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CHAPTER I

PRELIMINARY DESIGN OF THE LMFRE FACILITY

1.1 APPROACH TO THE PROBLEM

A reference design was established early in the project work to assure
proper building and operation of the LMFRE facility based upon time, avail-

able funds, and AEC specifications. This report is a preliminary presenta-

tion of the present thinking of the Babcock and Wilcox Company on this design.
The design is not a refined product since little time was allocated for its
preparation and because the LMFR concept is still in an early stage of

development.

Before work on such a design could be initiated, it was necessary to
determine the project objectives which are set forth in BAW-1011 . These
objectives and a revaluation of the major unknowns of technical feasibility
(not yet resolved) were the basis for the reference design which has been

developed. If a reactor is built and operated upon this design, answers would
be provided for many of the major unknowns.

The preparation of this design has and will continue to highlight the re-
search and development which will be essential to build this experimental

facility. The presently proposed research and development program is pre-

sented in BAW-1014 2

The reference design should be regarded as a datum from which the effect

of introducing alternates can be evaluated. Included in this report are those
alternates which have been considered to date. Additional modifications are

expected to be considered before the final design is agreed upon and approved
for construction.

1. 2 GENERAL DESCRIPTION

The LMFRE "reference design" is a complete experimental reactor

facility. It will be located on a typical site in an unpopulated area with an

adequate surrounding seclusion area. It is assumed that all personnel will

live off the site but due to required traveling time, eating facilities probably
will be required. The three buildings mentioned below are proposed.

1) Administrative building, includes administrative and AEC offices, a
guard house, cafeteria, badge transfer station, and first aid facilities.

2) General services building, includes a warehouse, machine shop,
garage, contaminated clothing laundry, and a firehouse if necessary.

3) Main reactor building, which houses the reactor complex with the heat

- 1 -



conversion system, the analytical chemistry laboratory, and the necessary

hot laboratory and remote equipment for handling radioactive samples and com-
ponents. Provisions will be made to remove contaminated components to a

railroad flatcar for ultimate disposal. A containment to prevent dispersing

radioactivity into the atmosphere is provided by a close-fitting secondary con-
tainment around the primary (fuel) system, around all components in air-tight

cells, and the air-tight concrete canyon over the complete reactor complex.

A drinking water filter plant, sewage and contaminated waste disposal
plants will be included as out-lying facilities.

The LMFRE will mock up the solution fuel thermal reactor concept. The

overall plant will be designed to remove 33 1 /3 MW of heat from the reactor

core although initial power operation will be at 20 MW of heat after the preliminary
low power runs have been completed. The heat generated in the uranium-bismuth

fuel solution will be transferred in an intermediate heat exchanger to liquid so-

dium in an intermediate heat transport system. The heat from the liquid sodium

in turn will be transferred in a once-through steam generator to water which will

be converted to superheated steam under conditions of 800 F and 600 psia. The
reactor internals will be made completely of impervious grade graphite. The

fuel solution will make a single pass upwards through the core, rising from an
inlet temperature of 750 F to an outlet temperature of 885 F. Croloy 2 1 /4 is the

material of construction presently considered for primary and intermediate sys-

tem piping, pumps, heat exchangers, valves, and other components.

The method of steam rejection has not been decided upon. A turbo-generator
should be included in the system to best match the overall system kinetics of a
large-scale power plant; however, present economy does not justify installing a
small turbo-generator (7-10 MW) along with a simple regenerative fuel system.

Considering the above, a small throttling valve in series with a surface condenser
is proposed in the reference design and the turbo-generator is carried as an alternate

The chemical processing plant will include a volatile fission product removal
system, a fuel make-up and removal system, a bismuth clean-up system, and
an adequate analytical system to permit safe operation of the reactor and to aid

in interpreting experimental results.

Two attractive processes are being considered for the LMFRE with regard
to the bismuth clean-up system. These are the fused salt process, which has been
developed by Brookhaven National Laboratory, and the fluoride volatility process,
which has been developed by Argonne National Laboratory. The present research
and development status of these processes is not conducive to a definite choice;

therefore, it is recommended that research and development for both processes

be carried out to pilot-plant demonstration.
Four reflector test holes and one core test hole are shown in the reference

design; work is under way to include two more reflector test holes. Loops in-
stalled in these test holes will be used for the development of chemical processes
for future large-scale LMFR power reactors and for testing materials under

the effects of radiation.

While the LMFRE is assumed to be an experimental reactor facility which
can be shutdown for short periods of time, remote maintenance equipment will

be designed for the facility so that important components can be maintained-or
replaced as necessary. This does not include the reactor or its internals; how-

ever, the reactor core will be designed so that it can be removed at a later date.

-2-



The equipment necessary to perform this operation will not be designed or built

at this time. Remote handling equipment necessary to remove samples which

are installed in various locations in the primary system also will be included.

1.3 DESIGN CONDITIONS

1.3.1 OBJECTIVES AND DESIGN PARAMETERS
(Presented in BAW-1011) 1

1.3.2 GENERAL CONCEPT

The LMFR concept is a liquid-metal circulating fuel thermal breeder
reactor. The fuel is a solution of U-235 dissolved in bismuth, and the breeding
fluid is a slurry of thorium bismuthide dispersed in bismuth. The moderator is
unclad graphite. The heat generated in the reactor is removed in an intermediate

heat exchanger which is external to the reactor vessel.

1.3.3 MATERIALS OF CONSTRUCTION

1. Pile - grade impe rvious graphite.

2. Alloy steel (2. 25 Cr, 1. 00 Mo) used as container material for the
core and intermediate fluids, and as material of construction for the once-through

steam generator.

3. Alloy steel (1. 25 Cr, 0. 50 Mo) as a possible alternate container
and/or steam generator material.

4. Austenitic stainless steel for compartment linings.

5. High strength molybdenum alloy (99. 5% Mo-0. 5% Ti) used for
core support rods.

6. Extruded beryllium used for reactor experimental port thimbles

and control rod thimbles.
7. Carbon steel for the steam system excluding the steam generator.

8. Tantalum or some high cross-sectional material clad with
tantalum for control rods.

1.3.4 FLUIDS

1500 ppm.

or 99.9% pu

1. Fuel fluid: U-235 dissolved in bismuth to a concentration of

2. Reflector coolant: 99.999% pure bismuth.

3. Intermediate system fluid: Na with the following purity specifications.
Ca - 10 ppm (max)
02 - 50 ppm (max)

4. Steam generator third (annulus) fluid: Hg (triple distilled
re.)

5. Feed water: will meet the following quality specifications:
a. 02 0.005ppm (max)
b. SiO 2  0. 02 ppm (max)
c. Cl 0.01 ppm (max)
d. Total dissolved solids 0. 25 ppm (max)

e. pH adjusted with ammonia
to maintain the following:
Fe 0.01 ppm (max)
Cu 0.005 ppm (max)

f. Hardness (Cu) Zero
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1.3.5 APPRAISAL OF ASSUMPTIONS

A. TEMPERATURE DIFFERENCE

Data from Brookhaven indicate that Croloy 2 1/4 may under-

go excessive corrosion and mass transfer at temperature differentials above
180 F with a minimum temperature of 750 F. Corrosion loops operated at

temperature gradients of 75 F and 160 F exhibited lower mass transfer rates

and indicate that Croloy 2 1/4 should be satisfactory for use as a container
material in a liquid U-Bi system operating with a temperature differential of
135 F and a maximum temperature of 885 F. In the interest of economics,
the feasibility of reactor operation with a temperature differential of 225 F

and a maximum temperature of 975 F will be determined from high gradient
corrosion studies in the LMFRE research and development program. This
maximum temperature approaches the optimum for Croloy 2 1/4 in respect
to allowable stress.

B. FLOW RATE OF CORE FLUIDS

No data presently are available to aid in setting upper limits
on liquid-metal velocities; therefore, conservative thinking would require the

lowest flow rate commensurate with good functional design. On this basis, a
maximum fuel velocity of 10 ft/sec appears reasonable from a metallurgical
viewpoint, and is acceptable for the functional design. A sodium velocity of

24 ft/sec will be utilized in the intermediate system.

C. CORROSION AND MASS TRANSPORT

The mechanism of corrosion and mass transport in the LMFRE
involves dissolution of metal in the hot zone of the core system conduit and

transfer of the dissolved metal to the cold zone where it is precipitated at the
point of lowest film temperature. It may be assumed that the corrosion pro-

ducts are either dissolved and deposited at similar rates, resulting in a con-
tinuous mass transfer process, or they are prevented from subsequent precip-
itation in the cold zone by high fluid velocity after increasing their concentra-

tion to the solubility limit in the hot zone. In the latter case, equilibrium is
reached as the hot zone solubilities are satisfied, and no further solution

occurs.
A most difficult condition concerning chemical processing is

represented by this latter case whereby it becomes necessary to maintain

equilibrium concentration of corrosion products to reduce solution rates in the

hot zone. That portion of the corrosion products which is removed in chemi-

cal processing must be replaced before the bismuth is returned to the reactor.
The effects of fluid velocity and corrosion product equilibrium

on corrosion and mass transfer are under investigation in the LMFRE Research

and Development Program.

D. CONCENTRATION OF ZIRCONIUM AND MAGNESIUM
ADDITIVES
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Zirconium is added to the system as a corrosion inhibitor and

oxygen getter respectively. Concentrations of 350 ppm Zr and 350 ppm Mg have

been proven effective in reducing corrosion and mass transfer in liquid bismuth

systems, and these concentration values have been established for the LMFRE

preliminary design.

E. MAXIMUM URANIUM CONCENTRATION IN THE CORE

It is preferable to maintain maximum uranium concentration

in the LMFRE to closely approximate fission density condition in the core of a
full-scale LMFR. Uranium concentration is restricted by the solubility limit of
uranium in bismuth at the minimum expected fuel temperature. This temperature

is assumed to be 720 F and the corresponding solubility limit is 1700 ppm.

F. RADIATION EFFECTS

The effects of radiation on materials of construction will be
determined from in-pile corrosion loop testing prior to construction of the
LMFRE, and these effects will be investigated further in actual operation of the

experiment. The effects on mechanical and physical properties and corrosion
resistance also will be ascertained.

By maintaining maximum fission densities in the LMFRE, ma-
terials of construction will be subjected to neutron and fission recoil bombard-

ment only 2 1/2 times less severe than that expected in a full-scale LMFR.

1. 4 SYSTEMS AND COMPONENT DESIGN

1.4. 1 INTRODUCTION

In considering the reference design of the LMFRE, fundamental
data available on this concept and objectives of this program should be viewed
as building blocks with which many different reference designs can be built.

A. FUNDAMENTAL DATA

Fundamental data available on the LMFRE are reasonably
simple to set forth. It is known that a sufficient amount of uranium will dis-

solve in bismuth to provide a critical mass in an unclad graphite moderator.

However, no exponential or critical experiments fitted specifically to this con-
cept have been performed. There is good reason to believe that the uranium-

bismuth solution with proper additives can be contained in a reasonably priced
alloy steel, but the effects of radiation are not known.

There is optimism regarding economic removal of a major
amount of the volatile fission products. While the data are far from complete,
Brookhaven National Laboratory, Argonne National Laboratory, and industrial
chemists feel that methods can be developed for removing some, and possibly
all, of the nonvolatile fission products. The thorium-bismuthide slurry as a
blanket fluid has only a minimum amount of rsearch and development with
regard to container material. Scientists are extremely optimistic about the

development of chemical processes w1ich will provide bred fuel for a reactor
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based on this concept. A study by a composite industrial group in the early

part of 1955 indicated that large-scale reactors based on this concept would

have commercially attractive economic power costs.

The above factors are not restrictive within themselves and

additional "ground rules" must be established to choose a specific design.

B. OBJECTIVES OF THE PROGRAM

A complete statement of the objectives of the program may be

found in BAW-10111. In this introduction, a few highlights are pointed out.

First, a test is necessary to prove that uranium-bismuth and

graphite in a practical geometry will go critical. Further, it is necessary to

demonstrate that there are no restrictive results from expected transients and

that with regard to steady state stability of fuel the critical assemblage is safe.

Criticality can probably be proved by a mock-up of this reactor concept in a crit-
ical assembly facility. Stability of the fuel solution can be proved in properly

designed in-pile loops. However, transient behavior of a reactor of this type will

undoubtedly require an experimental reactor as a minimum. If it is assumed that

this concept is to be used ultimately for generation of electrical power, an over-

all heat conversion system should be integrated with the reactor. This system

should be of adequate size to permit later extrapolation to large-scale applications.

Accepting the ultimate application to large power plants, what

type of power plant should be considered? Starting with the reactor, there are

numerous conceivable variations. Money, time, and manpower will eventually

decide which of these variations is the best. Since there are limitations in all
three of these factors, at present, current technology must strongly influence the

decision. Although an internally cooled LMFR and an internally breeding LMFR
may be attractive, they cannot be considered now because technology is extremely

limited on graphite fabrication and high temperature fuel. This leaves the exter-

nally cooled LMFR as the type to be considered, and the reference design is

based on this type of reactor.

The next decision is whether the externally cooled type reactor

should be a thermal breeder or converter or a simple burner. Present technology

does not permit a decision based on detailed factual analysis. If time is impor-

tant, the decision must be made on available technology, however limited, past

decisions on similar projects, and the best judgment of future requirements.

Electric power is one of the country's most important present and future commo-

dities. In the future, it is expected that much electricity will be produced by

nuclear energy. If this is true, then breeding or, at least, conversion reactors

should be developed as soon as possible to preserve this valuable source of energy.

Even with converters it is probably possible to extend uranium life twenty fold.

On the basis of the available limited technology and the present
schedule for this project, it has been decided that it is not possible to complete

the research and development necessary for a breeding blanket for the LMFRE.

However, it is recommended that necessary research and development be aggres-

sively pursued during this project work.
The next decision concerns the heat conversion or heat rejec-

tion and whether sufficient information should be obtained from project work to

establish if the LMFR concept is practical for large-scale power plants.
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1.4.2 REACTOR PHYSICS

A. SUMMARY

A number of parametric surveys have been completed to

aid in the selection of the reference design. A range of U-235 Bi-C reactors

with graphite reflectors has been investigated, covering the region of VBi/
VG = 0. 1 to 2.0, N25/NBi (800 to 1400) x 10-6, and reflectors thicknesses

of two and three feet. A number of full and partially blanketed LMFRE's have

been calculated, as well as the effects associated with metal core-reflector

interfaces. Particular attention has been paid to fission density.

The criticality calculation of the reference design has been

made, assuming spherical geometry. The effects of variations in the physical

properties of the reactor materials has been checked, and an estimate made

of the limits of error inherent in the methods of calculation. To aid in this

evaluation, several bare U-235-graphite critical experiments have been checked

and found to be in good agreement with calculations. The major unknowns in

criticality determinations are the effects of thick reflectors containing a number

of large holes. To aid in reducing the error in the prediction of critical con-

centration, a critical experiment has been proposed. The physical properties

of the core and reflector graphite must also be investigated in detail. This

work will require the employment of a two-dimensional criticality code and

further consideration of the inelastic scattering contribution of bismuth and

neutron streaming from holes in the core and reflector.

The total uranium buildup after several years of reactor

operation has been estimated. Because of stringent solubility limitations,

this work must be refined in Phase II, taking into account resonance captures

and various fuel processing cycles and efficiencies. The various temperature

coefficients have been computed, with the exception of the Doppler effect.

To improve these calculations, better information on the physical properties

of graphite will be needed. Other reactivity calculations include the Xe and

Sm poisoning, change in poison level by decay in dump tanks, and the effects

of materials in the core and reflector test holes. To evaluate the xenon

poisoning more accurately, information is needed from the R & D program on

the behavior of xenon and iodine in the primary system. The test hole cal-

culations will be improved in Phase II, using adjoint flux techniques.

Preliminary black and gray control rod calculations have

been made for central and rings of rods. Because of limitations in the code,

the case of rings of rods must be considered further in Phase II. The reduction

in rod worth when inclosed in sheaths will also be investigated. Some con-

sideration must be given to the choice of an adequate safety factor for rod

requirements.

The stability of the LMFRE has not been adequately treated;

much additional work remains to be done on this problem. A general transient

analysis code has been developed and preliminary results obtained. This work

will also continue in Phase II, with particular attention paid to the ability of

the code to predict the transient behavior observed in other reactors.
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B. SYMBOL DEFINITION LIST

A = fuel flow area at exit of core

AG = heat transfer area between graphite and fuel

Ai = fuel flow area at inlet of core

B2 = buckling
Bz = vertical buckling of cylindrical reactor

CG = heat capacity of graphite

Cf = heat capacity of fuel (bismuth)

Ci = concentration of delayed neutron precursor, of type i

Dc = diameter of equivalent cylindrical core

De = equivalent diameter of connector pipe between

core and pressurizer

Ds = diameter of spherical core

Dt = overall diameter of cylindrical core plus reflector

D = diffusion coefficient

Dth = thermal diffusion coefficient

Ef = energy released per fission

F = disadvantage factor

Hc = height of cylindrical core
L = length of connector pipe

L' = parameter to account for expansions and change

in flow area

L2 = diffusion area

MWh megawatts of heat

Ni = atoms per cm3 of mixture of ith component

P = poisoning due to material x: / Za25
P = total power

Pc = power generated in core
Pc = time rate of change of Pc

Po= initial core power level

Pr = power generated in reflector

R02 = resonance integral in thorium

T = reactor period

T f= average fuel temperature in core

Tfi = fuel temperature at inlet to core

Tf0o average fuel temperature in core, at zero time

T f time rate of change of Tf

TG = average graphite temperature in core

TGo - average graphite temperature, at zero time

TG = time rate of change of TG
U = mean velocity of fuel in connector pipe

Uo = initial velocity of fuel in connector pipe

U= time rate of change of U

U f average velocity of fuel in core

U fi velocity of fuel at inlet to core

VBi = volume of bismuth (fuel) in core

V f= volume of fuel (bismuth) in core

VG= volume of graphite in core

VP vclume of gas in pressurizer
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V = time rate of change of V

Vpo = initial volume of gas in pressurizer

Vs =velocity of sound in fuel (bismuth)

Z = difference in elevation between outlet of core and liquid in

degasser
a = radius of fuel channel in core

af = friction fraction in connector pipe

d1 1 fast neutron extrapolation distance

d2 = thermal neutron extrapolation distance

f = dimensionless coefficient of friction in connector pipe

fd = fraction of total delayed neutrons emitted in core

fth = thermal utilization

fhet = thermal utilization, assuming heterogeneous core

fhomo thermal utilization, assuming homogeneous core

g = acceleration due to gravity
hG = heat transfer coefficient - graphite to fuel

kex kfkeff-1
keff = effective multiplication factor

k oo = infinite multiplication factor

Ako0 : step change in reactivity

p = resonance escape probability

pf f pressure of fuel at outlet of core

pfo = initial pressure of fuel at outlet of core

pp = pressure of gas in pressurizer

p = initial pressure of gas in pressurizer

r = range of fission in fuel

t = time, as variable

yi = total fission yield of ith nuclide
8c = time fuel resides in core

8 total fuel circulation time
tt

macroscopic cross-section of ith component (n= a, c, f, s,
tr, t)

a = fraction of heat generated in moderator

aT =effective temperature coefficient of reactivity
total delayed neutron fraction

jS i = delayed neutron fraction of ith group

effective delayed neutron fraction = fa)
r =Cp/Cv for gas in pressurizer
E fast fission factor

77 number of neutrons emitted per neutron absorbed in U-235

K 2 = Ia/D
Xi = decay constant of ith group

Xd = average decay constant of delayed neutrons

p.i Xi 1/T
v - number of neutrons emitted per fission
P = reactivity

P = mean density of fuel in connector pipe

Pf = mean density of fuel in core
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Pf0
PG =

Pi

n

TG =

Teff

rp =

- T th -

(r, z) :

SP. S. =

(3k/aT)

(8k/8T) =
(c9P/dp) I
(a"/aT) _

02 =
23 =
25 =
28 =
49 =

initial mean density of fuel in core

mean density of graphite

density of fuel at inlet to core

microsopic cross-section of ith component

(n= a, c, f, s,. tr, t)

Fermi age in graphite

effective age including leakage

average life of prompt neutrons

average life of thermal neutrons

neutron flux as function of position in reactor

average thermal neutron flux in core

thermal neutron flux averaged over primary system

c (9 t
temperature coefficient of reactivity - graphite only

temperature coefficient of reactivity - fuel only

compressibility of fuel (bismuth)
thermal expansion of fuel (bismuth)

Th-232
U-233
U-235
U-238
Pu-239

C. PARAMETRIC SURVEYS

A number of criticality surveys of reflected and blanketed

reactors, with graphite and metal core tanks, have been made to aid in

choosing the reference design and evaluating alternates. The results of these

surveys are presented below:

1. LMFRE with Reflector
A series of calculations have been made to determine

critical sizes and concentrations of U-235-Bi-C reactors for various bis-

muth to graphite ratios, and with two and three foot graphite reflectors. The

parameters investigated were:

VBi/VG 0. 1, 0.2, 0.5, 1.0, 2.0

N2 5/NBi (800, 1100, 1400) x 10-6
Reflector thickness = 60, 90 cm.

The neutron flux spectrum in the core region was determined

by means of a twenty-group calculation, from which four-group constants

were derived (modified Spectral Code). (P) The four-group constants for the

reflector region (assumed pure graphite) were derived using a twenty-group

neutron spectrum generated in an infinite medium of graphite, assuming

fission neutrons as the source. It is believed that this assumption is suf-

ficient for the purposes of a parametric survey, since the cross-sections

(P) "The information herein marked is the exclusive property of The Babcock

and Wilcox Co., and is disclosed in confidence for the sole use and benefit

of The United States Government and any other use is strictly prohibited. "
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of graphite do not vary much with energy below 1 Mev. The final calculations

were performed using a four-group two-region multigroup code.(P)

The calculation of the critical size of a small, fully-

reflected cylinder cannot be made adequately, using the one-dimensional

codes available, since the radial and axial flux distributions are not separa-

ble. Therefore, the parametric survey was made in one dimension, assuming

spherical geometry, and the results converted to equivalent cylindrical

cores containing an arbitrary 10 percent greater volume.

The importance of inelastic scattering in bismuth, as it

is employed in the Spectral Code, was investigated by running the following

case with and without inelastic scattering:

VBi/VG '1.0

N25/NBi = 1000 x 10-6

Temperature = 519 C
Reflector thickness = 90 cm

Graphite density= 1.85 g/cm 3

Spherical geometry

Core radius = 50 cm

The value of keff with inelastic scattering included in the

code was 1. 00025 and without inelastic scattering was 0. 9955. In view of

this small difference, the parametric survey was run without the contribu-

tion of inelastic scattering. It should be pointed out, however, that the assump-
tion made in the Spectral formulation of the inelastic scattering contribution

is that the inelastically scattered neutrons are uniformly distributed in leth-

argy down to some minimum cut-off energy, e. g., 0. 8 Mev for bismuth.

This is only an approximate representation of the measured distribution in

bismuth, but it simplifies the calculation immensely. The inelastic scatter-
ing effects will be checked more rigorously in Phase II.

A check was made between the method of calculation

used in this study and that reported by J. Chernick3 , who used a multigroup

code known as EYEWASH for the Univac computer. The test case above

was used again, with the density of graphite changed to 1. 70 g /c m3 . The
results of the calculation yielded a critical core radius of 54 cm, in compari-

son to a value of 58 cm obtained by Chernick.

With this background information, the parametric survey

was run. The assumptions and constants used in all calculations are shown

in Table I on Page 17.
The results of the survey are summarized in Table II

and presented graphically in Figures 1 through 5. Figures 1 and 2 refer to

the critical diameter of the equivalent cylindrical reactor, for 60 and 90 cm

graphite reflectors, and Figures 3 and 4 refer to the critical mass under the

same conditions. In Figure 5 the critical mass is plotted vs. N25/NBi.

(P) "The information herein marked is the exclusive property of The Babcock

and Wilcox Co., and is disclosed in confidence for the sole use and benefit

of The United States Government and any other use is strictly prohibited. "
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FIG.1: CRITICAL DIAMETER OF U 23 5- BI- C
REACTORS
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FIG.2 CRITICAL DIAMETER OF U235-Bi-C
REACTORS
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FIG. 3: CRITICAL MASS OF U2 3 5-Bi-C

REACTORS
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235FIG.4: CRITICAL MASS OF U -Bi-C
REACTORS
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FIG.5& CRITICAL MASS OF U235-BiC

REACTORS
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TABLE I

PARAMETERS USED IN PARAMETRIC SURVEY

Average core temperature =
Average reflector temperature =

Density of graphite =
Density of bismuth =
Geometry: fully reflected sphere

Fuel: 100 percent U-235

Reactor Conditions: hot, clean

Cross- sections:

U-235 Bismuth

2200 m/s 438 C 2200 m/s 438 C

687. 359. 0.032 0.01

10. 10. 8.97 8.97

2.48 - - -

2.08 - - -

= 1. 858 (weighted average for E>0. 1 ev)

82

437. 5 C
437. 5 C
1.85 g/cm 3

9. 88 g/cm 3

Graphite
2200 m/s 438 C
0. 0048 0. 00274
4.53 4.53

Since a major unknown in the LMFRE concept is the effect

of radiation damage on graphite surfaces of core fuel channels, a major

objective in the LMFRE design is to maximize this quantity, consistent with
other limitations, in order to reduce the extrapolation needed to predict

radiation effects in a full-power LMFR. The fission recoil flux is proportional

to the fission density, which is defined as the ratio of core power level to
volume of fuel in core, and is independent of the fuel channel diameter, un-

less that diameter approaches dimensions of the order of the range of fission

recoils in bismuth. This proportionality is demonstrated in following simple

analysis:

Fission recoils/sec cm2 = (KlPc) )( (K2 )+ (2n aH )
K 3 (Pc/nraHc) K4(Pc/Vff (1)

Of more interest than the absolute value of the fission

density is the ratio of the fission density in the LMFRE to that of full-scale

LMFR. To obtain this ratio the parameters of the LMFR must be set. In

this study, the LMFR is assumed to be a 500 MWh plant with one-half of the

power generated in the core. To optimize breedinE and minimize fuel in-

ventory, a VBi/V G=1.0 and N23/NBi 600 x 10 are assumed for the breeder.

This yields a critical core diameter (cylindrical) of about 5. 0 feet. If the

LMFRE is assumed to be a 20 MWh reactor, the relative fission density for

each reactor in the parametric survey can be computed easily. The relative

fission density is shown graphically in Figures 6 and 7. It can be seen that
the maximum fission density occurs in the region of VBiVG"0.3. However,

to avoid inconveniently large core sizes, the maximum fission density was
compromised somewhat, and a VBi/VG = 0. 5 selected for the reference
design. The loss of fission density amounts to only about 10 percent.

- 17 -
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TABLE II

SUMMARY OF RESULTS OF CRITICALITY SURVEY OF
GRAPHITE REFLECTED U-235-Bi-C REACTORS

Reflector

Thickness

(cm)

60
60
90
60
90
60
90
60
90
60
90
60
90
60
90
60
90
60
90
60
90
60
90
60

90
60
90
60
60
60

Spherical
Reflector

Saving s

(cm)

36. 2

35. 9
38. 7
35.0
38. 0
34. 3
36. 8

33. 9
36. 4
38. 0
40. 6
37. 0

39.4
37. 5

39. 5
43. 4
46. 2
42. 8
45. 8
43. 3
45. 5
50. 4
55. 0
51.8
55. 5

51.8
55. 6

38. 1

Critical

Diameter

of Sphere

(cm)

174.0

151.0
145. 4
152.0
146. 0
129. 0
124. 0
116.0
111.0

118.0
112.8
104. 4

99. 6
96.0
92.0
112.0

106.4
102.0

96.0
94. 8
90. 4
119.2
112.0

109. 4
102.0

103. 6
96.0
120
112
110

Critical
Diamete r

of Right

Cylinder
(cm)

157.0
136. 2
131. 1
137. 1

131.7

116.4
111.8
104. 6
100. 1

106. 4
101.7
94. 2
89. 8
86. 6
83. 0
101.0
96.0
92. 0
86. 6
85. 5
81.5
107.5
101.0

98. 7
92.0
93.4
86. 6
108.2
101. 0

99. 3

* Reference Case

p G =1.80; To (2200 m/s) = 0.0046 b., for this case only
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VBi/VG

0. 1

0.2

0. 5

1.0

2. 0

0. 3
0.4

* 0.5

N2 5/NB.i

(x 106)

1100
1400

800

1100

1400

800

1100

1400

800

1100

1400

800

1100

1400

1000
1000

1000

Critical
Mass of

Right
Cylinde r

(kg)

3.37
2.80

2. 50
3.00
2.66
2.52
2.24
2.33
2.04
2.80
2.45
2.67
2. 32
2.64
2.33
3.60
3.08
3.74
3.11
3.82
3.31
5.78
4.80
6. 15
4.99
6.64
5.28
2. 56
2.57
2.84



FIG.6: RELATIVE FISSION DENSITY

RIGHT CIRCULAR CYLINDER;REFLECTOR=60 cm. GRAPHITE
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FIG. 7: RELATIVE FISSION DENSITY

RIGHT CIRCULAR CYLINDER;REFLECTOR= 90 cm. GRAPHITE
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FIG.8:RELATIVE FISSION DENSITY
RIGHT CIRCULAR CYLINDER

REFLECTOR = 60cm. GRAPHITE
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The fission density data are re-plotted against N25/NBi
in Figure 8 to illustrate the advantage of choosing the highest possible uranium

concentration. For example, for a given V Bi/ VG, reducing the uranium con-

centration by a factor of two would almost halve the relative fission density,

so to obtain the same radiation damage information, the power of the LMFRE

would have to be doubled, increasing the cost of the experiment considerably.

2. LMFRE With Blanket

The concept of building the LMFRE with a full or partial

blanket in order to gain more information about handling blanket slurries and

improve conversion ratio measurements has been considered as an alternate

design. To aid this evaluation, a study has been made of the effects of various

blanket arrangements on critical size, fission density, and conversion ratio.

The reactor is assumed to have three regions: core,

blanket, and a graphite zone between the core and blanket. The purpose of

the graphite zone is to reduce the fast leakage somewhat, thereby keeping

the core size relatively small and the fission density high.

The calculations were made with a two-group code in

order to save machine time and use an existing neutron balance code. Fast

constants were obtained by age-diffusion methods using twenty-group cross-

sections, a fission spectrum of source neutrons, and a 1/E flux spectrum.

The following parameters were used, where different from those listed in

Table I.
TABLE III

PARAMETERS FOR BLANKET SURVEY

VBi/VG =0.5

N25/NBi = 1100 x 10-6

Critical core diameter for

reflected sphere (two-group) = 109.92 cm

Slurry = 10 Wt. % thorium in bismuth

V (slurry)/V(graphite) in blanket = 1.0

Blanket thickness = 30 and 60 cm

Graphite reflector zone ~ 0 to 60 cm

Geometry = spherical

o-a 02 = 3. 92 b

Otr 02= 12. 6 b

R02 = 17 b
Dth(core) = 0. 912 cm

Dth(refl.) = 0. 793
Dth(blanket) = 0. 931

The results of the calculations are presented in Table IV, and

shown graphically in Figures 9, 10, and 11. Referring to Figure 9 it can be

seen that the core diameter decreases, for various types of blankets, as the

thickness of the graphite zone is increased. At a zone thickness of about

47 cm, the core diameter is the same as the reference design LMFRE, with

a two-foot graphite reflector. Therefore, no loss in fission density would

be incurred. This can be seen more readily in Figure 10, where the ratio of the

- 22 -



FIG.9:CRITICAL CORE DIAMETER FOR
VARIOUS BLANKET CONFIGURATIONS
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FIG.IO: RATIO OF FISSION DENSITY IN
BLANKETED LMFRE TO THAT IN THE
REFERENCE DESIGN LMFRE WITH A -
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FIG.II: CONVERSION RATIOS IN LMFRE WITH
VARIOUS BLANKETS
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TABLE IV

SUMMARY OF RESULTS OF BLANKET STUDY FOR LMFRE

Thickne s s

of

Graphite
Zone

(c m)

0
0
0

15
15
30
30
30
45
60
60
60
60*

Blanket

Thickne s s

(cm)

30
30

60
30

60
30
30

60
30
30
30

60
0

Critical

Diameter
of

Sphe rical

Core
(cm)

156. 84
142.44
152.48
133. 32
131. 32

119.0
112. 6
118. 2
110.97
106. 5
104. 3
106. 4
109.92

Thorium

in

Blanket

Yes

No
Yes
Yes

Yes

Yes

No
Yes
Yes
Yes

No

Yes

Overall

Diameter
(feet)

7.11

6.64
8.84
7. 33
9.23
7.84
7. 63
9. 78
8.56
9.40
9. 33

11. 36
7.54

Ratio of

Fis sion

Density

to Fis-
sion Den-

sity in

LMFRE

. 3445

.458

.373

5605
.5842

786
.9265
.804
.971

1.099
1. 168
1.100
1.00

Conve r s ion

Ratio

0. 389

0. 705
0.477
0. 744
0.519

0. 736
0.516
0. 481

0. 625
0.000

fission density in a blanketed reactor to that of the reference design LMFRE
with a two-foot graphite reflector is plotted for various types of blankets.

However, this matching of fission density is not achieved

without a price. The overall diameter of the reactor (core zone blanket) is

considerably greater than that of the reference design, and physical limi-
tations may become an important factor. The cost of the system would also

be significantly greater, because of the increased size of the reactor, vessel
and shielding.

The use of a graphite zone between the core and the blanket

affects the conversion ratio, as can be seen in Figure 11. The fast leakage

out of the reactor is considerable, even with a 60 cm. blanket. The addition

of a graphite zone decreases the fast leakage into the blanket, but also re-

duces the fast leakage out of the blanket. Therefore an optimum graphite

zone thickness is observed. This may no longer be the case, however, if a

90 cm blanket is assumed, or a smaller VBi/VG is used in the blanket.

In summary, a sacrifice in fission density by a factor of

more than 2. 5 is made if a blanket is added to the reference design LMFRE:

This loss can be reduced by interposing a graphite zone between the core and

blanket, and goes to zero for a zone 47 cm thick. The overall size of the

reactor is now, however, significantly greater.

* Standard Case ( 2 ft. Graphite Reflector)
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3. Use of Metal Core Tank

In the preceding calculations a core tank has been assumed.

Should the results of the Research and Development Program indicate that a

graphite core tank is not feasible, an alternate design employing a metal

(Croloy) core tank will be used. Because of time limitations, a complete

parametric survey using a metal core tank has not been made. However,

some early results of the effects of a metal wall and fuel and/or bismuth

annuli (''immoderation" effect) on reactivity will be presented to point out

the serious reduction in fission density incurred by the use of a metal core tank.

The results presented below were obtained using a four-

group multi-region code (P) the approximate group constants being obtained by

hand calculation. In all cases VBi VG = 0.4, core radius = 61 cm, and

reflector thickness = 60 cm of graphite. Two metals were considered: one

Croloy 2 1/4, 5/16 inch thick, and the other tantalum, 1/4 inch thick.

TABLE V

EFFECT OF METAL CORE TANK ON keff

Fuel Bi Annulus Mass

Wallnueus Thickness U-235 keff keff % Decrease
Material (cm) (cm) (kg) Initial Final in keff

Croloy 0.0 0.0 1.5 0.826 0.610 26.1%
Tantalum 0.0 0.0 1.5 0.826 0.532 35.6

Croloy 0.0 0.0 2.5 1.017 0.789 22.5
Tantalum 0.0 0.0 2.5 1.017 0.700 30.2

Croloy 0.0 0.0 3.5 1.124 0.900 19.9
Tantalum 0.0 0.0 3.5 1.124 0.807 28.2

Croloy 0.3 0.0 2.5 1.017 0.795 21.8
Croloy 0.6 0.0 2.5 1.017 0.800 21.4

Croloy 1.2 0.0 2.5 1.017 0.811 20.2
Croloy 0.6 0.3 2.5 1.017 0.800 21.4

Croloy 0.6 0.6 2.5 1.017 0.800 21.4
Croloy 0.6 1.2 2.5 1.017 0.720? 29.2?

*C roloy 0.6 0.6 2.5 1.017 0.847 16.7
**Croloy 0.6 0.6 2.5 1.017 0.897 11.8

It is evident that the introduction of a metal wall between

the core and the reflector causes a substantial decrease in reactivity, about

22 percent for Croloy and 30 percent for tantalum, and that a substantial

increase in uranium concentration, of core diameter, over that for the

* Ring 1. 2 cm thick containing 3000 ppm U- Bi, located 2/5 of distance into

reflector.

** Ring 2.4 cm thick containing 3000 ppm U-Bi, located 2/5 of distance into
reflector.
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:eference design LMFRE (graphite core tank) will be required for criticality.

The fission density in an LMFRE with a metal core tank will then be sub-

stantially less than in an equivalent LMFRE with a graphite core tank for a

given U-235 concentration, and the power level would have to be raised by

that factor to attain the same degree of radiation damage.

The use of fuel and bismuth annuli in reducing the loss of
reactivity introduced by the metal wall is not very successful. In order to

take full advantage of the immoderationn" effect, fuel must be in the outside

annulus as well, so that neutrons thermalized in the reflector and scattered

back toward the core can cause fissions in the outer annulus rather than be

captured in the wall. In order to achieve this objective in the LMFRE, the

reflector would have to be cooled with fuel, or else a very difficult design

problem would be introduced.

The last two cases in Table V were run to simulate the

effect of test loops in the reflector. The effect of these loops, when filled

with concentrated U-Bi solution, is to reduce substantially the losses due to

the metal core tank. The analysis of the effect of loops filled with Th-Bi

slurry was done by a different method and is reported later in this section.

A series of four-group flux distributions corresponding to
some of the cases given in Table V have been selected to illustrate the effects

of metal core tank walls, fuel annuli, and reflector test holes. They are

shown in Figures 12-15.

4. Flux Depression in Test Holes
It has been suggested that samples could be exposed in a

region of higher fission density than that occuring in the core by placing

them in the reflector test holes in which 3000 ppm. U-Bi fuel is circulated.

A series of thermal neutron flux depression calculations for four-inch diameter

test holes in the reflector were made to check this hypothesis. The flux

depression is defined as the ratio of the actual flux to the unperturbed flux

at the surface of the test hole. The results, for various assumed geometries,

are presented in Table VI.

TABLE VI

THERMAL NEUTRON FLUX DEPRESSION IN REFLECTOR

TEST HOLES

Refle ctor Unpe rtu rbe d Thermal Flux

Geometry Flux Shape Depression

Cylindrical Flat 0. 44
Slab Flat 0.45

Slab Slanted, across 0. 41 (inside)

test hole 0.25 (outside)

Slab parabolic, about

test hole 0. 11

From these values, the flux depression is probably about
one-third. Since the core operates with fuel at about 1000 ppm, the gain in
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FIG.12:NEUTRON FLUX DISTRIBUTION
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FIG.3: NEUTRON FLUX DISTRIBUTION
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FIG.14:NEUTRON FLUX DISTRIBUTION
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FIG.15 : NEUTRON FLUX DISTRIBUTION
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fission density in the reflector test holes by the use of 3000 ppm U-Bi is a

factor of three. However, the effective flux at the test holes is down by a

factor of three from that in the center of the core. The net result is a smaller

fission density in the reflector test holes. The use of the core test hole

would be better in this respect.

5. Heterogeneity Effects

To check the validity of the criticality survey which was

made assuming a homogeneous core, the disadvantage factor and thermal

utilization were calculated for several values of fuel channel diameter.

Assuming a cylindrical unit cell based on VBi/VG = 0. 5, and N25/NBi = 1000 x

10-6, the values shown below in Table VII were obtained.

TABLE VII

HETEROGENEITY EFFECTS

Fuel Channel Disadvantage Thermal Utilization

Diameter (inches) Factor, F U-Bi U alone

0.0* 1.0000 0.954 0.910
2.0 1.0066 0.954 0.910
4.0 1.0263 0.952 0.908
6.0 1. 0 586 0.. 948 0.904

The effect of increasing the uranium concentration to

N25/NBi ~ 1300 x 10-6 was checked for a fuel channel two square inches in
cross-section (cold). At 1300 ppm F ~ 1.0089, fhet = 0. 9261, and fhomo
0. 0288. The corresponding values for 1000 ppm are: F = 1.0069, fhet 0' 9090,
and fhomo - 0. 9094.

The results show that the assumption of a homogeneous
core is quite reasonable for the range of fuel channel diameters and concen-

trations being considered for the reference design.

D. PARAMETERS FOR REFERENCE DESIGN REACTOR

1. Summary of Nuclear Parameters

The nuclear parameters for the reference design reactor

are summarized on the following pages in Tables VIII, IX, and X.

2. Flux and Energy Distribution

The four-group neutron flux distribution for the reference

design is shown in Figure 16, normalized to 20 MWh. Because of the limitations

inherent in a one-dimensional code, this flux distribution is valid only for

the equivalent reflected sphere. The respective energy and lethary groups,

and fraction of total fissions occuring in each group are as follows:

GROUP ENERGY INTERVAL LETHARY FRACTION OF
INTERVAL TOTAL FISSION

i 10 Mev-4. 307 Kev 0-7. 75 0.0043
2 4. 307 Kev-19. 07 ev 7. 75-13.18 0.0305
3 19.07 ev-0.0705 ev 13.18-18.77 0.1167

4 Thermal Thermal 0. 8485
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TABLE VIII

SUMMARY OF THE NUCLEAR PROPERTIES OF THE

REFERENCE DESIGN REACTOR

Core Power Level

Average Core Temperature

Average Reflector Temperature

Average Density of Bismuth
Average Density of Graphite

Voids in Core
VBi /VG in Core
VBi/VG in Reflector
N25/NBi in Fuel (hot, clean)
Fuel

Critical Mass (hot, clean)
Critical Diameter (cylindrical core)

Critical Height (cylindrical core)
Reflector Thickness (side)
Reflector Thickness (end)
Ove rall Reactor Diameter (cylinde r)

Overall Reactor Height (cylinder)
Buckling of Equivalent Bare Sphere

Diameter of Equivalent Bare Sphere
Reflector Savings

Thermal Utilization, fth
Average Thermal Neutron Flux in Core

(cylinder)
Average Thermal Neutron Flux in Core

System

0 max/'k av (thermal, sphere)
Fuel Residence Time in Core, 6 c
Total Fuel Circulation Time, & t

&c/ et

= 20 MW of heat

= 437. 5 C (819. 5 F)
= 437. 5 C (819. 5 F)

= 9. 88 g/cm 3 (617 lb/ft 3 )
= 1. 80 g/cm 3 (112 lb/ft3 )
= 2. 5% by volume
= 0.500
= 0.000
= 1000 x 10-6 (1134 ppm by wt)

= 90% enriched U-235
= 3.25 Kg U-235 (7.15 lb)
= 105 cm (41. 3 in)
= 105 cm (41. 3 in)
= 75 cm (2.46 ft)
= 75 cm (2.46 ft)
= 255 cm (8. 35 ft)
= 255 cm (8. 35 ft)
= 0. 00100 cm-2
= 199 cm (6. 52 ft)
= 41. 4 cm (1. 36 ft)

-0. 9114

= 2.10 x 1014 n/cm 2 sec

= 8. 30 x 1012 n/cm 2 sec
= 1.072
= 1. 5 sec
= 38 sec

= 25.3
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TABLE IX

THERMAL NEUTRON CROSS-SECTIONS FOR
REFERENCE DESIGN MATERIALS

Cross- Section
at 2200 m/sec

(barns)

o-fa
Sc

's
q-tr

'nth

Bismuth

0. 032
0. 032
0. 000
9.0
8.97

Graphite

0. 0046
0. 0046
0. 0000
4,8
4.55

U-235 U-238 Th-232

687.
107.
580.

10.
9.98
2.46
2.08

2. 8
2. 8
0.0

10.

9.98

7. 0
7. 0
0.0

12. 6
12.56

TABLE X

CORE AND REFLECTOR MACROSCOPIC PARAMETERS

CORE

Parameter

a1

f
Ss

Str

Dth -
L2f

r eff -

T* G -

M2 -

9.2 5
L68

Bi Graphite

x10 2 1 5.867x102 2

4x10- 4 L1535x10" 4

0.08325

0.08300

0.0096

0.2816
0.2669
0.1589

U-235

9.2 5x10 18

3.322x10- 3

2.813x10- 3

9.25x10 5

9.2 3x10- 5

0.0084

U-238

9.25x10 1 7

L47x10- 6

9.25x10- 6

9.24x10- 6

0.0084

Total

3.645x10- 3

2.813x10- 3

0.3650
0.3501

0.952
261.
448.4

709.

Reflector

Graphite

9.026x10 2 2

2.362x10' 4

0.4333
0.410 7
0.1589
0.815
3450.

233.

3683.

3. Effects of Small Changes in Reference De sign Parameters
In order to estimate the range of validity in the nuclear

specifications of the reactor, as summarized in Table VIII, a number of

calculations have been made of the change in critical diameter, critical con-
centration, and reactivity with small changes in the physical and nuclear

design parameters. For example, the density and cross-section of the actual

graphite that is to be used in the reactor is not known accurately at the pre sent

time, and the manufacturer will only quote a range of values. In order not to

- 35 -



FIG.16: FLUX VS. RADIUS
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delay the engineering design of the reactor, pressure vessel, etc., it would

be of interest to know the maximum variation in core size that would be in-

troduced by reasonable changes in a number of the design parameters. If

this variation is not too great, then the detailed engineering design can pro-

ceed on the basis of the maximum core size. When the actual core size has

been determined within narrow limits, later in Phase II, then the specifica-

tion of the number of core channels can be made, with only a minor revision

in the engineering design, and the extra margin of graphite can be considered
as part of the reflector.

To simplify the analysis, most of the work reported in
this section was done using a two-group, two-region code corrected for
cylindrical geometry. It can be seen in Figure 17 which is a plot of keff vs.

core diameter for the reference design (60 cm reflector), that the four-group
and two-group methods give approximately the same relation between keff and

core diameter. The different absolute valves are in part due to different cross-
sections used in the two codes. The reactivity as a function of uranium con-

centration is shown in Figure 18 for the reference design. From this curve

the relation between A M/M andA k/k can be obtained.

The range in properties of graphite is an important variable.

According to one manufacturer, the bulk density of the graphite to be used in

the core and reflector may vary between 1. 75 and 1. 85 g/cm3 . Likewise,

the thermal neutron absorption cross-section may vary between 4. 5 and 5. 5

millibarns. The effect of varying these two properties on the critical con-

centration is linear over the range considered, and amounts to about 110 ppm

per 0. 1 g/cm3, and 50 ppm per millibarn, respectively;

The properties of bismuth are not expected to vary so

significantly. The density of bismuth with temperature is assumed to be

predictable. However, the cross-section of bismuth may vary between 0.035

and 0. 040 barns due primarily to variations in chlorine content. This variation

is equivalent to only about 15 ppm.

The porosity of graphite to bismuth (in the reflector)

and U-Bi (in the core) is another factor to be considered. The effect of bis-

muth penetration in the reflector is shown in Figure 19. The theoretical

maximum penetration is about 0. 45 volume fraction. However, a more

realistic figure would be about 0. 10, and this, too, is probably very conservative.
A volume fraction of bismuth in the reflector 70. 10 would require an increase

in uranium concentration of about 70 ppm.

The alternate case of U-Bi penetration into the core

graphite was calculated when combined with bismuth penetration in the re-

flector. The reactor is more reactive for this case, and the critical con-

centration is about 910 ppm (by atom). The effect of U-Bi penetration in

the core, with no bismuth penetration in the reflector, has not been computed,
since it will increase the reactivity considerably and therefore is not a critical

factor.

Effects of these variables on reactor criticality are sum-
marized on the following page in Table XI. It is apparent that an allowance

of 100-200 ppm should be made in initial criticality expectations, unless more

detailed information about the graphite and other information from the research

and development program is obtained before the reactor design is finalized.
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TABLE XI

EFFECT OF REACTOR VARIABLES

ON REFERENCE DESIGN CRITICALITY

Change in Change in
Critical Critical

Range of Value Concentration Diameter

Factor Variable Assumed (ppm) (cm)

Density of

Graphite (g/cm3) 1.75-1.85 1.80 60 2. 1
Cross- section
of Graphite (mb) 4.5-5.5 4. 6 50 1. 8

Cross- section

of Bismuth (mb) 32-40 32. 20 0. 5

Vol. Fraction Bi
in Reflector 0.0-0.1 0.0 70 2.4

Vol. Fraction Bi

in Reflector and

U-Bi in Core 0.0-0.4 0.0 90 3.1

4. Accuracy of Reference Design Criticality

In the preceeding section the expected range in critical

diameter or concentration due to variations in the physical properties of the

reactor materials was discussed. In order to determine the maximum "error"

in the critical size specification of the reference design, the accuracy of the

method of calculation employed in this study must also be estimated.

The first error in the nuclear calculations is incurred by

the use of a one-dimensional code to handle a two-dimensional problem. The

reference design calculation has been made in spherical geometry and the

results converted to an equivalent right circular cylinder by increasing the

spherical core volume by 10 percent. It is believed that this is a conservative

assumption and that the two-dimensional calculations planned for Phase II

will yield cylindrical core volumes within 10 percent of the equivalent sphere.

The second error is introduced by the usual group approxima-

tions to age theory and uncertainties in cross-sections. For a bare reactor,

the twenty-group Spectral Code that has been used in these calculations

appears to give very good results; the errors are largely due to uncertainties

in nuclear constants, corresponding to about 2 percent in k. This point has

been checked, in the absence of bismuth, by an evaluation of several bare

U-235 graphite critical experiments at ORNL and Livermore4 . In all cases
checked, the computed reactivities were within 1-2 percent of that measured;

the excellent agreement is perhaps fortuitous, since the reactors are non-

the rmal and the calculations depend strongly on the choice of 77 in the resonance
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region. The indications from these experiments are that our methods of

computing the fast diffusion characteristics in graphite are probably reasonably

correct. The ability to calculate bare U-235 graphite reactors, even though

non-thermal, does not guarantee similar success in the case of the highly

reflected LMFRE. Unfortunately no appropriate critical experiment data
are available for this case.

Other complicating features about the reference design
LMFRE are: (1) large test holes in the core and reflector, (2) fuel channels in
the top and bottom reflectors, (3) fuel plenums at the top and bottom of the

core, and (4) gray control rods and sheaths. If all these effects are lumped
together, the error in the reference design calculation may be as great as

30 to 40 percent in critical concentration.

The limits of error in the assignment of a critical diameter
of 41. 3 inches to the reference design may be estimated, using the above in-
formation in connection with Figures 17 and 18. The error in the method of

calculation may be as great as 8 percent in k, which would require an increase

in diameter of about 9 cm (3. 6 inches). The variation in critical diameter
associated with minor changes in material properties may be estimated from

Table X; a reasonable allowance for adverse properties is about 3. 5 cm

(1. 4 inches). Therefore the best estimate of the critical diameter of the ref-

erence design, based on present knowledge, is 41.3 5.0 inches. It is ex-

pected that this number will be refined as more information on material prop-

erties becomes available from the Research and Development Program, and
an LMFRE critical experiment is run.

E. REACTIVITY EFFECTS

1. Long Range Effects

Because of the stringent limits on the solubility of uranium

in bismuth, the total uranium buildup over the operating life of the reactor

must be calculated. Since this is a function of the initial U-235 concentration,

a preliminary calculation has been made on the basis of an arbitrary "pre-

reference'" design. The assumptions made in this calculation are:

a) All cross-sections are thermal.

b) Core power level = 20 MWh.

c) V(Bi) /V(C) = 0. 5
d) No(25)/N(Bi) = 1000 (1124 ppm by weight).
e) Average Core Temperature = 438 C.

f) Critical mass = 2. 5 Kg. U-235
g) 4c = 3. Ox 1014 n/cm2 sec.

h) Ratio of volume of fuel in core to total volume of

fuel =0.05.
Parameters chosen for the reference design coincide

very closely with those above, the only difference being in critical mass

(3. 25 Kg) and average thermal flux (2.10 x 1014 n/cm2 sec). It is felt that this

difference is too small to warrant repeating the calculations at this time, in
view of the much greater inaccuracies introduced by simplifying assumptions.

The calculations will be repeated for the reference design, taking into account
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resonance captures, various processing cycles and efficiencies, and a more

accurate treatment of the effects of fuel circulation.

The fission product poisoning was calculated, taking into

account second and third generation captures, with and without volatile fission
product removal, i. e. , instantaneous removal of all stable isotopes of Xe, Kr,

I and Br, and those having half-lives greater than fifteen seconds. To simplify
the analysis, a constant value of E f( 2 5 ) was assumed, which is not entirely
true. However, for the case of most interest (two years of operation and
volatile fission product removal), the increase in U-235 concentration is only
5-10 percent, which is sufficiently small to ignore in this preliminary analysis.

The resulting poisoning, which is defined as E a(P)' E a( 2 5 ), is shown as a
function of time at full power in Figure 20. The spread in values indicates
the range of uncertainty in thermal absorption cross-sections and fission yields.

The buildup of higher isotopes of U, Np, and Pu proceeds
primarily by thermal neutron capture and beta decay. Most of the buildup
originates at U-235, since it is the major fuel component, but there will be
a certain contribution from the chain beginning at U-238, since the use of
90 percent enriched U-235 as fuel has been assumed. The buildup of the
important higher isotopes is shown in Figure 21 as a function of *c.st, where

cs is the average thermal neutron flux in the core system, and t is the operat-
ing time at full power. The important uranium isotopes are U-235, U-236,
and U-238 for the period of interest. The results are translated into ppm by

weight as a function of years at full power, in Figure 22.

The contribution to the poisoning of the system by the
higher isotopes amounts to only about 0.02 percent after four years of full
powe-r operation. The contribution of the corrosion products and additive

has been estimated conservatively by assuming the solubility limits of Fe
and Cr at 500 C. (20 ppm and 2 ppm, respectively), and Mg and Zr at 350
ppm. The total equilibrium poisoning on this basis is about 0.14 percent.

No account is taken of the possibility of some trace impurity in Croloy with

a high cross-section being selectively leached out, or the solution or entrain-

ment of reagents in the fuel stream from the chemical processing system.

These possibilities will be investigated when information is available from

the Research and Development Program.

The original estimates of the amount of U-235 needed to

over-ride a given amount of poisoning were made on the basis of a bare

reactor as reported in BAW-1004. Recently a more accurate relationship

has been obtained for the reference design, using a four-group machine cal-

culation. This relationship between uranium additions and poisoning is

shown in Figure 23.

The total uranium buildup is shown in Figure 24. After

two years of full-power operation, the maximum uranium concentration will

be about 1475 ppm by weight assuming no fuel processing. This compares
with 1700 ppm 10 percent which is the measured solubility of uranium in

bismuth at the minimum fuel temperature of 720 F and assumes no fission or

corrosion products act as solubility depressants.

2. Temperature Coefficient of Reactivity

The immediate and total temperature coefficient of the

reference design has been computed, using the age equation for a bare reactor
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FIG.20: FISSION PRODUCT POISONING
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FIG.21:HIGHER ISOTOPE BUILD-UP
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FIG.22: HIGHER ISOTOPE BUILD-UP AT 20mw
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FIG.23: U 2 3 5ADDITIONS TO OVERCOME

POISONING
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FIG.24:TOTAL URANIUM BUILD-UP
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and taking into consideration changes in fth and L2. The immediate co-

efficient was calculated on the basis of changes in the U-Bi temperature alone,
and yielded a value of -5.0 x 10- 5 /C, at keff = 1 and T = 438 C. The total

temperature coefficient of reactivity, computed on the basis of both fuel and

moderator changing with temperature, is -1. 8 x 10- 4 /C, or nearly four times

the immediate. It is apparent that the transient response of the reactor will
depend strongly on the rate of heat conduction of the moderator, which will

take of the order of one-half minute.

Results of hand computation for a bare reactor were
checked with a two-group machine calculation for the reference design. A
plot of keff vs. average core temperature is shown in Figure 25, and a keff/
d T vs. average core temperature in Figure 26. On the basis of the latter

curve, d keff/d T is about -1. 7x 10~/C at 438 C, in very good agreement with

the hand computation reported above. The average total temperature co-
efficient over the range of 350-550 C is-1. 9 x 10~ /C and over the range of

350-438 C is -1. 3 x 10-4/C.
The largest term in the temperature coefficient calcula-

tion is the change in L2 with temperature, which is strongly dependent on

the values of the linear expansion coefficients of graphite, parallel and

perpendicular to the grain. The values used above may be somewhat different

in the actual graphite used in the reactor, and experimental data on these
properties of graphite should be obtained in the Research and Development

Program to permit a more accurate calculation of the temperature coefficient.

The contribution of the positive xenon temperature co-

efficient to the prompt negative temperature coefficient of reactivity has been

computed for various xenon removal rates. Even with no xenon removal,

the net prompt coefficient of reactivity is negative. This is also the case
for a full-scale LMFR.

The additional temperature effects will be investigated
in Phase II: the Doppler effect, and the temperature coefficient for core and

reflector at different temperatures. The former will probably be negligibly

small; the latter information will be of use in the Test Program.

3. Xenon and Samarium Poisoning
The Xe-135 and Sm-149 poisoning at equilibrium and after

shut-down have been computed assuming the worst case of no removal of

xenon or iodine in the degasser, but taking into account fuel circulation.

The Xe-135 poisoning, defined as X a(P)I 2 a(2 5 ), increases from its equilib-
rium value of 2. 8 percent to a maximum of 3. 3 percent about five hours after

shut-down. The xenon poisoning would be less if a substantial fraction of

the xenon were removed in the degasser.

An alternative assumption of complete xenon removal in

the degasser without iodine removal is possible. In this case the reactor
operates at an equilibrium Xe-135 poisoning of about 2. 7 percent, which in-

creases to a maximum after five hours of 3. 2 percent.

A third possibility is extremely remote. In this case it
is assumed that xenon and iodine are instantaneously and completely adsorbed

on the graphite surfaces of the core, so that the effect of circulation on poison-

ing is reduced. The equilibrium xenon poisoning is now 5. 0 percent, and the

maximum values of 38 percent is reached about eleven hours after shut-down.
The same effects will be noted if the reactor generates power with no fuel
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FIG.25:REACTIVITY VS. TEMPERATURE
IN THE REFERENCE DESIGN
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circulation, e. g., during an accident. However, the duration of the transient
will be short compared to the 1-135 half-life.

The Sm-149 poisoning amounts to 1. 10 percent at equilib-
rium and increases to a maximum of 1. 23 percent, about 300 hours after shut-

down. The results of Xe-135 and Sm-149 poisoning calculations are sum-

marized below in Table XII, for the various cases of xenon behavior.

TABLE XII

XENON AND SAMARIUM POISONING FOR
VARIOUS CASES OF XENON BEHAVIOR

Poisoning Percent

Case Equilibrium Maximum Re sidual

Xe Sm Tot. Xe Sm Tot. Xe Sm Tot.

A. No Xe Removal 2.8 1.1 3.9 3. 3 1.1 4.4 0.0 1.1 1.1

B. 100% Xe Removal 2. 7 1.1 3.8 3. 2 1.1 4. 3 0.0 1.1 1.1
C. No Circulation 5.0 1.1 6.1 38. 1.1 39.1 0.0 1.1 1.1

4. Change in Poison During Fuel Storage

The change in poison level with time in the dump tanks,

neglecting the Xe-135 and Sm-149, has been estimated for the fission product

chains containing large cross-section nuclides: 83, 87, 88, 103, 107, 111,

113, 131, 143, 151, 155, 156, and 157. The change in poison level, for various

storage times is given in Table XIII. The results indicate very small changes,

for periods up to at least several months.

TABLE XIII

CHANGE IN POISON LEVEL DURING FUEL STORAGE

STORAGE TIME CHANGE IN POISON

(A E a(P) /Ea(25) x 10-2)

0 0.0000
hours 0.0008
1 day 0.0090
1 week 0.0199

30 days 0.0534

5. Materials in Test Holes:
An estimate has been made of the reactivity associated

with various materials in the core and reflector test holes. Two compositions

were assumed: Th-Bi slurry, containing 10 weight percent thorium in bismuth,

and concentrated U-Bi fuel, containing 3000 ppm by atom U-235 in bismuth.

The test holes are assumed to be 3 1/2 inches in diameter, and either three or
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six holes are assumed to lie in a ring on a common radius in the reflector.

Two positions of the test holes were also assumed: four inches and six inches

from the edge of the core to the inside edge of the test holes.

The calculations were made for an arbitrary "pre-reference"

design, for which VBi/VG ~ 0. 5, N25/NBi = 1000 x 10-6, P(C) = 1. 85 g/cm3 ,

Tf: 438 C, Dc = 50 inches and reflector thickness of three feet of graphite.

The present reference design has a core diameter of about 41 inches, so the

reactivity associated with the test holes in the reflector of the reference design
will be somewhat different.

In the calculation of the holes in the reflector, the reactor

was divided into four concentric regions: Region 1 was the core, Regions 2

and 4 were reflector, and Region 3 contained the test holes and was assumed

to consist of a homogeneous mixture of bismuth, graphite, and thorium.

The calculation of keff was made by means of a two-group multi-region codeP).

The homogenization of Region 3 tends to underestimate the effect of the holes.

In order to obtain a limiting value, one case in which Region 3 was assumed to

consist entirely of bismuth and thorium was run. Calculations of the effect

of the core test holes were made by assuming a single four inch diameter hole

in the center of the core, and using the two group calculation in three regions.

TABLE XIII -A

REACTIVITY WORTH OF CORE AND REFLECTOR TEST HOLES

Position of Number of Material in Total Total

Test Holes Test Holes Test Holes keff A keff

Reflector - 4"in 6 Th-Bi 1.1829 -0. 0124
Reflector - 4"in 3 Th-Bi 1.1847 -0. 0106
Reflector - 6"in 6 Th- Bi 1.1842 -0. 0111

Reflector - 6''in 3 Th-Bi 1.1855 -0.0100

Reflector - 4"in oo Th-Bi 1.1509 -0.0444

Reflector - 6"in 6 U-Bi 1. 2426 +0. 0473

Reflector - 6"in 6 *U-Bi 1.2085 +0. 0132

Core - center 1 U-Bi 1.2246 +0.0293

Standard Case -no holes 1.1953 0.0000

* N25/NBi = 1000 x 10-6

The calculations above that are based on the homogeniza-

tion of the test hole region are not entirely reliable since they tend to under-

estimate the importance of the holes. A more accurate treatment of this

problem is being undertaken in which the importance of neutrons in various

regions is calculated with and without perturbers, with the importance defined

in terms of the adjoint flux. The loss of neutrons by streaming out of empty

hole s will also be evaluated. The results of the se calculations will be re-

ported later.

6. Reactivity Controlled By Rods

The specifications of the total control rod worth for the
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LMFRE may be made on the basis of the miscellaneous reactivities considered
in this section, together with information on reactor accidents, as discussed in

the "Preliminary Hazard Report". It is assumed in this analysis that the

slow change in reactivity due to the accumulation of fission product, corro-

sion product, and higher isotope poisoning will be controlled by gradually

increasing the U-235 concentration.

The remaining reactivity sources that should be compensated
for by control rod motion are summarized in Table XIV. The total rod worth

requirement is not, however, simply sum of the absolute values of A k. In

order not to decrease the fission density unduly , the amount of excess re-

activity built into the reactor and controlled by rods should be kept to a minimum.

Therefore, the various reactivity sources in Table XIV must be examined care-

fully to determine how they might combine under different operating conditions.

TABLE XIV

SUMMARY OF REACTIVITY SOURCES FOR CONTROL RODS

Reactivity Source Ak(%)

Temperature Coefficient:
270 C to 500 C 3.5

370 C to 500 C 2.2
Xe-135 - Sm-149 Poisoning:

Normal-No Xe Removal 1. 5

No Xe and I Circulation 2. 9

Test Holes: Th-Bi Loading

Reflector (4) 2.0

Core (1) None

Test Holes: U-Bi Loading

Reflector (1) 1.5

Core (1) 3.0

Shut-down Excess k 3.0

Margin for Periodic Fuel Addition 1. 0

Gain of Delayed Neutrons if

Circulation is Lost 0. 6

At initial startup and low power operation, when there is

no inventory of fission products to maintain the fuel temperature, the temp-

erature coefficient from the melting point of bismuth (271 C) to the maximum

fuel temperature (500 C) must be used. There is, of course, always the

possibility of dumping the fuel should the auxiliary heat source be lost during

low power operation, but, for many reasons, the number of fuel dumping s

should be kept to a minimum. This requirement may be relaxed as more is

learned about the cooling characteristics of the reactor.

After a significant amount of full-power operation the Xe-

135 poisoning will be present. However there will be sufficient internal heat

to prevent rapid cooling of the fuel. The temperature change of importance

now is that from 500 C to the minimum intermediate coolant temperature

(700 F, 370 C).
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For the cases of xenon and samarium poisoning, it is

assumed that for normal equilibrium poisoning, control will be maintained

by fuel addition, since the equilibrium poison level will be approached slowly

Control rods will provide control after shut-down, as the Xe-135 decays;
this avoids having to deconcentrate the fuel and then re-add it for startup later.

There are three alternate mechanisms for xenon poisoning,
discussed in section F-3. For the normal (worst) case of no xenon and iodine

removal, the amount of poisoning required to be withdrawn by rod motion for
the xenon over-ride would be 3. 9-4.4 ~ -0. 5 percent. As the Xe-135 decays,
poison must gradually be inserted into the core; the total amount required
is 3. 9-1.2 =2. 7 percent.

The worst case, assuming no xenon and iodine circulation,

because of instantaneous adsorption in the core, is rather unlikely on the basis

of present information. For this reason, no attempt will be made to provide

control for the 6.1-39.1 ~ 33 percent xenon poison over-ride. Likewise,

to control the reactor during Xe-135 decay, poison to the amount of 6. 1-1. 2 =
4. 9 percent would be required. If this totally unexpected effect should be

ooserved, and sufficient control is not available to control it, the fuel could

be dumped for safety.

For operating convenience, it is desirable to be able to

add materials to the test holes without having to adjust the fuel concentration.

This would also introduce a measure of safety in the event of sudden loss of

material from one of the test holes. Of most interest are those cases in

which the reactivity is decreased, as with a Th-Bi loading. If it is assumed
that the central test hole is never loaded with Th- Bi, this reactivity increment
is about 2 percent. The loading of the central test hole with Th-Bi has not

been calculated, since it is a rather unlikely case.

An allowance for a shut-down keff of 0. 97 is assumed.

Only a part of this should be added to the reactivities associated with temp-

erature, Xe-135, and the test holes since, when shut-down occurs with Th-

Bi in all the reflector test holes, it would be highly improbable that Th-Bi
would be lost simultaneously from all of the test holes. A credit then can be

taken for the reactivity still associated with three test holes.

Another item is the margin for periodic fuel addition,

assuming that it is impractical or inconvenient to add fuel continuously.

Assuming a three day fuel addition cycle, the rods must control about 1

percent in k. This assumption will be re-examined when more information

becomes available on the fuel addition system. The last reactivity source

is the contribution of the full delayed neutron fraction, if fuel circulation is

inadvertinently lost. This amounts to about 3/4 times 0. 7, or about 0. 6
percent in k.

F. CONTROL RODS

A number of control rod calculations for the LMFRE have

been made on the Electrodata computer using a recently developed two-

group, two-region control rod code -). The analysis on which the code is based is
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an extension of the work reported by Garabedian (AECD - 3666,1950), with the
following extensions and improvements:

a) More realistic boundary conditions at the central

control rod have been used.
b) The two-group differential equations have been modified

to account for resonance absorption.
c) The case of two rings of rods has been generalized

to include effects in a reflected reactor.
d) The restriction on the number of rods in each ring

has been removed.
The code, in its present formulation, will solve for criti-

cality for one or two rings of black control rods, each ring containing two

or more symmetrically placed rods, or automatically obtain the rod worths
by solving for keff without the rods pre sent. The problem of a gray central
rod can also be solved separately, but not in conjunction with the rings of rods.

TABLE XV

REACTIVITY SPECIFICATIONS FOR CONTROL RODS
Reactivity Source Aok (%)

Temperature Coefficient 3. 5

Xe-135 + Sm-149 Poisoning 1. 5
Test Holes: Th-Bi loading 2. 0
Shut-down Excess k 2. 0

Margin for Periodic Fuel Addition 1. 0
Delayed Neutrons 0.6

Total Rod Worth Requirement 10. 6 %

The results of the preliminary calculations of the worth
of a ring of four black rods, as reported in the Second Quarterly Progress

Report (BAW-1004) yielded rod worths lower that those presently obtained,

because of the method of iteration used. In the present approach, the value

of koois iterated on, for the cases with and without control rods, so as not

to change the size of the reactor. The nuclear constants used in the cal-

culations to be reported were determined from a twenty-group Spectral

calculation of a reactor having parameters very close to those chosen for

the reference design.

The first step is to calculate the central rod worth, for

various rod radii, in terms of the thermal extrapolation distance, d2 , using
the above mentioned control rod code. The relationship between these variables
is shown in Figures 27 and 28.

The values of d2 corresponding to black and gray rods of
various radii can be calculated by the method of Kushneriuk and McKay5,

and are given in Table XVI on the following page. The values for a black rod

are based on the assumption of an infinite thermal neutron absorption cross-

section. The corresponding central rod worths are also given.
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FIG.27: WORTH OF A CENTRAL ROD FOR VARIOUS
EXTRAPOLATION DISTANCES
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TABLE XVI

THERMAL EXTRAPOLATION DISTANCE AND

CENTRAL CONTROL ROD WORTH

Rod Thermal Extrapolation Distance Central Rod Worth (%)
Radius (cm)

(cm) Black Tantalum Croloy d2=0 Black Tantalum Croloy

0.5 3.11 7.03 24.80 6.76 2.41 1.28 -

1.0 2.83 4.49 16.50 8.47 4.12 3.21 1.25

1.5 2.66 3.60 11.50 9.90 5.61 4.91 2.40

2.0 2.56 3.17 9.24 11.21 6.98 6.46 3.63

2.5 2.50 2.93 7.87 12.46 8.12 7.68 4.88

The central rod worths for the case of d2 =0 are not, of
course, reilizeable in practice. They are presented so that the worth of a

ring of black rods, which is obtained using the control rod code for rings
based on the boundary condition that the thermal flux goes to zero at the rod

boundary, can be corrected to correspond to more realistic boundary conditions.

This correction is made by obtaining the ratio of the actual black rod worth to

the rod worth for d 2=0, for a central rod of a given radius, and multiplying

it by the worth of a ring of rods (d 2=0) of the same radius, as given by the code.

The resulting worth of a ring of four black rods, for various ring and rod

radii., is shown in Figure 29. The optimum ring radius is about 20 cm, or

slightly less than half the radius of the core.

The calculation of the worth of a ring of gray rods cannot

be made using the present control rod code. Approximate values can be

obtained by multiplying the worth of the ring of black rods in Figure 29

by the ratio of the gray rod to actual black rod worth for the central rod,

for each value of rod radius. This procedure leads to the values of Figure 30,

for tantalum and Croloy rods. It can be seen that for large rods, the worth of

the ring of tantalum rods approaches the black values. The validity of this

method of conversion of black (d2 =0) to gray eccentric rods is open to question,

however, and will be considered further in Phase II.

The problem of control rod sheaths of beryllium or Croloy

is also being investigated. Some preliminary figures on the reduction of control

rod effectiveness due to sheaths have been obtained, but are subject to

further refinement and will not be reported here. The problem introduced by

the fact that the thimbles do not actually re-fill with fuel when the rod is with-

drawn will also be examined in Phase II.

Several additional facts were obtained in the process of

running the calculations. The group constants were changed somewhat in

several calculations, and the results indicated that the rod worths were re-

latively insensitive to the group constants used. The fast extrapolation dis-

tance was varied in one set of cases; the results indicate that d 1>250 cm is

effectively infinite, which is equivalent to the assumption that the rods are
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FIG.29:WORTH OF RING OF FOUR BLACK
I - CONTROL RODS
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FIG.30:WORTH OF RING OF FOUR TANTALUM
OR CROLOY CONTROL RODS
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white to fast neutrons. To check the effect of the vertical buckling, two cases

were run with B2 changed from 0.000209 to zero, and there was very little

change in rod worth.

G. KINETICS
1. Delayed Neutrons in Circulating Fuel Reactor

The fraction of the total delayed neutron fraction, /3
that is emitted in the core is a function of the residence time, & c, and the

total circulation time, & c. At equilibrium, this relationship is given by

/31 [l(-
.-x (C -

1 - e

The delayed neutron group parameters used in the calculation
are those reported by Keepin and Wimett, 6 and shown in Table XVII.

TABLE XVII

DELAYED NEUTRON GROUP PARAMETERS

(Keepin and Wimett)

Group Index

(i)

1
2

3
4
5
6

Ti

(sec)

54. 3
21.7

5.87

2. 18
0.46
0. 13

1

(sec

0.01276
0.03193

0.1180
0. 3178
1. 507
5. 33

Fractional Yield

(Q 0 )

0.036
0.210
0. 192
0.409
0.135
0.018

1. 000

The results of the calculation, for various circulation timeL

and core transit times in the region of interest for the LMFRE, are shown in

Figure 31. For the reference design, C c ~:1.6 sec and et = 38 sec so that
only about 22 percent of the delayed neutrons are emitted in the core. The

total delayed neutron fraction,/3, can be assumed to be 0.00755 for the thermal

neutron fission of U-235.

2. Inhour Relation for Circulating Fuel Reactor

The inhour relation has been derived for circulating fuel
reactors. To avoid the lengthy derivation, only the result will be presented:

T
A(rth +T)

rTA +7/.

i

K.- , /3 X K
1 i 1 i i

i
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where: A = 1 - 3 + Zi K (2 Con't. )

K = 1 ~Fi-tX~iec -Xe1
1 - Lt e (e - -1}+(e i -

1 (lfiett -X l)(e1

K1 [t Lita(e z ALec - )+(e i c 1iec

The above equation is the same as that derived by Ergen,
with the exception of terms on the order of kexl and kex /3i Xi Ki, which
are numerically very small. When written in terms of kex and keff, the

equation is identical to that derived by Fleck8 .

The equation has been programmed to obtain numerical
values. Using the delayed neutron data of Table XVII, Tth ~ 0.0008 second,

6c - two seconds, and 6t = 30 seconds, and $,= 0. 0073, the relation between the

reactor period and excess reactivity for the LMFRE is shown in Figure 32.

For purpose of comparison, the results are also shown for the case of no

fuel circulation, corresponding to the case of initial startup or pump failure.

3. LMFRE Stability
An approximate solution to the stability of the LMFRE

against small oscillations has been obtained, using a set of time-dependent

differential equations9 . These equations can be combined and linearized to

give a quartic in (p-p0 ) and its derivatives. For the reactor to be stable,

all the real parts of the roots of the equation must be negative. This condition
can be written as:

ai/3-au$3AV 2  a1  132 1  [(a+ 2 p- 1

vfL '3 T} TaTCfVfj>0
p f (3)

where:
144 X 32 X a 2 U

a 1 - f 0
P oL

_ 1 Lp U
a f - U f2 f~Pp)-~ 144 X 32

The stability line s for the LMFRE and a typical LMFR
found from this condition, plotted as power density vs. f3/r for cases which

are just stable are shown in Figure 33. The normal power densities for both

the LMFR and the LMFRE are from 100 to 1000 times less than those just

stable cases, indicating their stability against small oscillations.
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The conditions of the above analysis are not entirely

applicable to the LMFRE since the effects of fuel circulation and the delayed

temperature coefficient of reactivity due to moderator heating are neglected.

Bethe 1 0 has shown that any reactor with a negative delayed power coefficient

may exhibit free oscillations at some critical power level and beyond, even

if the prompt coefficient is negative. The situation with the LMFRE is even

more complicated, since a third time constant, due to the circulation of the

fuel, is introduced.
This question of reactor stability is exceedingly important.

The initial approach has been to study the stability of the set of LMFRE

kinetics equations, as listed in Section H-5, from a mathematical point of

view. The results to date indicate that such instability may exist, but the

extensive numerical work required to draw definite conclusions has not
been completed. Extensive anolog studies of the behavior of the primary

system will also be initiated in Phase II.
4. Temperature and Pressure Rises Due to Small Changes

in Reactivity

The maximum temperature rise in the core, due to small

step changes in reactivity, has been examined, utilizing the linearized set

of equations:

Xd Ak t 1

Pc ~ PO 1 + _Q 4
S -Ak0  [1 + -3 Ak0

dw
dt =Ak 0 - aT (Tf - Tfo) (5)

* [Cf Vf (Tf - Tfo)] [ Xdp P 3- -lj Po (6)

The solution can be obtained by a Laplace transform, and is written:

(Tf - Tfo) = A sin a t = B (1 - cos a t)

Where: A = P L/-1C /-LVdfAakP 0)

B- Ako/a T (7)

a2 - d Po* -c- kf2a*].l
/3-0 k ) 2 C V DT

The results for the LMFRE and a typical LMFR are shown

in Figures 34 and 35 for a small step change in reactivity, k0 ~=0. 0025.

The maximum pressure rise due to a small step change

in reactivity has been calculated by assuming that it is due to the acceleration

of the column of liquid fuel between the core and the degas ser. Using first

principles, and assuming no friction losses in the piping, the solution can

be written:
(Pf - Pf) = VfL a 2

gA T t2 (Tf - Tfo) (8)
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FIG.34: TEMPERATURE RISE OF LMFRE AFTER
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FIG.35: TEMPERATURE RISE OF LMFR AFTER STEP INCREASE
IN REACTIVITY
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The value of (Tf - T f) obtained above, in equation (7)

can be differentiated and substituted in this relation. The maximum pressure

rise for a small step increase in reactivity of 0. 0025 was found to be 0. 036 psi.

5. Generalized Transient Analysis

The results of these first approximate calculations and

the realization that cases of fairly large reactivity additions could be encounter-

ed which could not be handled by the above treatment have indicated the need

for a more general treatment of the transient behavior of the LMFRE.

A system of fifteen differential equations has been form-

ulated which describes the time behavior of the reactor power, temperature,

and pressure after a change in reactivity has been introduced.

The system studied consists of a core, a pressurizer and

a connector pipe between them. Fuel enters the core at a constant temperature

and mass flow rate. In the core, its temperature rises linearly and its

density falls linearly. The pressure drop is negligible. The core also contains
graphite in which some energy is produced. The fuel is the connector flow

at uniform velocity, with a uniform density into the pressurizer. The fuel

temperature in the core, and the density and pressure drop in the connector,

vary in the direction of flow. There is not space variation.

All the quantities are time independent, with the exception

of the fifteen parameters given below. The parameters studied as a function

of time are:

Tf : The mean temperature of the fuel in the core

TG : The mean temperature of the graphite in the core

Pc : The power level (in the core)
pf : The mean density of the fuel in the core

V . : The gas volume in the pressurizer

U : The velocity of the fuel at the core outlet

Ci :The concentration of the delayed neutron precursors

( i = 1, 2, . .. 6)

keff : The effective multiplication factor

pf : The pressure of the fuel in the core

pp :The pressure of the gas in the pressurizer

(a) The power equation:

6
> [keff( 1-ieff)- 1 ]Pc EfVf k

+ eff .(9)
r p rpv i=1

(b) The energy balance in the fuel in the core:

P C VfT = P(_a)+A UP Cf Ti - AU. Cf(2P-Pi)(2ZTf- Tfi)

+ hGAG(TG - Tf) (10)
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(c) The energy balance in the graphite:

0

PGCG G G Pc a - hGAG(TG - Tf) (11)

(d) The force balance on the fuel in the connector:

(pf- P ) ~[Lf +L'(PU2) +PZg + PLU (12)

(e) The conservation of mass in the core:

VfPf - A. U. P . - AU P (13)

(f) The conservation of volume in the pressurizer

V :-A(U - U0) (14)

(g) The conservation of precursors:

P A U C-
-- x V/ 3  c ____

Cfi i+ V Ef Vf (15)

(h) The equation of state of the fuel:

dP (PfPoaPPf
Pf ~o -pf Pf P~ Pf0) Tf (Tf - Tf0) (16)

(i) The equation of state of the pressurizer gas:

[ ~p ]Tp(17)

p

(j) The definition of keff:

kff - 1+ 8k(t) + (T - T ) + k G T - T ) (18)effo1T f f fo a TG G- Go

The major assumptions necessary for the formulation

of these equations are as follows:

(a) Constant inlet conditions of velocity, temperature,

and density throughout the duration of the transient

(b) Fuel density and temperature are arithmetically

averaged over the inlet and outlet values

(c) Heat flow from the graphite to the fuel is formulated
as a simple linear function of the average temperature difference between

the graphite and the fuel, hG AG (TG - Tf), where hG AG is assumed to

remain constant at the value found at steady state.
(d) Since the connector pipe from the exit of the core to

the pressurizer is short, the average density of the fuel in this pipe is
assumed to be equal to its density at the exit of the core.
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transient. (e) P f/apf and Pf/ T are assumed constant during the

The equations have been integrated numerically using the

LMFRE Kinetics Program on the Electrodata computer. The program utilizers

the Runge-Kutta 4 method for the stepwise integration of the system of equations.

The program calculates twenty-five time steps, and makes one printout every

three minutes. Time steps as short as one to four milliseconds were required

to avoid wild oscillations in pressure that were observed with larger time

steps, due to the nature of the equation of state for the fuel, where the opposing

effects of density and temperature cause the pressure to oscillate.

One important defect in the system of equations has become

apparent in the course of the work. There exist no sets of physically realistic

parameters which will describe a steady state, either initially or after the
addition of a reactivity increment. This difficulty at the beginning of a run
is overcome by the inclusion of an additive correction to the power equation.

No such method is possible in the case of a final steady state. Therefore,
the results quoted are reliable only in the period when tie effects of the

perturbation dominate i. e., during the large temperature and p-wer fluctuations.
This problem will be corrected in Phase II.

Because of time limitations, only a minimum number of

cases have been considered. They are listed below in Table XVIII. In most
cases, the problem was continued for a period of time greater than the duration

of the ramp addition. In these cases, the reactivity was held constant, for

the final period, at a value equal to that at the end of the ramp. The results
are shown graphically in Figures 36 through 38.

The cases were run, using HRE parameters. Because

most of the constants and initial conditions required for the machine program
were not reported, they had to be estimated; therefore, the comparison is

probably significant only within an order of magnitude. In both cases, the
initial pressure was 1000 psi, and the initial temperatures for the 19 KW and

1000 KW cases were 158 C and 239 C, respectively. The maximum power

obtained for the 19 KW case agrees reasonably well with the maximum power

observed experimentally in the HRE; temperature and pressure data are not

reported. Experimental results for the 1000 KW case are not reported,

but the values obtained for power and temperature agree very well with HRE

calculations. The matter of experimental verification will be pursued further

in Phase II.
TABLE XVIII

PRELIMINARY RESULTS OF LMFRE TRANSIENT ANALYSIS

Initial Reactivity Duration Total Total Maximum Value of Parameter

Thermal Addition of Ramp A0k adde d Time Power Temp. Pressure

Power (% sec) (sec) (%) (sec) (MWh) ( C.) (psi)

20 MW 0.5 1.95 0.97 4.74 106 530 48
20 MW 1.0 2.0 2.0 2.95 290 790 53
20 MW 2.0 1.6 3.2 6.8 480 880 53
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FIG. 36: POWER VS. TIME
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FIG. 37: TEMPERATURE VS. TIME
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FIG. 38: PRESSURE VS. TIME
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TABLE XVIII Con't.

PRELIMINARY RESULTS OF LMFRE TRANSIENT ANALYSIS

Initial

Thermal
Powe r

20 MW

20 MW
20 MW

1 watt

1 watt

1 watt

20 MW
20 MW
20 MW
20 MW *

19 KW**
1000 KW**

Reactivity
Addition

(%/ sec)

3. 0

4. 0
5. 0

0. 75
2.0
5. 0

0.25 step

0.7 step
2.5 step
0.25 step

0.78

1.0

Duration

of Ramp
(sec)

1.6
1. 6
1. 78

2. 1

1.6
0.9

1. 6
0.45

Total
A k added

(%)

4. 8
6.4
8. 0

1.6
3. 2
4. 5

0.25
0. 7
2. 5
0.25

1.25

0.45

Total

Time
(sec)

2. 75

2. 4
1. 78

5. 12
3.25

0. 9

3.43
1. 5
1. 5
1. 5

1. 6
0.45

Maximum Value of Parameter
Powe r
(MWh)

820

1190

1590

460
3160
9000

30

83

1755

30

2. 5

18. 8

Temp. Pre ssure

( C.) (psi)

1140 245
1350 m 2000
1700 m 6000

660 49
1170 65
1700 75

450 -44
50C 45
990 56
450 63

163
239

1025

1075

The results can be summarized in the following observa-
tions. The power tends to go through a series of cycles of decreasing ampli-

tude, for the ramp cases, as the temperature coefficient and total reactivity

added approach each other and then fall out of step. The fuel temperature

tends to rise throughout the time the ramp is in effect, and reaches a max-
imum shortly after the ramp ends. (The duration of the ramp corresponds

to the transit time of the fuel through the core: about 1. 6 seconds). Average

temperatures in excess of about 950 C should be disregarded, since they

represent core outlet temperatures greater than 1500 C, the boiling point

of bismuth. Cases of change of state cannot be handled by the code in its
present formulation. In the case of a 20 MWh initial power, a ramp re-

activity addition of about two percent/second is the maximum allowable:

for an initial power level of one watt, with the same ramp, the core outlet

temperature exceeds the boiling point of bismuth for a very short time,

although boiling probably does not occur because of the high heat of vaporization

* Length of connector pipe increased to ten feet; volume of gas in pressurizer
reduced to two cubic feet.

** HRE comparison
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of bismuth relative to its heat capacity. The probability of boiling is dis-

cussed in more detail in the Preliminary Hazards Report.
The fuel pressures in all cases remain essentially constant

for about one second, then for ramps greater than two percent/second, tends

to rise very rapidly to high values. For ramps less than two percent/second,

the fuel pressure does not rise appreciably until after the temperature and
power oscillations have died down. In the latter case, the pressure rise is
inherent in the mathematical formulation of the problem, and probably does

not exist physically.

Figure 39 shows that the graphite temperature increases
slowly. Problems were not run long enough for it to reach a value above

the fuel temperature. The behavior of the fuel temperature and velocity,
gas volume and pressure in the pressurizer, and multiplication constant

are shown also in Figure 39.

The results presented in the reports are only preliminary,
since there has not been sufficient time to explore thoroughly the methods,

assumptions, and formulation of the problem, and the importance of various

parameters. The work will continue in Phase II, with further evaluation

of experimental results. An attempt will be made to modify the equations

to reach final steady state values, and the effects of changes in flow rate,
pressure drops, length of connector pipe, and surge volume will be examined.

At a later date, a sub-routine may be incorporated for the more accurate
calculation of temperature distribution and heat flow using the diffusion

equation for heat flow in a unit cell of cylindrical geometry.

H. DUMP TANK CRITICALITY

There has not been sufficient time in Phase I to consider
the problem of the criticality of the dump tanks and other components of

the primary system containing large volumes of fuel, such as the de-gasser,

the primary heat exchanger, and the reactor cell, (in the event of a serious

leak). The problem is complicated by the fact that the primary system

contains about 70 Kg of U-235 which can conceivably form UO 2 or U- Bi2

which may settle, precipitate, or migrate to cooler regions of the dump

tank. The inelastic scattering properties of bismuth are very important

in calculations of this type and will have to be examined in detail. The

possibility of water reflection will also be considered, from the point of

view of whether water must be excluded from the reactor area. Should the

calculations appear of doubtful reliability, it may be adviseable to perform

a simple dump tank critical experiment using materials already available

for the LMFRE critical experiment.

1.4.3 REACTOR

A. SELECTION OF REACTOR DESIGN
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The reactor selected as the reference design for the LMFRE

is presented in Figure 40 and 41. This reference design was selected

because it satisfies the following criteria:

1) The design incorporates a core and side reflector which

may be fabricated from presently available sizes of graphite stock. The core

and side reflector design can be enlarged readily to the sizes required for

large-scale LMFR's.

2) The design provides a power level and core fluid velocity

high enough to allow reasonable extrapolation of reactor control data to future

large-scale LMFR's.

3) The design provides experimental facilities necessary
for metallurgical, nuclear, and chemical processing experiments.

4) The design provides control rods for operational safety.

5) The design incorporate a graphite to metal seal and

cemented joints. These internal components are necessary for the future

design of a large-scale LMFR breeder type reactor. The reactor is designed

to permit continued safe operation in the event one or more internal components

should prove inadequate and fail before the completion of the LMFRE test

program.

6) The two-fluid design affords a higher core fission density
for a given heat output than a single-fluid reactor. This reactor provides

a fission density approaching within a factor of two or three that expected

in large-scale LMFR's.

7) The design is flexible, allowing for design changes prior

to construction. Such changes may be required after research and develop-

ment results become available. For example, this design may be readily

converted to one incorporating a metal core tank, or one utilizing a single

fluid, with only minor changes to the reactor internals.

8) The design is flexible in that it may be operated as a

two-fluid or single-fluid reactor utilizing U-Bi or Pu-Bi solutions as cool-

ant and fuel in the core and/or side reflector. This operating flexibility

should allow an engineering evaluation of internal components required for

an externally cooled LMFR breeder type reactor and an externally cooled

burner reactor. Further, by means of auxiliary experiments using the

radiation facilities built into the core and reflector of this reactor, the

corrosion rate expected on a metal core tank may be determined; this in-

formation will allow a similar evaluation of the internal components required

for a converter reactor utilizing a metal core tank.

9) The arrangement provides a leak-tight secondary contain-

ment to minimize the possibility of contaminating the plant and adjacent areas

with fission products.
10) Sufficient access is provided to allow removal and re-

placement of the core assembly, control rods, control rod drives, and

experimental port thimbles.
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B. DESCRIPTION OF REFERENCE REACTOR

Refer to Figure 40 and data in Section D.

1. Reactor Core
a) De sc ription

The core is a cylinder of high density graphite
(density about 1. 8 g/cc), 50 inch overall diameter and 42 inches high. This

cylinder is drilled with approximately 226 holes of 1 1/2 inch diameter in-

side a circle of 40 inch diameter which forms the active portion of the core.

The ratio of the volume of coolant to the volume of graphite in the active
portion of the core is 0. 513.

The core will be constructed as a monolithic cylinder,
or built up in layers of shorter cylinders which are cemented together. The

shorter cylinders may be either monolithic or formed by cementing together
quadrant-shaped pieces of graphite. Final core construction will depend

upon availability of required graphite sizes and cemented joint test results.

b) Coolant

The coolant and fuel is a solution of 90 percent
enriched uranium in molten bismuth. This U- Bi solution flows vertically

upward from the bottom inlet through the core and out the top of the ves-

sel.

c) End Reflector

The top and bottom reflectors are graphite cylinders
50 inches in diameter, approximately two feet thick, and drilled with a
minimum number of two inch diameter coolant passages to provide a maximum

coolant velocity of 7. 3 fps. End reflectors will be of monolithic construction,

or builtup from quadrant-shaped pieces of graphite machined from the largest
size base stock available and cemented together to form the required cylinders.

d) Core Access

Provisions are made for entry into the core of four

control rods and one central test thimble. These are discussed more fully

under Control Rods and Drives (P85) .

e) Core Tank and Seal

The core fluid is contained in the active portion of the

core (40 inches in diameter). A graphite annulus five inches thick, an in-
tergral part of the core block, encircles the active core and serves as an
additional barrier between the core coolant containing bismuth, fuel and fis-

sion products, and the reflector coolant which is pure bismuth. Pressure

type graphite to metal seals at both top and bottom surfaces of the core-
end reflector assembly complete the barrier which separates the core coolant

from the reflector coolant. Additives may be introduced into both systems

as conditioning and deoxidizing agents, and to inhibit corrosion.

The pressure seals at both top and bottom are ex-

pected to provide a negligible leakage rate between core and reflector
fluids at a steady state pressure differential of less than 15 psi. The

term "negligible leakage rate" is used merely to indicate that any normal
leakage of uranium to the reflector system could be removed by chemical
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processing of the reflector fluid stream. Abnormal leakage conditions that

might occur in the event of a large crack or break in either the seal or core

tank, could not be overcome by these methods. If such leakage occurs,

special connections which normally are closed may be opened to allow the
reflector and core fluids to mix and operate as one system.

A test program presently under way will yield

data concerning expected seal leakage rates and will indicate the best surface

shape for the seal.

f) Coolant Passages
The criteria used to establish the diameter of the

core holes involve temperatures and temperature gradients in the graphite

moderator. The hole size chosen is the maximum size allowable based on

maintaining the bismuth coolant below the boiling point and reasonable thermal

stresses should a channel become blocked completely.

2) SideReflector
a) Description

The reflector is made up of 33 pieces of graphite in

three layers of 11 each which form an annular reflector two feet three inches

thick. A 0. 36 inch annulus between core and reflector and a one inch annulus

between reflector and pressure vessel serve to cool the reflector. No holes

are drilled in the reflector for cooling purposes (except to provide cooling to

test ports) since the temperature rise in the graphite is not excessive.
b) Test Ports

It is planned presently to provide four reflector test

ports entering from the top. These ports are described in more detail in

Section C, Test Holes.

c) Support

The reflector is supported by molybdenum-titanium
rods hung from the pressure vessel and passing through the graphite sections

near their outer edge in order to keep their poisoning effect to a minimum.

The rods also carry a core support plate located beneath the core. Initial
load deflection of the core seal plate furnishes a seal load when the core

becomes buoyant.
d) Cooling Requirements

Calculations on reflector heating durin normal

operation (at 20 MW) indicate that it is necessary to remove 10 Btu/hr

or about 0. 34 MW. However, since the possibility of a large leak from

core to reflector cannot be determined without actual operating experience

and testing, and since it is impractical to design the reflector cooling system
to remove the heat generated if this happens, a connection is made between

core and reflector systems which may be opened to allow all heat to be dumped

in the steam generator. It should be noted that this action will be taken only

if it is impossible to maintain a low uranium concentration in the reflector
by the use of a cold trap or chemical processing.

Similarly, both shielding and containment for the

reflector loop will be provided to permit operating under these conditions

should there be no alternative.

Indications are that under normal operating conditions it
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is not desirable to match the temperature rise in the reflector coolant with

that in the core; the major reason is that in order to obtain such a large tem-

perature rise (135 F at 20 MW) in the reflector, the coolant velocity will be
too low to provide good flow distribution. A reflector coolant flow rate therefore

will be specified to limit the temperature rise to about 10 F and the outlet

temperature will be matched with core outlet to minimize thermal stresses at

that point. Stress arising due to a temperature gradient across the inlet piping

which separates the core and reflector fluids (in particular, near the inlet

expansion joint) can be maintained below allowable long term stress.

e) Seal Effectiveness

In order to minimize leakage between the core and reflector

systems, it is desirable to keep the pressure differential between the two

systems as low as possible. This is accomplished by matching the liquid level
of both systems at zero flow and by designing the reflector and core systems
to yield the same pressure drop as power and flow are increased. It may be

desirable to maintain reflector fluid pressure slightly higher than core fluid
pressure to maintain inward leakage of pure bismuth into the core under nor-

mal operating conditions.
3. Reactor Vessel

a) Description

For design purposes, the reactor vessel is separated into
two portions. The lower vessel contains the reactor and the upper vessel serves
as the control rod housing and drive mounting. These two parts meet at the

second flange above the reactor outlet. Both portions of the vessel are designed
according to Section I of the 1956 ASME Boiler and Pressure Vessel Code.

b) Design Pressure
Although design data for the vessel may be found under

Reactor Data, the design figure of 100 psi internal pressure merits some dis-
cussion.

The design pressure is greater than the sum of the
following dynamic pressures at the base of the vessel:

static head = 75 psi
total pressure drop through reactor = 17.5 psi

Total = 92. 5 psi
An attractive feature of the liquid-metals system is the

very low pressure rise due to a large increase in reactivity. Present estimates

of the pressure surge in the reactor due to a nuclear accident indicate a maxi-

mum value of about 15 psi.

c) Thermal Shock

Because the specific heat of bismuth is quite low, tem-
perature rises due to reactivity increases may be rather large. To provide
protection of the vessel from thermal shock, thermal shields in the form of
thin plates are abutted to the vessel in regions near the outlet where shock is
most likely to occur.

d) Flanges

It was necessary to provide a flange and bolted closure
on the vessel to allow for removal of the core. The flanges are capped and
monitored for leakage. It should be mentioned that core removal is a very
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difficult operation and may be possible only after very low-power operation.

No provisions are made for removing and handling the core after full-power

operation. Such a requirement will necessitate procurement of special equip-

ment after the decision to remove the core has been made.

e) Support

The vessel is supported on a conical skirt attached to

the lower head of the vessel.

f) Secondary Containment

A secondary container is provided to prevent the spread

of radioactive fluid in case the primary reactor containment develops a leak.

A more detailed discussion is presented in BAW-1017 1 2 .

4. Control Rods and Drives

a) Description
Presently it is planned to space four control rods

symmetrically around the core center at a distance of nine inches from the

center. Three of the rods will be shim-safety rods and the other will function

as a servo-controlled regulator.

All rods will be made of tantalum and will contain no

added neutron absorbing material. The rods move inside beryllium thimbles

which are inserted in the core and capped to a seal plate above the core outlet

to keep the rods out of the radioactive fluid and at the same time limit the amount

of radioactive gases which may leak into the control rod dome. Since direct

maintenance is planned on the control rod drives, it is desirable to maintain a

low level of volatile fission products in this region in order to facilitate the

purging operation. The control rods are hollow so that a bismuth leak into a
thimble will not seriously delay rod scram due to hydraulic damping. The rods

will be cooled by helium flow through the rod thimbles.

b) Rod Worths
(See Physics Section, F)

c) Control Rod Drives

The control rod drive extension attached to each rod has

teeth cut on one side to allow it to be driven by a spur gear. The drive extension

is backed up on the other side by roller guides.
Withdrawal of the rods is accomplished by a three phase

motor and planetary gear system arrangement for each rod. The maximum rod

withdrawal rate is fixed by the synchronous speed of the three phase shimming

motor.

Scram motion is supplied through the same planetary gear

system by a hydraulic motor. This motor operates in only one direction and

has a fail-safe oil supply accumulator. An accumulator pressure switch inter-

lock will guarantee an adequate energy supply for a full scram before a rod may

be withdrawn. Snubbing operation at the end of each scram is accomplished by

an automatic metering valve which absorbs the energy of deceleration.

By direct connection to the rod drive extension, an

accurate indication of rod position may be realized and positive rod travel

limits established.

C. TEST HOLES
The reference design described here incorporates a total of five
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thimble type irradiation ports to accommodate five in-pile loop experiments.

It should be noted that the LMFRE test program will require a minimum of

seven in-pile loops.
It is planned to add the two additional irradiation ports in

the side reflector during Phase II work. The location and design of these addi-
tional facilities will depend upon factors (arrangement, hazards, flux levels)
which have not been fully investigated.

1. Core Test Holes
At present only one dry core test hole is planned; a beryl-

lium thimble two inches ID with a 1/8 inch wall. The thimble penetrates the
core from the top along the core axis and ends about one and one-half feet below

the core center and accommodates an Sb-Be source at this position. The top
of the thimble is capped to the same seal plate as the control rod thimbles.

Beryllium is used because of its excellent nuclear properties and its imperme-
ability to bismuth. Access is provided through a removable cap at the top of

the control rod dome and through a removable shield plug just above the end of
the beryllium thimble. This hole may be used either for loop testing or for
experiments where it is desired to keep test samples out of the bismuth stream.

The diameter of the central experimental port thimble (noted

here as two inches) has not been finalized. The required diameter will depend
upon startup source and high-temperature neutron detector diameters. It may

be possible to obtain a satisfactory startup source smaller than two inches in
diameter; high temperature detector diameters have been estimated to range

between two and one-half and three inches. This does not necessarily mean
that a startup detector is required in the central port. If conditions permit,
the startup detector may be installed in a side reflector port.

Two other test holes are incorporated in the reactor core.
These holes have no beryllium liners and offer positions of high flux for materials
testing under conditions of radiation and liquid metal fuel contact. Contact with
fuel may be desirable for certain tests, especially where it is desirable to

measure damage due to fission product recoils. Access to these holes will be

through the top cap on the control rod dome and provisions for remote insertion

of samples will be made. Actual design of these mechanisms has been deferred
until Phase II.

2. Reflector Test Holes
Four test holes pierce the reflector as shown in Figure 40

and 41. These holes use beryllium thimbles seven feet long and four inches

ID with a 1/4 inch wall thickness. These test holes will offer space for materials
testing at somewhat lower fluxes than in the core. It is anticipated that one
or more of these holes may be used at one time for testing in-pile loops con-

taining circulating fuel solution or fertile slurry materials. In-pile loops will
penetrate the top shield plug and equipment housed on the floor level in sepa-
rately shielded areas.

3. Test Hole Closure

When not in use, the test holes entering both core and

reflector are doubly capped in accordance with the general philosophy of

double containment. When used for in-pile loops, the loops and associated

equipment will be doubly contained.
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D. REACTOR DATA

1. Core
Overall diameter

Active diameter

Overall height between faces

Cemented seal width

Graphite density
Average bismuth density

Bismuth/graphite volume ratio, average

Fuel channel diameter

Fuel channel pitch
Total number of fuel channels

Control rod hole diameter

Total number of control rod holes

Number core experimental thimble holes

Core experimental wet immersion test holes

Core experimental wet immersion test hole

diameter

Core experimental thimble hole diameter

U-Bi volume in active core

Power output (heat)

Core coolant
Mg additive concentration

Zr additive concentration

Fuel cycle without reprocessing (max.

Initial U-235 concentration
Enrichment

Fission product buildup after 20 MW-Yrs

Higher U-isotope concentration after

20 MW-Yrs

Total U concentration after 20 MW-Yrs

U solubility at 710 F

U-Bi flow rate

U-Bi flow velocity

Reactor U-Bi inlet temperature

Reactor U-Bi outlet temperature

Average U-Bi temperature

U-Bi temperature rise through core and

end reflectors

Maximum local graphite temperatures

Graphite wall gradient between flow

channels

- 50 inches
- 40 inches
- 42 inches

- 3 inches
- 112.3 lbs /ft 3

- 615 lbs/ft 3 (520MW
- 0.513

-1. 5 inch

- 2. 1 inches, sq.
- 226

- 3. 25 inches
- 4
- 1
- 2

- 2 inches

- 3. 5 inches
- 10.4 ft 3

- 20; 33 1/3 MW
- U-Bi solution

200 ppm

200 ppm
- 20 MW-Yrs
- 1120 ppm

- 90%
- 96 ppm

- 210 ppm

- 1410 ppm
- 2200 ppm
- 14 x 10 6 lbs /hr
- 2. 1 fps
- 750 F

- 885 F; 975 F
- 817 F; 862 F

- 135

- 980

F;
F;

225 F*
1130 F'"

- 168 F/ft; 276 F/ft'

Future conditions (33 1/3 MW)
Assumes no fission product or U-25 adsorption or absorption
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U-Bi static pressure in upper plenum

U-Bi static pressure in lower plenum

Total U-Bi pressure drop through core

Control rod hole annulus U-Bi velocity

Experimental thimble hole annulus velocity

2. Bottom End Reflector and Plug

Overall diameter

Overall height, including plug

Bismuth/graphite volume ratio, average

Cemented seal width

Fuel channel diameter

Total number of fuel channels

U-Bi volume
U-Bi flow velocity
U-Bi static pressure at reflector inlet

Total U-Bi pressure drop through reflector
3. Top End Reflector

Overall diameter

Overall height, to plug top face

Bismuth/graphite volume ratio, average

Cemented seal width

Fuel channel diameter

Total number of fuel channels

U-Bi volume

Control rod hole diameter

Total number of control rod holes

Number of immersion test holes; diameter

Number experimental thimble holes

Experimental thimble hole diameter

U-Bi flow velocity, average
U-Bi static pressure at reflector outlet

Height above reflector top face to free

surface

Gas pressure above free surface

Total U-Bi pressure drop through reflector

4. Core-End Reflector Assembly
Overall diameter

Overall height between faces
Plenum diameter
Plenum height
Plenum volume (total)

Weight of graphite in core and end
reflectors

Graphite buoyant force
Upper graphite-metal seal OD
Upper graphite-metal seal
contact pressure

Upper graphite-metal seal pressure
differential
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- 48 psia

- 64.7 psia
- 0.6 psi

- 2. 1 fps

- 2. 1 fps

- 50 inches

- 2 ft. 8 in.
- 0.22

- 3 inches
- 2 inches
- 40

- 2.44 ft3

- 7.3 fps

- 82. 9 psia

- 6. 1 psi

- 50 inches

- 2 ft. 8 in.
- 0.27

- 3 inches
- 2 inches
- 34

- 2.75 ft3

- 3. 25 inches
-4

2; 2 inches
-1

- 3. 5 inches
- 6.7 fps

- 30.7 psia

- 3.75 feet

- 14.7 psia

- 5.6 psi

- 50 inches

- 9 ft. 4 in.

- 3 ft. 6 in.
- 3 inche s

- 4.42 ft3

- 11, 165 lbs

- 49, 835 lbs (max)

3 ft. nominal

- 200 psi min;
800 psi max.

- 13.5 psi



Lower graphite-metal seal diameter OD - 2 ft. 6 in.

nominal

Lower graphite-metal seal pressure

differential - N0 psi

Total U-Bi volume between reflector faces - 20 ft3

Total U-Bi volume inlet well to outlet

pipe - 74. 9 ft3

Reactor U-Bi inventory inlet well to

outlet pipe - 46, 000 lbs

5. Side Reflector

Overall diameter of side reflector - 8 ft. 10 in.

Reactor vessel inside diameter - 9 ft.

Inside diameter of side reflector - 4 ft. 2-1 /4 in.

Overall height of side reflector - 7 ft. 9 in.

Side reflector thickness - 27-7/8 in.

Graphite density; type - 112.3 lbs /ft3 ;
impervious grade

Thickness of inside annulus - 0. 36 in. (hot)

Thickness of outside annulus - 1 in. (hot)

Weight of graphite in side reflector - 35, 200 lbs

Average weight of graphite in a regular

segment - 3, 900 lbs

Number of segments - 8 regular; 3 key

Graphite compression due to support rods - 1500 psi nominal

Graphite buoyant force (max) - 157, 800 lbs

Number of reflector test holes - 4

Coolant - Bismuth

Bismuth flow rate; heat load @ 20 MW - 1.4 x 106lbs /hr;
0. 34 MW

Bismuth velocity (average) at midplane,
hot - 0. 19 fps

Bismuth inlet temperature - 865 F @ 20 MW

Bismuth outlet temperature - 885 F @ 20 MW
Bismuth temperature rise in reflector - 20 F

Bismuth volume, inlet dome to outlet

piping - 115 ft3

Bismuth inventory in side reflector - 70, 500 lbs (hot)

6. Nuclear Parameters (all refer to initial hot clean condition)

Critical mass - 3. 25 Kg

Average core thermal flux - 2. 1 x 1014;

3.5 x 1014
Average fission in density, based on core

fuel volume - 2. 1 x 1012;
3. 5 x l0120

Effective prompt neutron lifetime - 8 x 10-4 sec

Thermal diffusion length - 261 cm2

Fermi age, core - 448.4 cm2

Future conditions (33-1 /3 MW)
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Fermi age, side reflector - 233 cr

Prompt temperature coefficient - -5 x 1

Final temperature coefficient - -1. 8 x

Steady state effective delayed neutron

fraction - .0025

7. Transit Times at 20 MW from Reactor Outlet to:

Degasser inlet - 2.0 se

Pump inlet - 12.2 s

Heat exchanger inlet - 19.9 s

Reactor inlet - 26.6 s

Reactor outlet (complete cycle) - 37.4 s

8. Primary System Pressure Drops @ 20 MW

Through reactor vessel - 16 psi

Through degasser - 26

Through heat exchanger - 15

Through piping - 37

Total

9. Reactor Vessel

Material

Inside diameter of main shell

Thickness of main shell

Approximate overall height (both parts)

Design pressure (bottom vessel)
10. Control Rods

Material
Outside diameter

Inside diameter

Active length
Overall length, including extension rod

Travel

Maximum withdrawal rate

Maximum reactivity addition rate

Total rod worth (3 shims)
Core traverse time on scram

Minimum shutdown reactivity

11. Reflector Test Holes

Number
Thimble length
Thimble ID
Thimble thickness
In-pile length

n 2

0-5k/C

10-4Ak/C

cs

ecs
ecs

ecs
ecs

- 94 psi

- 2-1/4% Cr

1% Mo steel

- 9 ft.

- 1-3/16 in.

(minimum)

- 39-1/2 ft.
- 100 psi

- tantalum

- 1-1/4 in.
- 1 /4 in.

- 4 ft.

- 17 feet

- 4 ft.
- 6. 3 in/min
- . 01%Ak/sec
- . 12Ak (hot)

- 0.6 secs
- . 039Ak

- 4
- 7 ft.

- 4 in.

- 1 /4 in.

- 5 ft.

1.4.4 HEAT CONVERSION SYSTEMS (Fig. 42)

A. PRIMARY SYSTEM (Fig. 43)

The primary system is designed to remove up to 33 1/3 MW
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of heat from the reactor. The liquid-metal fuel solution enters the reactor

at a minimum bulk temperature of 750 F, flows upward through the reactor

core at a maximum rate of 2860 gpm, and is heated to a maximum bulk tempera-
ture of 975 F.

Initial operation of the primary system is at 20 MW heat, between the

minimum bulk temperature of 750 F and 885 F with a fuel flow rate of 2860 gpm.

If operation with a fuel temperature rise greater than 135 F is found to be rea-

sonable on basis of chemical processing and metallurgy, T in primary loop

will be increased up to 225 F if possible. Under the latter conditions, 33 1/3 MW

of heat will be generated with a reactor outlet bulk temperature of 975 F and a

fuel flow rate of 2860 gpm.

The fuel stream leaves the reactor and flows to the components of the

primary system in the following sequence: degasser, pump, check valve, core

intermediate heat exchanger, and back to the reactor.

The primary system piping is sized (12 inch) to give a maximum fuel

velocity of about 8 fps . It is expected that this velocity is low enough to prevent
excessive corrosion.

The degasser is designed to remove volatile fission products, which act as

neutron poisons, from the fuel stream. The degasser, which operates at a low

gage pressure, is swept by helium to carry the fission gases out of the fuel stream

and into the off-gas system for disposal. The fuel stream enters the degasser near

the top and cascades downward over trays. Helium is admitted through a sparger

and sweeps away fission gases as it passes upward, countercurrent to the fuel

stream.

Circulation of the fuel within the primary system is provided by two variable

speed drive centrifugal sump type pumps, each rated at 2860 gpm at 25 feet

head of pumped fluid. Only one pump operates at a given time, the other serv-

ing as standby in case of failure of the operating pump. In this manner, the

reactor can continue to operate even though one pump is inoperative. The pumps

are located about 12 feet below the degasser liquid level in order to obtain

sufficient suction head.

The valves required in the primary system are check valves, one in the

discharge piping of each primary pump. A small hole in the disc of each
valve permits fuel to circulate backward through the idle pump which thereby

is held in operational readiness at all times. Miscellaneous small valves may

be required to remove small portions of the fuel stream for fluid sampling and

fuel processing operations.

Four dump tanks, each about three feet in diameter and 15 feet in length,

are provided to receive the fuel inventory of the primary system. The system

also is filled and held up by helium overpressure on the dump tanks. The dump

tanks are located at the lowest point of the primary system so the system may be

gravity drained. The number and size of the dump tanks is not final since criti-

cality calculations are not complete. The final dump tank design will insure that

criticality is prevented for all cases of uranium precipitation and settling.

Since fast neutron and gamma radiation originate in the circulating fuel,

all portions of the primary system are shielded with concrete.

B. INTERMEDIATE SYSTEM (Fig. 44)

1. Heat Transport Medium
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An extensive survey was made of the many possible heat

transport media that might be applicable as intermediate fluids. As a result

of this survey, which considered such factors as economics, hazards, main-

tenance, materials, and technological aspects, sodium was selected as the

intermediate system fluid best suited to the LMFR system.

Liquid sodium circulates through the core intermediate

heat exchanger where the sodium receives heat from the fuel stream. It flows

from the heat exchanger to the circulating pump and on to the steam generator

in which the heat is transferred to water. From the steam generator, the

sodium flows back to the core intermediate heat exchanger, thus completing

its cycle.

Since the sodium in the intermediate system is a gamma

emitter with a 15-hour half-life, concrete shielding surrounds all sodium-

containing components. The sodium system is not double-contained since the

sodium is held at a higher absolute pressure than the fuel; any leakage between

these two fluids would be into the fuel stream. Even if the fuel did leak into the

sodium system, double containment is not required, since such a leak is not

expected to occur simultaneously with a leak of sodium to atmosphere.

2. Intermediate Heat Exchanger

The intermediate heat exchanger is sized to transfer the

equivalent of 33 1/3 MW of heat from fuel to sodium.

The IHX is a horizontal shell-and-tube counter-flow heat

exchanger. The tubes and shell are bent into a U-shape to accommodate

differential expansion between them. Since the fuel flows through the tubes,

the shell provides the secondary containment required to prevent a fuel leak

to atmosphere. Therefore, the tubes are single-walled. Approximately 535

tubes, each 3/4 inch OD by about 18 feet long, are arranged on a one inch pitch

in a 24-inch OD shell. Through appropriate sloping and piping nozzle locations,

both fuel and sodium can be drained completely by gravity from the heat ex-

changer.

During the initial operation period following low power
operation, the fuel enters the reactor at 750 F and exits at 885 F. With these

temperatures held constant over the load range from about 4 MW to 20 MW,

the fuel flow rate varies directly with load and is maximum (2860 gpm) at 20 MW.
Sodium, the intermediate fluid, leaves the intermediate heat exchanger at 820 F

at all loads from 4 MW to 20 MW. Entering the intermediate heat exchanger at

full load, the sodium temperature is 720 F. Sodium temperature rises slightly

as the load is decreased and at low loads the maximum sodium inlet temperature

is within a fraction of a degree of fuel outlet temperature. The sodium flow

rate varies almost directly with the load except for the effect of the rise in

sodium inlet temperature as the load decreases. To prevent uranium precipi-

tation, the minimum sodium temperature is very close to fuel minimum tem-

pe rature

If operation of the reactor with a fuel temperature rise of

greater than 135 F is found to be permissible, from the standpoint of cor-
rosion and chemical processing, present plans call for operation with a fuel

temperature rise across the reactor up to 225 F. With this fuel temperature

rise, 33 1/3 MW equivalent of heat is generated in the reactor with a full load

of fuel flow rate of 2360 gpm. The general form of operation (constant fuel
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temperature rise, constant fuel average temperature, and constant sodium

top temperature) is retained in this case and the fluid temperatures vary in

the same manner. However, the sodium top and bottom temperatures are now

867 F and 700 F respectively.
3. Pumps

Two parallel circulating pumps are provided to circulate

the sodium through the intermediate system. These pumps may be either

electro-magnetic or centrifugal. Each pump is rated at about 5000 gpm with
a 60 psi developed head so that one pump operates while the other is ready as

a standby unit.

4. Valves

Swing check valves in each pump discharge line, with
small holes through the discs, prevent reverse flow through the idle pump in
quantities greater than that required to keep the pump hot and full of sodium.

No other valves, except small valves for sampling, etc.,

are used in the intermediate system.

5. Dump Tanks
The lowest point in the intermediate system is connected to

a battery of four sodium dump tanks of total capacity equal to 200 percent of

the sodium system volume. Gas overpressure in these tanks is used to force

the sodium into the intermediate system and hold it there during operation.

Dumping the sodium from the system into the dump tanks is accomplished by
relieving the gas pressure.

6. Piping
Ten-inch pipe is used for the main intermediate system

piping and five-inch pipe for connections to the sodium drain tanks.

7. Expansion Tank
The sodium expansion tank is tee'd into the highest point

in the system piping. This tank provides sufficient volume to accommodate

thermal expansion of the sodium, collect undissolved gases, and provide a
cushion for pressure surges which might occur. In addition sodium samples

may be obtained through appropriate connections to this tank.

8. Filters

A one-inch recirculating line around the pumps contains

two parallel filters. These filters are installed to remove insoluble impurities

in the sodium, and are appropriately valved to permit operation of one filter
while the other is being cleaned.

9. Plugging Indicator
In order to determine the oxygen content of the sodium

stream and, therefore, the operating requirements for the cold trap, a plugging

indicator is installed in a one-inch recirculating line around the pumps.

The solubility of sodium oxide in sodium decreases as the
fluid temperature decreases. By cooling the sodium stream before it passes

through a flow restriction, some temperature is obtained at which the oxide
precipitates from solution and plugs the flow restriction. The temperature
at which the sodium flow drops off sharply indicates, in conjunction with solu-
bility versus temperature charts, the oxide concentrations of the sodium stream.
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10. Cold Trap

A dynamic cold trap located in a recirculation line around

the pumps provides a means for removing oxides from the sodium. It is expec-

ted that this cold trap will maintain oxide concentration at about 0. 003 internal

percent by cooling the sodium to a temperature of 300-325 F. An economizer

of the regenerative type is used as a part of the cold trap to reduce overall heat

losses in the temperature-reducing process.

C. STEAM SYSTEM

The steam system is designed to load the reactor and heat

transfer loops and simulate, as closely as practical, the characteristics of a

steam system for an electrical power plant. The system includes the steam

generator, condenser, de-aerating feedwater heater, boiler feed pumps, valves
and associated piping and components.

Water from the boiler feed pumps passes through a steam gen-
erator and becomes high temperature super-heated steam due to heating by

the liquid sodium of the intermediate loop. The steam is throttled to a surface
condenser where cooling water removes superheat and heat of vaporization.

Condensate is passed through a de-aerating feedwater heater back to the boiler

feed pumps. Demineralized make-up water will be added to the condenser hot

well along with necessary chemical treatment.

At full load, 33 1/3 MW, approximately 100, 000 pounds per

hour of 600 psi 850 F steam are generated in the steam generator. Steam is
bypassed through a feedwater temperature regulated valve at the rate of 15, 000

pounds per hour to the de-aerating feedwater heater. This maintains a feed-
water temperature of 325 F. The balance, 85, 000 pounds per hour, is passed
through a loading-program controlled throttling valve where steam pressure

is dropped to 300 psi. This steam is mixed with up to 30, 000 pounds per hour
of recirculated condensate, to reduce the steam temperature, and passed

through the main condenser.
Makeup is added manually as an operating routine, depending

upon hot well level.

Condensate is pumped through the de-aerating feedwater heater
and feedwater pumps to supply the demand of the feedwater valve. This valve

is opened if steam pressure drops or throttled if the pressure rises, with a

damping control provided by the relative feedwater and compensated steam flows.

Although basic control of the throttling valve is provided by

the loading program, sodium and steam temperatures provide an overriding

control. Obviously, all heat introduced into the sodium and steam systems

must be removed and steam flow cannot be changed faster than the transient

characteristics of the primary and intermediate loops allow. In an actual
power plant, instantaneous load rejections require bypassing steam around the

turbine for a short time.

During warmup and startup, feedwater will be pumped through

the steam generator, bypassed to the de-aerating feedwater heater, and

returned to the steam generator. Heat will be added by injecting steam from

the plant heating boiler into the feedwater heater. After the feedwater'loop is
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raised to about 350 F, sodium will be admitted to the steam generator. Fur-

ther heating of the steam system will come from the sodium from the electrical
heating system. After steaming has started and makeup heat is no longer
needed from the plant heating system, the main throttling valve may be opened

slightly to begin heating the condensing system. As soon as the condenser and
associated piping and equipment have been brought to temperature and the
steam system has been balanced, normal operation may start.

A small stream of feedwater will be circulated through a
demineralizer to maintain the high purity needed for once-through boilers.

1. Steam Generator

The steam generator is of the once-through type since
water pumped through the tubes is heated to saturation temperature, boils

and becomes superheated steam as it passes to the outlet of the generator.

Concentric tubes, with water in the inner tube, mercury in

the thin annulus and sodium outside the outer tube, are arranged in a U-shell
to accommodate differential thermal expansion between tubes and shell. The
mercury in the annulus is a buffer and monitor: as a buffer it separates sodium
from water in case a tube leaks and, as a monitor, a leak through either the
outer or the inner tube is detected by a change in mercury pressure. Mercury
is supplied to the many annuli from an expansion tank mounted atop the steam
generator.

When the reactor develops 20 MW of heat with a fuel tem-
perature rise of 135 F, the steam generator produces approximately 60, 000
pounds per hour of steam at 600 psi and 800 F. If the reactor is operated at
33 1/3 MW of heat with a fuel temperature rise of 225 F, the steam generator
produces approximately 100, 000 pounds per hour of steam at 600 psia and
850 F.

The steam generator is mounted with its legs in a horizon-
tal plane except for a small slope to permit gravity drainage of sodium through
the sodium piping connections.

2. Pumps
Two motor-driven centrifugal boiler feed pumps are supplied

in parallel (one stand-by) to circulate the water through the steam generator

to the condenser. If one pump fails to operate, the stand-by pump is used so
that the reactor need not be shutdown due to boiler feed pump failure.

Parallel condenser hot well pumps are provided to remove

condensate and force it through the de-aerating feedwater heater.

3. Valves

All valves used in the system are items considered standard
in the industry. The main valves are a feedwater regulator and a steam throttle

valve. Appropriate drains, vents and shut-off valves are provided as required.

4. Piping

The steam piping from steam generator to throttling valve
is eight inch, and from the throttling valve to condenser 12 inch. Condensate
and feedwater piping is four inch.

D. WATER SYSTEM

The water system of the LMFRE supplies water with the
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necessary treatment to each water use. It also provides the principal heat

sinks for cooling. The water system schematic arrangement (Fig. 45) shows

the relationship between parts of the system.

1. Water Supply

Raw water will be taken from a source, assumed here to

be from wells, and will be pumped into a reservoir. All water is drawn from

this 250, 000 gallon reservoir. Water for fire fighting is drawn directly from

the reservoir. Other uses and treatments are listed below.

TABLE XIX

Water Use Sand Filtered Softened Demineralized Chlorinated

Main Cooling Make-up X X
Aux. Cooling Make-up X X
Sealed Cooling Syst. M-U X X X

Steam System M-U X X X

Plant Heating Syst. M-U X X X

Canyon Storage Pool X X X

Laboratories X X X

Domestic Uses X X X
Fire Fighting

For fire fighting, water flows by gravity and at low pressure,
from the reservoir to several hydrants. Portable Forest Service type pumps

connected to these hydrants are used for actual fire fighting.
Sand filter and softener are conventional and will have a

capacity of 350 gpm. The demineralizer should handle a flow of 25 gpm and

the chlorinator about 10 gpm.
2. Main Cooling System

The main cooling system is the heat sink for reactor

energy. It removes heat from the steam system and dissipates up to 33 1/3 MW

to the atmosphere in the main cooling tower. Evaporation necessitates up
to 250 gpm make up being added to the sump. Parallel pumps circulate the

cooled water from the sump at 12000 gpm through the main condenser in the

steam system. Chemical treatment of water in the sump should reduce growth

of algae.
3. Auxiliary Cooling System

The auxiliary cooling system was separated from the main

cooling system for three reasons:

a) To permit cooling certain systems to nearer ambient

temperature than would be practical with the main cooling tower.

b) To permit use of small demineralized systems near

radioactively "hot" areas.

c) To provide an isolated small emergency cooling sys-

tem which could be operated after reactor shut down or during a power failure.
This system has its own pumps, wiring, piping, heat

exchangers, and cooling tower and operates independently from the water supply

and main cooling water system, except for filling and make-up water.
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Water from the special cooling tower sump is circulated through heat
exchangers in each of these sealed sub-systems:

1. Shield Cooling (750, 000 Btu/hr)

2. Third Containment Cooling (650, 000 Btu/hr)

3. Core-Graphite Cooling (973, 000 Btu/hr)*

4. Helium Dump Tank Cooling (1, 300, 000 Btu/hr)
5. Off-Gas Adsorbtion Bed Cooling (375, 000 Btu/hr)'

Flow of auxiliary cooling water through each of the heat exchangers is

regulated by a pneumatic valve controlled by outlet temperature of the sealed

system being cooled.
Circulation through the sealed systems themselves will be at a constant

rate. Make-up water for each of these sealed systems and the compressed air

after coolers will come from the demineralized supply and will be added manually
as an operating routine.

Dual pumps will be used in the auxiliary cooling tower loop. This loop, in

addition to cooling the heat exchangers mentioned above, will directly cool the

following:

1. Air Conditioning System (100, 000 Btu/hr)
2. Motor and Bearing Cooling (200, 000 Btu/hr)*
3. Inert Gas Compressor Aftercooler (4, 000 Btu/hr)

4. Inert Gas System Helium Cooler (10, 000 Btu/dump)
5. Waste Disposal System Condenser (200, 000 Btu/hr)
This loop will continue to be circulated even when the reactor is shut down

or power has failed, because those functions marked with an asterisk must be

continued under emergency conditions. Make up water for the auxiliary

cooling tower sump may come from the sand filter sump or the demineralized

supply depending upon costs.
At this time, it is believed heat stored in other piping and equipment, or

generated by fission products adsorbed throughout the primary and off-gas

systems, or heat in the samples or sampling system can be dissipated without
problems by radiation, convection and conduction into the structure. This heat

is stored or generated, after a shut down, in piping and equipment not cooled

by normal flows or a particular cooling system.

E. REFLECTOR COOLING SYSTEM (Fig. 46)

During normal reactor operation, heat will be generated in

the reactor reflector due to fast neutron and gamma attenuation. The reflector

cooling system is designed to remove this heat at rates up to 1.7 x 106 Btu/hr.

The system consists of the reflector primary loop which contains pure bismuth;

the reflector intermediate loop which contains sodium and an open air cooling

loop.
The bismuth in the reflector primary loop enters the reactor

near the bottom, flows upward through the reflector annuli, and exits near the

top of the reactor. During operation at 20 MW with fuel AT of 135 F, the bis-

muth reflector inlet temperature is 865 F and the outlet temperature matches

the fuel outlet temperature at 885 F. During 33 1/3 MW operation with fuel

AT of 225 F, the bismuth reflector inlet temperature is 935 F and the outlet

* Requires emergency cooling
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temperature matches the fuel outlet temperature of 975 F.

The reflector primary fluid flows from the reactor to the pumps, check

valves, reflector intermediate heat exchanger, and returns to the reflector

inlet. The reflector primary pumps are constant speed centrifugal sump pumps

rated at 285 gpm for a pumped fluid head of 10 feet. Two pumps are mounted

parallel with one pump operating and the other remaining idle as a standby. A

check valve is mounted in the discharge line of each pump. The disc of each

valve is orificed to permit recirculation through the idle pump, maintaining

the pump in operational readiness at all times.

Since the possibility exists that leakage may occur across the seals which

separate the core and reflector fluids, a radiation monitor is installed on the

reflector outlet line. When a sustained high radiation level is recorded, indi-

cating fuel leakage across the seals, a portion of the reflector primary system
will be by-passed to the chemical processing cell where uranium will be stripped
from the stream. Should the leak rate become so large that the chemical pro-

cessing equipment cannot remove the uranium, the reactor plant will be shut

down and the jumper lines shown in Figure 46 will be connected, thereby per-

mitting the fuel stream to cool the reflector.

In addition to the above procedures for core-reflector leakage, the reflec-

tor primary system will operate at a slightly higher static pressure than the

primary system so that leakage would be from the reflector to the core stream.

The reflector primary system dump tank, shall be sized for "ever safe geometry",

since it may be possible to obtain a uranium concentration in the reflector primary
stream equal to that of the fuel stream.

A rapid leakage of fuel into the reflector annuli due to a large pressure

rise in the core which ruptures the graphite wall separating the core from the

reflector may add an appreciable amount of reactivity to the reactor. In order
to reduce the excess reactivity, it is necessary to minimize the surge volume

in the reflector primary loop to the point where little core fluid can be injected

into the reflector. For this reason a dump valve is used in the reflector pri-

mary drain line. By operating with this valve in the closed position while the

reflector primary fluid is in the loop, the only available surge volume is the
pump sump. It is expected that this volume will be about 0. 5 cubic feet.

The entire reflector primary loop is encased within a close fitting double

containment and is located within a shielded cell.

The reflector intermediate fluid (sodium) flows shellside in the reflector

intermediate heat exchanger, a U-shape shell and tube unit, at a maximum rate

of 78 gpm. The sodium enters the heat exchanger at 720 F and exits at 820 F

during normal operation, (i. e. , plant operation with fuel A T of 135 F). For

operation with fuel AT of 225 F this sodium outlet temperature rises to 870 F.

From the reflector intermediate heat exchanger, sodium flows through the
loop in the following sequence; pump, check valve, fin tube air blast cooler,

cold trap and intermediate heat exchanger.

The sodium pumps are constant speed, centrifugal sump pumps rated

at 30 gpm for 20 psi head. Two pumps are mounted parallel, one serving as

standby. Check valves are located in the discharge line of each pump. The

disc of each valve is orificed to permit recirculation through the idle pump,

thereby maintaining the idle pump at operating temperature. A sodium
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expansion tank is located at the pump suction to accommodate loop surges

and to provide sufficient suction head for the pumps.

The sodium to air heat exchanger is a U-shape shell and

tube unit utilizing fin tubes. An inlet temperature is ambient from the atmos-

phere and outlet temperature is about 400 F.

A sodium cold trap is located downstream from the air blast
cooler. This trap is provided to remove sodium oxide from the loop. A small
flow is by-passed to a plugging indicator which is located around the pumps.

This device indicates the efficiency of the cold trap by measuring the plugging
temperature, hence oxide concentration, of the sodium stream.

The reflector sodium loop is filled and held up by argon
overpressure in the sodium dump tank. The dump tank is located at the low

point in the loop to permit gravity drainage. Two air blowers, mounted parallel,

are provided to circulate the cooling air. Only one blower operates at a given

time with the second blower serving as standby. Check valves are located in
the discharge line of each blower, and the air flow is regulated by a throttle
valve in the air blast cooler inlet line.

F. START-UP HEATING AND COOLING SYSTEMS

1. Start-up Heating (Fig. 47 & 48)

The entire heat transport system must be preheated prior

to power operation. The core primary system, the reflector primary system,

the core intermediate system, and the reflector intermediate system must be

pre-heated to about 800 F.

The core primary and the reflector primary systems are

heated by hot helium which flows in the annulus between the primary and the

secondary containment. The helium portion of the heat-up system is divided
into three closed loops, each with blowers and electrical resistance heaters.

The heaters and fans of each loop are located in cells so that contact mainte-

nance may be performed, provided volatile fission products are allowed to de-

cay.
Each gas heating loop is of all welded construction to mini-

mize leakage of volatile fission products should a rupture of the primary con-

tainment give volatile fission products access to the heat-up loop.

The heated helium first contacts the primary system at

the reactor inlet and passes out of the primary system at the reactor outlet.

When the primary system is empty, the check valves in the pump discharge
lines are closed, thereby preventing helium flow around the primary system.

The piping of this loop is four inch. The heating element,
which is of all welded construction, may be removed from the line by the
remote handling equipment, if necessary.

The second helium heat-up loop serves the primary piping,
degasser, core intermediate heat exchanger shell, reflector primary piping,
reflector intermediate heat exchanger shell and the reactor shell.

Each component, i . e. , reactor shell, degasser, and heat
exchangers, are connected by heating gas lines. The primary piping is divided

into five compartments, each compartment having inlet and outlet heating
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connections. Since the diaphragms which compartmentalize the primary piping
have small slots on the bottom to permit leaked fuel to drain to the low point of

the system, it is necessary to arrange the heating lines so that inlet connections
are on either side of the compartment diaphragm or outlet connections are on

either side of the diaphragm. Such an arrangement will prevent unequal distri-

bution of the heating gas.
Each helium inlet and outlet connection is mounted on the

top side of the piping. In order to prevent fuel surges into the heater compart-

ment, in the event the primary containment ruptures, check valves are located

in each inlet and outlet line. The check valve in the helium outlet line utilizes

a disc which will not close due to gas flow, but which floats in the primary fuel
and thereby closes should the fuel flow in the pipe. The reflector primary
piping is divided into three heating compartments and arranged as the primary

piping.

The third helium heat-up loop serves the primary system

dump tanks, the pump over-flow tank, the reserve dump tank, and the reflector

primary dump tank. The loop will be in continued operation, since it is necessary
to maintain each tank at about 800 F in order to prevent fuel precipitation and

thermal shock.
The core intermediate system is pre-heated by electrical re-

sistance heaters which are attached to the outer surface of the components.

Each heater circuit is sized to melt sodium should a freeze occur.

The reflector intermediate system is also pre-heated by

electrical resistance heaters which are attached to the outer surfaces of the

components. In addition to being sized to melt sodium within the piping, all
electrical heater circuits are sized and arranged so that failure of a circuit

will not prevent heatup.

The steam generator tubes are heated by steam-heated

water from the house heating boilers. The water will not be as high as 800 F.
However, the temperature will be sufficiently high to prevent solidification of

sodium within the steam generator. Once the steam generator is filled with

molten sodium, electrical heaters attached to the generator shell will be used

to raise the steam generator metal temperatures to the operating range by

conduction of heat from the electric heaters through the sodium to the tubes.

2. Decay Heat Cooling (Fig. 47 & 48)

When the fuel is drained from the primary system into the

dump tanks, the heat produced due to fission product decay must be removed

to prevent fuel and metal temperatures from rising to excessive levels. Decay

heat is removed from the primary system dump tanks, pump overflow, and

reserve dump tank by circulating helium through the start-up heating piping.

The electrical resistance heaters of the start-up heating system are by passed,
and the helium gives up heat to water in a fin tube heat exchanger.

The reactor core, (and the reflector if an internal leak

requires the fuel stream to be circulated through the reflector) is cooled by

helium which flows in the start-up heating piping. The electrical resistance

heaters are by passed to a helium to water fin tube heat exchanger.

Figure 47 and 48 show the start-up heating and decay heat
cooling system which will be all welded construction to minimize gas (helium

and volatile fission product) leakage. Pressure surges are relieved to the
off-gas system.
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3. Cell Cooling (Fig. 49)
Since the cells in which primary system components are

located are sealed from atmosphere, the heat passing through the thermal
insulation around the secondary containment must be removed to prevent cell

ambient temperatures from rising to levels incompatible with equipment opera-

tion. In each cell the cooling equipment is composed of an air fan, ductwork,
a cooling coil, a recirculated water circuit complete with pump and expansion
tank, and a raw water to fresh water heat exchanger. The air duct is positioned
on the side of the cell in a horizontal "U". The coil and fan are in the portion
of the "U" shielded from neutron bombardment. A dry-bearing extension shaft

extends from the motor through a concrete shielding plug into the ductwork and

is connected to the fan. The motor is mounted in a shallow pit above the shield-
ing plug. The coil is mounted in the ductwork below the fan. Fan, extension
shaft and coil are all removable through the plug.

The cooling water to the coil is from a recirculated closed
system to reduce the amount of water which could leak into the equipment cell.
This recirculated water loop is complete with isolation valves, expansion tank
pump and a raw water to fresh water heat exchanger. The raw cooling water

flowing into the heat exchanger is regulated by a self actuated valve controlled
by fresh water outlet temperature. A leak from the closed system into the cell
would cause a drop in pressure in the cooling water expansion tank vhich would
be detected by a pressure gage within the tank. A recirculated water pump or
raw water failure would occasion a rise in pressure in the expansion tank as
well as a rise in cell temperature. A rise in cell temperature without a pres-
sure rise in the recirculated water system would indicate either a leak in the

containment or a failure in the air fan motor, bearing, etc.

4. Shield Cooling (Fig. 50)
Concrete surrounding primary system cells serves as a

shield from neutrons and gammas leaving the primary fluid. In the attenuation
of these sources, considerable heat is generated within the concrete. A cooling
system must be utilized to hold temperatures and thermal gradients within
the concrete to reasonable limits. The present design uses panel coils sunk

in the concrete a few inches from the cell walls. Water from a closed loop flows
through these coils removing the heat from the concrete.

The water from these coils is returned to a room below the

degasser cell where all equipment is mounted. Radioactivity within this closed
loop is expected to be at low levels during initial operation. Soon after start-up

and when an appreciable load is attained, the recirculated water is proportioned
to the various cells so that water outlet temperatures are equal. This is done

by means of balancing valves.
There are two pumps for recirculating water, an operating

and a standby pump. Two heat exchangers are connected in series to dissipate
the heat from the recirculated water to the raw cooling water. These are so

valved that one can be removed during operation; this permits part load opera-

tion or slightly increased concrete temperatures at full load when one exchanger

is being repaired or replaced.

The drain system is composed of a tank, drain lines, vent
lines and a compressed air supply line. The tank must be located beneath the
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lowest coil which places it in an inaccessible spot beneath the equipment room.
It is necessary, therefore, to have all valves, and other equipment which may
require maintenance, in an equipment room remote from the tank. A drain

system has been used, therefore, which utilizes compressed air to hold up
the recirculated water in the system. When a drain is required, the compressed

air is shut off and the drain tank vented so that the recirculated water empties

into the drain tank. The air pressure is then introduced into the panel coil

vents and tank, the tank drain valve is opened and the water is drained to

the radioactive waste disposal line.

G. CELL RELIEF AND PURGE SYSTEM (Fig. 51)

During normal operation the cells, in which components are
installed, are not connected together; viz., each cell has its own atmosphere.

Should a leak occur such that fuel and fission products breech both primary

and secondary containments, the atmosphere in the cell involved becomes con-

taminated. Moreover, the cell air pressure may rise due to heating by the
released fuel. Since a cell plug can be lifted from its seat by a cell pressure
of about seven psig, a relief valve set to open at four psig is installed in a line
connecting one cell to an adjacent cell. The cells are connected in this fashion
in series such that continued overpressure in one cell, if not completely relieved

in the adjacent cell, can be relieved by a third cell or by more cells if required.

It is expected that normal operating pressures will be a maxi-

mum of approximately two psig. In case of a fuel dump into the third contain-
ment, this pressure is expected to increase to a maximum of 3. 5 psig. Normally,

a leak into the third containment will not involve spread of contamination into

another cell. Only when the cooling capacity of the third containment cooling
system is reduced or lost will the relief to another cell be actuated. In this

case, the second cell cooling system provides reserve cooling capacity for this
emergency . In this way all cells provide potential pressure relief volumes for

any other cell.

If radioactive material leaks into the cell and the cell atmosphere

is contaminated, this contamination should be reduced as much as possible be-
fore the cell plug is removed and the maintenance plug installed. Such action
reduces the amount of air-borne activity which might escape into the reactor

canyon and reduces danger to maintenance personnel.

Purging is accomplished by pulling canyon air through a hole
in the cell plug, through the cell and out to the stack by a fan. Until the purge

operation is required, the fan discharge is capped to retain the integrity of

the third containment. When the cap is removed and the fan started, the fan

suction causes a rupture disc in the cell plug to burst permitting canyon air

to be drawn into the cell. The air velocity through the rupture disc hole is
high in order to prevent back-flow of radioactive particles into the canyon.

H. INERT GAS SYSTEM (Fig. 52)

Inert gas is used as a cover gas over all liquid metal free
surfaces to prevent oxidation of fuel and sodium. Helium is used for covering
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the fuel, and argon is used for covering the sodium system. Nitrogen is used

on the tube side of the steam generator to protect it from rusting when the

steam generator is drained of water.

When either the primary or intermediate system is drained

of liquid metal, inert gas replaces the liquid to prevent air from getting into

the system.

Helium, supplied from suitable storage containers, is piped

through appropriate pressure regulators to the dump tanks of the primary sys-

tem. In addition, helium is admitted to the off-gas system for use both as

cover gas for reactor and pumps and as sweeping gas for FPV removal in the

degasser.

Since the helium is retained in a closed system, the helium

in the dump tanks prior to dumping must be permitted to expand to a pressure

low enough to permit complete fuel drainage to the dump tanks. Therefore,

an expansion tank of appropriate volume is located in the helium vent line.

From the expansion tank, the helium is drawn through charcoal beds by a

compressor which empties the expansion tank and recompresses the helium into

a storage tank for re-use. Also, from the expansion tank, helium is vented

to the top of the reactor when the primary system is dumped.

The sodium cover gas (argon or nitrogen) is not radioactive
and therefore may be vented to atmosphere. If required, a cooler may be

installed in the vent line to condense sodium vapors in the vented gas stream.

Commercially available helium is pure enough for use in

LMFRE without further purification. However, argon in contact with sodium
must be of purity greater than that commercially available because of oxygen

and water vapor in commercial gas. Therefore, the gas is bubbled through
NaK prior to use.

I. MONITORING SYSTEM

Leak monitoring or detection and radiation monitoring are

required throughout the LMFRE plant. The following leak detection and

radiation monitoring devices are designed to provide maximum safety for

plant personnel and equipment.

Leak Detection
Leak detection is required to detect leaks between heat trans-

port systems and between the heat transport systems and their respective

surrounding atmospheres.

Leak detection shall be provided for the following possible leaks:
1. Sodium stream leak to fuel stream through core intermediate

heat exchanger.

A leak between the sodium stream and fuel stream through

the tubes or tube seat welds of the core intermediate heat exchanger permits

sodium to enter the fuel stream because the sodium system is operated at a

higher static pressure than the fuel stream. Leak detection shall be by samp-

ling and quantitative analysis of the fuel stream. In addition, the sodium stream

shall be monitored downstream from the core intermediate heat exchanger to

detect fuel leakage into the sodium stream. The monitor on the sodium stream
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shall have an alarm point above equilibrium activation of sodium. A sustained

high radiation level recorded by this unit would indicate leakage.
2. Fuel stream leak to secondary containment.

Fuel leakage through the primary containment shall be

detected by means of "spark plug" probes located in the low points of the

secondary containment.

Fuel leaking into the secondary containment will flow to

the low points in the secondary containment and close an electric circuit be-

tween the probe and the ground. Once the circuit is closed, a visible and

audible alarm is initiated in the control room, thereby warning the operator

that corrective action may be required.

If a method of remote maintenance and replacement for

the spark plug type probes cannot be found, the secondary containment leak

detection scheme will be revised.

3. Fuel stream leak to third containment.

A fuel stream leak into the third containment will be

detected by:

a) "Spark plug" probes located above lead plug in the cell

drain.
b) A radiation monitor which monitors cell air activity.

c) A drop in fuel level within the primary system. A signal

from any or all of the above detection units will scram the reactor and dump

the primary system.

4. Sodium stream leak to air.

A sodium leak from the intermediate system to air is

detected by closing an electrical circuit between wires which are strung along

the bottom of the sodium piping and its components.
5. Leakage between sodium and mercury system through outer

tubes of the steam generator.

The mercury third fluid system is operated at a static pres-

sure between that of the sodium and the steam systems. Therefore, leakage

between the mercury system and the sodium stream will be into the sodium.

A leak is noted by a decrease in the liquid level or the pressure in the mercury

expansion tank.

6. Steam or water leak into mercury.

A leak of steam or water into the mercury system is de-

tected by a rise in pressure in the mercury system.

7. Fuel stream leak to reflector cooling system through
reactor seals

A leak of the fuel stream to the reflector cooling system

is detected by a radiation monitor located at the reactor outlet of the reflector

cooling system.
8. Leakage between bismuth stream and sodium stream

through reflector intermediate heat exchanger.

A leak between the bismuth stream and sodium stream of

the reflector cooling system is detected by either an increase or a decrease

in the bismuth liquid level. This is possible because the reflector primary

system utilizes a dump valve, thereby maintaining a constant system volume
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during normal operation.

9. Reflector sodium stream leak to air.

A leak in this system is detected as discussed in Section 4

on the preceding page.

Radiation Monitoring

Stationary radiation monitors, in addition to those listed above,
are required to continuously monitor the following systems and areas.

1. Cooling system of each cell.

2. Start-up heating and decay heat cooling system.

3. Stack gases.
4. All plant effluent.

5. Chemical processing system.

6. Waste disposal system.

J. ELECTRICAL SYSTEM (Fig. 53)

The function of the electrical system is to supply power to

all electrically-operated equipment in the LMFRE plant.

The primary services are expected to be a 13. 8 kv supply to
comprise a double-end feed system, consisting of a minimum of 3750 kva
transformers with associated metering and protective devices at each trans-

former. A primary circuit breaker section will be used at each transformer to

provide maximum protection and control, as well as protection from possible

single phasing.

An underground feed system consisting of fiber ducts encased
in concrete will feed the indoor secondary switchgear. The secondary service
will consist of two main circuit breaker sections which will feed the 2400 v
main distribution center to form the double-end feed system with a bus tie

circuit breaker near the center of the 2400 v switchgear. This systems used

to insure maximum dependability of utility power service. The 2400 v main

distribution center will supply the following switchgear:
1. Two circuits, one from each side of the bus tie breaker,

to feed the main 480 v distribution center through two 2400 /480 v transformers.

The 480 v distribution center in turn becomes a double-end feed system with a

bus-tie breaker near the center of the switchgear. This arrangement is highly

desirable and brings about dependability of service and versatility during heavy

load conditions. The 480 v service will be used for motors up to 200 HP. From
the 480 v main distribution center, power will be furnished to four motor control

centers which will be located near or within sight of the apparatus which they
are intended to control.

2. One circuit through a 480/277 v secondary transformer to
provide lighting and constant power supply (AC-DC-AC) for instrumentation.
The final AC alternator will provide low voltage for emergency lighting and

instrumentation which can tolerate losses of minimum switching time during

periods of power or equipment failure. A stand-by AC-DC-AC unit is required
to permit maintenance of mechanical gear.

3. One circuit through a 480/277 v secondary transformer to

provide power for electric heating. The voltage in these heating circuits is

regulated at 480 v - 3 .
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For plant distribution, the 480/277 v-3 -4 w system was

chosen to reduce fault currents and because less copper is used. If other vol-

tage characteristics are required, it is intended to use dry type transformers

for which capacity is to be provided for the lighting- and constant power supply

transformer. In regard to lighting in general or non-radioactive areas, 277 v

ballasts with fluorescent fixtures has been chosen because of high candle power
output and economy.

For lighting in radioactive areas and where maintenance must

be infrequent, mercury vapor fixtures are chosen for their long life lamps, high

candlepower output adaptable to higher ceilings and ease of maintaining ballasts.

Magnetic contactors will be used for switching all 277 v lighting circuits, with

115 v control circuits through dry type transformers, for the safety of personnel.

Voltage and current metering shall be visible in order that

faults in the electrical gear or the power system maybe remedied or by-passed,

whichever is the most practical. All circuit breakers and controls shall be

metal-clad and of the drawout disconnect type to provide maximum safety to

personnel.

Cables between distribution centers and motor control centers

shall be metallic armor-sheath type laid fast in suitable cable troughs, pro-

vided the location permits this type of construction. This type of cable con-

struction will provide economy of installation, low voltage drop and flexibility.

All cables and wires shall be AVA type and shall have as much protection as

may be required by hazards at particular locations.
All apparatus shall, if not a current carrying conductor, be

provided with equipment grounds. Metallic building structures shall be grounded

by driven ground rods and shall have less than one ohm resistance to ground.

Emergency power supply shall be designed to safely control

excessive heat loads as the reactor output is brought down to zero. The following

functions will be performed, after total failure of utility power, by the Emer-

gency Power supply.

The control rod mechanism is designed to scram automatically

upon power failure; therefore, no emergency power is required by control rod

drives.

A floating battery system will provide constant power supply

during any temporary outage to vital functions that cannot tolerate any inter-

ruption. A motor generator set provides alternating currents. This equipment
includes:

Instrumentation Bus - 100 amp capacity at 120v-Icy

Alarm Bus - 30 amp capacity at 120v-l$
Emergency Lighting - 100 amp capacity at 120v-L$
Battery Vent - 20 amp capacity at 120v-lU
Battery power will be used only until the emergency generator

comes on the line.

Short period outage can be tolerated in the following gear,
which must function to bring the LMFRE to zero output and maintain safe
temperature and ventilation levels.

Dump Tank Cooler - 40 HP - 480v-34
Graphite Cooler - 2 HP - 480v-34
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Cold Water Circulating

Pump and Fan - 15 HP - 480v-34
Containment Cooling - 6.5HP - 480v-34
Shield Cooling - 3.5HP - 480v-34
Main Building
Ventilation - 20 HP - 480v-34
Control Air Compressor 15 HP - 480v-34
Control Room
Ventilation - 5 HP - 480v-34
After the emergency generator has come up to full output and

the above units are in operation, the constant power supply system will cut in

on the emergency bus.

The emergency generator shall have the capacity to include

the above gear or approximately 225 kw output.

K. WASTE DISPOSAL SYSTEM

Radioactive waste from the plant will be either liquid, solid,

or gaseous. Radioactivity from all these wastes will have to be reduced in con-

centration prior to discharge to the environment. While the exact nature of

this environment cannot be defined at this time because the geographical location
has not been selected, provision for treatment and disposal will have to be made.

From a theoretical and practical standpoint, radioactive waste

disposal philosophy indicates that liquid wastes, at medium and high activity
levels, will have to be treated in some manner prior to disposal. If the effluent

flows into a river or another body of water, the activity levels are usually pre-

scribed by law.
Solid wastes can be disposed of by incineration or by storage or

burial in shielded containers. The latter method will be used for this project.

The gaseous waste materials are to be handled in the degassing
and off-gas system and hence.will not be included here.

Liquid wastes consist mainly of the effluent from laboratory
sinks and drains, laundries, showers, and other decontamination facilities.
Additional liquid wastes may originate from clean-up of the reactor canyon floor,
and from cooling water drains. It is conceivable that the radioactivity of these

effluents, and the flow volume may vary over a considerable range, hence it will

be desirable to separate these wastes into three classes, as follows:
1. Low Level - This will include laundering non-contaminated clothing,

showers and "cold" sink drains. The flow volume is estimated at 2000 gal/day.
Maximum activity range 10-11 to 10-8 curies /liter.

2. Medium Level - This will include wastes from laundering contaminated
clothing and from specially monitored laboratory drains. The flow volume is
estimated at 1200 gal/day. Maximum activity range 10-8 to 10 -5 curies /liter.

3. High Level - This will include waste from decontamination cleaning
baths and sample processing. In addition, this waste may contain acid chemicals
and other dissolved solids. The flow volume should be relatively low but the
evaporator capacity is sufficient that 500 gal/day of this waste could be handled
if necessary. Activity of over 10-5 curies /liter would be included in this category.
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The liquid wastes are to be treated according to the following

scheme:

1. Low Level

These wastes will flow by gravity into a 10, 000 gallon carbon steel reten-

tion tank, unshielded but below ground. The waste will drain from this tank
through an overflow line to the sewer or other disposal channel.

2. Medium Level

This waste will flow into one of two stainless steel, shielded, neutra-

lizing tanks of 1000 gallon capacity each. When the liquid level indicates that
the tank is about full, the incoming flow is diverted into the other tank. The pH

in the full tank is neutralized with either acid or base. After neutralization, a

sample is taken for laboratory check of its activity. If activity is low, it is
diverted to the low-level retention tank; if it is still medium level after neutral-

ization, it is passed through one of the mixed bed demineralizers. The effluent

from each of the demineralizers flows into a small tank which is monitored, and

is continuously drained by a pump into the low-level retention tanks. A medium

or high activity in the effluent from the resin beds would probably indicate their

exhaustion in which case the flow would be diverted back to the neutralizer tanks,

and the bed would be replaced with fresh resin. In order to prolong the life of

the ion-exchange beds, it is assumed that demineralized water will be used

wherever possible in medium level waste drains. The spent resin will be dis-

posed of by drumming in concrete and burying.
3. High Level

High level waste will be channeled directly to the evaporator, which is
a shielded, stainless steel, 500 gallon unit. The sludge from the bottom of the
tank (35 percent solids) will be emptied into 55 gallon drums, filled with con-
crete, and disposed of by burial. The vapor from the tank passes through an

entrainment separator and a condenser. The condensate is collected into one

of two small tanks, and its activity is monitored. Low activity condensate is

diverted to the low-level retention tank; otherwise, condensate is diverted back

through the ion-exchange beds.
It is anticipated that the liquid waste treatment assembly, except for the

10, 000 gallon retention tank, will be housed in a pit shielded with concrete,

approximately 20 feet wide by 25 feet deep. The low-level retention tank, due

to its size, will be housed in a shallow pit, adjacent to the primary treatment

facility.

1 .4. 5 CHEMICAL PROCESSING SYSTEMS

A. INTRODUCTION

The extent of the chemical processing effort for the LMFRE
was the subject of much discussion during the conceptual design phase of the
project work. It was realized that a minimum LMFRE test program would
require the four chemical processes or systems outlined below.

1. Volatile fission products removal: in order that the physics of the
reactor and maintenance of components could be checked out.

2. Fuel make-up system.
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3. Bismuth Clean-up System to be the following:

a) Adjust concentrations in core fluid in conjunction with the fuel

make-up system.

b) Clean-up bismuth following Primary System preconditioning.
c) Post experiment recovery of uranium.

d) Post experiment decontamination of the bismuth.

4. Chemical analytical laboratories facilities adequate to analyze for all

of the important constituents in the fuel and chemical processing systems.

If these four items were developed and incorporated in the LMFRE test

facility, the entire test program could be carried out except the chemical pro-

cessing. For the most part, this would be adequate to estimate the overall

economics of a burner type LMFR. However, it is felt that a breeder type LMFR

has greater future potentials and, as pointed out in BAW-1012 1 3 , breeder power

costs are less than burner power costs. Therefore, this minimum program

should be supplemented by additional work directed toward chemical processing

for large-scale application. This reference design reflects this thinking; however,

the minimum program and the extensive program are separate.

B. GENERAL DESCRIPTION OF THE FACILITY

1. Classification of Fission Products
Previous studies have established a classification of fission

products on the basis of four groups as follows:
a) Gaseous - those elements or compounds that are volatile

at reactor operating temperature. The group is ordinarily given the abbreviated

designation FPV.

b) Non-Volatile elements forming compounds more stable

than the corresponding uranium compound. The abbreviated reference for the

group is FPS.

c) Non-Volatile elements forming compounds less stable

than the corresponding uranium compound and more stable than the correspond-

ing bismuth compound. The abbreviated reference for the group is FPN.
d) Non-Volatile elements forming compounds less stable

than the corresponding bismuth compound. The abbreviated reference for the

group is NFPN.

The poison contribution from each of these groups in a

conceptual LMFR is illustrated in Figure 54. (The FPN group includes both
FPN and NFPN groups as presently defined). It may be seen that over long

term operation processing of all groups becomes desirable if a low poison level

is to be maintained. The data also indicate the necessity for considering the

processing of each group in an extensive program.

2. FPV Removal
Provision must be made for the removal of volatile fission

products from the LMFRE fuel in order to reduce neutron capture and to pre-

vent uncontrolled release of fission gases in the primary loop. The degassing

rate will be established by the desirable concentration limits for xenon-135.
The concentration of this isotope will be controlled to decrease neutron poisoning

and to limit xenon's positive contribution to the nuclear temperature coefficient

of reactivity. The effect of temperature coefficient is more critical to safe
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operations of the LMFRE, but poisoning is expected to control in the design of

the breeder LMFR. The Physics Group calculates that if no xenon were removed,

xenon's contribution to the temperature coefficient for the LMFRE would be 28

percent of the prompt negative coefficient (-5 x 10- 5 / C). If the effect is to be

maintained at less than 10 percent of the negative coefficient, a removal effi-

ciency of at least .6 percent each fuel stream cycle is required.

In addition to the fission gases certain other components will

volatilize in the degasser. These components may include bismuth, magnesium,

polonium, rubidium, cesium, cadmium, iodine, bromine, selenium, and

tellurium. Although the volatilities of most of these materials over bismuth

solutions are not known, only extremely small quantities are expected in the

off-gas stream. The degassing rate for bismuth and polonium have been calcu-

lated as 4. 1 and 0. 004 grams per year as indicated schematically in Figure 55.

The off-gas from the degasser will be cooled in a cold trap to remove conden-

sables. From this point the gases will flow to activated charcoal beds in which

separation of helium sweep gas from the fission gases will be accomplished.

Helium will be re-circulated to the degasser and fission gases will be stored

for decay prior to disposal to the atmosphere.

The reference degasser is located in the hot leg of the primary

loop for functional convenience; however, the positive temperature coefficient

of solubility for inert gases in bismuth indicates that the cold leg would permit

slightly greater efficiency of operation. One aspect of this solubility effect is

the possibility that helium dissolved in the degasser might off-gas in the cold
leg of the primary loop. The importance of this positive temperature coeffi-

cient will be evaluated after the magnitude has been determined by the research

program.

Many features of the reference FPV Removal System are

unknown; however, the design prepared provides a basis for planning the re-

search program and preparing cost estimates. The Research and Development

Program is designed to generate the information required to prepare a suit-

able system for use in the Reactor Experiment.

3. FPS Removal

Brookhaven National Laboratory has proposed that the FPS

group may be selectively extracted into fused chlorides without significant

removal of uranium from the bismuth phase. The selective oxidation would

be accomplished by countercurrent contacting core fluid with a eutectic salt

KCl - NaCl - MgC1 2 . Control would be either stoichiometric or by buffer
action. The latter is preferable, but unfortunately the buffering reaction that

appears promising requires a magnesium concentration in the core fluid lower

than is presently believed necessary for metallurgical reasons. Accordingly,

the system in this study is stoichiometrically controlled. A schematic flow

diagram is presented in Figure 5Y. The system outlined is basically the same
as that proposed by O. E. Dwyer and consists of three columns: the first
extracts the FPS group into a fused salt, the second recovers uranium from the

salt by magnesium reduction, the third oxidizes the recovered uranium to UC13

and returns it to the first as an oxidizing agent. The system also includes

components for electrolytic generation of UC1 3 , BiC13 , Mg and Zr.
In recent years fuel reprocessing by fluoride volatility
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FIG.55:VOLATILE FISSION PRODUCT REMOVAL SYSTEM
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methods has been studied intensively at Argonne National Laboratory. It now

appears that the basic Argonne techniques may be advantageously applied to

LMFR processing. As presently visualized, the required system is shown in

Figure 57. The process involves contacting core fluid with a fused fluoride

salt previously saturated with HF which converts the FPS and FPN groups and

all the uranium to non-volatile fluorides and simultaneously extracts them into

the salt phase. Bismuth oxidation.is prevented by close temperature control.
Uranium is separated from the fission products by sparging the salt phase with

fluorine and forming volatile UF6 . The control problem which is so important
and difficult in the fused chloride extraction does not exist in this system since

separation of U and FP is based on a wide difference in volatilities. UF6 is
reduced to UF4 with hydrogen and collected in a fused salt. The UF4 is sub-
sequently reduced to uranium electrolytically and transferred to the fuel stream.

4. FPN Removal

FPN processing will be demonstrated utilizing the fused
chloride FPS system effluent, since the fluoride volatility systems processes

FPN's and FPS's together. Two chloride extraction methods may be used:
uranium and FPN may be oxidized together and separated during subsequent

uranium reduction, or uranium may be oxidized in one step. The latter system

is represented in this study.

5. NFPN Removal
Figure 58 illustrates the FPN, NFPN processing system.

Bismuth from the FPS system is treated in the manner described in the latter

alternate above. The resultant bismuth effluent containing the NFPN group is
contacted with zinc, transferring the NFPN's to a waste zinc stream. Since

zinc is extremely soluble in bismuth it must be removed before the decontaminated

bismuth is returned to the core. This is accomplished in two stages: (1) by
freezing out most of the zinc and collecting it on heat exchanger pipes and (2) by

distilling out the balance.

6. LMFRE Chemical Service System
The chemical processing service facility will include the

following operations.
a) Bismuth clean-up following reactor pre-conditioning.
b) Adjustment of core fluid concentration during reactor

ope ration.

c) Fuel make-up.
d) Post experiment recovery of uranium.

e) Post experiment decontamination of the bismuth.

Since the system provides for these necessary facilities, it may be considered

the minimum chemical reprocessing system.

In the early stages of evaluation it was proposed that oxide
slagging be considered for the clean-up operation. The proposal was on the
basis that it represented a method which might be developed with the least effort

and would enjoy the greatest probability for success. Subsequent studies tend
to minimize this view and therefore additional operations are considered: namely,
hydro-fluorination and fused chloride slagging with BiCI3 as the oxidizing agent.

Fuel make-up has been considered with the object of presenting
a simple system capable of development for the experiment. The result is a
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dissolution system in which weighed amounts of uranium, magnesium and

zirconium are placed in a basket which is introduced into a known volume of

bismuth. The fluid is then recirculated until all of the additives are in solution.

The resultant enriched core fluid is introduced into the reactor stream in pulses

of small size so as to avoid the introduction of excess reactivity. An equal

volume of core fluid is simultaneously withdrawn from the reactor system.

Following termination of the experiment the core fluid could

be decontaminated by removing FPS, uranium and FPN by hydrofluorination

or fused chloride extraction. NFPN removal has been given very little con-

sideration in previous efforts and therefore at this time there is but a slight

basis for specifying a removal system for the service facility. Distillation of

bismuth is preferred because basic principals indicate feasibility. It is recog-
nized that materials of construction may well prove to be a stumbling block,

but again there appears to be a reasonable chance for success. Another attrac-
tive possibility which would be applicable for eventual LMFR processing as
well as for the service facility is the intermetallic compound crystallization

technique currently under investigation by the BNL Metallurgy Department.

7. Analytical Laboratory

The importance of adequate analytical laboratory services

during a complex experimental program can hardly be overestimated. For the

purposes of this study it is assumed that the laboratory outlined in BAW-21 5 ,

with minor revision, will be well suited for this program. A more complete
review of the sampling problem has been made and is discussed. The results

of the study indicate that sampling is a major problem, both from a design and
a cost viewpoint, and it also indicates the need to reduce the number of samples

necessary by developing a gamma spectrometer technique capable of deter-

mining the concentration of radioactive materials without entering the system.

C. FUEL PROCESS DESIGNS

1. General

A chemical processing facility reference design has been
prepared for two purposes: to uncover areas in which research and develop-

ment are necessary and to allow the preparation of a preliminary cost estimate.

The units included are discussed in the foregoing general description and are

designed on the basis outlined below.

Since approximation of a full-scale power reactor plant
is impossible it was decided to fix two important conditions in the following

manner.

Fission product group concentrations were set as follows:

FPS 3 ppm, NFPN 1. 5 ppm and FPN 0. 2 ppm. These concentrations may be

determined with precision using presently known analytical techniques. These
levels are reached after only 22 days reactor operation at 20 MW, an obvious

advantage in a new system which may require much adjustment before a really

sustained run is attempted.

Two factors which have been considered in establishing
system capacities are: (1) maintaining reasonable scale-up factors for plants

servicing a 500 MW reactor and (2) minimizing plant inventory.
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Material and heat balances have been prepared using the fission

product concentrations listed above. It should be recognized, however, that the
operations are experimental in nature and conditions such as feed compositions,
flow rates and temperatures may vary significantly in a thorough evaluation of
the system.

U-235 fission yields were calculated from data compiled by J. O.
Blomeke1 6 . Fission products were classified in groups on the bgsis of thermo-
dynamic data compiled by A. Glassner1 7 and compiled in BAW-2 .

Heat generation from non-volatile fission products is based on
an estimate of the total decay energy of fission product mixtures after 22 days
irradiation and 20 minutes cooling, except for the fuel make-up and final de-

contamination in the service facility where one year irradiation and 20 minutes
cooling were used. Data by O. E. Dwyer 2 , T. Rockwell 1 8 and E. J. Frederick 1 9

were used in estimating the energy content of the various fission product groups.
Detailed calculations required to estimate decay heat generation for the volatile
fission products were made using the data of Blomeke and Seaborg2 0 .

Process Descriptions:

The following process descriptions are presented to aid in
analyzing equipment layouts, material and heat balances, equipment and operating
cost estimates.

In describing the various processes, reference is made to a
number of drawings and tabulations of equipment in which the following classi-
fications have been used.

DESCRIPTION ITEM SERIES

Storage Cl

Fuel Make-up C2
Metal Distillation C3

Fluoride Volatility C4
Fused Salt Extraction C5

Oxide Slagging C6
Additional Equipment for

Zn Recovery C7

Symbols used in the equipment layouts and equipment lists

are given in Table XX.

TABLE XX

SYMBOLS USED FOR EQUIPMENT AND INSTRUMENTS
SYMBOLS EQUIPMENT

T Column

E Electrolytic Cell
H Induction Furnace
H Immersion Heater

C Heat Exchangers
P Pump

H Resistance Furnace
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TABLE XX Con't.

SYMBOLS EQ UIPME NT

S Sample Point

T Tank
P Vacuum Pump

T Weir Box

T Waste Container

INSTRUMENTS

FRC Flow Meter Recorder-

Controller

LI Liquid Level Indicator

LR Liquid Level Recorder

RIA Radiation Monitor

TRC Temperature Recorder-

Controller

2. Volatile Fission Products Removal Process

a) Introduction (See Fig. 59)
The entire fuel stream leaving the reactor, approximately

400 cubic feet per minute, passes through a degasser, PS-E-1, to remove the

volatile fission products. The quantities of various volatile fission products

which are removed are dependent upon the operating level of the reactor and

the efficiency of the degasser. At a reactor power level of 20 MW, four grams

of xenon and 1. 6 grams of krypton are produced per day. This production is

equivalent to 3. 3 x 10-5 grams-moles per minute. The removal rate in the

degasser will be some fraction of this number because of radioactive decay in

the primary loop.

The fission products are transported from the degasser

to a cold trap in a helium carrier gas. In the cold trap the gases are cooled to

remove a trace amount of condensable components. The gases pass from the

cold trap to cooled charcoal adsorption beds in which xenon and krypton are

stripped from the helium. The helium is recycled to the degasser. When the

concentration of fission gases in the helium leaving the adsorbers reaches a

pre-assigned value the flow of gas is diverted to a regenerated bed. The tem-

perature of the saturated bed is increased and the adsorbed gases are stripped

to storage tanks. A group of these storage tanks, each containing the discharge

from one charcoal bed, will be provided. After about ninety days storage,

the fission gases can be safely discharged to the atmosphere through a stack.

b) Degasser
A preliminary degasser design is shown in Figure 60.

It is essentially a vertical pressure vessel of 2 1/4 percent chromium-one

percent molybdenum steel and, although it is expected to operate at five psig

pressure, it is designed for 75 psig emergency conditions. Fuel entering the

degasser is distributed uniformly over a deck of sparger trays from which it

cascades to a series of decks of splash trays. The rectangular sparger trays

are hollow and have a porous upper surface. Helium flows into these trays and

enters the degasser through the porous surface. It is recognized that there may
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be a tendency for helium to pass through the bismuth as large bubbles rather

than forming the desired fine spray; however, suitable sparger trays will be

developed in the research program.

One degasser design utilizes eight inch wide sparger and

splash trays in a 72 inch ID vessel. At the flow rate of 400 cubic feet per minute

the bismuth depth will be about 1 1 /2 inch on the trays. The bismuth flow thins

out to 0. 4 inch in falling to the next lower deck. A degasser with one deck of

sparger trays and four decks of splash trays would have a height of about six

feet. More or fewer trays could be used, increasing or decreasing the column

height by four inches for each deck. Another splash tray design utilizes narrow

slotted trays with the slots at 900 to each other on alternate decks. In an 84 inch

ID vessel using one inch slots and one inch trays the overflow depth of bismuth

is reduced to 0. 4 inches and the falling film thins out to . 06 of an inch.

The proposed helium sparging rate, six cubic feet per

minute (3350, five psig), is sufficient to reduce the partial pressure of 3. 3 x 10 5

gram-moles of volatile fission gases to less than 10 microns (1. 3 x 10-5 atm. ).

This partial pressure is considerably less than the equilibrium partial pressure

of volatile fission products over the fuel stream. Table XXI indicates equilibrium

partial pressures as a function of degasser efficiency.

TABLE XXI
Equilibrium Partial Pressure
of Fission Gases Over Fuel

Percent Removal Stream, Atmospheres

1 3.0
10 0.27

50 0.030

90 0.0033

Preliminary calculations indicate that diffusion will be the

controlling mechanism in degassing operations; therefore, it is concluded that

the achievement of reasonable removal efficiencies can be obtained only by

high exposure of liquid surface combined with turbulent flow.

Considerable heat will be generated in the metal surfaces of
the degasser by the absorption of nuclear radiation from fission products. This

heat will be removed by circulating primary fluid through a jacket on the top

head and by washing the inside walls of the vessel below the jacket with a film
of the uranium-bismuth fuel. The heat to be removed has been taken as the total

decay energy of all volatile fission products and the energy of non-self-shielding
gamma radiation of the non-volatile fission products in the bismuth in the de-

gasser. On this basis the anticipated heat load has been estimated at 30 kilowatts.
Performance of the degasser can be expressed by the percen-

tage removal of volatile fission products entering in the fuel stream. The follow-

ing measurements will be taken to permit evaluation of this performance.
1. Concentrations of FPV's in the fuel stream entering and leaving the

degasser.
2. Concentration of volatile fission products in the fuel stream at two or

more locations within the degasser.
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3. Concentration of volatile fission products in the off-gas stream (using

Scintillation Spectrometry, possibly observing Kr-85m and Xe-133m).

4. Uranium-bismuth flow rate to the degasser.

5. Helium flow rate to the degasser.

6. Temperature in the degasser.

An attempt will be made to make the primary degasser

a flexible experimental tool and thus eliminate the need for a separate experi-

mental degasser. The rate, location, and method of introduction of helium

could be varied provided consideration is given to these details in preparing the

final design. One limitation of the degassing experiment will be the inability to

vary uranium-bismuth flow independently from power level; however, operation

at different power levels will provide data at several flow rates. In the event that

a different degasser design should be evaluated, a complete new unit can be

inserted in the primary loop during a reactor shut-down.

c) Fission Gas Retention and Disposal

Six cubic feet per minute of helium containing 2 x 10-6 mole

fraction of fission gases leave the degasser and flow to a cold trap in which bis-

muth, polonium, and some fission products are condensed and retained. The

gases, now cooled at about 100 F, will pass from the cold trap to a charcoal ad-

sorption bed. Before entering the charcoal bed the gases will be compressed

from five to 45 psig in order to increase the adsorptive capacity of the charcoal.

The charcoal bed is a 322 square foot shell and tube heat

exchanger with one shell pass and six tube passes. The tubes are two inches in

diameter and 10 feet long and the shell is 30 inches ID. The tubes are packed

with eight to 14 mesh activated charcoal which is cooled by mercury flowing on

the shell side. The tube diameter was chosen to permit use of existing adsorp-

tion data; however, when more data are available the diameter will be optimized.

The beds are sized to hold three days production of fission
gases at -5 F. This low temperature requires a refrigeration system which will

remove 3 x 105 watts of heat. Mercury was chosen as the cooling fluid in order

to exclude oxidizing agents from possible introduction into the helium gas and

eventual contact with the fuel. The sensitivity of the adsorptive capacity of

charcoal to temperature is shown in Figure 61 which indicates the amount of

krypton adsorbed on a charcoal bed at two different temperatures
When the concentration of fission gases in the exit stream

from a charcoal bed indicates that virtual saturation of the bed has been reached,

the bed will be taken off stream and regenerated after an additional decay period

of about two days. Regeneration of the bed will be accomplished by reducing

the pressure and increasing temperature on the bed and by pumping the desorbed

gases to storage tanks.

A series of storage tanks are provided each containing

the discharge from one adsorption cycle. 100 standard cubic feet of helium and

6(10-2) standard cubic feet of fission gases will be stored at 75 psig on each

tank. Figure 62 shows the activity of the longer lived gaseous fission products

and Figure 63 indicates the significance of these activities in the disposal of

gases. Although the reference design provides holdup of the gases for 90 days

prior to disposal, atmospheric dilution outside the proposed stack will permit

release of these gases with less cooling time.
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FIG.62:GASEOUS FISSION PRODUCT ACTIVITY
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During the holdup of xenon and krypton on the charcoal, three

days adsorption and two days storage, approximately 40 percent of these gases

will undergo radioactive decay to metallic daughter products which will not be

removed from the beds during regeneration. Although the effect has not been

demonstrated, these daughter products are expected to decrease the adsorption

capacity of the charcoal. If the decrease in capacity is large, the following

alternate operating procedure may be considered to avoid frequent replacement

of the beds.

Gas from the degasser and cold trap will discharge into one

of two retention tanks. When one tank is filled the flow will be directed to the

other. Before the first tank is required again it will be emptied by pumping the

stored gases through a charcoal bed. Helium, stripped of the fission gases,

will pass from the charcoal beds to the helium feed tank for the degasser. As

soon as the hold-up tank is emptied the concentrated fission gases will be de-

sorbed from the charcoal and transferred to a storage tank prior to discharge

to the atmosphere. This procedure will decrease build-up of metallic decay

products on the charcoal beds by decreasing the residence time for gases on the

bed and by increasing the decay time for gases prior to introduction to the bed.
3. Fluoride Volatility Process (See Table XXIII and Fig. 57, 64, 65)

Since the fluoride volatility process will be operated batch-

wise, a small quantity of core fluid is adequate to demonstrate process feasi-

bility on a semi-works scale. Based on ANL experience a batch size of 10

gallons has been selected.
Since the kinetics of the various operations are still largely

unknown, the processing plant capacity cannot be predicted with confidence.

However, based on some ANL experience with hydrofluorination and fluorina-

tion reactions, it is estimated that about eight hours would be required to pro-

cess the specified batch.
A batch of powdered salt of the desired composition (possibly

50 weight percent ZrF4 and 50 weight percent NaF) is poured into the graphite

column, melted, and heated to about 600 C. The fused salt melt is then sparged

with HF gas, dissolving approximately three weight percent. When the sparge

gas is cut off, core fluid is introduced at the top of the column. The metal-salt

contacting time is long enough to permit hydrofluorination of the FPS's, FPN's,

and uranium in the core fluid and extraction of the resulting fluorides into the

fused salt melt. Excess HF is vented through a scrub tower. Stripping Bi is

continuously withdrawn from the bottom of the column into a storage tank, leav-

ing enough Bi for a liquid seal. The loaded salt is then routed to a nickel fluori-

nation vessel in which UF 4 is fluorinated to UF6 by sparging with fluorine gas.

The volatile UF6 leaves the melt along with excess fluorine. The former is

cnndensed from the gas in a cold trap maintained at approximately 40 C. NaF

trap removes traces of TeF6 from the gas stream before it enters the recycle

blower.

Solid UF6 is sublimed from the cold trap by heating it to about

100 C. The UF6 is reduced by mixing the gas stream with an excess of hydrogen.

The reaction products are introduced into a clean fused salt melt where UF4 is

retained and HF and excess hydrogen are vented. The salt containing UF4 is

contacted with stripped bismuth stream from the hydrofluorination-extraction
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operation in an electrochemical reduction step. In this step, the UF4 is reduced

to metal at a flowing bismuth cathode while fluorine gas is released at the anode.

The stripped salt is recycled for reloading with UF . The resultant uranium-

bismuth alloy to which Mg and Zr have previously been added is ready for re-

entry to the core.

4. Fused Chloride Extraction of FPS Group

(See Table XXIII and Fig. 56, 66, 67)

The salt extraction process is based on development work 14
conducted at Brookhaven National Laboratory and summarized by 0. E. Dwyer.

Extraction column operating conditions have been calculated

from phase distribution data obtained in batch studies at Brookhaven.

Electrolytic cell conditions were chosen on the basis of thermo-

dynamic data for pure systems modified according to existing fused salt electro-

lysis data.
Flow is continuous through all equipment in the plant except

feed and discharge accumulation tanks.

Core fluid is fed down through the FPS extraction column

contacting fused chloride salt containing UC1 3 , and BiCl 3 countercurrently. The

UC1 3 and BiC13, present in quantity required for the reactions, oxidizes most

of the FPS's, some U and Mg, and possibly a small amount of Zr. The resultant

chlorides are extracted into the salt stream. The metal stream leaving the

column passes through electrolytic cells in which U, Mg, and Zr are added to

the extent required for return as core fluid. The salt leaving the FPS extrac-

tion column flows upward through the uranium recovery columns, down which

bismuth with excess magnesium flows. Magnesium reduces uranium, thereby

causing it to be extracted into the bismuth. The salt containing the FPS's is

discharged to waste storage. The bismuth containing uranium leaves the U

recovery column and passes through the uranium transfer column. Salt con-

taining UC13 and an excess of BiC13 flows through this column in which BiCl3

oxidizes the U and causes it to transfer to the salt. Salt containing the stripped

UC1 3 and unused BiC13 flows into the FPS extraction column. An electrolytic

cell adds BiC13 to the salt feed for the uranium transfer column and adds man-

nesium to the bismuth feed for the uranium recovery column.

Although the system is experimental and operating conditions

may vary, it is proposed that initially all parts operate at about 450 C to 500 C

with a core solution feed rate of 5500 lb/day and a salt feed rate of 150 lb/day.

The bismuth stream recirculated for uranium transfer flows at a rate of

300 lb/day. It is estimated that each run will require two 24-hour days for

reaching equilibrium, obtaining data, and shutting down.

The proposed chloride process utilizes fused salt electro-

lysis to add uranium, magnesium, and zirconium to bismuth or to add reactants

to the salt and metal streams. The research program may show that an even

wider usage of electrolysis is warranted. As with aqueous systems, polarographic

determinations may be possible for constituents in the fuel or salt extract

solutions. Analyses may be possible using a dropping bismuth electrode sub-

merged in a fused salt.

A modification of the fused chloride extraction process

might utilize electrolytic control of the transfer operations. Figure 68 illustrates
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two possible modifications.
In the assumed simple case, core fluid passes into the

anode where oxidation potential is maintained to transfer the FPS's and some

magnesium into the salt. The bismuth core fluid then passes to the cathode

where magnesium (equivalent to the anode reactions) is re-deposited in the

bismuth.
The metal leaving the cathode passes to a second cell where

electrolytic deposition adjusts the uranium concentration before the bismuth

returns to the reactor system. The salt containing FPS's is discharged to

waste containers.

In the more complicated case, a multi-stage U-FPS sepa-

ration is assumed. Core fluid passes to the first cell anode where electro-

lytic oxidation causes transfer of FPS's, some magnesium, and some uranium.

The salt passes into a uranium recovery cell where the U (and Mg) is recovered

in a flowing bismuth cathode. The U-Bi-Mg passes from the cathode of this cell

to the anode of the U stripping cell. In this cell U and Mg are anodically dis-

solved into a salt stream while the bismuth anode stream is recycled to the U re-

covery cell. The electrochemically equivalent transfer of magnesium (between

the U recovery and U stripping cells) occurs in the other recirculated bismuth

stream. The salt and FPS's are discharged from the U recovery cell to waste

containers. Salt containing the U from the stripping cell passes through the

magnesium feed cell where recovered U and make-up Mg are reintroduced into

the returning fuel stream at the cathode. The returning fuel then passes through

the cathode of the addition cell where make-up uranium is added before return

to the core system.

Both processes are based on a selective oxidation-dissolution
of FPS's from the core fluid into salt at an anode. Potential control is presumed

capable of oxidizing FPS's and some Mg without removing much U from the core

fluid. The core fluid then passes to the cathode where magnesium is electro-

lytically reintroduced into the metal stream while the potential protects or pre-

vents U in the metal from dissolving.

It is proposed that the principle of electrical cathodic pro-

tection of uranium also be considered as a basic separation process aid. The

electro-chemical process development program should include consideration of

an approach such as the following:
1. Transfer core fluid to the cathode of an electrolytic cell.
2. Maintain a fused salt electrolyte in the cell with sufficient BiC13 content

to oxidize and extract from the core metal the FPS's and most of the magnesium.
3. Maintain cell voltage at a carefully controlled level, permitting oxidation-

extraction of FPS's at the cathode, but protecting the uranium cathodically to
keep it in the core fluid.

The criticality of potential control and polarization effects

are difficult to predict with great precision. At present the electrode which

would best effect U-FPS separation cannot be predicted. Therefore, study of

both the cathodic and anodic reactions in the electro-chemical development pro-
gram would be desirable.

5. Process for FPN and NFPN Removal
(See Table XXIII and Fig. 68, 69, 70)
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The system described is based on a relatively few batch

contact measurements as outlined by 0. E. Dwyer. The technical feasibility

for the FPN removal process which is closely related to the FPS process is

established to a greater degree than for the NFPN removal system process.

The system has been designed to utilize the equipment from

the fused chloride system, and service facility, as well as the items peculiar

to this system. It is intended that a part of the bismuth effluent from the

chloride FPS operation be retained and used as feed for the FPN-NFPN process.

Extraction column operating conditions have been calculated

from phase distribution data obtained in batch studies at Brookhaven. Phase

relationships for design of the zinc crystallization and recovery steps were
obtained from the classical literature.

Freezing points and solubilities as well as oxidation-reduc-
tion potentials were considered in selecting electrolytic cell conditions.

Extraction columns are operated continuously and zinc

crystallization, remelting, and distillation are operated batchwise.

The bismuth effluent solution from the FPS extraction sys-

tem is fed downward through the uranium recovery column while a fused chloride

salt containing a controlled amount of bismuth chloride oxidant flows upward.

The quantity of bismuth chloride is sufficient to oxidize residual FPS's, uranium,
magnesium, and zirconium but is controlled to limit oxidation of the FPN group.

The oxidized constituents will be carried out of the column in the salt phase.

Bismuth containing FPN's and NFPN's passes from U recovery column to the
FPN extraction tower. A salt stream containing a small excess of BiC13 oxidizes
the FPN's and extracts them as chlorides. The salt feed to the U and FPN

extraction columns passes through an electrolytic cell in which BiC1 3 is gen-
erated from a bismuth metal anode while magnesium is deposited at the cathode.

The flow of salt and BiCI3 leaving the cell is proportioned between these columns.

Bismuth leaving the bottom of the FPN extraction step descends through a third

column in which a rising stream of zinc metal extracts NFPN's. In this column,

which operates at 450 C, temperature control is important in order to obtain

the desired concentration of Zn and Bi in the two phases.

The zinc extract, which contains the NFPN's but very little
bismuth, is stored. The effluent bismuth from the NFPN extraction column
contains about 17 percent dissolved Zn which must be removed before the Bi

is returned to the reactor. The primary zinc removal is accomplished by
crystallization. In crystallization the bismuth containing Zn passes through
the tubes of a heat exchanger in which controlled heat removal causes zinc
to deposit on the tube surfaces. Bismuth temperature drops slowly to a value

of 250 C at the exit. The remaining five percent zinc is removed from the bis-

muth by vacuum distillation at about 500 C.

When the crystallizer mentioned above becomes loaded with
solid zinc (after 16 hours of operation) flow is switched to another crystallizer
which is connected in parallel. The loaded crystallizer is heated and the melted
zinc drains from the tubes and is combined with the portion condensed and re-

covered in the still. Make-up zinc is added to form the feed for the NFPN

extraction column.

Initially it is proposed that the electrolytic cell and salt

- 149 -



extraction columns will operate at 450 C to 500 C. The ziro xrrac

crystallization, and distillation system temperatures have beenf giVe>
bismuth and salt feed rate are 1200 lb/day and 70 lb/day respectively xi.

flow rate entering the extraction column i- 444 lb/day- cf whc. 242 b /:iy passes

to waste storage.

It is estimated that for each run two 24-hour days will be

required to reach equilibrium, obtain data and shut-down,

6. LMFRE Chemical Service Facility

(See Table XXIII and Fig. 71, 72, 73)
The service facility is designed to provide necessary

chemical processing for a minimum program. It includes:
1. Bismuth clean-up following pre conditioning of the primary loop with

natural uranium.

2. Fuel make-up.

3. Fuel composition adjustment.
4. Decontamination of core fluid following termination of the reactor run.

Three alternate procedures for bismuth purification are discussed:

1. Hydrofluorinating.

2. Fused chloride slagging.
3. Oxide slagging.

Subsequent to the preconditioning of the reactor and prior

to the addition of fissionable uranium, the entire contents of the core system
are drained into storage tanks and maintained at a low temperature for feed

to the bismuth purification operation. In the event that this is alternate (1),

hydrofluorination, core fluid would be fed to a reaction column previously
charged with molten salt saturated with HF. Purified bismuth is reserved for
fuel makeup. The salt containing natural uranium would be stored in waste
containers for eventual recovery.

In alternate (2), the core fluid would be preheated before
it is contacted with fused chloride containing BiC13 as an oxidizing agent.
Natural uranium, magnesium, and zirconium would be collected in the salt phase

and stored for eventual uranium recovery. The purified metal would be reserved

for fuel make-up.

Alternate (3) requires that the core fluid be weighed and

heated to a high temperature (perhaps 900 C) before introduction to the oxide

slagging feed tank. Bismuth is circulated from the feed tank through the

column containing fused NaOH and NaNO 3 . The amount of the latter is controlled
to remove elements having oxide stabilities greater than bismuth. Recirculation

is continued until the reaction is complete which may be one pass.

Fuel makeup is accomplished by a dissolution technique
involving the placement of uranium, magnesium, or zirconium in a basket and

submerging the basket in bismuth until solution of the additive is accomplished.

The fuel makeup tank is equipped with a loading port in which the basket and
addition are preconditioned prior to introduction into the bismuth. A recircu-
lation pump insures adequate mixing and accelerates the rate of solution. The
constituted fuel is discharged to the reactor dump tank. During reactor opera-

tion small amounts of core fluid are withdrawn and collected in a fuel makeup

tank for eventual processing. When a batch of about 10 days' operation has
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accumulated, the uranium content of the material is increased by about 200

ppm using the process described above. Reconstituted fuel is fed to a small

pulse tank on the primary fuel circuit and introduced to the reactor system
as required. Since the flow rates for such an operation are only five gallons /day,
it is proposed that fuel be returned to the reactor in pulses of about one gallon

injected over a period of about one minute. Reconstituted fuel is transported

by helium pressure.
Following termination of the reactor experiment, the fuel

will be decontaminated. The contents of the reactor will be stored for a mini-

mum of about 20 days to lower radiation levels. The FPS's and FPN's would

be removed in the bismuth purification operation in a manner similar to that

described for the bismuth cleanup. The product will be stored in fuel makeup
tanks for delivery to a distillation column for removal of the NFPN's. Bismuth

and polonium will be distilled at approximately 1000 C concentrating the NFPN's
which will be subsequently cast into ingots for waste storage.

7. Salt and Zinc Waste Disposal
Waste chloride salts, fluoride salts, and zinc, all containing

fission products, will be discharged into containers made of two inch or three
inch standard pipe sections each five feet high. The containers would have
welded bottom closures and screwed or flanged top closures. The size and
shape of the containers were chosen to permit heat removal by natural air

convection.

8. Analytical Laboratory

In determining the nature of the required analytical facilities

it was assumed that samples will originate from: (1) a fluoride volatility
system, (2) a fused chloride extraction system, (3) an off-gas system, (4) a
service facility, and (5) the reactor system.

The size of the laboratory and the manpower requirements

are estimated on the basis of the number of determinations per day at peak load.

Since the fluoride volatility plant and the fused chloride extraction plant will

not operate simultaneously, the size of the facility and the manpower require-

ments may be estimated on the basis of the needs for whichever process imposes

the heavier load (the requirements for these two units will be much larger than

for any of the other operations listed above). Table XXII estimates the
determinations required for these two systems.

TABLE XXII

TYPE OF DETERMINATION NUMBER OF DETERMINATIONS PER DAY

Fused Salt Extraction Fluoride Volatility
Uranium 31 6
Polonium 31 6
Magne sium 16 2
Zirconium (additive) 10 2
Zirconium (fission product) 6 3
Ruthenium 6 3
Cesium 15 3
Barium 15 3

Cerium 15 3
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TABLE XXII C on't.

TYPE OF DETERMINATION NUMBER OF DETERMINATIONS PER DAY
Fused Salt Extraction Fluoride Volatility

Iron (corrosion product) 3 3

Chromium (corrosion product) 3 3

Bismuth (in fused salt) 9 -

Tellurium - 4

Niobium - 4

Gross beta 10 3

Gross gamma 10 3

TOTAL 180 51

In arriving at the items tabulated it was assumed that Ce, Ba,

and Cs would represent the FPS group and that Ru would represent the NFPN

group. Te and Nb are included for the volatility process because the vapor

pressures of their fluorides at the operating temperature indicate the possibility

that they may be separated from other fission products.

The large difference between the number of determinations

required for the two systems arises because the chloride extraction system is

continuous and the fluoride system is batch. Further, it is already known that

some aspects of the volatility process are not affected by radiation. There will

be about 12 reactor samples per day requiring determination of concentration

and isotopic composition of uranium and concentrations of fission products and

corrosion products. Periodically analyses will be required of off-gas samples

to check the calibration of the gamma ray spectrometer.

The type of laboratory and the nature of the equipment required

is determined by the type of analyses required and the radiation hazard associated

with the samples. The nature of the determinations required is indicated by the

above list.

With the above in mind it is estimated that the required lab a-

tory will be comparable to that described in BAW-2, pages 176 through 187.

One additional item of equipment would be a mass spectrometer for isotopic

uranium analysis.
Sampling the systems will be difficult and costly. Two sampling

concepts are illustrated in Figure 74. In both alternates the sampling point is

located on a by-pass stream so that malfunction of the sampling device will not

jeopardize the operation of the system. This procedure will also allow freezing

the sample stream during the outgassing of the sample carrier. In the operation

of alternate (A) a preconditioned sample cup is moved into a flowing stream and

returned to the upper chamber by an electromagnetic device. The sample is

then solidified. The disconnect is operated and the top section carried to an

adjacent power wrench which detaches the sample cup from the plunger. A new

cup is put in place and the unit reassembled on the sample point. The sample

stream is then allowed to solidify and the cup and upper chamber are outgassed

in preparation for another sampling run.

In the operation of alternate (B), moving parts are eliminated

by regulating the level of the flowing stream. When a sample is taken the valve
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is opened; the liquid level caused to rise and flow into the sampling cup; the

level is then forced to below the valve which is then closed. A separate heater

for the top section is turned off so that the sample will solidify. The solid sam-

ple is then removed and transferred to the laboratory. The inherent simplicity

of the scheme is offset by the requirement for a high temperature valve of high

integrity.

Neither of these sampling devices is offered as an answer to

the sampling problem. Their principal service is to illustrate the difficulties

associated with sampling and to form a basis for a cost estimate.

Gamma ray spectrometry in bismuth and salt stream analysis

has been considered to reduce the number of samples required. It also offers

the possibility of following fairly rapid changes in a continuous system which is
not possible with the other devices described. However, it would not eliminate

the need for sample points or other analytical equipment.

D. FERTILE MATERIAL PROCESSING

BNL has considered a number of blanket schemes and inves-

tigated some in the laboratory. This experience indicates that a system employ-

ing a thorium bismuthide slurry is most promising at present. Accordingly,

the experimental reactor will include in-pile blanket loops, circulating thorium

bismuthide slurry.
Data from these loops will permit evaluation of the rate of trans-

fer of bred material from solid to liquid phase under cyclic temperature varia-

tions induced by removing heat generated in the loops. Chemical analysis of

the liquid and solid phases at regular intervals will provide this information.

Upon completion of an in-pile run, irradiated slurry will be available for pro-

cessing by the techniques developed in the research program.

Transfer of bred material from ThBi2 particles to the liquid
bismuth phase will probably be accomplished by diluting the slurry and increasing
its temperature to dissolve the particles. Subsequently the solution can be cooled

to re-crystallize most of the thorium while retaining the uranium and protactinium

in solution. This solution can be processed by the same or similar techniques

used for the fuel stream, possibly using some of the same equipment.

Blanket processing has not been considered in detail, but should

be before final design of the Experiment so maximum information may be

derived from the blanket loops.

E. CONCLUSIONS

As this study emphasizes , a large-scale research and develop-
ment program is required to provide engineering and chemical data needed to

design a working chemical processing plant for a commercial LMFR. The
required research must be accelerated immediately if large-scale applications

of the LMFR concept are to be given a comprehensive evaluation by the end of

the LMFRE program.

Conclusions are discussed in relation to the systems described

previously.
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1. FPV Removal

In the reference design, the entire bismuth stream is pro-

cessed for FPV removal; this is practical for the experiment but appears less
feasible for a 500 MW reactor which may have a liquid flow rate twenty-five

times greater than the LMFRE.

If degassing efficiency approaching 100 percent per pass can
be attained in the LMFRE, it will achieve full-scale demonstration of a practi-

cal degassing system for a large LMFR. This degasser, operating on a LMFR
by-pass stream the size of the LMFRE flow, would achieve the equivalent of about
five percent removal per pass for a 500 MW reactor. Removal of one to 10 per-
cent per pass appears desirable for a large breeder reactor.

A high-efficiency side stream degasser would be adequate
for safe operation of the LMFRE; however, the rest of the off-gas plant would

be nearly the same as in the reference design. The degassing efficiency which
can be achieved is not known now and cannot be estimated closely. If a side-
stream degasser could not be made to operate efficiently, safe operation of the

experiment would be in question. Therefore, it is felt that a full-stream de-

gasser is justified for the experiment.

2. FPS Removal
Two FPS removal systems have been considered: fluoride

volatility and fused chloride extraction. Both are now in about the same stage
of development.

The first step in the fluoride volatility process in which
uranium and fission products are removed from bismuth solution by fluorination
has not been demonstrated. Procedures also must be developed for re-using
recovered UF4 in preparing fresh fuel. The procedures outlined in this refer-
ence design appear highly probably of success.

Control of the redox potentials required for selective ex-
tractions is the major problem in developing the fused chloride system. This
problem becomes particularly critical when the process is operated continu-
ously in a series of columns.

A problem common to both processes, though far less
serious for the fused chloride extraction technique, is the -n reaction in the

22
presence of polonium. According to the data of Roberts and Anderson , the
neutron yield for complete absorption of polonium alpha radiation in fluorine
is 4.44 x 105 neutrons /sec /curie of Po. The yield for absorption in chlorine
is 4. 07 x 103 neutrons /sec /curie of Po. Insufficient knowledge of polonium

chemistry precludes a complete evaluation of the problem. In either process,
the worst condition would result if polonium were extracted into the salt phase.
Based on its position in the periodic classification, Po would be expected to
exhibit NFPN behavior in both systems, thereby minimizing the problem. If
the worst condition for fluorine is considered, the resulting problem is not too
serious, but it can not be ignored.

3. FPN Removal
In most cases, the yield of FPN fission products is low and

the group consists of low cross-sectional nuclides. One exception is Tc9 9 which
has a yield of approximately 6. 0 percent and a reported cross-section of 20

barns. The reference FPN-NFPN system will allow an evaluation of fused

chloride extraction of these elements. The fluoride volatility process removes
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this group with the FPS's.

4. NFPN Removal
NFPN removal is important in operating a commercial breeder

reactor but to date, it has received little attention. Three processes have been

proposed: distillation, zinc extraction, and intermetallic compound slagging;

however, no data are available on which to base an opinion for the relative poten-

tial of any process.

5. Bismuth Clean-up and Fuel Make-up System
This system, which will provide essential chemical process-

ing, has been considered for two viewpoints: first, it represents the minimum

reprocessing facility; second, it should include processes judged capable of

rapid development.

Hydrofluorination, fused chloride slagging, and oxide slag-
ging have been considered as possible bismuth clean-up operations. The rela-

tive merits of each may be judged on the basis of the following considerations.
1. Magnitude of development effort required.

2. Probability of successful development for the experimental reactor.

3. Possibilities for recovering uranium.

4. Contribution to the development of a commercial reactor processing

technique.

Except for corrosion considerations, it is believed that

development of any procedure above would require about the same effort. There

are unanswered questions for all three processes but the probability of success-

ful development is about equal for all cases.

The third point must be viewed seriously since uranium in

the reactor is valued above one million dollars. Hydrofluorination offers an

attractive prospect for uraniun'i recovery. The operation would result in the

formation of UF4 as a solute in a fused fluoride salt which could be shipped to

Argonne National Laboratory for processing in their fused salt fluorination
pilot plant. Recovery of fissionable material should be preceded by recovery of

the natural uranium removed after preconditioning; thus providing a satisfactory

precritical test program.

The fused chloride slagging process would produce UC1 3 as

a solute in fused chloride salts. Presumably, this could be processed in an
aqueous recovery plant after suitable head-end treatment to convert the material

to a proper feed for the existing plants which process nitrate salts.

The oxide slagging technique produces uranium oxide as a
solute in a NaOH slag. Its recovery in an aqueous plant also is probable and,

as in the chloride slagging, a process must be devised to convert it to a proper

feed for existing plants.

The last point, contribution to the development of a commer-
cial reactor processing plant, is an important one, particularly if a minimum

program is undertaken. Hydrofluorination offers the best prospects. The opera-

tion is identical with the first step of the process visualized for a commercial

plant and every part of the development program and servicing function would

be applicable to eventual design of the full-scale plant.

Fused chloride slagging would involve a process not now

visualized as part of the proposed commercial plant operation; however, tech-

niques for containing and transporting the fused salt, contacting the phases,
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generating BiC1 3 , etc. would all be useful.

Oxide slagging would involve modified version of the first
operation described in "Scheme A" of BAW-2. Since this scheme involves
aqueous processing for uranium recovery, it is not highly regarded now.

Complete decontamination and recovery of the bismuth would

be possible if NFPN processing is available. Otherwise, the problem of
storing over 100 tons of highly radioactive bismuth must be faced upon con-

clusion of the experiment.

As previously stated, the three NFPN systems considered are
distillation, zinc extraction, and intermetallic compound crystallization. Dis-

tillation probably could be developed for the experiment before the other

systems.

Direct dissolution and electrolytic addition have been con-
sidered for fuel make-up. The latter is preferred for both the experiment and

subsequent commercial reactors. The dissolution method is specified for the
experiment reference design because a short development period is anticipated.

F. RECOMMENDATIONS

The following recommendations are based on data accumulated

during this study and are largely justified in the foregoing discussion.
1. An extensive chemical reprocessing program should be undertaken for

the Experiment to derive maximum benefit from irradiated uranium-bismuth

alloy which, otherwise, is difficult to obtain.
2. The development of the fluoride volatility and fused chloride extraction

processes should be emphasized with a view to demonstrating integrated pilot
plants as quickly as possible.

3. Hydrofluorination or chloride slagging should be developed for the bis-

muth purification operation.

4. Electrolysis should be investigated for application to processing and
process control.

5. Investigation of electrolytic fuel make-up should be expedited for inclu-

sion in the Experiment, however, a simple dissolution technique should be

carried as an alternate.

6. NFPN processes should be developed on a broad basis.
7. The fuel processing program should include processing of blanket fluid

to evaluate the recovery of bred material.

8. Research should be accelerated on transfer of bred material from

ThBi2 particles to the liquid phase and on reconstitution of radioactive slurries.

G. TABLE XXIII

MAJOR PROCESS EQUIPMENT LIST
(1) Bismuth Cleanup & Fuel Makeup System

ITEM DESCRIPTION SIZE
C1-T-1, 2 Core fluid holding tanks 800 gals.

C2-T-1, 2, 3 Fuel makeup tanks 75 gals.

C2-T-4 Fuel feed tank 10 gals.
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TABLE XXIII Con't.

DESCRIPTION
Fuel withdrawal tank

Decontaminated Bi storage tank

NFPN waste storage tank

Bi distillation column

Electromagnetic pump, core fluid Croloy

Electromagnetic pump, Bi recirculation

for fuel makeup

ITEM
C2-T-5
C3-T-1
C3-T-2
C3-T-3
C-P-1

C2-P-1

C3-T-4
C2-H-4,

C3-H-2
C3-H-1
C3-C-1

C3-H-3
C2-H-1,
C2-P-2
C3-P-1

Cl-S-1
C2-S-1,
C3-S-1
C3-S-2

C4-T-1
C4-T-7
C4-T-8
C4-T-9
C4-T-10
C4-P-1
C4-T-14
C4-T-17
C4-H-1,
C4-H-9

C5-T-7
C5-T-3

C5-T-5
C5-T-8
C7-P-1

C5-P-3

10 ft2

50 Kw
10 Kw

3 /4 H.
3 /4 H.

Weir Box

5 Immersion heater

Immersion heater

Immersion heater

Air cooled heat exchanger-on

Zn-Bi distillation column

Induction furnace

2, 3 Resistance heaters

Single stage mechanical vacuum pump

Single stage mechanical vacuum pump

Core fluid sample point
2, 3 Fuel makeup sample point

Decontaminated bismuth sample point

Bismuth bottoms sample point
a) Bismuth Purification

Alternate I Hydrofluorination

Scrubbing solution makeup tank

Waste salt storage

Salt melting tank

Scrub tower

Hydrofluo rination-extraction column

Caustic circulating pump

HF cylinder
He cylinder

5 Resistance furnace

Immersion heater

b) Bismuth Purification
Alternate II Fused Chloride Extraction

Heating tank

Waste salt holdup tank

Feed salt storage tank

Extraction column

Fused salt pump

Fused salt feed pump

P.
P.

gals.

gals.
gals.
x 3'

x 3'

g ph

5 Kw
2 Kw

10 gals.
10 gals.

50 gals.
2" ID x 30"
1 gpm, 50' head
1 gpm, 50' head
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30
30
30
5"
3"
10

SIZE
10 gals.
75 gals.

5 gals.
14" x 4'

5 gpm, 100'

head (hydro-
static)

10 gpm, 100'

head (hydro-
static)
2 gals.
1 Kw

5 Kw
1 Kw



TABLE XXIII Con't.

ITEM

C5-T-11
C5-T-12
C5-H-5,
C5-E-2

3, 7

C6-T-1
C6-T-2
C6-T-3
C6-T-4
C6-T-5
C6-P-1

C6-H-1, 3,4
C6-H-2
C6-H-5

C5-T-1

C5-T-2
C5-T-3
C5-T-4
C5-T-5
C5-T-6

C5-T-8

C5-T -9

C5-T-10

C5-P-1
C5-P-2
C5-P-3
C5-P-4

C2-E-1

C2-E-2

C5-E-1

C5-E-2

C5-T-11
C5-T-12

DESCRIPTION
Core fluid weir box

Proportioning weir box for Bi raffinate

Immersion heater

Electrolytic cell-maximum 7v, 2A

1 square inch electrode area

c) Bismuth Purification

Alternate III Oxide Slagging

Core fluid heating and measuring tank

Feed tank for C6-T-5

Slag storage and melting tank

Waste slag storage tank

Oxide slagging column

Electromagnetic pump, Bi circulation
pump for C6-T-5

Resistance heaters

Resistance heater

Resistance heater

(2) Fused Chloride Extraction System

Core fluid accumulation tank

Core fluid accumulation tank

Salt extract surge tank

Waste salt holdup tank

Feed salt storage tank

Weigh tank for scrubbing bismuth
feed makeup system drainage

Column for countercurrent extraction

of FPS from fuel by salt

Column for countercurrent extraction

of U from waste salt by bismuth

Column for countercurrent stripping

of U from bismuth extract by salt

Electromagnetic sump pump for bismuth

Sump pump for waste salt

(salt) sump pump for salt feed

(Bi) Electromagnetic sump pump
Electrolytic cell for addition of Mg:

Max. 7v, 2A, 1 sq. in. Electrode area

Same for addition of Zr

Same for addition of U

Electrolytic cell for addition

BiC13 to salt & Mg to Bi:

Max. 7v, 2A, 1 sq. in. Electrode area

Core fluid overflow weir box
Proportioning weir box for Bi raffinate

SIZE
1 gal.
1 gal.
3 Kw

25
25
15
15
5"

gals.
gals.
gals.
gals.
x 4'

5 gpm, 100' head
(hydrostatic)
2 Kw

3 Kw
5 Kw

400
400
20

100
50

gals.
gals.
gals.
gals.
gals.

5 gals.

2" D x 30" H

2" D x 45" H

2" Dx 47" H
2 gpm vs. 50'

1 gpm vs. 50'
1 gpm vs. 50'
1 gpm vs. 50'

1
1
1

head

head

head

head

gal.

gal.
gal.

1 gal.
1 gal.
1 gal.
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TABLE XXIII Con't.

ITEM
C5-T-13

C5-T-14
C5-T-15
C5-H-1,

C5-H-3
C5-H-4
C5-H-5
C5-H-6

C5-S-1
C5-S-2
C5-S-3
C5-S-4
C5-S-5
C5-S-6
C5-S-7
C5-S-8
C5-S-9
C5-S-10
C5-S-11
C5-S-12

C4-T-1

C4-T-2
C4-T-3
C4-T-4
C4-T-5
C4-T-6
C4-T-7

C4-T-9
C4-T-10
C4-T-11
C4-T-12
C4-T-13
C4-P-1

C4-P-2

DESCRIPTION

Bismuth solution overflow weir box

Bismuth overflow weir box

Bismuth solution overflow weir box

2 Immersion heaters for C5-T-1, 2

Immersion heater for C5-T-3

Immersion heater for C5-T-4

Immersion heater for C5-T-5

Immersion heater for C5-T-6

Core fluid sample point

Bi raffinate sample point
Salt extract sample point

Reconstituted core fluid sample point

Metal phase effluent from U cell sample point

Salt extract sample point

Bi raffinate sample point

Salt extract sample point

Salt feed sample point

Bi raffinate sample point

Bi feed sample point
Bi effluent sample point

(3) Volatility System
Scrubbing solution makeup tank
(room temp. operation)

Core fluid holding tank

Sampling tank for Bi raffinate from C4-T-10
Stripped Bi holding tank

Sampling tank for salt extract from C4-T-12

Recycle salt holding tank

Feed tank for C4-T-12
Scrub tower

Hydrofluorination-extraction column

Fluorination column

NaF trap

Primary reduction column

Caustic circulating pump (room

temp. operation)

Fluorine circulating pump (diaphragm
pulsefeeder type, room temp. operation)

C4-E-1 Electrochemical cell (10 volts, 1 amp)
C4-H-6, 7, 8, 9 Immersion heaters

C4-C-1 UF 6 cold trap

C4-H-1, 2, 3, 4 Resistance furnace (split mantle type)
C4-T-14 HF cylinder
C4-T-15 Fluorine cylinder
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SIZE
1 gal.
1 gal.
1 gal.
10 Kw

2 Kw

5 Kw
3 Kw
1 Kw

30 gals.

30 gals.
10 gals.
30 gals.
10 gals.
30 gals.
30 gals.
5" x 3'

3" x 3'

3" x 3'

2" x 3'

3" x 3'

10 gph, 50' head

1 scfh, 2
psi head

5 liters
2 Kw

10 sq. ft.

5 Kw



TABLE XXIII Con't.

ITEM

C4-T-16

C4-T-17
C4-T-18
C4-S-1
C4-S-2
C4-S-3
C4-S-4
C4-S-5
C4-S-6
C4-S-7
C4-S-8
C4-S-9

C7-T-1
C7-T-2
C7-T-3
C7-T-4
C7-T-5
C7-P-1
C7-P-2,
C7-P-4
C7-P-5
C7-C-1,

C7-H-1, 6
C7-H-1
C7-H-2, 3,4, 5

Air heaters

Immersion heater for C7-T-1
Immersion heaters for C7-T-2, 3, 4, 5

SIZEDESCRIPTION
H2 cylinder
He cylinder

Waste container
Core fluid sample point

Bi raffinate sample point
Salt extract sample point

Salt extract sample point

Bi effluent sample point

Reconstituted core fluid sample point

Salt effluent sample point

NaF trap sample point

Salt effluent sample point

(4) NFPN System
(Equipment to Adapt the Fused Chloride FPS

System to FPN and NFPN Removal)

Fused salt mixing tank

Active waste storage tank

C5-T-10, Bi raffinate

Bi- Zn, distillation feed tank

Zn collection, storage and makeup tank

Waste salt pump

3 Air blowers
Electromagnetic metering pump for Zn

Fused salt pump
2 Air cooled Zn crystallizers

1.4.6 PLANT ARRANGEMENT

A. GENERAL

Safety' is the most important factor in plant arrangement. The
plant must be designed to protect personnel from radiation hazards; therefore,
the primary system with all its appendages that are potential or actual radiation
hazards are located in the reactor plant. Components are situated in cells
below grade. All services, such as hot cells, hot laboratories, waste disposal
and decontamination equipment, and hot maintenance shops are located in or
adjacent to the reactor plant. Access between contaminated and clean areas
is controlled by Health Physics to limit contamination to as small an area as
possible.

The steam plant is located immediately adjacent to but shielded
from the reactor plant. This portion of the LMFRE facility contains components
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10 gals.

20 gals.
20 gals.
10 gals.

1 gpm vs 50' head

5 scfm, 2 psi
10 gals /day

1 lb /hr
5 ft2

(5' x 6")
1 Kw
1 Kw

2 Kw



normally found in a central station. The intermediate system components

except the Core Intermediate Heat Exchanger (IHX) are in closed rooms below

grade. The steam generator is also in its own closed room. The steam con-

denser is at ground level (main operating floor) and the auxiliary systems are

below grade.
Plant operations are centered about a master control room which

contains all the equipment required to operate the reactor and the entire heat

removal system.
Located outside the reactor plant and below grade are 1) a vola-

tile fission product decay tank form, 2) a liquid waste disposal system in a more
remote location, and 3) a burial vault for temporary storage of solid wastes.

A railroad spur enters the reactor plant to serve the canyon area.

B. REACTOR PLANT

Layout of the reactor plant proper is largely governed by main-
tenance requirements. The method now being considered for maintenance of

radioactive equipment is based on the use of a rotating iron plug, about sixteen

feet in diameter, on which remote operated tools are mounted. The primary

purpose of these tools is to cut a component loose, remove it, replace it with
a similar component, and fasten the new component in place.

In order to maintain equipment using the tools described above,
it is necessary to group equipment in areas sixteen feet in diameter. Tentatively,

it is required that five feet of straight, unobstructed piping be available where-

ever a pipe will be cut and rewelded to remove and replace a component. Of
these five feet, two and a half are required to be inside the maintenance area.
The rest can be located between maintenance areas.

A second important restriction on reactor plant arrangement is
drainage into the dump system. The low point in the primary system is located
close to the reactor inlet, so that a dump will bare the core as quickly as possi-

ble. All piping and components in the primary system are pitched to drain to
this same point. Similar restrictions apply to arrangement of the reflector

cooling system.

No consideration is given to thermal convection cooling of the
primary system or reflector cooling system. In the event of coolant pump

failure, the system will be dumped, and heat removed from the dump tanks.

A plan view of the reactor plant is shown in Figure 75 and an

elevation in Figure 76. Figure 97 presents a trimetric of the reactor building,
showing some of the reactor plant equipment. The reactor is in the center of

the plant, with heat-removal and chemical processing equipment grouped around
it.

Equipment requiring remote maintenance is below floor level

in concrete pits sixteen feet in diameter. Figures 75 and 76 show each cell four

feet from its neighbors. The space between cells is filled with concrete to
support the cell plugs and the canyon floor, and to provide shielding between the

cells. These structural and shielding requirements are currently under review.

It is hoped that the amount of concrete between cells can be reduced sharply.

The top of each cell is formed by a concrete shielding plug. The
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thickness of this plug varies from cell to cell, from a minimum of four feet

to a maximum of seven and a half feet. A seal is provided at the periphery of

each plug to prevent radioactivity from leaving the cell in case of a system

leak. This seal consists of a trough filled with a low melting alloy. A thin,

shallow steel skirt extends downward into the trough from the plug. A steam

pipe is buried in concrete underneath the trough to melt the alloy when the plug

is removed.

C. BUILDING VENTILATION

The reactor plant, with offices, laboratories and other in-plant

services included, is ventilated in such a fashion that air flow is from non-radio-

active to radioactive areas. In this way the spread of air-borne contamination

is minimized to prevent endangering personnel.

The air flow pattern in areas in which radioactive materials are

being handled is such that all or most of the air is exhausted to the stack from

the Multi-Curie and hot cell access cells. Air into these areas comes from the

canyon, from the hot maintenance shop and from the lockers and cold chemistry
laboratories by way of low level chemistry laboratories, the semi-hot spectro-
graph laboratory, and the semi-hot laboratory.

Building intake air is filtered to reduce the quantity of dust par-

ticles entering. The exhaust air from the most radioactive areas is also filtered
to reduce contamination of exhaust ducts. An absolute filter at the ventilating

fan suction permits, together with available stack height and dilution (if required),
discharge of vented air to the atmosphere.

Offices and other non-radioactive areas are ventilated by natural

draft or air conditioning equipment where required.

D. CONTAINMENT

In order to prevent the spread of radioactive material in case
of a leak in systems containing fuel and fission products, a close fitting second-
ary containment is provided. The secondary containment piping is concentric

and its components are encased within a form fitting jacket. Initially, the

secondary containment is welded, but it will not be possible to reweld it after
repairs by remote maintenance tools. After repairs, closure will be made by

an 0 ring seal. It is presently planned to utilize the annulus between primary
and secondary containments for circulation of helium during plant preheating.

A tertiary containment is provided by steel liners in the equip-
ment cells, and by the sealed shielding plugs. The cell liners are continuous
on sides and bottom. The shield plugs are also steel lined. The joint between
a shield plug and the corresponding cell liner is sealed by means of a low melting
alloy. Features of secondary containment and cell drains are shown in Figure 77.

The secondary containment of the primary system is drained
to a reserve dump tank. If bismuth were allowed to accumulate in the secondary
containment after failure of the primary containment, it would present problems
of radioactivity and heat removal during repair. This problem is not nearly as
serious in the reflector system, since the fission product activity will be low.
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There are several diaphragms in the space between the primary and secondary
containments, sectionalizing the secondary containment for the convenience of

plant heatup. Limber holes will be cut in the bottom of these diaphragms to

permit bismuth in the secondary containment to drain to the inlet side of the

intermediate heat exchanger, and to the low point in the system. .If the primary
containment leak occurs between the reactor outlet and the heat exchanger inlet,
it will drain to the reserve dump tank via a drain line located near the heat

exchanger inlet. If it occurs between the heat exchanger and the reactor inlet,
it will drain to the reserve dump tank via the annulus around the dump lines and

dump tanks.
It is vital that the annulus around the primary dump tanks should

be maintained clear, since it is used for emergency cooling. It was postulated

that the primary containment of one of the dump tanks could rupture, releasing
its entire contents. The reserve dump tank was, therefore, sized to hold the

contents of one of the primary dump tanks.

If both the primary and secondary containments are breeched,
bismuth will accumulate on the cell floor. To remove this bismuth, a drain to

the dump tanks is provided from each cell. A lead plug normally closes off this
drain, since the drain tanks are pressurized to hold bismuth in the system.
When bismuth contacts this plug, the plug will melt and permit drainage. A spark
plug is located just above the lead plug. It provides a signal to relieve gas
pressure on the dump tanks; thus dumping the fuel and minimizing the amount
which gets into the cell. One of the functions of the lead plug is to provide a
time delay after actuating the spark plug, to insure that dump tank pressure is
relieved before the drain is opened.

The lead plug mentioned above is considered a developmental
item. If attempts to develop such a plug prove unsuccessful, additional reserve
dump tanks can be provided, with the cell drains connected to them. A plug will
still be required at the drain inlet, but it need seal only against a low pressure.

Components in the off-gas system beyond the charcoal beds,
including the helium storage tank in the degasser cell, will not be provided with
close fitting secondary containment. The shell side of the charcoal beds will
make-up the close fitting secondary containment. The off-gas system has a steel
lining which constitutes the secondary containment for components beyond the
charcoal beds.

Close fitting secondary containment is not required in the fuel
processing cell except at the fuel inlet and outlets since the total quantity of
irradiated fuel present at a given time will be very small.

The liquid and solid waste disposal systems will be located
below grade in concrete lined pit. outside the reactor plant. The components
will be operated remotely. Th( pits can be covered with concrete shields
except when drummed or baled solid wastes are removed for shipment to dis-
persal areas.

E. SHIELDING

1. Shielding Design Basis
Shielding is designed for the LMFRE plant so that plant
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employees cannot receive a radiation dose in any normally accessible plant

location in excess of the maximum limits specified by the National Committee

on Radiation Protection in N. B. S. Handbook 59. Shield design was based on

the following conditions:

3. Reactor operating - minimum of 40 hours working time per week in any

normally accessible plant location.

2. Reactor shutdown - minimum of 40 hours working time per week in

any normally accessible plant location. (This condition will apply to much of

the maintenance work. )

3. Reactor shutdown - supervised maintenance and repair work of limited

time duration in radiation fields above design limits.

One of the above conditions determines the shielding required

in each instance. However, one special case should be mentioned. If it is nec-

essary to remove a major component from the loop while partially clogged with

solidified uranium-bismuth, the present philosophy is that the canyon area will

be evacuated, a crane operator in a shielded crane control room will raise the

component from the cell and load it to a railroad flat car or into the storage

tank, and the building walls and roof will serve as the shield during the trans-

fer operation. If it is required to move the item by rail to remote storage or

to a location for packaging for disposal, distance will be utilized as a shield

during outside transfer operations.

In general, shielding design has been carried out with the

object of providing maximum ease in operating and maintaining the plant and of

providing minimum shield thicknesses consistent with the safety of personnel.

Economic considerations within the above limitations in many instances dictated

the choice of shielding materials. Where existing data or information is lacking

or incomplete, an attempt was made to choose conservative values until the in-

formation can be verified or obtained from test work.

2. Primary Loop Shielding - During Operation

a) Cell Plugs and Canyon Floor Area

This is the primary biological shield for the LMFRE plant.
It includes the shielding above the reactor control rod drive area and surround-

ing the central experimental facility. This shield is extremely thick (approxi-

mately 7 1/2 feet of barytes concrete over the reactor cell and between 5 3/4 to

6 3 /4 feet of barytes elsewhere over the primary loop) due to the formation of

secondary gammas in the shield material from delayed neutrons of about 0. 5

MEV energy emitted from the uranium-bismuth in the primary loop. A study of

the effectiveness of various concretes as shielding material in this application

and a comparison of resultant thicknesses on an economic basis indicated that

barytes concrete is probably a superior shielding material. In-pile loop experi-

ments are planned to verify this conclusion since there has been no experimental

history of delayed neutron shielding for some of the materials considered.

b) In-Pile Loop Shielding
Where in-pile experimental ports and loops contain

uranium-bismuth circulating in loops external to the reactor, the same delayed

neutron generation of secondaries in the shield occurs. Although not yet defined,

fairly thick barytes shields may be required.
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3. Primary Loop Shielding - During Shutdown

a) Concrete Cell Walls Above Maintenance Plugs

Thick barytes concrete walls will protect an operator

standing on the maintenance plug from fission product gamma photons from

surrounding cells. Activation of barytes concrete will also be considered to

determine its significance.

b) Steel Maintenance Plug

This plug with its periscopes, manipulator mechanisms,
and other penetrations must be designed to protect personnel adequately from

gamma radiation due to expected fission product activities in the shutdown pri-

mary loop.

c) Outer Periphery of Chemical Processing Cell Walls at
Cell Level
A barytes concrete wall here will be sized to give design

dose rates from fission product activity expected in the cells during shutdown
conditions. It will be required that chemical processing operating personnel
be able to approach these cells at cell level when the reactor is shut down.

4. Shielding Required for Maintenance

a) Entry into Bare Reactor Cell

During the shutdown condition, it is highly desirable that
with all piping and components removed from the various primary system cells,

entry of personnel into these cells to weld and work on clean components should

be possible. The thermal neutrons leaking from the reflector, however, would

normally activate the stainless steel liner in the reactor cell to very high levels.

For this reason it is presently planned to use a thin boral sheet shield on both
sides of the reactor cell stainless liner to absorb essentially all entering

thermal neutrons and reduce activation of the steel to acceptable levels. Acti-

vation of the concrete surrounding the reactor cell is also ofimportance and

alternative shields of portland and barytes concrete around this cell are under

consideration to minimize this activation problem.

b) Building Walls and Roof
These structural members in the building housing the

LMFRE plant have been sized so as to serve as effective shields during transfer

and removal of highly contaminated system components.

5. Shielding of Other Than Primary System Components

a) Reflector System Shield

The design of shielding for the reflector system will
be based upon the condition that U-235 leaks from the core into the reflector
and that radiation sources equivalent to one megawatt of continuous fissioning
result. Sources due to irradiated additives will be considered also. The can-

yon floor will serve as the primary biological shield for this system as well

as for the primary loop.

b) Intermediate System Shield

Consideration must be given to the activation of the

sodium from delayed neutrons emitted by the primary loop coolant in the heat

exchanger. More detailed calculations are required to determine more specifi-

cally the degree of activation and the magnitude of the possible personnel
exposure in the areas surrounding the intermediate system.

- 172 -



1.4. 7 INSTRUMENTATION AND CONTROL (Fig. 78)

A. OPERATING PHILOSOPHY

Control of the LMFRE will consist of regulating the reactor
reactivity in conjunction with thermal control of the primary, intermediate,
and steam systems. Until sufficient nuclear characteristics of the reactor
have been investigated, the plant will be controlled from the reactor alone.
Either manual or automatic control is available with the reactivity being controlled
by movement of the regulating rod for small reactivity changes, and by control
of the uranium concentration or shim rods for long term reactivity changes.
The method of rod control will be obtained from the careful analysis of reactor
and system analogue studies. Signals from either the steam parameters or
primary fluid could be fed to a rod controller'and used to provide the necessary
rod movement. 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 steam systems
in some manner. One of the objectives of this design is to provide steam at
constant temperature and pressure for ultimate use in electric power generation.
Therefore, as the power level is increased at the reactor, the heat dissipation
can be obtained by varying either flow rate and temperatureor a combination
thereof. In order to obtain steam at constant temperature over the load range,
it will be necessary to vary flow rates in the primary and intermediate systems .
Use will be made of a once-through, counterflow steam generator producing
superheated steam. It is anticipated that close control will be required for this
type of steam generator because of sensitivity during startup and during rapid
load changes. Automatic operation should stabilize such fluctuations and pro-
vide adequate flexibility. The reactor will operate at a constant average tem-
perature and is expected to adjust itself to temperature changes in the primary
system. Certain restrictions, however, limit the type of control which can be
used for this plant. A major factor is the inlet reactor temperature which
must not be allowed to drop below 720 F during operation due to the danger of
precipitatingi uranium from solution. Also, the outlet reactor temperature must
be maintained below 1000 F because of mass transport considerations. A de-
sign velocity of eight feet per second has been used for the primary system.
Based upon these requirements, the conceptual design is a 33 1/3 MW plant
producing steam at 850 F and 600 psi at full power. The control systems are
designed for-constant temperature operation at the reactor for a load range at
20 percent to 100 percent power, where pump speed in the primary and inter-
mediate systems is varied throughout the range. Below 20 percent power the
primary and intermediate pumps will be locked in at constant speed and the
reactor will operate at varying A T. Control rods will provide a protective
measure throughout the entire operating range and a regulating rod will be

used during initial operation. Overall control should be such that power changes
at any operating condition can be obtained from the reactor or from the steam

system. Certain interlocks must be provided to safeguard the plant. The
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present scheme outlines overrides on the steam demand signal from the steam

temperature and from the outlet sodium temperature. This prevents cooling of

the primary fluid at the IHX below a predetermined valve.

B. THERMAL CONTROL SYSTEMS

The thermal control system design is based upon the criterion

that the overall plant must remain stable to transients originating in the steam

system.

It is visualized that use of these controls will follow from the
"proving out" period of reactor operation. A brief outline of such control is
presented in the following paragraph.

Inlet and outlet reactor temperatures are fed to a temperature

controller which indicates deviation of either temperature from a set point.
The resulting signal is then sent to provide control functions for operating the
pumps in the primary and intermediate systems. A boiler-turbine governor
simulator will be provided to operate the steam throttling valve. However,

load changes can be produced by manual operation of the steam throttling valve.
Steam pressure and steam flow have been selected as the control functions

since the operating performance of the once-through steam generator is expected

to follow changes in these variables. Feedwater flow also is controlled by
steam pressure and flow since rapid response will be required. Steam tempera-
ture and outlet sodium temperature provide an override on the demand signal.

It has been assumed for this analysis that pump speed will be controlled electri-
cally, using variable frequency motors. The control of the intermediate system
is designed on the basis that a constant sodium temperature from the IHX must
be maintained. The rate of heat removal is obtained by coupling sodium tem-
perature with sodium flow which serves as a compensating means of controlling

intermediate pump speed. Further analysis is required to determine control

system stability during transient conditions at the reactor.
A closed loop helium supply is used in the primary system to

maintain levels and provide the following functions:

1. A means of filling and dumping the system.
2. Maintaining level in the primary pumps.

3. Removal of fission products in the degasser.
4. To provide an inert gas atmosphere over liquid bismuth surfaces.

During load changes, fluctuation in levels are expected in the

primary system. The present scheme is pointed to controlling the level in the

primary pumps. It is believed that a very sensitive control system will be
required for this function since only small changes can be tolerated in pump level.

Liquid Level Control

Both primary and intermediate system pumps are sump-type
centrifugal pumps. The liquid metal level in each pump must be controlled to
prevent flooding the motor with liquid metal and to prevent the inert cover gas

from pocketing in the pump casing.
Signals from spark-plug type liquid level indicators are trans-

mitted to the dump tank gas pressure regulator valves to vary the gas pressure
in the dump tanks which in turn forces fluid into or removes fluid from the main
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system as required.

C. REACTOR EMERGENCY CONTROL

The emergency control of the reactor is initiated when dan-

gerous conditions are indicated and, depending on the degree of danger, either

a setback or scram is initiated.

Scram is defined as the automatic insertion of all safety rods
at the maximum safe speed. This action, which cannot be stopped by the opera-

tor, will shutdown the reactor completely, thus requiring a new start-up.

Emergency shut-down (scram) is caused by dangerous condi-

tions which cannot be corrected by manual control or setback (to prevent a
serious accident). To maintain reliability, an attempt will be made to limit

the scram possibilities. These possibilities may be:
1. Nuclear

a) Low positive period 10 seconds.

b) Over flux trip> 120 percent.
2. Reactor Fluid

a) High temperature (outlet) 950 F for 135 F A T; 20 MW

operation, and 1025 F for 225 F = AT; 33 1/3 MW operation.

b) Low temperature (inlet) 700 F.

3. Secondary
a) Manual scram
b) Rod drive mechanism failure.

Setback is defined as the automatic rundown of all safety rods
to bring the abnormal condition to a safe value. Setback can be stopped manually

by the operator, after the initiating signal ceases, and effects a more rapid re-
turn to operating power after the disturbance. Setback may be initiated by the
following conditions:

1. Nuclear

a) Low positive period <15 seconds.

b) Over flux trip >110 percent.

2. Reactor Fluid
a) High temperature (outlet) 925 F. for 135 F -AT; 20 MW

operation and 1000 F for 225 F - AT; 33 1 /3 MW operation.

b) Low temperature (inlet) 725 F.

c) High reactor inlet pressure (>125 psi)

d) High or low flow.
e) High or low liquid level.

3. Secondary
a) Manual setback

b) High or low intermediate fluid flow

c) Ventilation system failure.

In addition to the scram and setback requirements, sufficient
audible and visible alarms are available to quickly and conveniently identify an

abnormal operating condition. All nuclear conditions which cause scram or

setback will operate on a two out of three basis; i. e., two out of three channels
must indicate the abnormal condition before action is initiated. The system is

- 176 -



fail-safe since it causes a scram or setback if any two of the three channels fail.
Non-nuclear automatic control such as control of pump speed,

liquid level, system pressure, etc., will be made in conjunction with setback
or scram requirements. In addition, an automatic dump of the primary system

will be initiated in the event of fuel leakage from the primary containment.

The over flux and period trip are combined so that the period
necessary for tripping is decreased as the power rises and the power level nec-
essary for tripping is decreased as the period increases. This is accomplished

by adding signals: t
where n/nl = t = C

n = existing neutron level

nl= set flux level for trip at infinite period.

ti = period for trip for zero power
t = existing period.

c = constant usually (1)

D. REACTOR INSTRUMENTATION

The reactor instrumentation is separated into two sections;

the startup channels and the intermediate and power channels. Both high-tem-

perature and conventional instrumentation will be carried through the design

stages until sufficient information is available to aid in choosing the more
suitable type to employ in the experiment. The two types should utilize similar
electronic components with the chief difference being in the detectors. The high-
temperature detectors will be capable of operating continuously in ambients of at
least 975 F while the conventional detectors will operate in ambients of approxi-
mately 150 F. The block diagrams of Figure 79, 80, and 81 are a contemplated
layout utilizing both types of detectors. The conventional design will employ
ten channels in order to assure information from source level through full-power

operations. These detectors will be placed external to the reactor in an ambient
not to exceed 150 F.

The high-temperature instrumentation will consist of eight

channels since the fission chambers will be placed within the reactor and ex-
posed to sufficient flux at temperature proportional counters. Figure 82 and

82a indicate the range of useful measurement for each of the detectors. Suffi-

cient over-lap of channel information is provided in order to obtain reliable

information from source to full power.

Channels one, two, three, and four of the conventional system

and one and two of the high-temperature system will employ identical electronic
equipment with the exception that the proportional counters amplifier will be

equipped with an attenuator to reduce the pulse size. This is necessary in order
to use the same equipment since the proportional counter's output is approximately

ten times that of the fission chamber. By using similar equipment, the spare

parts and maintenance requirements are simplified .

The pre-amplifiers will be located as close to the detectors

as practical to eliminate excessive cable noise and limit cable capacitance.

Pulses from the pre-amplifiers will be transmitted to the linear amplifiers

located in or under the control room. The pulse output of the linear amplifiers
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FIG.79:LMFRE START UP CHANNELS (CONVENTIONAL)
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FIG.80:LMFRE INTERMEDIATE a POWER CHANNELS (CONVENTIOf
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FIG.81: LMFRE NEUTRON SENSORS (HIGH TEMPERATURE)
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FIG.82:CONVENTIONAL DETECTOR RANGE
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FIG.82A:H1GH TEMPERATURE
DETECTOR RANGE
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will be transmitted to the logarithmic count rate circuit. This circuit will con-

vert the pulses to a neutron logarithmic signal by employing diode pump inte-

grators. The logarithmic signal then is differentiated by the derivative ampli-

fier and yields reactor period information. Only the upper decades of the pulse

(start-up) channels will be used for period information due to the random nature

of the pulses from the detectors. All indications and recorder information will

be displayed in the control room to aid the operator in the control of the reactor.

Channels three, four, and five of the high-temperature design

and five, six, and seven of the conventional design will employ compensated
ionization chambers. These chambers will be compensated electrically and

will decrease the net gamma current by approximately two decades. The current

output from the detectors will pass through the Log N amplifier which converts

the current signal to a logarithmic function by utilizing a log function vacuum
tube characteristic. The Log N signal is then differentiated to yield period
information to cover the period for the flux level from the start-up channel

overlap through full power. Both the Log N and period information will be
recorded in the control room.

The power channels, six, seven, and eight for the high-tem-

perature detectors and channels eight, nine, and ten for the conventional detec-

tors, will cover the range from approximately one percent full power to ten

times full power.

The pre-amplifiers, if necessary, will provide the signal gain
required to transmit the current signal to the linear amplifiers. If the cabling

distance is sufficiently short, the pre-amplifier may be eliminated. The output

of the linear amplifier will be used at the reactor power indication and act as

the reactor control signal.

The over power trip will be taken from these channels.

E. PLANT INSTRUMENTATION

Basic operating data will be obtained by either multipoint

recording equipment or a system of data logging. Use of indicators rather

than recorders will be made wherever possible to minimize unnecessary handling

of charts. Both visible and audible alarm signals will be incorporated into

the plant design where required, and provisions for remote-manual use of

controls will be designated for the master control room.

F. PLANT FUNCTIONAL RADIATION MONITORING SYSTEM

1. General

This system will include all radiation monitoring equipment

except the reactor instrumentation. The necessary health physics monitors,

both fixed and portable, are considered part of the above system.
To protect the health of plant personnel and the surrounding

population, adequate indication and control of radiation levels will be a prime

function of the system. Sufficient detection also will be available to protect

equipment from dangerous radiation levels, to aid in control of the chemical

processing plant,to monitor all waste disposal operation,to detect leakage of
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radioactive fluids, and to determine the efficiency of gas cleanup processes.

All monitors will be equipped with suitable adjustable alarms and have indica-

tions in the control room.
2. Monitors

a) Permanent Health Physics Monitors
Ten monitors will measure the dose rate between . 01 and

10 mr/hr and will be placed in accessible areas which may be readily occupied.

A sufficient number will be located outside the physical buildings to establish
a permanent record of fallout near the plant. All indications will be displayed
on a central panel located in the control room along with appropriate local
indication.

b) Cell Leakage Monitors
Monitors in each of the thirteen containment cells will

be used to determine a breach which will leak radioactivity from the piping or
vessel containment. These monitors will detect a,f3 andy rays and will be used
to monitor the coolant air necessary to maintain the required cell ambient.

The detector will be either a scintillator or Geiger type detector and will be
shielded to reduce the background. A continuous air sample will be passed over
or through the detector in order to obtain maximum sensitivity. The channels also

will be used to determine the contamination and accessibility of the cells for
removal or replacement of equipment.

c) Stack Monitor

This monitor will determine the radioactivity present in
gases emitted from the stack. A gas sample will be drawn from the stack and
monitored for a, and y activity by a continuous filter sampling device. A
gross activity monitor also will measure the activity of non-filterable gases.

If the level is increased beyond a given point, the stack vent will be closed
and the gas transferred to a retention tank where it is held up until the activity
decays to a safe value.

d) Charcoal Bed Monitors
A monitor will be used to indicate the activity of each

charcoal bed effluent. This monitor will be responsive to gross activity and
will determine the efficiency of the beds. An alarm will be available to deter-
mine when the gas passing through a particular bed has reached a radiation
level sufficient to warrant switching to a reserve bed.

e) Waste Storage Monitors

These monitors will determine the activity of the plant
waste and aid in their proper disposal or treatment. If the activity is high,
the waste outlet will be closed automatically until the level has reached a
safe value.

The monitors will be placed external to the storage
tanks, where possible, to facilitate maintenance or replacement. Each detec-
tor will be properly shielded to reduce the background level.

f) Liquid Stream Monitors
These monitors will determine whether the uranium-

bismuth stream is leaking into either the intermediate (sodium) or the reflector

(bismuth) streams. A sample of the stream will be passed through or under the
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detector and monitored for gross activity. The detectors will be installed

in couples to assure adequate information at all times since the detectors

probably will be inaccessible during operation.

g) Neutron Monitors

These monitors will be used to detect neutron levels in

the cells where uranium-bismuth is stored or processed and to determine the

accessibility of these cells for maintenance and/or inspection.

h) In addition, portable monitoring equipment and monitors

for the laboratory and chemical processing area will help in establishing effec-

tive radiation levels.

1.4.8 MAINTENANCE AND REMOTE HANDLING

A. REMOTE MAINTENANCE PHILOSOPHY

The prime objective of the LMFRE project is to advance the

technology of the LMFR concept to the stage where consideration of large-scale

power applications can be justified. Major unknown factors inherent to reactors

of the circulating fuel type (including the LMFR) embrace feasibility and cost

of maintaining such reactor systems.

Such a reactor system cannot operate safely and efficiently
without an extensive remote maintenance program. The proposed program will

provide equipment at the LMFRE facility not only capable of removing test sam-

ples and test equipment, but capable of remotely removing and replacing all
power system components regardless of the degree of contamination or activa-

tion. While these components on the LMFRE are comparatively small, they
are of adequate size to provide the design information required to establish the

technical feasibility and economic attractiveness of maintaining a large-scale

LMFR power plant.
Design considerations involved in the development of such a

maintenance system are closely inter-related with other technical aspects of

the LMFRE project. These considerations include site selection and layout,

plant layout, the operation of the plant and its associated facilities, plant safety,
component designs and arrangements, waste disposal, containment philosophy,

construction and operational costs, and personnel selection and training.

The following parameters outline the scope of and approach

to the proposed maintenance program.

1. Equipment, facilities, and trained personnel will be provided for the

replacement of any component, connecting pipe, or component auxiliary located

in the reactor plant or its associated facilities.

2. A multi-curie hot-cell will be provided for the disassembly and inspec-

tion of contaminated components and auxiliaries. The proposed inspection cell
will include remote handling, viewing, and manipulating equipment. Should

extremely high radiation levels or excessive decay heating of a component pre-
clude the immediate use of the inspection cell, the component would either be
aged prior to transfer to the inspection cell or disposed of without attempting

internal inspection. Possible component examples which might require aging
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are the degasser and primary heat exchanger.

3. Maintenance operations will be performed only during a plant shut-down,
with the primary system drained and thermally cooled.

4. Adequate design consideration must be given to anticipated future

developments concerning maximum allowable and recommended radiation dose

rates for maintenance personnel.

5. Any transfer or removal operation involving a large radiation source

will be performed entirely within the confines of the reactor room. Large bulk

radiation sources would leave the reactor building only when properly contained

and mounted on a railway car. The removal of any large component could require

evacuation of all personnel, except maintenance crews, from the reactor building

and the surrounding area.

6. Aqueous flooding will not be used as a method of radiation shielding in com-
ponent or process cells.

7. The reactor internals will not be replaceable after high-power operation.

The reactor vessel with its secondary containment will be remotely removable,

but a replacement reactor would be installed by manual erection methods after

elaborate reactor cell decontamination procedures.

8. All component and process cells are proposed to be cylindrically shaped
with plug-type top openings for the installation of over-head remote maintenance

equipment. The top opening of each cell will be uniformly designed to accommo-

date a portable maintenance shielding plug.

B. REMOTE MAINTENANCE

Component and Process Cell Remote Maintenance System

The basic cell maintenance mechanism will be a portable cast

iron shielding plug which may be installed on any component or process cell
following the removal of the cell's operational concrete shielding plug. The

cast iron maintenance plug will be 24 inches thick, and will consist of three

inter-rotating discs. The outer, 16-foot diameter, rotating disc will contain

an inter-rotating 10-foot diameter turret disc which will carry most of the

tools required for cell maintenance operations. The third inter-rotating disc

will be mounted near the center of the turret disc and will carry a ram type

power manipulator with its control and viewing equipment. A liquid seal will

be maintained between the cell wall and the circumference of the maintenance

disc.

During a cell maintenance operation the power manipulator

will scan the plan area of the cell by rotating any or all three circular discs.

The manipulator will be vertically positioned by a through-shield positioning
ram which is controlled by an operator stationed on the manipulator carriage
plug. The vertical reach of the manipulator will be approximately 30 feet and
its straight lifting capacity will be approximately 750 pounds. The remotely

controlled arm motions of the manipulator will give the power hand access to
all the turret mounted maintenance equipment, while various plug rotation

combinations will give access to the entire cell volume. The layout of a shield-
ing plug with the power manipulator is shown in Figure 83.

The through-shield positioning rams will be mechanically driven
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extension tubes which carry the various remote maintenance machines and

tools to the desired elevations. The rams will be mounted on the turret disc
which permits the positioning of maintenance equipment at any point in the cell

volume. The rams also will supply lateral rotation for tool positioning.
Several manually operated air hoists will be mounted on

removable plugs for light hoisting and positioning operations. Figure 84 shows
a typical light hoisting scheme.

A fusion welder, for use on the larger pipe sizes, will be
mounted on one of the main positioning rams. The two most promising weld-
ing methods under consideration are induction fusion welding with a filler ring
and inert-gas arc welding with a tungsten electrode. A small push-up type

induction fusion welder is proposed for all plant piping one inch in diameter
and smaller. The welder would be mounted on one of the main tool position-
ing rams.

A small remote pipe cutter will be operated from one of the

light tool positioning rams for small pipe removal operations. The larger
pipes will be cut and beveled for welding by a large remote pipe cutting machine
which will be positioned from a light tool positioning ram.

Other power tools also will be remotely positioned and operated
from the top of the maintenance shielding plug. These include impact wrenches,
distance measuring devices, impact hammers, and special utility service mani-
pulating tools. A special remotely operated pipe rigging and clamping system
will be incorporated into the cell maintenance system. A pipe capping and
plastic bag sealing arrangement will be used to control the spread of contami-
nation during transfer operations. A remotely operated cutting torch for

component disassembly will be used in the multi-curie inspection cell. This
unit also may be used during emergency cell maintenance operations. A

remotely operated, mobile power manipulator will maneuver on the plant's

main floor level to assist with component transfer operations which include
crane hook rigging, plastic'bag handling operations and light manipulative
functions to supplement the over-head crane service.

Through-shielding periscopes and closed circuit television
cameras are proposed as viewing elements for component and process cell

maintenance operations.

C. COMPONENT TRANSFER SYSTEM

The over-head traveling crane which services the main reactor
plant will utilize a 100 ton hook, a 20 ton hook, and two 2-ton hooks. The crane
will be supplied by two separate power and control lead systems, and the main

hook will be powered by two independently driven 50-ton hoisting drums. One

control system will service a main hook drum, the 20-ton hoist, a two-ton
hoist, and the trolley drive. The other control system will service a main
hook drum, a 2-ton hoist, and the main bridge drive. This control and power
supply arrangement will accommodate virtually all single failure handling
incidents except possible failure of the bridge drive system. An auxiliary tow
cable system will be used to move the crane into its maintenance area in the

event the bridge drive becomes inoperative.
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A centrally located crane control room will be the control center

for all remote transfer operations. The control room will employ several tele-

vision receivers and a high-density glass viewing window for supervising trans-
fer operations in the reactor room. The main crane control console will be
located adjacent to the viewing window and all necessary auxiliary controls will

be arranged around the crane console.

A storage pool (for reactor components and other radiation

sources) will be provided near the multi-curie inspection cell.

A railway spur will be provided in the reactor room between

the storage pool and the multi-curie inspection cell. The railway track canal
in the main floor will be covered with steel flooring when the tracks are not in

use.

D. HOT CELLS AND INSPECTION FACILITIES

The multi-curie inspection cell (Fig. 85) will have a 24-inch
thick steel working face containing two 6. 2 density lead glass viewing windows.
Rolling steel window covers will be used to protect the lead glass from excessive
radiation exposure when they are not in use. Barytes concrete will be used for

the cell's remaining walls and ceiling shields, and two steel access doors will
be provided for cell traffic. One of the cell access doors will provide entrance
into a two-stage change room for personnel contamination control.

A heavy duty over-head power manipulator will service the

entire volume of the cell; the portable manipulator control console will be used
at either viewing window in the cell's operating face. A wall mounted jib-type
crane will supplement the power manipulator during handling operations in the

cell.
One set of Model 8 master-slave manipulators will be mounted

over each of the two main viewing windows for light manipulative operations

within the cell.
Component disassembly equipment will be utilized within the

cell to give satisfactory means of disassembly for inspection and sample removal.

Some component maintenance and repair operations will be performed in the

cell with the assistance of specialized tools and mechanisms.

A multi-curie chemistry hot cell will be provided adjacent to

the large inspection cell. The hot cell will have an 18-inch thick steel working

face with one 6. 2 density lead glass viewing window. A set of Model 8 master-

slave manipulators will be mounted over the viewing window to provide the

necessary light manipulative functions within the cell. A small overhead power
hoist will supplement the through-wall manipulator service. The cell will have
a steel access door in the rear shielding wall and a sample transfer system
which will accommodate a shielded container for irradiated sample transfer
into and out of the cell.

A multi-curie metallurgical hot cell will be provided near the
large inspection cell for preparing and processing irradiated or contaminated

samples. The metallurgical cell will incorporate the same window, manipulator,
and hoist combination as the previously described chemistry cell. The cell

will feature a face-mounted metallograph and other remotely operated metal-
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lurgical equipment.

E. REMOTE HANDLING

Remote operation of chemical processing and reactor off-gas
facilities will require some inner cell mechanization, but most of the operations
will utilize outside instrumentation for process control. Repair and replace-
ment operations on process equipment inside the process cells will be performed

by the component cell maintenance system.
Control rod removal from the reactor after high-power opera-

tion will be a semi-remote operation utilizing a shielded container. A core sam-
ple transfer system will be attached to the reactor tower during core sample
transfer operations and a gas-lock shielded container will be used to transfer
the irradiated samples. Special tools and shielding plugs will be used for
irradiation port and instrument well maintenance.

Fuel sampling devices will be incorporated into the plant's
fluid flow circuits. The sampling systems will provide a means for sample re-
moval and a method of transfer to the chemistry hot cell.

F. CONTROL ROD DRIVE MECHANISMS (Fig. 86 & 87)

The control rod system will consist of four rod mechanisms
which are an integral part of the reactor. Each rod mechanism will consist
of a control rod, a control rod extension tube, a mechanical drive system, and
an electric-hydraulic drive mechanism. The control rod extension tube will
be driven by a spur gear engaging cut teeth in the tube wall. A guide roller will
be located opposite the drive gear to back-up the extension tube.

The gear drive-shaft will be driven by a planetary gear-train
which integrates the functions of the two drive motors. A three-phase electric
motor with an integral gear-box will perform the "shimming" operation and a
hydraulic motor will supply power for the "scram" operation. The fail-safe
hydraulic system will employ a charged accumulator, a solenoid actuated dump
valve, a hydraulic motor, a snubbing valve, and a hydraulic power supply. The
snubbing valve will supervise the deceleration operation at the end of a power
scram by the controlled metering of the oil motor discharge rate. A drag brake
will be incorporated into the scram drive system to prevent positioning creep of
the hydraulic motor. Full-time position indication will be obtained by gearing
the position transmitter directly to the drive shaft.

The maximum rod withdrawal rate will be fixed by the synchronous
speed of the three-phase shimming motor. The hydraulic motor will have a
vented discharge line which eliminates any possibility of reverse scram operation.
An accumulator pressure switch inter-lock will guarantee an adequate energy
supply for a full scram operation before the drive can be actuated to withdraw
a rod.

Full in and out limit switches will be incorporated into the drive,
and mechanical travel limits will be built into the reactor control rod dome.

The control rod drives will be fail-safe in operation and will
be maintained by contact or semi-remote methods.
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1. 5 HAZARDS AND SAFETY CONSIDERATIONS

(See BAW - 1017)12

1. 6 BUILDINGS AND GENERAL SERVICES

1.6.1 REACTOR BUILDING

A. FUNCTION

The building consists of two bays and smaller attached rooms.

The largest bay, or canyon, contains the reactor and auxiliary equipment and

will be constructed of concrete for radiation shielding. This bay is 65 feet wide,
200 feet long and 51 feet high (above ground). The reactor and auxiliary equip-

ment will be contained in a series of circular cells below ground level. These

cells, lined with concrete, will extend 48 feet below floor level. Two basement

levels will allow access to equipment at both ends of the canyon. This bay also

contains a multi-curie cell, sample processing cell, hot cell access area, crane

maintenance area over these cells, storage pool and a railroad siding.

The front bay, of steel-frame construction, will have a partial

basement, second and third floor. It is 82 feet 6 inches wide, 224 feet long and

33 feet high (from ground to top of the third floor). The basement contains a

vault for source and fissionable material rooms for the steam generator, sodium

dump tanks, sodium storage, reflector system, inert gas storage and primary

switch gear. The ground floor contains a heat removal plant including mainte-

nance shops, laboratories, offices and toilets, the master control room, health-

physics, chemical laboratories, semi-hot laboratory, metallurgical hot cell,
change and locker rooms, and spectrometer laboratories. The second floor

includes offices, conference rooms, rest rooms and rooms for secondary

switch gear, supply storage, and fan and air conditioning equipment. The third

floor will house the crane control equipment.

A one-story steel frame, rear bay, 51 feet wide, 60 feet long,

and 18 feet high will house the remote maintenance mock-up shop, hot machine

shop, and tool shop.

The hot filter room will be attached to the right end of the

canyon. it is a one-story building of steel frame construction, 30 feet wide, 30

feet long and 18 feet high. A stack for discharging gases will be located nearby.

1. Plan views - Rooms and functions of the reactor building:

Ground Level Floor Plan - See Figure 88

Second Floor Plan - See Figure 89

First Level Basement Plan - See Figure 90

Second Level Basement Plan - See Figure 91

2. Elevations- Exterior views of the reactor building:

Front Elevation - See Figure 92

Back Elevation - See Figure 93
Left Side Elevation - See Figure 94
Right Side Elevation - See Figure 95
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3. Perspective Rendering (See Figure 96) - Outside

appearance of the reactor building.

4. Cut-away Isometric (See Figure 97) - Cut-away view

of the reactor building and representative equipment. To the left, the heat

removal equipment is illustrated. The central portion shows the crane con-

trol room, secondary switch gear room, and master control room. This

section shows four of the cells and their equipment: the reactor, primary

heat exchanger, degasser, and off-gas equipment. The right side illus-

trates a cut through te not cell and ta e multi-curie cell.

B. CANYON CONSTRUCTION

1. Foundations

The building wall, cell wall, and floor foundations will
be reinforced standard concrete of sufficient thickness and size to meet soil

load bearing capacities.

2. Cell Walls and Canyon Floor

Cell walls will be of reinforced concrete with the walls

around the reactor cell of barytes concrete and the remaining walls of standard

concrete. The cells are to be lined inside with stainless steel and backed by a

layer of Boral. The cell plugs will be of reinforced barytes concrete covered

with a mild steel envelope. The canyon floor in the area of the cells will be a

barytes concrete continuation of the cell wall. The rest of the floor area in the

canyon and hot cell access area, Multi-Curie Cell, and Sample Processing

Cell will be six-inch standard concrete with wire mesh reinforcing. Rein-

forced standard concrete also will be used for the railroad siding and storage

pool foundations. All floors will be sealed and painted.

3. Walls (Figure 98)
The canyon walls will be of reinforced concrete. The

front wall from basement floor level to the crane rail and the walls and ceil-

ing of the Multi-Curie Cell and Sample Processing Cells will be four-foot thick

Barytes concrete. The rear and end walls will be standard concrete, two feet

thick up to the crane rail, and 12 inches thick above the crane rail. The front

wall construction will be similar to the rear wall above the crane rail. Ex-

terior treatment of the canyon walls includes terra-cotta inserts to form

vertical and horizontal lines as shown on the elevation drawings. Interior

walls will be sealed and painted. An alternate construction for the rear and

end walls consisted of a steel frame and insulated siding. This construction

will cost about the same as two-foot reinforced standard concrete walls, but

does not give concrete's shielding effect.

4. Steelwork (Figure 98)
The roofing support will be structural steel trusses,

purlins, struts, and bracing.

5. Roofing (Figure 98)
Roofing will consist of Truscon, Mahon, or equivalent

steel decking over the steel purlins with 12 inches of standard reinforced con-

crete, four-ply built-up successive layers of felt and pitch and an asphalt and
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gravel topping. Should no roof shielding be required, the cost would be re-
duced approximately $46, 000. 00. Half the saving would be from a reduced
steel supporting structure and the balance due to the difference between the

concrete and insulation costs.

6. Suspended Ceiling (Figure 98)
A metal pan type ceiling will be suspended at the

lower chord of the trusses, the metal ceiling will be painted and sealed

glass panels will be provided at each lighting fixture. The ceiling will pre-
vent contaminated dust from forming on the roof support steel, light fix-

tures, conduit, ductwork, etc.

7. Doors (Figure 88)
All doors within the canyon will be constructed of steel

and have air seals. The doors to the Multi-Curie and Sample Processing Cells
will be steel, from 12 inches to 24 inches thick.

8. Heating and Ventilating
Heaters will be a suspended type with steam coils,

blowers and thermostatic control. Necessary steam and steam return lines will

be installed from the boiler room; additional ventilation will be provided by fan
room blowers.

9. Lighting and Electrical

Lighting fixtures will be mercury vapor, located above
Quartz glass panels in the canyon ceiling. They will be serviced from the area
between the ceiling and the roof.

C. FRONT AND REAR BAY AND HOT FILTER ROOM
CONSTRUCTION

1. 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 a foot above grade.

2. Floors (Figure 99 - 101)
Floors will be of reinforced concrete, four inches thick.

In heavy loaded areas they will be six inches thick. Floors over the Steam Gen-
erator and Sodium Storage rooms will be 24 inches thick for radiation pro-
tection, and will have removable slabs for access equipment. Office area
floors will be asphalt tile covered. Locker and toilet floors will have a ter-
razo covering. Laboratories and semi-hot areas will be sealed and painted.

3. Steelwork

The bay frames, consisting of 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, will be
of structural steel. Exposed interior steel will be painted.

4. Siding (Figure 92 - 95)

Exterior walls around the building to the right of the
main entrance and around the second floor area will be insulated steel-curtain

wall panel units of full height. These panels will be applied to a horizontal and

vertical girt arrangement set in caulking and secured with bolts and spring

- 208 -
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clips. Other exterior walls around the front bay, rear bay, and hot filter

room will be uninsulated flat steel panels. Second floor panels will be

painted light blue and first floor panels dark blue. The exposed interior

surface of insulated panels will be painted.

5. Windows (Figure 92 - 95)

Windows will be "Fenestra" type, manufactured by the

Detroit Steel Products Company, or the equivalent. The one-piece
windows of hot dipped galvanized steel, will open outward.

6. Doors (Figure 88 - 91)

Interior and exterior doors in the front bay and hot

filter room will be steel construction, three feet by seven feet. Steel double

doors in the remote maintenance mock-up shop will be eight feet by 14 feet.

7. Roofing (Figure 99 - 101)
Roofing will consist of Truscon or equivalent steel

decking over the open web steel joists, with 1 1/2 inches of Insulrock, Tectum,

or Celotex type insulation and four-ply built-up successive layers of felt and

pitch, with asphalt and gravel topping.
8. Suspended Ceilings (Figure 99 - 101)

All areas except the heat removal plant, basement rooms,

fan room, maintenance shop, and hot filter room will have ceilings suspended

from joists. Office areas and corridors will have accoustical tile and other

areas painted steel pans.
9. Partitions and Interior Walls (Figure 88 - 91)

Generally, basement walls will be 24-inch reinforced
standard concrete. Rooms in the rear bay and semi-hot areas on the left side

of the front bay will be lined with 12-inch solid concrete block for radiation pro-

tection. All other laboratories, control rooms, and toilet rooms will have

eight-inch cinder-concrete block walls. Semi-hot areas, laboratories, and

toilet rooms will have interior glazed tile facing. Exposed concrete block will

be painted. Office areas will have metal partitions, manufactured by
E. F. Hauserman and Company, or the equivalent. Toilet partitions will be

metal, manufactured by Sany-Metal Products Company, or the equivalent.

10. Stairs and Ladders (Figure 83 - 91)
Standard concrete -filled, pan-type stairs will lead

from the first to second floor at the front of the building. In the control room

area, circular, open-type stairs will lead from the second basement to the

third floor. Ladders will lead from the second basement to the first-level

basement in the heat removal plant.

11. 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 hot sewage storage tanks outside the building. Locker

room equipment will include metal lockers, toilets, urinals, showers and sinks.
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12. Heating, Ventilating, and Air Conditioning
Office areas will have thermostatically-controlled,

floor-type combination heating and air conditioning units with steam coils

and blowers. Other heaters will be the suspended type with steam coils,

blowers and thermostatic control. Necessary steam and steam return

lines will be installed from the boiler room.

13. Lighting and Electrical

In areas with suspended ceilings, fluorescent light-

ing fixtures will be recessed in this ceiling. In other areas lighting fix-

tures will be the exposed fluorescent type suspended from the ceiling.

D. EQUIPMENT AND FURNITURE

1. Offices and Rest Rooms

Furniture for these areas on the first and second

floors includes desks, chairs, file cabinets, coat racks, and cabinets.

2. Hot Filter Room and Stack

Equipment for this room includes ventilating fans,

absolute filters and ductwork. The stack will be 6 feet in diameter and 150

feet high.

3. Maintenance Shop

Equipment for this room includes a small metal lathe,

drill press, shaper, milling machine, storage racks, bins, and miscellaneous

tools for electrical, pipefitting, and mechanical maintenance in the heat re-

moval plant.

4. Air Compressor

A 200 CFM air compressor will be supplied.

5. Heat Removal Bay

A five ton tramrail type crane will handle equipment.

6. Hot Maintenance Shop

Two five ton hoists will handle equipment.

1.0(. 2 ADMINISTRATION BUILDING

A. FUNCTION

1. Plan and Elevations(Figure 102)
a. Security -This area of approximately 240 square feet

includes a guard bay, with protruding sides, on the corner of the building,

and an office for issuing badges.

b. Communications - The communications office covering

approximately 160 square feet, will house the telephone switchboard, TWX,

etc., and handle incoming and outgoing mail. The operator can also serve

as recepticmist for visitors.
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c. First Aid Station - This office, covering approxi-

mately 256 square feet, will be equipped with emergency first aid equipment.

d. Visitors' Waiting Room - This area covers approxi-

mately 384 square feet.

e. Administration Office Areas - Offices for the admin-

istrator, his secretary, an assistant administrator, Atomic Energy Commission

representative, and a conference room and open area for office personnel

are provided in this approximately 1728-square-foot area.

f. Rest Rooms - Areas for men and women are provided and

cover approximately 448 square feet.

g. Cafeteria - This area of approximately 1984 square feet

contains a dining room for 30 persons, cafeteria serving area, food preparation

area, washing area, food storage area, manager's office, and concessionaire.

2. Perspective Rendering (Figure 103)

Outside view of the administration building.

B. CONSTRUCTION

1. Foundations and Floors

Foundations and floors will be of reinforced concrete and will

contain 4-inch thick wire mesh. The wall and column footers will be in good

soil below the frost line. Top surface of the outside wall footers will be approxi-

mately a foot above grade. Telephone and electric service conduit will be placed

in the floor. Office floors will have an asphalt tile covering and rest rooms a

terrazo covering.

2. Steelwork

The structural steel frame will include building columns,

roof support beams, roof open web joists, side and end girts, windows and door

framing, girt sag rods, roof and side cross bracing. Externally exposed ex-

terior and interior columns will be painted.

3. Siding (Figure 102)
Walls will be of two-inch thick "Cemestos" panels, manu-

factured by Celotex Corporation, or the equivalent. The panels will utilize a

horizontal and vertical girt arrangement, be set in caulking and secured with

bolts and spring clips. Upper panels will be painted light blue and lower

panels dark blue. Panel interiors will be painted. Porcelanized steel insul-

ated panels will be an alternate type.

4. Windows (Figure 102)
Windows will be "Fenestra" type, manufactured by the

Detroit Steel Products Company, or the equivalent. They will be of one-piece

construction, hot dipped galvanized steel, and will open outward. Guard bay

windows will have solex glass and aluminum jambs and trim.

5. Doors (Figure 102)

Double exterior doors and guard bay doors will be con-

structed of glass with aluminum trim, three feet by seven feet, with transoms

included. Other exterior doors will be wooden,three feet by seven feet, with
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aluminum trim including transoms. Interior doors will be steel, three

feet by seven feet.

6. Roofing (Figure 102)

The roofing will be Truscon or equivalent steel decking

over the open web steel joists with 1-1/2 inches of Insulrock, Tectum, or

Celotex type insulation and four-ply built-up successive layers of felt and

pitch, with asphalt and gravel topping.

7. Fascia (Figure 102)
Fascia, of stainless steel or aluminum, will serve as a

gravel stop. Louvers will be placed in overhanging eaves for ventilation.

8. Partitions and Interior Walls (Figure 102)
Interior wall partitions (except around rest rooms,

cafeteria, and first aid room) will be metal, manufactured by E. F. Hauserman

& Company, or the equivalent. Rest room, cafeteria, and first aid room walls

will be painted eight-inch cinder-concrete block. Rest room interiors will

have a glazed tile wainscoat. Toilet partitions will be metal as manufactured

by Sany-Metal Products Company or the equivalent.
9. Suspended Ceilings (Figure 102)

Accoustical tile ceilings suspended from joists, will be

installed except in the visitors' waiting room, general offices, food serving

and dining areas where a luminous ceiling will be hung from light fixtures.

10. Plumbing and Re st Room Equipment
Plumbing will include hot and cold water lines, sanitary

sewers, a hot water heater, drinking fountains and rest room equipment

(toilets, urinals, and wash basins).

11. Heating, Ventilating, and Air Conditioning
Combination heating and air conditioning units will be the

floor type with steam coils, blowers, and thermostatic control. Necessary

steam and steam return lines will be installed from the boiler room.

12. Lighting and Electrical
Fluorescent lighting fixtures will be recessed in the sus-

pended ceiling.

C. FURNITURE AND EQUIPMENT

1. Security - Equipment for the guard bay and security office

will consist of desks, chairs, file cabinets, coat rack, and badge or identifi-

cation storage racks.

2. Communications - Equipment includes desks, chairs,

telephone switchboard, TWX transmission and receiving equipment, file

cabinets, coat rack, and racks for receiving and dispatching mail.

3. First Aid Station - Equipment includes desks, chairs, file
cabinets, coat rack, hospital-type bed, and storage cabinets for first aid
supplies.
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4. Visitors' Waiting Room - Furniture includes chairs,

coat racks, tables, lamps, etc.

5. Administrative Office Areas - Furniture includes

desks, chairs, file cabinets, coat racks, and cabinets.

6. Rest Rooms - Permanent equipment is listed in item

B-10; furniture includes chairs for the women's rest room.

7. Cafeteria - Equipment includes tables, chairs, desk,
steam tables and serving counter, concessionaire counter and equipment,

refrigerators, coolers, water coolers, stoves, sinks, dish washing

equipment, tables, shelves, racks, hoods, and vents.

1.6.3 GENERAL SERVICES BUILDING

A. FUNCTION

1. Plan and Elevations (Figure 104)

This building incorporates the following functions:
a. General storage area - This area, approximately

1792 square feet, will be used for storage of all but security materials.

It has a records office which will also serve as a receiving department.
b. Building equipment maintenance - The maintenance

area, approximately 1984 square feet, will service buildings and general

services not directly connected to the operation of the main and auxiliary
systems. It has an office and a tool room, for storage of small tools and

parts, to be used for carpentry work, painting, mechanical repair, plumbing
repair, electrical repair, etc. The area will be headquarters for janitors

and their equipment.

c. Motive equipment storage and repair area - This
area, approximately 2048 square feet, will be used for storage and main-

tenance of all motive equipment (automobiles, trucks, tractors, lift trucks,

fire truck, lawn mowers, etc.). An office and a parts and tool room are

included.

d. Laundry - This area, approximately 512 square feet,
will be used for laundering and storing contaminated clothing used in the hot

or semi-hot areas.

e. Plant heating boiler room - The area, approximately

1536 square feet, will house the plant heating boiler and accessory equipment.

The boiler will provide steam for the sodium-steam heat exchanger at low-

level operation periods.

f. Locker room and toilets - Facilities for persons in
the General Services Building (320 square feet).

2. Perspective Rendering (Figure 105)

Exterior view of the general services building.

B. CONSTRUCTION

1. Foundations and Floors

Foundations and floors will be of reinforced concrete.
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Wall and column footers will be in good soil below frost line. Top surface

of the outside wall footers will be approximately a foot above grade. Floors

will contain wire mesh and will be four inches thick except in heavily loaded

areas where they will be six inches.

2. Steelwork

The frame of the building including building columns, roof
support beams, roof open web joists, side and end girts, window and door fram-

ing, girt sag rods, roof, and side cross bracing will be of structural steel.

Exposed exterior and interior columns will be painted.

3. Siding (Fig. 104)
Walls will be of two inch thick Cemestos panels, manufac-

tured by Celotex Corporation, or the equivalent. The panels will utilize a

horizontal and vertical girt arrangement, be set in caulking, and secured with

bolts and spring clips. Upper panels will be painted light blue and lower panels
dark blue. An alternate type of panel could be porcelanized steel insulated

panels.

4. Windows (Fig. 104)

Windows will be "Fenestra" type, manufactured by the

Detroit Steel Products Company, or the equivalent. They will be of one-piece
construction, hot dipped galvanized steel, and will open outward.

5. Doors (Fig. 104)

Truck doors will be 12-foot by 12-foot steel overhead roll
type, manufactured by the R. C. Mahon Company, or the equivalent. Exterior

doors will be of three-foot by seven-foot wood construction with transoms.
Interior doors will be of three-foot by seven-foot steel.

6. Roofing (Fig. 104)
Roofing will be Truscon or equivalent steel decking over

open web steel joists with 1 1/2 inches of Insulrock, Tectum, or Celotex type
insulation and four-ply built-up successive layers of felt and pitch with asphalt
and gravel topping.

7. Fascia (Fig. 104)

Fascia will be stainless steel or aluminum and will serve
as a gravel stop. Rain shields will be placed above all exterior doors.

8. Partitions and Interior Walls (Fig. 104)

Interior wall partitions (except around the locker room
and toilets) will be metal, manufactured by E. F. Hauserman and Company,

or the equivalent. Locker room walls will be painted eight-inch cinder-concrete
block with interior glazed tile wainscoat. Toilet partitions will be metal,

manufactured by Sany-Metal Products Company, or the equivalent.

9. Sprinklers

Sprinklers will be installed in the general storage area if
required by local or state building codes.

10. Plumbing and Locker Room Equipment
Plumbing will include hot and cold water lines and sanitary

sewers. Locker room equipment will consist of metal lockers, toilets,
urinals, sinks, and showers.

11. Heating and Ventilating

Suspended type heaters will have steam coils with blowers
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and thermostatic control. Necessary steam and steam return lines will be

installed from the boiler room.
12. Lighting and Electrical

Fluorescent lighting fixtures will be exposed and suspended
from the ceiling.

C. EQUIPMENT

1. General Storage and Receiving - Office equipment will con-

sist of desks, chairs, filing cabinets, and coat rack; racks and bins are in-
cluded for the storage area.

2. Building Equipment Maintenance - Equipment includes a
woodworking saw and jointer, small metal lathe, drill press, shaper, milling

machine, storage racks, bins, and miscellaneous tools. Office equipment
includes desks, chairs, filing cabinets, and coat rack.

3. Motive Equipment Storage and Repair - Motive equipment

consists of a fire truck, winch truck, station wagon, four-ton life truck, tractor,

and mowing equipment. Other equipment includes storage racks, grease rack,

and miscellaneous tools. Office equipment includes desks, chairs, filing cabi-
nets and coat rack.

4. Laundry - Equipment for this area consists of a washing
machine, extractor, dryer, radiation counters, and storage racks.

5. Plant Heating Boiler Room - Consists of a steam boiler
with a capacity of 12, 000 pounds of steam per hour, boiler feed pump, oil or
gas meter, gas regulating valve, deaerator, water treatment equipment, blow-

down tank, injector, and chemical feed pump and tanks.
6. Locker Room and Toilets - Equipment for this area is in-

cluded in item B-10 above.

1.6.4 OTHER GENERAL SERVICES

A. WATER SUPPLY AND STORAGE

The service water and fire protection system consists of the
following:

1. 10, 000 gallon gravity water tank.

2. Two six-inch casing wells.
3. Two deep well pumps, 500 gpm each.
4. Altitude valve for gravity tank.

5. Four six-inch three-way fire hydrants.

6. Four-inch and six-inch cast iron pipe.

B. DRINKING WATER SUPPLY AND STORAGE

The drinking water system consists of the following:
1. 1000 gallon storage tank.

2. One six-inch casing well.
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3. One deep well pump, 10 gpm.

4. Filter system.

5. Chlorinator.
6. Water softener.
7. 2 1/2 inch cast iron or galvanized pipe.

C. FUEL OIL SUPPLY AND STORAGE

The fuel oil system consists of the following:
1. Two 10, 000 gallon fuel oil tanks.

2. Fuel oil pump and pump house.

D. SANITARY SEWERS AND SEWAGE DISPOSAL

The equipment for this system consists of the necessary

vitrified sewer lines and sewage treatment equipment including Imhoff tank,

cavitator, final settling tank, sludge drying beds, and chlorinated manhole.

E. STORM SEWERS

Necessary storm sewers will be run from all downspouts to

a suitable creek or river.

F. PIPING BETWEEN BUILDINGS

Piping between buildings consists of steam, steam return,

water, and drinking water lines.

1.7 SITE AND SITE DEVELOPMENT

1.7.1 PLOT PLAN AND PERSPECTIVE

A. PLOT PLAN (Fig. 106)

A hypothetical arrangement of buildings, general services,

and site development. After the site has been selected, the buildings, etc.

can be arranged to suit the topography.

B. PERSPECTIVE RENDERING (Fig. 107)

An aerial view of the proposed facility showing buildings and
site development.

1.7.2 SITE DEVELOPMENT

A. GRADING - Will accommodate topography and building

locations.
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B. BOULEVARDS - Boulevards to service building and outside
service areas are indicated on the plot plan.

C. FENCES AND GATES - Will enclose all buildings and the

hot waste disposal area.

D. PARKING LOT - To accommodate all employees and visitors.

E. SIDEWALKS - To provide access to all buildings as shown.

F. RAILROAD SIDING - Will provide rail access to the reactor
building and the hot waste disposal area.

G. FLAG POLE - A 40-foot pole provided at the plant entrance.

H. LANDSCAPING - Landscaping will suit the arrangement of
buildings and services.

I. YARD LIGHTING - Proper lighting provided for parking areas,
buildings, plant services, and fences.

1.8 COST ESTIMATES

The material in this section (pp 226-234) is considered confidential
and therefore is subject to limited distribution.
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1.9 PROJECT SCHEDULES

Schedules have been prepared covering all phases of the project from the

preliminary design through fabrication, erection, and testing. These schedules

by necessity are based on the preliminary reference design and a favorable

confirmation of materials and equipment from the research and development

program. Major changes to the design or unfavorable results from the research

and development program undoubtedly would affect these schedules. However,

the schedules are considered flexible enough to take care of certain eventualities

and, except for the bases noted above, they are realistic. The principal events,

summary project schedules, and research and development program are shown

in Figures 108-110.

1.9.1 PRINCIPAL EVENTS SCHEDULE

This schedule (Fig. 108) is divided into the three work phases of

the contract: Phase I, the study and preliminary design including the Research

and Development Program and proposed tests; Phase II, the final design, per-

formance of necessary research and development, fabrication, erection, and

check-out of all reactor components, systems, and auxiliaries; and Phase III,

conducting pre-critical experiments, bringing the LMFRE to criticality,
operating and maintaining the LMFRE and performing those expe iments which

are agreed upon mutually between Babcock and Wilcox and the Atomic Energy

Commission.

The contract suggests that Phase II work should be completed

within a period of 28 months, but the reference schedule (Fig. 109) indicates
that completion of this phase will require 40 months. The revision will permit

precritical experiments to begin in the fall of 1960, and provides a more realistic

schedule which is considered firm, except for unforeseeable and/or uncon-

trollable events. Several factors are responsible for the discrepancy between

the suggested and expected Phase II schedule.

1. Extended delay in negotiating a firm contract between Babcock and.

Wilcox and the Atomic Energy Commission delayed Commission
approval to perform research and development work on the project.

2. The complexity of various components required extension of time for

vendors to perform development and fabrication work.

3. Preliminary engineering studies have clarified the scope and complexity

of the project and these factors now are better understood.

4. The acceptance of subcontracts was delayed since Atomic Energy

Commission approval was required.

1.9.2 SUMMARY PROJECT SCHEDULE

Based upon the availability of necessary information from the

research and development program for fabrication and erection, and the prep-

aration of specifications for procurement of equipment for the LMFRE, a bar

graph is shown in Figure 110 giving starting and completion dates for the various

phases of design fabrication, erection, and plant construction. Erection is
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expected to be completed by June 1960, followed by four months of pre-opera-

tional testing which will conclude Phase II. Phase III, precritical testing and
operation, will start October 1960.

1.9.3 RESEARCH AND DEVELOPMENT SCHEDULE

Before extensive fabrication of the LMFRE can be initiated, certain

answers will be required from the research and development program; these

are not expected to become available before July 1958. Prototype testing should

be completed in the fall of 1959, while research and development covering the

remote maintenance and chemical processing will not be completed before the

fall of 1960 and the fall of 1961 respectively, however, this phase of the program
will not hold up fabrication and erection of the LMFRE.

Figure 110 shows expected dates for starting the various test pro-
grams and the dates when information will become available for selection of
materials, finalizing design, and initiating fabrication.

It should be noted that some research and development programs

are projected beyond the dates which indicate the need for information necessary

to material and equipment selection. These programs were extended to obtain

additional valuable information relative to the suitability of materials and equip-
ment that can be used for improving operation and extending the useful life of
the LMFRE.
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CHAPTER II

ALTERNATE DESIGNS OF THE LMFRE FACILITY

INTRODUCTION

The extremely flexible LMFR concept is the basis for the LMFRE;

the established project objectives and subsequent "ground rules" which clarify

them still allow some flexibility in design. To assure building and testing
the best product based upon time, money, and desired information, many

facets require consideration of alternate designs which are presented herein.

Feasibility has largely dictated the choice of a particular design.

When two or more alternates appeared equally feasible, a comparison was

made between cost and the pertinent information obtained.

All possible alternates are not presented here; however it is felt

that all possible major variations have been considered and remaining work

involves the deliberation of alternates in details of the reference design.
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2.1 REACTOR DESIGNS

Reactor types considered for application to the LMFRE are itemized and

discussed below.

A. SINGLE-FLUID-GRAPHITE MODERATED- EXTERNALLY COOLED

This design was considered early in the project. It appeared to

incorporate the fewest engineering problems, but precluded operational testing

of graphite to metal sealing devices and graphite cemented joints. The fis-

sion density per MW was also lower than two fluid designs. For these reasons

it was decided to investigate more flexible two fluid reactors.

B. TWO-FLUID-INTEGRAL GRAPHITE CORE AND CORE TANK-
EXTERNALLY COOLED (Reference Design)

The program to develop a feasible arrangement of this type has

received major emphasis. This design appears to offer the greatest flexibility
as it may operate as a two fluid reactor, acting as a prototype of a large-

scale LMFR breeder, or operated as a single fluid reactor, serving as a

prototype of a large-scale burner (upper). Other advantages of this arrangement

are listed under "Selection of LMFRE Reactor Design".

Different arrangements considered during development of the selected

reference design were:

1. Integral Degasser Arrangements

Early designs considered incorporating an integral degasser above

the reactor. Insufficient degasser design information precluded location of
this component in such a critical area. This arrangement also required

a taller reactor, longer and heavier control rods and core experimental facili-

ties, and tended to restrict accessibility to the core and reflector experimental

ports.

2. Bottom Drive Control Rods

This type of rod and drive arrangement was considered and re-
jected because a reliable bismuth seal design was lacking. Rod drive main-

tenance would be more difficult and the drive location introduced an access

problem. Schemes for bismuth sealing were suggested and rejected as un-

reliable compared tc overhead control rod drives which require only a gas

seal. Overhead drives have the disadvantage of restricting access to the

reactor core experimental ports.

Graphite Core and Core Tank Designs

Core and core tank design was restricted by available graphite

sizes and manufacturing methods, and equipment limitations. Types con-

sidered were:

1. Separate core block and core tank

A sizeable investment ($1, 700, 000) for graphite vendor

manufacturing equipment eliminated this arrangement. An additional reason
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for rejection was the lower inherent strength and the larger graphite to metal

seal diameter required.
2. Monolithic integral core and core tank

The arrangement was considered desirable because of higher

inherent strength, elimination of cemented joints, and simplified core assembly

fabrication. Due to core size requirements (46 inch diameter nominal) and

available graphite size limitations (40 inch diameter maximum) this arrange-

ment was temporarily shelved. It will be reviewed when critical experiment

results are available.
3. Builtup integral core and core tank

This arrangement is specified for the reference design. It

utilizes the largest available graphite stock sizes (40 inch diameter), minimizing

the cemented joints required. A smaller graphite to metal seal is also possible.

This design may be readily constructed in sizes required for large-scale LMFR
reactors.

4. Builtup core assemblies

Cores constructed of small blocks, tubes, hexagons, etc.,

were considered early in the project. There is some indication that small

stock may be made more impervious than larger sized stock. However,

for manufacturing reasons, a small piece, cemented, core assembly may

prove less impervious. To reduce cemented joints and the total available

graphite surface, only the largest available graphite stock was considered for

building. Graphite vendors stated that machining costs for small-piece

assemblies would result in a higher total core cost.

5. Graphite Support methods
Methods of supporting the graphite internals of LMFRE

reactors considered:

a) Overhead Lift Springs and Support Rods

This method, suggested for the first design, was elimi-
nated because of restricted access to the reflector experimental ports and

control rod drives, and cooling problems associated with the springs.

b) Gas Pressure Uplift Methods

Because they relied on maintaining a gas pressure to

hold the graphite in place and maintain a graphite to metal seal, these methods

were eliminated. Failure of the gas system could result in severe operational

problems.

c) Graphite Support Rods

Graphite Support Rods were eliminated in favor of molyb-
denum rods when graphite vendors suggested that coefficients of expansion

between rods, and between rods and the graphite assembly, could be very

difficult to control during manufacture.
d) Prestressed Compensated Molybdenum Alloy Support Rods

This support method was selected for the reference design

because of reliability and simplicity. The high strength of the molybdenum

alloy requires a minimum number of relatively small rods located near

the periphery of the side reflector. The design allows for expected variations

in expansion coefficients of both the graphite and the molybdenum alloy rods.

Graphite stresses are compressive and low.
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e) Miscellaneous Support Methods

Other methods considered were: flotation, which appears

applicable only to single fluid designs incorporating no graphite-metal seals;

and a novel method which allows the reactor vessel to 'rest" on the graphite

assembly at all times. Since the latter arrangement required a number of

questionable components, it was discarded for the simpler method.

C. TWO-FLUID WITH CROLOY CORE TANK-GRAPHITE MODERATED-
EXTERNALLY COOLED

This arrangement is being developed as an alternate to the selected

reference design. It is recommended if reliable cemented joints and/or

graphite to metal seals cannot be developed to meet the LMFRE construction

schedule. To recommend this reactor for construction, however, the service

life of the core tank metal in bismuth and under core conditions of fission

density must be known.

D. TWO-FLUID (THORIUM SLURRY) - GRAPHITE MODERATED -
EXTERNALLY COOLED

Incorporating a bismuth-Thorium bismuthide slurry in the two-

fluid designs was considered in a general effort to advance LMFR tech-

nology. It was proposed to initially operate the reactor with pure Bi coolant

in the reflector and introduce slurry into the side reflector after all basic

LMFRE. data had been obtained.

Benefits of a breeder or converter type LMFRE design

1. Only a full blanket can demonstrate conversion; in-pile loops give

little information regarding conversion ratio.

2. The future economics of the LMFR may depend upon the degree

to which production of new fuel may be realized.

Disadvantages of a breeder or converter type LMFRE design

1. Slurry technology is not sufficiently advanced - to the point where

a reactor of this type could be accurately specified.

2. Experimental results regarding conversion would probably consist

of no more than a range of values due to experimental errors.

3. The LMFRE, because of its low power level, would be of a different

geometry than future large scale LMFR breeder reactors.

4. Extrapolations to higher power levels may not give better infor-

mation than calculations directly on a large scale breeder.

5. Designing for future breeding in the LMFRE would require a

larger core, reducing fission density and creating core fabrication problems.

6. The higher fluid volume reflector would require a high powered

heat removal loop or a core-reflector leak would severly restrict reactor

core power.
7. Present side reflector alterations after long operation at 20 MW

would be difficult and costly.

This evaluation eliminated further consideration of a converter-

type reactor for the LMFRE.
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E. BERYLLIUM MODERATED REACTORS

Reactor designs incorporating beryllium as a moderator were briefly

investigated. The only apparent advantages of beryllium as a moderating (core)

material are: a somewhat smaller core size, and a less severe sealing

problem at certain locations. It will serve as a substitute material if graphite

should prove inadequate for the LMFRE reactor.

Investigation conclusions were that beryllium is much more sensitive

to failure from thermal shock during transients than graphite. Advantages

gained with a less difficult localized fluid sealing problem are more than off-

set by other problems which include fabrication difficulties and available size

limitations. Beryllium core cost is also approximately 10 to 15 times greater

than a comparable graphite core. Unless graphite proves entirely incompatible,

this investigation precludes further consideration of beryllium as a moderator.

F. INTERNALLY COOLED - GRAPHITE MODERATED

The general class of internally cooled LMFR's was given coon-

sideration in the expectation that this form of reactor and system arrange-

ment would (1) reduce system uranium holdup, and (2) greatly reduce external

system radiation level and contamination, since fission products and delayed

neutrons would be confined within the reactor vessel. Designs involving

thorium bismuthide slurries for internal cooling were eliminated. Investiga-

tions were limited to converter-type reactors generating at least 500 MW of

heat, bismuth cooled, 1/4 inch minimum graphite structural walls and channel

diameters, eight fps maximum fluid velocities, and maximum fuel temperature

of 2642 F.

Two designs were considered. One incorporates a bayonet-type

graphite heat exchanger immersed in U-Bi contained in holes in the block of

core graphite. It was proposed that the blanket be cooled in a similar manner.

A second design considered a large block of graphite drilled with holes and

headered to have U-Bi and bismuth coolant in adjacent holes.

Calculations for both designs produced the following conclusions:

1. Fluid velocity or graphite wall temperature gradient (300 F across

a 1/4 inch wall) limitations required core diameters of eight to ten feet.

These sizes were considered prohibitive from a breeding view point.

2. Both arrangements indicated high graphite temperatures (approximat-

ing 1800 F).

3. Zr and Mg additives would be required in the bismuth coolant.

These additives would become radioactive along with corrosion products in

the bismuth-Croloy system. A radioactive film could be expected in at least

the cooler portions of the external system.

4. Overall arrangement was involved in both designs. Complicated

shapes and numerous graphite to graphite joints would be required for the

core block, fuel tubes, headers or bayonet heat exchanger. The number of

joints required (2800) precluded a guarantee that activity would not reach the

bismuth coolant.

5. Thermal protection would be needed in the reactor interior to
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keep vessel metal temperatures reasonable.

6. To drain fuel from either arrangement a graphite to metal seal

would be needed. The design of a seal to operate at 1700 to 1800 F would

be a formidable problem.

7. Internally cooled designs appear entirely adequate for low power

research reactor application.

Based on these conclusions the externally cooled concept is re-

tained because of its relative simplicity compared to conceivable internally

cooled designs, and possible difficulty in extrapolating LMFRE data to

future large scale reactors.

2. 2 DEGASSER DESIGNS

A. DESIGNS AND CONDITIONS WHICH MAKE THEM ATTRACTIVE:

1. A cyclone - uses th e velocity h ead and some of the fuel potential

head to create a thin film flow from which the volatile fission products can

escape or be sparged. This design will be attractive if power requirements

are not proved excessive for reasonable degassing efficiency.

2. A falling film type - vertical tubes or helical shutes. Attractive

for the same reason as No. 1.

3. A packed column - Attractiveness also depends on degassing

efficiency vs power requirements. Corrosion considerations might make

packing selection a difficult problem.

4. Atomization - The high liquid rate makes this look impractical.

B. DESIGNS FOR DETAILS OF THE REFERENCE DESIGN:

1. Liquid Distribution
a) Flat slotted plate. Attractive if uniform distribution of fuel

for wide ranges of fuel flow rate can be achieved.

b) Perforated pipes. Attractive if power requirements are not

excessive.
2. Helium Sparger

a) Inverted rectangular trough having notched sides. This design

would give much larger helium bubbles than are anticipated from the sintered

metal gas sparger inlets of the reference design. Since it is less expensive

than the porous metal spargers, this alternate design becomes attractive if

the porous trays do not give the fine bubbles anticipated.

b) Perforated pipe. Not attractive since it is vulnerable to

vapor channeling or non-uniform gas distribution.

3. Splash Trays
a) Slotted plates. These provide greater overflow length and

consequent thinner fuel films than the rectangular plates. They will be

attractive if their cost is not significantly greater than the proposed rectan-

gular trays.

b) Four decks of splash trays are shown in the reference design.

This number should be held to a minimum consistent with essentially com-

plete escape of the sparging helium from the bismuth. The number of splash
tray decks is important on the basis of loss of head to primary system circu-
lating pumps.
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2. 3 INTERMEDIATE FLUID SELECTION

Sodium was selected as the intermediate fluid after a concerted Phase I

program. Lead-magnesium could be considered an alternate selection.

The study approach, data compiled, and conclusions are presented here.

Study was based on the use of intermediate fluid in a large LMFR.

A. GROUND RULES AND DESIGN PARAMETERS

1. Analysis is based on a 500 MW heat LMFR, with four heat ex-

traction loops handling 125 MW each. Basic philosophy is that an intermediate

fluid will not be used in the LMFRE unless it would be a logical fluid for a

large size LMFR power plant.

2. No consideration was given to eliminating the intermediate loop.

This loop was assumed necessary to act as a buffer between the steam system

and the fuel system and for leak detection prior to major damage.

3. An important selection factor was establishing the best steam

pressure and temperature conditions, considering power costs for a large

size plant.

4. A once-through boiler was selected for its better complete

power range steam pressure among other things.

5. It was assumed the primary loop would operate at a constant

temperature difference with load variation and that the primary fluid average

temperature would be constant.

6. Intermediate fluid top temperature is assumed to be constant,

the lower temperature decreasing with increase in load.

7. Plant efficiency is assumed to be 30 percent, giving gross

generator electrical output of 37. 5 MW per loop.

8. If possible, total pumping power for primary, intermediate and

steam loop will not be greater than three percent of gross generator output,

or 1125 KW per loop
9. Pump efficiencies were assumed as follows:

a. Primary system

1) U-Bi pumps 60 percent

b. Intermediate system

1) For gas as intermediate fluid 70 percent

2) For liquid as intermediate fluid 60 percent

c. Steam System

1) Feedwater pump 75 percent

l0.Fluid temperatures used in study:

a. Primary system

Upper temperature 885 F (bulk)

Lower temperature 750 F (bulk)

Minimum temperature 720 F (possible low temperature

as result of flow stoppage)

b. Intermediate system

1) For liquid as intermediate fluid

Upper temperature 820 F (bulk)
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lower temperature 720 F (bulk temperature at full

load)

2) For gas as intermediate fluid

Upper temperature 850 F (bulk)

Lower temperature 680 F (bulk temperature at full
load)

c. Steam system temperatures

1) Feedwater 325 F

2) Steam temperature 800 F at full load

Steam pressure 600 psia

11. The intermediate system design temperature is 1050 F.

12. The intermediate system design pressure will be 200 psi when

using liquid intermediate fluid with low vapor pressure.

13. The intermediate system design pressure will be 750 psi when

using a gas as the intermediate fluid.

B. EVALUATION PROCEDURE

1. Step one - selection of possible candidates for intermediate fluid

service. Capatibility with points brought out above was the basis for selection

of fluid for study.
2. Step two - general analysis of fluids selected covers the following:

a. Materials compatibility

b. Remote maintenance problems

c. Hazards

d. Economics (relating primarily to size, complexity, etc.)

This step does not require detailed analysis, but the rejection of a

fluid must include sufficient substantiation.

3. Step three - detailed analysis of remaining fluids covers the
following:

a. Intermediate fluid considerations

1) Thermal and radiation stability.
2) Induced activity and activity in components.

3) Hazards other than nuclear or thermal.

4) Physical aspects.

5) Availability.

6) Heat transfer and fluid flow characteristics.

7) Materials compatibility (re-opened if necessary)

b. Effects due to leakage into intermediate loop.

1) Effects of contaminants.

2) Waste disposal and purification problems.

c. Leakage intermediate to primary system.

1) Uranium solubility.
2) Stability of intermediate fluid in U-Bi stream as related

to U precipitation.
3) Damage to primary system components.

4) Effect on reactor physics.
5) Effect on chemical processing system,
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d. Leakage intermediate loop to steam system

1) Corrosion effects

2) Explosion hazard

3) Plugging effects
4) Fouling effects

As a result of this step, additional fluids were deleted.

4. Step four - cost analysis of remaining fluids.

The results of the above procedure are presented using fluid

types as a classification.

C. GASES

1. Candidates investigated and primary elimination.

a. Candidates:

1) Helium 15) Sulfur Dioxide (SO 2 )

2) Carbon Dioxide 16) Ammonia (NH 3 )

3) Argon 17) Ammonium Chloride (NH4 Cl)

4) Hydrogen 18) Freons

5) Oxygen 19) Bromine

6) Neon 20) Iodine

7) Krypton 21) Chlorine
8) Helium+Carbon Dioxide 22) Florine

(25% CO2 by weight) 23) Sulfur Hexafloride (SF6 )

9) Carbon Monoxide 24) Zirconium Tetrafloride (ZrF4 )
10) Nitrogen 25) Carbon Tetrachloride (CC1 4 )

11) Air 26) Silicone Tetrachloride (SiCl4 )

12) Steam 27) Acetylene (C2 H4 )

13) Hydrogen Sulfide (H2 S)
14) Carbon Disulfide (CS 2 )

b. On the basis of incompatibility with container materials,

NH4 C1, Freons, Br, I, Cl, F, SF6 , ZrF4 , CC1 4 and SiC 14 were eliminated
2. Pumping power analysis of remaining gases.

a. Ground rules:

1) Total loop pump input power - three percent of 37. 5 mw

or 1510 HP.
2) Primary system requirements for 40 psi pressure drop-

690 HP input pump power.

3) Steam water system for 700 psi - 460 HP pump input.

4) Available pump input power for intermediate loop - 360 HP.

5) Intermediate pump and motor efficiency = 70 percent.

6) Gas operating pressure is 600 psi.

b. Table XXX lists the specific heat, density, weight flow, and

the total allowable pressure drop for the intermediate system based on 360 HP

pump input power. The pipe inside diameter is listed, assuming the total

allowable pressure drop is consumed in 150 feet of piping. The pipe wall

thickness for.750 psi design pressure is also listed.
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TABLE XXX

Cp@750 F

1.25
0.28
0.20
3. 5
0.25

0.28
no data

0. 44
0.25
0.28

0.26
0.57
0.28
0. 17
0. 18
0.65
0.54

p at 750 F
600 psi

0. 19
2.03
1.84
0. 11

1.48
0.91
no data

0.67
1.29
1.29
1.34
0.88
1.57
3. 5

2.96
0.79
1.2

W,
#/hr.

2. 44x10 6

10.9 106
15.3 106
0.87 106
12.5 106

10.9 106

He

COt
A
H2

02
Ne

Kr

He+CO2
Co
N 2

Air
Steam

H2 S
CS2
SO

2
NH 3

C2H 2

10 6

106
10 6

10 6

106
106

10 6

16
106

106

Allowable
AP, psi

0.26
0.64
0.42
0.43

0.41
0. 30

0. 33

0. 37
0.41
0.40
0.56
0.50
0.65
0. 60
0. 58
0. 74

Pipe Pipe
ID, in. Thickness, in.

62
59
75
42
72
80

69
75
75

72

54
65
64
62
52

50

4.
4.
5.
3.
5.
5.

6
5
5
1
3

9

5. 2
5. 5
5. 5
5. 3
4. 0
4. 9
4. 8
4. 6
3. 9
3. 7

Based on the above table, the 360 HP is not sufficient for a gas
intermediate loop. Intermediate pump input power was then increased to

1365 HP, which gives five percent of the gross generator output, i. e. ,

five percent of 37. 5 MW. Table XXXI lists the allowable pressure drop,
pipe inside diameter and the pipe wall thickness required for the gases for
1365 HP pump input power. The total allowable pressure drop is assumed

consumed in 150 feet of piping.

TABLE XXXI

AllowableAP, psi
0.97
2.43
1.59
1.63
1.56
1.14

1.25
1.40
1.56
1.52

2. 12
1.90
2.47

Pipe I. D. , in. Pipe
48
45
57
32
55

62
53

57
57

55
41
50
49

thickness, in.
3. 6
3. 3
4. 3
2.4
4. 1

4. 6
3. 9
4. 3
4. 3
4. 1
3. 0
3. 7
3.7
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6. 94
12. 2
10. 9
11.7

5.38
10. 9
18. 0
17. 0
4. 7x

5. 7x

Gas

He

CO 2
A
H2

02
Ne
He+CO2
CO
N2

Air
Steam
H 2 S

CS2



TABLE XXXI (Con't)

Allowable AP, psi

2. 12
1.90
2.47

2.28
2.20
2.80

Pipe I. D., in

41
50
49
48
40
38

Pipe thickness, in.

3. 0
3. 7
3. 7
3. 6
3. 0
2. 8

Through this table, it can be seen that the heavier gases (excluding

hydrogen) approach a more reasonable pipe size requirement as the allowable

pumping power is increased. Heat exchanger size has not yet been mentioned.

Calculations have been made to size an intermediate heat exchanger and

boiler for steam as the intermediate fluid. The resulting exchangers for a

pressure drop of 1. 5 psi per unit (heat exchangers based on square- bundle,

gas-crossflow-type units) are approximately 16 feet ID with 12-inch thick walls.

To consider these units, pumping input power must be increased further.

The pump input power was increased to 2870 HP, resulting in eight

percent of the gross generator output, ie-eight percent 37. 5 MW. Table XXXII

lists the total allowable pressure drop, the allowable pipe pressure drop

after 3. 0 psi is subtracted for the intermediate heat exchanger and boiler,

the required pipe inside diameter, and the pipe wall thickness.

TABLE XXXII

Total
Allowable A P, (A P- 3. 0 Psi)
psi psi

2.07

5. 10
3. 35
3.43
3.27
2.45

2.63
3.27
3. 19
4.47

3.98
5. 18
4.78
4.62
5.90
2.95

2. 10
0. 35
0.43
0.27

0.27

0. 19
1.47

0.98
2. 18

1. 78

1.62
2. 90

Pipe ID based on

( APT-3. 0psi)for

150 ft. of pipe, in.

46
75
42
75
80
75
75

75

44

57
50
53
42
37
75

Pipe thick-
ne ss, in.

3. 4
5. 5
3. 1
5. 5

5. 9
5. 5
5. 5
5. 5
3. 3

4. 2

3. 7
3. 8

3. 1
2. 7
5. 5
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3. From Table XXXII, it is obvious that a gas is not economically
feasible as the intermediate fluid for a 500 MW LMFR because of:

a. very low heat transfer efficiency.

b. difficult fabrication problems (i. e., large diameter vessels

with thick walls).

c. bismuth inventory due to large vessel size.

d. a nuclear power plant using eight percent of net or gross

generator output for circulating fluids would not be competitive with fossil

fuel plants.

D. FUSED SALTS

Only fused salts used commercially on an unclassified basis were
considered. Practically, this involved the study of sodium nitrate, sodium

nitrite and postassium nitrate mixtures.

There seems to be no problem of thermal stability at operating temper-

atures. Radiation stability should be thoroughly explored in a suitable re-

search and development program. No blowdown or makeup seems to be required.

Off gas requirements and explosion hazards would have to be checked in a
suitable research program. No fouling problems are anticipated.

The fluid would not be activated by radiation in the intermediate
heat exchanger. It may be a good enough moderator to cause activation of the

metal in the intermediate heat exchanger. Consequently, it would probably

be impossible to remotely investigate leaks or other failures as to location and

type. Since the fluid will not be appreciably activated, little dissociation is

expected in the steam generator.

Outside of the melting point which could easily present a handling
problem, no hazards or problems seem to be associated with this fused salt.

The melting point of the eutectic mixture of these salts (called 'HTS")
is 288 F. The fluid has been successfully and easily pumped in many high

temperature systems such as those installed by the Bethlehem Foundry and

Machine Company.

The fused salt is available from E. I. Dupont de Nemours and Company
at a moderate price of $12. 80 per hundred pounds in carload lots.

The system piping is very small and boiler size medium. The

intermediate heat exchanger seems large compared to liquid metal systems

because of the requirement for either coextruded or concentric bi-metal tubes.

Pumping power is most reasonable due to the relatively high specific heat and

densities.
These fused salts apparently introduce no plugging problem other than

that normally associated with a high melting point fluid. At temperatures

above 850 F, the primary and secondary systems would be corroded by these

salts. Below 850 F, corrosion is moderate for most low alloy steels. Leak-

age of primary fluid into the intermediate stream would precipitate uranium

or uranium salts and introduce clean-up problems. Leaks from the steam into

the intermediate system will have no harmful effects other than a probable

mild increase in corrosion.
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Uranium or uranium salt precipitation could be expected with the

introduction of fused salts into the primary system. Resultant solids could
present a hazard should they be passed through the reactor.

Leakage into the intermediate system is mainly a corrosion problem.

Recommended containment for this intermediate fluid is stainless steel. Due

to advanced corrosive rates at operating temperatures of 1000 F, carbon

steels and low alloy steels are inapplicable at this temperature. As operating

temperatures in the intermidiate system are not expected to get this high,

severe and rapid penetration of the mild steel or low alloy steel would not

be expected. Buildup of salt in case of a leak could seriously effect component

performance in the intermediate system.

No definite conclusion was reached, so fused salts were carried to

the final, or cost step, of analysis.

E. ORGANICS

The following organics were considered:
1. The glycol family.

2. The silicone family.

3. Remaining organics.
4. The phenyl family.

Radiation and the rmal stability we re the limiting factors. Only the
phenyl family showed sufficient the rmal stability. The maximum temperature
at which any of the other three groups was stable was 300C. As intermediate
fluids must operate in the range of 450 C to 500 C, these organics were

eliminated.

The phenyl family gave evidence of high thermal stability to
500 C. Beyond this temperature infusible cokes resulted. Considerable work

has been done with these organics for the OMRE Project, North American

Aircraft and the Naval Research Laboratory, as well as the national laboratories.
Most work was done at temperatures of about 600 F (bulk), but some recent
data was obtained at higher temperatures. There is some indication that at

a temperature as high as 842 F, polymerization becomes asymptotic at from

30 to 40 percent polymer content under irradiation. This infers that at this

temperature a stable organic mixture can be maintained by use of a suitable

blowdown and makeup rate.

However, it is deemed possible that temperature excursions during
transients could easily approach the 500 C coking temperature where complete

breakdown seems unavoidable. This danger is more implicit at the higher
primary temperature considered for LMFRE under 33 1/3 MW operation.

Control of temperatures with such touchy boundaries seems impractical. Opera-

tion so close to the complete breakdown point would require considerable re-

search and development to carefully investigate this temperature region.

Due to the lack of thermal stability at high temperatures, no organic
is considered suitable.

F. LIQUID ME TALS
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1. The following liquid metals were considered as possible Inter-

mediate Fluids:

Na Hg (liquid) Tl Sn
NaK Hg (two-phase) Au Zn

K Sb Ag P
Li Cs Cd Se

Pb Ga Al Binary & ternary

Bi In Mg alloys
Pb-Bi Rb
Pb-Mg

2. With the prescribed LMFR temperature conditions outlined else-

where, we can eliminate Sb, Au, Ag, Al, Mg, Zn, P, Hg (two-phase) and most
binary and ternary alloys on the following bases:

a. The melting points of Sb, Au, Ag, Al, Mg and Zn are higher

than 750 F, which is the bottom primary temperature.

b. White P has a low melting point, but on heating to 480 F,

this element becomes red P which has a melting point of 1094 F.

c. Binary and ternary allows of the higher melting point metals
have been eliminated for either or both of the following reasons:

1) With alloys of the too-high melting point metals, the
quantity of alloying element required to reduce the melting point to less than

750 F is so high that the resultant alloy is predominately the alloying element.

2) Alloying of the lower-melting point metals does not lower
the resultant melting point to room temperature. Therefore, the only advantage

of these alloys is in the reduced heat required to melt them.

d. Two-phase Hg systems were investigated: Once-through type

boiling, feed-heating and boiling, and boiling and superheating. With feed-

heating and boiling, the specific heat of the liquid is so small that a temperature

crossing between primary and intermediate systems would have to be possible.

With boiling and superheating the same phenomenon occurs except the temper-

ature crossing would be between the steam and intermediate systems. The

once-through type boiling has the combined difficulties of the other two methods.
e. Pb-Mg has been mentioned especially as a possible intermediate

fluid. With 2-1/2 weight percent Mg, this eutectic mixture freezes at 480 F. This

fluid will not be mentioned specifically again until the conclusions to this section.

However, basic information for this fluid is collected under lead.

At this stage the following liquids are retained for further consideration:

Na Hg (liquid)

NaK Cs Sn
K Ga Se

Li In

Pb Rb

Bi Tl
Pb-Bi Cd

3. Certain of the remaining metals are obviously too expensive

and too rare for use as heat transport fluids of a full-scale LMFR. A pre-

liminary economic analysis has been made of the cost of fluid inventory in
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the piping alone. Even if all the allowable intermediate fluid pumping power

were consumed in 100 feet of piping (with 6 - 900 bends), note the fluid in-
ventory weights and costs (Table XXXIII).

TABLE XXXIII

Annual Production

1 ton (1951)
20 tons (1951)

6 tons (1951)
1 ton (1951)

15 tons (1951)
250 tons (1955)

Fluid Inventory (tons)

20

50

130

20

180

30

Fluid Cost ($)

73, 000, 000
136, 000, 000
7,000,000
82, 000, 000
4, 500, 000
900, 000

* Piping must be larger than 75 inches ID for Se.

These fluid inventory requirements must be multiplied by four for

the requirements of a 500 MW plant. This eliminates these six fluids from

further consideration.

4. Lithium, codmium and tin can be eliminated because:

a. Tin is extremely corrosive to ferritic and austenitic stain-
less steels and corrodes carbon steel very rapidly. It is more corrosive than

Bi. There is very little known about the corrosion of metals by codmium. It is

apparent that an extremely diverse R&D program would be required if either

of these two metals were used.

b. Lithium is unstable under fast neutron bombardment. Under

this form of radiation lithium goes to tritium (a gas) and LiH which is a

solid at temperatures expected.

The elimination of lithium, codmium and tin leave the following
for further consideration.

Na Pb Hg (liquid)
NaK Bi
K Pb-Bi

5. Economic analysis of these seven liquid metals was made on the

following bases:

a. Allow three percent of generator output for total pumping

power. This figure is compatible with present-day central station operation.

Assuming 30 percent plant efficiency and 60 percent pump-and-driver efficiency,

we find that 360 hp is maximum allowable intermediate circulating pump in-

put.
b. Primary fluid temperatures: 750 - 885 F.

Intermediate fluid temperatures: 720 - 820 F.

Feedwater temperature: 325 F.

Steam temperature: 800 F.

Steam pressure: 600 psia.

Heat transferred at full load: 125 MW.

Costs and sizes for each fluid (Tables XXXIV and XXXIVA) were

obtained for roughly optimized equipment and fluid inventories. One dump
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tank sized for three times system volume, one intermediate heat exchanger,

one once-through boiler, piping, two pumps, two check valves, one gate

valve, intermediate fluid inventory cost and primary fluid inventory cost

(in the intermediate heat exchanger) were all optimized. The cost of electric

heating equipment to preheat to 800 F is included.

TABLE XXXIV

COMPARATIVE COST
Fluid.............Na
Item

IHX 182, 000

Boiler 65,000
(275, 000)*

Piping 30,000
Dump Tank 92,000

Two Pumps 400, 000

Two check valves 36, 000
One gate valve 30, 000

Inter. Fld. Inv. 12,000
Primary Fld. Inv. 114,000

Elec. Heaters 41,000

Total (S. T. Blr.) 1,002,000

D. T. Blr Differential 210, 000

Total (D.T. Blr) 1,212,000

Primary Inv. (tons) 25

* Double -tube boiler.

NaK

182, 000
70, 000

(275, 000)*
30, 000
92, 000
400, 000

36, 000
30, 000
50, 000

115, 000
41, 000

1, 046, 000

205, 000
1, 251, 000

25

SUMMARY
K

200, 000

76, 000
(290, 000)*
36, 000
92, 000

400, 000
40, 000
34, 000

160, 000
130, 000
41, 000

1,209,000

214,000
1, 423, 000

30

Fused Salts

600, 000
120,000

18, 000
129, 000
500, 000
24, 000

30, 000
10, 000
800, 000
30, 000

2,261,000

180

TABLE XXXIV A

Fluid . . . . . . . . . . . . .Pb
Item
IHX 258,000
Boiler 133,000
Piping 42, 000

Dump Tank 146, 000
Two pumps 520,000
Two check valves 72, 000

One gate valve 60,000
Inter. Fld. Inv. 150, 000

Pri, Fld. Inv. 250, 000

Elec. Heaters 56, 000
Total 1, 687, 000

Pri. Inv. (tons) 55

Add Bi

Bi

290, 000
126, 000
40, 000
140, 000
520, 000
72, 000

60, 000
1, 900, 000
270, 000
56, 000

3, 474, 000

60
950

Pb-Bi

290, 000
126, 000
40, 000
140, 000
520, 000
72, 000

60, 000
1, 100, 000
270, 000
56, 000

2, 674, 000
60

Hg

290, 000
126, 000
40, 000
140, 000
520, 000
72, 000
60, 000
2, 100, 00
270, 000
56, 000

3, 674, 000
60

Economically, it is apparent that all four heavy liquid metals above
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could be eliminated on the basis of cost and/or primary fluid inventory.

Pb-Mg, based on figures on the preceding page for lead and its melting
point of 480 F, does not present too bad a picture and could be considered as

an alternate fluid for LMFR service.

Fused salts can be eliminated because of the following factors:

cost, extensive R&D program required to determine radiation stability,

and the definite precipitation of U if HTS leaks into the primary system.
Potassium offers no advantages over Na or NaK and, in fact, is more

reactive chemically than either Na or NaK. At room temperature K forms

the superoxide, which may detonate and cause injury.
6. Sodium or NaK then appear to be the most reasonable intermediate

system fluids. The two liquid metals will now be compared on bases other

than economic.

Sodium and NaK are compatible with ordinary materials of con-
struction. Corrosion rates of austenitic and ferritic stainless steels and of

low carbon, low alloy steels (Croloy 5S, 2-1/4, 1-1/4, etc.) are quite satis-
factory. However, oxygen must be excluded from the system, for Na2 O is

corrosive.
As Na and NaK have each been pumped successfully for several

years, with both EM and centrifugal pumps, little R&D on this aspect should

be required.

Of the fluids examined (except HTS), Na and NaK require the
smallest equipment (IHX, boiler, piping). Sodium has a slight advantage,

as pipe sizes required are approximately 24 and 29 inches O. D. for Na and

NaK respectively. The intermediate heat exchangers and boilers are of compar-
able size. Pipe and shell thicknesses are equal (about 1/2 inch - 3/4 inch

7/8 inch - 1-1/4 inch shell thickness).

From the contamination aspect of remote maintenance, both Na
and K .re strong gamma emitters. However, with the presently-estimated

fast neutron flux in the IHX, activation of Na and NaK is over 1000 times
less than for a Na-cooled reactor. The nuclear characteristics of the fluids

are similar. The isotope of greatest abundance is Na2 4 , with a half-life of

15 hours and a gamma energy of about 2. 8 MEV.

The fact that Na freezes at 208 F aids in maintenance. Pipes can

be hacksawed at room temperature with little fire hazard. This method has

been used extensively to cut portions of systems or components.

NaK is fluid at room temperature and burns fiercely in contact
with air. Moreover, NaK does not drain completely but tends to cling to

container walls. Therefore, maintenance is difficult because either a fire

hazard is present or the system must be cleaned thoroughly prior to cutting
open a pipe or component.

Sodium and NaK are both completely stable thermally and radiation-

wise. NaK has been known to separate into Na and K, but only rarely and
at very low temperatures.

Dissociation of water in the boiler is expected to be inappreciable

as the gamma flux in the boiler is low. However, no absolute dissociation
rate figures can be made.

- 256 -



Sodium exhibits the only activity and there is no induced activity
in the components.

Solid sodium does not burn in air, however NaK and liquid sodium
will, as a protective oxide layer cannot form. A small sodium leak may self-

plug due to oxide formation, but NaK will continue to leak, increasing the fire

hazard.

Theoretically, the complete reaction of Na (or NaK) and water

can create an explosion. There is very little explosion hazard if either metal

leaks to air.
As Na melts at 208 F, the system must be preheated to melt it

prior to charging. This is not required for NaK as it is liquid at room temper-

ature.

Both Na and NaK are readily available in large quantities (thousands
of tons) at 20 cents per pound and one dollar per pound respectively.

In-leakage of air (from atmosphere) or water (from the steam

system) have a similar effect on Na and NaK. The complete effects of in-

leakage of U-Bi or fission products is unknown. Air in-leakage causes forma-

tion of Na 2 O which is soluble to the extent of 0. 034 weight percent 02 in Na
at 720 F. This solubility is reduced somewhat in NaK. Oxide plugs and cor-

rosion are equally possible with Na or NaK. The effects of simultaneous

leaks of water and U-Bi into the intermediate system is unknown. Purifica-
tion of Na or NaK after air or water in-leakage can be obtained by filtering

and cold-trapping.

The effects of leakage of Na or NaK into the primary system are
not completely known. The liquidus phase diagrams of Bi-Na and Bi-K are

available, but the effects on U, Zr and Mg solubility are not known.

The only major corrosion problem is the graphite in the reactor

core. This problem must be solved by appropriate R&D.

Neither Na nor NaK are good moderators or very bad poisons.
While the fission process is affected, leakage of Na or NaK into the core

should do no more than gradually shut the reactor down. The cross-section

for Na is 0.45; for NaK, 1.0.

The primary system chemical processing plant will be effected
similarly by either fluid. The extent of this effect has not been studied ex-

tensively, but no major troubles are anticipated.

NaK is somewhat more reactive with water than is Na. Both

react violently in highly exothermic reactions. The explosion hazard

exists, but extreme danger is not expected. Plugging and fouling of the steam

system can occur, but whether the intermediate fluid is Na or NaK makes

little difference.

Use of low alloy steel considerably reduces the danger of hydroxide

corrosion. An estimated 65 percent aqueous solution of NaOH is required
for excessive corrosion of Croloy 2-1/4.

7. Selection of Sodium

The advantage s and disadvantage s of the two fluids are:
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a. Advantage s

Na

Lowest capital cost

Lowest fuel inventory

Lowest fluid replacement cost

Easier to cut components

Low fire hazard in air

NaK
Low melting point facilities handling
Requires no melting.

b. Disadvantages

Na NaK

High melting point makes handling Fire hazard in air

more difficult Must be removed before cutting

Requires melting into components

Two elements (Na & K) to be
considered in R&D.

Possible low-temperature dis-

sociation.

More chemically reactive.

As a result of this study, Na was selected as the LMFRE intermediate

fluid. Pb-Mg may be considered as an alternate fluid.
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2. 4 STEAM SYSTEM

A. AIR COOLED CONDENSER VS WATER COOLED CONDENSER

If the reactor site has insufficient raw water, an air cooled condenser

could be used instead of the water cooled condenser. Steam would be condensed

at a condenser operating pressure of 300 psi. Condensate would be cooled

further with air sub cooler and sent back to the deaerating feedwater heater.

This setup would cost more to operate than the water cooled condenser but the

capital investment is less. Excluding the steam generator, the steam system

with air cooled condenser would cost about $425, 000. The water cooled condenser

would cost about $475, 000. An air cooled condenser setup would present a
noise problem which would have to be considered.

B. TURBINE-GENERATOR VS THROTTLING

The addition of a turbine-generator to the steam system would increase
the capital investment for the system about $650, 000.

In the reference design, power plant operation is simulated by a loading-
program controlled throttling valve in place of a steam turbine. One aim of

this project is to simulate an actual power plant in the LMFRE. This would
leave no doubts about the operating characteristics of such a power plant.

Adding the steam turbine to the reference design would accomplish the aim in

its entirety.

C. AIR BLAST COOLER FOR INTERMEDIATE LOOP

An air blast cooler in the sodium circuit, in series with the steam
generator, might be desirable as a backup for the steam heat extraction loop.

The air blast cooler could be used when the steam system is not in operation.

It would probably be used in preference to the steam system for extracting

small quantities of heat at very low loads during initial operation. This addi-
tional heat extraction system would cost approximately $100, 000.

The decision as to whether an air blast cooler should be incorporated
in the LMFRE will be made in the early stages of Phase II work.

D. STEAM GENERATOR, NATURAL CIRCULATION VS
ONCE-THROUGH DESIGN

The natural-circulation steam generator is an obvious alternate to
the reference design once-through steam generator. An advantage of this alternate
is the fixed surface boiler and superheater compared to the variable surface
boiler and superheater in the once-through unit. This would result in less
possibility of steam temperature variation. The reference design once-through
unit is oversurfaced to reduce the possibility of rapid steam temperature

variations.

However, the disadvantages of the natural circulation unit outweigh
the advantage gained: the unit takes up more plant volume; there are three drums
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instead of one (evaporator, separator, superheater); there must be a rise in

steam pressure with decrease in load; there is greater possibility of crevice

corrosion on the water side; tubes must be thicker in that the higher pressure

is outside tubes; presents greater difficulty in maintaining sodium minimum

temperature at 720 F or above due to the volume of water involved.

E. STEAM GENERATOR, SINGLE TUBE VS CONCENTRIC TUBE

A once-through, concentric-tube, U-shell, U-tube steam generator

with mercury in the annulus was selected for the reference design steam

generator. This generator was selected for the following reasons. First, there

is not enough information now available on sodium-water reactions to closely
predict the effects of leakage between sodium and water. Therefore, the mer-

cury buffer is used to prevent contact between sodium and water. Lower heat

flux in this design gives lower radial temperature gradients through each of the

double tubes and therefore lower thermal stress conditions. For this reason

the concentric tube unit is favored from the stress standpoint. However, only

limited operating information is available on this aspect now.

A number of advantages can be gained from a single tube steam

generator design as an alternate. First, there would be fewer tubes for a simi-

larly shaped exchanger, and the tubes would be appreciably shorter. The net

result would be about a 20 percent reduction in needed heat transfer surface.

The single tube unit would cost at least 50 percent less than the con-

centric tube unit. This results from decrease in tube material weight (reduc-

tion in surface plus eliminating additional tube), decrease in tube to tube-sheet

joints with consequent reduction in welding, elimination of two tube sheets

and machining necessary for these deleted sheets, elimination of mercury and

its system, and reduction of the number of welds needed for tube bends.

Chances for a leak are much less in a single tube unit because welds

are fewer and less complex. A bad leak in the concentric tube unit, as in the

single tube unit, would have to be repaired.

Work is now being conducted by other facilities to determine sodium
to water reaction information. Favorable progress is being made which indi-
cates that a plant could be designed to safely control a sodium to water reaction
in case of a leak. Further test work and experience may prove the single tube
unit to be best for sodium to water service.

2.5 START-UP HEATING

Should limitations of the present helium heat-up system such as pumping
power, loss of helium, etc. require another means of heat-up, the following
alternates are considered.

A. ELECTRICAL RESISTANCE HEATERS

Electrical resistance heaters such as tubular elements, strip elements,

or heating tape could be attached to the outer surface of the secondary contain-
ment. A major disadvantage of these heaters is the inability to remotely
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maintain or replace heater elements. Since the elements are located under the

thermal insulation, the insulation would have to be removed prior to maintenance

of the heater elements.

B. INDUCTION HEATING

A second alternate heat-up scheme would be to attach induction coils

of suitable gauge around the outer surface of the secondary containment. Loca-

tion outside the thermal insulation should preclude cumbersome remote mainte-

nance operation on the induction coils.

Should maintenance considerations indicate that resistance heaters are
impractical for the intermediate system, induction heating will be investigated

for this service.

2.6 DUMP SYSTEMS

In the present reference design, core intermediate, and reflector inter-
mediate systems are held up by gas overpressure in the respective dump tanks.

Should further investigation and study indicate that these systems are unstable

due to fluctuations of gas pressure, system transients, etc., a dump valve will
be located in the dump line of the respective system. The dump valve will be
operated in the closed position when the system is full.

A research and development program is being established now to test dump
valves in liquid bismuth service.

2.7 OFF-GAS SYSTEMS

A. ALTERNATES FOR THE ENTIRE OFF-GAS SYSTEM INCLUDE
THE FOLLOWING:

1. Helium sweep gas could be eliminated if the degasser is under
high vacuum or pressurized initially with stable xenon; this would guard
against air in-leakage. This procedure is not expected to accomplish the high
degassing efficiency anticipated with helium sparging.

2. Low-temperature distillation may be substituted for charcoal beds
to separate helium used in sparging from fission gases; thus, helium may be
recycled.

3. Collection of off gases in the holdup tanks, prior to contact with the
charcoal beds, would age the gases and decrease the buildup of metallic decay
products on the charcoal. The charcoal bed would be used to separate gases in
a batch cycle thus decreasing the time of contact between decaying fission gases
and charcoal.

B. ALTERNATES FOR MAJOR COMPONENTS OF THE REFERENCE
SYSTEM DESIGN ARE:

1. Cold Trap - A standard shell and finned tube heat exchanger with
a jacketed shell will be used. This alternate could provide greater retention
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time and consequent decay if future calculations indicate the need. This change

would tend to decrease the poisoning effect of non-volatile daughter products on

the activated charcoal.

2. Charcoal Beds - Jacketed tanks which replace shell and tube type
beds would permit using a single charcoal cartridge for greater handling ease.

This will be possible only if the decay heat duty is materially less than that

estimated for the proposed design.

2. 8 SECONDARY CONTAINMENT AND CELL DRAIN SYSTEM

Secondary containment and its drain system may be obviated by a revision

in remote maintenance philosophy. The need for secondary containment will

be restudied immediately.

The present design of the cell drain system requires a lead plug just below
the cell floor, which is subjected to a pressure differential of about 150 psi.
Should this plug prove impractical, the system can be modified by providing

additional reserve drain tanks for cells to drain into. A lead plug will still be

required, but it need seal only against a low pressure.

2.9 PLANT ARRANGEMENT AND REACTOR BUILDING CONSTRUCTION

A. PLANT ARRANGEMENTS

Several modifications to the reference arrangement will be investigated

during Phase II. These include functional modifications of systems, changes in
maintenance tools and construction features.

A major investigation will involve the use of two intermediate heat

exchangers instead of one. While this change would increase plant reliability,

it also would increase complexity. An investigation will determine whether

increased reliability justifies increased complexity.

A similar investigation will determine whether the reflector cooling
system should be sized to remove one third of the heat produced in the reactor.

It is now designed to remove gamma and neutron scattering heat, and fission
and fission product heat resulting from a small uranium concentration. If

fission and fission product heat becomes excessive, jumpers will be connected

which cut-off the reflector cooling system and convert the reactor into a one-

fluid machine. However, if the reflector cooling system is sized to remove

one third the reactor heat, these jumpers, which adversely affect arrangements,

will be unnecessary.
Many new remote maintenance schemes will be investigated. Each

will impose a different set of restrictions on plant arrangement. Several

arrangement schemes may be necessary to help select a maintenance system.

One minor variation to be investigated involves the primary coolant
pumps; motor and impeller would be removable, leaving the volute in place.

The check valve could be maintained similarly. This variation offers the
advantage of spacing the components more closely. Alternate

Alternate designs for cell structure also will be investigated. The
concrete between cells will be removed, and various methods for supporting

the canyon floor will be developed. The necessity for providing intercell
shielding will be reviewed.
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B. REACTOR BUILDING CONSTRUCTION

A review of building costs indicates that the largest single construction

costs involve reactor building concrete canyon foundation, cell walls, and floor.

The maintenance philosophy was reviewed in an effort to reduce this cost. This

review led to the assumption that the entire primary system and its components

with the exception of the reactor can be remotely maintained; therefore, per-

sonnel need not enter these cells during maintenance. Based on the above, the

concrete walls surrounding all the primary system component cells could be

eliminated from the Reference Design. This would reduce the cost of canyon

foundations, cell walls, and floor from $1, 058, 100 to $434, 000, a saving of

$624, 100. This modification in the building is shown in Figure 111 and 112.

However, further study may indicate a saving in maintenance equipment

costs if some personnel could enter selected intermediate and/or auxiliary

systems cells. This would require revaluation of eliminating the concrete cell

walls. An economic study must be made before the least composite cost can be

determined.
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