrated non-radioactive heat removal system. This
system has been designed specifically to provide information on components
for an LMFRE . It is the largest known system being constructed, and is
expected to go into operation during the latter part of 1958, which means it
can provide information in time for the LMFRE-. Design information and
operating experience obtained from this loop can be utilized therefore with
a minimum developmental effort if the first LMFRE is designed to generate
5 MWh.



System stability not only involves the reactor and the associated heat trans-
port system kinetics, but fuel stability as well. In the former, circulating the
fuel introduces new control problems over those associated with solid fuel
elements. Not only must the loss of delayed neutrons and the multiple tempera-
ture coefficient be considered, but the effect of the dynamic system itself must
be incorpo rated. In view of the limited knowledge in this field, the only way to
obtain reliable information is to build and operate an experiment. The plant
size that will adequately provide this type of information is difficult to define.
An important consideration is to match the ratio of overall system circuit
time to the core circuit time with that of a large-size LMFR. The system-
to-core circuit time ratio is approximately 6 for single-region LMFR and
approximately 25 for a two-region LMFR. With the LMFRE reactor size fixed
by criticality requirements, only the external heat transport system can be
varied to provide the proper ratio. An LMFRE of 5-MW size will have a
system-to-core circuit time ratio of approximately 6. A much larger exter-
nal heat transport system would be required to match the two-region LMFR.

Power density also affects system stability. In general, it is assumed
that the higher the power density the less stable the reactor. A preliminary
investigation of this effect indicates that at the power density present in a full-
size LMFR the reactor is still stable; therefore, it was decided not to attempt

to match this power density in the LMFRE-I.

Another effect that could influence reactor stability is the xenon poison
level, which is dependent upon the average flux in the circulating fuel system.
Since the average flux is in turn dependent upon the ratio of core-to-fuel.system
veal'e a comparison was made between LMFRs and LMFREs. The LMFR
design is based on a temperature rise across the reactor of 300 F compared
to 135 F for the LMFRE, and a velocity of 10 fps versus 8 fps for the LMFRE.
Therefore, unless the experiment could be operated at the LMFR temperatures
and velocity, the LMFRE will have a system-to-core volume ratio almost
three times greater, and. an average flux at least three times lower than a
comparable LMFR. This means that it is impossible to match the xenon level
exactly in the LMFRE. However, an investigation of system-to-core volume
ratios for LMFREs in the 5-to 20-MW range indicates that the ratio is essen-
tially constant and therefore a 5-MW LMFRE could provide as much infor-
mation on this question as a 20-MW LMFRE.

Problems associated with fuel stability are harder to define. They in-
volve such things as precipitation of fuel and/or fission products, and the
formation of uranium carbide and fission product carbides. Information on
the behavior of any films that may be formed within the system is also de-
sirable. Although the supplementary research and development effort will
provide some answers to the problems associated with fuel stability, it is
thought that these answers can be best obtained by operating a reasonably
sized system that adequately simulates a large power plant and has a
nuclear heat source. It will be possible to raise the U-235 concentration
and maintain criticality by using control rods, but the burnup of higher

-6-



isotopes of uranium and fission products can be properly obtained only by run-

ning the reactor system at power for a period of time.

It is expected that after running a 5-MW LMFRE for approximately six
months, the concentration of fission products should reach a level at which

any effect on fuel stability should begin to become apparent.

The most important question remaining to be considered is that of ob-

taining conversion or breeding information. While conversion or breeding
is extremely important to the economic attractiveness of the LMFR concept,

it is not considered a truly basic question since some method other than a

slurry could permit incorporating a fertile material into an LMFR. Some sort
of slurry must be circulated within the LMFRE to obtain the required infor-

mation.

Consideration of the right procedure for testing the LMFRE indicates that
even though a slurry will be ultimately used in the reactor, it is undesirable

for initial use. To the contrary, it is recommended that the most stable fluid

(viz., a solution fuel) be used initially to obtain adequate information on the
basic reactor kinetics before complicating the system with a slurry. Although
present slurry technology is extremely limited, an extensive program has been
started at both BNL and B&W's Research Center. Forthcoming information

will be incorporated into the design of the LMFRE-I.

To minimize the necessary developmental program, liquid bismuth was

chosen as intermediate heat transfer fluid. Although sodium is preferred for
a large-scale LMFR, it is felt that questions on sodium-bismuth reactions

and sodium heat exchanger development should be properly answered during
the prototypic phase of the development program.

The external heat transport system is kept simple by rejecting the heat to

air. Here again, it was decided that generation of steam and the possible
incorporation of a turbogenerator should be delayed until the second phase of

the development program.

It is assumed that some Government-owned facility will be used for the

LMFRE-I site, and that general services such as power, water supply,
sewage disposal, machine shops, and a limited number of serviceable build-

ings will be available.

To operate the LMFRE and obtain the required information, certain

auxiliary systems must be incorporated. These include normal systems such
as heating and cooling, fuel and intermediate coolant dumping, shielding,
containment, service and standby power, waste disposal, etc. In addition a

system for adding and removing uranium and a system for removing volatile
fission products will be incorporated.

-7-



Minimum maintenance facilities necessary to plant operation will be pro-

vided, and chemistry laboratories adequate to analyze for total uranium, corro-
sion products, and additives will be incorporated on the site. Methods for
removing material samples from the reactor system will be incorporated, but
the analysis and inspection will be performed off the site

-8-



V. GENERAL DESIGN CRITERIA

Considering all of the foregoing factors, the following general design
criteria were established for the LMFRE-I.

1. The reactor and external heat transport system will be
designed for a maximum power of 8 MW (225 F AT), but
will normally operate at 5 MW.

2. Nominal design life will be two years with one year's
operation at 5 MW.

3. The primary system will be designed so as not to preclude
the use of a slurry at a later date.

4. The intermediate fluid will be bismuth, and ultimate heat
rejection will be to air.

5. On-site auxiliary systems will be adequate to permit safe
operation and provide required test results. Where time
permits, samples will be sent off-site for analysis and
examination.

6. Maintenance facilities will be the minimum required to keep
the reactor plant operating.

7. The LMFRE-I will be built on some existing Government-
owned site.

8. The LMFRE-I is considered a relatively short-lived experiment,
and supporting facilities should be kept to a minimum.

-9-



VI. GENERAL DESCRIPTION OF LMFRE--I

The LMFRE-I is a complete experimental reactor facility designed to be
located on a site in an unpopulated area with adequate surrounding exclusion
area. It is assumed that the site chosen is already developed to the extent

that it has available adequate power, drinking and service water supply,
sewage disposal facilities, security provisions, cafeteria (if necessary),
firehouse, communications, a usable, system of roads, machine shops for

general equipment repairs, and a limited number of serviceable buildings

that can be remodeled to house garage, warehouse, laundry, first aid,

health physics, and other general facilities. It is also assumed that all
personnel will live off-site.

The reactor building is the only major structure proposed for construction
on the site. This building will house the reactor complex including the heat
conversion system and necessary auxiliary systems, chemical hot cell and
necessary laboratories and equipment for handling radioactive fuel samples,

and sufficient office space and supporting facilities to house a minimum number
of plant supervisory and test personnel.

The LMFRE-I will mockup the solution fuel thermal reactor concept. The
overall plant will be designed to remove 8- 1/3 MW of heat from the reactor
core, although normal power operation will be at 5 MW of heat. The heat
generated in the uranium-bismuth fuel solution will be transferred in an inter-
mediate heat exchanger to liquid bismuth circulating in an intermediate heat
transport system. The heat from the liquid bismuth intermediate fluid will be
transferred in a bismuth-air blast cooler to ambient air.

The reactor proposed for the LMFRE-I is a single-fluid design utilizing
impervious type graphite as moderating material in both the core and reflectors.
Fuel solution will make a single pass upward through the reactor, rising from
an inlet temperature of 750 F to an outlet temperature of 885 F. Croloy 2-1/4
is the construction material presently considered for primary and intermediate
system piping, pumps, heat exchangers, and other components in contact with
fuel and bismuth.

The chemical facilities provided in the LMFRE-I consist of a volatile fis-
sion product removal system, a fuel makeup and removal system, and adequate
analytical facilities to permit safe operation of the reactor and provide the re-
quired test results . To accomplish this, uranium, zirconium, magnesium,
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off-gas and possibly corrosion products (Fe, Cr, Mn) will be analyzed on site.
No facilities are provided for obtaining experimental data not directly con-

cerned with operational control of the plant. Inspection of irradiated materials
will be performed at an off-site location.

Auxiliary systems are provided for startup heating of the primary and
intermediate system components, decay heat removal during shutdown periods,

cell air cooling and shield concrete cooling to maintain reasonable structural
operating temperatures, and to detect any leaks of fuel (U-Bi) or intermediate
fluid (bismuth). Sufficient control and monitoring systems are included to in-
sure safe plant operation.

A contaminated liquid waste disposal plant will be included as an outlying
facility. A water storage pool has been provided within the reactor building
for storing contaminated components prior to their removal from the plant for

ultimate disposal.

Adequate containment has been specified for this experimental LMFRE-I.
The all-welded primary system piping and components are enclosed in welded
steel pipe shrouds and containment vessels to provide two all-welded barriers
between the radioactive fuel and the cell atmosphere. The cells containing
radioactive components are located below grade and are separated from normal

personnel access areas by heavy concrete shielding.

The LMFRE-I facility has been designed so that important components can

be maintained or replaced as necessary. These components do not include the
reactor or its internals; however, the reactor has been designed so that all

reactor internals can be removed at a later date if desired. Equipment for

removing reactor internals will not be designed or built at this time.

Experimental facilities in the LMFRE-I will include a materials testing
port in the reactor, materials testing stations in both the hot and cold legs of

the primary (U-Bi) circulating system, U-Bi primary fluid and bismuth inter-
mediate fluid sampling stations, and an off-gas sampling station. Remote

handling equipment necessary to remove both fluid and solid samples from
these various locations will be provided.

The reactor building has been designed to house all necessary facilities

at a minimum cost. It consists of a central reactor bay enclosing the reactor
and primary components which is surrounded by concrete shielding to pro-

tect personnel during plant and maintenance operations. Around this central
bay are located the various supporting facilities. The building is designed
with radioactive components and startup heating equipment located below grade,

and control room, offices, laboratories, hot cells and most other general
building services located above grade. The building is a moderately sized

structure measuring approximately 146 ft by 113 ft.

Important LMFRE-I parameters are presented for reference in Table I.
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TABLE I

IMPORTANT LMFRE-I PARAMETERS

Reactor
Moderator High density impregnated graphite
Initial fuel concentration (U-235) 800 ppm by wt.
Enrichment 93.5%
Active core diameter 42 in.
Active core height 48 in.
Volume of fuel in core 17 ft3

Bismuth/graphite volume ratio 0.5
Average power density 11 kw/liter at 5 MW
Fuel channel diameter 1.5 in.
No. of fuel channels 252
Mass flow rate through core 2.9 x 106 lbs/hr '
Core fuel velocity at full flow 0. 5 fpa.
Temperature Conditions

Power 5 MW 8-1/3 MW
Inlet 750 F 750 F
Outlet 885 F 975 F

Absolute pressure at center core at full flow 52 psia
Average graphite core temperature 890 F
Side reflector thickness 2 ft - 2 in.
End reflector thickness 2 ft
Reactor pressure drop 13.9 psi
Total weight of graphite 37, 700 lb
Approximate critical mass (initial) 3.8 kg. U-235
Total system fuel inventory 23 kg. U-235
Average core thermal flux 4.8 x 1013 at 5 MW
Prompt temperature coefficient 5 x 10- 5 /C
Final temperature coefficient 2 x 10- 4 /C
Effective delayed neutron fraction 0.0036
Reactor transit time, inlet to outlet 40. 8 sec
Reactor vessel wall thickness - material 1 in.; 2-1/4 Cr-1 Mo
Reactor Vessel I. D. 8 ft - 0 in. (cold)

Primary System
Container material 2-1/4 Cr-1 Mo
Piping size 6 in. - sch. 40
Pump Type Vert. centrifugal; canned motor
Pump NPSH 6 ft
Pump HP at full flow 39
Flow rate 711 gpm
Pump head at full flow 15 ft (63 psi)

- 12 -



TABLE I (Cont'd)

Intermediate heat exchange type

Tube side fluid
Shell side fluid
U-Bi inlet temperature
U-Bi outlet temperature
Bismuth inlet temperature
Bismuth outlet temperature

Tube diameter

No. of tubes

Primary system U-Bi inventory
Transit time, reactor outlet to inlet
Calculated pressure drop

Intermediate System

Piping size

Container material

Pump type

Pump HP
Flow rate

Pump head at full flow

Air blast cooler type

Air inlet temperature

Air outlet temperature
Bismuth inventory

Vertical; Removable tube bundle;
straight tube; floating head

Bismuth

U-Bi
885 F at 5 MW
750 F at 5 MW
726 F at 5 MW
861 F at 5 MW
3/4 in.
750

108 ft 3

24.6 sec

55 psi

6 in. - sch. 40
2-1/4 Cr - 1 Mo

Vert. centrifugal; canned motor

39
711 gpm
15 ft (63 psi)

Serpentine finned tube

95 F
450 F
60 ft 3
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VII SYSTEMS AND COMPONENTS DESIGN

A. REACTOR

1. Selection of a Reference Design

The following objectives were established as a starting point to guide
the development of a reference design for the LMFRE:

a. The reactor should utilize a moderator and reflector of unclad graphite
of a type that is relatively impervious to penetration by bismuth.

b. The maximum steady state thermal power should be 8-1/3 MW.

c. The reactor should be designed for limited life (about two full-power
years) where such a limitation favorably affects the design without
compromising the utility of the experiment.

d. The reactor should exhibit the highest possible power density at the
above power level within the limits of error in design calculations.

e. The fuel (and coolant) will be a solution of uranium in bismuth.
Consideration should be given to the possible use of a slurry at a
later date.

f. The reactor should incorporate features considered necessary to
provide information on the behavior of materials exposed to reactor
environment.

Several preliminary designs were made in an attempt to find an adequate,
reliable arrangement and method of support for the graphite. It is felt that the
design chosen best satisfies the above criteria. In addition, it is relatively
simple in construction and does not require an extreme degree of manufacturing
precision.

Molded graphite was chosen for the reference design because (1) it can
be manufactured in large pieces, a feature that helps simplify the arrangement
and support of the structure and decreases the graphite machinery require-
ments, and (2) its properties are more nearly isotropic than extruded graphite,
for which reason it is expected to exhibit much less dimensional change due
to radiation damage than extruded graphite.

2. Description of the Reference Design

A vertical section of the reactor is shown in Figure 1 and a plan view of
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a horizontal section through the core midplane is shown in Figure 2.

The reactor is a single-fluid type; i.e., both core and side reflector are
cooled by the same fluid (in this case the fuel solution). The fuel enters the
inlet at the bottom of the reactor vessel. About 17 percent of the fuel is by-
passed through the reflector to cool the reflector graphite and the reactor
vessel. The fluid that passes through the core must first pass through the
bottom end-reflector, then through the core, and finally through the top end-
reflector where it rejoins the stream by-passed through the side reflector.
The full stream passes through the reactor outlet to the pump and heat exchanger
and returns to the reactor inlet, completing the circuit. The complete loop
circulation time is approximately one minute.

A more complete description of the reactor is given below, and refer-
ence design parameters are listed under reactor data.

a. Core

The reactor core is formed by drilling vertical fuel passages in a
large cylindrical block of graphite. The block, approximately 50 in. diameter,
is made up of eight quadrant sections, four in each of two layers. (The quadrant
type of assembly may be necessary if graphite in presently available sizes is
utilized.) The results of parameter study on the uranium-bismuth-graphite
system reveals that the fission density will be near the maximum if the volume
ratio of bismuth to graphite in the core is about 0. 5 (Figure 3). For reasons
to be given later, the active section of the core is approximately 42 in. in
diameter and 48 in. in height (including top and bottom plenums), and has an
initial fuel concentration of 800 ppm by weight (U-235).

b. Reflectors

End reflectors are drilled with a minimum of fuel passages to limit
the amount of fuel in these areas. The limiting criterion used to established
the flow areas - that the fuel velocity not exceed 8 fps - is a reasonable value
based on the resulting pressure drop. No erosion of graphite by bismuth is
expected at this velocity.

The side reflector is made up of eight annular sections of three
layers each. The resultant side reflector assembly is approximately 22 in.
thick and 8 ft high with an effective reflector thickness of about 26 in. including
the outer area of the core block. An adequate number of vertical cooling chan-
nels are drilled in the reflector graphite to prevent excessive thermal stresses.
This aspect is covered in more detail under reactor data.

c. Reactor Assembly

The entire graphite structure is clamped together by a number of
temperature compensated ring assemblies placed around the periphery of the
assembly. The ring is made of steel segments fastened together by molybdenum

15 -



rods. The arrangement of these materials is such that, by virture of the differ-

ence in thermal-expansion coefficients, a compressive load is maintained on the

graphite throughout the entire temperature range. Overall dimensions of the
graphite assembly are approximately 8 ft in height and 94 in. in diameter.

After being clamped together, the assembly is bolted to the reactor

vessel head, from which it is supported. The assembled graphite then can be

lowered into the full-opening reactor vessel (8 ft - 0 in. ID) and the flange bolted

and seal welded.

The entire reactor assembly, including control rod drives and their
supports, is enclosed in a containment vessel.

Shielding is provided between the reactor and the control rod drives to
limit the dose rate (after shutdown and dump) to a level that permits direct
maintenance of the control rod drives.

3. Reactor Criticality

a. Specification of Initial Fuel Concentration

To specify an initial fuel concentration that guarantees a safe margin
between operating conditions and fuel solubility limits,and, at the same time,
yields a reasonable core size and power density, the following method was used.

(The method is illustrated in Table II.)

(1) Choose a base temperature for the primary system.

This was set at 750 F to yield a reasonable initial system AT based
on an initial maximum temperature of 885 F.

(2) Subtract a temperature margin representing the anticipated maxi-
mum temperature difference between bulk fluid temperature and the
coldest fluid temperature in the primary system. This temperature
margin consists of three parts: Film temperature under conditions
of flow unbalance in the intermediate heat exchanger- 725 F, in-

accuracies in temperature measurements - 10 F maximum, and
fluctuations in intermediate fluid temperature at the heat exchanger
inlet - 15 F maximum.

The total temperature margin is 50 F; therefore, the resulting

reference temperature is 700 F.

(3) Determine the uranium solubility at the temperature resulting from
step (2). This solubility should be that found under conditions assumed
to exist in the LMFRE; i.e., in the presence of zirconium, magnesium,
corrosion products, and fission products equivalent to 2 full-power
years of operation. The value shown in Table II is taken from the
latest data available*, but indications are that these preliminary data
are low.

*Weeks, J. R., BNL Metallurgy Memo No. 685, "Uranium Solubility in Bismuth,"
August, 1957.
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(4) Reduce this solubility by some value to account for possible errors
in measurements. A value of 5 percent was chosen.

(5) Stbtract some value representing uncertainties in calculated and
experimental criticality determinations. It was assured that once
the core size had been set by the critical experiment, the error
in critical fuel concentration would be no more than 100 ppm. of
total uranium. This uncertainty arises mainly from the difficulty
of attaining a completely accurate core mockup, and the effects
associated with extrapolating from room temperature to operating
temperature.

(6) Subtract the amount of uranium that is calculated to build up over the

period of operation due to the addition of fuel and the buildup of higher
isotopes. This value was calculated for a two-year period of
operation at full power. Uranium build up is discussed further
in Section XI, Reactor Physics.

(7) Reduce the remaining value by the fuel enrichment, thus yielding
the maximum initial fuel concentration.

TABLE II

Fuel Concentration Temperature

Bulk Temperature 750 F

1150 ppm - Temperature Margin 700 F

1090 - 5% (solubility measurement)

990 - 100 ppm criticality margin

880 U Buildup

820 - U-238 (93. 5% enrichment)

b. Flux Plots

Based on the information presented thus far, it is apparent that the
O qi e of parameters for the LMFRE should include a bismuth-to-graphite
ratio of 0. 5, and an initial fuel concentration of about 800 ppm U-235.

Recent four group calculations yield a core diameter and height
of 42 inches. Three-inch high plenums on the top and bottom of the core
contribute an almost proportionate share of the power, thus yielding an
active core height of about 48 in.

Figure 52 in the physics section of the report shows a four-group
plot of the reactor flux vs. radial distance from the core center.
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The energy groups are distributed as follows:

Group

I
II
III
IV

Energy Limits

10 Mev - 4.3 Kev
4.3 Kev- 19. 1 ev
19.1ev- .2ev

Thermal

4. Thermal Calculations

a. Steady State

(1) Design limitations

The temperature and flow requirements for the LMFRE must satis -

fy the design limits set for the materials under the worst set of circumstances.
This would occur in the LMFRE if fuel were absorbed by the graphite moderator
and reflectors. This situation is of most concern in the side reflector where
flow channels must be drilled through large graphite blocks for cooling. How-
ever, to maintain the smallest possible amount of fuel in the reflector region,

the cooling requirements are set on the basis of the following circumstances:

maximum bismuth absorption by graphite
maximum temperature gradient in graphite
maximum thermal stress in graphite
assumed value for thermal conductivity of

graphite

0.3 g/cc
400 F
880 psi

8 Btu/hr-ft-F

(2) Flow requirements

The side reflector flow requirements were calculated using the
criteria above as a basis . Figure 4 shows the approximate maximum heat
generation in the reflector vs. radial distance from the center of the reactor
core. It is based on the maximum anticipated fuel pickup by the graphite.
Figure 5 is a plan view of the reactor assembly showing the reflector cooling
hole pattern.

The following flow characteristics were established for opera-
tion at 8-1/3 MW of power:

Flow Path

Core
Reflector
Outer Annulus
Total

Flow Rate (lb/hr)

2.9 x 106
5. 1 x 105
0. 7 x 105
3.5 x 106

Approximate
% of Total Flow

83
15
2.0

100

Temperature Rise (F)

225 F
225 F
225 F
225 F
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FIG. 4: HEAT GENERATION IN REFLECTOR GRAPHITE
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FIG. 5: REFLECTOR COOLING HOLE PATTERN
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FIG. 6: PRESSURE VS. POSITION
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FIG. 7: DECAYHEAT INGRAPHITE
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FIG. 8: MAXIMUM TEMPERATURES ATTAINED DURING COOLING
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It seems reasonable to assume that the actual temperature rises
in the reflector coolant will not be as great as that listed because the actual
fuel concentration in the graphite should be less than the assumed value. At
any rate, the figures mentioned on the preceding page do not approach limit-
ing conditions.

Pressure through the core path from inlet to outlet is plotted
in Figure 6 for both full and 15 percent flow. The major pressure loss is
due to change in elevation with resulting decrease in static head. The total
unrecoverable pressure loss due to friction, and entrance and exit losses
is approximately 13.9 psi.

b. Cooling After Shutdown

(1)Decay Heat

Since some fuel may be absorbed in the graphite, a study was
carried out to determine the maximum anticipated fission product decay heat
that could occur in the graphite assembly after a shutdown from 8-1/3 MW.

Figure 7 is a plot of the total decay heat of the fission products
in the graphite vs. time, assuming that the reactor had operated for a long

period of time before a dump.

The first part of the curve includes the fission heat caused by
delayed neutrons in the graphite assembly. As the neutron population decays,
the shape of the fission product decay curve can be recognized.

(2) Extraction of Decay Heat

The temperature conditions expected during reactor cooling were
investigated. It was assumed that the reactor could be cooled by passing an
inert gas over the outside surface of the reactor vessel thereby extracting

decay heat.

In carrying out the study, a series of infinitely long concentric

cylinders were chosen to represent core, reflector, helium annulus, and
reactor vessel. Conduction was found to be the only important mode of heat

transfer.

The reactor vessel cooling was investigated for three rates, indi-
cating there is little difference in the time required to reach the final tempera-
ture. Although the actual rate of heat transfer from graphite to vessel is
difficult to estimate, this method of cooling appears capable of reducing the
temperature of the reactor assembly to 300 F in about 35 hours. Figure 8
is a plot of the maximum temperatures that would be attained during the cool-
ing process. The curve shows that the maximum temperatures attained are
not excessive. It is concluded that cooling by this method is both safe and

convenient.
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5. Reactor Vessel and Internal Supports

a. Design Requirements for Vessel

The reactor vessel operates basically as a fluid container in which

there is a liquid level near the top, essentially without overpressure; therefore,
pressure design considerations are not a significant design criterion. The
mechanical loads caused by the contained liquid bismuth and the graphite sup-
ports, for both dry dead weight and buoyancy when immersed in the liquid

bismuth, plus the thermally induced loads thus become the principal design
criteria for the vessel.

To satisfy vacuum requirements for outgassing of the graphite and
possible requirements for degassing of the fuel, the vessel will be designed
for a nominal 15 psi differential pressure applied either internally or exter-
nally. When applied internally this pressure pertains to the gas space above
the liquid level and is additive to the hydraulic and mechanical loads throughout
the rest of the vessel. The externally applied pressure differential on the
vessel results from the vacuum required during outgassing of the graphite
before fuel is added to the system.

Thermally induced loadings caused by steady gradients or fast
temperature changes in the fluid will be minimized by: maintaining minimum
metal thicknesses consistent with strength requirements, eliminating wherever
possible restraints due to abrupt changes in metal sections, and the use of
internal thermal baffling or shielding where necessary. Normal operations,
including transients, then will be limited to maintain thermal conditions within
the design limits of the vessel.

b. Design Requirements for Internal Supports

The dead weight of the graphite assembly, when the vessel is empty,
is carried to the upper vessel head by eight molybdenum alloy support rods.
Reinforcing pads at the point of loading in the head distribute the load to a
sufficiently large area, and steel shoes between the bottom ends of the rods
and the graphite compensate for the differential thermal expansion of the rods
and the graphite. This prevents or at least limits the movement of the graphite
when the liquid bismuth is drained from the vessel.

When the vessel contains liquid bismuth, graphite buoyancy load is
transferred to the top head through a central hold down ring which also serves
as reinforcement for the central top opening. An offset between the graphite
side reflectors and the central core block transfers the core load to th.e. side
reflector when the vessel is empty of bismuth.

The entire graphite assembly is held together radially by four
thermally-compensated clamping ring assemblies. These assemblies are steel
segments joined by overlapping molybdenum alloy rods in a manner that causes.
their thermal expansions to cancel.
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6. Safety Rods

a. Specification of Rod Worth

The specification of the total shim-safety rod worth results from the
accumulation of several design considerations. In general, the shim-safety
rods are capable of controlling all reactivity changes occurring in the reactor
except long-term changes due to the buildup of fission product poisons other
than Xe-135 and Sm-149.

The reactivity requirements anticipated for these rods are listed
below. Three of these rods will be used as shim-safety rods and a less
reactive rod will be used for automatic regulation. Details on the individual
values listed may be found in Section XI, Reactor Physics.

Percent
Temperature coefficient 3.5
Xe and Sm poisoning 2.0
Fuel addition margin 0.5
Minimum shutdown reactivity 3.0

Gain of delayed neutrons 0.3

Total 9.3:

It is planned to allow approximately 5 percent per rod, thus provid-
ing a total shim-safety worth of about 15 percent. This value is in excess of
the above requirements and is believed more than enough to account for any
inaccuracies in predicting actual rod worth, and to permit safe operation even
in the event that one rod fails to function.

b. Materials

It is now planned to use liquid-metal-column control rods. The
active section is composed of two concentric cylinders capped on the bottom
end. Some liquid metal of reasonably high neutron cross section and low melt-
ing point is placed in the annulus between the cylinders. The minimum annulus
thickness specified will produce a 95 percent black rod.

When rod control is not required, the absorbing liquid lies in a small
pool at the bottom of the rod. When rod control is required, the inner cylinder
is pushed downward into this pool, forcing the liquid up into the annulus to any

desired height in the core.

The presently planned container material is molybdenum; the low-
melting point alloy is the eutectic of bismuth and cadmium.

This type of control rod is advantageous in that it requires no sliding
seal of any kind and permits the use of relatively simple drive mechanisms .
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7. Miscellaneous Nuclear Subjects

a. Neutron Source

It is planned to place a self-regenerating antimony-beryllium source

at or near the center of the reactor core.

In a circulating fuel reactor it is desirable to have a neutron source

large enough to provide an adequate neutron flux at the detector, even in the

absence of fuel (that is, at zero multiplication). Such an arrangement prevents

the need for a "blind" startup. This is a desirable situation but not absolutely
necessary. The critical concentration will be fairly well known from the
critical experiment results, and neutron detection starting at one-quarter or
one-half the critical concentration might be safe.

The subject will be pursued for the moment by assuming the detector
is outside the secondary containment vessel that surrounds the reactor vessel.
It is placed at this point because all areas within this containment are at about
800 F, which is above the permissible operating temperature of available
neutron detectors.

In this position a high sensitivity proportional counter will provide
approximately 20 counts per nv for thermal neutrons at .065 ev. The required

count rate is between 5 and 20 counts per second, thus specifying a neutron
leakage current at the detector position of between .25 and 1.0 neutrons/cm 2 -sec .

The calculated neutron current at the detector for keff = 0 and a
source of 108 neut/sec, was found. to be 9. 1 neut/cm 2 -sec . This means that the
use of a source this size would permit a margin of a factor of at least 9, and
possibly as high as 36. This margin is available to compensate for any in-

accuracies in the calculation and for decay of the source during zero power
operation.

From the above the proposed arrangement appears satisfactory. The
method of calculation will be checked by data obtained from the critical experi-
ment. In addition, a program for development of a neutron detector that can
operate inside the containment at high temperature will permit a closer proxim-
ity to the source if necessary.

b. Gamma Heating in the Reactor Vessel

An investigation of gamma heating in the reactor vessel was carried
out in detail for two specific areas at the top of the reactor vessel above the
free surface of the fluid where there is no cooling by the fluid stream, and in
the pressure vessel flange where a rather thick section leads to concern over
thermal stresses. The results and conclusions from these investigations are:
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FIG. 9: VOLUMETRIC HEATING RATE IN REACTOR VESSEL
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(1) Heating above the fluid free surface is due mainly to fission
product gamma decay as the fuel passes this point. The vessel can radiate
all the heat generated at this point back to the fluid stream at a temperature
less than 25 F above the fuel stream. The possibility of placing thermal

shields inside the vessel above the fluid surface to limit the heat generation
in the shield above this area is being considered.

(2) Gamma heating in the reactor vessel flange results mainly from
fission gammas in the annulus immediately adjacent to the flange and from
fission product decay gammas emitted from the fuel as it passes the flange
in the reactor outlet pipe. Gammas from fission in reactor core and re-
flector, and decay gammas in the pool above the core were found to be negli-
gible compared to the sources above. Figure 9 is a plot of the volumetric
heating rate in the flange for the various sources. The resulting temperature
rise, considering that all heat is transferred inward to the fluid in the annulus,
was less than 2.5 F. This gradient results in a thermal stress of less than
400 psi, a small fraction of the design stress of 5500 psi.

8. Radiation Damage to Materials

A survey of the important structural materials in the reactor was made

to ascertain if there were any areas in which radiation damage would inhibit
or prevent proper performance of the reactor. This survey consisted mainly
of an investigation of fast neutron damage to structural members and fission
fragment damage to the graphite.

a. Fast Neutron Damage

It is recognized that bombardment of steels tends to embrittle the
material. This can create a serious condition in those parts of a structure
where bending exists. This is particularly true in the reactor vessel. Listed

below are the fast neutron doses that will be received in each year's operation
at full power (in this case at 8-1/3 MW). The fast neutron energy range was
taken to be those neutrons above 4 Kev.

Material Nvt in One Year

Molybdenum support rods 3 x 1019
Reactor vessel < 1018

Control rod cans 1021

It can be seen from the above table that the vessel receives only
about 1018 nvt per year. Operation for several years will thus result in a

total fast neutron nvt of considerably less than the most conservative estimates
of limiting damage. In addition, operation at temperatures ranging from 750 F

to 1000 F in various sections of the vessel will promote annealing of this damage.
Little if any data are available at these temperatures, but the dose level is so

low that there does not seem to be cause for concern.
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Damage to support rods and control rod cans is greater, but it must

be remembered that these sections will not be subjected to any major bending
stresses. Then too, these sections will operate at temperatures in the same

range as the reactor vessel. Molybdenum is known to fail in brittle failure

below -30 C in the unirradiated condition; it appears from the limited data

available that this transition temperature would rise to about 70 C after irra-

diation for long periods of time. Since operation is at much higher tempera-
tures, no trouble is expected.

b. Fission Fragment Damage

It is known that the properties of graphite will change due to
radiation damage. These changes can come about mainly from bombardment

by fast neutrons and fission fragments.

The reduction in thermal conductivity of the graphite moderator is
of concern. At operating temperatures fast neutron bombardment is not ex-
pected to reduce the thermal conductivity by more than a factor of two.
However, it is known that the graphite will absorb limited amounts of bismuth
containing uranium. Subsequent fissioning of this absorbed fuel will result
in fission fragment damage to the graphite and reduction in thermal conducti-

vity. Calculations of the total energy deposition that could result from this
process indicate that the design value for thermal conductivity used (8 Btu/
hr-ft-F) will not be reached at these temperatures for periods well in excess
of the anticipated life of the experiment. Data on radiation damage due to this
effect is rather limited so some degree of conservatism was felt desirable.

Although dimensional changes of extruded graphite are known to be
appreciable, limited data on this effect at LMFRE operating temperatures
for molded graphite indicate little growth and possibly a slight contraction.
It is expected that better data will be available from results of tests presently

underway or planned for the near future.

9. Alternate Reactor Arrangements

The reference design includes the use of liquid metal control rods as
shown in Figure 1. It is planned to continue design work on an alternate con-
trol rod arrangement using mechanical rod drives (Figure 10). This will
insure that control rod equipment is available in case unforeseen development
problems arise for the liquid metal control rods.

The mechanical drives employ boron carbide safety rods canned in
cylinders of either a 2-1/4 chrome steel or molybdenum.

In addition to the above arrangement, other means of graphite support
have been considered including methods of floating the graphite sections. It
is believed that the reference design represents the best method of support
considering all requirements including flow distribution and structural integrity
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10. Reactor Data

a. Core

Material

Density
Initial Fuel Concentration (U-235)
Enrichment

Active Core Diameter

Active Core Height (Includes Plenums)
Volume of Fuel in Core (Includes Plenums)
Bismuth to Graphite Volume Ratio (Bi/c)

Average Power Density
Diameter of Fuel Channels

Number of Fuel Channels
Fuel Channel Pitch (Square)
Mass Flow Rate Through Core

Velocity in Core at Full Flow
Temperature Conditions Power

Inlet

Outlet
Absolute Pressure at Core Center with

Full Flow

Average Graphite Core Temperature at
8-1/3 MW

high density graphite
1.8 g/cm 3

800 ppm by wt.

93.5%
42 in.

48 in.

17 ft3

0.5
t11 kw/liter at 5 MW

1. 5 in.
252
2.3 in.
2.9 x 106 lbs/hr
.50 fps
5 MW 8-1/3 MW
750 F 750 F
885SF 975 F
52 psia (15 psia
gas overpressure)

890 F

b. End Reflectors

Overall Height
Fuel Channel Diameter
Number of Fuel Channels

Volume of Fuel in End Reflectors

Maximum Fuel Velocity

2 ft
1.5 in.
13
.3 ft 3

8 fps

c. Side Reflectors

Thickness
Overall Height
Graphite Density
Coolant
Total Number of Coolant Holes

Diameter of Coolant Holes

Thickness of Annulus

Coolant Flow Rate

Average Velocity Through Holes

Average Velocity in Annulus

Temperature Conditions
Average Graphite Temperature at 8-1/3 MW

2 ft - 2 in.

8 ft 3
1.8 g/cm
Same as core

64
1 in.
1 in.

5.8 x 105 lbs/hr
.66 fps
.015 fps

Same as core
1080 F
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Maximum Thermal Stress

d. Reactor Vessel

Inside Diameter
Wall Thickness

Height (Main Vessel)
Overall Height

(Floor Level to Top of Control Rod Drive)
Total Weight (Not Including Secondary

Containment)

8 ft 0 in. (cold)
1 in.(minimum)
13 ft (approx.)

25 ft 7-1/2 in.

25, 500 lbs

e. Reactor Assembly

Weight of Graphite

Weight of Entire Assembly Including
Secondary Containment, Support Skirt,

and Fluid
Weight of Fluid
Unrecoverable Pressure Loss - Inlet to

Outlet
Absolute Pressure at Bottom of Reactor

Vessel

37, 700 lbs

120, 000 lbs
~37, 000 lbs

13.9 psi
78 psia (15 psia gas

overpressure)

f . Nuclear Parameters

Approximate Critical Mass (Initial)
Total System Fuel Inventory

Average Core Thermal Flux
Effective Prompt Neutron Lifetime
Thermal Diffusion Coefficient in Core

Fermi Age in Core
Prompt Temperature Coefficient
Final Temperature Coefficient
Steady State Effective Delayed Neutron

Fraction in Core

g. Transit Times at Full Flow (1.58 ft3 /sec)

From Reactor Outlet to:

Pump Inlet

Heat Exchanger Inlet
Heat Exchanger Outlet
Reactor Inlet
Reactor Outlet (Through Core)
Reactor Outlet (Through Reflector)

80% of flow through core
Reactor Outlet (Average)

26-

,3.8 kg. U-235
23 kg. U-235
4.8 x 1013 at 5 MW
9 x 10-4 sec
.92 cm
480 cm2

5 x 10-5 per C
2 x 10~ per C

.0036

5.8 sec
11.7
18.6
24.2
60.5

76.5
63.8

<900 psi



h. Control Rods

Shim Safety:

Type and Number liquid metal column - 3
Materials molybdenum container

Bi-Cd alloy
Reactivity Worth ~5% each
Active Length 48 in.

Regulator:

Type and Number liquid metal column - 1
Materials molybdenum container

Bi-Cd alloy
Reactivity Worth 0.5%
Active Length 48 in.

Maximum Reactivity Addition Rate of Shims .01% 6 k/sec
Minimum Shutdown Reactivity .03 6 k

B. PRIMARY SYSTEM

The primary system external to the reactor is made up of piping, pump,
and intermediate heat exchanger (See Figures 11 and 24). The pump circulates
U-Bi fuel solution from reactor to pump to heat exchanger and back to the
reactor through 6-in. diameter 2-1/4 chromium 1 molybdenum piping.

For initial full power operation, the reactor system will generate 5 MW
heat with a primary fluid top temperature of 885 F and a lower temperature of
750 F. This amounts to a 720 gpm flow rate and about an 8 fps fluid velocity
in the primary piping.

Future operation of the reactor system possibly may be at 8-1/3 MW. In
this case, the primary fluid top temperature would be 975 F and the bottom
temperature would be 750 F, as before. The flow rate would be the same as
that for 5-MW condition.

The primary system will be operated over a power range of about 20 to
100 percent using a constant primary fluid temperature difference, at least

during initial power operation. In addition, the reactor characteristics will
permit an essentially constant average fluid temperature over the entire load

range. A variable speed primary pump accomplishes load change during
power operation.

Fuel is held in the primary system by 4-in. dump valves. In an emergency
or normal shutdown, primary fluid is dumped to the primary dump tanks,
located at the lowest point in the reactor plant (Figure 24). Fuel is returned
to the primary system by an EM pump.
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The primary system containment is a relatively close fitting shell around

all piping and components that contain U-Bi. The containment is designed to
withstand 1050 F and 55 psig should a breach occur in the primary system. In

certain areas, containment is designed to stand up under extreme temperature
shock in case of a major accident.

The containment also serves as an outer container for heating and cooling
gas. Dump tanks are heated and cooled by separate gas heating and cooling
system. Primary system pump, piping, and intermediate heat exchanger are

heated by their own gas heating system. Because of its configuration, the
reactor requires shrouding to guide gas from its own heating and cooling
system.

The pump design provides for the remote removal of internals after
manually cutting a seal weld above the canyon floor (See Figure 24). The plug

through which the pump projects is maintained at surrounding temperature
(about 150 F). Pump containment and shielding for personnel during operation
extends above the canyon floor. Maintenance approach and pump design are
described in more detail in another section.

The above approach is applied to dump valves except that dump valve inter-
nals are removed horizontally.

The intermediate heat exchanger internals can be removed in the same
manner as the pump. These three components are discussed more thoroughly
further on in the section. The primary system covergas is helium. Helium
is also used as the heating and cooling gas and, therefore, serves as the con-
tainment gas. In addition, helium is used for leak detection in the primary
system and for pressurizing against leaks.

The primary system cells, of unlined concrete, are air cooled. Insulation
surrounds the containment except in through-floor plug areas; therefore, the
containment is at operating temperature during plant operation.

1. Primary Pump

Figure 12 shows a possible primary pump cell arrangement. Insulation
and cooling keep the steel plug cool. Steel, lead, and polyethylene protect
maintenance personnel making seal weld cut. This shielding also protects
motor, containment, etc., above canyon floor from activation.

For maintenance, shielding is removed from the containment extending
above the canyon floor. (See Figure 24.) Containment is then removed manually
followed by unbolting of the pump. Then electrical, cooling and instrument
leads are disconnected and finally seal membrane is cut. Area is then cleared
and the pump can be removed remotely. The actual removal procedure is
covered in Section X C.
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FIG. 11: LMFRE-I HEAT TRANSPORT SYSTEM (FLOW DIAGRAM)
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FIG. 13: 825-MW]
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As shown in Figure 12, containment and shrouding insure a positive
flow path for startup heating gas. Insulation is outside containment, so con-

tainment will be at operating temperature during plant operation.

The pump under consideration uses a bearing in U-Bi, allowing the

pump to operate with gas pressure over U-Bi identical to that in the reactor.

Therefore, no level control is needed. The impeller is low enough in the
system to prevent cavitation.

The pump shown in Figure 12 has a variable speed motor, variation
being accomplished by variable frequency. This pump and its speed regulation

are similar to the unit being installed in Brookhaven's 4-in. utility test loop.

Figure 13 shows a possible arrangement of internals for the primary
pump. The pump shown is for an 825-MW LMFR, but general principles apply
to LMFRE-I. This pump has level control, no bearing in U-Bi. The internals

removal procedure generally is the same as that for the pump described above.
Level control is accomplished by an independent helium control system. Note

that containment is not shown here -- the drawing was not revised to conform
to the complete setup but is simply presented to indicate possibilities. The

drawing includes concept of internal shielding for protection of both personnel

and drive mechanism. Seals between inner and outer housings are shown at
locations "A", "B", and "C" on drawing. The top seal, which will be manually

broken for maintenance, is shown at "A".

Means of preventing bismuth from rising in pump are provided as follows:

(1) shaft impeller is mounted slightly above the main impeller to "pump" U-Bi
downward, (2) the helium level control system, (3) the bellows, rotating seal

located just above the lower radiation shield and just below the first shaft bear-

ing, and (4) a second bellows, rotating seal located above second shaft bearings
and bearing lubricating and shaft cooling oil inlet. A downward sweep of helium
over both shaft and bismuth level is also provided.

2. Intermediate Heat Exchanger

The intermediate heat exchanger (Figure. 14) is designed to transfer up
to 8-1/3 MW heat from primary to intermediate fluid.

The heat exchanger is a straight-tube, floating-head unit that may be
maintained by semi-contact methods.

The heat transfer portion of the exchanger consists of 750 3/4-in. OD

tubes arranged on a 7/8-in. triangular pitch. The tubes are .swaged to 5/8-in..

OD in the region of the tube sheet to facilitate fabrication and help flow dis -

tribution in the shell. A shroud is placed around the bundle to reduce fuel

inventory.
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Bismuth (intermediate fluid) enters the exchanger from the top, flows

downward through a downcomer tube (6 -1/4-in. OD) and is discharged into the

lower header. From the lower header bismuth enters the tubes and flows up-
ward, countercurrent to the shell fluid - U-Bi. Some Bi also bypasses

through annulus between downcomer and header connecting pipe. The down-

comer tube is insulated from the shell fluid by a helium gap extending from
the helium filled above shield containment to bottom of downcomer. Further
protection is provided by the bismuth flowing upward through annulus between
downcomer and header connecting pipe.

The tubes are supported by thin, narrow, stamped plates which are
formed into a lattice. These supports provide maximum tube support with
minimum loss of flow area and also minimize area for fission product hangup.

Should it become necessary to drain the heat exchanger, the shell fluid
drains by gravity. The tube fluid, however, is drained by means of a dip tube
located in the downcomer tube. Draining is accomplished by introducing helium
pressure to the intermediate system, thereby forcing tube fluid up the dump
tube into the intermediate system dump tank.

The heat exchanger assembly shown is mounted in a "plug within a plug",
both of which are removable.

The inner plug, through which the intermediate fluid inlet and outlet
pipes extend and to which the tube bundle assembly is attached, may be removed
by cutting the intermediate fluid inlet and outlet pipes, removing the holddown
plate, and cutting the seal weld (Figure 14). The heat exchanger internals then
may be removed by attaching a crane hook to the lifting lug and hoisting the
assembly upward.

There are three seals in the area between the shell and the upward ex-
tension of the top header. One seal is in the hot area just above the upper
header; the other two are in the steel, lead, polyethylene plug, a thermally
cool area. A gas atmosphere is established in the heat exchanger by trapping
during initial filling.

Gas pressure between the two lower seals is established so that pres-
sure in this area is greater than the highest possible pressure above the U-Bi
level (this would be at full power operation). Gas pressure established between
the second and third seals is one step higher than between the first and second
seals.

Trapped gas in the intermediate heat exchanger shell prevents U-Bi
from contacting the upper tube sheet. The design provides for this even at
full power operation.
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The outer plug (Figure 14) does not require a seal weld because that
portion of the plug does not serve as primary system containment.

The inner shield plug is composed of layers of steel, lead, and polyethy-

lene. The steel plug, about 4-in. thick, acts as a gamma shield from fission

products which may plate out on heat transfer surfaces. The layer of lead,

about 5-in. thick, serves as a gamma shield from fission products and the

activated steel. Polyethylene, which is about 2-in. thick, is provided to mini-
mize activation of the above-shield containment and the shielding around the

containment.

The above-shield containment is a cylindrically shaped assembly con-
sisting of 1/2 inch of steel plate (for support and lifting purposes) and 4 1/2-in.

of lead which serves as a gamma shield. The cover consists of a 2-in. steel

plate plus 3-1/2 in. of lead. Expansion joints seal the above-shield contain-

ment where bismuth inlet and outlet piping penetrate. During operation, the

shield plug and above-shield containment assembly are maintained at about

150 F by insulation and cooling coils, thus minimizing thermal stress problems

in the plug area.

Most of the heat exchanger assembly is pre-heated by hot helium,

circulated between the containment vessel and the heat exchanger shell. Inac-

cessible areas such as the upper bismuth header and bismuth inlet and outlet
piping are heated by induction coils wound over the insulation.

Cooling of decay heat due to fission product hangup is provided by pass-
ing cooling gas through the same area as for heatup.

The outer surface of the containment vessel and the bismuth inlet piping
in the heat exchanger area are lined with a 1/4-in. thick boral sheet to prevent

thermalized neutrons from entering the unit, which, if not attenuated, would

create polonium.

The area above the heat exchanger assembly, i.e., canyon floor, is

housed by a 3- 1/2-ft thick barytes concrete dome to allow personnel access to

the canyon floor during operation (Figure 25).

3. Dump Valves

The dump valves now are designed to permit horizontal removal of the

internals. However, if further development provides a usable valve with

vertical internals removal, it will replace the present design.

Figure 23 shows the primary dump valves location in the building.

Figure 15 shows the 4-in. dump valves. Uranium-bismuth is held up in the

primary system on "A" side of the seat so the bellows area normally is not in

contact with U-Bi. Referring to Figure 11, it is apparent that the only time
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U-Bi contacts the "B" side of the seat is during a system dump in case of 4-in.

dump valves, and when U-Bi is pumped back to the primary system in case of

the 1-in. valve.

The approach to removing the dump valve internals is essentially the
same as that for the primary pump and intermediate heat exchanger internals:

the weld protruding through the shield is broken by contact, the area is cleared,
the bayonet seal joint is broken by making a quarter turn, and then the internals

are removed remotely.

The valve is horizontal in the system to allow for drainage and to keep
fuel away from the seal area.

To prevent leakage during dumping or pump up, primary and secondary
bellows seals are provided around the stem (Figure 15). A freeze seal between
bellows will help prevent bismuth from reaching the second bellows should first
bellows rupture.

Seal between primary and secondary sealing housings is accomplished
at the bayonet joint area. A bayonet lock-lug on the primary housing permits
removal of the valve internals and also acts as a mechanical seal. In addition,
a low-melting metal pressure seal effects the positive seal at this joint. This
seal is broken by applying heat from an installed heating unit. The welds
joining the primary and secondary sealing housing farm the final barrier. The
weld joining the secondary sealing housing and the bonnet plate will be removed
manually for internals removal.

C. INTERMEDIATE SYSTEM

The intermediate system transports heat from the intermediate heat ex-
changer to the air blast heat removal system. (See Figure 11.) The interme-
diate pump circulates bismuth with additives from the intermediate heat
exchanger to pump to air blast cooler and back to the intermediate heat
exchanger.

For 5 MW operation, the intermediate heat exchanger inlet temperature is
726 F, and outlet temperature is 86 1 F. Flow rate through 6-in. pipe is 720
gpm, giving about 8 fps through piping. For the 8-1/3 MW condition, tempera-
tures are 710 F and 935 F; the flow is the same as that for 5 MW operation.
Intermediate fluid flow varies with load by means of a variable speed pump.

This intermediate fluid pump is similar to the primary pump except that
through-shield and shielding requirements need not be considered. The pump
also has an overflow system which permits drainage of excess fluid to the
system dump tank.
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FIG. 15: DUMP VALVE
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Intermediate system startup heating is effected by induction coils wrapped

around system insulation. There is no containment around the intermediate
system. However, intermediate heat exchanger containment and intermediate
fluid inlet and outlet piping to the exchanger are lined externally with boral to

minimize formation of polonium in the intermediate system.

One dump tank takes care of intermediate system inventory on a dump. The

system is refilled using an EM pump in manner similar to primary system
refilling.

D. HEAT REJECTION SYSTEM

Heat generated in the LMFRE-I reactor will be rejected to ambient air by
primary, intermediate, and heat rejection systems.

The heat rejection system consists of a bismuth-to-air heat exchanger, an

air circulator, ductwork, and a stack. The system's components are located
in an open area adjacent to the reactor building (Figure 21).

The air circulator or blower is a Sirroco type unit which is controlled by a
fluid drive and powered by a constant speed motor.

The blower discharges air at 95 F upward into a finned section through
which the intermediate fluid, bismuth, flows. Under initial conditions, bismuth

enters the finned cooling section at 861 F and is cooled to 726 F. The air out-

let temperature is 450 F. Hot air is discharged from the cooler to the base of

an 8-ft diameter, 150-ft tall stack.

E. AUXILIARY SYSTEMS

1. Inert and Off-Gas System

The previous concepts for handling fission gases from the LMFRE
embodied rapid removal of the gases from the fuel in a degasser followed by

their storage for radioactive decay prior to eventual atmospheric disposal.

The present reactor design utilizes the liquid-gas interfaces above the reactor

and in the primary pumps to degas the fuel of volatile fission products. Since
removal of Xe- 135 is not necessary to the safety of the LMFRE-I and since

the kinetics of off-gassing are almost totally unknown, this first experiment
should not incorporate an elaborate degassing component. After operation of

the LMFRE-I the advisability of providing degassers for reactors can be
evaluated.

The system for handling the reactor off-gas for the LMFRE-I is based
on the concept of containment and recirculation. '-This philosophy alleviates

the problems associated with safe atmospheric disposal of radioactive gas..
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Gases that can be disposed to the atmosphere are also suitable for re-use as
inert gas in the system. The only radioactive gas that will exist in this gas
system in a greater concentration than expected for previous concepts is
Kr-85, which has a ten-year half life.

The off-gas system design does provide for possible stack disposal of
inert gas that becomes contaminated with air . The radioactive contamination
of this gas will be minimized and all vented gases will comply with specified
permissible levels.

Trace amounts of non-volatile elements entrained in the off gas, and
metallic daughters of short-lived gaseous isotopes will be removed in a NaK
liquid seal. A small amount of non-volatile daughters will form in the gas
handling system beyond the seal, but the isotopes that deposit will not present
radiation problems .

The process gas system illustrated in Figure 16 serves the following
functions:

a. Removes volatile fission products from the primary system.
b. Provides inert cover gas for the primary system, including

fuel sampling and addition mechanisms.
c . Provides inert cover gas for the intermediate system, including

sampling and addition mechanisms.
d. Serves during dump and fill operations to

(1) Provide means for equalizing pressures in the reactor and
dump tanks.

(2) Provide pressure in dump tanks required to keep the
electromagnetic fill pump primed.

(3) Provide for storage of excess gases required in the dump
tanks during fill.

e. Provide means for evacuating primary system and containment
at initial startup and prior to maintenance work.

All component designations refer to Figure 16. All valves shown are
positioned for normal operation of the off-gas system.

Recovered inert gas flows through the primary pump into the reactor
at a constant pressure of 15 psia. The gas, now containing volatile fission
products (FPV) picked up from the pump and the reactor, bubbles through a
NaK seal and filter and finally enters T- 1, the first of four 80-cu ft decay
tanks. At the normal rate of flow, .06 gm. mol/hr as controlled by a needle
valve at the exit of the third decay tank, the total residence time of the gas in
the first three decay tanks is 120 days. Compressor P-1 operates to main-
tain the pressure in T-4 between 13 and 14 psia. The pressure drop across
the needle control valve, then, is held between 1 and 2 psi. The gas is dis-
charged into tank T-6 at a pressure of 30 psia. A continuous supply of sweep
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FIG. 16: INERT AND OFF-GAS SYSTEMS
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gas is drawn from this tank, through a purifier, and finally into the primary
pump and reactor.

Piping and valves around the primary pump are arranged to allow some
or all of the sweep gas to by-pass the pump or the reactor, depending upon the
fixation of the gas demands of each.

The gas demands of the fuel addition and sampling stations make up the
bulk of the primary system cover gas requirements. Gas for this application
is drawn from tank T-6.

To add fuel to the system, the fuel addition chamber is flushed to tank
T-4 or evacuated to approximately 100 microns through both vacuum pumps
P-5 and P-3 and is finally stored. The chamber is then filled with gas from

tank T-6 and opened to insert the fuel slugs. The chamber is closed and gas
from T-6 again flushes the chamber. Since this flush gas is expected to con-

tain air, it is monitored and stored or released to the stack if possible.

The gas demands for the sampling process are similar to those de-
scribed for fuel additions. Assuming that during some periods of operation
one fuel addition or sample will be required every hour, and that each process

requires 1 cu ft of flush gas, these gases will age for only 80 hours before
reaching the compressor P-1, introducing a small amount of short-decayed
isotopes into T-6.

The intermediate cover-gas system is similar in many respects to the
primary cover-gas system. The principal difference is the relative radio-

activity of the gases. Tank T-8 serves as a storage tank for the intermediate
cover gases and supplies those gases required for containment and gas heating
and cooling systems. Gases in T-8 are normally at 45 psia.

At the start of a dumping operation under normal conditions, the dump

tanks contain gas at 15 psia. As bismuth is dropped into the tanks, 108 cu.ft
of the gas is displaced into the primary system.

Tank T-11 contains 165 cu ft of gas at 41 psia under normal operating
conditions. To fill the system pressures in the dump tank and T-11 are
equalized. At this point the entire gas dump and fill system is at approximately
35 psia. As the bismuth is pumped up into the system, compressor P-4 pumps
gases from the system and tank T -11 to maintain a pressure of 41 psia in the

dump tanks. Gas pressures at the end of the filling operation are: primary
system, 15 psia; T-11, 15 psia; dump tanks, 41 psia.

To return the dump tanks to their normal operating pressure, the pres-
sures in the dump tanks and T-11 are equalized. Compressor P-4 then reduces

the dump tanks to 15 psia,..discharging against a final pressure of 41 psia in
T-11.
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In the event of an emergency dump immediately after fill, the system
will be dumped against the 41 psia gas pressure in the dump tanks. A pressure

regulating valve in the 1-in. dump-gas line prevents the pressure in the pri-

mary system from rising above 15 psia. With no relief of the gas pressure in

the dump tanks, the system will dump to within 6 in. of the reactor inlet. The

dump is then completed by pumping the gas from the dump tank into T-11 as

described above.

The vacuum vent system provides means for evacuating all parts of the

primary and intermediate systems, containment, and gas heating and cooling

systems. Vacuum pump P-5 is a high-vacuum, lnw-capacity pump that will

be used only when required to evacuate into the 100-micron range. Vacuum
pump P-3 is an oil-free, high-capacity, roughing pump that serves as a fore-
pump for P-5.

All evacuated gases are discharged into a tank, T-10. The gases are
then monitored and either stacked and stored or returned to dump-gas storage
tank T-11, depending upon the quantity, radioactivity, and purity of the gas
being handled.

2. Uranium Addition System

The uranium addition problem falls into two distinct phases: additions

as initial criticality is approached, and additions to supplement burnup and
override poisons.

The initial uranium charge to the primary loop will be about 25 percent
of the anticipated critical concentration, which means that subsequently about

40 pounds of uranium must be added in increments. The size of the permissible
increment depends on the predicted distance from criticality.

If the additions made prior to criticality are the same size as those
made during reactor operation, a uniform addition slug (and a single mechanism)

can be used. During normal reactor operation it will be desirable to add 50
grams of enriched uranium at a time. This means that about 430 slugs are
required to reach criticality at 800 ppm, or 320 slugs are required after the

initial 25 percent loading. These slugs will be dropped down a tube into the
primary loop piping by a remote-control mechanism that would be best located

between the reactor and pump in the primary system hot leg. The end of the
slug chute will be a cage that minimizes the danger of slug movement through
the primary loop before disintegration.

Each slug, containing 50 grams of uranium, is a 5 percent uranium-
bismuth alloy and therefore weighs 1000 grams. The present mechanism is
designed to handle spherical slugs, but a cylindrical shape will be adopted
should it become necessary to can the slugs. The can would serve to minimize

both oxidation, prior to use and abrasion and breakage of slugs in the loading
mechanism.
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FIG. 17: WASTE DISPOSAL SYSTEM
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FIG. 18: WASTE DISPOSAL FACILITY
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If canned slugs are required, magnesium or a high-magnesium alloy
appears to be the logical jacket material. Cylindrical slugs, 1 1/4 in. in

diameter and 5 in. long canned in 0.0 16-in. thick magnesium jackets would
introduce 4, 000 grams of magnesium during the initial loading and 1 year's

burnup. This amounts to about 165 ppm magnesium in 100 ft of fuel, which
can be tolerated by preconditioning at 185 ppm magnesium, followed by

addition of the remaining desired 350 ppm along with the uranium in the form
of the slug cans.

The 5 percent U-Bi alloy will contain uranium as a finely divided disper-

sion of UBi2 in solid bismuth. Upon addition to the primary loop, the solid
bismuth will melt and the UBi2 particles will disperse immediately for rapid
dissolution .

3. Uranium Removal System

No uranium removal system will be built into the LMFRE-I plant. When,

and if, it becomes necessary to lower the uranium concentration, the fuel will

be diluted with pure bismuth. One-third extra capacity is provided in the pri-

mary system dump tanks to handle the resultant additional fuel volume.

For the sake of system simplicity, the least efficient means of dilution
will be used, i.e ., the diluent bismuth will be added to the entire fuel inventory.

This procedure makes possible a total reduction of 25 percent in fuel concentra-

tion. This reduction could be performed at one time or in increments during

the reactor life.

Cold trapping and chemical slagging have been considered as alternate
means of removing uranium, but were rejected because their advantages do
not justify the added complexity to the reactor plant.

4. Waste Disposal System (See Fig. 17 & 18)

Radioactive wastes from the LMFRE-I will be in solid, liquid, and
gaseous states. The handling of gaseous wastes is discussed in Sections VII
D and VIII C.

Except for that clothing which can be decontaminated by washing, solid
wastes are placed in suitable containers and stored, at least temporarily, on

site. These solid wastes are comprised of laboratory equipment, tools, cloth-

ing and similar items that cannot be easily decontaminated.

Liquid wastes are expected to originate from showers, wash basins,
laboratory drains, cell and canyon drains, decontamination of component trans-

fer container, and fuel analysis . Since the amounts and activity of wastes from

these various sources are widely varient, the liquid waste disposal system
must be fairly flexible. To obtain the desired flexibility, the waste will be

divided into three classes: high, medium, and low level.
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The high-level wastes result from the analysis of fuel. These wastes

are highly concentrated and will have an activity level around 20 curies per ml

of fuel. Therefore, the waste will be collected in lead-shielded polyethylene
carboys in the hot cell. If procedure is followed, no high-activity wastes will

ever leave the hot cell unless they are encased in a lead coffin. Further, no
high-activity wastes will enter the cell drainage system or the lower activity
systems. A maximum of 24 samples are expected to be taken per day. The
waste from each sample will have a volume of approximately a liter. Each

carboy holds 4 liters, making a maximum of 6 coffins to be disposed of in

one day.

The waste from all remaining sources will be collected in either the
low-or-medium-level systems. The waste from showers, laundry, and wash
basins within the reactor building is of low-activity level and neutral, and will
drain by gravity alternately to two 1500-gallon carbon steel monitoring tanks
in the waste disposal facility. Daily flow of this low-level waste is estimated
at 1500 gallons with peak flows of 50 gpm.

Other wastes, because of their potentially higher activity level and
acidic nature, will be collected in one of two 300-gallon stainless steel sump
tanks located at a low point in the reactor building. The solutions collected
will be pumped by liquid-level-controlled pumps to two 500-gallon stainless
steel neutralizing-monitoring tanks in the waste disposal facility. The second
sump tank and pump will serve only as a standby. Daily flow of this potentially
higher level waste is estimated normally as 100 gallons per day with occasional
peak loads up to 1500 gallons after a major decontamination operation,

The waste disposal building, which will be located about 1/4 of a mile
from the reactor building, includes a simple laboratory and an evaporator
in addition to pumps, tanks, and associated equipment. The laboratory will
provide for the sampling of waste, concentrating and analyzing for radio-

activity. More detailed waste analyses will be provided by the analytical
laboratory at the reactor building, which includes facilities for adjusting the

pH and adding anti-foam agents to the evaporator feed.

The aqueous wastes will be made safe by a combination of two methods:

evaporation (concentration and storage) and dilution. A 125 gph evaporator
is provided for the former and a 10, 000-gallon tank for the latter. By sampling
the waste in the 10, 000-gallon mixing tank, it is possible to determine the
amount of hotter waste of known concentration that can be added to this tank
and still keep the effluent activity at less than 10~7 c/ml. If the combined
activities of the influent and the overflow tank's contents are greater than
10-7 pc/ml, the influent will be diverted to the evaporator. Since the decon-
tamination factor (D.F.) for the evaporator feed to condensate will be large,
it is not necessary to divert all medium-level influent to the evaporator, only
enough to effect the overall D.F. required to maintain tolerance standards.
The concentrated wastes from the evaporator bottom will be placed in a
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suitable container and buried. This procedure minimizes the amount of waste

that must be stored and the demand on the evaporator.

The evaporator is a vapor compression ty e with an entrainment separa-
tor that will obtain a decontamination factor of 1 06- 1 0 7, making possible a

volume reduction of 100 to 1.

Past experience has shown that evaporators can be used successfully
in waste disposal systems . They are reliable and capable of handling widely

varying feeds.

5. Chemical Analytical Facilities

a. Introduction

Analytical chemistry is vital to the LMFRE-I. Two general types of

analytical data are required: information essential to reactor operation in-
cluding emergency conditions, and data to be used in interpreting the experi-

ment.

Laboratory facilities will be incorporated in the LMFRE-I to provide

many of the required analytical services. All analyses requiring results in less

than a week must be performed on site since delays in packaging, transporting,
and scheduling would interfere with efficient service from a distant facility.
Adequate on-site equipment must be provided for all anticipated emergency

analyses. Injuries to personnel, damage to the plant, or excessive delay in the
program will probably follow an emergency if the necessary analyses are delayed.

It is not considered feasible to equip the laboratory with the equipment

and personnel required to satisfy all the analytical requirements. Samples will
be sent out for analysis if there is a clear advantage in using the services of an

off-site laboratory and the associated delay in results is not objectionable.

Nearly all of these samples will require remote packaging and shipment in

heavily shielded coffins. In some cases preliminary chemical separations before
shipment may reduce the shielding requirements.

b. Chemical Analysis of the Fuel Solution

The uranium-bismuth fuel solution will provide most of the routine

samples to be analyzed. The concentration history of uranium, magnesium,
zirconium, corrosion products, polonium, and fission products will be desired.
The analyses of the various constituents will be performed on different schedules

depending on the purpose of each determination.
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(1) Fuel Stability

The most frequent analyses expected are those to determine

uranium, magnesium, and zirconium concentrations . These measurements

are basic to all phases of reactor operation and testing and will be required
even during reactor shutdown with the fuel solution in the dump or melt tanks.

During initial fuel charging, and perhaps during special physics
studies, these samples will be taken as often as once an hour. An average of
4 or 5 samples per day is expected during routine operation.

Analyses will be required during the preconditioning period of
the primary loop with bismuth containing magnesium and zirconium only to
determine when the concentrations stabilize so that uranium additions can
begin.

Fuel analyses will be utilized to detect any undesirable effects
that result in fuel instability. These effects may include loss of fuel consti-
tuents, precipitation, or the appearance of unexpected solutes. Uranium,
zirconium, and magnesium concentrations will be measured simultaneously
with an emission spectrograph.

Since four hours may elapse between fuel sampling and the
analytical results, a continuous uranium monitor is planned for the LMFRE-I
as a safety measure. This instrument will be recalibrated frequently accord-
ing to chemical analytical data.

More accurate uranium concentration measurements will be
required in determining parameters such as critical concentration and control
rod calibration. Uranium analyses requiring maximum precision will be
determined polarographically. Approximately 15 such determinations are
expected each month.

(2) Isotopic Analysis

Samples will be withdrawn from the system periodically for iso-
topic analysis to determine fuel burnup and higher isotope formation for
material balance purposes . Present plans call for sending these samples to
other laboratories for analysis. However, radioactive contamination and
shielding considerations may render this plan unattractive. The principal
complication will be the presence of up to 0.24 curies of U-237 per gram of
irradiated fuel. Two alternatives are available if outside laboratories hesitate
to contaminate their equipment. The sample can be held for 60 days to per-
mit decay, or it can be analyzed at the site under remote conditions. However,
the latter choice requires a spectrograph of greater resolution than the pre-
sently contemplated instrument. An average of 2 or 3 isotopic analyses are
anticipated each month.
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(3) Corrosion Product Analyses

Corrosion product concentrations in the fuel solution will be deter-
mined regularly. Although the bismuth quickly becomes saturated with iron,

chromium, and molybdenum, it is not expected to become saturated with man-

ganese. Analyses of all the corrosion products are important but the manganese
analyses are particularly important since they indicate the content and rate of

corrosion. Precision of about 5 percent is required for these analyses, and

can be expected from a good emission spectrograph. It is estimated that an

average of 2 or 3 samples will be desired per day.

(4) Volatile Fission Product Analysis in the Fuel Solution

The concentrations of iodine, xenon, and krypton in the fuel will

be measured. These data will be used in conjunction with similar measure-
ments in the off-gas system to evaluate the behavior of volatile fission products.

(5) Polonium Analysis

It is imperative that the presence and characteristics of polonium

produced in the LMFRE be studied in detail to insure safety and provide infor-

mation for future designs. It would be difficult to overestimate the health

hazard of this material which forms by beta decay after neutron capture in

bismuth. The study and control of polonium will require samples from many

media including the fuel solution. Radiochemical separations followed by alpha

counting will be used for these measurements.

(6) Complete Fuel Solution Analysis

About once each month, for reference purposes, a large sample
of fuel solution will be withdrawn from the reactor system for a thorough

chemical analysis. This will include additive and corrosion product analysis,

polonium and fission product analysis, and a complete uranium isotopic

analysis.

c. Gas Analysis

(1) Off-Gas System

The LMFRE-I will offer the first opportunity to study the behavior

of large quantities of fission gases formed in liquid bismuth. The fission gases

will be collected in the off-gas system, diluted with the helium carrier, and

recycled through a closed system.

The off-gas stream will be sampled to study the kinetics of fuel

degassing. Although only the fission gases, krypton and xenon, are expected

to be liberated in any quantity, the stream also will be analyzed for other
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volatile components, particularly iodine and polonium. Techniques and equip-
ment for these analyses are to be developed for use with the in-pile test loop at
the ETR.

To prevent loss of fuel constituents as insoluble compounds this

gas must be kept free of reactive constituents such as oxygen, nitrogen, or oil

vapors. Therefore it is essential to detect cover gas contamination promptly.
When contamination occurs, immediate drastic action such as dumping the fuel

may be required. A direct reading monitor for oxygen and nitrogen has been

suggested for the immediate recognition of this condition. A mass spectrometer
probably can be modified specifically for this purpose. The same instrument

can be expected to provide continuous indications of other low-mass gaseous
and volatile contaminants.

(2) Waste Gases

Routine analyses of ventilating and stack gases will insure per-
sonnel safety and complete the operating records. It is hoped that a continuous
air monitor can be provided to insure rapid detection of airborne contamination,
including polonium.

d. Intermediate Loop Analyses

The intermediate heat transfer system uses bismuth containing the
same concentrations of magnesium and zirconium as the fuel solution. This
loop will be sampled frequently to determine the concentration of magnesium,
zirconium, corrosion products, and polonium. If a leak develops between the
primary and intermediate loops, numerous other analyses involving uranium
and fission products must be performed.

e. Miscellaneous Analytical Service

Although it appears unpractical to provide a complete radiochemical
facility, the limited laboratory required for control and safety purposes will
be used for other analytical services whenever the equipment is adequate.

(1) Safety and Health Physics Analysis

Facilities will be provided in the chemical laboratory to perform
analyses requested by the health physics staff. Most of these analyses will be
required during maintenance or emergency operations.

(2) Waste Analysis

Routine chemical and radiochemical analyses of the waste disposal
plant will be performed to insure safe handling and disposal of all wastes.
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(3) Storage Pool Water

Storage pool water will be analyzed periodically to check the per-
formance of the purification system.

(4) Special Exper imentalAnalyses

Where possible non-routine samples such as neutron monitoring
foils will be analyzed..

f. Materials of Construction Analysis

To help evaluate the condition of graphite and piping in the LMFRE-I,

removable specimens will be placed in the primary loop and removed periodi-
cally during reactor shutdowns.

( 1) Graphite Samples

Samples of core graphite will be located in the reactor reflector

region, and removed on about a three-month cycle. These specimens are
intended to serve as a check on core thermal conductivity and dimension

changes; they will be analyzed also for fuel and fission product penetration and

carbide formation.

All analyses will be performed at off-site laboratories, but the
specimens will be packaged and loaded in shielded shipping coffins in the

chemistry hot cell.

(2) Steel Samples

Steel coupons will be inserted into the hot and cold legs of the
primary loop. After removal, these samples will be examined metallograph-

ically, at some off-site laboratory, for evidence of surface films, wetting,

corrosion, erosion, and crud deposition. These coupons also will be examined

chemically for evidence of surface films and fission product adsorption.

(3) Destructive, Post Experiment Examinations

When advisable, components removed from service will be dis-
sembled and perhaps sectioned to examine the effects of exposure. The chemi-

cal hot cell will be used to package specimens for shipment to an off-site

facility .

(4) Materials Control Analysis

All structural materials and bismuth, uranium, zirconium, and
magnesium used in the reactor experiment will be carefully examined before
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use. Each lot of material will be analyzed to insure the absence of specific con-

taminants and verify the presence of the specified constituents. Part of each

lot received will be retained as a future reference sample. Most of these control

analyses will be performed off-site.

g. Laboratory Description (See Fig. 21)

The LMFRE-I analytical chemistry laboratory will be equipped and

staffed to provide the analytical services already discussed. In addition, equip-
ment will be installed to prepare samples for shipment to other laboratories.

The laboratory arrangement has been planned to minimize the complications of

sample transportation.

Samples will be withdrawn from the system by sampling mechanisms
described in Section X. They will be transferred remotely to the hot cell for
initial preparatory work. The samples will follow one of two general routes.

Those to be fully analyzed at the site will be completely processed. Those that
are sent to other laboratories will receive a minimum treatment which may
involve a surface decontaminating and packaging operation or perhaps a pre-
liminary chemical separation designed to reduce the shielding requirements of

the shipping container.

A completely processed sample will progress from the large hot
cell through the small cells as the chemical separation steps decrease the total
radioactivity. Eventually the samples will be removed from the shielded cells
for final measurements in the spectrographic laboratory or counting room.

Most samples will be in the range of 1 to 5 cc and from 1 to 50 curies
in total activity. The initial step in most analytical procedures will involve
dissolution of the weighed sample in 100 to 200 cc of suitable solvent. The
total radioactivity of the sample will be greatly reduced in general by chemical
separations followed by aliquating and pipetting. Whenever possible chemical
manipulation will be carried out on a microchemical scale . This practice will
minimize the total radioactive waste generated in the laboratories and materially
decrease the shielding requirements during the separation work. The hazard
of a spill is also decreased.

The hot cell will be equipped to provide all chemical and mechanical
operations necessary to prepare solid, liquid, or gaseous materials of up to
1000 curies of gamma radioactivity. The hot cell will have storage facilities
for portions of all samples in the process of analysis and for high-level waste
awaiting disposal. Direct viewing of the cell work space will be provided by
high-density glass windows.

Two small hot cells will be designed to allow any chemical operation
on samples up to 5 curies. These cells also require remote manipulators
and high-density windows. Flexibility in the chemical operations will be pro-

vided by remote facilities for the storage and introduction of the appropriate
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equipment into the cell. The chemical operations or sample preparation will

be continued in the hot cells until the radioactivity is low enough to permit safe

handling of the sample in glove boxes or radiochemical hoods. Shielded sample
carriers will be available to transport radioactive samples from one point to
another.

The large and small hot cells will be constructed of very heavy
shielding and will be designed so that remote removal or decontamination of
"internals" can be accomplished from the reverse side of the cells. A separate

ventilation system will be maintained for the "hot" areas.

The spectrographic laboratory will handle most of the analytical work
load. Laboratory arrangement will minimize sample handling since many

samples will be highly radioactive. The arc -spark stand, which will become

badly contaminated, must be designed to allow complete remote operation and
change to decontaminated spares .

The laboratory facilities will also include a spectrographic dark room

and a film reading and calculating room. The dark room will be used by other
groups, particularly health physics.

The hot laboratory will include radiochemical hoods and glove boxes

for general radiochemical and chemical manipulations. Specialized analytical

apparatus including spectrophotometer, a polorograph, polonium analysis
equipment, and gas analysis equipment will be located in this area.

A small "cold" and "very low level" laboratory will allow chemical
operations and house the counting equipment.

6. Containment System

An overall containment is provided to prevent the spread of radioactive

materials in case of a leak in systems containing fuel and fission products.

Individual containment is provided for each component as well as interconnect-
ing piping. The items to be contained are the reactor, the complete primary

system, the intermediate heat exchanger, the primary fill and dump system,
and the off-gas system up to and including the first two storage tanks. All the
containments are form fitting except the reactor's, which is spherical with a

13-ft ID.

The reactor containment is designed for the maximum credible acci-
dent, a rapid increase in reactor outlet temperature to the boiling point of

bismuth, approximately 3000 F. This temperature is expected to cause
rupture in the reactor outlet pipe, spilling the hot bismuth into the containment.

The spill viill end when the primary pump stops circulating fuel. For the
present system, the maximum spill is about 21 cu ft.
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The spilling bismuth will heat gas in the containment, raising pressure

to a maximum of 35 psig. Since the air does not store a very large amount of

heat, the containment metal temperature does not increase significantly.
Therefore, its design temperature can be set by normal operating conditions.
Because the containment serves an auxiliary function, containment of helium
for the heating and cooling system, the design temperature is set at 1150 F.

If the hot bismuth were to spill directly on the containment metal, it
would probably burst. To prevent this, refractory lining is provided where the
spill is expected to occur. At the bottom of the containment, a ceramic trough
is provided to contain the spilled fuel. Helium gas can be circulated to cool
the fuel after the spill.

The other containments are designed to hold spills of fuel at normal
operating temperature. All containments are designed to withstand full
vacuum, necessary to evacuate the system prior to introducing helium.

Tightness requirements for the containment are based upon preventing
dangerous radioactivity from affecting personnel off the site, after the maximum
credible accident. The maximum allowable rate is 0. 10 percent of the con-
tained volume per day.

7. Reactor Heating and Cooling

To prevent uranium precipitation, and to outgas the graphite core, the
reactor must be heated before the primary system is filled. After shutdown
and draining of the system, cooling will be necessary if fission products have
adsorbed on the graphite. Both heating and cooling will be accomplished by
circulating helium through the reactor containment. The helium-circulating
system is regarded as an extension of the containment. Accordingly, it is an
all-welded system, with a design pressure of 35 psig. Since the helium nor-
mally is not radioactive, the heating and cooling equipment and gas blowers
are located in a compartment shielded from the reactor containment. Limited
access to the equipment area is permitted.

The reactor heating circuit shown in Figure 19 consists of 12-in.
tubular ductwork, a 25-kw electric furnace, and two helium blowers. The
helium blowers are located on the discharge side of the reactor to subject
them to minimum temperature during heatup.

It will be necessary to heat the reactor internals to about 1000 F for
outgassing purposes. The reactor vessel must be heated to about 1100 F to
obtain this temperature. The helium heaters, constructed of a refractory
material, are capable of sustained operation at 2900 F . Heatup to 1000 F
is expected to take about 130 hours.

A damper will cut the heaters out of the circuit and put the cooler into
it when cooling is required.
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8. Primary Component Heating and Cooling System

This system is basically similar to the reactor heating and cooling
system. Heating is required for all primary system components; coolingfor
the intermediate heat exchanger only. All other components appear capable
of dissipating residual fission product heat without a cooling system.

This system is also shown in Figure 19. Independent branches are
provided for the pump, intermediate heat exchanger, and piping since heating
and cooling requirements may vary differently with time for each item.

9. Primary Dump Tank Heating and Cooling System

Figure 19 also shows the dump tank heating and cooling system. It,
too, is basically similar to the reactor heating and cooling system. The
cooling function is particularly important here since most of the decay heat
after a dump is concentrated in the dump tanks. The blower motors can be
powered from the emergency power supply.

10. Cooling Water System

Cooling water will be required as a heat sink for the decay heat cooling
systems, pump and compressor cooling systems, and shield cooling systems.

It is assumed that raw water will be pumped to a reservoir from a source
near the plant site. All cooling water is drawn from the reservoir.

Water treatment will consist of sand filtering and softening.

The distribution main from the reservoir to the reactor building will be
provided with standby pumps and emergency electrical power since it is
essential that certain decay heat cooling systems are capable of operation at

all times.

Flow of raw water to all heat exchangers will be regulated by a pneu-
matic valve controlled by the outlet temperature of the system being cooled.

11. Cell Cooling

The concrete chambers or cells containing the reactor and the primary
loop are air filled, but not ventilated. Therefore, heat passing through the
thermal insulation around the secondary containment must be removed to pre-
vent cell ambient temperatures from rising to levels incompatible with neutron
detectors and other equipment. For design purposes this temperature is 150 F.

A cooling unit will be lowered through the canyon floor into both the
reactor cell and the primary loop cell. Each unit consists of a vertical cylin-
drical duct, a cooling coil, and an air fan below the concrete shielding plug.
Cooling water connections and motor are mounted above the plug.
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The fan draws air into the bottom of the duct, across the cooling coil,
and discharges it horizontally near the top of the cell just below the concrete

slab.

Cooling water to the coil is from the regular cooling water system
(VII E 10).

12. Shield Cooling

The concrete surrounding primary system cells serves as a shield from
neutrons and gammas leaving the primary fluid. In the attenuation of these
sources, some heat is generated within the concrete. It has not been deter-
mined, however, whether enough heat is generated to warrant a separate
shield cooling system. The canyon ventilating system may remove enough heat
to hold temperatures and thermal gradients within the concrete to reasonable
limits.

Should subsequent studies show the need for a shield cooling system,
water will be used as the cooling medium. The present design uses panel
coils sunk in the concrete a few inches from the cell walls. Water in a closed
loop flows through these coils removing the heat from the concrete.

Steel plugs over the intermediate heat exchanger and the primary pump
also serve as neutron and gamma shields. These plugs have integrated cooling
coils which are considered part of the cooling water system for those components.

13. Leak Detection Systems

Leak detection is required throughout the heat transport system to pro-
vide maximum safety for plant personnel and equipment. The leaks considered
and the means of detection are:

a. Fuel leakage to primary system containment,

(1) The helium that circulates through the annuli between the
primary and secondary containment will be monitored
for Xe activity.

(2) The piping between components will be traced with electrical
circuits which will be shorted if leakage occurs. The latter
method serves to pin point leakage.

b. Fuel leakage to intermediate fluid in the intermediate heat exchanger

This leakage will be detected by a radiation monitor located
in the intermediate heat exchanger near the bismuth discharge
line.
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c. Intermediate fluid leakage to building

Piping will be traced with electrical circuits which will short
if leakage occurs.

d. Fuel leakage from containment to building

Detection will be by building ventilation monitors and visual
examination.

14. Primary Fill and Dump System

The primary fill and dump system is composed of a bismuth melt tank,
primary system dump tank, primary system dump valves, a system fill pump,
and interconnecting piping. This system and the components are shown in
Figure 11.

The bismuth melt tank is a cylindrical vessel, about 50ft3 in.. volume.
Bismuth ingots are placed within the tank through a flanged opening in the upper
head, then melted and heated to about 700 F. Heat is applied by induction coils
wound over the insulation.

From the melt tank, molten bismuth flows through 1 1/2 in. piping, a
filter, and a valve to the primary dump tanks.

The primary dump tanks are vertically mounted cylindrical vessels,
34 in. ID by 109 in. inside height. The "eversafe" amount of uranium per-
missible in any tank is 15 kg. To meet this requirement, three tanks are
provided to receive the primary system volume. Each tank, of the above
dimensions, is spaced on 6 ft - 10 in. centers and contains about 36 ft3 of fluid.

The tanks are equipped with a dip tube through which the tank is drained
or filled. (See Figure 11.)

The primary system is filled by an electromagnetic pump rated at 10
gpm with a 30-ft head of pumped fluid. The pump, located at an elevation just
above the top of the dump tanks, is primed by helium pressure, forcing bis-
muth up the dip tube into the pumping section. This arrangement of the fill
pump eliminates a stagnant bismuth column and minimizes radiation exposure

to pump windings and electrical insulation. The fill pump circuit consists of
the EM pump, 1-in. piping and a 1-in. valve.

Two dump lines are provided for drainage of the system. One line
(4 in.) is connected to the primary system low point, which is near the primary
outlet pipe of the intermediate heat exchanger. The second line (4 in.) is con-
nected to the primary system near the pump suction connection. The two dump

valves and the fill valve, located within a shielded wall, are designed for semi-
contact maintenance.

- 49 -



The dump tanks, electromagnetic pump, dump and fill piping, and the

dump valves are heated and cooled by circulating helium through the annuli

between the pipe and the containment. The heating and cooling systems are

described in other sections of the report.

15. Intermediate Fill and Dump System

The intermediate fill and dump system (See Figure 11) is similar to that

of the primary system.

The bismuth melt tank that serves the primary fill system also serves
the intermediate system.

Bismuth flows from the melt tank to the intermediate dump tank via
1 1/2-in. piping, filters, and a 1 1/2-in. valve.

One intermediate dump tank is required: a vertically mounted, right
circular cylinder with 2:1 elliptical heads. The tank volume is about 65 ft3 .

The intermediate fill circuit; i.e., 1-in. pipe, electromagnetic pump
and valve, is identical to the primary fill circuit.

Two dump lines and valves are provided to dump and fill the intermediate
system. These lines are connected to the system low point and to thepump
suction.

All components of the intermediate fill and dump system are heated by
induction coils wound around the outer surface of the insulation.

16. Electrical Power System

This system will supply power to all electrically operated equipment
in the plant. (See Figure 20 for reference line diagram.)

The primary utility services expected are 13. 8 kv supply, to comprise
a double end feed system. Two 2000 kva, 5 1/2 percent impedance trans-
formers will feed the main bus to realize maximum reliability of power from
two separate sources.

The outdoor switchgear consists of transformers with associated meter-
ing and protective devices. Between transformers, secondary circuit breakers
will be key-interlocked with the bus tie breaker, located near the center of the
main distribution bus. The 480 v bus will feed directly to all motors of 10 HP
or higher. Feeders will supply motor control centers for small motors (less
than 10 HP), distribution to lighting and utilities, and distribution to heating
circuits. To provide voltages other than 480/277 v for miscellaneous apparatus,
feeders from distribution panelboards will be available for dry-type transformers.
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FIG. 20: ELECTRICAL SYSTEM (DIAGRAM)
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A constant power supply system, AC-DC-AC, will provide uninterrupted
power to a vital bus for instruments, emergency lighting, battery vents, and

alarm circuits permitting the safe movement of personnel.

The lighting in offices, laboratories, and all areas in general will be
277 v fluorescent fixtures. In the high bay and hot areas, 277 v mercury vapor

fixtures will be used for their high lumen output and low maintenance. Mag-
netic contactors with 110 v operating coils will control all 277 v lighting.

Lighting panels will be the circuit breaker type.

Power cables will be metallic armor sheath type, laid fast in suitable

cable troughs provided the location permits this type of construction. All

cables and wires will be the AVA type, sufficiently protected at particular
locations according to hazards requirements. Mineral insulated cables and

leads will be used wherever high radiation levels might exist.

All circuit breakers and control panels will be the metal-clad type with
dead front and drawout disconnect, assuring maximum safety to personnel.

All apparatus except current carrying conductors, will be provided with
equipment grounds. Metallic building structures will be grounded by driven

ground rods and have less than one ohm resistance to ground.

The overall power and control systems will be free of electrical dis-

turbances from other equipment systems and switching or voltage transients.

Canned motor-type pumps will be used wherever location subjects the
motors to radiation hazards or abnormally high ambient temperatures. To

assure reliability and a wide range of speed control, the motor will be driven

by a variable-frequency power supply. This will allow the control equipment
to be located beyond any hazardous areas to provide stepless speed control
over the range of about 10 to 100 percent rated frequency of the pump motors.

17. Emergency and Stand.-By Power System

A diesel driven generator system will be used for emergency power
supply during critical or emergency operation such as outage of utility ser-

vices. The emergency power supply will control the reactor output as it is
brought down to zero; i.e., control excessive heat loads and maintain safe

temperatures. (See Figure 20.)

Should the normal A.C. bus lose voltage, the A.C. motor of the con-

stant power supply will be disconnected from the line, and the rotating but

de-energized D.C. motor switched to the floating batteries, which continue
to drive the A.C. generator by its mechanical inertia. The output of the

generator, therefore, will be uninterrupted in respect to load. The con-

stant power supply system will operate on batteries until the emergency
diesel generator is started, and power is available on the emergency bus.
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The diesel unit will be on the line three to ten seconds from main line failure
to full load.

Switching to emergency operation will be completed with automatic
apparatus. The return to normal operation will be accomplished manually,
only after observation of the plant operating conditions.

A completely automatic audio and visual signal system will be used to
indicate the plant operating conditions beyond normal operation.

A stand-by emergency diesel unit is not contemplated now, but a spare
unit may be considered if the utility services do not indicate a previous high
order of reliable service.

A daily exercising program is scheduled for the diesel generator to
keep the unit in readiness.
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VIII. PLANT ARRANGEMENT

A. GENERAL

Major factors governing plant arrangement in approximate sequence of
importance are safety, operational reliability, maintainability, and cost.
Safety considerations include containment, shielding, and ventilation.

All systems that normally constitute radiation hazards are located below
grade in a canyon area for economy of shielding, ease of maintenance, and
ventilation control. The only access to these areas is through plugs in the
canyon ground floor arrangement. Details of these systems -- reactor,
primary loop, primary fill and dump, and off gas - are given in Section
VIII-B.

Systems not normally radioactive but which might become dangerously so
after an accident are located so they may be isolated within a shielded area,
safely ventilated, and made accessible only through a contamination control
room. Such systems are the intermediate and the startup heating and decay
heat cooling systems. These are located below grade, remote from plant

operating areas and adjacent to the stack. Normal access is through contam-
ination control.

The chemical hot cell, which will be used for the preparation of fuel and
off-gas samples for analysis, is enclosed within heavy walls next to the chemistry
laboratory from which it will be operated by through-wall manipulators. Adjacent
to the hot cell are two small semi-hot junior caves with small manipulators.
There are four additional caves for lower level radiochemical work. The areas
of the chemistry laboratory used for operating the hot cell and caves are re-
garded as semi-hot and are separated from other chemical laboratory areas by
a light shielding wall. Access between the two areas may be directed through
the personnel contamination control room, if conditions necessitate this pre-
caution.

Continuous fuel monitoring is done in a room below the contamination control
area. This location is convenient to the outlet from the intermediate heat
exchange, the point selected for monitoring. It also permits the channeling
of personnel entering or leaving this fuel monitoring room through the personnel
contamination control area.

The contamination control room is divided into two areas - one for equipment,
and one for personnel. The former also serves as an ante chamber to the
chemistry hot cell. The latter contains a hot shower, special clothing, and
monitoring instruments. All other areas of the building are normally free from
radioactivity and are properly shielded and ventilated.
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Control during normal operation is centered in the master control room

which contains all instruments required to operate the reactor, record nu-

clear data, and monitor plant areas. Maintenance control is centered in the
maintenance control room on the second floor abreast of the primary pump
and heat exchanger. It has two high-density glass viewing windows plus
television monitors and controls for the remote maintenance tools.

Immediately outside of the reactor building will be some buried storage
or holding tanks for radioactive gases. A liquid waste treatment facility
and a small health physics laboratory for tests and instrument calibration
will be located a short distance away.

Shipments are expected to be received by truck on an access highway
and possibly by a railroad spur.

B. REACTOR PLANT

Plan views of the reactor plant are shown in Figures 21, 22, 23 and elevations
in Figures 24 and 25. Figure 26 is a trimetric of the reactor building showing
some of the reactor plant equipment.

The primary loop follows an in-line arrangement of the reactor, pump, and
heat exchanger (Figure 21), largely for ease of maintenance. Other advantages
are a narrower canyon with a shorter crane span and shorter length of piping.
Access from both sides of the primary loop also is easier for supporting
systems such as intermediate start-up heating and decay heat cooling, fuel
monitoring and sampling, and instrumentation.

The vertical arrangement and the relative elevation of components are
dictated by their functional requirements and requirements set by the semi-
contact or through-shield maintenance procedure. The pump must be low
enough to satisfy reasonable NPSH (net positive suction head) requirements,
and high enough to project through the shield (canyon floor) without excessive
shaft length. The heat exchanger too must project through the shield and be
as short as possible to minimize depth of excavation. The dump tanks must
be low enough to permit full drainage of the fuel through the dump valves. Two
dump valves will be used since there are two low points in the system: the
pump suction, and the heat exchanger outlet. A separate fill line with a valve
is also required. This fill line can also be used for dumping, but is limited
in size by the EM fill pump.

Gas-pressure filling of the system was rejected because it requires the
use of a high pressure, leakproof, non-lubricated helium compressor and the
containment of large volumes of gas contaminated with radioactive fission
products. This approach also unduly complicates the control system. These
problems are not avoided entirely but are minimized by using a pump for filling
which, however, requires a third valve in this fill line.

The two dump valves and the fill valve are located near the bottom of an
access shaft at the far end of the canyon (beside the storage pool). These
valves, as the p- imary pump and heat exchanger, are designed for semi-
contact or through-shield maintenance. The valve stems and plugs are pulled
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FIG. 24: LONGITUDINAL ELEVATION
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FIG. 25: TRANSVERSE ELEVATION
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FIG. 26: REACTOR PLANT (CUTAWAY VIEW)
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FIG. 27: PLANT VENTILATION SYSTEM
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and installed remotely, but the seal welds are cut and made by direct contact
or conventional procedures.

Thermal convection cooling of the primary system is not considered.
In the event of pump failure, the system will be dumped and decay heat
removed from the dump tanks using a circulating gas system.

The intermediate system is at right angles to the primary system. Piping
connections to the intermediate heat exchanger are above the canyon floor. The
pipe elbows down to a shallow chase in the canyon floor, passes through the
canyon wall, and then elbows down to the intermediate pump and air blast
heat exchanger room below. The dump tank and fill pump are at a lower level
directly beneath this room. Thus, the entire intermediate system is located
outside of the canyon area except for the supply and return lines to the inter-
mediate heat exchanger.

The inert and off-.gas system may be thought of as divided into high-level
and low-level sections. The high-level section components are located in the
primary loop cell whereas the low-level sections are in limited access areas.

The major high-level sections include components required for filling and
dumping the primary system and two or three of the off-gas decay tanks. Tanks
for filling and dumping operations are s wn in Figure 23. Tanks and pumps for
the low-level sections will be located ii: Ats below the service and decontamination
area or near the start-up heating and cooling room.

Only one gas pump will be used for high-level radioactive service, that used
for priming the EM fill pump. It will be mounted just under a plug in the canyon
floor to provide access for maintenance.

The high-vacuum pump for outgassing the primary system probably will be
located in the startup heating and cooling room to give the shortest possible
line. The roughing pump or forepump need not be located here, however,
since length of line is not as critical at the lower vacuums.

Other systems and components in the reactor plant do not pose special
arrangement problems and will be located in accordance with functional and
economic considerations.

C. BUILDING VENTILATION

The entire reactor building will be ventilated so that the air flows from
the least to the highest radioactive areas (See Figure 27). This minimizes
the spread of air-borne contamination and, therefore, the dangers to
personnel.

The air flow pattern is set up so that all air that has passed through a
contaminated or hot area is stacked. However, before stacking the air is
passed through an absolute filter to remove air borne particles.

The incoming air is filtered to remove all foreign matter and then adjusted
to the desired temperature and humidity conditions. The air leaving the
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central air-conditioning unit flows to the offices, the cold chemistry laboratory,
and other nonradioactive areas. Some of this incoming air goes to the semi-
hot facilities such as semi-hot laboratories, caves, and glove boxes. The air
from the semi-hot areas proceeds to the chemistry hot cell, then to a filter, and
finally to the stack. Air that leaves the cold areas, except the cold chemistry
laboratory discussed below, is recycled and mixed with the fresh air entering the
building.

Ventilation air entering the cold chemistry laboratory is vented directly
to the outside when the hoods are in use. Otherwise this air is added to the
recycle stream.

Air required for ventilation of the canyon comes from the switchgear, per-
sonnel contamination control, and the service and contamination area rooms.
It is exhausted by fan from the canyon through a filter to the stack. Remotely
operated louvers in this vent can be used to control the circulation through the
canyon. The blower of the air blast cooler also can be used to provide a large
amount of outside air for dilution purposes.

Air from the semi-hot chemical laboratory is vented to the chemical hot
cell and exhausted by a separate fan through a filter to the stack.

No intentional circulation of air through the primary loop and reactor cells
is contemplated. In fact, flow into these area will be held to a minimum. How-
ever, since they will be maintained under negative pressure by a small fan in
the reactor cell, some in leakage is to be expected. This will be vented, by the
fan, through a filter and directly to the stack.

Two stacks are proposed. The larger, about 8 ft in diameter, will handle
the exhaust of the air blast cooler and canyon ventilation. The smaller, about
6 in. in diameter, located within the larger stack, will handle the exhaust from
the chemical hot cell and the reactor cell. These ventilation exhausts can be
discharged to the atmosphere by filtration and dilution using the air blast blower,
if required.

D. SHIELDING

In general, shielding for the LMFRE-I plant is designed so the (1) plant
personnel in any unlimited access area cannot receive a radiation dose greater
than 7. 5 mr/hr (per N. B. S. Handbook 59), and (2) off-site personnel cannot
receive a dose greater than 0. 75 mr/hr during normal operation on main-
tenance, e. g., with plugged heat exchanger tube bundle above the canyon floor.
All plant areas are unlimited access areas except for: cells below the canyon
floor, access areas under shields supported by the canyon floor, chemical hot
cells, and equipment contamination control area.

The maximum dose rate for any limited access area is 60 mr/hr for
(1) access areas under shields on the canyon floor used for contact maintenance
of the pump and intermediate heat exchanger, (2) the dump valve and gas pump
cells below the canyon floor, (3) the equipment contamination control area, and
(4) the continuous uranium monitoring room below. The limit of 60 rm/hr also
applies to other areas under the following conditions:
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1. Fill and inert gas storage room, during transport of the heat exchanger
tube bundle or pump internals to the pool above the canyon floor, or when
up to 1 cu ft of fuel leaks into the intermediate system.

2. Equipment decontamination area, when a fresh source of 30 curies is
within the chemical hot cell

3. Primary pump and heat exchanger contact maintenance, when the shield-
ing "hats" over these components has been removed.

4. Continuous uranium monitoring room, during full power operation

5. Dump valve access cell, 1 hour after shutdown or with a plugged heat
exchanger at the nearest side in the pool one week after shutdown.

The canyon floor and the canyon walls are the primary biological shields.
The floor above the reactor consists of 6-ft thick barytes concrete, and
that above the primary loop of 4-ft thick barytes concrete. This permits un-
limited access to the canyon floor during normal operation at 5 MW. The
canyon walls on the west end and south side, where the major operating areas
and offices are located, are 3-ft thick barytes, which permits the continuance
of normal functions during transfer of a hot component within the canyon.
This 3-ft thick concrete will extend to 12 ft above the ground floor except in
the vicinity of the maintenance control room on the second floor, where it
will extend to a higher level. Above these levels ordinary concrete will be
used.

Walls on the south end and north sides will be 2-ft thick barytes, 12-ft
high. Operating areas on these sides will be cleared of personnel during
transfer of large radioactive sources within the canyon.

Internal shielding is included in the control rod extension of the reactor
to provide the necessary biological shield. The control rod tubes and the
outer shell of this top extension of the reactor are stepped to prevent radiation
streaming. Thus, no cap or cover over the reactor is required for access to the
canyon floor during normal operation; only that amount of shielding around the
liquid metal control rod mechanisms required to permit occurs for maintenance,
can be removed.

Both the primary pump and the intermediate heat exchanger have internal
shields and 4-in, steel plugs for support: and maintenance shields. The steel
is overlaid with 5-in, lead to shield gamma rays from the activated steel.
This shielding is adequate for the limited contact maintenance required for
these components. Removable barytes concrete shields cover the maintenance
shields to permit personnel access to the canyon during operation.
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IX. INSTRUMENTATION AND CONTROL

A. OPERATING PHILOSOPHY

The control system will help to determine the degree of stability of the
reactor and plant system, demonstrate that the plant control system is
compatible with the temperature design requirements, and protect the
plant from possible dangerous operating conditions.

The system will regulate reactor reactivity in conjunction with thermal
control of the primary, intermediate, and air systems. Until the reactor's
nuclear characteristics have been sufficiently investigated, the plant will
be controlled. from the reactor alone. Either manual or automatic control
is available, the reactivity being controlled by movement of the regulating
rod for small reactivity changes, and by control of the uranium concentra-
tion of shim rods for long term reactivity changes. The method of control
must be obtained from the careful analysis of reactor and system analogue
studies. Signals from either the air stream or the primary fluid could be
used to inititate necessary control operations. An attempt will be made to
operate the reactor without any rod control if initial tests indicate that the
temperature coefficient of reactivity is adequate to overcome reactor
transient conditions.

At some point below one MW, a point is reached where heat removal
must be facilitated by operating the intermediate and air systems in some
manner. Certain restrictions limit the type of control that can be used for
this plant. A major factor is that the coldest local fuel temperature must
not be allowed to drop below 700 F during operation, due to the danger of
precipitating uranium from solution. Also, the outlet reactor temperature
must be maintained below 885 F during initial operation because of mass
transport considerations. Later this temperature may be increased to
975 F. The control systems are tentatively designed for constant tempera-
ture operation at the reactor for a load range of about 20 to 100 percent
power, where pump speed in the primary and intermediate systems is
varied throughout the range. Below about 20 percent power, the primary
and intermediate pumps will be locked in at constant speed and the reactor
will. operate at varying AT.

Overall control should insure that power changes at any operating
condition can be obtained from the reactor or the air system. Certain
interlocks must be provided to safeguard the plant.

In addition. to the operating controls, a safety control system is
available to protect the reactor and plant from dangerous conditions. Only
those conditions that cause rapid temperature changes, excessively high
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FIG. 20: PLANT CONTROL SYSTEM
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FIG. 29: TEMPERATURES AS A FUNCTION OF
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FIG. 30: INSTRUMENTATION SCHEMATIC
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or low temperatures, and leakages from the liquid metal systems are
considered dangerous.

The safety system is inherently fail-safe and will override all normal
operating control. The components to be controlled directly from the safety
system include the safety rods, liquid metal pumps, air fan and louvers,
and the dump system.

B. PLANT CONTROL

Since one of the goals of control system design is to provide information
necessary to design a suitable control system for a full-scale LMFR, some
flexibility has been provided for experimentation. Initially, the system will
be set up as indicated in Figure 28. This setup is elaborate, but further
system analysis and operation of the plant should permit simplification. The
instruments necessary for this scheme are shown in Figure 29.

The control scheme shown in Figure 28.maintains constant both the
primary system hot and cold leg temperatures and the intermediate system
hot leg temperature. This requires separate variable speed drives for
the primary and intermediate system pumps as well as .some motion of
the reactor regulating rod. The rod motion is required to compensate for
change in the delayed neutron fraction which occurs during flow changes.
The primary system temperature is maintained constant to minimize
thermal transients in components. An anticipatory signal from the heat
sink, changing pump speed and control rod position is also provided. The
intermediate system hot leg temperature is selected as a constant because
this tends to minimize temperature variations as a function of power level.
Variation in system temperature as a function of power level is shown in
Figure 30. This control scheme is based on the use of the heat sink as
the forcing function. To change power level, the operator controls the air
fan or louvers on the air blast heat exchanger. During initial operation
the following set points will be used: primary system hot leg temperature,
885 F; primary system cold leg temperature, 750 F; intermediate system
hot leg temperature 861 F. The plant is also designed to utilize an
alternate condition at higher temperatures. Under this condition the set
points will be: primary system hot leg temperature, 975 F; primary
system cold leg temperature, 750 F; intermediate system hot leg temp-
erature, 935 F.

The control scheme depends on varying pump speed. Electrical
equipment places a lower limit on this variation at about 20 percent of
full speed; therefore, below this speed, flow becomes constant and
temperatures vary. Power level changes in this range must be made
slowly and carefully to avoid thermal shock.

After the control system has been proved out, it will be modified
to test simplified controls e.g., the variable speed controls for the
primary and intermediate system pumps could be locked together to
simulate feeding them from a common source. This procedure is not
recommended for initial operation because uncertainties in pressure
drop may demand that these pumps run at different speeds to obtain rated
flow.
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Another modification might be the removal of control from the primary
system cold leg temperature, and the removal of automatic temperature
control from the reactor regulating rod except for safety overrides. This
would simplify the control system and decrease dependence on control rods.
It also would raise the primary system cold leg temperature an expected
50 F at operation at less than rated power because of the increased delayed
neutron fraction in the core at lower flows.

A third modification might be the use of constant flow in the primary
and intermediate systems. This would permit elimination of the variable
speed power supplies and their controls. However, this might require
slow load changes to avoid severe temperature transients.

C. PLANT SAFETY SYSTEM

The safety control system will protect the entire plant from dangerous
conditions that might occur. Rapid changes in temperature and power,
primary coolant leakage, and loss of pumping power are considered
dangerous and will result in a plant shutdown .

Complete plant shutdown will be accomplished by a combination of
driving the safety rods into the reactor (scram or setback), stopping the
primary and intermediate pumps, and dumping the primary system. Since
the reactor is the plant heat source, it must be shut down for any serious
abnormality in the plant. To protect the reactor outlet piping from severe
temperature transients fallowing a reactor scram; i.e., temperature
change:s of 975 to 750 F in approximately 30 sec @ 8. 22 MW and full flow,
the pump speed will be either stopped or reduced to minimum during reactor
scram.

The primary system dump will be started when a leak is detected in
the primary system, when the continuous uranium monitor senses a surge
of reactivity, or when a positive period is sensed after the control rods
have been scrammed. At all times, whenever the system is dumped,
the reactor will be scrammed and the pumps stopped.

Scram is defined as the automatic insertion of all safety rods at a
maximum safe speed. This action, which cannot be stopped by the operator,
will immediately (<2 sec) reduce the reactor power output to the lowest
possible level. The conditions causing scram are:

1. Nuclear

a. short positive period, X10 sec

b. over flux trip, 2:125 percent (8 1/3 MW - 100 percent)

2. Thermal

a. reactor outlet temperatureZ1025 F
b. reactor inlet temperature,4700 F

3. Secondary

a. primary pump failure
b. manual
c. dump signal
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FIG. 31: POWER VS. TIME FOR VARIOUS RAMP REACTIVITY INPUTS
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FIG. 32: TEMPERATURE VS. TIME FOR VARIOUS RAMP REACTIVITY INPUTS
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FIG. 33: POWER MAXIMA AND MINIMA VS.

RAMP REACTIVITY ADDITION
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FIG. 34: TIMES OF POWER MAXIMA AND MINIMA
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FIG. 35: ESTIMATED MAXIMUM (AVERAGE) FUEL TEMPERATURE
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FIG. 36: AVERAGE TEMPERATURES IN THE IHX AS A FUNCTION OF TIME

FOR A RAMP INCREASE IN POWER FROM 50 TO 100% OF FULL POWER IN
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FIG. 37: AVERAGE TEMPERATURES IN THE IHX AS A FUNCTION

FOR A RAMP DECREASE IN POWER FROM 100 TO 50% OF FULL ]
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FIG. 38: LMFRE REACTOR STARTUP CHANNELS
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FIG. 39: INTERMEDIATE AND POWER RANGE CHANNELS
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FIG. 40: PROPOSED NEUTRON DETECTING
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Setback is defined as the automatic rundown, at normal speeds, of' all
safety rods to return the abnormal condition to a safe value. Setback can
be stopped manually by the operator, after the initiating signal returns to
normal, which allows a more rapid return to operating power after the
disturbance. If setback does not return the system to normal, the scram
system is relied upon to safeguard the equipment.

Setback may be initiated by any of the following conditions:

1. Nuclear

a. low positive period,<15 sec
b. over flux trip,? 115 percent

2. Reactor fluid

a. high outlet temperatureZ1000 F
b. low inlet temperature, X725 F

3. Secondary

a.. manual
b. control rod mechanism failure

In addition to the scram and setback requirements, sufficient audible
and visible alarms are available to identify quickly and conveniently any
abnormal operating conditions.

All equipment having a direct function in plant safety control will initiate
the required action either when the dangerous condition is indicated or when
the equipment is inoperable. A component is considered inoperative when it
fails to operate correctly (either from mechanical, electrical, hydraulic or
pneumatic failure, or when the driving-power-source is removed from the
component).

All nuclear safety signals (overflux, period) are initiated only when
two independent channels sense the abnormality or when two channels fail
due to component failure. Using information from at least two channels
provides a more reliable system and maintains the necessary fail-safe
requirements of a safety system.

D. REACTOR KINETICS AND SYSTEMS ANALYSIS

System analysis of the circulating fuel reactor presents some unique
problems caused by the effect of delayed neutron circulation and the
effects of multiple temperature coefficients resulting from fuel and
moderator temperature variations.

A comprehensive investigation of the reactor kinetics and the stability
of the heat transport system must be made. The objectives of the investiga-
tion are.

1. To obtain information on the short term kinetics of the reactor so
that a knowledge of the hazards resulting from various nuclear
transients may be acquired,
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Z. To analyze the various components both separately and as a complete
system so that the degree of inherent stability of the system may be
determined

3. To determine the kinetics of the entire system as well as the reactor
so that operating procedures can be specified

4. To determine the most practical means of control within the frame-
work of the control philosophy outlined in S ection IX, A and to obtain data
necessary to specify the control system.

The effort is divided into two areas, digital calculations and analogue
simulation. The prine purpose of the digital computations i s to obtain accurate
information on the expected performance of the individual system components;
i. e. , reactor, heat exhanger, etc. Utilization of these calculations will
lead to simplified methods of analysis which should help reduce the complexity
of the analogue calculations and provide a check on the latter results.

The initial effort has been to :yet up a reliable program for prediction of
the short term kinetics of the reactor itself. Figures 31 through 35 illustrate
some of the short term transient conditions encountered in the reactor at full
power for various reactivity addition rates, if the reactor is not controlled
externally (e.g., by control rods). The calculations take into account the
separate temperature coefficients of the fuel and moderator, and the space
variation in temperature throughout the moderator. Digital computer
techniques have been used to analyze transient conditions in the intermediate
heat exchanger. These studies have led to some valuable simplifications
of the original system of equations for the heat exchanger. They have shown
that a rigorous treatment of the tube wall is not required and that the total
stored energy in the heat exchanger during a transient is less than 5 percent
of the total energy transferred during the transient. Therefore, the unit
shows a rapid response to temperature transients. Figures 36 and 37
illustrate this effect for an increase in power and decrease in. power
respectively. The power was varied over a period of one minute by varying
both inlet flows and the inlet cold fluid temperature according to the
variation in load. Average temperature reached final steady state conditions
within about 12 sec after the inlet conditions are constant.

, REACTOR INSTRUMENTATION

1. General

The nuclear instrumentation for LMFRE-I, shown in Figures 38 and 39,
consists of three sets of detectors and allied equipment: reactor startup
channels, intermediate power channels, and power channels.

The functions of the nuclear instrumentation are

a, to monitor the neutron flux level from startup through full power

(Figure 40)

b0 to provide reactor rate of change (period) information over at
least the top six decades of reactor power
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c. to provide a signal to initiate "set back" at approximately
115 percent power or 15 sec period

d. to provide a signal to initiate "scram" at approximately
125 percent power or 10 sec period

e. to provide a signal from 1 to 150 percent full power for
controll purposes .

The startup instrumentation will use fission chambers and the
associated pulse circuitry. The intermediate channels will use compensated
ionization chambers, and provide information on both period and neutron
flux levels over approximately the top six decades of reactor power operation.
Uncompensated ionization chambers will provide information for power
measurements and for the automatic control of the reactor.

All detectors except the high-temperature startup detector will be
placed externally to the reactor secondary containment in an operating
ambient not to exceed 150 F. The detectors will be placed in open guide
tubes supported from the biological shield. The startup and intermediate
detectors will be placed behind 4 to 8 in. of lead to reduce the gamma
intensities to a maximum of 105 R/hr.

Removal of a plug in the top shield of the reactor cell will provide
access to each detector for installation, or replacement.

A high-temperature detector will be placed in a central instrument
port which extends to the reactor core. This port consists of a 3-in. ID
thimble filled with an inert gas (helium) that reduces oxidation of the high
temperature detector's housing.

Sufficient tantalum-sheathed thermocouples will be embedded in the
reactor to obtain reliable transient and steady state temperature conditions
in the core fluid and reactor graphite. The thermocouples will have response
times of less than .1 sec and the transient temperatures will be indicated
on a recording oscillograph. The steady state temperatures will be
recorded on a multi-point recorder and used to determine horizontal and
vertical temperature gradients in the reactor.

To supplement the reactor nuclear instrumentation and provide a
signal to initiate the required safety operations, a continuous uranium
(reactivity) monitor presently under study will be placed near the outlet
of the intermediate heat exchanger. This instrument will be designed to
initiate the necessary corrective action (i. e. , to open the dump valves)
when an excess reactivity (or uranium content) equal to or greater than
5 percent, or an. excess uranium concentration equal to or greater than
500 grams, passes the monitor location during a period of time equal to
or less than the longest core transit time (-65 sec). The signal will be
initiated by the integrated results for the time period involved, to guard
against uniform over-concentrations, or by the total accumulated results
for shorter periods of time to guard against agglomerated particles of
uranium that may be present in the stream.
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2. Equipment

The startup channels use similar equipment for the detectors and
possibly the preamplifiers. The high-temperature channel has a special
high-temperature detector and preamplifier that will operate in ambients
up to 1000 F. The remainder of the equipment for both types of channels
will consist of the detector power supply, linear amplifier, pulse height
discriminator, count rate meter, period amplifier and meter, scaler,
appropriate recorders, and selector switches.

The intermediate (log N) channels consist of a compensated
ionization chamber, detector power supply, log N amplifier, period
amplifier, level and period meters, and appropriate recorders and
selector switches.

The power range channels use an uncompensated ionization chamber,
detector power supply, linear amplifier, level recorder and meter, and
appropriate selector switches.

All equipment except the detectors' and preamplifiers will be housed in
the master control room in the reactor instrumentation cabinets,
control console, or plant panels. The design lifetime for the equipment
will be 44,000 hrs at an operating ambient of 80 F and humidities up to
90 percent. Exceptions to the lifetime design are the neutron sensors,
equipment exposed to radiation levels up to 105 R/hr or 1010 nv, and
replaceable plug-in components or sub-assemblies.

3. Operation (Nuclear Instrumentation)

The start-up channels rely on the processing of individual
pulses that result from the fissioning of the U-235 coating in the start-up
detector.

The detector's voltage supply is adjustable from the control room
and is set to obtain maximum neutron sensitivity at the detector. Each
pulse is transmitted through the preamplifier, which matches the
impedance of the detector to that of the cable, and transmits the pulse
through the cable with maximum efficiency and minimum attenuation. The
linear amplifier is composed of a high-gain, low-noise amplifier and
discriminator which take the pulses from the preamplifier and convert
them to pulses of given magnitude and width. The discriminator limits
the linear amplifier's output to pulses from neutrons and biases out those
due to noise, gamma rays, and extraneous pulses.

The logarithmic count-rate circuit takes the standard pulses from
the linear amplifier and through a series of "pump-integrators", converts
the pulses to a signal proportional to the log of the pulse rate. The period
or derivative amplifier differentiates the output of the count rate circuit
and provides a signal proportional to the inverse reactor period.
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A scaler is available to count individual pulses for use during reactor
startup. Both the count rate and reactor period will be indicated on their re-
spective cabinet meter and on the remote control console meter. Each channel
of the count rate and reactor period can be recorded on the reactor panel.

A signal will be supplied to the safety circuit from both the count rate
and period circuits. An interlock will be available on the CR meter to pervent
the reactor from increasing in power when the CR meters indicate full-scale
deflection, unless the channel above is in an operating position.

The intermediate channels use a compensated ionization chamber that pro-
vides a continuous output signal proportional to the neutron flux of the reactor.

Compensation is necessary to reduce the gamma current background to
tolerable levels and thus increase the effective range of the chamber. Prior to
reactor operation, the compensating voltage will be set at the manufacturer's
recommended setting and adjusted, if necessary, whenever the reactor is shut-
down after a power run. By use of a log diode, the log N amplifier converts the
chamber's signal to a voltage proportional to the log of the neutron power. The
period amplifier will be identical to those used for the startup channels and will
provide period information over the top six decades of reactor power.

Indications of the reactor power and period are available at both the cabi-
nets and on the console, and can be recorded on the reactor panel.

The linear power channels will use uncompensated ionization chambers
since the expected neutron current should be several decades above the gamma
current. The output signal of the chamber will be amplified by the linear
DC amplifier and used for indication and control of the reactor over the power
range. The output of the linear amplifier will be displayed on a local meter and
remotely on the control console and will be recorded on the power range recorder.

The period and power safety circuits will be composed of "on-off" type
components to assure positive action once the preset conditions are reached
or exceeded. The system will operate when two or more independent channels
simultaneously sense the preset signal or when two channels have failed
electrically, either as a result of power loss or failure of essential components
in the system.

F. NON-NUCLEAR INSTRUMENTATION

The most feasible designs for the sensing elements that will determine
the liquid bismuth temperature, flows, pressures, and levels are being
investigated. The instrument design will be selected from the following:

1. The temperature sensing element consists of Croloy 2-1/4 sheath

thermocouples with either iron-constantan or chrome alurnel wires

2. The two most promising pressure sensing equipment designs are

a. NaK - filled systems that use slack diaphragms to isolate the pro-
cess fluid from the instrument

b. a bellows- operated pneumatic transmitter

- 65 -



3. The liquid-level indicator designs are

a. differential pressure types using slack diaphragm assemblies
to measure the pressure difference

b. resistance probes

c. a buoyant float using a differential transformer to measure the
force exerted on the float.

4. The flowmeter designs are

a. a magnetic type meter

b. a variable area type

c. a differential pressure type using a calibrated elbow to produce
the pressure difference which is measured by slack diaphragm
assemblies.

A problem associated with the development of these sensing devices
is the determination of a method to transmit signals from the point of
orgin to the recording instruments without compromising the secondary
containment. To overcome this problem, an attempt will be made to
pierce the secondary containment with electrical leads. This cannot be
done unless the ambient is compatible with the operating temperature of
the transmitters. Where the ambient temperature in the secondary
containment is excessive, the containment will be extended to achieve the
desired temperature drop.

If reliable instrumentation and control is to be provided, some
method must be devised to service and replace primary sensing elements.
The method proposed for diaphragms can be adapted to all primary sensing
elements. The arrangement employs three seals as shown in Figure 41.
The first is a mechanical seal between the diaphragm nozzle and the process
equipment. Bismuth that leaks past the first seal will freeze in the small
annular opening between the containment pipe and the pipe holding the
diaphragm assembly in place, thus forming the second seal. The bismuth
rings provide a third seal against fission products and also hold or lock
the diaphragm assembly against the machined seat. An electrical heater
installed within the secondary pipe is used to melt the U-Bi and bismuth
before removal of the diaphragm is attempted.

G. PLANT RADIATION AND HEALTH PHYSICS MONITORING SYSTEM

1. General

This system includes all radiation monitoring equipment except
the reactor instrumentation. The required health physics monitors,
both fixed and portable, are considered part of the above system.
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FIG. 41: LMFRE-I INSTRUMENT SEMI-CONTACT MAINTENANCE
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To protect the health of plant personnel and the population in the
surrounding area, adequate indication and control of radiation levels will
be obtained from this system. Detectors are available to protect equip-
ment from dangerous radiation levels, to aid in the control of chemical
processes, to monitor all waste disposal operations, to determine the
efficiency of gas cleanup processes, and to detect leakages of radioactive
fluids.

All indications will be shown on individual meters in the control
room along with the appropriate channel alarms and alarm set points.
Additional alarms, both audible and visible, will be installed at the
detector location where a possibility of personnel over-exposure exists.

Multi-point recorders will supply a permanent record of the levels
detected by each channel, and will eliminate the need for individual
recorders.

2. Monitors

a. Permanent Health Physics Monitors

A ten-channel permanent health physics monitoring system will
be used in the plant to measure dose rates between .01 and 10 mr/hr. These
monitors will be placed in accessible areas which may be readily occupied;
i. e. , control room, maintenance shop s, change room s, hot labs, etc. A
sufficient number of monitors will be placed outside the physical building
to establish a permanent record of fallout near the plant.

b. Primary System Leakage Monitor

This monitor(s) will be used to detect any leakage that occurs
from the primary system except leakage within the heat exchanger .. A continuous
gas sample will be analyzed for both gross and particulate activity. This
sample is obtained from the continuously circulating gas supply between the
primary and secondary containments. Leakage of one cc/week can be
detected after the reactor has been operated in the power range. This
monitor will be used to determine whether a leak is severe enough to
warrant a primary system dump.

c. Intermediate Heat Exchanger Monitor

To determine whether a leak occurs in a tube of the heat
exchanger, a detector will be placed near the intermediate fluid outlet of
the IHX. This detector will monitor for gross activity from outside the
thermal insulation of the intermediate system piping. A leakage of
approximately 1 cc of primary fluid into the intermediate fluid can
be detected after the reactor has operated in the power range. The
detector will be lead-shielded to reduce the radiation background from
the primary system.
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d. Stack Monitor

This monitor will determine the radioactivity present in the
gases emitted from the stack. A gas sample will be drawn from the
stack and monitored for a , P, and y activity by a continuous-filter sampling
device. A gross activity monitor will detect the activity of non-filterable
gases. If the level exceeds the pre-set conditions 9 an alarm will be
sounded; if the radiation is high enough the air-blast cooler will be stopped
and/or the ventilation system will not be vented to the stack.

e. Off-gas System Monitor

This monitor will determine the activity in the off -gas system.
Both gross and particular activity monitoring will be available to measure
any desired element. When the radiation level is sufficiently high, after
the off-gas passes through the charcoal beds, an alarm will be sounded
to warn the operator to switch to a spare bed and reactivate the spent bed.

f. Plant Effluent Monitor

These monitors will determine the gross activity for all the
effluent water0 The activity will be monitored either in the holdup (retention
tanks) or in the exit stream. If the activity level is high, no effluent will
be allowed to leave the plant site instead it will be diverted or held up in
retention tanks until the level returns to tolerable limits.

g. Miscellaneous

In addition to the permanent monitors, portable equipment will
be available to monitor for both particulate and gross activity. These
monitors will be used to protect personnel from radiation over-exposure
wherever maintenance is being performed, equipment is being inspected,
or experiments are being conducted.

A series of collector stations are available to collect air-
borne particles over a long term. These filters will be analyzed for
activity to determine the concentrations of particular activity; i9 e,
polonium, iodine, etc.

Low background a ,p and y counting equipment will be available
for monitoring of samples or foils collected from plant operations9
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X. MAINTENANCE AND HANDLING EQUIPMENT

A. EXTENT OF REMOTE MAINTENANCE

The maintenance techniques and equipment developed for the LMFRE-I are
the minimum necessary to keep the reactor operating. Even this minimum
equipment will provide much information essential to the subsequent development
of maintenance schemes for full- scale LMFR central station power plants . The
proposed arrangement was developed only after study and comparison of various
maintenance schemes for both large-scale (LMFR) power stations and LMFRE
plants. The close and direct relationships between plant maintenance, plant
and component design, an.d plant operating costs were very apparent in these
conceptual studies. The conclusion is that contact and semi-contact maintenance
techniques should be utilized whenever possible for reasons of economy, technical
simplicity, and reliability. However, remote maintenance techniques are
required for certain operations in radioactive areas of the LMFRE-I plant and
to supplement the primary contact and semi-contact maintenance procedures.

The relative complexity of remote maintenance techniques is reflected in
estimates of time and costs involved in the performance of certain remote
maintenance jobs. Actually, conceptual studies have shown that it is relatively
less expensive to throw-away certain radioactive components that have "minor"
functional failures, e.g., broken oil-seals, than provide the necessary remote
maintenance equipment, facilities, and manpower required for the remote
repair. Therefore, basic remote maintenance on the LMFRE-I will be the
replacement of failed radioactive components with new non- radioactive
components, and the subsequent disposal of the former.

B. DESIGN CONCEPTS

The LMFRE plant maintenance scheme has been formulated from two
basic concepts. The first utilizes component internals that are bayonet-
mounted within vertical component shells to allow vertical removal and
replacement (refer to Fig. 14, 24, and 25). The components to be main-
tained in this manner are primary system pump, intermediate heat-exchanger,
dump valves, fuel sampler, metallurgical samplers, and the uranium addition
mechanism. The component heads protrude above the shield (which is the
canyon floor). Sufficient shielding is provided within each component head
to enable personnel within the canyon to approach the component head and
maintain cold-service lines during plant shutdown.. Auxiliary shielding
is used on the canyon. floor around each component head so that personnel may
safely enter the canyon during plant operation.
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The component head is seal-welded to the component shell. By removing
the auxiliary shielding and a hold-down ring and then cutting the seal-weld, the
component internals can be remotely extracted from the component shell by a
component transfer container for transfer to the "hot" storage pool by the
canyon bridge crane.

Beneath the canyon floor the component shells are interconnected by
piping, which must be maintained by remote methods. Certain radioactive.
auxiliary components beneath the canyon floor, such as dump-tanks, are
not through- shield mounted and therefore are also maintained by remote
methods. Since the life expectancy of component shells and piping is long
in comparison with that of component internals, it is anticipated that
maintenance of the component shell or pipe maintenance will be necessary
at relatively infrequent intervals during the life of the LMFRE-I, if at all,
The same is expected for dump-tanks and the reactor. Maintenance equip-
ment provided will have sufficient flexibility to be utilized for more than
one job, and in more than one area of the plant. Therefore, there should
be no large inventory of expensive specialized items of maintenance equip-
ment.

The second basic concept employed in the LMFRE maintenance scheme
is the use of mobile truck-mounted manipulators and television viewing
equipment for the positioning and viewing of remote maintenance mechanisms
such as pipe cutters and welders. The mobile manipulator truck, its
manipulators and television equipment will be battery powered and radio
controlled. This mobile equipment will be lowered into the appropriate
area and used to cut and weld pipe, remotely assist in component shell
removal by ,the canyon crane (after the component internals are removed
and the component pipes are cut), assist in reactor removal and the
removal of dump tanks and other auxiliary components, and clean-up
spills, etc. A second battery powered. radio-controlled truck will be
used as a tow truck in "hot" material transfer operations. The value of
these mobile trucks is further enhanced in that they may be utilized in any
part of the plant.

Other aspects of maintenance that greatly affect plant design are

1. A shielded control room is provided for operators of the remote-
controlled crane and the radio-controlled mobile truck. This
room overlooks the canyon area and is equipped with two high-
density glass windows, control. consoles and television, viewing
equipment. Television cameras placed in. strategic locations
within the plant will supplement the cameras mounted on the
mobile truck.

2. A storage pool is provided within the canyon to receive radio-
active components that have been removed from the reactor
system. Provision will be made for the underwater cutting of
materials and the underwater packaging of "hot" materials for
subsequent transfer to a solid-waste disposal area.

3. The possible need for removing the reactor from the plant necessitates
the incorporation of a removable section in the canyon wall.
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FIG. 42: MOBILE MANIPULATOR
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FIG. 44: SEAL WELDER AND CUTTER (SKETCH)
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FIG. 45: SEAL WELDER AND CUTTER (LAYOUT)
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4. The single chemistry hot-cell within, the plant will be used for
the remote handling of radioactive samples by through-wall and
power manipulators. Auxiliary maintenance functions such as the
remote decontamination and repair of pipe welding and cutting
mechanisms, and the remote inspection of failed component parts
may also be performed within this cell.

5. A special service and decontamination, area is provided for large
maintenance mechanisms such as the mobile trucks aiid accessories.

6. Adequate contamination control, health physics, and storage
facilities are provided for all plant operating and maintenance
personnel.

C. REMOTE MAINTENANCE PROCEDURES

The control of atmospheres both within and around radioactive plant
systems will be necessary during the removal and replacement of component
internals to prevent system internals from being exposed to air with resulting
oxidation of uranium, and to limit the amount of air-borne contamination
released to the canyon during radioactive transfer operations. A component
transfer container (Fig. 4) will be used in this operation.

Following is a brief summary of the procedures to be used during the
replacement of component internals:

1. The plant is shut down. and the fuel is dumped.

2. The auxiliary shielding around the component head is removed.

3. The component hold-down. ring is removed and the seal-weld cut
by contact methods.

4. The hoist hook within the transfer container is attached to the
lifting bale of the component head.

5. The component transfer container is installed and sealed by

contact methods.

6. The component transfer container is purged with helium.

7. The component internals are withdrawn. from the shell up into
the transfer container.

8. The gates of the transfer container are closed and the container
is broken at a flange between the gates.

9. The transfer container, holding the component internals, is

transferred to the storage pool by the canyon crane.

10. The radioactive component internals are deposited in the storage pool.

11. The replacement internals are installed in manner similar to the
reverse of the above procedures.
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D. REMOTE MAINTENANCE TOOLS

Remote maintenance tools to be utilized within the LMFRE facility include

the following:

1. Mobile Truck-Mounted Manipulator with television equipment (Fig. 42)

2. The Mobile Tow Truck

3. The Component Transfer Container(Fig. 43) - This machine permits
remote replacement of component internals while maintaining a helium

atmosphere in the component shell. The container is essentially a
cylindrical tank. At the bottom end are two pivoted gates, pneumatically
actuated that provide a gas lock so the component internals may be re-
moved from the shell without violating the helium atmosphere within the
shell. The bottom gate is in a separate assembly which can be detached
from the upper section of the tank. When the gates are in the closed
position they are sealed against gas leakage by gas-inflated gate seal
rings on each side of the gate.

A ten-ton hoist is mounted at the top end of the tank. The hook assembly
of this hoist is pneumatically operated to open and close like a clam shell.
It is oriented circumferentially by a longitudinal track and roller follower.

The transfer container, with or without the heat exchanger, can be moved

about by an overhead crane in the building.

The container flanges are quick-disconnect using a Marman-type clamp.

4. The Seal Welder and Cutter ( Fig. 44 and 45) - This machine permits
remote welding and cutting of pressure seals.

Figure 44 is a conceptual sketch, and Figure 45 is a layout of the various
operating assemblies of the machine.

The pressure seal is made of two light-gauge metal strips welded at the
matching edges to provide a positive seal. A heavy, removable flange
covers this seal and carries all loads imposed on the joint.

The machine welds the edge of the.seal flanges or cuts off this welded
edge depending on which operation is required. The machine consists of
a circular trolley track and a trolley which carries the welding and cut-
ting assemblies . The circular trolley track rests on the vessel flange
and provides the rolling surfaces and the rack for the trolley and its
drive pinion. A motor driven pinion on the trolley engages the rack to
drive the equipment around the track for either welding or cutting.

The cutting and welding assemblies are mounted on the outer edge of the
trolley frame. The radial location of these assemblies is predetermined
and set before the machine is placed in position for operation.



The cutting assembly consists of two pivoted roller housings
operated through a toggle by means of a pneumatic cylinder.
Closing the toggle closes the cutting rollers on the seal flange.
One roller is flat and the other sharp, and as the machine trolley
is driven around the track the outer welded edge of the seal flange
is sheared off.

The welding assembly consists of the gas-shielded welding electrode
and support housing. The electrode is directed at the edges of the
seal flanges and welds the edges together as the trolley is moved
around the track. Immediately leading this electrode are two
support rollers that provide accurate alignment of the seal flange
edge with the electrode and assure that these seal flanges are
pinched together. These support rollers are the same assemblies
that carry the cutting rollers, but during the welding operation the
sharp edged roller is replaced with a flat faced roller.

Operating Sequence

Welding Sequence

Step 1. Place the reactor equipment such as the heat exchanger core in
its vessel.

Step 2. With an overhead crane, place the welding and cutting
equipment onto the vessel flange. (The machine must
be preset for proper radial location before being placed
on the vessel).

Step 3. Operate the pneumatic actuator to close the support roller

on the seal flange edge.

Step 4. Start the drive motor.

Step.5. Start the welding equipment.

Step 6. When the trolley has traveled 360' and the weld is
completed, turn off the welding equipment and drive
motor and open the support rollers with the actuator.

Step 7. Pressure test the seal weld. If the pressure check is
acceptable, remove the machine. If the pressure check
indicates an unsatisfactory weld, reweld in the area
indicated by repeating steps 3, 4, 5, 6, and 7.

Step 8. Set the vessel holddown flange in place and tighten

bolts.

Cutting Sequence

Step 1. Remove the loose flange of the vessel.

Step 2. Position the cutting machine on the vessel top ring.
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Step 3. Close the cutting rollers onto the edge of the seal
flange with the pneumatic actuator.

Step 4. Start the drive motor and allow it to run until the
complete outer edge has sheared loose.

Step 5. Turn off the drive motor and open the cutting rollers

with the pneumatic actuator.

Step 6. Remove the cutting machine from the vessel.

Step 7. Remove the component internals such as the heat exchanger
core from its vessel.

5. Canyon Bridge Crane - The canyon bridge crane will have adequate
capacity to handle the heaviest components and shielding blocks other
than the reactor within the LMFRE plant. Supplementary monorail
hoists will be provided on the bridge for light handling functions
within the reactor canyon, and all crane hooks will have sufficient
travel to be utilized at the lowest plant elevations. Vital drive and
control devices will be duplicated on the canyon crane to provide for
common single-failure accidents to the crane during a radioactive
transfer operation.

6. Intermediate Loop Pipe-Cutter - This mechanism is a motorized
automatic pipe milling-cutter that will be contact positioned on
intermediate piping. Its use will be limited to remotely controlled
operations involving the cutting of intermediate bismuth lines
wherever there may be danger of toxic poisoning to personnel
attempting to part the pipe by direct contact methods.

E. PLANT OPERATIONAL EQUIPMENT

Operational mechanisms to be utilzied within the LMFRE facility
include the following:

1. Liquid-Metal-Column Control Rods (see Fig. 46 and refer to Fig. 1) -
Each of these rods will operate by displacing a confined fluid up
into an annulus around a plunger tube (1) when the tube is driven
down into the fluid. The fluid will be a liquid-metal alloy with
sufficient neutron capture cross section to offer effective reactor
control by the precise mechanical fluctuation of the column height
in each of four core rod assemblies. This height will be determined
by the plunger's location in the thimble tube (2), plunger movement
coinciding with movement of an air-cylinder piston (3) to which the
plunger is rod-connected. Downward or upward piston movement
will produce column movement in the opposite direction.

For routine shimming, a fractional horsepower electric motor (4) and
reduction gear (5) will drive the end-block (6) of a ball-nut
assembly (7). Although the end-block will push the piston shaft (8) it
will not be connected, so scramming of the piston will drop the piston
shaft away from the end-block. Therefore, the piston will be scrammed
independently of the shim drive equipment, which offers no complications
to a scramming operation.
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For scramming, air pressure and spring action within the air-
cylinder will supply the downward thrust of the piston and plunger.
During normal operation, air pressure will be held on both sides
of the piston, and slight over-pressure normally will be carried
on the underside to compensate for the thrust of a cylinder spring
acting on top of the piston. In the shimming operation described
above, the combined downward thrust exerted by the end-block on
top of the piston shaft and the air and spring pressure on top of
the piston, will be enough to drive the piston down against the
thrust of the counteracting air pressure on the piston's underside.
However, for a scram operation the air pressure on the piston's
underside will be quick-exhausted and the combined force of the
air pressure (accumulator fed) and spring action pushing on the
piston's top side will drive the piston and plunger down through
their stroke.

A pressure switch (9) will be provided on the bottom of the shaft
end-block so the switch will be depressed when the end-block is
in contact with the piston shaft. Scramming the piston will drop
the piston shaft and release the pressure switch, which will break
the holding coil circuit to the quick-exhaust valve on the bottom of
the piston. Thereafter, to unscram the rod, the operator must
drive the ball-nut assembly end-block down to depress the pressure
switch and then close the quick-exhaust valve. This will permit
air flow to enter the bottom of the cylinder to again drive up the
piston and lower the liquid-metal column.

2. Fuel Sampling Mechanism (Fig. 47) - This device will be used for
the sampling of the liquid metal fuel and the transfer of these samples
to the chemistry hot-cell. The device will be an integral part of
a by-pass circuit through which primary system fuel continuously
circulates during plant operation. The device will be through-shield
mounted in the canyon floor so that its maintenance may be performed
by remotely cutting by-pass piping beneath the canyon floor and then
extracting the device from the canyon floor with the aid of the canyon
crane and the component transfer container.

Operation of the fuel sampling mechanism will be accomplished
in the following manner:

a. The sealed, evacuated sample capsule is manually or remotely
placed in the capsule inlet port.

b. Remotely operated ball valve (A) is opened and the sample capsule
drops into the gas lock between valves (A) and (B).

c. Valve (A) is closed and the gas-lock is purged with helium.

d. Valve (B) is opened and the sample capsule drops into the
capsule positioning block (1).

e. The capsule positioning block is actuated by its drive cylinder
which horizontally slides the block into its second position where
the sample capsule head is engaged in the tee-slot of the capsule
drive rod (2).
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f. The drive rod lifts the capsule out of the capsule positioning block.

g. The capsule positioning block is*returned to its original position by
its drive cylinder. In this position a through hole (3) in the capsule
positioning block is located under the sample capsule.

h. The sample capsule is lowered by the drive rod through the position-

ing block and through opened ball valves (C) and (D) into the primary
system by-pass pot (4).

i. The evacuated sample capsule is immersed in the primary system
fuel which melts the capsule seal allowing fuel entry into the

capsule.

j. After capsule immersion for the proper period of time the capsule
is raised above the by-pass pot where the U-Bi sample is allowed

to freeze.

k. The capsule containing a new solid sample is lifted back through self-

closing valves (D) and (C) and into (but not through) the capsule
positioning block by the capsule drive rod.

1. Valves (C) and. (D) are closed.

m. The capsule positioning block is actuated by its drive cylinder, the
horizontal movement of the block disengages the sample capsule

from the tee-slot of the drive rod.

n. The sample capsule is positioned over the capsule outlet tube (5)

by the capsule positioning block.

o. The sample capsule drops into the capsule outlet tube through
opened ball valve (E) into the gas -lock between valves (E) and (F).

p. Valve (E) is closed and the gas -lock is purged with helium.

q. Ball valve (F) is opened and the sample capsule is discharged
through the capsule outlet port into the chemistry hot-cell.

3. The Fuel Addition Mechanism (Fig. 48) - This device will be used to
introduce uranium and other fuel additives into the primary system.
It will be through-shield mounted in the canyon floor and will be re-
moved for maintenance in the same manner as other plug-mounted
components.

Operation of the fuel addition mechanism will be accomplished in the
following manner:

a. Fuel additive balls are manually or remotely inserted into the feed
tube (1).

b. The balls drop through opened ball valve (A) into the gas-lock

between valve (A) and (B) .
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c. Valve (A) is closed and the gas lock is purged with helium.

d. Valve (B) is opened, dropping the balls into the feed chamber (2).

e. Valve (B) is closed.

f. An index gear (3) is linked to a transfer feed piston (4) in such
a manner that, during each back-stroke of the transfer feed
piston, the index gear feeds one ball down into a through-hole .
in the piston.

g. The piston is driven by its gas-cylinder through its fore-
stroke, which positions the fuel ball over the primary system
access tube (5).

h. The fuel ball is retained within the piston by a spring clip (6)
until it is pressed through the spring clip by a push-rod (7).

i. A small gas-cylinder piston (8) pushes a spring loaded
microswitch (9) down against the push-rod during the feeding
of a fuel ball through the spring clip. The microswitch is
connected to a counter that records each transfer event.

j. When the fuel balls are pushed through the spring clip in the
piston they drop to the bottom of the primary system melt tube,
which is submerged in the flowing fuel stream. The bottom end
of the melt tube is perforated so the fuel additive balls readily
melt into the fuel stream.

4. Off-Gas Sampling Mechanism - This mechanism will be provided for
chemical analysis of the off-gas stream.

5. Metallurgical Sampling Stations (Fig 49) - These stations will be
through-shield plug mounted rods holding metal and graphite
samples within the flowing fuel stream. The sample-rod plugs
will be seal welded to vertical risers from the primary system in
a manner that permits sample removal and replacement by semi-
contact methods from the canyon floor, with the aid of the seal-
weld cutter, the component transfer container, and the canyon crane.
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XI, REACTOR PHYSICS

A. SELECTION OF REFERENCE DESIGN

Parametric studies have been performed, and previously reported, to
investigate the nuclear characteristics as the function of parameters such
as bismuth-to-graphite ratio, VBi/VC; U-235-to-bismuth atom ratio, N25/NB ;
and reflector thickness. The following conclusions resulted:

1. The maximum power density in the core can be achieved with a
VBi/VC =0.5.

2. The N25/NBi ratio should be as large as possible within the
limitations of uranium solubility in bismuth.

3. The optimum reflector thickness is 60-75 cm.

The U-235 concentration, based upon solubility limits, was established
as described in section VII A.. Calculations have been made to establish
the size of the active core based upon the design characteristics given in
VII. A. Having established the core size, fuel concentration,and reflector
thickness, the effect of bismuth penetration into the graphite was then determined.

1. Core Geometry

Calculations of critical size were made using the following specifications:

N25/NBi = 711 ppm*

VBi C = 0.5

Average neutron temperature in core # 817.5 F

Average neutron temperature. in reflector e 817.5 F

Inside diameter of pressure vessel - 8 ft

Core geometry - right circular cylinder, H = D, with 3-in, plenum
chambers at top and bottom of core.,

Core coolant - U-Bi, solution

Reflector coolant - U-Bi solution

Fuel channels in side reflector - 54 1-in. diameter channels

*NOTE: This corresponds to 800 ppm by weight.
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FIG. 51: I LAL FLUX PROFILE
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FIG. 52: RADIAL FLUX PROFILE
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FIG. 53: K VS. CORE DIAMETER
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FIG. 54: Keff VS. N25/NBi
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FIG. 55: K VS. RELATIVE POISON
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Void fraction in core

Density of graphite - 1.80 g/cc

Density of bismuth - 9.88 g/cc

The criticality constant, keff, was determined using four-group
diffusion theory; the four-group diffusion constants were determined using
as a weighting function a calculated neutron spectrum produced by a 38-group
spectral code, . The four-group diffusion equations were solved in one
dimension by a four-group, multi-region program coded for the B&W digital
computer.

The plenum chambers containing only U-Bi fuel solution at the top and
bottom of the core have a marked effect upon the axial flux profile. Two-
dimensional calculations have been carried out on similar LMFRE designs
to determine the effect of the plenum regions. For example, a four-group
calculation in r - z geometry, using the two-dimensional code "CURE" on an
IBM-704 computer, indicated that 23 percent of the total power is produced
in the plenum chambers which added 7 percent excess reactivity to a 100 cm
diameter core with an N25/NBi ratio of 1000 ppm. A thermal flux contour of
this case is shown in Figure 50. Experience has shown that reasonable
equivalent vertical. bucklings for the cylindrical core can be obtained with
one-dimensional slab calculations in the axial direction. This procedure
was followed, and the effect of the U-Bi regions was considered in establishing
the size of the present reference design. The axial thermal flux profile is
shown in Figure 51.

In the calculations of radial flux and power distributions, the reflector
thickness was varied to maintain a reactor vessel ID of 8 ft, and the reflector
was divided into two regions to reflect the effect of variable spacing of fuel-
coolant channels. For a small volume fraction of fuel in the reflector, the
thermal flux is very flat from the center of the core to the reflector interface,
(see Figure. 52).

The variation of keff was calculated as functions of core diameter,
N25/NBi ratio, and relative poison - P 25 Whenever the core diameter was

varied, core height also was varied to raaintain D H. This information,
graphed in Figure 53 shows a variation in keff of 0.55 percent per cm
change in diameter. Figure 54 shows the variation of reactivity with N 2 5 /NBi
ratio. An increase in N25/NBi of 100 ppm increases keff approximately
4 percent over the range of interest. The effect of adding poison to the core
is shown in Figure 55.

Since graphite is not completely impervious to the 'U-Bi fuel solution,
calculations were made to determine the effect of fuel penetration into the
graphite moderator and reflector. The core size was specified for start-up
conditions without fuel penetration as described above; therefore, the
penetration of fuel into the graphite reduces the required concentration of
U-235 in the bismuth coolant stream. A total penetration of 0. 3 g/cm3 of
graphite was assumed as the maximum based upon current knowledge, so
the calculation of critical fuel concentration and reflector cooling requirements
were based on this value.
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The calculations also assumed the following:

Average neutron temperature in core = 852.5 F

Average neutron temperature in reflector = 1017.5 F

N 25INB ratio in graphite = N25/NBi ratio in coolant

stream

The actual effect of bismuth penetration will depend very heavily
on the kinetics of U and/or U-Bi diffusion from the coolant channel into
the graphite. Approach to criticality, operating procedures, and control
rod worths will be influenced by the diffusion characteristics. The critical
N 2 5 /N. ratio for the case of maximum graphite penetration is 623 ppm (atom).

2. Summary of Reference Design Nuclear Characteristics

Without Bi Penetra-
tion in Graphite

Power Generation:
Total Power
Fraction generated in core
Fraction generated in plenum chambers
Fraction generated in all reflector
Fraction of fission in thermal group

Core Diameter
Core Height (including plenum chambers)
End Reflector Thickness
Side Reflector Thickness
Volume of Fuel in Core + Plenum Chambers
Volume of Fuel in Primary System

VBi/VC in Core
N2 5 /NBi (initial)
Critical Mass of U-235 (initial) Core +

Reflector
System U-235 Inventory (initial)
Average Thermal Flux in Core
Average Thermal Flux in Fuel
Thermal Diffusion. Coefficient in Core
Thermal Diffusion Coefficient in Reflector
Thermal Diffusion Length in Core
Thermal Diffusion Length in Reflector
Neutron Age in Core
Neutron Age in Reflector
Prompt Neutron Lifetime

5 MWh
0.70
0,23

0.90
105 cm
120 cm

61 cm
69.4 cm
439 liters

2976 liters
0.5
711 ppm

3.77
23.4kg 13
4.8 x 10
7.1 x 1012
0.93 cm
0.81 cm
18.3 cm
52 cm
491 cm 2

295 cm 2

.820 x 10- 3 sec

With Bi
Penetration
in Graphite

5 MWh
0.61
0.18
9.21
v.91
105 cm
120 cm

61 cm
69.4 cm
465 liters

3265 liters

623 ppm

5.18
23.6 kg loop
5.0 x 1013

.92 cm

.80 cm
19.4 cm
48 cm
480 cm2

287 cm 2

.911 x 10- 3 sec

3. Reactor Design Comparison

The core design of the experimental reactor has been dictated by the need
of information for the design of future large-scale LMFR's. Maximum fission
density in the core is highly desirable, but the core size is limited by the
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solubility of uranium in bismuth. Table comparess the fission density
and other important design features of LMFRE-I to the Phase I reference
design' and two large-scale LMFR designs2o

TABLE III

Power, MW Heat
Fuel inlet temperature , F
Fuel outlet temperature, F
Maximum fuel velocity, fPS
Power density in core, kw/l
Relative power density in core
Total uranium to bismuth atom ratio,

initial
final

LMFRE-I

5
750
885

8
11.5

1.0
ppm

760
850

Phase I
Design

20
750
885
10
48

4. 2

1110
1310

Two-
Single-Fluid Fluid

Power Power
Reactor Reactor

825 825
750 750

1050 1050
10 10
66 341
5.7 30

Core Blanket

680 600* 1190 *
4000 1200* 2400*

Uranium fuel to bismuth atom ratio, ppm

initial
final

711
770

Average thermal flux in core

Average thermal flux in fuel

Fuel velocity in core, fPS

4.8 x 101

7.1 x iol2

0.5

1000
1156

2.1 x 10 14

8.3 x 1012
2.1

680
862 600 1190

3x10 1.6x 10'5

5 (10)13 6.4 x 1013

3.6 7.0 2.0

*
For equilibrium operating conditions

B. REACTIVITY EFFECTS

All characteristics listed in the previous section were determined for
initial, hot, clean operating conditions. Because of the limitation of uranium
solubility on the primary system, calculations were made to determine the
build-up of uranium during the operating life of the experimental reactor.

1. Higher Uranium Isotopes

Fully enriched (93.5 percent) U-235 fuel is used in the initial charge
of the reactor and as the feed material during reactor operation. The U-238
to U-235 ratio at startup is approximately 0.07 and increases continuously
as the U-235 burns out more rapidly. The U-236 isotope is formed by
radiative capture in U-235, and U-237 results from a neutron capture in
U-236. The U-237 isotope, which is radioactive and has a .half life of 6.75
days, represents a radiation hazard in the analyses of fuel samples taken
after long irradiation times. The U-239 isotope, which results from neutron
absorptions in U-238, and has a half life of only 23.3 min, may be neglected
since its daughter product, Np-239, does not add to the total uranium
concentration.
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Calculations were made to determine the. rate at which these isotopes
buildup in the reference design. The rate of change of isotope concentrations
may be represented by the following differential equations:

dN
a. 26 26

- a25F - N26 a
dt

27 26 27
b _27 =N 2 6 T2 a (k27 + a 4)N27

dt

dN 27 28
c. N 2 8  = (1 + a) FA+N 2 7 aa -N 2 8  a

dt

where: 
t

N = atomic concentration of jth isotope, atoms/cm 3 of fuel solution

3 ~th. 2
m = effective thermal absorption cross section of j isotope, cm

(includes effect of resonance absorption)

a 25= X25025f (including effect of resonance fissions)

10
.Fissiondensity, fissions 3.14 x 10 P

sec-cm of fuel solution C.S.

P = power in watts

VC.S. volume of fuel in core system, cm3

4 = average thermal flux in fuel solution

x27 decay constant of U-237, sec~-

A atom ratio of U-238/U-235 in feed material 1= -E

E = enrichment of fuel

The U-236 (Ti/2 = 2.37 x 10 yrs) and U-238 (T1 / 2 = 4.51 x 109 yrs) were

considered stable isotopes.

These equations assume a simplified one-velocity model and a
constant neutron flux. The effect of resonsnce absorptions in U-238 and
resonance fissions in U-235 may be included by using poly-group calculations
previously made for the assembly. The constant flux assumption is
reasonable for the irradiation times considered. Fully enriched fuel is
added to compensate for burnxp4,
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FIG. 56: HIGHER URANIUM ISOTOPES
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FIG. 57: U-237 CONCENTRATION VS. TIME

10

10-1

P = 5MW

<p = 7.08 X 10

Volume of Fuel = 105 ft3

z

10-2

0-310 -

0 40 80 120 160 200 240 280 320 360

Time - Days

400



d



FIG. 58: RELATIVE XENON POISON AFTER
SH UT DOWN
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FIG. 59: URANIUM CONCENTRATION VS. REACTOR
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Numerical solutions of the equations were obtained and evaluated as
a function of time. The results are shown in Figures 56 and 57. The build-
up of U-236 and U-237 is essentially linear for irradiation times up to two
years at 5 MW of power (4.4 x 1020 nvt). At startup the N28/NBi ratio is
49 ppm since the fuel is 93.5 percent enriched U-235. At the end of two
years at full power, the NH.J. /NBi ratio has increased to 81 ppm where

NH.I. includes U-236, U-237, and U-238.

At the end of one year s operation, a one-gram sample of uranium
taken from the primary system will have an activity of 0. 24 curies due to
the U-237 present.

2. Fission Product Poisons

For the purpose of calculations, fission product poisons have been
specified as Xe-135, Sm-149, and all other fission products.

a. Xenon-135

Most of the xenon and its radioactive precursor iodine probably will
be removed in the degassing operation. In all, calculations, however, the
conservative assumption of no gas removal from the system has been made.
Steady state values of xenon concentration and the corresponding neutron
poison were computed for two cases.

In the first case the fuel was assumed to circulate in a normal
manner, and the ratio of residence time in the core to total circulation
time was taken as 0. 1475. The average thermal neutron flux in the fuel
is 7.1 x 1012; the steady concentration of Xe-135 in the fuel is 9.9 x 1013
atoms/cm 3 , and the relative poison, Xe 25 is 2 percent. For a

complete shutdown after operation at full power, the relative xenon
poison rises to a maximum of 2.1 percent after 3 hours. Full xenon
override may be accomplished for this case with movement of the regulating
rod for startup within 15-20 hr after shutdown.

In the second case loss of xenon circulation was assumed. The
steady state xenon concentration is 2.29 x 1014 atoms /cm3 ; the average
neutron flux in the fuel is 4.8 x 1013, and the relative poison is 4.6 percent.
If the reactor is suddenly shut down. while operating at full power, the
relative poison rises from 4.6 percent at shutdown to a maximum 8.0 percent
after 8 hr (see Fig. 58). Full xenon override for this case would require
3.4 percent in reactivity.

b. Samarium- 149

The relative poisoning due to Sm-149 is independent of neutron
flux and therefore independent of coolant flow characteristics. The
equilibrium value of the relative poison is 1.4 percent.
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c. Other Fission. Products

The relative poison due to buildup of fission products-other than
Xe-135 and Sm -149 has been published for a constant fuel concentration
as a function of fuel burn up3 . Two years of full operation at 5 MW
corresponds to a fuel burn up of 0. 2, and the relative poison curve yields
a microscopic absorption cross section over this range of approximately
98 barns/fission. The curve used was based upon high oaa's except for
Zr-95. Values of relative poison may be converted to equivalent N25/NBi
ratios by using Figures 54 and 55. Two years of full-power operation
result in a relative poison of 2.4 percent and an addition of 24 ppm in N25/NBi
ratio to compensate for the poison.

Uranium additions are summarized in Table IV and shown in
Figure 59.

TABLE IV

URANIUM ADDITION REQUIREMENT FOR

TWO YEARS OPERATION AT 5 MW

U-235 U-236 & U-237 U-238 Total

Initial concentration 711 ppm 0 ppm 49 ppm 760 ppm
Equilibrium Xenon -135 19 1 20
Equilibrium Sm- 149 16 1 17
Fission Products 22 2 24
Isotope Build-up 24 10 34

Totals 768 24 63 855

C. CONTROL RODS

Sufficient control rod worth must be available for absolute safety
under all circumstances and for convenience during normal operation. A
regulating rod will compensate for small, reactivity changes during operation,
and three combination safety-shim rods will be available to control large
perturbations in reactivity, shutdown, andsc ram procedures.

1. Temperature Coefficient

Previous work' on temperature coeffci.en.ts has shown that an
increase from the melting point of bismuth (270 C) to 500 C represents
a change in reactivity of -3.5 percent. A temperature change from 370 C,
the minimum temperature in the intermediate system, to 500 C yields
a 4.2 percent reactivity change. Fuel. can be added to the system in going
from cold to hot, but rod control must be available in case fuel. is allowed
to cool during a shutdown. in early life, before fission product decay heat
is significant.
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2. Xenon-135 and Samarium-149 Poison

Calculations have shown that normal steady state operation produces
a relative poison of 0.034 which corresponds to 1.5 percent in reactivity.
This poisoning will be overcome initially by increasing the fuel concentration.
However, following a shutdown, the xenon poison reaches a maximum in 3 hr
(Fig. 58) and essentially disappears in another 36-45 hr. A control rod must
be inserted to replace the xenon poison because of this decay when a new
startup is accomplished. The equilibrium Xe-135 poison represents a Ak
of 0.9 percent under normal circumstances, but control should be provided
for the case of complete xenon. absorption in the core (2.02 percent AK).

Sm-149, being a stable isotope, will not decrease in concentration
after shutdown: in fact the relative poison does not change noticeably after
shutdown for normal operation. with circulation of coolant.

An upper limit of Xe-135 and Sm-149 effects was obtained by
calculating the poison levels for the case of no circulation as described
previously. Comparative results are tabulated in Table V,

TABLE V

REACTIVITY EFFECTS OF
Xe-135 and Sm-149

Equilibrium Residual Rod Worth

Csa5 Ak, % Ea 25 Ak Requirement
Case a a a aReurmn

Xe - normal circulation .020 0.88 0 0 0.88
Sm - narmal circulation .014 0.62 .014 0.62
Xe - no circulation .046 2,02 0 0 2.02
Sm - no circulation .014 .62 .021 0.92

The case of no circulation represents complete adsorption of the Xe-135
on the core graphite. The maximum rod requirement for holddown would be the
2 percent for the case of no circulation of xenon but with normal circulation of
promethium-140.

3. Shutdown

Three percent rod worth allowance is made for shutdown at all times.

4. Periodic Fuel Addition

The present reference design of the fuel addition system provides for
the rapid addition of slug containing 50 g of enriched uranium. This represents
5 days' burnup of fuel at 8-1 /3 MW power, thus if all of the fuel enters the
core at once, the total excess reactivity injected is 0.45 percent. Once the
fuel is homogeneously distributed throughout the primary system, it is worth
only 0.07 percent in Ak.
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5. Delayed Neutrons

During normal operation, 60 percent of the delayed neutrons are
emitted inside the reactor core, and the other 40 percent external to the
core. If circulation stops, the total number of delayed neutrons would be
emitted in the core, increasing keff by 0. 28 percent.

The control rod requirements are summarized in Table VI below.

TABLE VI

SUMMARY OF CONTROL ROD REQUIREMENTS
Ak, %

Temperature coefficient 3.5
Xe-135 and Sm-149 2.0
Shutdown 3.0
Periodic fuel addition 0.5
Gain of delayed neutrons 0.3

Total 9.3

D. CONTROL ROD 'CALCULATIONS

Since a machanical control rod design is being carried as an alternate
to the liquid metal control rod, calculations were made to determine rod
worth as a function of rod radius and ring radius for B4 C. A control rod
code, Con-Rod III-. , programmed for the ElectroData computer was used
in all calculations. The code solves two-group, two-region diffusion equations
for a core without rods, a core with central grey or black rods, and a core
with a ring of black rods. One boundary condition is that the thermal flux
vanishes at the surface of a black rod.

The effect of some degree of greyness in the rods was taken into
account by:

1. Computation of a realistic extrapolation distance inside the rod
where the thermal flux is assumed to vanish.

2. Calculation of central control rod worth for both black and grey rods

3. Calculation of worth of a ring of black rods

4. Assuming the ratio of worths of grey to black rods in a ring is
the same as the calculated ratio for central rods.

Four control rods located in a ring will be used in the LMFRE-I core.
Three rods must meet safety and shim requirements listed in Table VI;
the fourth is a regulating rod with approximately 1 percent A hold down.

Rod calculations were made using the reference design core and
following the procedure outlined above. The extrapolation distance for
thermal neutrons in a B4 C rod with a .060-in, molybdenum sheath was
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FIG. 60: ROD WORTH OF A CONTROL ROD AS A FUNCTION OF

EXTRAPOLATION DISTANCE
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FIG. 61: WORTH OF A RING OF FOUR B4 C RODS

AS A FUNCTION OF ROD RADIUS
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FIG. 62: WORTH OF A RING OF FOUR B C RODS

AS A FUNCTION OF RING RADIUS
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calculated as a function of rod radius4 . These results are shown in Figure 60
as a cross plot on a family of curves presenting rod worth of a central rod
as a function of extrapolation distance. Total rod worth for a ring of four B 4 C
rods having a rod radius of 1 cm was calculated for several ring radii, and
the results are plotted in Figure 61. The optimum ring radius is shown to
be 20-25 cm. Figure 62 is a plot of total rod worth for a ring of four rods
as a function of rod radii. These calculations indicate that a single B4 C rod
1.5 in. in diameter and located in a ring of radius 20 cm containing four
rods is worth 4.7 percent in reactivity. Three rods in such a ring will meet
the maximum rod requirements for this system.

E. CRITICALITY IN THE DUMP TANKS

In an emergency the entire contents of the primary system may be dumped
into storage tanks. These tanks must be designed for absolute safe storage in
case of the maximum credible accident. The size and spacing of these tanks
are based on the following assumptions:

1. Primary system volume of 105 ft3

2. Equal. distribution of fuel in tank s during an emergency dump

3. Complete precipitation of fuel. as UO 2 into a geometry very close to
the optimum for a chain reaction

4. Complete reflection by several in, of bismuth, which acts as an
infinite reflector

5. Fuel concentration of 1000 ppm (atom ratio)

6. Total mass of U-235 in each tank must be at least a factor of two
below the minimum critical mass under the most favorable environment

7. Tanks must be spaced so the total solid angle of other tanks
subtended by any tank is less than 0.08 radians.

These conservative requirements led to a choice of three tanks, each
containing 35 ft3 of fuel with a height-to-diameter ratio of 2 (for the fuel. at
maximum height), a 2 ft-10 in. diameter, and a 4-ft spacing between tanks.
These specifications assure safety in case the tanks are flooded or closely
surrounded by concrete or other reflector materials.
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XII. HAZARDS AND SAFETY CONSIDERATIONS

(Presented in BAW-1017-I, Supplement to BAW-1017, LMFRE
Preliminary Hazards Evaluation, July 1957).
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XIII. BUILDINGS, GENERAL SERVICES AND
SITE DEVELOPMENT

A. REACTOR BUILDING AND SERVICES

1. Function

The reactor building consists of two distinct areas, reactor canyon
and office area and laboratory and auxiliary services area. The canyon,
containing the reactor and primary loop, will be constructed of concrete for
radiation shielding. This bay is 31 ft wide, 66 ft long, and 44 ft high (above
ground). The reactor and primary system are contained below ground level
under a thick concrete shielding floor. Provisions are made within the
canyon for a 30-ton overhead crane.

The office, laboratory, and service areas are of steel-frame
construction and will be located on three levels: a partial basement, at
ground level, and on the first floor. The shape of this area is irregular
tut approximates a rectangle 113-ft wide and 146-ft long with varying
ceiling heights. It encompasses the canyon on three sides and part of
the fourth. The ground floor contains offices, toilets, the master control
room, health-physics, chemical laboratories, semi-hot laboratory,
spectrometer laboratories, chemical hot cell, change and locker room,
electrical switchgear and emergency power generating rooms, instrument
room, building mechanical equipment and storage room, fissionable
material vault, personnel and equipment contamination and control rooms,
service and decontamination area, fill room, and inert gas storage room.
The second floor, 15-ft wide and 41-ft long, will house the crane control
room and crane switchgear room. A uranium monitoring room, start-up
heating and cooling area, and heat removal system area will be located in
the basement, Access to these areas will be either through access lids
in the floor above or by stairways.

A stack for discharging gases is located adjacent to the heat removal
system area.

Representative illustrations are listed below.

a. Plan Views-Rooms and Functions of Reactor Building
Building Plan, Ground Floor - Figure 21
Building Plan, Second Floor - Figure 22
Building Plan, First Basement -Figure 23
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b. Section Views Through the Reactor Building
Longitudinal Section - Figure 24
Transverse Section - Figure 25

c. Cutaway Isometric - Figure 26
A cutaway view of the building and
representative equipment

2. Canyon Construction

a. Foundations

The building wall and floor foundations will be reinforced standard
concrete of sufficient thickness and size to meet soil load-bearing capacities.

b. Canyon Floor

The canyon floor will be barytes concrete.

c. Walls

(See Section VIII D, Shielding)

d. Steelwork

The roofing will be supported by structural steel trusses,
purlins struts, and bracing.

e. Roofing

Roofing will consist of steel decking over the steel purlins with
12 in. of standard reinforced concrete, four-ply built-up successive layers
of felt and pitch, and an asphalt and gravel topping.

f. Suspended Ceiling

A metal-pan type ceiling will be suspended at the lower chord
of the trusses. The ceiling will be painted and sealed glass panels will
be provided at each lighting fixture. The ceiling will prevent contaminated
dust from accumulating on the roof support steel, lighting fixtures, conduit,
duckwork, etc.

g. Doors

The canyon access door will be constructed of 8-in. thick steel
and have air seals.

h. Heating and Ventilating

(See Section VIII C)

i. Lighting and Electrical

Mercury vapor lighting fixtures will be located above quartz glass
panels in tha canyon ceiling. They will be serviced from the area between the
ceiling and the roof.
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3. Office, Laboratory, and Equipment Areas

a. Foundations

Foundations will be of reinforced concrete. Wall and column
footers will be below the frost line in good soil. The top surface of
outside wall footers will be approximately 8 in above grade.

b. Floors

Floors will be of 4-in, thick reinforced concrete, except in
heavily loaded areas (6 in. thick). Floors over the uranium monitoring
station and chemical hot cell will be 36 in. thick. Office, laboratory, and
locker room floors will be covered with asbestos vinyl tile, Toilet floors
will have a terrazo covering, and showers will have a moaic tile floor.
Laboratories and semi-hot areas will be sealed and painted.

c. Steelwork

Structural steel will be used for building columns, roof and floor
support beams, roof and floor open web joists, side and end girts, window
and door framing, girt sag rods, roof and side cross bracing. Exposed
interior steel will be painted.

d. Siding

Exterior walls around the building will be insulated steel-
curtain wall panel units of full height. The panels will be applied to a
horizontal and vertical girt arrangement set in caulking and secured with
bolts and spring clips. Second floor panels will be painted light blue,
first floor panels dark blue.

e, Windows

Windows will be steel sash type. The one-piece windows of hot-
dipped galvanized steel will open outward.

f. Roofing

Roofing will consist of steel decking over the open web steel
joists, with 1 1/2-in. insulation, four-ply built-up successive layers
of felt and pitch, and asphalt and gravel topping.

g. Doors

Interior and exterior doors in the office and laboratory area will
be steel, 3 by 7 ft.

h. Suspended Ceilings

The office, laboratory, and control rooms will have ceilings of
acoustical t$k suspended from joists,-

- 92 -



i. Partitions and Interior Walls

Generally, basement walls will be 12-in. reinforced standard
concrete except the uranium monitoring station walls which will be 2-ft
thick. All other laboratories, control rooms, and toilet rooms will have
6- or 8-in. cinder-concrete block walls. Exposed concrete block will be
painted. Office and toilet areas will have metal partitions.

j. Stairs and Ladders

Standard concrete-filled pan-type stairs will lead from ground
floor to first floor at the front of the building and from ground floor to
basement at the rear. Ladders will lead from the ground floor to the
basement areas.

h. Plumbing and Locker Room Equipment

Plumbing will consist of hot and cold water lines, sanitary
sewers, hot water heaters, and drinking fountains. Sewers from semi-hot
areas will lead to a hot sewage storage tank outside the building. Locker
room equipment will include metal lockers, toilets, and showers.

1. Heating, Ventilating, and Air Conditioning

Office and laboratory areas will have thermostatically-controlled,
floor-type combination heating and air-conditioning units with steam coils
and blowers. Other heaters will be suspended-type with steam coils,
blowers, and thermostatic control. Necessary steam and steam return
lines will be installed from the boiler room.

m. Lighting and Electrical

In all areas lighting fixtures will be the exposed fluorescent
type suspended from the ceiling.

4. Equipment and Furniture

a. Offices and Rest Rooms

Furniture includes desks, chairs, file cabinets, coat racks,
and cabinets.

b. Stack

The 8-ft diameter, 150-ft high stack will be located in the rear
of the building.

c. Air Compressor

A 200 cfm air compressor will be supplied.
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5. ,Other General Services,

a. Sanitary Sewers and Sewage Disposal

This equipment consists of the necessary vitrified -sewer lines
and sewage treatment equipment including Imhoff tank, cavitator, final
settling tank, sludge drying beds, and chloriated manhole.

b. Storm Sewers

Necessary storm sewers will, be run from all downspouts to
a suitable receiving outlet.

c. Electrical Power Supply

(See Section VII E) 'V

B. SITE DEVELOPMENT

1. Grading - will accomodate topography and building location.

2. Fences and Gat es- will enc 1ce 4ll buildings and hot waste
disposal area

3. Parking Lot will accomodate all employees and vistors

4. Sidewalks - as necessary

5. Flag Pole. a 40-ft pole will be provided at the plant entrance

6. Landscaping - according to the building arrangement and the site .

7. Yard Lighting - proper lighting will be provided for parking areas,
buildings, plant services, and fences.
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XIV. TEST PROGRAM AND OPERATION

A. TEST PROGRAM

Operation and testing of the LMFRE-I is one phase of an overall research
and development program to establish the feasibility of building a large-scale
LMFR. The LMFRE -I has been designed to answer the basic unknowns of this
concept that cannot be answered in supplementary research and development.

The test program previously developed for the 20-MW LMFRE has been
reviewed and modified according to the agreement that more than one experi-

mental reactor will be built in the development program. The test program

is expected to answer the following unknowns.

1. Physics

a. Experiments will be performed to confirm the basic assumptions
and calculations that 'entered into the design of LMFRE-I so that
subsequent reactors can be designed with more assurance.

(1) Critical mass of LMFRE-I will be determined under operating
conditions and with physical configuration actually encountered

in a reactor.

(2) Calibration of control rods will be conducted by several
methods yielding control rod worths.

(3) Various temperature coefficients of reactivity will be determined.

(4) Flux measurements will be made to aid in interpreting results
of various experiments .

(5) Shielding calculations will be confirmed, particularly with
regard to delayed neutrons.; i.e., 0.5 Mev neutron energies.
Experiments prior to construction of LMFRE-I will provide
design information for shielding against delayed neutrons.

(6) Heat generation at increasing power levels after shutdown will

be measured to check the adequacy of the emergency cooling
system.
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(7) Long-term poisoning effect of fission products in the coolant

and absorbed in the core will be studied.

b. The kinetics of LMFRE-I will be investigated.

(1) Experiments will be made at various power levels to determine

controllability with and without rods.

(2) Rod oscillation experiments may be performed to confirm

reactor stability.

(3) Mild ramp reactivity addition experiments will be performed

to study reactor response in power and temperature.

(4) Effects of delayed neutron fraction on b-(1), b-(2), and b-(3)
will be studied.

(5) Equilibrium xenon poisoning will be determined at various
power levels.

c. Safe reactor operating procedures will be established for subse-
quent liquid metal fuel reactors.

Z. Analysis of System Kinetics

a. Information on the overall plant stability and kinetic behavior of
LMFRE-I will be obtained for disturbances in flow, power, and

reactivity. These data will be checked against previous system

analysis analogue studies and will aid in designing a steam
power plant control system.

b. Control, operating, and design information will be obtained so

that the reactor can be made to follow the demand of the heat
removal system in this and later liquid metal fuel reactors.

c. Reactor and system transfer functions will be obtained and
checked against theoretical values.

3. Systems and Components

a. Instruments, control systems, and mechanical components will
be tested to obtain design data and operating experience.

b. Information will be gained on the reliability of components

assembled in an operating system during long-time operation.

c . Fission product hang-up on container walls will be determined
for future design of cooling systems
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4. Reactor

a. Nuclear instrumentation and reactor controls will be tested to
obtain design data and operating experience.

b. Fission product damage to the core and reflector will be studied
to determine the effect on graphite properties.

c. Fission product buildup on core surfaces and in graphite will

be studied.

5. Construction Materials

a. Suitability of construction materials in the reactor and systems
will be investigated. Samples will be inserted into the LMFRE-I

core and hot and cold zones of the primary loop. During reactor

shutdown, the samples will be removed, examined, and tested

to determine the following:

( 1) Container Material

(a) Core Samples

1. General performance and stability under operating
conditions

2. Effects of radiation on physical and mechanical

properties

3. Effects of radiation on corrosion resistance and
formation of protective film

4. Fission product adsorption

(b) Primary System Hot Zone Samples

1. General performance and stability under operation

conditions

2. Effects of delayed neutron flux on corrosion resistance

and formation of protective film

3. Rate of fission product adsorption and stability of

adsorbed film
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(2 G raphit e

(a) Amount and gross effects of bismuth penetration

(b) Effects on physical and mechanical properties because

of fission product adsorption and absorption

(c) Amount of spallation, if any

(d) Amount and effects of uranium holdup

(3) Special Materials

(a) Effect of fluid fuel and radiation on corrosion, physical,

and mechanical properties of beryllium and tantalum

(b) Verify welding techniques, inspection methods, and

cleaning procedures

6. Chemistry

a. Fuel stability will be evaluated for

(1) Solubilities and precipitation characteristics of fuel solution
components

(2) Chemical compatibility of fuel with graphite

(3) Adsorption of fuel constituents on container walls

b. Information on the fate of fission products will be obtained;
(e.g., does iodine come out of the melt as a gas, or does it

stay in the melt, perhaps as bismuth iodide?)

c . Operational data on the degassing and off-gassing systems will

be determined.

c. Le fate of xenon and polonium will be determined.

7. Remote Maintenance

a. Primary system maintenance problems will be studied to determine

the time required to perform certain operations and the complexity

of these operations .

b. Contamination control of frozen fuel solution will be studied.
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8. General Operation

a. It will be shown that the method of heat generation is applicable
to the production of electricity at an engineering rather than a
laboratory level.

b. Information will be gained on LMFR operating problems.

c. Unforeseen design factors will be investigated and improve-
ments in systems and individual components design will be
determined.

(1) Reduce critical thermal stresses

(2) Increase power output

(3) Adjust heatup and cooling requirements

(4) Determine whether control rods are required to maintain
operation; requirements for shim safety rods will be
studied also.

d. Experience will be gained so that less time will be used on
basic tests of subsequent reactors.

e . Areas in which the problems are still indeterminate will be
investigated.

The test program will be divided into four major testing phases.

I. Pre-Critical Testing

II. Startup and Low Power Operation

III. Approach to Full Power and Initial Full Power Operation

IV. Demonstration of Full Power Operation

The first three phases are expected to last approximately nine months.
The fourth phase should last at least one year to provide adequate information.
It was decided, therefore, that LMFRE-I should have a minimum life of 2 to
2 1/2 years.

Phase I tests are planned to assure the operational integrity of the reactor,
systems, and other components and to prepare them for the tests to follow.
This phase will be used to install metallurgical samples, determine system
heat-up and outgassing characteristics, and allow for checking remote and
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semi-contact maintenance procedures. The systems will be loaded with bis -

muth during this period and will be properly preconditioned. Operational

tests will be run on pumps, instruments, and controls.

Phase II experiments, at low power, will be primarily concerned with

reactor physics. Tests to determine critical concentration and temperature

coefficient of reactivity will be conducted. The control rods, control systems,
and instrumentation will be calibrated during this phase.

Phase III will continue physics experiments as the power level is increased

by steps to full power. The control rods will be further checked, and at full
power, a series of transient experiments will be run. At this point instru-
mentation and control systems can be calibrated.

Phase IV physics experiments will attempt to demonstrate operation
without control rods. In addition, systems tests will be made to check changes
in pump performance and reliability of instrumentation and controls after long
term operation. Metallurgy samples will be removed periodically during this
phase to determine the extent of corrosive attack on structural materials.
Operational experience will be gained during this demonstration run that will
be invaluable in designing LMFRE-II.

Following the operation of the reactor at the reference conditions of 135 F
AT (750 F to 885 F), it is planned to raise the maximum temperature to 975 F
(i.e., 225 F AT) provided the supplementary research and development pro-
gram shows this to be feasible. Experiments similar to those in Phase IV
will be conducted at this AT.

It is hoped that supplementary research and development will have pro-
ceeded far enough that the primary fluid can be dumped and the system refilled
with a slurry fuel. A list of the basic unknowns for slurries that cannot be
answered by supplementary research and development has been prepared. It
is intended that the LMFRE-I will be sufficiently flexible to answer these
unknowns as well as those already listed for solution fuel.

1. Reactor operation and control will be investigated. The
characteristics may depend somewhat upon the type of slurry
used. Soluble slurries can have a large fraction of uranium
in solution, while insoluble slurries are expected to have
most, if not all, of the uranium in the solid.

2.. For a single-region reactor fuel blanket, long-life radiation
stability is required. This will be investigated at the
necessary flux and temperature conditions in the "E".

3. Distribution of uranium between the solid and liquid phases
will be investigated for any type slurry used.
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