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PRERFACE

This Handbook for the ‘iuteriuls Testing Reactor has bteen put together at
the request ofthe MTE Steering Committee.* It was the feeling of th. Committee
that the principal purposes for the report should be (1) to give a semidetailed
description of the reactor, and (2) to explain, in so far as possible, the
reasons for the design. In order to carry out these purposes the Handbook has

been divided into a series of chapters and appendixes as follows:

Chapter 1 precsents peucr.]l description of the reactor and its aux-

1liaries and an account of the administrative history of the project.

Chapter 2 gives a description of the reactor as it is now being built,
‘hile this chapter inevitably gives some of the reasons for the present design,
the main background and experiments leading to the MTR are described in

Appendixes 1 through 6.

Chapter 3 describes the experimental facilities provided in the reactor.
Some facilities that have been proposed and will probably be built later are

described in /ppendixes 9 and 10.

The various aspects of the physics of the reactor are described in
Chapter 4, which leads up to the control of the reactor discussed in Chapter 5.

Some general nuclear data are given in :ppendixes 7 wnd o.

Chapters 6 through 10 are devoted to a description of the necessary

auxiliary units to the reactor proper and the reasons for their design.

Extensive bibliographies and lists of reference drawings are given at
the end of each chapter so that the reader, if he wisﬁgs, may find further
details in original reports and memoranda. In addition, it is planned that
the Project File, which has been maintained by the Chairman of the Steering
Committee, will be transferred to the operating company at the MTR site. This
file includes ;ll reports, memoranda, and correspondence dealing with the

Project.

- . T E - s a

*S. McLain, Chairmany M. M. Mann, ORNL, and J. R, Huffman, ANL, members; W. H. Zinn, ANL, and A. M.
Weinberg, ORNL, Ex-officio members.
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Chapter 1

INTRODUCTION - GENERAL DESCRIPTION AND HISTORY OF THE MTR

- 1.1 GENERAL DESCRIPTION OF THE REACTOR. ITS LOCATION. AND FACILITIES

1.1.1 Brief General Description of the Materials Testing Reactor. The
Materials Testing Reactor as currently (Jan. 1, 1951) being constructed at the
‘Heqctor Testing Station (RTS), Arco, Idaho is a high- flux heterogeneous
enriched- fuel reactor. The active part of the reactor consists of closely
packed vertical-plate assemblies. the individual plates being made ofaluminum-
clad uranium-aluminum alloy. The plates are spaced to allow water flow between

them, the water thus serving as both coolant and moderator.

Immediately surrounding the small enriched lattice is a primary reflector
of beryllium metal which is also water cooled. This whole assembly of active
lattice and beryllium reflector is mounted in a tank system through which the
water flows and which contains the control rods and their bearings. QOutside
the tank system are a secondary reflector of graphite, a thermal shield, and
a biological shield. the whole forming an approximate cube of about 34 ft to

a side.

As the name implies, the reactor has been designed primarily to allow
the testing of various materials in high-intensity radiation. To accomplish
this purpose about one hundred experimental holes have been provided, some

going through each of the four walls and top and bottom of the reactbrg

Six horizontal beam holes, a through facility, and some rabbit holes
allow experiments to be performed within 2 in. of the active lattice. In
addition. where the highest possible fast flux is reguired, spare control rod

holes and unused spaces in the active lattice can be utijized if desired.

Six down-beam holes, available from balconies on the north and south
faces of the reactor, go to the wall of the tank and "see™ the lattice through
2 in., holes in the beryliium. The remainder of the holes. mostly available

from the top of the reactor, penetrate into various parts of the graphite zone."

The east wall of the reactor has access to a thermal column which is
provided with nine horizontal and two vertical access holes.  Depending upon
future demands, space is available through the west wall for a shielding

facility or another thermal column.
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The entire reactor structure is housed in a steel and concrete building
approximately 130 ft square with a laboratory building adjoining.  Qther
buildings at the site house water demineralizing and cooling facilities,

air pumping and filtering equipment, steam, sewage disposal plants, etc.’

The evolution of this reactor from its initial concept to the present

design is described in Section 1.2.2.:

1.1.2 Location.* The MIR site is located in block 14 of a plot formerly
known as the U.S. Naval Proving Ground.: This plot, now renamed the Reactor
Testing Station, is located in the Snake River Valley plain of southeastern
Idaho.  The Idaho Office of AEC has establishedits Central Facilities at the
former naval test firing station located approximately 2 miles north of U.S.
Boute 20. The MTR site is about 4 miles north and slightly west of Central
Facilities.j Pocatello, the largest town in the area and most likely local
supply source, is approximately 70 road miles from the MTR site. The other
towns of size in this area are Blackfoot (43 road miles from the site) and
Tdaho Falls (50 road miles from the site). The total population of this
section of Idaho numbers about 68,000. '

1.1.3 Availability of Utilities and Supplies. The Reactor Testing
“tation is linked to the three towns previously mentioned by U.S; Routes 20
and 191. These are both considered all-weather highways., There is also a
new road direct from Idaho Falls to the Testing Station. The AEC Central
Facilities area is already served by a Union Pacific branch line.: A spur line
runs to the reactor site.- Approximately forty-one motor freight and passenger

carriers are certified to operate in this area.:

1.1.4 AEC Central Facilities. For the benefit of the* MTR and other
reactor projects on this station, the AEC has set up Central Facilities on the
location formerly occupied by the naval firing station. The items included
in this group of facilities are those which are of benefit to all projects
on the site. The intent is that Central Facilities can give better and more
economical service than if similar smaller facilities were set up at each

reactor project site.

It is currently (Jan. 1, 1951) planned that Central Facilities will serve

tke functions and provide the facilities listed below,

Craft shops. These include carpenter, pipe, sheet metal, electrical, and
avtomotive shops. The shops will be equipped with machines and staffed to do

all types of maintenance work and limited alterations.

* Sections 1.1.2 throughl L contributed by ANL.
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Machine shop. A large machine shop is planned to take care of all main-
tenance, machining, equipment rework, and the bulk of original machine work

necessary for the projects on the Reactor Testing Station.

Electronic and instrument shop., This shop 1is planned to service health
physics instruments, radio equipment, alarm system, intercommunication system,
etc.” This includes all equipment directly under the jurisdiction of the AEC.
Servicing of reactor, process, and experimental instruments will be handled by

the operating contractor of each particular reactor project.:

Stores and supplies. Central Facilities will furnish janitorial and
office supplies; standard spare parts such as small motors and pumps; fabrica-
tion materials such as lumber, steel., and nonferrous metals; and operating

supplies such as fuel 0il, gas cylinders, acids, and. caustic.

Communications.,K This will include a central switchboard exchange for long
distance calls, teletype service, and mail service from Idaho Falls to the

various projects.

Transportation. This will include a motor pool of light and heavy
vehicles. Some of the light vehicles will be permanently assigned to projects.

All equipment will be maintained at the Central Facilities garage.

Refuse disposal = This will include disposal of radioactive solid and

liquid wastes as well as garbage and waste paper.
Road maintenance. This will include all road repairs: and snow removal.

Health service. This will include a dispensary and laboratory.. A doctor
will be in charge full time and will have sufficient equipment for periodic

physical examinations.:

Health phystics. It 1s currently planned that all project health physics

functions will be handled by Central Facilities.’

Fire protection. A central fire department is to be provided. To
augment this, each site will have one pumper truck with one full-time fireman

per shift.-
Meteorology. The U. S. Weather Bureau will handle this function.

Photographic and reproduction service.
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Security., A central guard and security system exists from which guards
will be assigned to each reactor site. Screening and clearing of visitors is

carried out at Central Headquarters.-

1.1.5 MTR Facilities. Following is a short summary of MTR facilities,

2ll of which are more fully discussed in later sections of this handbook.

Roads and parking lot., A two-lane blacktop road runs from AEC Central
Facilities to the MTR site. A parking lot is located outside the west per-
imeter fence directly adjacent to the main entrance gate.  Two-lane blacktop
roads provide access toall areas within the site that require vehicle services."

A 10-ft-wide patrol road is provided along the inside of the perimeter fence.-

Yard facilities., All process piping, sewer lines, fire lines, and
electrical distribution lines are located underground.  The only exception is
the circuit for the perimeter fence lighting system. Fire hydrants and hose
touses are placed at strategic locations throughout the site. An electric
substation that transforms power from 138 kv to 2400 volts is located on

the site.

Safety and security. A security building is located near the main
entrance gate. This building will provide guard quarters, a first aid station,
«pace for telephone and radio communications equipment, and quarters for
firemen and a fire truck. Additional security is to be provided by means of
two personnel control houses; one will be located at the main site entrance

2nd one at the entrance to the exclusion area.

Canteen A small canteen is provided on the site. Cafeteria type service

1s provided, with foods that are prepared at Central Facilitjes.-

Steam plant. This building houses three 16,500-1b/hr oil-fired steam
generators. The steam enters a 135-psi steam distribution system for site-
wide use., This building also contains an emergency Diesel electric generator

and the plant and instrument air compressors.

Water supplies and treatment. Two deep wells are located on the site;
each one is capable of delivering the normal site demands.. Water passes
through reservoir tanks and is pumped from there to the Demineralizer Building.
“{ere one portion is demineralized, another chlorinated, and a third softened
and chlorinated. The reactor uses demineralized water in a recirculating

cooling system.' An overhead working reservoir in this loop provides the flow
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of water to the reactor. The reactor water is cooled in a flash evaporator
system located in the Process Water Building. Cooling water for the evaporators
is reused after it is circulated through a cooling tower. The fire loop and
canal utilize raw water. The water in general use throughout the site 1is
blended, partially softened, well water. The water used in the cooling-tower

system is acid-neutralized well water.

Reactor Building. This building houses the reactor and its control room
auxiliaries. It is designed for the use of experimenters. A large amount
of open floor space is available on both the ground and basement levels. A
30.ton crane is available for handling shielded coffins, etc. A canal con-
taining 18 ft of water is located at the basement level and extends outside
the building. This canal contains the equipment necessary for handling the

spent fuel elements from the reactor.

- - Reactor Building wing. This building is largely a laboratory and shop

2t

f?@acilitya It has, in addition to the laboratories designed for low-level work,

a machine shop, an instrument shop, a staff shop, a small glass shop, men’ s
and women’s locker rooms, stores, shipping and receiving rooms, and a counting
room A basement located under the entire first floor contains a battery
room, fireproof storage vault, and heating and ventilating equipment for both

the Reactor Building and wing building.

Water disposal. Sewage is treated in a sewage-treatment plant located
outside the east perimeter fence. Any waters suspected of being radioactive
are monitored; if found to be highly active, they are retained in underground
tankage Waters that are only slightly radiocactive are discharged to a
retention basin which provides both a decay period and dilution. Both the
retention basin and the sewage-disposal plant discharge their effluent to a
leaching bed located directly east of the southest corner of the perimeter

fence.

Hot gas disposal. The reactor-cooling air is discharged to the atmosphere
froma 250-ft stack located on the site. Contaminated air from the laboratories
is treated for removal of acidic vapors and then discharged into the atmosphere

via the same stack.

1.1.6 Climate. The area is semiarid with an average yearly precipi-

tation of about 10.4 in. Precipitation varies from 15 to 20 in. in wet years

1.5



to 5 tol0 in. in dry years. Floods are unlikely, as the maximum precipitations
ever recorded were 2.6 in. in one month, 2/3 in. in 24 hr, and % in. in
1 hr. Snow has fallen in all months except August, but practically none has
occurred from June through September. The average yearly snowfall is 35 in.
The maximum snowfall in one month was 26 in., and the maximum depth of snow

on the ground at one time was 19 in.

At Pocatello the average relative humidity ranges from 53 to 79% in the
morning (8:00 A.M.), 26 to 71% at noon, and 24 to 72% in the late afternoon.
The higher average relative humidities occur in winter and in the early

morning.

Because of the slightly higher elevation of the site area as compared
with Pocatello, its situation in the lee of prevailing westerlies, and its
distance from the moisture supply represented by the Snake River and its
irrigation system, the average wet-bulb temperature at the site is somewhat
lower than that of Pocatello, which has a July wet-bulb temperature of approxi-
mately 55°.

1.1.7 Geology. The terrain of this area is flat except for the billowy.
character of the lava and the rather numerous craters and cinder buttes. The -
relief of the terrain is not more than 5 to 10 ft; the altitude is about
4930 ft above sea level.  On both sides of the lava plains, running southwest-

northeast, are mountain chains. -

1.2 HISTORY OF THE MTR

1.2.1 Need for Reactor. The reactor described in this report is the
result of an evolutionary process in the design of a machine conceived for the
express purpose of facilitating the conception and design of future reactors
for military and peace-time applications. It is of paramount importance that
a facility exist which is capable of furnishing quickly a great number of
physical, chemical, biological, and engineering data at thermal- and fast-
neutron fluxes greater than 10'* and high y-ray intensities, on the basis of
which future reactors can be designed within controllable and permissible
limits of uncertainty in operating characteristics. The Materials Testing
Reactor (MTR) has been designed and will operate for this prime purpose.  In

addition, there are incorporated features which provide for the following
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experimental lines of investigation:

1. Production of sizeable amounts of the fissionable isotope U233

for the next stage in the study and utilization of a potentially
more plentiful material than U235,

2. Production of sizeable amounts of high-specific-activity radio-
isotopes which arenot recoverable directly fromfission products.

3. The acquisition of scientific and engineering experience in
design, construction, and operation of an enriched reactor at
elevated power levels (30,000 kw) and neutron fluxes (> 10!%),
which is possible for the first time in the MTR.

The preliminary designs for a high-flux enriched reactor, which would

produce the U233

isotope through conversion of thorium, were begun in 1944 as
a consequence of the fear :hat Pu?*® would constitute a serious contaminant
in the plutonium product from Hanford reactors. It was soon decided that the
simplest large-scale converter would be a plate reactor, water moderated and
heavy water reflected, with a thorium blanket on the outside. Aside from the
reflector, which was subsequently changed to beryllium, the present MTR design
largely follows the original design philosophy for the U??% production unit

with such additional design features as to meet the needs listed above.

1.2.2 Design and Administrative History. Late in 1944 the Chemistry
Division at Clinton Laboratories proposed the construction of -a 50-kw homo-
geneous uranium-heavy water reactor whose main use would be toproduce.easily
extractable fission products.  Work on a 50-kw homogeneous reactor continued
until 1945, when it was decided that the power of the reactor should be raised
sufficiently to demonstrate the feasibility of a thermal energy breeder. The
power output of such a breeder with a three-year doubling time (of fissionable
material produced to fissionable material consumed) is about 10,000 kw.*
This was set as the early goal for a homogeneous reactor. The thermal-neutron
flux in such a reactor was calculated to be about 2 X 104 neutrons/cm?-sec.
The reactor was conceived as a prototype homogeneous reactor and thermal
breeder; in addition, it would be an experimental tool with a flux greater

that that of the Canadian reactor (NRX).

'S
&

*Doubling time formula is given approximately by T=106/(P/M)G, where P = power in kilowatts, M= criti-
cal mass in kilograms, G = breeding gain, and T is measured in days.
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Considerable advance was made by the theoretical group in the following

problems:

1. The dimensioning of control and safety systems.
2. Stability during operation.

3. Temperature, density, and concentration coefficients of the
reactor.

4. The effect of a thimble (side hole) on reactivity.

5. Utilization of the leakage neutrons in a thorium rod assembly.

Additional problems arose which led to difficulties in conception of
control and technology of a homogeneous reactor. Principally, there was the
instability of a homogeneous reactor which contains bubbles of gas arising
from the disintegration of solvent molecules and the generation of fission
products. While the reduction of power to a 50-kw level would have eliminated
the problem of bubbling instability, this would have defeated the purposes of
such an enriched reactor, i.e., high-thermal and fast-neutron fluxes and all
the advantages which follow from them. Accordingly, the alternative was to go
~head with another type of reactor which would produce similar flux conditions,
and use it to study the problems of the homogeneous reactor by small-scale
cxperiments at high flux. A heavy water—moderated and heavy water— cooled

snriched heterogeneous reactor was first designed. -

The critical experiments which were performed as a prelude to the hetero-
geneous reactor design were carried out in the spring and summer of 1946; they
°re summarized in Appendixes 1, 2, and 3. These experiments were designed to

. . . L] .
obtain empirical information on features such as-

1. The critical size of enriched reactors as a function of concen-
tration of fissionable isotope U23s ..

. The effectiveness of the heavy water reflector.-

2
3. The temperature coefficient of reactor reactivity.
4 The effectiveness of control rods.

5

- The effect of holes such as thimbles in the active region and
experimental recesses leading through the reflector.

6. The neutron flux distributions through&ht the reactor.
7. The effect of poison (absorber of neutrons).

8. The measurement of the utilization of thermal neutrons in a ring
of thorium rods in the heavy water reflector around the active
part of the reactor.
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The initial set of critical experiments described in Appendix 1 provided
invaluable information for future experiments of the same type which would
have to be performed prior to or along with designs for major reactors of
the enriched class. The essentially primitive features of the experiment
consisted in the reactor being hand-loaded and manually controlled. In later
critical expertments, which were undertaken when the design of the MTR began
to crystallize into permanent form, an excellent opportunity became available
to develop and test servo mechanisms for pile operation, particularly, the
control of reactors capable of fast periods arising from the considerably

increased excess reactivity required of an enriched reactor of the MIR type.

On the basis of theoretical calculations by the Physics Division, the
Technical Division of Clinton Laboratories submitted a design proposal in
May. 1946 for a high-flux thermal reactor of heterogeneous core, light water—
cooled and heavy water—smoderated and —~reflected, with a ring of thorium rods

U233 production. The use of light water as a coolant was believed prefer-

for
able to the use of heavy water because light water increased the operation

flexibility of the machine. A brief description of this proposal is given.

The nuclear fuel, U?3%, was to be contained in "sandwiches" consisting of
a central sheet of aluminumsuranium alloy, clad on both sides with aluminum to
confine the fission products and prevent corrosion of fuel elements. These
thin sandwiches were to be coiled into spirals having some clearance (water
passage) between successive turns of the spiral, and the spirals would be
placed in and secured to aluminum tubes of about 2 in. diameter. Abpout thirty
such tubes would make a triangular lattice of about 6-in. spacing. The spirals
of fuel were to be removed when the isotope enrichment of U?®® fell to about
nine-tenths of the original value. Such "spent" spirals of fuel were to be

#35 U??5, after the addition of

processed for U and fission products, and the
new U235, would be returned for incorporation into a new fuel plate spiral
and another cycle through the reactor. The tubes were to be considerably
longer than the uranium<bearing spiral which they contained, and they would
pass vertically through a cylindrical aluminum tank with their upper ends

protruding for connection to the cooling-water supply.

The cooling water would be discharged from the lower end after passing
through the spiral passages of the fuel plates The aluminum tank was to be
about 61% in high by 69 in. in diameter and filled almost to the top with
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heavy water to act as moderator and reflector. }iercing the tank vertically
outside the uranium lattice would be a circle of tubes similar to the fuel
tubes to contain thorium for production of U233 by capture of leakage neutrons.
The fuel required was estimated at 3 kg of U235, and, at a maximum total power
of 35,090 kw, the consumption of the fissionable isotope UZ?F would be about
35 g per day. The thermal-neutron flux would be about 2 x 1014, and the fast

or virgin flux would be about 1.5 x 1013

Upon critical examination of the above design, it was pointed out by
srof FEugene Wigner that an important gain in fast flux could be obtained by
using light water for both coolant and moderator. This change would result
in a smaller reactor, and because fast (virgin) flux is proportional to power
per unit volume, a 30,000-kw reactor of the proposed type could produce a fast
flux of approximately 1 X 10'% and a thermal flux about equal (2 X 10'*) to
that of the previous design. This could be accomplished by fabricating the
wranium-aluminum alloy into flat aluminum-elad fugl plates,y@nd phen, put-
ting the plates close. together. . In this way a fuel unit would assume the
shape of a long rectangular pipe with the parallel fuel plates brazed into two
opposite sides. A rectangular fuel unit has considerable structural advantages
in assembly of acore, allowing for close arrangement and hence smaller volume.

In addition, a further volume decrease 1is gained with light water moderation.

Actually, in the previous design with heavy water moderation and reflec-
tion, the reflector merely provided space for experiments that could berealized
otherwise. In August, 1946 it was therefore decided to eliminate heavy water
altogether, decrease the core volume by arranging flat fuel plates with close
spacing in a rectangular array to be light water--cooled and -- moderated, and
to make the reflector out of beryllium. The decision with respect to beryllium
was made possible by the rapidly improving situation in 1946 in the metal-
lurgical techniques of handling and fabricating this metal on a production

basis of tons rather than pounds.

Beryllium is more effective than heavy water as a reflector; it has good
corrosion resistance, it can withstand radiation damage more effectively than
graphite and, like heavy water, it supplies additional neutrons by virtue of
the ¥-ray neutron {»,n) reaction in which neutrons are emitted by beryllium
under the y-ray irradiation. [The (y,n) threshold in beryllium is approxi-

mately 1.7 Mev. ]
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Simultaneously. the Technical Division commenced redesign of the basic
reactor and its auxiliaries (1.2) The design and fabrication of the multiplate
fuel assembly and of the beryllium reflector assembly were two of the most

difficult problems which arose

Thus., by the summer of 1946, the design for the experimental high-flux
reactor had evolved from an initially homogeneous-fluid reactor to an all-

metallic rigid machine aside from the cooling fluid (ordinary water) .

The use of light water moderation and cooling with beryllium reflection
initiated an intensive theoretical analysis on the part of the Theoretical
Group of the Physics Division at Clinton Laboratories, of the expected charac-
teristics of such an enriched reactor At the same time, the program of
critical experiments was expanded considerably in scope and facilities to
provide experimental information and check on theory both asto basic principles

and detailed conclusions. The experiments are described in Appendix 2

while the critical experiments were going on, the AEC assigned the Kellex
Corporation to work on the high-flux reactor early in 1947 as design con-
tractor. Monsanto Chemical Company. the contractor fof operation of Clinton
Laboratories, was to be the construction manager. Design work continued
throughout 1947 under this contractural arrangement so that by the fall of

1947 the design was very well advanced.

Eetween November, 1947 and January, 1948 certain administrative decislons
were made which changed plans for construction of the MTR or High Flux Reactor
at Clinton Laboratories The Kellex Corporation was withdrawn as design
" contractor in November, 1947 On December 27, 1947 the AEC announced a
decision to centralize reactor development at Argonne National Laboratory
(ANL). This included responsibility for the High Flux Reactor It was also
announced that Monsanto Chemical Company would terminate its direction of
Clinton Laboratories and that the Carbide and Carbon Chemicals Division of the
Union Carbide and Carbon Corporation would assume direction early in 1948

The name of the laboratory was officially changed to Oak Ridge National
Laboratory {(ORNL).

Work on the High Flux Reactor continued at ORNL during early 1948, and
also at ANL toward the latter part of 1948. Further critical experiments for
the verification of design choices and the design and construction of the

High Flux Reactor mock-up were carried on at ORNL. The critical experiments
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were directed toward the study of the characteristics of small enriched
reactors which simulated the structure of the proposed High Flux Reactor.
These experiments were performed to confirm several of the results derived
from theoretical considerations (MonP-272) and also to obtain empirical
knowledge of certain features of the High Flux Reactor which were not readily

calculable because of complications of geometry or composition,

The site of the reactor was at the time left in some doubt. Although
a site near Chicago was considered, the opinion of the Reactor Safeguard
Committee was that a reactor of this power level ought not to be placed near
a large city. Since at this time the Idaho Reactor Proving Grounds was in
the process of being established, it was decided to locate the MTR at this

site.

It was recognized further by the AEC that the problems of radiation
effects in materials of construction were among those foremost in the field of
reactor development. Shortly after a meeting presided over by George Weil at
ANL in October, 1948, at which the projected radiation-damage experimental
needs were reviewed. it was decided to proceed with completion of design and
construction of the High Flux Reactor. In recognition of one of its prime
purposes. the machine, which for a short time had been called the Reactor

Development Reactor, was renamed the Materials Testing Reactor (MTR).

Thus in November, 1948 a directive was issued to ANL to proceed with the
project It was further directed that ANL and OBNL form a working partnership
for this project in order that advantage might be taken of the facilities and

experience at ORNL peculiar to this reactor

In accordance with the directive, the managements of the two laboratories
organized a Steering Committee for the project The Committee consisted of
the following people. Dr. Stuart McLain, Chairman; Dr J. R Huffman. ANL,
to supervise project work at ANL; Dr. M. M. Mann, ORNL, to supervise project
work at ORNL.. Dr  W¥. H. Zinn and Dr. A. M. Weinberg. acted as ex-officio

members and to guide the Committee to solutions of many difficult problems.
The Committee was authorized(!) by ANL and ORNL todischarge the following
responsibilities:

1. To organize the efforts of ANL and ORNL in completing the design
of the MTR, its immediate associated facilities. including the
building and site plans, and carrying out all development work
and tests necessary.
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2. To negotiate a contract or contracts for the engineering design
and construction of the reactor and its facilities as described
above.

3. To transmit information and specifications to the contractor or
contractors.

4. To approve all final drawings and materials and construction
specifications submitted by the contractor or contractors.

5. To negotiate for the procurement of special materials obtained
through the AEC or its agencies and to approve the specifications
for these materials,

6. To inspect the construction of the reactor and its facilities
and suggest and approve any necessary changes in collaboration
with the design contractors.

7. To supervise the writing of the design and operating manuals.

8. To supervise the initial tests and operation of the reactor and
authorize any necessary changes.

9. To test and accept the final plant from the contractor or con-
tractors in respect to its functional and operational adequacy.

At the timevthe Steering Committee was organized no AEC operations office
had been formed for the Reactor Testing Station #nd a site hadnot been selected
The Committee was therefore the only group in existence which was qualified
to prosecute and/or procure pertinent information for the AEC relative to the
items listed above. Subsequently the Idaho Operations Office (IDQ) assumed

responsibility for either all or portions of items 2, 3, 6, and 8.

Meanwhile, the Committee apportioned the technical work of the project
between ANL and ORNL in the following manner: ORNL was assigned responsibility
for the reactor structure, including the reactor proper, the beryllium re-
flector, the reactor tanks, the graphite reflector, the thermal shield, the
concrete shield, and major items contained therein. ANL was assigned the
reactor cooling-water and cooling-air systems, some experimental facilities
within the reactor, the reactor building, and all supporting facilities and

buildings on the MTR site.

In order to minimize difficulties of overlapping responsibility, specific

assignments in merging areas were made as follows: (%)

1.  Experimental hole plugs (except the 3- by 3-in. vertical facil-
ity) and coffins would be designed by ANL. The experimental
hole liners would be designed by ORNL.
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2. The experimental shielding facility would be designed by ORNL.

3. OENL would design channels for the pneumatic rabbits. ANL would
carry out the experimental work and design of propulsion equip-
ment. On the hydraulic rabbits, ORNL would design the channels,
propulsion equipment, and the conduits to the small canal. ANL
would design handling equipment beyond this point.

4. The nominal diameter of the experimental holes given on DRP-64
would be used for the inside diameter of the liner.

5. Spectrometer and slurry experiment facilities in the reactor
structure would be designed by ORNL.

6. ANL would design the hot-materials-handling equipment in the
basement.

7. HReactor control instruments would be designed by ORNL. The
control instruments for the water, steam, and air systems would
be designed by aNL.

8. Electrical layout for power, conduits, cables, etc. outside the
reactor structure would be designed by ANL. OBNL would specify
speciul power requirements for reactor control.

9. The discharge chute to the canal would be designed by ORNL. &ll
handling equipment in the canal would be ANL's responsibility.

Subsequently, upon request by ANL, OENL assumed responsibility under
item 1 for all plugs except for those facilities containing radiation doors
(all HB and DB holes). Furthermore. since the HB and DB plugs essentially
determine the liner requirements, it was decided that ANL would specify the

liners as well as the plugs for these holes.

The stage was then set for the design contractor, and the Committee
expended considerable time and effort during the late winter and spring of
1949 in gathering information relative to a large number of engineering con-
cerns and their capacities and abilities  This information was transmitted to
the AEC with recommendations. In the late spring of 1949 the IDO was oréanized,

and IDO assumed the task of contract negotiation.

The Chemical Plants Division of the Blaw-Knox Construction Company was
selected as architect-engineer for the MTR in July, 1949, and early in August,
1949 the Committee initiated formal contact and transmission of information

to this concern so that engineering design could begin
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The fall of 1949 was spent in the usual opening stages of generalized
project planning, preparation of preliminary flow diagrams, and elweidation
of special phases of the work for the benefit of the design contractor.
Blaw-Knox sent a number of its people to Oak Ridge for periods of a few days
to several months to work with ORNL personnel, particularly those in the
reactor-control and mechanical-design groups. Blaw-Knox personnel also paid
frequent visits to ANL to establish the fundamental design data for ANL’s

sections of the project.

During this period, the hydraulic and mechanical experiments on the
full-scale model (mock-up) of the reactors* at Oak Ridge were drawing to a
close, and preparations were underway for a series of critical experiments in

this facility.

It appeared proper then to consider the question of detailed design of
the reactor proper. ORNL had prepared detailed drawings for and had negotiated
and supervised the construction of the mock-up reactor. Furthermore, the
details of the reactor tanks and components were essentially "frozen'™ and
subject to changes attendant only to experimental findings from the mock-up

experiments or to improvements in materials.

Upon consideration of these facts by the parties concerned (Steering
Committee, IDO, OENL, and Blaw-Knox), it was suggested that OBNL assume the
responsibility for design and procurement of the reactor tank sections B, C,
and DJ, the internal components,** and the top and bottom plugs. Tank sections
# and E, being fixed permanently in the concrete structure, were considered
as part of that structure and consequently remained with Blaw-Knox for detailed

engineering.

IDO then issued a formal request to Oak Ridge Operations (OFO) in February,
1950 that OENL, be authorized to carry out this werk, and approval was granted
early in March, 1950.

Special problems of design and procurement arose next in the field of
reactor control instruments. It was first decided that pilot models of these
instruments and associated circuitry would be supplied by ORNL. However, early
in 1950, in the interest of saving time, ORNL agreed to supply the full
complement of special reactor-control instruments and associated circuits (see
Controls, Chap. 5).

*See description of mock-up and its purposes in Appendix 4.
**See detailed description of reacter in Chap. 2.
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In early 1949 the situation with regard to beryllium technology and
procurement had reached a stage such that the Steering Committee felt it
advisable to solicit the services of an experienced and ranking metallurgist
to coordinate the necessary experimental development and procurement program,
and to ensure that the MIR receive acceptable material on schedule. slthough
beryllium metallurgy had undergone marked progress during the later stages of
the war and the years following, a dependable supply of high-grade metal was
not yet completely assured, and the techniques of fabrication of complex

shapes had not been demonstrated on a production scale.

The Committee was fortunate in obtaining the services of Prof. J. L. Gregg
ot Cornell University as consultant to ORNL and Metallurgical Coordinator for
the MTIR; it was due primarily to the efforts of Prof. Gregg that the Committee
was able to decide in the early summer of 1949 that hot-pressed (sintered)
beryllium could be used for the MTR reflector. The choice of hot-pressed as
©;. wc2. to extruded material allowed a major simplification of reflector com-

omeuls with attendant reduction of fabrication problems (see Chap. 2).

i

#nother problemof special material also confronted the Steering Committee
during 1949, namely, that of graphite for the secondary reflector and thermal
column. Techniques of graphite purification had improved considerably in the
few years following the war, and ANL was assigned the task of gathering
pertinent data and specifications for the various grades of graphite available.
Their study resulted in the decision of the Committee to use GBF graphite for
the thermal column and that portionof the permanent graphite in front of ithe
thermal column because of its very low induced activity and relatively large
diffusion length, these properties being of distinct advantage to experimenters

using thermal columns.

It was mentioned above that critical experiments had been planned for the
mock-up in Oak Ridge. Preparations for these experiments occupied the fall
of 1949, and in January, 1950 this full-scale model of the MTR was brought to
criticality. During the spring, summer, and early fall of 1950 this reactor
was operated hundreds of times at power levels of a few hundred watts, and
many measurements of vital importance to the MTR were made. As an example,
it was on the basis of these measurements that the final design details of the
graphite and thermal shield were evolved and the overall design of these 1tems

was finally approved.
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In February, 1950 the Fluor -Corporation, Ltd. of Los Angeles, California
was appointed by IDO as construction contractor for the MTR, and the first
formal contact between IDO, Fluor, Blaw-Knox, and the Steering Committee was
made in March, 1950. Up to July 20, 1950 the Steering Committee approved all
design and construction drawings before issuance, but after this date, in
order to expedite construction, a major portion of this control authority was
relinquished.(s) From July 20, 1950 the Steering Committee acted as con-
sultants to IDO, Blaw-Knox, and Fluor, except that the responsibility for the

conceptual design process and functional layouts remained with the Committee.

Ground was finally broken for the MIR in May, 1950. As of Jan. 1, 1951
the Reactor Building steel structure was completed and the side walls were
being erected. Concrete had been poured for the sub-pile room ceiling, and
preparations were being made to set tank section E. Completion of all con-

struction is scheduled for Oct. 1, 1951.
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Chapter 2

ENGINEERING DESCRIPTION OF THE REACTOR

In this chapter of the handbook an attempt will be made to describe the
structure and function of all the parts of the reactor enclosed within snd iu-
cluding>the biological shield Since this is not a construction manual. detecils
not required to explain the functions of any part will be omitted Such
details can be obtained from the reference drawings and reports listed at the

end of this chapter.

The general design of the reactor is shown in Figs. 2.A, B, C, and D~,
which are a north-south vertical section, an east-west vertical section, .
horizontal section, and a pictorial cross-section, respectively  Overal:
dimensions are given in Fig. 2. A, butit should be noted that in all constructian
drawings the horizontal centerline of the reactor (1.e., the centerline «f
experimental holes HB-2 and HB-5 of Fig. 2.A) is arbitrarily taken as elevation
100 ft. On this basis the first floor is at elevation 96 ft 6 in and the tog

of the reactor is at elevation 120 ft 6 in.

It will be seen from these general drawings that the reactor is -ivide

into four main sections:

1 The tank systew containing the active lattice and beryllium
reflector, both of which are water cooled.

2 The graphite reflector, consisting of a replaceable pebble zone
and a permanent block graphite zone, both air cooled

3. The thermal shield which forms a heavy iron box around ftie
reactor, except where the tank sections extend through it

4 The biological shield.

The various experimental facilities and the canal will be discussed in
Chaps 3 and 6, respectively.

2.1 REACTOE ENCLOSURE TANK

T«nk Sectionrs A, B, C, D, and E

The general tank svitem, approximately 30 ft rall, 1s shown 1n ¢ ZA
and B while the detasil: »f +he (onstruction, gaskering, ete . ave ko
“Fo. unvenience in reading Phig.. 20A 2k ough 2.F e pla ed av the end of the hapue,.
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'i’: 2.E. The tanks provide the means of funneling water th'i-eugh the active
Jonpbce and berylliwm and previde supports for the active lattice, the re-
fleetor, snd the contrel red hourilgn. They are bolted together and by the
use of eluminum gaskets are made into a watertight system, The d;slgn of the
':lni.to and torgue required on ghe flamge bolts have heen tostﬁd at OANL in a
full-sisze mock-up tast.* oo

W

l 1:1 7Task Seetions A and B. Bath of these tank sectioas{t) sre made of
-t;salcul steel and are to be permawently embedded in the concrete of the
blnlo;:c.l shield, Herever, they are initially -upportcd indepapdontly of the
‘concrete on a structurel stes) frame.(?)  The bottow of this frame ias shawn
wnder tank section E dm Fig. 2.B and the vertical members ars shows juse
outside the thermal shinld is Fig. 2.C. Both tenk sections are to be welded
te this frame before the cebcrete is poured.

Teuk section E is requived in the structure both to act as s mater sxit
snder the active lattice awd te provide space for tho contrel resd extemsiens.
Far eese of constrsstion und smeeth water flow, it is made the sene diameter
as Sank sectien P.

. ~Tank sectigs A serves two purposes: (1) as an eatrance for the cooling
watt! stresm, and (§) aa s cantainer for the radiation shield {water) used
dur;-g shutdown wperstiens. Durisg shutdewn lpproxznntely 17 ft of water will.
be r.qu1red as a caver for the active lattice. Tank sestien Ajis built with |
water inlets and overflew lines near the top te fulfill this requirement, It
will slso he neted that tank section A is large enough in diameter to perait
tank sections B, C, and D te be put in or lifted omt through it, This provides
for mounting the lighter tank sections B, C, and D after tank sections A and F
have been finally set, and, in cease of damage, permits replacenmsnt of these
tonks.

3

The proper speratien of the control rods depends upon the alignment of

the tank sectisna, and it is essemtial that the top flange of tank section E

~be set sccurately horizontal and that tank lectiol: A and all the beam holes
in the comcrete be sligned accurately te this flange.

2.1.2 Tesk Secties 8. Tank section B is a bellows type expansion joint
made up of two convolutions of thin stainless steel welded te stainless steel

. 'lﬂ Fleage Nock-Up Test, ORNL memo, to be iasued.
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; ,
‘3‘!‘!‘ for attachmsmt to tank sections A snd C. This permits free thermal
-qgg;algn and contraciion of the temk sectieas without apply1ng excessive
stewss te the structural setup. Removal of this section permits filling of
 the pehble sens. "

2:1.3 Teamk Sectisas C lli B. These tank sections are cnsent1nlly ene
in function but are split for ‘epse im manufacturing. T%e split between C and
D is s0 dimensioned that the support castings for the active lattice can be
mounted conveniently. These locblnnl are hollow aluminum cylinders of 1 in,
wall thickness and 54% in. I.D. The diameter was determined by the active
latsice amd beryllium roflectur requirements. The wall thickmess was determined
by the strength requxred to sustain the water pressure and the weight of the
support castings, but it is wade as thin as possible, consistent with these
Tequirements, so that the neutron absorption will not be too great. In general
the tank has a l-in.-thick wall except fer a 1-ft band around the center where
the wall is 1¥ in. thick.

Tank section D is piarced by several holes to provide experimental
facilities close te the sctive lattice. Mmat of these, for the six HB t.lulblu,
are at the centerlioe ef ths lattice and pierce the thick section of the tank
wall. These six thimbles are extruded aluminum tubes of 6 in. I.D. and
5/16 in, wall, sealed at the end adjacent to the lattice by a 7/8-in, -thick
aluminum plate set parallel to the lattice face, They are welded into the
tank wall in position to receive the ends of the HB liners, As described in
Section 2.4.1, the beryllium reflector ismachined to fit around these thimbles
with sufficient clearance for preper flow of cooling water (see also Sectien
2.7.1),

In addition to the thimhle holes, tank section D is pierced by the
alunlnum bar comtaimimg the HWR-1 and HR-2 pneumatic rabbit heles and by the
HT-1 fncxlxtya The aluminum bar containing the rabbit holes is showa in
Figs. 2.D and 2.4.A. It reaches to the bottom of the reflector merely te
simplify the beryllium machining and stacking. The rabbit holes themselves
pass just under the extension of HG-9 and within 1 in. of the east face of

the active latgice.

The HTI-1 facility through the tank is a square aluminum tube with approxi-
mately 4% in. inside dimensions and %-in.-thick walls. It runs Just under the
beam holes close to the west face of the active lattice, as shown in Fig, 2.D.
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_dbemgside the lattice the inner wvall is extended down to the bottom of the
séllector to facilitate the packing of the beryllium. Both the bar containing
HR-1 and HR-2 and HT-1 tube are welded into tank section D, keeping this a
watertight unit.

In order to give support to the inner ends of the DB, HR-3, HR-4, HG-5,
HG-6, and HG-9 liners, sockets are welded onto tank section D at appropriate
- places. Some of these are shown in Fig. 2.D.

2.1.4 Top and Bottom Plugs. The top and bottom plugs complete the
watertight shell around the active lattice and form part of the -dpport aystem
for the control rods. o

The bottom plug, shown in Fig. 2.E , is a hollow stainless steel ghell
filled with lead shot tocomjlete the shielding requirements under the reactor.
Itsitotal weight is approximately 6 tons, and, while it can be removed, only
the direst necessity would Justify such a step. Through the bottom plug pass
the discharge chute, hydraulic rabbit tubes, amd the memitor tubes (see later
sections for description of these). This plug nllo.snpports the shim.god
lower shock absorbers (see Section 2.3.3).

The top plug (see Fig. 2.F) serves not only as the upper tank closure
but also as the primary support for the control rods and their drive mechanisms,
Like the bostom plug. it is a hollow stainless steel shell partially filleé
with lead shot to fulfill shielding requirements. On this plug is mounted a
platform which supports the control motors, limit switches, etc. for the
control rods. Underneath the top plug on four supports hangs the spider which
holds the bearings for the 12 control rods (see Section 2.2).

Since the top plug must be taken off in order to replace,fuel.elements or
control rods, it is designed to be easily lifted by the overhead crane and
lowered to a "dry dock™ on the first floor.

2.2 THE ACTIVE LATTICE AND SUPPEBTING STRUCTURE

The fuel for the reactor will be 95.3% enriched uranium alloyed with

aluminum and made up into aluminum-clad plates 0.060 in. thick.* Fecause of

*A brief déscription of the development end manufecturing process of the fuel plates and assemblies
is given in Appendix §,
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ik pieture-frame type of construction used, no uranium is exposed to the
coelimg water. Eighteen of these plates, each approximately 2.8 in, wide and
24-5/8 in., lemg, wil]l be made into a single fuel assembly. The plates, with
& 0.318-in. space between them, are braaed into aluminum side pletes, and the
assenbly is then eguipped with sluminum end bexes. A cross-section of the
asaembly is shown im Fig. 2.2.A, and & picture of a completed fuel piece is
shown in Fig. 2.2.B.

Referring to Fig. 2.2.B, the bottom end of th§ fuel assembly is seen
near the lower right-hand side of the picture. Both end boxes are, of course,
open to allow water to pass freely through the assembly from top to bottom.

Each of the fuel assemblies contains approximately 140 g of U?3%, and ia#
is expected that the MTR will contain about 23 of these units when in full \\\\

operation. The arrangement of these units into a lattice and their supporting N
structure can best be seen by referring to Figs. 2.D and E.

Referring to Fig. 2.D., it will be seen that the end boxes of the fuel
assembly fit into the upper and lower assembly grids. The spring section of
the upper end box (see Fig. 2.2.B) allows each assembly to be held firmly and
still allows for expansion and tolerance limitations. The eight square holes
in the upper assembly grid are for the shim-safety rods which extend all the
way through the reactor. ‘

i

The actual assembly ufﬁhll these parts is best seen in Figs. 2.D and E.
The lower support casting, thch is\bolted to tank section D, supports the
lower assembly grid and the lower bearing grid. The upper support casting,
‘which rests on an extension from the upper flange of tank section D, supports
a removable assembly of the upper assembly grid, the grid spacer, and the upper
bearing grid. This assembly can be locked in place or lifted as a unit by the

upper locking mechanism.

A further set of coentrol-rod guide bearings, mounted in the spider, is
fastened to the top plug by four long support tubes, When the top plug is
lowered, the four corners of the spider fit over pins on the spider support
ring, which then holds the spider in the correct position. In order to allow
for machining tolerances and slight errors in lowering the top plug, the
spider 1s actually hung on the support rods by rather light springs. 1In this
way, while the bearings and spider are attached te the top plug, they are
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' ;;lg.ned by the rigid spider support ring which is bolted to the top flange of
s tank nocggcs B.

. Im Jnltlll assembly, since the control rods must operate freely, it is
essential that the lower shock absorbers mounted on the bottom plug and all
bearings in the various grids line up accurately. The lower shock absorbers
are adjustable as a group, and the final doweling of the support grids and top
plug will not be made until the system is assembled. It is now planned to
assemble and fit tank section D, the upper and lower support castings, and the
internal parts of this tank section at ORNL before shipment te Arce. Final
adjustment of the shock absorbers and the doweling of the top plug will then

be done im Idaho.

\ Once the system is aligned, fuel is loaded by means of special handliﬁg
tools in the following manner: With the top plug off, the upper grid assembly
is lifted from the upper support casting and placed on a special support rack
mounted on the spidef sppport ring. The shim-safety rods are them placed in
poli}ipn, being supported by the lower grids and the shock absorhers. Finally,

;hc ‘fuel assemblies are lowered into the lower assembly grid one at a time

,(wifh due regard to eriticality, of course), When enough fuel is loaded,

empty spaces in the lattice are filled with beryllium pieces ("L" p1eces) of
the same shape and size as the fuel elements. When this operation is completed,

the upper grid assembly is lowered gver the z%p end boxes and clamped down,
the control rods at the same time emtending through the upper bearing grid.
The top plug, now holding the upper halves of the control rods extending

through the spider, is then lowered and bolted down.

Present plans call for a narrow slab loading, nine assemblies long by
three wide; The assembly grids allow 45 places (including shim-safety rods)
with the long side of the grids oriented in the east-west line. The lattice
is to be initially loaded on the north side, thus putting one row of four
shim-safety rods in the central line of fuel assemblies. In keeping with this
plan, it will be noted that HG-9 is placéd off-center as far as the structure
is concerned but will ™look™ at the center of the loaded lattice. In this
arrangement experimental holes HB- 1 2, and 3 and DB-1, 2, and 3 will receive
a h1gher fast flux than the holes on the opposite side which "see™ the lattice
through two additional rows of beryllium.
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Amiaonding of the rescicr is sccompiished by assxntially the reverse of
% ¥

the mbove procedure for icadiang. et 31 the teamotov has been operated for

some time, the fuel elements wiii be oo st io i ¥y put through vhe top. In

thiz case they must be loweved ehrouwgh che discharge chute ilats the Canal

A:: outline of the procedure is as follows: With the shim rods and regulstor
rods disecempected wnd zesting in their lowest position, the top plug s
unhelied, lifted, and carried by the crans to the "dyy deck.” The wppsr grad
assenmbly is then lifted from its wuppors custing and placed os the support
rack on the spider ring. Defore any fue! elwments ore lifted, the beryllium
pisees D-1 and D-2 (see Fig. 2.4.A) sre lifted and placed to ome side of taik
gection D. Then the diszharge chute piug 1a lafred, ieaving the discharge
chaste Cisar Lo ohe receiver oyiinder in the cunsl. A fuel assemdly or control
rod may then be raised clesy of she sciive Imitice, moved sideways €O the
discharge chute, and lowered t¢ ©he weceiver cviinder ¥n the cwnal. Remaval

from the receiver into the canai is fally described inm Chap. 4.
' 2.3 THE CONTROL RODS

The MTR control reds are of twe me:n viacses, the shim ssfety rods and
the regulating rods. All of them are desigred tc lowsr ihe resctivity of the
reactor when they are inserted, and when faily in. d.e,, resting in their
shock absorbers, they will overcome an excess reactivity of greater than 40%.
It will be shown in Chap. 6 tha® it is necessary %o have epproximately 19%
excess reactivity built into the reactor: haace the controal rods provide en

gdegiats margiv of safety.

%.4.1 B8his safety Comtrol Bais  Tue ahim sotety contrel cods, as therr
neme implies, serve the purpose of providicg both reguilation apd calety congroi.
v hus already been noted that tLhere z:e ninoes for eight shim sefecy oS
rupning through the sctive lattice, &% pressal 1t 18 plasned o uwze two
rvpes «f rods. Four of thew will be coastructed o bring fuel seetions, each

containing 14 fuel plates, into ihe YUairioe a5 Lhey ave raised snd w2ll be wsed
3 o ¥

in the fewy positioms in vhe wmiddis Fu slal ez inang four will
have berylisum in the lowed sectiza s @re an Las cum section of

the ietvive grad.. Al cadmite: shevt in Lhe upper smction and this

seciion will reside 1B tae datfros @hen the veda vest iz cvhe Lawer shook

adacrhers.

I
B



v

"“¥he two vtypes of shim-safety rods are shown in Figs; 2.3.A and B. As
exparisnce is gained with the reactor, the fuel or beryllium sections of four
or five of the rods may be replaced with thorium for production of U”a

The rods as shown extend from the shock .absorbera vp through the upper
bearing grid. Thoy are reised from this positien. by means of an ‘shectromagnet ’
on the bottom of the lifting sheft, !hi‘i extends. tbl.ulh the top plug to the
moter drive mechanism. This magnatie cluteh prowiﬁon zle 'qcr..“ or nu!oey
featurs of the rods. Its operation will be da'er;bad fully ic Cheap. 5. It
will be noted that the armature sactiqn st the . top of the safety reds contains
@ apfing which acts like a universal Jo;ut 8o as te sid proper nansiug of the
masnet ento the top of the red,

Under normal operation the shim-safety vods are driven by means of the
wagnetic clutch and vertical lifting ahaft by reveraible three-phane induction
motors and worm drives (see Fig. 2.F). lhn motors are remetely coatrolled by
reversing contactors, suitably interlocked and haviag the usuel cemplement of
- upper and lower limit switchea. The advantage of the lldnctiﬁn woker ia that
no a¢cident can meke it run in excess of synchronems: lpead“ therefore, the
daager of over-speed withdrawal of the lhlﬂatiﬁﬂt! !le i eliminated. No
brake is required since the worm and acrtl drids is se!! lockxhga '

Pertinent data on the shxpaapfety rods arq summar;:gd in Table 2.3.A.

TABLE 2.8.84 . i

Cadnisn-Ursains Ship Rod

Weight of rod’ ' 110 1b
.Weigh‘ﬂt: of magaetic €lutch ~ 40 1b
Weight of drive shaft S ‘ 35.1b
Total weight of rod, sheft, and slugeh v ' . . L 185 1b
Water pressure load on rod, assuming mex)m&ely 40 lhfmof. coa ; 290 1b
Drive motor power : o . I 1/6 hp
Drive motor speed ' ; . : “ SUEENE D 1725 rpm
Water flew azea (upper sccticn) ; S ' Wﬂ w, (32:«5 ag cm)
water floy aree (urmém sactica) - 4 e b o i:gg @qu sq cm)
Water flow area (lowei- sestion) ' 3 &.“ by s {ﬁ,ﬁ 8q i)

Water flow area (ceadmium sezticn) : : §.04 oq in:, {32.4 sq cm)
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BB B Begbnlating gods. The regulating rods are designed to provide
continuous control of the reactor. While four locations are provided for
thegs Tods in the beryllium reflector (see Fig. 2.4.A), normally only one will
be ﬁled for control with one more as a stend-by. The remaining two locations

can then be usad for hydraulic rabbit tubes.

As shown in Fig. 2.3.C, each rod is 1% in., in diameter and consists of an
upper aluminum section, a middle section conteining cadmium sandwiched in
aluminum tybing, end a lower aluminum section. Guide bearings are provided
in the upper and lower supp'orft castings. The regulating rod itself is connected
by a gquick-release mechanism t;'o the regulating'-rod support shaft, which is

guided by bearings in the spider and the top plug platform.

When connected to its Support'shgft; each regulating rod is driven by a
low -inertia electric motor through a pinion and rack integral with the shaft.
The motor will be driven by an amplidyne as described inm Chap. §.

When disconnected the regulating xl'od’rests on the top of the upper bearing
grid, In this position the lower tip of the regulatung rod and the lower tip
of the cadmium sectjon are 60 and 12:in.,, relpectlvely,, below the center of the
pile lattice, Table 2.3.B summarizes the pertinent data for the regulating

rods.
TABLE 2.3-B
Begulating Rod

Composition v Cadmium-aluminum ,
Weight of peguiaging Eg@ : ‘ o ‘ 10.5 1b
Woight of drive yod e ' 36.0 1b
Weight of water ii\drivc rod eﬁab = i 9.0 1b
Tatal woighs of smbided vods 55.5 1b
Beogunt fovoe of teguleting rod . 8.1 1b
Bowyant fance of doive red i 9.8 1b
Tetal bupssas fegon : 17.9 1b
Resistenss fapse of rod through pile seotica (friatisn) ~ 7.4 1b
Anoaleration | ~1.3¢g
M/t por rod | ) ~ 0.005
Drive motor rated pever ’ : _lhp
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8.3.3 GHiscelliszeous Equipsent Conmected with Coatrol iods. Drive Shafts,
Ths drive or support shafts for the control rods primarily provide a connecting
link between the rods and their driving mechanism The drive shafts are made
up in three sections. The top section of stainless steel carries the rack
or acwe thread to fit the driving mechanism. The two lower sections are of
aluminum, the middle piece being filled with lead shot to reduce gamma radi- -
ation; the bottom section carries the electromegnet in the case of the shim
rods and the quick-release mechanism in the case of the regulating rods.

Upper and Lever Rack Housing and Cover, Regnlating Red. The wpper rack
bousing, febricated from cast iron, iz fastened to the upper surface of the
top plug platform (see Fig. 2.F).. It functioms es part of the guide and
bearing for the regulating-rod drive rack, houses the rack pinion, and locates
the regulating-rod speed reducer ang poesition indicator. The rack housing
cover is bolted to the housing amd completes the regulating-rod guide and
bearing. Microswitck brackets are fastened to the rack beusing coves, five of
which are locuted on one side of the vertical centerline and two on the other
side. Ome of the latter, the long brackst, accommedates two microswitches,
which are adjustable with respect to each other. Theas micreswitches are used
is the interlock system which controls the reletive motions amd positions
- of the regulator and shim rods. This systam is fully discussed in Chap. §5.

The lower rack housing, attached te the undersurface of the top plug
placform, functions as a seal for the regulating-rod drive shaft and as a
means of support for the lower shock abssrber. '

Upper and Lower Shock Absorbers, Regalating Rod. The upper shock absorber
1s bolted to the upper surface of the upper rack housing and cover. It per-
forms the function of dissipating the emergy in the motor when the amplidyne
armat®re circuit fails to stop the serve qatof on the regulating-rod upstroke.
It also serves as the upper end housing fer the regulating-rod drive. The
shock absorber is capable of resisting a ferce greater than 1300 lb occurring
when the rod meves upward with a velocity af 4 ft/sec.

”iﬁn upper end of the drive rack engégws e piudger.and moves it againgt
an oil} cnshiopa forcimg the oil through as ennulus between a flange on the
plungog eand the tapered wall of the ho £ff.E~ The oil is retained in the
chanbet formed between the housing and tha‘guide by means of "0O™ ring seals.
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4 spriag returns the plunger to its normal positica. A threaded plug is
provided imn the top of the sbuck ebsorber to permit access to the rod locking

~ davace.

The lower shock absorber is fastened to the lower ruck housing and is
similar in piiuciple to the upper shock absorber. Jt performs the function
of dissipating the energy in the scrve seior when the rod is driven to its
inuea& pogition. s o v . .

 Drive-rod Top Plug Scal. TFhe top plug seel for both the vegulating and
’ahii drive rods is designed to prevent water leeskage where the drive rods pass
through the tep plug. A packing nut, wher tightemed agaimst its seat in the
LYY YY housing, holds chevreon leather peckings mgainst the wall of the seal
howsing and the drive rod. Az sn added precasution egainst the leakage of
coa&amin&ted‘watex from the reactor, 8 p¢rgi&g aystem is ihauiporutcd into
the design. This is accomplished by introducing a supply of fresh water under
the seal at a pressure alwghtly greater th&a the watag 2n the reactor tank.
‘T&a water flows ;hrough the annalus betuaan the ragul»tnagerad drive and its

bearings into the resctor vank.

Positien Indicatars. The regulatiprg. and shim-zod. paaiiien indicators
have beea degigned to imdicate the exact pmsition of the rods et any time.
Rod pusxtxans may be reed by means of direst- reading dial indicators at the
' platformof the top plug end by mezns of remote aelsynwdrzven {dial) indicaters
at the console in the cemtrol seom

The ‘reguleting-rod primary hnd'cators aﬁ tha &sp plﬁg pla-,'ié'consist of
a double-disk die! cpersted by mesms of aa;ﬁ&hia gearlng The _outer disk shows
the positispn of the rod in imeohes while che zaa&v disk zmdacates 2o hundredths
cf aa ineh. One complete revolutiom of the asuter disk provides indicationm
for 30 in. of travel of the rod, while the inmer disk mskea eme revolution for

.3, /‘

eack inch of travel of the rod.

The secondary position indicator at the comsels comsists of adisl poiater
which moves 240°% for 12 im.. of travel of the regulating rod. This provides
20° of votation of the pointer for each inch of rod travel.

The shim-rod primary indicators a% the tep pleg pletform consise of
standsrd counters with five digits drivem through suitable roduction gearing
asttached to & flexible shaft, which in turn is driven directly Irom the
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shincsafety red drive aster. These indicaters will shew the position of the
"il.ﬁ-rtin-;andwis af en inck.

The shim-vod sscesdery pesitiom isdicster 2t the console consists of a
dial pointer which rotates 9° fer esch imch of red travel; thus for a tetal
travel of the rod of 31 im., the dial wiil rotate 279°.

The seccondary indicator im koth ceses is wperated by means of = receiver.
- selsyn. The reculatxngoradudr1Vor seleyns are located at the regulating-rod

driver, . whzlo thase far the shim rods aze locuted under the top plug platform.
All are drives by means of suitsble gearimg, and in all cases either the
primary or secendary imdicstors may be removed for servicing wvithout affecting
the ether. ' '

Specd Reducer and Motor Csupling, Shis-safsety Red., The speed reducer
consists essemtially of a helical gear end pinion supported by ball bearinmgs,
mounted in & howsing which bolts to the upper rack housing. The position
tadicater aporatcs from a bevel gear fastemed to the helieal gear shaft. Gears
and bnnria.n sre lubricated by immersiom im eil. Anr oil seal, pressed into
she pimien bearing ecap, prevents oil leakage around the piniom shaft.

The notor cewpling fusctions as the commection between the speed-reducer
shaft and the mosor shaft. [t consists of u splined collet which fits the
spline shaft of the moetor and is taper-pinned to the speed-reducer drive shaft,

The teper pin acts s a shear pim in cuse an excessive load is placed upon the

shis rod. The collet is threeded and tapsred for an adjustable nut. When the

sut is tightenad, it clamps the collet to the splined motor shaft, thus climi-

natjrg any lest moticn betwsen motor and s pead-reducer shafs.

dMagmetic Clutch. This clutch is easemtially a horseshoe or bipolar
electromegnet. The pole cores and yokes sre made of laminmated S.A.E. 1010
steel, 1/16-ia. laminagiene insulated with bsked-on bakelite varmish 0.002 in.
thick; The energizing eeila have 3807 cusms of No. 25 Formex-coated copper
wire, wound on forms of Fosterite Vacuum Impregrate.

The elutch housing is grounded and forms ome side of a eircuit which
indicates when the magnetic clutch is sapporting the shim-safety rod. The
casing eonsiati of a watertight can of type 304 stainless steel, with welded
seams, gasheted at the top with polyethylere. The bottom is flanged and

 tapped for & diaphragm sealing flange. Nommagnstic ehia meterial consists

of a single sheet of stainless steel 0.008 ir. thick and a sheet of mica

'0.002 in. thick.

2,17
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“YThe oil filling used for this clutch is perfluorodimethylcyclohexane.
Plu'-nro hllld -up due to gassing of the oil is avoided by a vent to atmosphere
titt‘li tbi ettle channel

‘On the basis of preVlOﬂs test data, the holding force of this clutch
ahould be & minimum of 500 lb 8t 100 memp curreBt, amd it should release a
6004& 1ud held at 140 wmamp curnut. in 15 @sec e lods.

» #11 component parts have bsen tested sepa:at@lyp and twe complece magnets
hcv% been aasembled und ere now updergoing tests in the mock-up.

Bsarings. Each shxm safety rod is guided by two bearxngsconaastxugof
four aprlng plates, in each of which there are moumted three stainless steel
encasad sraphxte rollers, These plates sre mounted in a stecl cage and are
located in the upper and lower guide grida. The center of the upper boaring.
is located 3 ft 17-5/8 in. from the centerlimezf the reactorand is supported
by the upper gria support. The centerline for mha lower bearing is, loc-ted
4 frv.¥ in. below the centerlinecf the reactor and is supported from the lower

grm‘suppurt°

Bottom Absorber, Shim-safety Kod. The bottem shock absorbers for the
| shxm*ﬂafety rods are located on a plate mounted on the bottom plug. They
consLsxlmgrcly of dash-pots into which plungers mounted on the bottom of the
shimr rods fit. Since shey are on the hottem plug, they are always filled with
water, which acts as the damping fluid.

These shock albsorbers ulsc contain &'ﬂﬁmh&ﬁﬁéwié) whieh dadicutes whether
or net the rods are sested in, the shock absorber and are thare fore fully in
the reactor. This i3 eccomplished by intr roducing 2 high pressure demineralized.

water line through the bottom plug intc each shock ebsesber.. The pressure

in this line will be masinteingd above that mormaily at ?he bottom of tank
section E, so that when the sheck absorber is mut sestod water flows up into
the tank., Yhen the rod iz seated, however, the flew is detwessed and appro-
priate sigrals from the pressurs meters inform the rescter operator of the

situation.
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Qi?;‘°‘ Beryllium, It has been indipéted in Chap. 1 that as far as is
known beryllium is the best reflector fro@ a nuclear point of view, its use
having been iueationable only begause of suprly difficulties and lack of data
on is;‘éﬁﬁmicnl and mechesical properties. The initial tests on beryllium and
the seloquinn of the type of preduction waed are discwssed in Appendix 5. The
following section describes the final form of the MIR beryllium reflector.

The‘béfyllinm section of the MTR reflector is all contsined inside tank

section I (see Fig. 2.4.4), occupying. the space between the active lattice and

' the tank wall. This beryllium has a finished weight of about 5750 1b and e

volume of nearly 50 cu ft. The total height of the reflector is 39-3/8 in.
(approximately 100 cm), the layout and shape of the pieces are shown in Figs.
2.4.A and B. These diagrems are croes-sections below snd abeve the beam holes,
and they show that tlre majority of the pieces are ceatizwema thraughout the

:_;00 cm length,

Following is a brief description of the varioua pieces shown in Figs.
2.4.A and B: The key pieces are those nambered E-} through E-4, which contain
large holes throughout their length for passage of the regulating rods. These

'pieces are mounted and held rigidly in position by the reguiatingurod bearing
~mount in the lower grid (see Fig, 2.D). The A pieces (A=l through A-43) are

fitted with ®end boxes™ which fit tightly into the holes im the lower support

grid (see Fig, 2.E). Tolerances are such as to ailow &n’average' specing of

0.020 in. betweer pieces, The remainder of the pieces are large heawvy blocks

.machined to fit imto their respective places and are net rigidly held. The

water film between surfsces prevents surface abresien, and appropriate holes

‘are provided for the pasaage of cooling water. For example, each A piece has

an axial hole 3/16 in. in diameter and a semicircular greove down each face

1/8 in. in diameter {sse Fig. 2 4.C). 1t should be neted that the axial

3/16-in. hole was nevessitated 7ot by the volume of cooling water required but

by the surface necessary for hest transfer and by the surface streas set up by

i

heat differentials in the bervilium.

The lerge pieces N-1, N-2, N-3, N-4, F-1, and F-2 are semicircular on the

bottom to fit over, but not touch, the HB chimbles. Thess pieces actually

rest on the lower beryllium pieces N-5, etc., which are grooved em top to fit
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'Q!iqp thas gespective thimbles. Plates M-1 through M-8 are fastened to the N
piﬁgip to provide a narrow tight-fitting collar around the inmer end of the
thimbles. This prevents water leakage from the reflector into the lattice
(sesSection 2.7.1). The pecking is somewhat complicated by the aluminum bar
whieh ceatains the holes for the herisontal pueamatic. rabbits (see Section

3.5.1). This bar is showa betwaen N-5 and N-9 and between N-6 and N-10 in -

Fig. 2.4.A.

Whiie the beryllium pieces C-1-A and C-1-B, as well as D:1 and D-2, ‘are
shown as sspsrste pieces, they sre mechamicelly joined by a loalel,‘n-pcy
sluminum canm which effectively eliminates the reflector frem hele HG-9. D-1
and D-2 form the piug for the discharge chute and are lifted out as one piece
when it is necessary to mse the chute. Piece A-31 is drilled out to provide
space for the permament aatimony source (see Chap. 4).

Figurep 2.4.D through G are photographs of the MTR beryllium assembled at
éhe Y-12 shops prier te final fitting. Figure 2.4.D shows the complete
u--eybly”excopt’!cr one £ piece. Figure 2.4 .E shows the sams ssaembly with
some of the pieces ruised to show the water-cooling grooves. Figuzes 2.4.F
and G show some of the larger blocks and the holes for the Hb thimbles. The
wooden beam passing through the left side of the reflector, as shown in these

pictures, represents the HT-1 linex (ace Chap. 3).

No final figure has yet been made available for the total cost of the MTR

beryllium, but the present estimate, including raw material, precessing,6 and
machining., amounts to $1,000 000 to $1 300,000

2.4.2 @Graphite. Part of the purpose of the MIR is to provide as large a
newtron flux as possible over as great a volume as possible. Te accoemplish
this 1t was decided to include a secondary reflector of graphitef4) outside

the main reactor tamks.

The main problem faced in the design of the graphite reflector was to
take care of the graphite expansion due ¢o both radiation (Wigmer disease)
and/or temperature. Te overeeme this difficulty the graphite reflector is
composed of two zones: a pebble zone which is adjacent to thefreactor tank

and extends for a minimum of 40 cm from the tank wall to form a square: and a

permanent graphite zone 12 ft overall north and south, 14 ft overpall east and’

west, and 9 ft 4 in. high (see Figs. 2.A and C),

2.23















Yhe pebble zone is a volume 7 ft 4 in. square by 9 ft high surrounding
tha~relcppr tank and filled by some 700 000 l-in. -diameter AGOT graphite
pebbles. The pebbles rest on a base plate mounted on the lower thermal shield
pleate and sre free to expand upward, Iq this way any expansion due to radia-
tion effects or temperature increase will merely raise the level of the balls
without exerting undue atress on the tank wall or the persanent graphite.

Two discharge chutes in the pabble suppert plate égn be opened into a
discharge bim, thua mﬁlo'ing for remevel of the yebblca'nt any time. This
easy remaval of the pebbles carries out the MTH fcmturn whieh provides for
removable B, C, and D tank sectiona (see Section 2 3.1}. Furtharmorev since
the pebbles wre in the highest flux region of the graphite reflector, any
radistion damage will affect them first and they can be replaced.

The permanent grephite is composed largely of 4. by 4-in. graphite bars
\tncked to a height of 9 ft 4 in with the bottom locsated 4 ft below the
centerline of the active section (i.e . at eiexation 96 fti ses Section 2.3.1) .
The system of stacking the graphite ia ahown in Figs. 2 4.H gnd 1. The first
of theae figures ahows the cverall relastionship of all four walls at one level
while the second figure illustrates the stacking and mumbaring system. It
will be noted that svery other row has a 4- by 6-in. block at each end ge
allow for the ssaggesing of the rows.

The stacking was, of course, complicated by the experimental holes
benetrating the permament graphite These larger holes were cut into the
walls by clamping a group of bars together and drilling through the assembly.
Each wall array is made integral Ly a system of 1 by 1.in. keys, and the

~entive assembly i1a keyed at its inner face to the supporting rails This

means that any expemnsion will be outward tending to compress the % in of
soft asbestos which fills the gap between the permanent graphite and the
thermal shield. As of Januwary 1. 19581 the graphite machining was about 30%
completad at the Y-12 shopz. [Each wall will be erecied and checked there
before ahlpmenh o fdaho Figuve 2 4 J is a picture of the lower part of the
west wall being erecéed at Y-12- ‘

Each wall of the permanent graphite is mounted on reils running parellel
to .kts lemgth.  The rails are supported by jack screws which are fastomed
to the lower plate of the hottom thermal shield and pass through clearance
holes in the inner plate of the lower thermal shield (see Fig. 2.A). The
suppert rails must be accurately leveled in order that the graphite will stack

preperly and be in correct locatiom for the beam holes.
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<75$fgsgat deal of work was done before a final choice was made of the kind

j?hite to be used in the reflector, ~High-purivy graphite is, of course,
_’ble because of lower induced activity and lower neutron absorption.
Exﬁefiméﬁtal work®®) ghowed that the induced activity of the best available
type of‘graphite (GBF and AGOT) wes largely due to the 49-day iron which was
present in concentrations of 1 ppm in GBF and 10 ppm in AGOT, While AGOT had
e somewhat higher induced activiiy and absorption than GBF, its cost was only
two-thirds of that of(the GBF. As a balance between usefulness end economy it
was decided to make the thermal column{®’) 4u4 its extension through the
permanent graphite out of GBF, the remainder of the permament graphite being
AGOT. The only exception to this was the meed for a few 4e by 6-in. blocks in
stacking, and these were @bt&inable only in AGHT graphite. The final graphite
eflector and thermal colﬁmn will consist of the following: <"’

APPROXIMATE FINISHED WEIGHT (tons)

Pebblase, AGOT 19

Permanent zone. AGOT 48
AGHT 1.5
GBF 25

The graphite reflector, owing to the beant absorbed in it, must be cooled.
Thie is done by drawing large quantities of air through hcles in the permanent
graphite and through the interstices botween the balls in the pebble zone.

This cooling system 18 fully described in Section 2.7.2.

2.3 THER¥AL SHIELD

2,8.1 The Stecl Plate Btruciurs, The therngl shield(® of the Matopials

Testing Reactor is that part of the weactoy structure between the solid
graphite zone wnd ths conmcrate bielogicel shield, It has been established
that a 50°F temperature drop across the cencrete bivlogical shield(®) iz the
temperature differential which can be tolerated without danger of failure
within the concrete structure dus to indeced thermal stresses, The MTR
thermel shield is a large ste2) structure which reduces the neutron and gamma
flux to such an extsnt tha: a comparatively low heat generation due to radia-

tien eseurs im the concrebe, |
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The thermal shield consisting of 4-in.-thick steel platesp may be
visgalised in so fer as orientation with respect to the rest of the reactor is
congetned by referring to Figs. 2.B and C, which are vertical and hor1zonta1
sections throngh the reactor, respectively,

The approximate everzll sisze is as follows: 16 ft in the north-south
. dxrcetlon, 14 £t in the sast-west direction, and 12 ft 6 in. in height. The
thermal shxcldD whose heat gemaration zate is appreximately 95 kw, is cooled
by an induced-draft air system which slso serves as the graphite cooling
syastem (see Section 2.7.2). The primery supporting structure is composed of
four vertical "WF" colummns with the load trzansmitted te these columns at the

"y

four corners of the bqttom plate, (?)

The bottom plate of the lower thermal shield, while resting directly on
the steel supporting structure, is in direct contact with the barytes concrete
below it. This helps to cool the concrete by direct thermal contact. The
upper plate of the lower thermal shield is in two parta. An inner ring 14 in.
wide ias welded directly to tank section E (see Fig. 2.E) in order to provide
ssxinum cooling for this section.(®) The outer section is .supported from the
lc'or plate and is air coeled only, ‘ |

The aolxd graphite is supported from the lewer plete of the bottom
thermal shield plate (as described in Section 2.4.2). The two plates of the
upper thermal shield are independently supported from the concrete above them,
and, with the exception of one point, which is a motnl expansion joint--air
seal, the top plates do not touch the side plates of the thermal shield,
Figure 2.5,A shows the top plate arrangement. The eight side plates all rest
on the lower plateof the bottom thermal shield end are essentially independent
units., The four inner plates, and similarly the four outer plates, are
loosely connected at the top cornersby dumbbell-shaped pins which fit in over-

size slots in the tops of adjacent plates.

Two important experimental facilities, the thermal celumn and the shield-
ing facility (see Sections 3.1 and 3.2), require that a section approximately
6 by 6 ft be removed from the east and west thermal- shield side plates. Two
components are added to the thermal-shield 40:1;& by these facilities: (1)
the neutrea window, and (2) the neutron- -absorting curtain. The locations of
these components may be visualized by referring t» Fi;no 2.B and C. When the
6- by 6-ft hole is cut in the thermal shield, it becemes necessary to replace
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I.. ﬁ‘.‘l removed on the thermal column side by a material that will absorb
'.'-n vadiation impinging on the inner side of the thermal ghield and vet
Qlin-ﬁp-uago of thermal neutrons into the thermal column. The lead replacipg-
the stesl iz this region is called the "neutron window." The "neutron-absorb-
ing curtsin” is a éimply constructed remotely operated neutron shutter, which
permits turning "on" and "off"™ the thermal-neutron streams to the thermal
column apd the experimental shislding facility,

2.5, 2 Neutrsn Curtaim im che N¥R. A 6 ft 6 in, square sheet of ¥<in.-
thick boral mounted in an aluminum frame will sesve as the BRestren curtdia.
- This cwrtain will be used during operation, if desired, te cever the face of
the thermal column and reduce the number of thermal neutrons entering the
colema, It will have rollers at its four corners that will traevel in vertical
.!idit wounted in the 3-in. space between the two 4-in. thermal shield plates.

A 2-in. by 7-ft vertical slet in the bielegical shield from the bottom of .
the thegmal shield to the sub-pile room ceiling will house the curtain when it
is mot in use. To shield against radiatiem streaming, the lewer portion of
this slot will be filled with 2-ft-deep remevahle barytes concrete blocks
supported from the sub-pile rcom ceilimgby 6-in. -square steel bars which serve
as ‘additional shielding. :

A liftingfmechnnism mounted @au the top of the reactor structure raises or
lowers the curtain as desired. After remov1ng the concrete amd ateel shiedd-
ing at the bottom of the curtadm slot, the cur&nxn gan be lowered into the

canal smd a new curtainm installed if necessary.

Provisions heve also been made for installation of a curtadm on the west
~aide of the thermal shield at the. face of the shielding facility; however, no
cartain »r lifting mechanism will be furnished initially,

2.3.3 The Neutron Window. The neﬁtron window is & 3-in. sheet of lead
placed between the perwanent graphite and the thermal eolusn te absorb gamma
radiation but permit easy neutron passsge. The lead sheet is nounted in a
steel frame and placed in the approximately 6- by 6-1t hole in the outer
thermal shield.
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‘2.6 TEE BIOLOGICAL SBHIELD

‘in hicloginal shield (--e Fig. 2. A} arauud +he renntol is designed to
_reduce by, thnnputpu thﬁ bigh neutrzon and lunuu iln:n‘ coc.pxuc through the
rcflacunr,h The ahiold js designed to reduce ttnlo a.dint:oau bo s safe level '
for perseanel and te a level at which unut.in iutrmuu cn be oponted
outside the shield. This design limit n.d— "‘; dba ‘the design are
summarised in Section 4.6. TR

The shield is pensirated by sbout ome hﬂadtnd ihl.l -t varisus sises.
Embedded in the concrete and welded to thc steel plates 'hicﬁ.lct as inmer and
outer form plaiei for the concrete are all the permanent linera for the experi-
menta] holes. One of the major problems in the nonotrtotion'of';he'reuctpr
will be the‘.lighlont of these liners. As isdicated im Sectien 2.1.1, the top
of tank ltctnon E is the only reference pox't tvuilnblookand accuracy is
essential if the HE and LB inner liners are’ te fit intl their respective
locutxonl in the tank section E wall.

The MTR shxald is being built of barytes cliﬂlat' in !hzeh the gravel
pert of the mix is npprox;mately 93% BaSO,. It was st first theught that only
certain critical sections of the shield would be made of barytes, but, owing
to difficulty of mixed peurs, it was decided that a mere satisfactory shield
would be obtained if barytes was used throughout. In erder to simplify the
conutruct;on procedute and obtain s uniformly dense cencrete, it is now
planned to use the "Prepack” method for setting all the bielogical shield.

2.7 COOLING

2.7.1 Water c..li;‘u The theoretical and experimental bases for the
cooling-water requi:enontl are outlined in Chap. 4, where it is pointed out
that the primary cooling requirement is a high speed (30 ft/sec) flow of the
weter through the fuel assemblies. Such a rage of fiow allows good heat
transfer from the wetal (small film drop) but does net produce sufficient
" turbulence to distort the fuel plaiean(") The oxternal weter system described
in Chap. 7 is designed to produce sufficient pressure (48 1b/in.?) to cause a
flow of 30 ft/sec through the fuel elements. Biovce this pressure forces
approximately 20,000 gal/min through the lattice and beryllium, the tempera-
ture rise at 30,000-kv operation is only about 11°F,
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¥t is planned to make a final check on the water flow through the latt{ce )
and the reflector in the MTR before it is finally put into operation. Any :
flow discrepancies then found 1n the actual equipment can he corrected by
entarging or blocking water exxt ‘holes “in the lower grid laaenblyo

2.7.2 Air co.llllo The thatull ;hxeld and the graphite are cooled by
air drawa through them from the Reactor Building. The amount dfvheqt tﬁac
must be removed is imdicated in Chap. 4; the external air system to provide
proper air flow is described in Chap. 8. '

The air enters at the top edges of the thermal shield through a Systém
of 22 ducts which distributes it evenly to all four sides of the shield. (1)
It is drawn out from the space above the graphite through two large holes in

opposite corners of the upper thermal shields.

The major part of the air flows letween the side plates of the thermal
shield and then into the space between the bottom thermal shields. Holes in
the upper plate of the bottom thermal shield distribute the air inte the
pebble zone and into the cooling holes of the permanenat graphite., A small
amount of this air goes outzide the outer side plates of the thermal shield to
help cool the concrete. By means of baffles in the inlet ducts some of the
air is drawn between the two plates of the upper thermal shield and then

through holes in the lower plate into the space above the graphite.

Since about 60% of the heat production in the graphite is in the pebble
zone, the asystem has been designed to distribute the air in approximately
this ratio between the pebble zone and the permanent graphite.. In the pebble
zone the air flows in the interstices between the pebbles, while in the
graphiie zone cooling is accomplished by allowing air to\flov in the system of
cooling holes illustrated in Fig. 2.7.A.

Since graphite begins to oxidize (0.0005 to 0.0009% per day) at about
570°F, this temperature was considered to be the maximum allowable for 45,000-
kw operation. With this limit it was found('?®’ that the required cooling in
..the pebble zone ‘could be obtained by an air flov of 840 lb/min, which requires
a pressure drop of 26 in. of water. This g1ves an average exit air tempera-
ture of 205°F from the pebble zone if the air is heated 15°F in the thermal
shield to 90°F. To this air is added the 684 1b/min flow through the permanent
graphite and experimental facilities and the 174 kb/min to ﬁodl the top
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HOLE PATTERN FOR THE GRAPHITE REFLECTOR
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1 thermal zhield. Thu& the total air flow is opprnuamatcly 1708 1b/min. For
- T5%F inlet aiy, the a:it air temperatwres. aw and 185°F for reactor
operatien at 30, oao .nd 48, 000 kw, re-poegavciyn

In addition to the graphite coeling, it is locastary te provide enoush
air to preperly cool the limers of the tzpornnantsl facility holosp i.e., the
HB, DB, HG-9, and HT- 1 heles end the vattietl ;!tpiill holes in the pebble
bed. Cnalxns in these l;ners is conszdot“ ﬁdnql.&o il“nn;lccal temperature
excaeds S00°F : :

The BG-9 liner is - the most ur:t;cai of tﬁulo h-l-vvithhtocnrd to c0°1=
ing. The aluminum liner for this facility is porfoxatod top nnd bettom to
match the graphite coolxng holes in the plug.

It is calculuted that the HP and DB limera will be lnfllexently cooled by
the normal air-cooling pattern and conduction along the limers, but some
supplementary air is drawn between the liners and pluge frem outside the
reactor. This air flows into the pebble sone through perferations in the

linera.

2.8 NORITORING EQUIPNENT

In order te obtein as much irformation as possible concerming the reactor
and to supply scme of the data required by the control iyatemv ‘meBitor tubes
and thermocouples will be built into the reactor structure. Their functions
in the control system are discussed im Chap. § (Suet:un 3.2, 119 their physical
structures and locations are described briefiy bwles.

Z:8.1 Nemitor Tukes. The monitor tube system ie donigned te measure flowD
temperatuze, and activity of the coeling water leaving the resctor lattice.
To do this. 37 monitor tubes are inserted through snd supported by the bottom
rlug. They extend up through the length of tank section B inte the end boxes
of the fuel elements. In general, of course, less than 37 fuel elements will
be used, but the reactor lattice has space for this nuamber plus eight shim
rods (s 9 by 5 lattice array).

The stracture of a moniter tube is shown im Fig. 2.8.A. 1t consists of a
bousing which acts as a support aand enclosure for four emall tubes. Three of
these tubes are open at the end, two being used s pitot total and static

20‘0
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pressure lines and one as a means of obtaining water samples directly from the
P

fuel elements. The fourth tube has a thermocouple inserted so as to be in

1

contact with 1ts closed end

It will be noted in the drawing that the four tubes are spiraled down
through 20 in. of lead to provide adequate shielding. The whole monitor tube
15 held in the bettom plug by the threaded section of the distributor body so

that 1f necessary any or all of the monitor tubes can be removed or replaced.

2.8.2 Trermecouples, In order to obtain some information on the temper
atures of the thermal and biological shields thermocouples will be embedded
at 47 points throughout the reactor structure. The locations of these 47
points are given in Table 2.8 A *!*) As a factor of safety, two thermocouples
will be attacbed to the steel or embedded in the concrete at these points. I«
stould be noted that the locations given in Table 2.8 A are recommended best

poincs but construction difficulties may cause a shift in some of these

iocazions As built drawings should be consulted for final placement data

t 15 currently planned to bring out the thermocouple leads in small conduits

fmd

to junction boxes on the nerth and east faces of the reactor structure.

In addition to the above thermocouples it is now planned to place two oz
wove similar couples 1n the concrece near the HB and HT 1 liners. This will
enable the coperator to check on the concrete temperature when high temperature

sxpeviinents are being ran in any of these holes,

2.9 HARNDLING TOOLS

i1i the preceding sections of this chapter it has been tacitly assumed
that zome means will be available for handling various sections of the reactor
theough 20 fv of watrer With the aild of experience gained on the mock-up .,
to3is bave been designed{®%) and ave being built to handle fuel assemblies
removable reflector preces, regulating rods shim rods wupper assembly grid,.
upper support casting and spider suppor:t ring  In addition a working piac
form to cover the top of the tank when open. underwater lights. a viewing tube,
and reflector storage racks are also being built. Other tools which may be
needed ac a iat=r date have been designed but are not at present being buiit
A brief submary of these tools with the reference drawings is given below.

i
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TABLE 2.8.4
S I i ; ‘
POINT IDENTIFE-{ -~ . NORTH OF E-W | SOUTH OF E-W EAST OF N-S WEST OF N.§
CATION NO# . }"  ELEVATION CENTERLINE CENTERLINE CENTIRLERE CENTERLINE
i N ‘

1 f} 108 fr. 0 in  § ft 0K in. 0 £+ 10 in.

2 ro1ee 0 6 % R] 11

3 1ol o s 9 1 1

4 _ lﬂﬁ‘v 0 7 0% 1 10

5. | SR % 7 9 2 0

6 Q s 6 2 5

7 0 9 9 2 4 :
8 0 1 ¢ z & ‘
9 DR Y 6 L} ] 6 i1

10 0 6 7% 7 6

11 . 8 3 8 3

i2 ¢ 6 6. 8 9

13 0 8 6 9. 9

14 B 3 5 7 "

15 -0 3 4 8 0K

16 0 3 6 8 9

17 ] 3 | 9 6

18 [ 3 16 11 0

19 N 4 0 14 0

20 . | 0 (] 710

21 KB 6 fu 0¥ in, 0 19

22 3 3 5% B ft 9 in.
23 & 0 o 3 9

24 2 0 0 3 .9
25 {107 I S 0 3 9

26 96 4 | 0 0 1 %
29 96 2 Po 0 8 6
28 {94 8 0 0 3 10

29 93 11 0 0 4 @

30 93 2 0 0 4 2

31 91 8 0 0 4 4

32 91 0 0 0 4 6

33 93 2 2 8 4 2

34 107 11 2 9 3 9

35 106 5 3 9 0 0
36 107 2 3 9 0 0

37 167 11 3 9 0 ]

38 110 6 ] 6 8 ]

39 106 5 5 10 ] &

40 106 2 6 0% ¢ o

41 95 5 6 4% 0 ]

42 95 6 4 0 0 0

43 94, 8 3 é 0 )
44 94 8 ] ¢ 0 0
43 94 8 3 11% 0 0

46 94 1 3 ig’ 0 0

47 93 3 3 9 0 0

*Two thermocouples will be loqateﬂ at sach peint,
e ;
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2.9.1 Desicn Summary, (a) Co.pbund Coupling “T chcﬂe, DRP-452. To
facxlgtate operation of tools thh & compound shaft, a standard quick-dis-
conuqct coupling has Leen denxgned ‘A shorh handle with thls standard coupling
attncbed to one of the tool bodies will be used for p1ckup of the respective
reactor component. One of four handles of various lengths v;ll be used for
lower;ng the part down the discharge chute. A lifting ring la ‘welded on top
of the handles as an adapter for the uu:ll hoist hook.

(b) Shim-rod Tool, DRP-440. Hookug netuated by a toggle mechaniam,
engage the water slots on the shim rod when removal ia desired. Compound "T"
Handles Nos. 1 and 3 are to be used with this tool.'

{ﬁ (c) Regulqting=rod Tool, DRP-458. A ball-socket joint using the balls

on the end of the regulating rod will be used to fenove(thbaronL'Cbmponnd'"T"
Handles Nos. 1 and 4 are to be used with this tool.

- (d) Reflector-removal Toal, DRP-497. A ball-socket joint adapting the
bullet-nosed pin on the end of removable reflector pieces will be used to lift
these pieces. Two teols will be built since, if storage on the side of the
tank is desired, a short bedy tool will be necessary, but, if discharge of the
reflector piece is desired, a long body tool will be used. The lead plug in
the discharge chute will be lifted with the short body tool.

.-« Compound "T" Handles Nos. 1 and 2 will be used for pautting "A" and "D"
pieces in the storage racks, while Nos, 1 and 5 will be used for putting the
lead plug in a storage rack or discharge "A";pieces°

(e} Fuel-removal Fool, DRP-461. Retractable pins inserted radially into
the snouts on the ends of fuel assemblies and "L" type reflector pieces will
be used to lift these reactor components. Compound "T'" Handles Nos. 1 and 5
will be used with this toel.

(f) Top Working Platioru, DRP-439.- A T-ft-diameter l-ft-high cylinder
will support a circular table that can be rotated manually and will serve as a
working platform. A 2-ft-wide 5-ft-long slot in the table will permit vertical
access to the reflector and fuel elements. The platform, which weighs approxi-
mately ¥ ton, will be equipped with lifting slings which attach to the upper
assembly grid tool, which in normal operation will be the first and last tool

used.
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{g) Spider Support Lifting Sling,. BRP-478.,, A colllplxble sling fabri-
cated from three )i-in. reds with t“'ﬂbUCkIG! fﬁf adjustment will be used for
letins the spider support ring. ‘ o

(h) Upper Suppqrt Casting Wrenéh AsseqbfygvnRPeésﬂv A wrench which has
an inner rod that screws into the bolt head will be used fer removing the
upper support casting bolta.

(i) Vicwiqg Tube Assenbly,‘DRPfﬁésw A'tﬁbt with a plastic sight glass
is to be mounted on the working platform. The lower ead of ‘this tube will
extend belew the water in the tank, - thus aklow;ng better vision.

(J) Upper Assembly Grid Tool, DRP,489. A teol with heooks.on the oad
will catch the toggle mechanism and iift the upper assembly grids. The
assembly grids will be temporarily stored on platforms oriented ag shown on
DRFP-558 on the spider suppert ring.-

(k) Upper Suppert Casting Tool, DRP-492, This teol heoks horizontal

Pins on the casting main support arms.

(1) Undervater-light Wiring Diegram, DRP-530. A variable autotransformer
and a 110-watt 20-volt center- tap transformer will supply four underwater
lights with power,

(n) Underwater-light Assembly, A watertight steel housing with a trans-
parent plastic lens will encase the sealed-beam lights te prevent accidental

breakage.

(n) ‘A% Piece Rack, DRP-526; Discharge Thbc Plug Rack, DRP-528; ‘D>
Piece Rack, DRP-529. Racks will be bolted te the apider suppert ring for
storage of reflector pieces. Orientation of the racks is shown in DRP-558,

fo)* Regulating-rod Bearing and “E* Pigce Tool, DRP-476. A tool with
spreading pawls will be used to pick up the regulating-rod bearings and the
"E" pieces. It is intended that one teol be used for all bearings. Since
there is a 6-ft difference in elevation of the bour:ngup the tool is a
compremise as to overall length. Compound "T" Handles Nes. 1 and 5 will be
used with this tool.

(p)* Lower Assembly Grid Teol, DRP-54§. Like the regulating-rod bearing
teel, this tool has spreading pawls for lifting. This toel is used with cem-
pound "T" Handle No. 1.

"Will be built at a later dats.
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{@d° Lower Guide Grid Wrench, DRP-539, A wrench which has an inner rod
sy scvews into the bolt head will be used to remove the lower guide grid

hoite.

{r})® Sh@ck%absorbgr Plate Wrench, DRP-536. This tool is similar to the

wranch sbove 3

hdapy

(a)® fbrque French Extension fBr Sockets, DAP-49f. This tool is used to
a &arqpa wrench tp the bolts 10 to 30 ft away.

{t)®  Shock-gbsorber Support-plate Tool, DRP-464, This tool consiats of
four kogks onm an extension rod which will eagage eye bolts on the plate for

iifeing,

(2)* Lower Guide Grid Tooll, DBP-493. This tool is similar to the shock-
absorber support plate tool. : :

{#}® Tapped Segment Ring Lifting Tool, DRP-460. This tool is used for
iifring variocus segment rings on the reactor tank.

“Will be built at s lacer date,
2.10 REFERENCE BREPORTS

“s; Gili, J. P., MTR Report, Tank Sections A and E, ORNL CF-49-11-217,
November 22, 1949,

14} Geli, W. R., MTR Report on Reactor Structurgl Steel, ORNL CF-49-11-273,
Novambar 29, 1949,

{3} Engberg, R, E., Shiz-safety Rod Lower Shock Absorber Position Indicazor
System, YTR Design Report,, Controls, ORNL CF.51-3-68, March 30, 1951.

app, F. C., MTR Report on Graphite Reflector, ORNL CF-49-10-88, October
1949; Addendus No. i on Graphite Report, ORNL CF-4%-11-176, November
» 1949; Addendus No. 2 on Graphite Report, ORNL CF-50-2-143, February
s 1950; Addsndum No. 3 on Grephite Report, ORNL CF-50-3-171, March 31,
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bane, J, Ay, Induced Activity im Graphite, ORNL CF-49-10-183, October 15,

{8} Lane, J. A,, Therral Column Graphite, ORNL CF-50-1-20, January 5, 1950,

&

(7Y Tappy Fo Co, Graphite for the Materiels Testing Reactor, ORNL CF-50-1-30,
Jeomary 10, 1950, -
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) Sheoll, W. E,, Thermal Shield for the MTR, ORNL CF~50e1=125, January 25,
4950, '
(9) WcWhwrter, J. R., Thermal Stress in Concrete Shield, MIR Project, ORNL
CF-49-9-69, September 8, 1949. ‘
(10) Briggs, R. B., Technical Division Sectien II, Repart for Period July 15 =
September 15, 1947, OBNL CF-47-9-560, September 15, 1947.
(11) Kasper, S., Water Flow in the WTR, OBNL CF+50-6-162, June 15, 1950,
(12) Gall, W. R.,, MTR Report on Internal Air System, ORNL CF-49-11-208,
November 21, 1949, N .
(13) Briggs; R. B., Cooling ef the Graphite Reflector fer the MTR, ORNL CF-
50-3-102, March 20, 1950; Cooling of the Graphite Reflector for the MTR,
ORNL CF-50-1-45, January 10, 1950.
(14) McWherter, J. R., Permanent Thermoceuples in the WTR Strweture, ORNL CF-
50-7-142, July 27, 1950. |
(15) MiWherter, J. R, MTR Reactor Tank Hendling Toel Besign, ORNL CF-51.1-19,
Janbary 4, 1951.
2.11 REFERENCE BRAWINSES
DWG, NO, , TITLE
BKC-3150-565-1 -~ -~ - : Neutron Curcaia System; Genmeral Arrangement -
Reactor Structure
- BKC-3150-565-2 ‘ Neutren Curtain System, Sectiens and Details -
Reactor Structure
ORNL TD-1339 Can‘trols Assembly
ORNL TD-1399 , General Assembly
ORNL DRP-392 Betten Plug Vertienl Rebbit Aasembly
BKC-3150-502-1 through 8 Thermal Shield
and 160
BKC-3150-562-9 and 13 Air Ducts
through 18 o
BKC-3150-502-19 and 20 Pebble Bins
BKC-3150-503-1 threugh 10 Thermal Shield
BKC-3150-504-1 through 34 Graphite
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Chapter 3

EXPERIMENTAL FACILITIES

In order to fulfill the purpese of the MTR the experimental facilities
provided have been designed to be as varied and as flexible as pagsible.  The
locations of the various faeilities are shown in Figs. 3.A threwgh 3.F,* and
the relationship of the sids hodas 8o the Reactor Building is gbewn in Fig.-
3.G.. The location of the boles relative to the active lattfes hma been shown
in Figa. 2.A through 2.0,

The experimental facilétiee end the estimated fluxes obtainakle at 30-
megawatt operation are ligbasd 4n Teble 3.A, It must be emphasigad that the
fluxes given are only estimates bwsed on the best deta available bsfore actual
operatian of the MTR. It ig hapad th#t & supplement to this report will ke
isewsd afver actual measuremants hage been made in the reactor.-

3.1 HORIZONTAL AND DOWN BEAM EXPERIMENTAL HOLES®**

3.1.1 Introduction. TPhere are 1Y fargh experimental holes that lead
from the reactor faces eithex t# ths reactar tank wall or te ¥he active
lattice. These holes are traaged separately from the vertical graphite holes
(see Section 3.4) because theip #i384 end locations require special dasign
attenwation and handling techiigwes. Thsy are characterited by the presence
in each of a apecial radiatien door, the sole purpose of which is ts minimige
danger to personnel in the Reactoy Building during plug-handling opgrextenc,
Since these holes provide the largest yolumes »f high flux in the puaitar,
they are the mest dangerous and their upe will probably be torrespaindingly
difficult and cemplicated. They are as Fuifows:

(1) Six Horizontal Beam Holes, HB-1 Through HB-6. These holes sg=
tend horizontally from the reactor face te the active lavdies,
Heles HB-2 and HB-5 are 8 in, §n diameter to the reactor taamk
wall and 6 in. in diameter from the reactor tank wall te t¥n
active lattice. Holes HB-1, 3, 4, and 6 are 6 in. isn diameter
throughout. -

(2) Six Down Beam Holes, DB-} Through DB-6, These are 6-in.-dja-
meter inclined holes which extend from the upper north gwé
south faces to the reactor tank.: They are located direet iy
above the herigzental beam heles. Inside the tank wall thay
ere essentially extended to the lattice by 2-in.-I.D. sealed
empty aluminum cans in the beryllium reflecter.

#for convenience in reading, Figs. 3.A through 3.G are placed at the ead of this chapter.
$ASectkon 3.1, éwcept 3.1:5, ANL cotribption. 3.1
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TABLE 3.A

Summary ef Experimental Pacilities

ESTIMATED FLUX, MAX.
(neutrona/cn’-cec)
TYPE OF MOLE mgﬁﬁgﬂ SIZE APPROACH
THERMAL FAST*
Beam B1 2 3 6 in I.D. in Be Horizontal to core edge®® 5 x 101 7 x 1083
Beam B4 5 6 6-in. I.D. in Be Horizental to Be in active sectiom 2.8 x 1044 2 % 10!
Beam DBl 2 3 4 5 ¢ 6ia ID Inclimed down to tsmk 2 in.-I.D. cam channell 4 x 103 5 x 10%°
to cerse ' {DB2 ealy)
Baom HGS & éin ID Rocizomial te tamk wall 8 x 10%9
Beam HG 9 10 by 16 in ““ii:::i:‘cﬁ‘l.,;:“t:‘ii;ef* by 12-fm. fese- | 8 x 10'° 4 x 1012
Access VG- 9 i0 by 10 in. Vertical from top access to HG-9 3 x i’
Thermal colume T2 6 by 6 fu Herizontal %o Pb windew 1 x 10%2
Thermel T2-H1 2 4 by 4 in. East west horizontal acesss T 2 2 x 16%°
Thasaal T2-H3 4 5 6 7 8 4 by 4 in Horizontal within and parallel to T 2 6 x 10*?
Thermal T 2.V.1 2 12 by 12 in. Vercical from top of rescter to T-2 2 x 101!
Through HT-1 47/8 by 4 7/8 im. Berizoncal through reactor tank 1.8 x j0** 3x W'
Throngh Hi-2 3 10%-ix. T D East west horizomtal through graphite 1013 .
Through HG-1, 2 8 in. I.D North south horizental through graphi te 1043
Tarough HG 3, ¢ 4in I.D North-south horiszontal through graphite 1013
Bhirough VT2 X by 2X in. Vertical through shim rod hole 2.5 x 10%¢ 1x 10%
Through | vo2 4 4in. L.D. Vertical through graophite 3 x 1013
Pneumatic rabbit HR-1 2 1in. I D. Horizontsl through resctor tank L6 x 1014 4 x 1013
Pneumatic rpabbit HR-3, & 4-ip. 1.D. Horizontal to reactor tank 8 x 10'8
Hydraulic rabbit VH-3 4 Y%-in I.D. Vertical from tep in spare regulating rod  : | 2.5 x 101 10!3
holesn
Hydraulic r.lbbi.t V-1, 2 l-in. I,¢D,A, V;ftical from basement in Be 2.4 x 101

“Neutrons having energies greater than 1 Mev.

““One can be for i mile beam and ome feor neutrenm spectrometer if desired.
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TABLE 3.4 (Cont‘d)

ESTIMATED FLUX, MAX.
(neutrons/cmz-lec)
FACILITY
TYPE OF HOLE DESIGNATION SIZE APPROACH
THERMAL FAST®
Vertical Vé1 3 5 6 4:in ID Slant from top into pebble zane 3 x 1013
Vertical VG 7 10 4 16 20 % in ID Siant from top into pebbie zone 5 x 1013
Vertical VG5236§6‘ 29-41 43 45 35 2in I D Vercizai from top into pesmanent graphite 1013 o 1012
7

Yeuroal VC19 1113 2im ID Vertical frem top inis camcrete
Fast. flux About 40 Be asmembizes® re iby 3 in Vertvical frsm top tamk>se 5 x 10%¢ 7 x 103

movabie reflaceor preces
Faer flux About 15 Be mocembiies ve 3by 3 in Vertical frem tep tamk®s® 5 x 10 7 x 1013

movable core pleces
Gamma Gr-i g Gim I D Vertacal feawm top - ray thimblies in water 500 r/hr
Shisiding Facilicy Horsscmeai frem weot 1012
Instrumsnt W-1 2 8 4 5 ¢ B%-in D Siemt fomm mp 5 x 1013
Instrument YG8 15 2:in I.D Slent frem tep 5 x 10'3
¥necrument VG 21 28, 42 44 56 2ia ID Vertical fram top 1013 eo 1012

~"*Charged or discherged only when reactor is shut down snd top phug ‘e removed

Note These estimeted neutron- flux values ey
experimental apparatus and samples will

¢ based on beryllium or graphite (accordin
ceyse local “‘ sinks’’ and reduce the flux

& to material penetrated) in the experimental holes. Actually,
attainable for a particular experiment




(3) Two Herixontal Graphite Heles, HG-5 smd W8-6. Thease are 6-in.-
diameter horizontal holes which extemd te the reactor tank.

(4) Two Horizomtal Rabbit Holes, HR-3 and HR-4. These are 4-in.-
diameter horizeantal heles which extend toa the reactor tank.:
(The 1-in. holes HR-1 and HAR-2 are discussed in Section 3.5.)

(5) One Horizontal Through Hole, HT-1. This is a hole 4-11/16 in.
square which extends from one reactor face to the opposite
face. It goes through the reactor tank and lies adjacent to
one side of the active lattice.

In formulating the design of these holes. considerable thought was given
to the future needs of the experimenters who will use these facilities. Other
factors that had a strong influence on the experimental hole design are
radiation hazards, material selection. cooling requirements, and the configu-

ration of the reactor itself.:

Several design proposals were prepared and the relative merits of each
were consolidated inteo the design illustrated in Fig.  3.1.A.- The hole liner
and its components as shown are essentially the same for all the beam holes
listed above. Designs of the dummy plugs used in the different holes are
shown in Figs. 3.1.B, C, and D.-

3.1.2 Bear Hole Liners end Compoments. The prime objective in design of
the hole liner and its components was flexibility. It was necessary therefore
to consider the adaptability of holes to experimental plugs of varying design
and the maintenance. repair. or replacement of the hole components, including
the removable sections of the liners. The configuration and sizes of the hole
liners in the biological shield are dictated primarily by the location and
size of the radiation doors. The outer shields, the radiation doors and drive
mechanisms, the tapered portion of the liners, and the graphite zone liners
have been made removable with the hope that radiation levels will permit

realization of additional flexibility.

Graphite Zone Liner The graphite zone liner is the portion of the ex-
perimental hole liner which extends from the thermal shield to the reactor
tank.” It 1s a X-in.-thick aluminum tube secured at one end to the removeable
steel liner and supported at the other end by a pilot ring on the reactor
tank.  The liner is removable and is not permanently secured to the reactor

tank because this tank is designed as a removable component.

3.4
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The liner is constructed of aluminum because of its relatively low long-
lived induced activity.'!) Aluminum also has a relatively lew meatren absorp.-
tion cross-section, which is desirable for reactor compenent materials in the
region of the reactor tank. 1In this regard a compromise had to be made in the
selection of 52S alloy in preference te 28 3S. 61S. or 63S ewing to the

former’s substantial advantage in high-temperature physical properties.

Cooling of the liner is accomplished primariiy by the air that ccols the
graphite reflector. In the pebbie zone the liner is exposed directiy co the
air flow, while in the permanent graphite zone numerous vertical cooiing holes
in the graphite provide for air circulation through an annulus between the
liner and the graphite. Secondary cooling is provided by air drawn in from
the reactor face through an annulus between the plug and the liner and ex-
hausted into the pebble zone by means of & suitable hole pattern in the liner
near the reactor tank. The mechanical design and selection of alloy were
based on a maximum temperature of 570°F. A thermocouple provided on each HB
liner at a point near the reactor tank permits the checking of the maximum
liner temperature. This is paxrticularly important when a high temperature
experiment is conducted in the experimental hdle. The thermocouple leads are
carried out the beam hole to the reactor fioce. Instruments for reading the

thermocouples are not provided as permanent fixtures.

Sufficient endwise clearance. 3/8 in., between the end of the liner and
the tank wall is provided to allow for thermal expansion; 1/32 in. is allowed

for radial expansion of the tube within the pilot ring,

Removable Steel Liner . The removable steel liner extendsz from the

thermal shield to the radiation door.

Experimentation and calculation have shown that to prevent neutron
streaming through the annulus formed by the dummy plug and the hole liner. two
steps in the annulus are required. 2} Qne of these is as close to the thermal
shield as practical and the second is near the outer face of the concrete
shield.: The tapered portion of the hole forms the first scep, and the re-

movable steel shield at the outer face forms the secsnd step

This liner secti:u s semovable primarily because to it is secured the
graphite zone liner. which must be removable. Secondarily it is desired that
this liner be remcvable since it may be found desirable to change the configu-
ration of the hole in order ©c serve special expevimeni.. requirements.

3.9
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It is anticipated that the induced activity of the steel liner will be
low enough to permit handling with standard safety measures. Also. owing to
the dry air conditions prevailing at the site, ordinary carbon steel is used
with no attempt at corrosion prevention other than the application of a light
fiilm of oil. The oils recommended for this purpose, selected because of their
good resistance to radiation damage, are Dow Corning Silicone Fluids Nos. 701,
702, 703, and 710 and Carbide and Carbon Chemicals Corporation Ucon Lubricants
50-HB-280-X, DLB-265-BX, 75-H-480, LB-300-X. Paints and platings were re-
Jected due to the probability of flaking. The same holds true in respect to

all other beam hole components in which steel is exposed only to air.

Permanent Steel Liner A The permanent steel liner provides a housing for
the removable steel liner, the radiation door, the removable concrete shield,
and the removable steel shield (see Fig. 3.1.A).- For the 6-in. beam holes it
consists of two carbon steel cylinders. One is approximately 22 in. in
diameter, and the other is about 11 in. in diameter. The ll-in.-diameter
cylinder is eccentrically secured to an end plate on the large cylinder; it
houses the removable steel liner. The large cylinder houses the radiation

door, the removable concrete shield, and the removable steel shield..

The: permanent steel liners of the HB holes are provided with annular air
spaces to serve as heat dams. Also wrapped around the outer surface of the
liners and embedded in the biological shield concrete are cooling-water coils.
The heat dams and cooling coils prevent overheating of the concrete when these
experimental holes are used for high-temperature experiments. To provide for
the determination of concrete temperatures, thermocouples are embedded in the
concrete near the cooling coils.

Radiation Door., A lead door within the reactor structure is provided to
attenuate radiation from the experimental hole when the plug is removed, (37
The thickness of the door has been calculated to reduce Y-ray activity to
tolerance during reactor shutdown. Opening and closing of the door are accom-

plished from the reactor face.

After considerable investigation of door types. the radiation door shown
in Fig.: 3.1.A was adopted. It is a round billet of steel with two eccentri
cally located holes; one hole forms a portion of the baam hole while the other

is filled with lead and provides a radiation shieid. The door is free to

3.10



rotate inside the large steel liner by means of several rollers located in
recesses in its surface. A gear sector bolted to the door and driven by a
pinion and shaft provides the drive.. The drive shaft extends to the reactor
face. thereby permitting remote operation by an electric motor mounted on the

coffin or manual operation from the reactor face."

Owing to the eccentric positions of the lead-filled hole and the open
hole, considerable force is needed to hoid the radiation door in certain
positions.' A gpecial anti-kickback clutch is provided to make it impossible
for the door to move unless driven or allowed to turn by rotation of the ex-
ternal drive shaft. The design is "fail safe™ in case the drive becomes
disengaged. When the beam hole component: are removed, care must be taken
that the radiation door is in a "free down"™ position so that the end-position
locating pin will not be sheared when the removable shield is withdrawn.
Associated with the radiation door is its position indicator. This is mounted
on the face of the reactor over the cubicle to indicate the actual door

position,

Removable Concrete Shield. To fill the void space in the large steel
liner outside the radiation door, a steel-encased concrete cylinder is provided
for necessary shielding. Eccentrically located in the concrete billet is a
steel-encased cylindrical hole of approximately 10 in. I.D. which forms a
portion of the experimental hole. Removal of this shield permits access to

the radiation door.

Removable Steel Shield  Between the removable concrete shield and the
removable steel shield is a void 5 in. wide which is used for cooling-water
pipe connectiona. Behind this space is a round sczei biilet mounted flush
with the reactor face, which provides a convenient shield for the plug cooling-
water connections. This billet is of necessity readily removable. Based on
calculations of cooling- -water activity. this steel is required to be ap-

proximately 8 in. thick.(?]

In addition to providing a shield for the cooling-water lines, this
:steel billet forms the second step to prevent neutron streaming through the
plug annulus and as a step to prevent neutron and Y-ray streaming down the

annulus surrounding the radiation door and the concrete shield.
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Beam Hole Adapter., This adapter consists of a steel tube with a flanged
end that is bolted to the removable concrete shield before plug insertion or
withdrawal. Its purpose is to guide and support the dummy plug, during in-
sertion or removal, through a 13-in. gap which exists when the steel shield

plate is removed.

3.1.3 Beam Hole Dummy Plugs. When the experimental holes are not being
used they are filled by dummy plugs. The conceptual design shown in Fig. 3.1.B
is typical of the plugs for HB-1 through HB-6 and HT-1.' Dummy plugs for the
other facilities are similar except for the absence of beryllium tips and
provisions for water cooling. Figure 3.1.C illustrates the air-cooled plugs

for the latter holes.

The water-cooled plugs are constructed in three detachable sections. The
sections are: (1) the beryllium tips, (2) the graphite section, and (3) the
concrete and steel section. With this type of construction it is possible
that an experimental plug may conform to the dummy plug as far as the graphite
and concrete sections are concerned.. If more experimental space is required,

it may conform only to the concrete section,.

In choosing plug materials, an effort has been made to duplicate in so
far as possible the materials in the reactor sections surrounding the experi-
mental holes. The result of this procedure is that neutron fluxes in the
reflector regions, beryllium and graphite, are maintained at practical maxima.-
Materials for the plug casing have been chosen for minimum neutron absorption
and induced activity. consistent with structural requirements, Qutside the
thermal shield materials have been determined by shielding and structural

considerations.

To compensate for such factors as plug deflection, plug fabrication
tolerances, and reactor componen:t erection tolerances. an annular clearance of
% in. is allowed in the beryllium and graphite sections of the plug and experi-
mental hole. Frqm the thermal shield to the rzactor face, the maximum annular
clearance is 1/8 in. A closer fit can be tolerated here because the plug is
well guided in this section by the plug rollers. and, because of the heavy

construction of this section of the plug, there is little deflection.

Plug Cooling. Owing to the high heat generation in the beryllium tips of
the horizontal beam hole piugs {HB-1 to HB 6), water cooling is provided. The
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arrangement is illustrated in Fig. 3.1.B. Cooling water is directed through
the plug by means of two concentric pipes. The inner pipe serves as the supply
line, and the outer pipe serves as the return. The supply line directs the
water to a manifold, which in turn divides the flow through several longitudinal
holes in the beryllium section. At the far end of the beryllium. the water
fans out through radial slots and into the annulus formed between the beryllium
and its aluminum can. The water is returned through this annulus to the re-
turn line manifold, then into the return line, and back into the process-water
stream.” The thermal stress in the beryllium was the controlling factor in the

determination of cooling-water distributien and rate of flow.(3)

The graphite sections of the water-cooled plugs are cooled with the same
pipes that direct the cooling water to the beryllium tips. The graphite 1s
fitted snugly over the pipes to assure good thermal contact. This is the
primary reason that the concentric pipe design was adopted, since it is dif-

ficult to assure a snug graphite fit over two separate pipes.

The aluminum shell encasing the graphite is cooled by air flowing along
the annulus. Air is drawn in at the reactor face and passes along the shield
and beam hole plug annuli is metered by the fit at the tapered section at the
thermal shield., flows along the annulus between the plug casing and graphite
zone liner. and passes out into the pebble zone through holes in the liner
near the tank wall. The amount of air is determined by the requirement that
the temperature of the aluminum shell of the plug shall not exceed 500“F since
beyond this temperature the 63S alloy used suffers rapid loss of strength,
Higher strength alloys such as 245, 528, and 755 were not used owing to the
high induced activity they would acquire. Cooling of the sheil by conduction
of heat through the graphite te the water cooling pipes 1s probably im-

practical because of differential expansien.

The water pipes are securely attached to the beryllium section and are
allowed to "float" in the steel and concrete sections. Also, because of
thermal expansion the graphite must slide a little over the outer tube. and it
is therefore not clamped tightly to this tube., Calculations indicate that
dangerous amounts of radiation will not "stream” down the cooling pipes even
when they are empty of water. If. however. experience indicates that some
shielding 1s necessary. a twisted stainless steel strip may be used in the

center tube and a flat strip formed in a helix may be used in the annulus.

3.13



The plugz penetrating only te the reactor tank wall are cooled by air
drawn along the annulus from the reactor face and into the main reactor air
stream through holes in the graphite zone liner.- The amount of cooling air
that flows through the annulus is regulated by means of spacers located on the
plug taper. The thickness of these spacers determines the clearance between
the plug and the liner at the taper and consequently sets the pressure drop as
well as the resulting air flow through the annulus. Here again the design is
based on a maximum aluminum and graphite temperacure of 500 F.  Again, the
casing expands more than the graphite, therefore the casing is perforated with
holes which permit the cocling air to contact the graphite and thereby provide

direct air cooling.-

Dust Control . As a standard health precaution, an air velocity of
150 ft/min into the reactor through the plug annulus will be maintained during
plug removal. A similar velocity will be maintained during normal operation
to minimize passage of dust into the reactor room. In all cases the air.
cooling requirements of the plugs exceed Health Physics requirements during
operation.  To provide sufficient velocity during plug removal the holes
through the pebble zone liner into the pebble zone have been made large enough

to provide the necessary air flow with only the shutdown fan operating.‘*/

3.1.4 Horizontal Through Hole Facility The horizontal through hole is
a 4 11/16 in. square hole that extends from one reactor face to the opposite
face,. It goes through the reactor vank adjacent to one side of the active
lattice.  The general philesophy in providing the through hole has been to
make available for experimentcation a facility with high flux. ample space, and
a single pass cooling system.  Experimenters have expressed a strong desire for
such a facility. i.e.. one with which they can irradiate future reactor fuel

elements under simulated operating cenditions.

The hole liners and components are generally the same for this facility
as for the beam holes previously discussed, the only difference being that
‘there is a complete liner for each end of the hole. each with a vradiation door
and other related liner components. The plug, however, presented more dif-
ficult problems than the piugs discussed in the foregeing section For this

reason a separate discussion on the plug fer the through hole is warranted.



As a basis for design, the following premises were established:

l.- The cooling system for the beryllium shall be a single-pass
system, 1i.e., the water enters at one side of the reactor and
leaves at the other side.

2.: There shall be no blind water connections which will have to be
made up after insertion within the reactor structure, and the
complete cooling circuit for the plug shall be arranged to allow
testing for leaks prior to insertion in the experimental hole.
This dictates that one section of the plug shall contain a com-
plete cooling-water line, which will extend from one side of the
reactor to the other.:

3. A coolant return loop and a means foar Bookup to the experimental
plug and associated equipment shall be provided. This would
then complete the desired single-pas# cooling system.

4. A space in the Reactor Building shall be made accessible for
setting up experimental equipment. This is desirable because
the external equipment needed for the testing of the reactor
fuel elements is quite extensive, and in some cases may have to
be heavily shielded.

The design of the facility is shown in Fig. 3.1.D. It will be noted that
the plug consists of three separate sections. The square section contains the
beryllium, the graphite, and the complete cooling-water pipe, while the other
two sections are merely round dummy plugs that fit over the extended water
pipes of the square plug. These dummy plugs are identical in shape and
construction to the concrete sections of the 8-in. horiszontal beam hole plugs.
The water pipes can bedisconnected at the thermal shield by means of specialily
designed screwed connections so that they may be removed with the round

dummy plugs.

To cool! the beryllium section, one end of the extended water pipe is
connected to the supply water line; the other end is connected to the drain
line.: In an attempt to forecast future demands of this facility, a coolant
return loop is provided. The 8 in. horizontal graphite hole, HG-2, has been
chosen to serve as the coolant return loop, It is ideal because it runs
parallel to the through hole, HT-1, and also passes completely through the

reactor.
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In Fig. 3.1.D is also shown a coolant pipe located in the center of a
graphite plug inside the HG-2 hole.. This plug is rather long, but upon re-
moval it can be cut into two or three sections, thereby permitting the use of

standard coffins for handling.

The two coolant lines are joined at one end of the reactor by means of a
simple crossover pipe; at the other end of the reactor, a vertical conduit
leading down to a slurry cubicle in the basement is indicated.: The intention
here is to connect coolant lines to the end of each plug, direct them through
the conduit, and complete the circuwit inm the reactor basement.: All piping,
except that emerging into the basement, is thus completely shielded, and no
bulky temporary shielding walls will be needed in the main floor cubicles.
The primary reason for providing additional experimental setup space in the
basement is that the equipment required for a recirculatory syatem is probably
extensive, i.e., the setup may include pumps, heat exchangers, heaters,
pressurizing equipment, control panels, associasted piping. ‘nd valving .

etc.’

A consensus indicates that some experimeats may reguire a coolant loop
that is in a low flux zone.;. For this type of experiment the use of this HG-2
hole as a coolant loop would not be desirable since the flux in the center of
this facility is approximately 1037 neutrons/cm?-sec.- Also, passages to the
basement large enough to accommodate heavily insulated pipes subject to linear

expansions of abeut 6 in. are required for high-temperature tests.

To satisfy both these conditions, space for an alternate cooling loop is
provided in an inactive reactor zone together with large slots through the
main floor,- A 12-in. hole rumning from side to gide of the reactor astructure
below the first floor and parallel to the HT-1 hole provides space for the
alternate loop. Access to this hole is accomplished by means of 12- by 24-1in.:
holes through the floor in front of the HT-1 cubicles. In the basement the
desired piping may be direcied along the ceiling directly under the first
floor and thence to the 12-in. hole.: This setup gives the desired low flux
condition and allows an experimenter to install his own piping, insulation,

etc., to suit his requirements of temperature and thermal expansion.

In regard to insertion and withdrawal, the round portion of the experi-

sental hole has an adepter or tray which enables the square plug to pass
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smoothly through the larger round section of the hole. After the square plug
is in position, the adapter is removed to clear the hole for the insertion of
the round dummy plugs. Small graphite skids are fastened to the square plug
to assure proper clearances and also permit smooth insertion. The round dummy
plugs are fitted with rollers identical to those used for the 8-in. horizontal
beam hole plugs. 24S aluminum iz selected for the sheath over the beryllium
and graphite. Owing to the over-shadowing high activity induced in the
beryllium, there is little to be gained from the use of 63S aluminum in this

location.

Cooling provisions for the beryllium. graphite, and aluminum are similar

to those used in the HR holes.

3.1.3 Other Horizontal Experimental and Instrument Holes. In addition
to the main experimental holes described in the previous sections, there are
six more horizontal through holes. Four of these. HG-1 through HG-4, are for
experimental use: the other two, HI-2 and HI-3. are for reactor control

instruments.

Exper imentai Hoies  The locations of holes HG-1 through HG 4 can be seen
in Figs. 3.A and C. HG i and HG 2 go through the full length of the east
graphite wail whizlie HG 3 and HG 4 penetrace the west wall. The first two
holes are 8 irn. in dieameter the latter two 4 in. in diameter through the

graphite.

For start-up. plugs will be suppiied only for the ends of these holes and
the section through the graphite will! be left empty.  The plugs supplied will
be barytes concrete through the biologicai shield tipped with a 104-1in.
aluminum casting through the thermal shield. The inner face of the aluminum
section will be covered with a % in. boral plate to reduce the neutron flux
into the plug.” A 1-in.-I.D. steel pipe is spiraled through each plug so that
electrical or plumbing connections can be made to experimental equipment in

the holes

As indicated in Section 3.1.4, hole HG-2 may possibly be used as a return

path for liquids or siurries used in HT-1 hole experiments.

Instrument Helies Access to HI-2 and HI -3 is obtained through the east

and west faces of the reactor structure. These hoies are to be used for the
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compensated ion chambers (see Chap. 5 ) for the log N and galvanometer cir-
cuits of the reactor control system. Both holes have a minimum diameter of
10% in. and are plugged only through the biological and thermal shields. The
plugs used are barytes concrete tipped with a 30-in.-long aluminum casting.” A
4-in.-diameter hole runs threugh the center of the plug to within 4 in. of the
inner end. This allows the tip of the ion chamber to be inserted to the inner
side of the thermal shield. An adjustment on the ion chamber insertion rod

enables the chamber tobe moved back as much as 18 in. from the inner position.

3.1.6 Services Ali the experimental beam holes are provided with
standard service facilities  These services are divided into two categories,

internal services and external services.

The internal services, so .called because they are located within the
biological shield, are primarily concerned with providing the cooling fluid
for the experimental and dummy plugs. and are all connected to a common header
to permit plug flushing and also ready change-over to another plug coolant.
They include the following (1) process-water supply, (2) process-water re-
turn, (3) demineralized water supply. (4) spare liquid line, (5) warm drain to

sump, and (6) compressed air.

The external services are located in %trenches around the reactor face and
are primarily concerned with servicing experimental equipment exterior to the
experimental plugs. They include cthe following: (1) demineralized-water
supply, (2} auxiliary blended cocling water, (3) compressed air, (4) hot gas
exhaust, (5) steam, (6) 120-volt a-c¢ supply. (7} 120-volt a-c supply for
regulation. {8) 240_wsl% a-.z supply. (9) two 2-in. spare conduits, (10) one

4-in. spare conduit, and {ll) intercom or telephone.:

3.1.7 cCeffins. Whenever the octasion arises to insert or retract a
plug, a heavy lead shielded coffin is accurately aligned at the chosen ex-
perimental facility.  After proper alignment. the plug is withdrawn from or
inserted into the beam hcle. The coffin requirements for the MIR experimental
holes can be satisfied by three coffins, each coffin to take care of one of
the following three groups of holes:

1.- Main Beam Holes HB-1, 2, 3, 4, 5. and 6, HG-5 and 6, HR-3 and

4, and the Through Hole HT-1.. A coffin for these facilities, des-
ignated as a "Universal Coffin," is provided for reactor operation;
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it is shown in Fig. 3.1.E. It is rather heavy owing to the 10 in.
of lead necessary for shielding the beryllium parts of most of the
plugs of this group.: The gross weight as shown, with the HT-1 hole
adapter attached. is 41,000 lb.- An electric tractor with a special
lift type trailer towing attachment is provided to move the coffin.
To facilitate its operation the concrete roadway from the reactor
face to the plug storage facility is made level and is adequately
reinforced at its expansion joints to safely support this heavy
load.: A pull rod is furnished for manually moving the plugs out of
or into their holes in the reactor or plug-storage facility.' Lead
plugs are furnished for shielding the open ends during the HT-1
loading or unloading operation.: A roll-over device for converting
from HT hole to HB hole operation is alse provided.:

2. All VN Holes, DB Holes, and All VG Holes Other than VG-9. A
proposal for a coffin for this group has been made,{*?’ but the
final design has been postponed pending the experience to be gained
in the operation of the Universal Coffin of Group 1. The proposed
coffin differs from the Universal mainly inbeing smaller and lighter
and having a motorized winch for retracting or inserting plugs.:
Also, a special crane sling is utilized to align the coffin at the
vertical and inclired beam holes. About 6 in. of lead shielding is
adequate to handle all the dummy plugs for these holes. but provision
should be made for adding layers of lead for "hot" experimental
plugs.:

3. HG- 9. VG 9, and HI-2 and 3. The coffin for this group will
be rather large in any case. For removal of dummy plugs it should
have lead shielding about 6 in. thick, but for a major HG 9 experi-
ment much more shielding will be necessary. The design of a coffin
for this group has been postponed pending the operational experience
to be gained with the Universal Coffin of Group 1.

Universal Coffin Dezign and Operation., The Universal Coffin as used for
the HB holes is made up of three sectiens having a total length of approxi-
mately 18 ft. The first section is approximately 33 in. in diameter and is
about 4 ft 5 in. long. It has the coffin mounting flange and a radiation door
at one end. The middle section, shaped like a frustum of a cone tapering
from approximately 33 to 20 in. in diameter, is about 6 ft long. The third
section is simply a steel tube with flanges at each end. and on it are mounted
all the driving mechanisms for operating the radiation door in the beam hole
liner. A trunnion together with Jacks and traverse bases permits exact

alignment of the coffin after approximate placement of the dolly.
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The radiation door in the coffin is lead and is approximately 10 in,
thick. The mechanism for opening and closing this door consists of an electric
motor-—driven worm gear which drives an acme screw shaft to open or close the
door.. The door is accurately located when open as it forms a part of the
pathway on which the HB-2, HB-5, and HT-1 plugs roll.

The dolly is used for aligning the coffin at the horizontal beam holes
and plug-storage facility, and also for horizontal transportation. It is a
rigid frame of welded construction supported by six heavy-duty trubber-covered
wheels mounted on a common dxis.  To simplify maneuvering of the coffin during
transportation and alignment, the dolly is operated like a two-wheeled trailer
and is moved by an electric tractor. The tractor is fitted with a special
trailer hook which can be hydraulically (or electrically) operated to raise or
lower the front end of the dolly.

For properly aligning the coffin with the horizontal experimental beam
holes in the reactor or the holes in plug storage, manually operated traverse
mechanisms for lateral movement of the coffin are provided at both ends of the
dolly. Vertical alignments are provided for by three manually operated
hydraulic jacks., Differential movement of the two jacks at the heavy end will
provide rotational adjustment to fit the bullet type dowels on the reactor
face and plug-storage face. A machinist's level at the side of the coffin
gives the approximste level position for the first stage of attachment. When
the coffin is slid onto the dowels and is within ¥ in. of the tubicle face,
four dial indicators on the coffin flange begin to indicate actual squareness
with the cubicle face. The cubicle face will be erected square with the
centerline of the beam hole within very close tolerances; hence it is the
proper guide for coffin alignment. After the jacks and traverse bases have
been readjusted to bring the dial indicators to a common reading, the bolts
are inserted and tightened in order to clamp the coffin securely to the

cubicle face.

Removal or insertion of the plug is performed manually by means of a
long rod.- When the plug is in the coffin, radiation doors in both the beam

hole and coffin must be closed before the coffin is pulled away.-

To insert the plug in the plug-storage facility a similar procedure is
followed except that because of large clearances attaching bolts are not

needed.
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HT-1 Hole Operation. Special procedure is necessary for operation with
the HT-1 hole.. The coffin is removed from the dolly by the crane and rolled
over 180° on a special fixture. It is then lowered on the dolly with the
trunnion riser blocks removed.: When the coffin and dolly extensions are

bolted on, the coffin is ready for use.

After the water-cooling pipes of the HT-1 plug are disconmected at the
thermal shield, the round plug that extends from the cubicle face to the
thermal shield is removed at each end and the radiation doors are closed.
These plugs are then placed in plug storage.’ A special tray for handling the
square HT-1 plug is placed in the coffin before returning it to the reactor.:
After the coffin is bolted in place, the beam hole radiation door is opened
and the tray is slid into the beam hole up to the thermal shield.: The plug is
pulled out onto the tray. which can be kept from sliding out by a push rod,
and the tray and plug are then pulled into the coffin. An annular shielding
plug is used at the outer end of the coffin to reduce radiation frowm the end
of the plug.- After the radiation door in the beam hole is closed, the coffin
is unbolted and pulled ahead about 1 ft so that a radiatien plug may be in-
serted in the end. The coffin is then transported to plug storage and the
plug is slid off its tray into one of the square plug-storage holes.:

3.2 VERTICAL EXPERINENTAL AND INSTRUNENT ROLES

The MTR has 71 experimental and instrument holes accessible from the top
of the reactor. The general layout of the top surface of the reactor with
essential dimensions indicated is shown in Fig. 3.E.  Details of the hole
locations and the numbers assigned to them are given im Fig. 3.F.. It is only
fair to warn the reader that holes VG 21 and VG-22 are monexistent - they

were lost in the shuffle.-

It will be noted in Fig.  3.F that some of the holes go into the pebble
zone and others into the permanent graphite, while two extend through the re-
actor structure and are accessible from the basement of the Reactor Building.
The way in which the holes into the pebble zone slant in toward the reactor
tank is shown in Fig. 2.B. All the facilities entering the pebble zone have
complete liners. steel through the concrete. then fluted sluminum tubes in the

graphite. Coeling inside the liner is provided by air.-hich leaks around the
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plugs and into the pebble zone through holes in the bottom of the liner tube. -

All the vertical holes into the permanent graphite have liners in the
concrete but not in the graphite.- In order to maintain proper air flow in the
Permanent graphite, these experimental holes must always be plugged during
operation by concrete plugs through the biological shield and by full-length
graphite plugs in the graphite region. -

In general the graphite plugs will be tailor-made to suit particular ex-
Periments, but it is expected that the barytes plugs used for start-up will be
adequate for most experimental setups.  These barytes plugs are all provided
with stainless steel tubes spiraled through them so that electrical leads,
etc. can be brought out from the experimental equipment.: These tubes are 1
in. in diameter for the pebble zone holes, VG-9, T2-V1, and T2-V2, and % in.
in diameter for the permanent graphite holes. In all cases the graphite plugs
are suspended from the barytes plugs by a rod and clevis arrangement.:

3.2.1 Instrument Heles. The holes Presently reserved for instruments
required in the operation of the reactor are VN-1 through VN-§, VG-8, 15, 27,
28, 42, 44, and 56, and GM-1 and 2.

Holes VN-1 through VN-6 are sloping holes with their lower ends 2 ft 8
in.  from the vertical centerline of the reactor at elevation 100 ft § in.
(i.e., just above the horizontal centerline of the reactor).: The hole liners
are 3-in.-I.D. aluminum tubing in the pebble zone. The ion chambers for the
safety and log N circuits are suspended in these heles by rods from the
barytes plugs which fill the top 6 ft of the holes. In each hole the ion
chamber position is set roughly by the length of the supporting rod, but this
Position may be adjusted 16 in. by a threaded shaft which extends through the

top plug.:

VG-8 and VG-15 are pebble zone holes reaching to elevation 98 ft 4 in.
which are to be used for fission chambers. Since the fission chambers will be
most useful near the centerline of the reactor during start-up, but above the
thermal shield during high-power operation, winches are provided above VG-8
and VG-15 to raise and lower the chambers.: Total motion of approximately 12

ft is provided by this means.

The instrument holes, VG-27, 28, 42, 44, and 56 are vertical holes ex-
tending to elevation 96 ft 0 in. in the permanent graphite. They will contain
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neutron thermometers suspended in grusphite plugsa.:

The remaining instzument holes, GM-1 and GM-2, are thimbles projecting
into the exit water lines.. They provide space for the Y-ray ior chambers
which monitor the N!® activity in the exit water.:

3.8.8 Experimsndai Edles. Heles VG-1, 3, 5, and 6 are pebble zone holes
vith 4-in. 1.D. fluted slwminwm liners extending te elevation 96 ft 2-5/8 in..
At the bottem the centarline of these holes ia appreximately 2 ft 8 in. from
the vertical centerline of the renetbr.; Fer start-up they are equipped with
barytes plugs from which are suspended ¥-in. dismeter GBF graphite plugs.

Heles VG-7, 9, 10, and 16 threugh 30 are also pebble sene holes but
with 24-in.-1.D. liners sxtending to elevation 98 ft 4 in, At this elevation
the centerline of the liners is 2 £t 10 in.  from the vertical centerline of
the reactor. The graphite plugs provided for start-up are 2X im. in diameter,:

VG-23 through 62, except VG-27, 28, 42, 44, and 56, are vertical perma-
nent graphite holes at various distances from the reactor (see Figs. 3.EB and
F) extending to elevation 96 ft.: There is no liner ia the graphite zone, but
for start-up 1X-in. graphite plugs are suspended in the 2-in, heles in the
graphite.-

VG-2 and 4 are through holes accessible frem the top of the pile and frem
the sub-pile room. Barytes plugs are previded through beth top and bottem
biological shields, and a rod snd clevia arrangement allews the grephite plug
to be fastened to the top plug.’ The bottem plug is imserted frem the sub-pile
room and bolted to the sub-pile room ceiling.: Through the graphite the holes
are each 4 in.: in diameter, requirimg a 3¥-in. GBF plug.:

VG-9 is a large (10 by 10 in,) square hole penetrating the permanent
graphite to elevation 100 ft 6 in. directly abeve HG-9.  The centerline of the
hole is 4 ft S in. frem the vertical centerline of the reactor.. The graphite
section of the plug is GBF. 9% by 9% in.

T-2<-V-1 and T-2~V-2 are thermal column holes, 124 by 13% in., through
the top of the thermal column liner.. Each of the GBF graphite plugs in
suspended by a %-in. steel roed frem the barytes plug.: This rod goes threugh
the graphite plug and is welded to X-in. steel plate at she batvom of the
plug, which is at the same level es the steel linar of the thermal colamn,
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The other two experimental holes provided in the reactor are intended for
Y-ray experiments. These holes, GT-1 and GT-2, are stainless steel thimbles,
6 in. im I.D., Projecting into the exit water lines where the N!6 activity
will be high.-

In addition to the above experimental holes, twelve 2-in.-1.D. holes are
provided in the concrete. These holes, designated VC.1 through 9 and VC-11
through 13, penetrate the south wall of the bielogical shield to elevation
92 ft.  Their lecation is indicated in Fig. 3.E arcund the south instrument
cubicle (to the right of GM-1) snd between the cubicle and the outer edge of
the reactor tep. It is expecied that these heles will be useful for thermo-

couples eor for shielding measuremente.

3.3 THERNAL COLUNN

3.3.1 General BPescriptiee. The purpose of the thermal column is to
provide a readily sccessible field of thermaiized neutrons for experimenta-
tion, (13} In order to crewte such a field of thermal neatrons the permanent
graphite (see Section 2.4.2) is extended te the outer edge of the biological
shield through a 6-ft-square hole in the thermal shield and the cocncrete.-
Graphite is used because it is a good moderator with Jow absorptivicy and
hence can create an slmost pure field ef thermal nectrons at high intensity

over a large volume.

Figure 3.3.A 15 a cut-away view of the thermal column with the graphite
removed. The graphice stacking is shown in Fig. 3.3.B.- In Fig. 3.3.A, the
steel liner adjacent te the “oncuete seyves to absorb radistion from the
thermal column in & menngs anulogeus to Che chermal shield around the reactor
proper.’ The cadmium sheet wext to the steel absorbs impinging slew nehtrons
so that the steel liner will exhibit & minimum of induced radioactivity after

pile shutdown.

Since not all the reutrons are thermal, some (& flux of about 10° to 0%
neutrens/cm? sec) will rasach the steel. This is sufficient, after extended
operation, to induce biologically dangerous activity in the steel so that
Persons entering the empty column during reactor shutdowg mast be protected.

For this reason the 2-in. lead liner ig provided over the neutron-absorbing

sheet. -
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Because of its relative cheapness and availability, cadmium sheet is used
wherever possible for the neutron-absorbing liner. However, since cadmium
emits a highly energetic 7 ray upon absorbing a neutron, its use 1s restricted
to those places where adegquate shielding from these hard ¥’s is present.’ In
the outermost section of the liner (see Fig. 3.3.A) and on the inner face of
the lead door, boral(!#%) (boron carbides—aluminum sheet), which gives off a

much weaker ¥, is used.-

To prevent streaming of fast neutrens from the reactor, the liner as well
as the graphite filler makes at least two sidesteps between the outer face of
the graphite reflecter and the lead door.: Scattering steps are also provided
for biological shielding in the apertures and around the edges of the lead
door.. As indicated in Section 2.4.2, GBF graphite is used since it is the

purest commercially obtainable.:

The lead door indicated in Fig. 3.3.A is designed to reduce the radiation
from the thermal column te the same level as that through the concrete biolog-
ical shield. It can be raised with the overhead crane and held in an elevated

pesition by lever-actuated pawls.:

3.3.2 Thermal Columa Experimental pseilities. The thermal-column ex-
perimental facilities include one large herizontal hole and 10 small holes, as

follows:

Horizontal Holes:

HG-9 9 X 15 in.- To D tank
T.92-..H-3 through T-2--H-8 4 X 4 in.- To ¥-ray screen
T-2—H-1 and T-2=H-2 4 % 4 in.: 90° column accessible

on north or south
face of reactor

Vertical Holes:

T-2-—V-1 and T-2-=V-2 12 x 12 in.- Accessible at top of
reactor

In some respects the HG-9 hole should not be considered as part of the

thermal column since it provides access to the fast-neutron flux directly frem

the active lattice through sealed empty cans in the beryllium. However, with

3.28



appropriate plug arrangements the fast flux can be utilized by one experiment

and still not disturb the thermal column.-

The holes normal to the direction of the thermal column are expected to
be extremely useful in providing very pure fields of thermal neutrons although

at somewhat reduced intensity.:

3.4 SHIELPING FACILITY

The proposed shielding facility for the MITR has become a victim of delay
and economy. During the early design stages of the MIR it was recognized that
the problems associated with the shielding of nuclear reactors were among the
most serious in the industry. It was felt therefore that to be a completely
versatile test reactor the MIR should include a facility for shielding experi-
mentation, and the 6- by 6-ft hole on the west side, which was formerly a
second thermal column, was redesigned for this:purpose.;Howaver, the shielding
problem became so urgent that a Bulk Shielding Facility was designed and built
at ORNL.: When the MTR costs were reviewed in the spring of 1950, it was
decided that since the Bulk Shielding Facility would be in operation long
befere the MIR, considerable monéy could be saved by eliminating the shielding
facility for the reactor.:

As a result of the above decision, the MIR biological shield now contains
a 6- by 6 ft hole which will be filled, for the present, with closely packed
barytes blocks.: However, in the hope that eventually this facility may be
used for a therma! column or other‘experimenta, the following steps have been
taken to permit removal of the concrete blocks without danger of overexposure
to radiation;
1. The 6- by 6-ft hole will have a well-anchored steel liner. During
construction this liner will be provided with tapped holes so

that at some future time lead plates can be fastened to it as
each layer of concrete blocks is removed.:

2, The inner end of the hole is covered by a quickly removable
boral sheet.:

3.: Means are provided for raising a 2-in. lead door up between the
thermal shield plates to cover the hole.:
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In this way it is hoped that the concrete blocks can be re-
moved and graphite or other material stacked in during reactor
shutdown. In addition, a deep water shield tank is set into the
floor immediately in front of the shielding facility hole.:

The preliminary design of the shielding facility as planned in November,
1949 is fully described in ORNL CF-49-12.30.¢1%)

3.5 PNEUMATIC RABBITS

The pneumatic rabbits provide the Materials Testing Reactor with facili-
ties to irradiate small samples of material in the high-neutron fields of the
reactor.’ The horizontal holes that constitute the pneumatic rabbit facilities
are HR-1, 2, 3, and 4. However, any beam hole can be adapted to provide addi-
tional shuttle facilities. Holes HR-3 and 4 are of 4 in. I.D. and extend in-
ward only to the reactor tank. Holes HR-1 and 2. which are l-in. in diameter,
extend completely through the reactor and pass within 1 in. of the active
lattice {(see Fig. 2.D).

The only parts of these facilities which actually exist in the construc-
tion are the holes and liners and the vacuum exhaust lines within the reactor.
It is intended that the HR-1 hole always be used for “"through shuttles,”
i.e., shuttles that pass directly through the reactor.: The equipment for this
hole and the HR-3 and 4 holes will bedesigned and set up by the experimenters,

and it is therefore not discussed further.:

The HR 2 hole is intended primarily for "re-entry shuttles,”™ i.®.,
shuttles that are stopped at the active lattice for a given interval and then
propelled out the same side through which they entered. The additional equip-
ment for this system is not included in the present construction, but a design
proposed{ 1%’ by ANL is discussed in Appendix 9.  The proposed re-entry shuttle
equipment provides for the introduction of the shuttles into the system in the
basement and provides a means of propellimg them to the inner end of the
rabbit tube.- After a predetermined irradiation period in the reactor, they
can be expelled either to the laboratories in the Reactor Puilding wing or to
an unloading station in the basement.  The major components of the system, all
fully described in Appendix 9, are & loading terminsl, shock absorhgr, trans-

fer unit, laboratory selector. and unloading terminals.
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3.8 RYPRAULIC RABRITS

The hydraulic rabbit system for the MTR consists of two l-in.-I.D.;
vertical tubes rumning through the bottom plug into the east end of the
beryllium reflector (see Figs. 2.D and 2.4.A and B) and a 1.31-in.-I.D. tube
threugh each of the regulating rod holes not in use.

Only the tubes inside the reactor and through the bottom plug are being
provided in present construction.: Hewever, a tentative design fer the ea«
tise systen prepesed by OMNL is emtlined in Appendix 10.-
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DWG. - NO.

BKC- 3150-92-9A
BKC-3150-522-1
PKC-3150-522-2
BKC-3150-522-3
BKC-3150-522-4
BKC- 3150-522-5

BKC-3150-524-1

BKC- 3150~ 544-1
‘BKC-3150-544-2
BKC-3150-519-1
BKC-3150-519-2
BKC- 3150- 564- 2
BKC-3150-564- 10
BKC-3150-554-2
BKC-3150-551-1

BKC-3150-557-1
BKC-3150-557-4

" BRC- 3150 550- 1
BKC- 3150-562-1
BKC-3150-515-1
BKC-3150-516-1
BKC-3150-516-2
BKC-3150-558-1
BKC-3150-514-1

through 9

VG-1, 3, 5, 6, 7, 10, 11, 12, 13,

3.8 BREPFERENCE BRANINGS

o TITLE

Service Facilities for Experimental Plugs

HP-1, 3, 4, and 6 - Liner
HB-1, 3, 4, and 6 - Plug
HB-1, 3, 4, and 6 - Radiation Door
HB-1. 3. 4, and 6 - Shielding Plug

HB-1 to 6, DB-1, HT-1, HR-3 and 4, HG-5 and 6 - Outer
Shield Plug

Typical Assembly of Liner, Plug,
Shielding Plug

HG-1 to 4 - Liner Assembly
HG-1 to 4 - Plugs

HI-2 and 3 - Mechenical Deaign
HI-2 and 3 - Plugs

Plug Coffin

Coffin Radiation Door Drive
VN-1 to 6 - Details

Radiation Door, and

14, 16 through 20 -
Liner and Plug

VG-23 through 62 except 27, 28, 42, 44, and 56 - Liner
and Plug

VG-27, 2B, 42, 44, and 56 - Neutren Therseweter
ment

GT-1 and 2 - Camma Thimble Plug

VC-1 through 13 except VC-10 - Liner and Plug

T-2 Thermal Column

T-2-~V-1 Thermal Column Liner

T-2=-V-1 Thermal Column Plug

T-2~H-1 te T-3—H-8 Grephite Plugs - Reactor Structure
Shieldine Facility Arrangement

Equip-

BKC-3150-538-1 through 10 HR.1 and 2 - Rabbit Tubes
BKC- 3150-540-1 through 5 HR-3 and 4 - Rabbit Tubes
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PHYSICS OF THE MATERIALS TESTING REACTOR

4.1 REVIEW OF REQUIREMENTS

The general aims of the Materials Testing Reactor are:

1.- Attainment of a very high fast-meutron and thermal-neutron flux
for general experimental and testing purposes.

2. Production. in sizeable quantities, of U233, C!'%, and other
isotopes of interest in R.W.:

3. Attainment of a flexible reactor in which the disposition of
fissionable material may be readily altered in conformity with
experimental needs.:

4. Production of epithermal neutrons of the highest possible energy
in order to test the behavior of reactor materials under high-
intensity radiation (fast neutrons and Y rays).:

5. Attainment of a reactor of such simplicity in design, servicing,
and operation that it can serve as a prototype for research
centers in which the AEC may deem a nuclear reactor desirable in
the future.:

In order for the reactor to satisfy these requirements, careful consider-
ation had to be given to the minimum quantity of fissionable material which
would be necessary at the flux level desired. the amount of foreign matter to
be inserted, the need to reactivate the reactor within a few hours or less
after shutdown and overcome fission product poisoning, temperature effect, and

depletionrbf fissionable material, to name the most important.:

This chapter will review briefly some of the theoretical considerations
that were worked on in parallel with the critical experiments described in
Appendixes 1, 2, and 3.: Sections 4.2, 4.3, and 4.4 cover essentially the same
material as MonP-272.  Section 4.5 discusses heat production and removal.:
Section 4.6, on Shielding, is given 1in considerable detail because it covers
the particular shielding problems of the present MTR and illustrates the

assumptions and methods used in such calculations.: It is to be hoped that
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enough data will be taken from the MTR to check the validity of these calcu-

lations. -

4.2 FLUX CALCULATIONS

One of the most important reasons for using a small-volume light water—
moderated core instead of the large-volume heavy water— moderated core de-
scribed in MonP~108-and in Appendix 1 is that the virgin neutron flux (fission
neutrons which have suffered no collisions) and the y-ray flux are much
higher.: The virgin flux, ¢b, is related to the number of fission neutrons
produced per cubic centiuntcx..Q.f~andpto the iselastic macroseopic cross-

section for virgin neutrons 2. by the relation
¢ - Q/zin

The above equation is correct if the reactor dimensions are large compared to

the mean free path, Zin'l~ of virgin neutrons.

In the presen:t reactor Q is given by 7% sﬁz;where ¢§ is the average slow
flux, 2 X 10** e¢m'? sec'!. and 2g235= 0.059 cm™?, corresponding to 35.7 g of
U?3% per liter of reactor.. The mean free path of virgin neutrons in the core
of light water plus aluminum, with VAz/V; = 0.75. is about 5 c¢m: thus

2°

$o ~ 1.2 ¥ 10 cm? sec'*

The old proposed heavy water—~moderated reactor had a core volume almost
ten times greater than the present one, while the total power output, 3 X 10*
kw, and virgin-neutron mean free path was the same. - Its average virgin flux
was thus smaller by a factor of]0.:A comparison of the slow, resonance, and

fast flux in these light water and heavy water reactors isgiven in Table 4. 2.A.-

A second desirable characteristic of the small-core light water—moder-
ated reactor is that the thermal-neutron flux distribution is essentially flat
in the core and for a short distance into the beryllium reflector is equal to

or greater than the average core flux. The holdup of thermal neutrons in the

*The quantity Q is therefore proporticnal to the power per unit volume of the reactor.
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TABLE 4.2.A

Fluxes in Light Water and Heavy Water Reactors

LIGHT WATER | HEAVY WATER

Power (kw) 30 x 108 30 x 103

Power/volume (kw/liter) 357 37
14
Maximum virgin nv ~1.2 x 104 | ~0-15 x 10

Maximum epithermal nv ~6 x 104 ~5 x 104

Maximum slow nv ~2 x 1014 ~2 x 104

reflector is due to the smaller rate of absorption in the beryllium as com-

pared to the high k core.-

The magnitude of the rise in the reflector depends on the size and shape
of the reactor.. In Figs.: 4.2.A, B, and C the radial flux distributions as
calculated for three cylindrical reactors with different k values are shown.:
In the largest reactor (lowest £ = 1.373) the thermal flux rise in the re-
flector is least pronounced.: The larger the reactor, the lower the rate of
thermalization, which is proportional to ¢f‘ becomes in the reflector.: This
results in a decreased ¢, in the reflector.- For a thin-slab reactor (Fig.:
4.2.F) the rise of ¢S in the reflector is most pronounced because of the
relatively high rate of thermalization in the beryllium near the core.: The
change from a circular to a rectangular horizontal cross-section reactor

hardly affects the neutron flux distributions (compare Figs. 4.2_A and E).-

Longitudinally the thermal flux in the k = 1.3%3 cylindrical reactor
(Fig. 4.2.D) drops only by a factor of 2 before again rising in the top (or
bottom) water plus aluminum reflector.: The actual longitudinal distribution
will be even flatter than that calculated because the side beryllium re-
flectors are longer than the reactor proper, and therefore extend into the top

and bottom reflector region.

The thermal-neutron distribution in the reactor and its reflector will be

modified by the presence of control rods, the thorium-breeding blanket, if
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used, and the aluminum tank wall. When cadmium control rods are near the
center of the core, the flux in the reflector is relatively greater than the
average core thermal flux because the cadmium rods cause a central depression
of the neutron flux.: A high ratio of reflector to average core neutron flux

makes for maximum experimental usefulness with minimum expenditure of fuel.

The thermal flux in the useful experimental region is lowered consider-
ably when a thorium blanket surrounds the reactor.: Figure 4.2.G shows the
magnitude of this depression produced by a sheet of thorium 1.26 cm thick
placed at 20 cm from both sides of the rectangular cross-section core. Its
effect on k is slight; Ak/k = -0.4%.:

The presence of the aluminum tank wall between the beryllium and graphite
lowers the thermal flux slightly.- At its position nearest to the core (30 cm)
when the core is the thinnest possible slab (thus highest flux at the alumi-
num-graphite boundary), the aluminum depresses the thermal flux by only 14% as
shown in Fig.- 4.2.F.: This figure may be used to estimate the flux at various
positions in the reflector when thorium is not present.: If the thermal flux
is normalized to 2 X 10'% at the edge of the reactor, then the flux will rise
to about 2.3 X 10'* in the beryllium 5 cm from the reactor surface. At the
beryllium-graphite interface the slow neutron flux is about 6 X 10'3, and at
the thermal shield it is about 3 X 10!, These figures are, of course, very

rough. .

The calculations of the flux distributions were made according to a
simple two-group diffusion theory.. Experiments described in Appendix 2
indicate that these calculations predict a smaller slow-neutron rise in the

reflector than is actually observed.:

4.3 REACTIVITY LOSSES

For various reasons, e.g., Xe'?% poisoning, depletion of U%¥%, etc., the
reactivity of the reactor is lower during high-power operation than during
zero-power operation.- The reactor therefore must be built considerably larger
than is necessary to be critical in the cold, clean state.” Before summarizing
the reactivity losses which are entailed by Xe!35 + Sm'*?, depletion of U23s,
and temperature rise, the conventions for expressing reactivity loss will be

reviewed briefly:
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If a poison is placed in or removed from a reactor which is just criti-
cal, the neutron density will decay or rise with a period T.- This period is

directly proportional to the change in reactivity, which we denote by

Akeff/keff

by the usual in-hour formula

Akeff _ l ﬁi T‘l‘. (1)
LAY kT EE::Ti + T
| 3

where | is the generation time, and Bi and 7; are the abundance and the mean

life of the ith delayed neutron group.: The k in this formula is always the

value of k after the change in poison has been made.

It is possible to calculate the reactivity change Bk, ¢/k, s, and there-
fore the period T, in terms of the absorption cross-section of the poison and
its position in the reactor.  More generally, if any perturbation is imposed
on the reactor, e.g., if the density of the moderator is changed, then the
reactivity will change in a manner which is calculable in terms of the magni -

tude of the perturbation and its position in the reactor.:

The critical equation in two-group reactor theory is
k= (1 + 7B2)(1 + L2B3)

where 7 = age of fission neutrons.

L = diffusion length,"

B2= "buckling" or "Laplacian" of the reactor,:

When
k

(1 + 7B?)(1 + L2B3) )

1

the system is chain reacting and in a steady state, and k.,, is defined as

k

- .

Yoo T T (Y 1B
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In the MIR core 7' % 64 cm?, L2 ~ 3.5 cm, and B? 102 cpm 2

If an absorber is uniformly distributed in the core, it will affect k

primarily but, to a much lesser extent, it will also affect L?.- The latter

effect can be neglected when L? << 7 and we may then write

Akeff _ Ak

keff k
It will be recalled that

k = penf

when

7 = number. of neutrons produced for each thermal neutron absorbed in

uranium. -
_ L. . _ number of fast neutrons from all fissions
€ = fast multiplication factor = —
number of neutrons from thermal fissions
P ~ resonance escape probability = fraction of neutrons escaping

resonance capture and thus becoming thermal neutrons.

f = thermal utilization factor = fraction of all thermal neutrons
produced which is absorbed in fuel material.:

However, in a small enriched reactor such as the MTR, both p and € are suf-

ficiently close to unity that, to a very good approximation,

u?3s

k=mnf =7
resactor
where T 235 — No

5

U U235 :

b3 reactor No 235 + No’ﬂzo + NUAi + ngolson

It is then possible to write, when an absorber is placed in the core,

Ak A
k )

reactor
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In this expression k and 2 eactor 2lways pertain to the situation after a

change has been made.

The effect of a local change in the reactor is a fairly sensitive func-
tion of position. Experiments described in Appendix 3 have shown that an
absorber is about twice as effective in the center of the core as at the edge,
and the importance of an absorber diminishes rapidly as its distance from the

core increases.' This, of course, means that experiments can be done in the

reflector, where the thermal flux is very high, without producing a major 4'

change in reactivity.:

For detailed treatment of the equations and effects discussed above, the
reader is referred to Glasstone and Edlund, Elements of Nuclear Reactor

Theory. (*5)

The major perturbations which occur in the reactor are Xe!35 + §pl4?
poisoning, U?3% depletion, and temperature rise. The reactivity loss, Ak [k,

for each of these has been calculated and is discussed below.:

4.3.1 Xef3% and gm!4? Poisoaing. When the reactor operates at a uvniform
flux of 2 X 1014, i.e., at 10,000 kw per kilogram of U235, the steady state
reactivity loss due to Xe'®® is Ak/k = 3.9% and that due to Sm!4® is Ak/R =
1.0%, making a total steady state loss of 4. 9%. The manner in which these

losses are reached after start-up is indicated in Figs. 4.3.A and B.:

After shutdown the Xe!35 produced by I'3% decay builds up and goes
through a maximum at 11 hr; at this time the additional reactivity loss due to
Xe!35 growth = 40.6%. The total extra Xel3$ loss is somewhat less than this
because any Xe!35 which is already present at shutdown simply decays without
going through a maximum.: The time course of the Xe!?S which grows from I135
is shown in Fig. 4.3.C (curve labeled I'35—3 Xe'35 —3 Cs!%5), and the time
course of the Xe!3% which decays directly is given in the curve labeled

135 135§
Xe —> Cs .

The Sm!'*? is a daughter of I1!“%; its concentration therefore increases
after shutdown. The extra loss due to it would, at very long times after
shutdown, eventually reach Ak/k = 3.3%.

The overall time behavior of the extra reactivity loss is also given in

Fig.  4.3.C.: It is seen that in order to override the Xe!35 + Snl49 )oss at
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all times, an excess k equal to the sum of the net extra loss, 38.8%, plus the
equilibrium loss, 4.9%, or Ak/k = 43.7% is needed. -

It was not regarded as a practical necessity that so much reactivity be
built unto the reactor that it could override the Xe!35 at all times after

shutdown.* However, there should be sufficient extra reactivity so that
every accidental scram does not keep the reactor shut down for several days.-

It was felt that if the reactor can override % hr of accumulated Xe!3% + Smi4?,
it will ordinarily have sufficient operational flexibility.  Te achieve this
it is necessary, according to Fig. 4.3.C, to build into the reactor dn’ excess
reactivity of 9.6% (4.7% for reactivity loss in 30 min after shutdown plus
4.9% equilibrium loss).  With this available Ak/k the machine can be started
up within the first half hour after a scram, or after two days if not started

during the "grace'" period.-

It should be clear from this discussion that much more care is needed
to shut down and start up this reactor than is needed for the graphite re-

actors,

4.3.2 Depletion of U?3® and Other Fission Product Poiseming. It is
estimated that there will be a loss of 0.35% per day in Ak/k attributable to
the depletion of U?3% and accumulation of low-cross-section fission products
(0, is assumed to be 50 barns per fission) if the reactor runs at 10,000 kw
per kilogram.: A running cycle of about ten days was used for the computation,
which means that about 3.5% in Ak/k must be available to override the deple-
tion loss.. The depletion and low-cross-section fission product loss is
plotted as a .function of time in Figs. 4.3.A and B (curves labeled "25").,
The total loss due to depletion, low-cross-section fission products, and

Xe'35 + Sm'49 is also given in these figures.-

4.3.3 Teamperature Coefficient. As the temperature of the reactor rises,
the reactivity falls.: The reactivity temperature coefficient, defined as the
change in Ak/k per degree centigrade temperature rise in the reactor, is the
sum of three partial coefficients. These partial coefficients arise from

l.- Expansion of the fuel-bearing aluminum plates,

2. Expansion of water between fuel plates,

3.  Change in microscopic cross-sections with temperature.:

*Operational requirements of the STR, desi§ned subsequently to the MIR, have dictated that sufficient
reactivity be incorporated to override Xe!35 at all times.
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Effects 1 and 2 are functions of the bulk temperature of the plates and
H,0,respectively.: Effect 3 is a function only of the neutron temperature.: To
determine the neutron temperature from the H,0 temperature is not easy; it is

supposed that the two are equal.:

In Table 4.3.A are tabulated the partial temperature coefficients at
20°C calculated for three cylindrical reactors of 12.78, 17.85, and 2l. 12 em
active radii, respectively.: All are approximately 53 cm high and VAI/VH ,0
0.%5.- The usual adjoint perturbation theory was used for the calculation.-

TABLE 4.3.A

Partial Temperature Coefficients at 20°C, Al-H,0 Neutrea Temperature

ro= 12,78 r = 17.85 ro=21.12

Reactor k= 1.606 k= 1.432 k= 1.373
Coefficient (1) in Ak/k/°C -1t6 x 10-5 -1.4 x 1075 -1.3 x 1075
Coefficient (2) -3.8 x 1075 -3.0 x 10°5 -2.8 x 1075
Coefficient (3) _ -15.7 x 10°5 -10.5 x 1075 -8.9 x 10°%
Total coefficient -21  x 1073 -15 x 105 -13 x 1075

During summer operation at 10 kw/per gram of U235 the water will enter
the reactor at about 100°F (39°C) and leave it at 115°F (47.3°C).: The maximum
aluminum temperature will be about 50°C higher than the average water tem-
perature.. The lowest reactor temperature will occur during winter shutdown;
at this time water and aluminum will be at about 10°C.: Thus the yearly
temperature range of the water (and the neutrons) is about 35°C, and the tem-
perature range of the aluminum is about 70°C. The maximum reactivity loss in
the k = 1.606 reactor due to temperature rise is therefore: 0.11% in Ak/k due
to aluminum temperature rise and 0.68% in Ak/k due to water and neutron tem-
perature rise, making a total of 0.79%.° For the k = 1.373 reactor the figure
would be 0.5%.- The temperature loss computed here is total loss from winter

shutdown to summer operating conditions.: The loss in reactivity from summer
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shutdown to summer operating is very much less than 0.78%; it is only about
0.2%, which is the amount of Ak/k that must be held by the regulating rods.-
The larger variation between summer and winter operation and shutdown can be

taken care of by the shim rods.

4.3.-4 Thorium Blanket. The calculated critical masses are for a reactor
with an infinite Be + H,0 reflector on the side. Actually there may be a
thorium blanket about 15 cm away from the surface of the 22- by 70-cm rectan-
gle which reduces the reactivity by about 0.7% in Ak/k.. This is rather an
overestimate of the thorium effectiveness because for most reactor loadings
the distance from the reactor interface to the thorium blanket will probably

be more than 15 cm.:

4.3.5 Other Reactivity Losses. Experimental setups around and in the
reactor lattice will further reduce the reactivity of the machine.- An ad-
ditional 5% in Ak/k was arbitrarily assigned to handle this.: It is estimated
that this margin in Ak/k represents an absorber of total cross-section 330
cm? placed uniformly in a 2-kg reactor.* It may be pointed out that in the
present ORNL reactor ,the total poison cross-section which will take up the
excess available for experiments, i.e., about 0.5%, is 4000 cm? if spread

uniformly or 500 cm? if concentrated at the center.:

4.3.6 Total Reactivity of Reactor. The overall minimum excess re-

activity built into the reactor is summarized in Table 4.3.B.

;\}1

 'TABLE 4.3.B

Minimum Reactivity Losses Which Must Be
Allowed for in Reactor

SOURCE OF LOSS D/ (%)
xel35 + Snl49 9.6
Depletion + low-cross-section fission products 3.5
Temperature ‘ 0.8
Others 5.0
Total 18.9

*The critical experiments discussed in Appendix 3 indicate that A:/k for experiments and apparatus will
be less than that assigned here.
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From the curve of critical mass versus k in>Fig.;4.3.D it may be esti-
mated that about 2.6 kg is needed to ensure an excess Ak/k of 18.9%. -

Because of the thorium blanket (which reduces the reactivity by about
0.7% in Ak/k, depending on the disposition of the active lattices) and because
of the holes in the reflector, the amount of U?3% needed to give an excess
reactivity of 18.9% is a little larger thgn 2.6 kg for a reactor built with an
Al/H,0 volume ratio of 0.70.

The exact critical mass is not crucially important since the reactor is
designed so that as much as 6 kg of U?3% can be loaded by replacing all the
removable beryllium. With this loading the excess reactivity is Ak/k = 299,
It would, of course, be undesirable to use this large loading regularly since
this would mean, for fixed total power, a reduction in flux.. If the critical
mass calculations are correct. then the average slow flux attainable in the
machine will in fact be 2 x 1014 at 30 megawatts, 1f the critical masses turn
out to be higher than calculated, then the flux at 30 megawatts will be

reduced in proportion.
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4.4 DYNAMICS OF THE REACTOR

A proper analysis of the time-dependent behavior of a reactor operating
on thermal neutrons must take into account the important effects on its criti-
cality, reactivity, and stability which arise from such factors as fission
products of high thermal-neutron capture cross-section, depletion, tempera-
ture, average neutron lifetime in the reactor, flux level, and reactor period.
As has been seen in the requirements placed on the reactor, considerable
excess reactlvity must be built into the active core before start-up. The
control rods must keep the reactivity below the critical value before and

during start-up.

Two start-ups must be considered separately, first for the case for the
clean, cold reactor, and second for the case when the reactor has been shut down
from a high level and must be started up again quickly. When an enriched
reactor starts from a cold, clean state to a power level of 3 x 107 watts, as
in the MTR, the range to be covered by contrel instrumentsis from 10°!8 x ful]
power to unity X full power (in terms of total number of fissions per second

3 x 107 watts requires about 10'® fissions/sec).

In order to bring the lower part of this range into the operating region
of convenient instruments a neutron source (e.g., Po-Be) is always inserted
in the reactor to produce about 107 neutrons/sec. With such a source in place
in a cold, clean reactor, start-up time of half an hour has been selected as
sufficiently slow for safecy and not objectionably long for convenience. The
rods therefore are withdrawn at an average rate of 0.01% AZ/k per second,
which is accomplished by withdrawing at the rate of 0.1% per second for
% sec, followed by a waiting period of 4% sec. This "intermittent" speed 1is
equivalent to introducing step changes in reactivity at regular intervals, and
the increasing transient periods become an indication of the approach to

critical#ty.

If it is assumed that a "start-up accident™® occurs in which rods are
withdrawn continuously at a rate equivalent to Ak/k X 0.1% per second, the
neutron level will rise only a factor of 100 in several minutes. However, at
the end of this time the reactor will be supercritical, on a rising period of
approximately 10 sec, and in a few more seconds will have a period of approxi-

mately 1 sec. Under these conditions the reactor will have passed prompt

*See Chap. 5.
4.23



critical long before the level is reached at which: the safety instruments are
set to operate. If all controls have failed, the minimum period expected,
pessimistically estimated at about 1/30 sec, must be countered by safeties
capable of 30-msec response. In this event the power would momentarily rise
to about three times "normal" overload power or about four times operating
power. It has been demonstrated in the MTR Mock-Up that rods will actually
begin to drop in about 0.015 sec.

In restarting the reactor after a short shutdown, the time available is
limited by xenon growth: hence the rods must be withdrawn as quickly as
possible. However, the considerations of the preceding paragraph indicate
that the maximum tolerable rod withdrawal is 0.1% Akgk per second. This,
then, has been fixed as the "high" rate of rod withdrawal and permits com-

plete withdrawal of all rods in about 6 min

When the MTR is normally at full load, the excess reactivity may amount
to 20% in k. All the controls will take up about 40% in k at most, so that a
dead, cold reactor hasak of about 0.8 This imposes great caution in start-up,
and the control arrangement as described in Chap. 5 makes it impossible to

start the reactor or operate it without a source of sufficient strength.

The provision of a source has been conveniently brought about by uti-
lizing an arrangement of antimony plus beryllium. SISb124 is a y-ray emitter
of 0.03 Mev with a 60-day half-life: it is conveniently made from natural
51Sb123 by neutron absorption. Such a source is therefore kept active in a
going reactor. It has the advantages of cheapness and sufficiently long

half-life to maintain high activity for several days after shutdown.

4.5 HEAT PRODUCTION, TRANSFER, AND REMOVAL

As has been previously indicated, the fuel assemblies and the beryllium
reflector are water cooled. In the reflector the water acts primarily as a
coolant, but in the active lattice it acts as both coolant and moderator.
This means that the quantity of water (moderator) in the active lattice at any
time must be determined by nuclear considerations, but the speed with which it

passes through the lattice is determined by heat transfer requirements.
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The high flux requirements of the MIR require a reactor with the smallest
possible critical mass. This is accomplished by building the reactor with the
optimum U?35/H ratio,{**?) which in this case means choosing the appropriate
U235/H20 ratio. With these nuclear requirements in mind, the amount of
uranium per fuel plate was determined by the optimum amount of uranium in
uranium-aluminum alloy, and the thickness of each plate was determined by the
practicability of the picture frame construction and required rigidity of
the plate structure (see Appendix 6). The U235/H ratio was then fixed by the

spacing between the plates.

The above considerations led to the present design of the MTR fuel
assemblies with spacing of 0.117 in. between plates. Heat transfer calcu-
lations{3’ then showed that satisfactory heat transfer could be obtained with
a water velocity of approximately 30 ft/sec through these spaces. Once this
figure was established, further calculations{*’ and experiments (see Appendix
4) established the pressure differentials required and the resultant quantity
of water through the reactor. By this means the necessary pressure drop
across the fuel assemblies was found to be about 40 psi, which, because of
parallel flaw, 1s also the pressure drop across the beryllium reflector. It
should be noted that this pressure produces a flow of approximately 20,000 gpm
through the reactor and beryllium, resulting in a water temperature rise of

only about 11°F for 30,000-kw operation.

The original calculations for heat production are reported in MohP~272.
Since that time these figures have been experimentally checked in‘critical
experiments (see Appendix 3) and in the Mock-Up (see Appendix 4). For con-
venience the initial results given in MonP-272 are restated in Sections 4.5.1
and 4.5.2, while the later figures based on experiment are given in Appendixes
3 and 4. A check on all these figures will, of course, be made in the early

days of operation of the MTR.

4.3.1 Calculations of Heat Inside Active Lattice. The assembly plates
will contain a concentration of U?35 of about 20.4 mg/cm?. At a power output
of 10 kw per gram, which corresponds to a slow flux of about 2 X 10'*, the
heat taken out of each side of an assembly plate is about 24 cal/cm?/sec.
With a flow velocity of 30 ft/sec in the reactor core and a plate separation
of 0.117 in., the heat transfer coefficient, with no scale formation, should
be about 0.9 cal/cm?/sec/°C, or 6300 Btu/hr/ft?/°F. The film temperature
drop is therefore 27°C.



These are average figures. Along the mid-plane of the core, the flux is
about 1.3 times the longitudinal average; at the core-reflector interface this
can be increased by as much as another factor of 1.2 when the loading is in
the form of a very thin slab. Finally, in the neighborhood immediately
surrounding a thorium shim rod there is a further local heating of about 20%,
which arises because of the rather large dead layer of H,0-Al (13 mm) between
active assembly and thorium. The hottest spot in the reactor may therefore
have a power output which is 1.3 X 1.2 X 1.2 = 1.87 times the average. Thus
the maximum film drop could be as high as 50°C even without any scale for-
mation. If the average power output is 10 kw per gram,* the reactor is
loaded as a thin slab, and a thorium shim rod happens to be close to the core-

reflector interface.

4.3.2 Calculations of Heat in Beryllium and in Foreign Materials Near
Active Lattice. Outside the core. heat is produced primarily from absorption
of v rays. Some of these come from the reactor itself, and some arise from

neutron capture in beryllium, in thorium, and in graphite.

The calculation of the heat distribution in the reflector was based on
the neutron distribution for the very thin slab reactor without any thorium
(Fig. 4.2.F) since in this case the heat load in the reflector is heaviest.
The results are given in Fig. 4.5.A., To simplify the computation of the
Y-ray absorption, the core and reflector were assumed to be infinite slabs;
this leads to an overestimate of the heat load since the neutron flux was

assumed to be uniform over the whole core and equal to 2 X 1014,

The added heat flux per experimental hole is about 0.0342/R%gkw ** where
A 1s the cross-sectional area of the hole, and R is the distance from the core
surface to the face of the hole opposite the core surface, provided A is much
smaller than R?, For the 6-in, hole, R ~ 40 cm, the total heat flux is about
0.6 kw or 3.5 watts/cm?. The pile y-ray heat flux at 40 cm in the absence of
a hole is 3.5 watts/cm?; hence, the hole increases the load due to the y-ray
heat by afactor of 2, or the total heat flux increases from 4.6 watts/cm? (see
Fig. 4.5.A) to 4.6 + 3.5 = 8.1 watts/cm?.

The greatest heat load outside the core occurs in the mid-plane of the

beryllium reflector at the interface between beryllium and core. This maximum

*The specific power (average) for the reactor is 300 kw/liter.

**0.03 1s the appr «ximate average y-ray heat flux at surface of lattice.
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might be as much as 16 watts/cm® or 3.84 cal/cc/sec. If the beryllium is
shaped like a slab, cooled on both front and back faces, the temperature rise

in the center is

2
AT = L 4.8x2
2k

where ¢ 1s the heat production (= 3.84 cal/cc/sec), x is the half-thickness
of the slab, k is the thermal conductivity and is equal to 0.4 cal/deg/cm/sec.
A temperature rise of 75°C, which is probably safe, allows the slabs to be
8 cm thick.

Foreign materials, such as control rods or experiments which are placed
in the center of the core., will be heated even more strongly than the beryl-
lium. The y-ray heat production at the center of the reactor is about 5.85
cal/cc/sec; this is essentially the y-ray heat absorbed in the reactor. Since
the reactor has an average density of about 1.7 g/cc, an estimate of the heat
production in a foreign body placed at the center of the reactor will be about
5.85/1.7 = 3.4 cal/g/sec. Thus in beryllium, density 1.85 g/cc, the heat load
is 6.3 cal/cc/sec, while in thorium. density 11 g/cc, the heat load due to re-

actor ¥'s alone is 38 cal/cz/sec.

In addition to the reactor ¥’'s. the U?®? fission in the thorium creates
a heat load which is not negligible. It is unwise to run the U?®® concen-
tration in the thorium beyond 0.1% because at this time about one-tenth of the
captures 1in thorium lead to fission. The additional heat load in the thorium

2 33

due to U fissions is about 22 cal/cc/sec. The total load in the thorium

rods may therefore be as high as 60 cal/cc/sec.

4.5.3 Heating and Cooling of the Graphite Beflector. This subject is
covered fully in a report®) on the cooling of the graphite reflector. Heat
production in the graphite i1s based on the curves given in MonP-272 and the
data obtained in critical experiments (Appendixes 2 and 3) and is normalized

for a slab reactor of the following characteristics:

Power (kw) 30,000

U2%®® in reactor (kg) 3.5 (23 assemblies + half of 4
shim rods)

Mev/fission 187

Fissions/sec 9.9 x 10}’

Average nv (thermal) 2.0 x 10**

Specific power (kw/liter) 300
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The results of these calculations are shown in Fig. 4.5.B. 1In this
figure the curves are discontinuous owing to the pebble zone which is indi-

cated between points A4 and CC for slab and square loading, respectively.

The total heat to be removed from the pebble bed was estimated by d1v1d—
~ing the bed into several zones and calculating the heat production from the
curves in Fig. 4.5.B. By this method it was found that the total heat pro-
duced in the pebble bed is about 420 kw with the reactor operating at 45,000
kw,

The total heat to be removed from the permanent graphite was found by a
method similar to that used in the pebble zone and amounts to about 330 kw

with the reactor operating at 45,000 kw.

4.5.4 Heating and Cooling of the Thermal Shield. Heat production in the
thermal shield has been calculated,‘®'?? and these calculations show a total
heat production of 47.5 kw in the thermal shield for operation at 30,000 kw.
These figures were obtalned by estimating the neutron fluxes and multiplying
these fluxes by 60 X 10~ 14 the heat production for a flux of 1 neutron/cm>-sec
at the surface of the steel. This figure assumes that reactor and reflector
Y rays produce an amount of heat equal to that produced by capture ¥ rays 1in

the steel.

The temperature produced in the steel by this heat production is highest
in the bottom thermal shield and in the east side wall with slab loading.
With the present design of the shield (see Section 2.5.1) and air flow of
25,000 cfm it is estimated that the maximum steel temperature in the bottom
shield will not exceed the air temperature by more than 150°F at 60,000-kw
operation. Furthermore, the maximum temperature of the steel next to the

concrete will be less than 70°F above the air temperature.

Temperatures in the east side wall are high because of proximity to the
active lattice (slab loading on east side). Present design calls for insu-
lation between the graphite and the steel in the side walls to reduce heat

conduction from the graphite into the steel.

4.5.3 Cooling Requirements at Reduced Power Levels and After Shutdown.
The cooling requirements at reduced power levels have been calculated; ¢®)

the results are plotted in Fig. 4.5.C.
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The problem of cooling after shutdown has been extensively studied, and
a full report has been written.(?) After shutdown the power level 1s given by

the formula developed by Way and Wigner: (10.11)

P=BF [t°2 . (t+1T)°72] Mev/sec
where

F = fissions/sec-kw

t = seconds after shutdown

T = seconds of pile operation

During operation the power level is given by
P = 187F Mev/sec-

so that the reduction factor is A[t"%'2 . (¢t + T)"°-2], Experimental and
extrapolated values of the reduction factors given in Table 4.5.A show that A
varies between 0.80 and 0.90 over a range of 360 sec to 4 days for a 20-day

irradiation period.

Using the equation for decay given above, the heat generated in the tank

after shutdown, assuming no losses from the tank, is given by:

X
H

t
j 30,000(0.08) [¢° 2% - (¢t +T)°° 2] dt
0

3,000 [¢t°-8 . (¢t + T)°:8 + ()0 8] kw-sec

Using a 20-dayirradiation, then, for t values up to a few hours,

H = 3,000 t°8 ,. = 2.42 t°® cal/cm?/sec
sec :

which gives the values listed in Table 4.5.B.
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TABLE 4.5.A

Reduction Factors After Shutdown

20-DAY OPERATION

40-DAY OPERATION

COOLING © 10-DAY OPERATION
TIME %2 ¢t + 1)°%2 IOG/g) A
<=::=========:======:==:================T=====;A
6 min 0.252 2.00 2 x10°% 0.0795
12 0.213 1.65 1.65 x 10°2  0.0775
18 0.191 1.49 1.49 x 102 [0.0780
24 0.177 1.38 1.38 x 102 }0.078
30 0.167 1.32 1.32 x 1072 {0.079
36 0.159 1.25 1.25 x 1002 ]0.0786
42 0.153 1.20 1.20 x 10°2 }0.0785
48 0.147 1.16 1.16 x 10°2 0.0789
54 0.142 1.12 1.12 x 100? }o.0789
1 hr 0.138 1.09 1.09 x 10°2 0.0790
2 0.113 0.89 8.9 x10°% lo.0787
0.085 0.67 6.7 x10°% lo.0788
10 0.066 0.52 5.2 x10°% {o0.0782
1 day 0.046 0.36 3.6 x10°% Jo.0783
2 0.0345 0.255 2.5 x 10°% Jo0.0738
4 0.0232 0.164 1.64 x 10°% o 0707
10 0.0126 0.075 7.5 x10°* ]o0.0555
20 0.0075 0.035 | 3.5 x10°* Jo.o4s6
50 0.0032 0.0097 | 9.7 x10"5 }0.0303
100 0.0012 0.00305 | 3.05 x 10~° J0.0254

(kw/g)

.86
.18
.73
.70
.67
.64
.62
.60

. 58
48

.37
.29
.21
.155
0.105
0.054
0.0270
0.0083
0.0027 |

©O O O O OO0 O © o © o o O O -

LN WA N O e e e e e e e

1.66
5.4

F

x 1072
x 1072
x 1072
x 1072
x 1072
x 1072
x 1072
x 1072
x 1072

x 1072
X 10"3

X 10"3
x 1073
x 1073

x 1073

0.0795
0.0806
0.0815
0.0824
0.0826
.0830
.0835
0842
0845

-0840
0850

.0871
-0879
.0913
. 0898
.0905
.0855
. 072
0.052
0.045

O O O 0o o o OO0 O © o o

o

ikw/g)

.445
.405 -
.378
.360
.345
.340
.330
.315

.305
. 260

. 200
.163
.122
.092
.066
035
.019
. 0065
.0023%

Lad T T R Sy S U )

O ON 9 = N W oA o

.08
.78
.62
.51
.44
.38
.36
.32
.26

.22
.04

.88
.68

.42

F

x 1072
x 1072
x 1072
x 1072
x 1072
x 1072
x 1072
x 10°2
x 1072

x 10°2
x 10

x 107
x 1072
x 1073
x 1073
x 1073
x 1073
x 1074
x 1074

0.0825
0.0835
0.0848
0.0853
.0.0863
0.0868
0.0889
0.0898
0.0888
0.0885
0.092
0.0941
0.0985
0.106
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TABLE 4.5.8B

Cunulative Heat After Shutdown

10
30
60
S min
10

30

15.2
26.5

96
106

400
700

1,220

{kwesec)

3,000

5,220
10, 900
18,900
45,600
79,500

288, 000
498,000

1,200, 000
2,100,000

3,670,000

(Btu) (cal)
—
2,840 715, 000
4,950 1,248,000
10, 340 2,600, 000
17,900 4,510, 000
43,300 10,920, 000
75, 400 19 x 10°
273,000 68.7 x 10°
473,000 119.2 x 10°
1,140,000 287 x 10°
1,990,000 501 .x 10°
3,480,000 876 x 10°

Using the equations on page 4,32 the fall-off of the heat rates

corresponding water requirements are given in Table 4.5.C.

and the

It will be noted that the water flow drop-off must be governed by the

beryllium requirements since the heat source in the beryllium does not decrease

as rapidly as in the lattice.
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Fall-off of Heat Rates and Water Rates

TABLE 4.5.C

REACTOR LATTICE RERYLLTIM RFACTOR LATTICE, Be CONTROLLING
TIME {kw) CcalfomPesen) | {gpm (fo/5e0) {kw! {gpm’ {gom} (fo/nes)
— =t= bl
0 zec 1,950 1 525 850 195 350 518 3 570 8 2
1 1840 1 43 330
5 1.300 1.01 234
10 1,120 0.87 488 1.12 201 298 2 050 4.1
30 8717 0.68 158
1 min 715 0.55 128
2 606 0.47 109
6 490 0.38 88
12 416 0.32 74
30 326 0.25 58
1 hr 269 0.21 118 0.27 48 72 498 1.13
2 220 0.17 39
10 129 0.10 56 0.09 23 34 236 0.54
1 day 90 0.07 16
2 67 0.05 12
4 45 0.03 20 0.05 8 12 82 0.19




4,6 SHIELDING SUHMARY

The first approach to the design of the biological shieldof the Materials
Testing Reactor was the comparison of the neutron and y-ray fluxes incident on
the graphite reflector of this reactor with similar fluxes in the Clinton and

(12) gGjince experience at Oak Ridge and Hanford had demon-

Hanford reactors.
strated the adequacy of the shields en existing reactors, these were used to
establish the required thickness of the MTR shield. On this basis, the
original design consisted of an 8-in. iron thermal shield surrounded by 9 ft
of ordinary concrete. This was estimated to give a Yy-ray attenuation of a
factor of about 10'° and a neutron attenuation of about 10'2. 1In addition,
the equivalent shielding above the active lattice was set at 17% ft of water

plus 21 in. of 1iron.

In order to compensate for voids in the concrete shield due to air ducts,
water lines, service facilities, and experimental holes, 1t was originally
proposed to substltute iron slabs or heavy aggregate concrete for the ordinary
concrete where necessary. As the detailed design of the shield progressed,
however, the required amount of supplementary shielding increased to the point
where the design became extremely complicated. For this reason it was decided
to use barytes ore, which 1is substantially heavier than the aggregate used in
ordinary concrete, as the aggregate for the entire concrete portion of the

shield in order to provide adequate shielding without additional iron slabs
and at the same time maintain the given external dimensions of the pile
structure. Although the use of barytes aggregate concrete with a density of
3.5 g/cc results in a considerable over-design of certain portions of the
shield, the flexibility and simplicity of a homogeneous structure was con-
sidered preferable to the complicated design invelving iron slabs, iron

aggregate, and ordinary concrete.

The fundamental conceptual design of the thermal and biological shield
having been established, a comprehensive survey of the adequacy of this
shield was carried out using layouts of the specific arrangement of the
experimental holes and service facilities as made by the MIR design group.
Both theoretical and empirical considerations of shielding were used to
estimate neutron and y-ray intensitiles throughout the shield. In general, the

proposed design was found to be satisfactory except in a few places such as 1in
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the viecinity of the exit water lines. These few places in the shield that
were found to be slightly inadequate with the barytes aggregate concrete are

protected with additional iron.

The following discussion is divided into three parts. The first pagt
reviews fundamental principles of shielding theory and establishes the basis
for the calculations. The second part summarizes the calculations and results
pertaining to the main concrete structure, and the final part discusses
numerous supplementary shielding problems associated with the design of the

reactor structure.

4.6.1 Fundamental Concepts. Design Tolerances. In the first discussions
of the reactor shield the designers assumed.that when 7y-ray radiation pre-
dominated, the radiation intensity should be 0.0l r per 8 hr. Later the neu-
tron tolerances were established as one-tenth the values suggested by the
September, 1949 Chalk River Conference. The permissible neutron dose measured
in reps* is less than the y-ray tolerance in roentgens because of the greaéer
damage ascribed to neutrons. (Cemplete coverage of this subject is given in

Evan#(13) report to the National Research Council.)

For use in calculations it is desirable to express these limiting in-

tensities as fluxes. The flux values chosen are:

6- to 10¢Mev neutrons 5 neutrons/cm?-sec, equivalent to 0.1 mrep/hr

6-Mev 7y rays 100 photons/cmz-sec, equivaleﬁt to 1.2 mr/hr

These represent the allowed radiation leakage where one of the components 1is
completely dominant. When both neutrons and Y rays are present, it is neces-

sary to consider the combined effects.

The conservative nature of the choices for the limiting tolerable fluxes
is revealed by Figs. 4.6.A and B, which indicate that the choices correspond
to very high-energy radiation. Neutrons and ¥ rays in this energy range

comprise only a small fraction of the total radiation to be attenuated.

Attenuation of Penetrating Radiation. The barytes concrete prescribed as
the main structural material for the MIR biological shield is described in a
report(14) concerned principally with the composition of the concrete together

with its structural and handling characteristics.

*rep = roentgen equivalent, physical.
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While some properties of barytes concrete have been determined experi-
mentally, its radiation attenuation characteristics have not been investigated
extensively. 7-ray attenuation experiments(15:16) using a 6-curie radiocobalt
source give results which indicate that the y-ray attenuation as compared with
ordinary concrete varies as the ratio of the densities. The only neutron
attenuation data available consist of some measurements in the shield of the
British "GLEEP" reactor, which employs a barytes concrete biological shield
following a 6-in. iron thermal shield. The available data are discussed in

the section on neutron characteristics of barytes concrete,

In the absence of more experimental results it was necessary to estimate
the attenuation characteristics of barytes concrete. The procedure used for
estimating the neutron relaxation length amounts to an extrapolatien of the

observations on neutron attenuation in ordinary concrete.

1. Neutron Attenuation. (a) Estimate of Neutron Relaxation Length in
Barytes Concrete. From experience it is found that a fairly reliable estimate
of the neutron relaxation length for a material may be obtained by comparing
its total macroscopic cross-section with that of a similar material, e.g.,
concrete of somewhat similar composition, whose asymptotic relaxation length
is known. The Zt at an energy of 2 to 8 Mev for the "known" material is
taken to be the reciprocal of the observed relaxation length. In order to
make these quantities equivalent, it is necessary to assign suitable values of
O, to one or more dominant constituents of the system. The Zt values so
determined are then used to compute the Zt of the "unknown" material and its

relaxation length is taken to be Zt”l.

In this instance, inspection of Table 4.6.A reveals that oxygen 1is
atomically predominant in both barytes and ordinary concrete. Therefore
adjustment of o, for oxygen is indicated. The calculations have been carried
out for 5 Mev (Table 4.6.A) and for 1 to 2 Mev (Table 4.6.B), with the former
being considered more meaningful. Much of Table 4.6.B has been extracted from

a previous report.(!7)

The composition of the barytes concrete may be taken as:

Portland cement 517 lbfcu yd
Aggregate ‘5060
Water 316
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TABLE 4.6.A

Total Cross-sections of Portland and Barytes Concretes at 5 Mev

vy

PORTLAND CONCRETE BARYTES CONCRETE
CURED AS MIXED CURED
o, u W, u W, "B W,
(milligram - |[(barns) x (mg-{ (milligram - |[(barns) x (mg-| (milligram - ((barns) x (mg-
ELEMENT (barns) atoms per cc) at.ons)/cc] atoms per cc) atoms)/cc} atoms per cc) atoms)/cc]
Fe 2.8 13 0.36 0.11 0.31 0.11 0.31
H 1.5 4.8 7.2 20.6 31.9 5.17 “-7.78
0 1.3+ 71.8 T 93.5 71.2 92.6 63.5 82.5
Ng 2.0 0 0.4 0.2 0.4 0.2 0.4
Ca 2.0 14.5 29.0 3.4 8.85 3.4 8.85
Si 2.3 1.56 3.6 4.1 9.44 4.1 9.44
Al 2.4 0.44 1.5 0.4 0.96 0.4 0.96
S 2.5 0.06 0.15 12.0 30.0 12.0 30.0
C 1.2 10.8 13.0
Ba 5.0°** 11.9 59.6 11.9 59.6
Total: 148.7 234.0 199.8
z, (0.1487 x 0.602) 0.141 o’ 0.120 cm”?
= 0.0895 cn’! ‘ ‘
=1 11.1 cm 7.1 cm . 8.2 cm

*Chosen to make 2.,°! for ordinary concrete he approximately 11 cm. The oxygen cross-section has a minimum at around 5 Mev
extending to about this value (ORNL-417).

**No experimental values available. Estimates from formulas in CRNL~433 give O, around 5.3 barns at 5Mev.
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TABLE 4.6.8B

Total Cross-sections of Ordinary and Barytes Concretes in 1- to 2-Mev Range

PORTLAND CONCRETE BARYTES CONCRETE
CURED AS MIXED CURED
o, M o, M o, M Mo,
(milligram - {(barns) x (mg -} (milligram « [(barns) x (mg -} (milligram ~ [(barns) x (mg =
ELEMENT (barns) atoms per cc) atoms)/cc] atoms per cc) atoms)/cc] atoms per cc) atoms)/cc]
W‘:mﬁ‘ T -
Fe 2.8 0.13 0.36 0.11 ' 0.31 0.11 0.31
H 2.5 4.76 11.9 20.6 51.5 5.17 12.9
0 1.2 71.8 " B6.2 71.2 85.4 63.5 76.4
Mg 2.2 0.2 0.44 0.2 0.44 0.2 0.44
Ca 2.0 14.5 29.0 3.4 6.8 3.4 6.8
Si 2.8 1.56 4. 37 4.1 11.5 4.1 11.5
Al 2.5 0.44 1.1 0.40 1.0 0.40 1.0
S 2.5 0.06 0.15 12.0 30.0 12.0 30.0
C 1.6 10.8 17.3 )
Ba 5.0** 11.9 59.5 - 11.9 59.5
Total 150.8 - "246.5 198.9
z, (150.8 x 10"2)(0.602) 0.148 cu't 0.210 cm?
= 0.0908 cm™’
zt-l 11 cm 6.8 cm 8.3 cm

*This value of O+ chosen to make 2 1 211 cm for ordinary concrete, happens to coincide with a minimum in the oxygen crosse
section at about 1.4 Mev (CRNL-417).

**The assignment of 0, = 5 barns for Ba is a conservative (i.e., low) estimate, more in line with reliable ex?erimentul work on
other elements. Thé on&tnown experimental values for Ba are from 6 to 7 barns at energies of 2 to 3 Mev ' (cited in OFNLe
433). The formulas of ~433 give estimates of o, = 6.4 barns and 5.8 barns at 1 and g Mev, respectively.




where the aggregate is assumed to be 94% BaSO, and 6% SiO, by weight (8i0, is
the mineral most commonly associated with BaSO, in barytes ore). A "cured”
cement contains the same amounts of cement and aggregate but has the water
reduced to 78 lb/cu yd, which is the amount required to hydrate the cement.
The Zt"l values of 7.1 and 8.2 cm, respectively, given in Table 4.6.A, indicate
the range in which the observed relaxation lengths may be expected to fall.
It is of interest to note that the maximum Zt"l at 1 to 2 Mev (Table 4.6.B) is
8.3 cm.

The measurements of neutron attenuation in barytes concrete mentioned
previously were originally transmitted in a letter from the U.K. Scientific
Mission to the U.S. Atomic Energy Commission.{!®) The barytes concrete for
the biological shield of GLEEP was of a slightly different "recipe" from the
OBNL mix but yielded a material of density 3.5 g/cc. The experimental results
as transmitted are presented in Fig. 4.6.C. It is of ‘interest to note that
the curves A and B for neutron measurements in barytes concrete exhibit

relaxation lengths of 7.2 and 8.1 cm, respectively.

In view of the calculation which was outlined, a neutron relaxation

length of 8.2 cm was used in the analysis of the shield performance.

(b) The Effect of Iron on Fast Neutrons. The introduction of a layer
of iron into a neutron shield principally results in the attenuation of neu-
trons above 1 Mev by inelastic scattering to lower energies. As a result of
this process, the neutron spectrum is shifted toward lower energy, and the
neutronsemerging from the iron can be rapidly attenuated by water, concrete, or

some other good shielding material for low-energy neutrons.

These effects are illustrated in the sketch on p. 4.46 which is based
on some ORNL experiments.¢!®) Fission neutrons enter the iron from the left.
The observed relaxation length of about 9 cm in the iron is probably due to
slowing down and absorption of neutrons in the low-energy part of the spectrum.
The neutrons which emerge from the iron are predominantly grouped near the

"window" in the iron cross-section which occurs around 1 Mev.
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The observed 4-cm relaxation
length reflects the rapid
\ck;:9 cm attenuation of these neutrons.
Finally, the 9-cm attenuation
length in H,0, characteristic
of the most penetrating part
of the incident spectrum, 1is
observed. The distance L at
which this occurs increases
with the thickness of the iron
layer. In these experiments,
it appears to be about 70 cm
for iron 7 to 10 in. thick.

In barytes concrete L will be

roughly the same.

[

Iron Water

A

2. Gamma-Ray Attenuation and Absorption. The attenuation of gamma

radiation follows an approximately exponential law,
T % e M)

where B is the so-called "build-up factor"* and b is the thickness of the
shield measured in relaxation lengths. ¢ is the energy flux of radiation
measured conveniently as Mev/cm?’-sec. The exact form of the equation depends

on the geometry of the particular problem.

(a) Absorption Coefficients. To calculate b in Eq. (1), we write

b= pr, + Moly T pgrgy t o . (1a)

*The “build-up” factor pertains to the amount of radiation which penetrates a shield as compared with

the amount predicted on the basis of simple exponential attenuation. For y rays this exponential
attenuation employs total cross-sections (see Appendix7) which includes scattering in'addition to
energy absorption. The ¥ radiation emerging from a thick shield contains a scattered component many
times greater than the component which penetrates the shield directly. The factor describing this
excess for a given system is the B value.
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where r,, e, Ty are the various thicknesses, in centimeters, of shield
material measured along a line from the gamma source to the observer. My Mgy
ty are the y-ray absorption coefficients, in e¢m'®, of the various shield

materials. The values of u for various elements are given in Figs. 7a¥ ~nd B,

The ¥ rays to be attenuated by a reactor shield are almost entirely of
energy 8 Mev or lower. Very frequently the exact energy of the radiation is
not known. For example, suppose that it is desired to attenuate 8-Mev ¥’s
with water followed by lead. A large fraction of the 7y rays is reduced in
energy by scattering in the water. After the radiation penetrates the water,
most of the Y rays may have energies in the range of 3 to 4 Mev, which corre-
sponds to the minimum in the absorption cdefficient of lead. Experience has
shown that it is not unduly pessimistic in most cases to assume the minimum

value of the absorption coefficient for all calculations.

(b) Build-up Factor. The values of B are determined usually by thee-
retical considerations of scattering of y-ray radiation in the shield. Un-
fortunately there are uncertainties in the theoretical treatments and no
consistent equations or values of B are available at present. It is important

b is the dominating factor in the

to note, however, that the exponential e”
attenuation equation. For example, for a 20-in. lead shield and 3-Mev ¥ rays,
e"® 2 10°'°. Under these conditions B &z 10, so that ¢ ~ ¢,10"°. If 10°'°
attenuation is required, it is necessary only to increase the shield thickness
to 22 in. In view of the slow variation of ¢p with the value of B, the
designer should survey the various theoretical values of B and select one
which appears to result in a safe shield design. A very simple approximation
which is always conservative is to assume B = b i.e., the value of the build-

up is numerically equal to the number of relaxation lengths. This approxi-

mation was employed in the design of the concrete shield.

(¢c) 7y-Ray Characteristics of Barytes Concrete. Although the 7y-ray
attenuation properties of barytes concrete have not been the subject of
extensive experimentation, it is expected that the extrapolation of the data
for ordinary concrete may be done with confidence. The usual design value for
the asymptotic y-ray relaxation length in ordinary concrete is 15 cm.(2%) The
barytes concrete prescribed for the shield has a density of 3.5 g/cc. The
relaxation length used in the shield analysis has been extrapolated from the
accepted value for ordinary concrete simply by postulating that the relaxation
length varies inversely as the mass density. On this basis, the design re-

laxation length for % rays in barytes concrete is 10 cm.
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4.6.2 Concrete Shield Besign. The general configuration of the bio-
logical shield was laid out on the basis of above cited (Fig. 4,6.1) tolerance
limits. However, it was necessary to analyze the resulting shield to be sure
that the leakage radiation had been reduced to at least design tolerance. In
this analysis it was first attempted to determine whether or not the specified
overall thickness of shielding was adequate. Secondly, a number of specific
location§ in the structure were studied where it was apparent that the shield
effectiveness had been impaired by the detail design requirements. This

section is concerned with the problem of the overall shield analysis.

Attenuation of Radiations. 1. Primary y-Ray Attenuation. In checking
a shield it is necessary to treat separately the 7y rays and the neutrons which
are incident on the inner face of the concrete. The disposition of the 7y-ray

problem was accomplished in the following manner:

The heat production in the thermal shield due to (1) the abserption eof
capture ¥ rays formed in the iron and in the graphite, and (2) the abserptien
of ¥ rays from the core has been reported in detail.(21722) These reports
give a value of 6.7 X 10°'® watts/cec produced at the outer face of the iron
per unit thermal neutron flux at the inner face. It is estimated that less

than half of this is due to v rays from the core.

1 for 8-Mev Y rays in iron (the minimumvalue according

Since ¢ = 0.235 cm”
to ORNL-421), the y-ray flux at the outer face of the thermal shield is

nv X 6,7 x 1016 1

0) = X (2)
g (0) 1.6 x 10°13 0.235
or
¢g(0) = 0,018 nv Mev/cm? -sec

This states that at any point on the outside of the thermal shield the y-ray
energy flux is just 0.018 times the neutron flux at the corresponding point
on the inside face of the thermal shield. An examination of the calculations
shows that the variation of the neutron flux in the immediate vicinity of the

point of interest has a negligible effect on the value of the y-ray flux.
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Assuming that the emergent 7y rays have energies between 3 and 8 Mev, the upper

limit for the emergent y-ray flux is

®(0) = 0.006 nv ¥ rays/cm?-sec (2a)

A face of the iron thermal shield may be considered to be a slab surface
with a uniform volume source of ¥ rays of strength Q, ¥ rays/cc-sec. Tte

resultant y-ray energy flux in the concrete is described by the expression(23)

'ZBQ"EFb F (b M ? ‘
PE oM 1(by) = Fi(by) ev/cm” -sec (3)
s
where
b1 = concrete thickness in relaxation lengths.
by = b, + thickness of iron in relaxation lengths.

The iron is sufficiently thicl theat the second F, term is negligible. At the

1
steel concrete interface b, =0, FI(O) =1, B =1, and

Q,E
2u

2
Mev/em” -sec

¢E(O) =

Hence (dropping the subscript on b,),

$g = Bpg(0)F, (b) Mev/cm? -sec

When the number of relaxation lengths measured through the shield is large,
«b

b

e
F (b) »

Furthermore, as noted previously, we assume that B x b.
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, Thus, in gemeral, for a thick .shield,

bp X ¢f(0) e;b Mev/cm? -sec (4)

—

or

@~ p(0) e°® v rays/cm?-sec (4a)

The application of the foregoing methods to the detailed analysis of the
shield is a straightforward matter if conservative values for the incident
neutron and y-ray fluxes can be chosen. For vy rays the analysis was based on
thermal neutron flux maps.(2!722) The shield was checked at a large number of
points by the method descritbed. For convenience, a table of representative
attenuations is included at the end of this section. It is to be noted that
the calculated fluxes are overestimates as compared with the experiments

performed on the Mock-Up.(24%)

Previously it was shown [Eq. (2a)] that

¢(0) = 0.006 nv

Hence, the value of the Y-ray energy flux at the outside surface of the

concrete 1is

¢ = 0,006 nv e-® v rays/cm?-sec (5)

This formula provided the basis for checking the shield., The procedure is
as follows: On a layout drawing, e.g., Fig. 4.8.d.(p. 4.79), a straight line i's
constructed from some point on the outer surface of the thermal shield to the
outer surface of the concrete. The emergent y-ray flux, ¢, is calculated by
setting nv equal to the thermal-neutron flux at the graphite-iron interface
directly inside the point where the line touches the thermal shield; b is
taken to be the path length in relaxation lengths through the concrete — and

whatever other material may be traversed — to the outer surface [Eq. (1a)].
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2. Neutron Attenuation. Although the neutron attenuation problem is
much more difficult to solve than the corresponding y-ray problem, it is
possible to adopt a "recipe"™ which will yield conservative results. The
neutrons which enter the concrete are born in the reactor core with energies
corresponding to the familiar fission spectrum. In the process of leaking out
of the core and successively penetrating the beryllium and graphite reflectors,
the spectrum changes to one in which most of the neutrons are grouped near
thermal energies with the remainder in some kind of "tail"™ whkich extends to
very high energies. The effect of the iron thermal shield on these high-
energy neutrons has been described previously. Because of the large capture
cross-section, the thermal neutrons which diffuse through the iron are at-
tenuated rapidly in the concrete. However, the degraded but only slightly
attenuated fast neutrons must be slowed down and captured in the concrete.
Furthermore, the secondary Y rays from these neutron captures must be reduced

to tolerance by the shield.

In the recipe adopted for treatment of the fast-neutron attenuation, it
is assumed that all fast neutrons entering the concrete are captured after
penetrating the concrete by a distance equal to the "age displacement." The
secondary ¥ rays so formed are then postulated to all flow outward with the
estimated 10 cm relaxation length. The required shielding is calculated on
the basis that these 7y rays and the neutrons are to be attenuated to tolerance.
It can be shown that this is a more conservative procedure than that of con-
sidering an exponentially distributed source of capture ¥ rays from the

absorption of the neutrons in the shield.(29)

The "age cisrlacement" is readily derived, and previous literature¢(31)

gives the result

_ -(Z-%)
b.q BZ) x exp }\‘ (6)
Thus the thermal neutrons are also distributed exponentially. However, they

have been "displaced" to a larger value of Z by the distance 7/A, and ‘this is

called the "age displacement."
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It is reported* that 7 for ordinary concrete is about 350 cm? and this
value has been employed for barytes concrete. Using A = 11 cm, the age
displacement is 7/\ = 31.8 cm. For barytes concrete this displacement was

rounded off to 1 ft for use in the calculation of required shield thickness.

No clear-cut method for estimating the neutron current leaving the thermal
shield was established analytically. Therefore, the final analysis of the
concrete with respect to neutron effects was held in abeyance until certain
experimental data were available from the Mock-Up. These data are principally
measurements of thermal-neutron flux and of the cadmium ratios at various

points - in the reactor.

In addition, there was a special experiment designed to establish em-
pirically the total neutron leakage through 8 in. of steel. In this experi-
ment steel bricks were placed in a stack 8 in. thick and 4 ft square. This
stack was erected next to the outside surface of the graphite. The steel in
turn was backed by a 2l-in.-thick stack of paraffin also 4 ft square in the
transverse dimensions. Bare and cadmium-covered indium foils placed in the
paraffin were activated by the neutrons which penetrated the steel. Complete
details of the experiments and the interpretation of the reduced data have been

reported elsewhere.(25+26)

This single measurement of the neutron current leaving the thermal shield
has been the basis for estimating the current leaving all parts of the shield.

The additional data employed in extrapolating the results of this experiment

were the thermal fluxes and cadmium ratios at the outer surface of the graphite.
The reasoning employed is as follows:

1. It is observed that the presence of the iron changes the thermal
flux at the outer surface of the graphite by not more than 20%.

For shielding calculations, the flux may be considered to be
unaffected by the presence of the iron.

2. The cadmium ratios on the outer surface of the graphite are very
insensitive to changes in distance from the core. This is
interpreted to indicate that the spectrum at all positions on
the outside of the graphite is nearly at equilibrium.

3. With these data it seems reasonable to postulate that (a) the
observed thermal flux at the surface of the graphite is pro-
portional to the total flux there, and (b) the cadmium ratios at
this location are proportional to the fraction of fast neutrons
(of the iron-penetrating variety) in the spectrum.

*Private communication from H. P. Sleeper.
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In this system the eurrent pemetrating the iren is proportional to the faste-
neutron flux at the ironegraphite interface. For a slowly varying spectrum,

¢f is nearly proportional te the total flux, ¢ To correct for the varia-

P
tions in the spectrum, ¢fﬁ$t is considered to vary inversely as the observed

cadmium ratios Pcq+ Thus the leakage current J; varies as follows:

¢to: ~ ¢th

ry vesspe

Jl ~ ¢f s
Pca Acd

Thus the formula used for estimating the neutron leakage current out of

the thermal shield is
Uy, = J,{'DC‘ Leh
Pein Pcd

where

¢th = thermal flux at inner surface of steel. nv/cm? sec.
Pcg T ratio of activation of bare and cadmium-covered foils,

Jl = leakage current. neutress/em? -sec, experimentally measured,

Subscript "exp" refers to experiment.

Subscript i refers to point under consideration.

Substituting the experimental values,!?%} this emztlor kecomes

176G @,
J . X ottt nttnsy _Lkl
( l )1 ‘s 7’9 % 106 {pCd]

1

H

(1)

n

J,),

1.3 x 1072 {fﬂh]
Pca)
3

Variation of Required Concrete Thickness. The required thickness of the
concrete varies from point to point of the thermal shield for two feasons,
First, the shielding required opposite the edges and corners of the thermal
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shield is reduced by a geometric factor below that required opposite the
center of a face of the thermal shield. Secondly, the y-ray flux leaving the
edges and corners of the thermal shield is lower than that leaging a face
because of the redaction of the thermal-neutron flux at the inner face of the
thermal shield at these locations. The manner in which the minimum design
thickness varies is shown in Fig. 4.6.D. The thickness required opposite the
center of a face was calculated and this was established as the required
thickness opposite the entire face. The minimum shielding required opposite a
vertical edge is shown in the figure as a quarter cylinder whose radius equals
the thickness required opposite the center of ‘the edge. The shield required
opposite a top corner is shown as an octant of a sphere. At points showing a
sharp discontinuity in the required shield thickness the greater thickness was

used in design.

In order to determine the geometric factor, consider the accompanying
sketch, Fig. 4.6.E. This shows a thickness t of concrete and a set of annular
rings drawn on the surface of the thermal shield. The thermal shield may be
assumed to be a surface source which emits radiation having a cosine distri-
bution. The y-ray flux at point P, which is a distance a from the surface
element of area r df dr emitting ¢(0) ¥'s/cm?-sec with a cosine distribution

is given by

ma“’

7T @ .
¢ = I j B ?igl_;ff_f e*Ho i[dr Id¢- Yy rays/cm?-sec -

$=0 rag

where it is assumed that the face of the thermal shield is infinite in extent.

Upon integration this yields

¢ = 2B ¢(0) F, (b)

e”Y dy
y3

where b = ut and F, (b) = b J (see Appendix 7).

b
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This is just twice the value given previously using the assumption that
the thermal shield is an infinite slab source instead of an infinite plane
source with a cosine distribution. The calculations are considered suffi-
ciently conservative that the factor of 2 is neglected. Thus after using
approximations for B and Fl(b) as shown previously, the ¥ flux at P is, as

given in Eq. (4a),

@ = ¢(0) et v rays/cm?-sec

Actually the thermal shield is not infinite in extent. However, 1t
should be observed in Fig. 4.6.E that as the radius r increases, the path
length a through the concrete increases and consequently the contribution of
radiation from the outlying surface elements decreases. Graphical integrations
have shown that with the concrete thicknesses to be used, the only significant
amount of radiation arriving at a point P on the surface of the concrete
originates in a circle of radius r = 4 ft on the surface of the thermal shield.
Therefore a negligible error is introduced by the assumption of an infinite

surface for the thermal shield.

Calculation of Shield Thicknesses. The foregoing design procedures and
tolerances have been used to tabulate the required thickness of barytes con-
crete in various regions of the shield, Table 4.6.C presents the results of
thickness calculations together with an explanation. As an example, the at-

tenuation opposite the center of the vertical edges, E. is discussed in detail.

According to the argument earlier in this section and with reference to
Fig. 4.6.D, the geometrical factor is %. Preliminary calculations'?8’) led to
an estimate of a thermal flux of 5 X 10'° neutrons/cm?-sec at the graphite-
steel interface. Although this figure was supported by early experiments on
the MTR Mock-Up, a flux of 10'! was employed in design as a conservative
figure. Equation (2a) gives for the primary y-ray flux emerging from the
thermal shield,

¢(0) = 0.006 nv_,, = 6 x 108 v rays/cm?-sec

th
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TABLE 4.6.C
Reguired Biological Shield Thickness
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The calculation of the neutron current depends on the choice of the cadmium
ratio as discussed earlier in this section. Although examination of the
Mock-Up experimental results indicates values ranging from 1200 to 2000 at
this distance from the core, a value of 1000 is used for design in an effortc

again to be conservative. From Eq. (7),

J, = 0.013 L3tk = 1.3 x 108
'DCd

The attenuations required can now be calculated. Far the primary ¥ rays,

the attenuation factor is

100 _ .7
Fxexio oPX 10

where 100 ¥ rays/cm?-sec is the tolerance dosage. This factor, by Fig. 4.6.F,
calls for about 59 in. of material equivalent to barytes concrete (A = 10 cm).
The conversion of neutrons to capture ¥ rays at the 1-ft displacement distance

into the concrete requires attenumation by a factor of

100 .
e = T T %X 18° 5
1.3 x 18°
which is equivalent to approximately 37 in. of barytes concrete. Adding 12 in. to
this gives a total thickness of 49 in. of barytes concrete required outside
the thermal shield to attenuate these Y rays. Finally, the neutron attenuaction

proper can be checked. This requires a reduction factor of

S e

L - -

A
sy = 3,85 x 10°°
1.3 x 10

where 5 neutrons/cm?.sec is the tolerance dosage. This corresponds to 40.5

in. of barytes concrete.

According to these calculations, the attenuation requirements of the 7y

rays are completely dominant. This conclusion is most readily visualized by
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reference to a graph such as Fig. 4.6.G. The thermal neutrons at the graphite-
steel interface are clearly reduced to a negligible amount by absorption in
the steel. The neutrons which penetrate the steel, and their concomitant
secondary ¥ rays, are also negligible in comparison with the primary ¥ rays
leaving the thermal shield. The concrete thicknesses shown are for the most
unfavorable locations in the corner regions (Figs. 4.6.H apdJ)» Although the
concrete alone is not quite sufficient to reduce these y rays to tolerance in
one instance, the iron walls of the exit air duct are more than sufficient to
complete the required attenuation., From Figs. 4.6.G and H the design thick-
ness may be compared with the actual thickness of the concrete; some repre-

sentative relatively weak locations in the shield are indicated.

4.6.3 Supplementary Shielding Problems. In addition to the most im-
portant problem of determining the adequacy-of the concrete portion of the
biological shield, there are a number of other shielding problems relative to

the design of the MIR and associated facilities. These are listed as follows:

Shielding requirements of top and bottom plugs
Shielding of inlet and exit water lines.

Thermal column shielding.

Radiation leakage through ducts in reactor structure.
Design of experimental hole plugs.

Shielding of external facilities.

NN T S W RN e

Shielding requirements for handling active plugs, beryllium,
and fuel assemblies.

Details of calculations and design considerations have been issued in
various memoranda. These are reviewed below for the purpose of presenting a

coherent picture of the shielding requirements of the MIR.

Shielding Requi~ements of the Top and Bottom Plugs.(34-4%> 1, Top Plug
Requirements. The shielding of radiation above the active lattice 1s ac-
complished by the water in the reactor tank plus the top plug. The depth of
water in the reactor tank is adjusted to provide adequate protection after
shutdown of the reactor and after the top plug has been removed. Thus the
proper design of this portion of the shield depends on the radiation after
shutdown as well as during operation of the reactor. The original design
established the requirements to be 17% ft of water plus a 2l-in. iron plug.
Actually, however, the plug was made hollow with provision for filling it up
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to 8 in. with lead or lead shot. Thus the design and construction of the top
plug could proceed independently of the exact shielding requirements, which
would be determined by actual measurements in the Mock-Up at a later date.
These measurements were carried out and reported in ORNL CF-50-8-85.(3?) The
data extrapolated to conditions of operation of the MIR indicate that without
the top plug the y-ray intensity will be about 200 mr/hr at 30 mw power. This
means that 7 in. of lead shot plus the 3 in. of steel in the plug are required
to reduce the y-ray intensity to 1.2 mr/hr at 60 mw power. The following
paragraphs summarize the calculations used as a basis for the design of the

top plug and a comparison of calculated values with data from the Mock-Up.

(a) Gamma Production in the Active Lattice. It is assumed that on the
average, a 72- by 24- by 60-cm portion of the core will contain active fuel
elements. With such a loading, there will be about 3.5 kg of U235 in the core
and at 30 mw the average neutron flux will be 2 X 10'*. The y-ray source in

the active section is given as follows:

REACTOR CROSS SECTION, No

SOURCE (cn?) v RAYS PER CAPTURE
U fission 4900 5 1-Mev fission ¥’s
2 2.5-Mev fission product 7's
U capture 800 1 6-Mev ¥ v
H20 capture 1320 1 2-Mev ¥
Al capture 588 1 8-Mev ¥
Th capture 610 1 6-Mev ¥

The source strength is given by the product of the neutron flux, cross-section,
and y-ray energy per capture divided by the core volume. Combiningxyrfgyiﬂ%f

similar energies gives the following source spectrum;

GAMMA SOURCE Q,
(Mev) {Mev/cc-sec) (watts/cc-sec) By (cm"l)
1 47.5 x 102 7.6 ' 0.099
2.5 52.6 x 1012 8.4 0.072
6 16.3 x 102 v 2.6 0.044
8 9.0 x 1012 1.44 0.039
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At large distances from the reactor centerline, the radiation intensity may
be calculated by simple conventional formulas. Thus for each of the Yy-ray

sources, the intensity is given by

QA

A p_a?

I=1.9x10"3 emma/le?

where
I = intensity, mr/hr.
1.9 x 103 = conversion factor, Mev to mr/hr.
Q, = source strength, Mev/cc-sec.
A = area of top of active section, cm® .
Ky T absorption coefficient of core, cm !,
a = distance above active lattice = 565 cm.

i = absorption coefficient of water, cm b,
2

= factor for forward scattering.

Therefore,

8..2 X 10-7 Qv e-565([.l./1.2)
Fs

~
i

Using this equation and values of Q, shown in the previous table, the

resultant 7y-ray intensities I at the top plug are given in the following table:

GAMMA
SOURCE /1.2
(Mev)  (em™} 56504/1.2 e Ha/ted I lme/br) il
e
1 0.058 32 8 10714
2.5 0.033 18.7 10°8
0.023 13.0 2.2 x 10°% 670
8 0.020 11.3 1.2 x 1075 2300
Total intensity without top plug 3000
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This theoretical value is a factor of 15 above the values measured in the
Mock-Up. The difference is presumably due to the fact that the assumed energy
of the cabture Y rays is too high. Recent capture y-ray spectral data(33)
verify this and show that the average energy of aluminum capture 7 rays is in

the range 5 to 7 Mev rather than 8 Mev.

(b) Mock-Up Data. Vertical measurements were made through approximately
11 ft of water, starting at a point 4 ft above the horizontal centerline of
the reactor. Three horizontal traverses were made at various depths. The low
intensity of Mock-Up operation (i.e., 270 watts) did not permit measurement
of the attenuation of the full depth of water. However, since the attenuation
was exponential over a factor of 1000, it was felt that an extrapolation of an
additional factor of 100 could be made with reasonable certainty. This value,
multiplied by 10° to allow for the difference in power level between the
Mock-Up and the MTR, indicates that a y-ray flux of approximately 200 t+ 100
mr/hr would be transmitted through the water. To reduce this to 1/10 tolerance
(1.2 mr/hr) at 60 mw power requires an attenuation factor of 300 by the lead
and iron in the top plug. This is equivalent to 5.7 relaxation lengths.
Since the top plug contains 2)% in. of steel or 1.5 relaxation lengths, an

additional 3% in. of lead or 6 in. of lead shot is required for the top plug.

(c) Radiation Intensity After Shutdown. The total 7¥-ray activity
following infinite operation of a reactor is, according to estimates by

K. Way, (1% gjven by

(QE) = 6.3 ft- 972 Mev/sec
where
f = fissions/sec in source.
t = time after shutdown.

The hard y-ray activity (about 3 Mev) after shutdown, however, depends on the
yield and decay of specific fission product chains. These have been measured
by the photoneutron threshold reaction in heavy water. The average lifetime

and yield of the ¥ rays of energies higher than this value are:
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t (mean) Ay (yield/fission) ENERGY (Mev)

76 hr
6.3 hr
2.4 hr

39 min
11 min
3.4 min

59 sec

O = O O O O o ©o

3.6 sec

Using the same method as in the calculation of the radiation intensity
during operation of the reactor, but considering only the hard fission pro-

duct ¥ rays listed above, the Y-ray intensity at the top of the reactor well

- 0015 ~3

. 0042 ~3
.045 2.6
.038 2.6
.046 3
.132 2.6
.58 2.25
. 675 3.4

may be calculated as a function of the time after shutdown,

source term at 30 mw power is given

30,000 x 3.1 x 1013

_ (9.3 x 10'7)(4E)

t

by

= 9.3 x 10!'7 fissions/sec

24 x 72 x 60

and

11

1
Q, =9 x 10'2(4 F),

) . R e N N
The radiation inkensity at the surface of the water after shutdown 3

Mev/cc-sec

e 530(0.035)

I=6x10°4F),

Hs

Assuming average energy of hard Yerays ta be 2,75 Mev,

$

I = 1‘4(A7E)t mr/hr

4.67
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Values of (AyE)t, Q

are shown in the following table:

»» and the Y-ray intensity at various times after shutdown

TIME AFTER (AyE) : n I

v
SHUTDOWN {Mev/fission) (Mev/cc~sec) (mr/hr)
10 sec 4.37 39.5 % 1012 6.2
10 min 0.32 2.9 x 1012 0.5
1 hr 0.11 1.0 x 10'2 0.15
1 day 0.003 0.027 X 1012 0.04

This indicates that the water gives adequate protection following an elapsed

time greater than 10 min after shutdown of the reactor.

2. Shielding Requirements of the Bottom Plug. The original design of
the reactor tank closure beneath the active lattice consisted of numerous
layers of steel and water. In view of the large number of water monitoring
tubes penetrating this section, the construction of such a plug was difficult.
The present design consists of a steel cylinder filled with lead. The water
monitoring tubes which penetrate this plug and which during operation carry

active water are shielded by a sliding concrete door beneath the bottom plug.

Personnel in the sub-pile room are thus shielded from the ¥ rays leaving
the active lattice by both the lead plug and the concrete door. The required
thickness of the lead portion of this shield is calculated as follows: Data
from the Mock-Up on the radiation escaping upward through the water may be
used to estimate the intensities below the active lattice since reactor
components are approximately the same above and below the centerline. The
bottom plug starts at a point 245 cm below the active lattice. At this level,
the ¥ intensity during operation at 30 mw power will be 4 X 107 mr/hr. Since
previous calculations as well as the slope of the curve of Mock-Up data indi-
cate that the energy of the hard y-ray components (i.e., capture Y-rays from
Al, Fe, Be, etc.) is about 5 Mev or lower, the following absorption coeffi-
cients based on this energy may be used for estimating the required amounts of

lead and barytes concrete:
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ABSORBER p (em™ )
H0 0.03
Fe 0.235
Pb 0.46
Pb shot (D =6.8) 0.28
Barytes concrete 0.10

At 12.5 ft from the active lattice (minimum distance of approach) the

y-ray intensities will be

_ (4 x 107)(245)2
(385)2

e b mr/hr

where

b = pp.Xpe t HppXpp, ' M concrete X concrete

The proposed design consists of 17 in. of lead shot and 3 in. of iron in the
Lottom plug plus 9 in. of barytes concrete and 1 in. of jiron in the door

beneath the bottom plug.

Thus

o
"

4(0.6) + 17(0.71) + 9(0.25) = 16.7

e"? = 5,4 x 108

and

I = 0.9 mr/hr in the sub-pile room

The bottom plug and concrete door give adequate protection from pile radiation.

3. Leakage Around Top and Bottom Plugs. Leakage around the sides of the
top and bottom plugs is prevented by supplementary shielding rings at the
edges of the plugs. The required thicknesses of these rings were established

by measuring, on appropriate drawings, the actual thicknesses of water, steel,
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concrete, etc. along many different paths and adding shielding where necessary
to give the same total attenuation as on the reactor vertical centerline. In
all cases conservative data were used to establish the required total at-
tenuation, which resulted in some overdesign at these locations. Specific

details of calculations are summarized in MTR Shield Survey Reports.(30:31)

4. Thickness of Door Under Bottom Plug. 1In addition to shielding the
water monitor tubes, the door under the bottom plug must protect personnel
from neutrons escaping the steel thermal shield. Calculations verifying the

adequacy of the door for neutron protection are reviewed as follows:

Neutron source: 3 % 10? fast neutrons/cm?-sec incident on inner face of
8-in. steel thermal shield.

Neutron tolerance: 100 neutrons/cm?-sec, corresponding to 10 mr/hr.

The neutron attenuation by the 9.in. of steel, whose effective relaxatien
]

length is 4.9 cm, is
e-23/4.9 = 10-2

The neutron attenuation by the biological shield (2 ft 9 in. barytes con-

crete), whose relaxation length for neutrons is 8.2 c¢m, is
e-10:3 = 3,5 x 105

The neutron attenuation in the door (9 in. barytes concrete) is

e"?8 =6.2x 102

The total neutron attenuation is 2.2 X 10°% j.e., the meutron intensity below

the door will be about 70 neutrons/cm?-sec, which is below tolerance.

. Shielding of Inlet and Exit Water Lines. 1. Shielding of Exit Water
Lines.(34-38) The activity of the water leaving the reactor is due mainly to
the N!® activity formed from the reaction O0!%(n,p)N!%, This is a fast-meutron
reaction having a threshold at about 9.5 Mev and a cross-section of about 1
barn. Since a small fraction (about 1/50,000) of the fission neutrons have
energies above 9.5 Mev, the effective cross-section per fission neutron is
about 0.014 mb or 1.4 X 10°2% cm?, The activity of the water leaving the

reactor 1is given by
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A = nv Uf(l - e"AT)e=At
where
‘nv = fast flux in lattice = 10'* neutrons/cm?’-sec at 30 mw.
oy = cross-section for N!'® production = 0.014 mb or
4.68 x 10"7 cm? per cubic centimeter of water.
A = N!'® decay constant = 0.092 sec !y
T = exposure time in lattice = 1/15 sec.
t = decay time after leaving lattice.
A = activity, disintegrations/cc-sec.
Thus

}S
1l

2.88 x 10° e'At dis/cc-sec.

Since the average energy of the N'® 7y ray is 6.5 Mev, the water activity is
1.85 x 10° e~Mt Mev/cc-sec.

The required shielding of the exit water lines varies with the distance
from the active core owing to the relatively rapid decay of N'¢ . Referring
to drawing DRP-69, which shows the layout of air ducts and water lines within
the reactor structure, the activity at critical locations along the exit water
lines may be calculated from the flow rate and corresponding decay times. The
water activity at strategic points is summarized as follows; based on a flow

rate of 20,000 gpm:

DECAY TIME WATER ACTIVITY FROM N!®
LOCATION (sec) (Mev/cc~sec)
A, Leaving reactor tank 2.3 1.5 x 10°
B. Vertical rise at reactor centerline . 4.1 1.28 x10°
C. Center of top of loop 6.6 1.0 x 10°
D. Leaving reactor structure 15 4.6 x 10°
E. Leaving Reactor Building 26 1.7 x 10°
F. Entering seal tank ‘ 63 5.5 x 10°
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The required shielding may be calculated by the method outlined in the Project
Handbook CL-697, VF 5, for a cylindrical source. The intensity at the surface
of a shield & em thick is

R2
1= &
2(b + z)
where
I = 7y-ray intensity, Mev/sec.
Q = source strength, Mev/cc-sec.
R = radius of pipe, 30.5 cm
B = vz + ub (v = absorption coefficient of water and
4 = absorption coefficient of shield).

z = effective position of line source equivalent to distributed

source (CL-697, VF 5, Fig. 5).

F(B) = distribution function (CL-697, VF 5, Fig. 2).

At point A the shield consists of 5 ft of barytes concrete plus some iron. The
Y-ray intensity at the ceiling of the sub-pile room due to N!® is calculated

from the following data:

Q = 1.5 % 10% Mev/cc-sec.

2z = 18 c¢m (from CL-697, VF 5).
v = 0.026 cm- 1.
b = 153 cm.

# = 0,09 cmt.
F(B) = 2.5 x 10" 7,
(1.5 x 10°)(30.5)2

I= (2.5 x10°7) = 1 Mev/sec = 2 X 10°3 mr/hr
2(171)

Thus the contribution of the water activity to the intensity in the sub-pile

room 1is negligible.
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2. Shielding of Water Inlet Lines.(3%9°4%)

The residual activity of the
process water after decay of N'® is due to the neutron activation of dissolved
minerals and aluminum recoil activity. The significant reactions are listed

as follows:

RECOIL RANGE
REACTION MECHANISM' ty, CROSS-SECTION| IN Al (cm)
Na23(n,y)Na2* Neutron absorption 14 8 hr ' 0.5b ‘
0'8¢n,y)0!? Neutron absorption 29 4 sec 0.44 ub
A127(n,y)A128 Slow recoil 2.3 min 0.21 b 1.2 X 1078
A1%7 (n,y)A128 Fast recoil 2.3 min 0.4 mb 2.4 x10°*
A1%7 (n, pIMg?” Fast recoil 10.2 min 2.8 mb 2.4 x 1074
A127(n,a)Na?? Fast recoil 14.8 hr 0.6 mb 2.4 x107*
Mn®5 (n,7)Mn5® Slow recoil 2.6 br 13.0 b 1% 1075

The activity of the process water excluding N'® activity is calculated for the

following system cenditions:

Flow rate = 20,000 gpm

Purge rate = 50 gpm

System holdup = 348,000 gal

Cycle time = 17.4 min or about 1000 sec
Activation time = 1/15 sec

Slow flux = 2 x 10'* neutrons/cm?-sec
Fast flux = 1 X 10'* neutrons/cm?-sec

Area of exposed Al = 10% sq cm

Water composition

Ca 1 ppm

Mg 0’.5 ppm
Cl 1 ppm

Al 0{05 ppm
Fe dOS ppm
Na 5 ppm

K ‘ 1‘ ppm

F 0.1 pha
N ) 0.02 ppm
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The motivity due to the absorption ef neutrbﬁs by dissolved minerals after

recycle equilibrium is reached is

A= (l.o le'xr)

where

A = activity, dis/cc-sec.

A = decay copstant, sec”!.

K = isotope reduction per cycle.

B = concentration factor = 20000/20050 % 1.

T = cycle tima.

K = nvZat (for half-lives >> t).

2, = cross-section of mineral per cubic centimeter of water.

The aluminum recoil activity is

nv o _(0.602) (range) (area) D\

A =
4F (1 - Be-AT)
where
o; = cross-sectien, barns.
Range = receil range, cm.

Area = 10° cm?,
D = density of aluminum.

F = cycle flow rate, cc/sec,

@ = atomic weight of receoil nucleus.
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Principal activities in the water entering the reactor are:

(dis/cc-sec) E (Mev) (Mev/cc-sec)
Na24 1160 2.2 2550
Mg27 488 1.48 725
MnS6 145 2.13 310
A128 26 1.80 50
Total 3635

The activity due to accidental exposure of core material, resulting from
loss of Al cladding from a fuel plate, is calculated as follows. The fractional
escape of fission recoils from the surface of a slab source is 1/4a, where a
is the ratio of the mass thickness of the slab to the range of the fission
fragments, or 5.6 x 10-3/1.05 x 104 = 54. Thus the fraction 1/4(54) = 17216
will escape from an exposed surface. At 30 mw there are 10!8 fissions/sec or
6.7 x 1012 fissions/cc-sec. The number of fission fragments escaping per
square centimeter is therefore 3 X 10!'°. Since the flow r;te per plate is

28 gpm, the activity in the water is 1.75 x 107 fissions/cc- sec,

Although the activity of the fission fragments which escape into the
water is due to the fission products, these decay relatively rapidly. Ac-
cording to K. Way, <?%) the disintegration energy is 0.3t"%-8 Mev/sec (fission).
After 1000 seconds, it will be 1.2 x 10°3 Mev/sec (fissiom, or the total
activity per square centimeter of fuel plate exposed is 2.1 X 10% Mev/cc-sec.
Since there are 18 plates per fuel assembly and 25 fuel assemblies, the
activity per square centimeter exposed in the reactor core will be 47 Mev/cc-sec.
For activity to be detectable, at least 10 sq em of U-Al alloy must be exposed¢

The shielding of the inlet water lines required due to the residual fis-
sion product and recoil activity may be calculated by conventional methods
outlined previously. For the above conditions about 1 ft of barytes aggregate

concrete is required for the inlet lines.

Thermal Column Shielding.(45-48) This large hole through the biological
shield, though filled with graphite, produces a difficult Y-ray shielding
problem. For this reason the thermal column sides must be lined with cadmium,

steel, and lead plates, and the face must be provided with a removable 7y
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shield. This removable shield is in the form of & sliding lead door, 10 in.
thick, which may be raised for access to thé column.

1. Nentron Flux Calculations. The originel calculatiens of the thermal -
neutron flux in the thérnnl«dolunn graphite were carried out in 1947.(45)
These data were later corrected for changes in the design of the'graphite
reflector by multiplying by a factor of 3. This normalizes values to a figure
of 3 x 10'? neutrons/cm? sec at the inside of the thermal column which is in
agreement with calculated neutron. flux distribution curves'?*) and data from |
the Mock-Up previoualy cited.

2. PRequired Thickness of Sliding Lead Door. A maximum velue of  the
radiation intensity penetrating the graphite in the thermal colymp may be
obtained by considering the column to comsist ef @ nugber of sled aeyrces with
the contribution of each concentrated at its surface. Bach newtron ashserbhed
in the grephite gives rise to e« 6-Mev ¥ reay. Aseuming eped aleb 16 bo 25 cm
thick, e slab z' em from the outeide of the therppl coluen gives rise to

I :-Eg-Fo(pz + va) v s/cm? -sec
where
I, = No, t S(z) =25 (4 x 10°%) S(x) = 10°2 7’ s/cm?-sec.
S(x) = thermal flux at x. | #
4 = absolute coefficient eof graphite = 0.08 cm'}.
v < absolute coefficient of lead = .44 cm?,
a = thickness of lead door
. > -y
F,(b) = J'_TV‘ dy (from CL-697 VF)

b

Contributions from each section of the thermal column with a 10-in. lead daeor

are summarized as follows.
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DISTANCE FROM S(x) : I
DOOR, = (cm) (n/cm?.sec) ux + va Fy(ux  vaj (y/cm?- sec)

0 0 11.25 114 x 1076 0

25 1.9 x 10° 12.0 5x 1077 5.0

50 75 x 109 12.75 2 x 1077 75

75 17 x 1010 13.50 1 x 107 8.5

100 3.6 x 1010 14. 25 45 x10°8 8.0

125 7 2 x 1010 15.0 2 x 10°8 7.2

150 1 4 x 1041 15 75 8 x 10°° 56

175 2.5 x 1011 16. 52 4 x 10”9 5.0

200 45 x 10! 17 25 18 x10°° 4.0

225 8 4 x 101! 18.0 9 x 1010 3.8

250 1.5 x 1012 18.75 4 x 10719 30

12 : . .10
275 3.0 X 10 19 5 2 x 10 3.0
60.6

This is equivalent to 480 Mev/cm? sec or about 1 mr/hr, which is below 1/10

tolerance.

Radiation Leakage Through Ducts in Reactor Structure.'*? 52) The numerous
holes penetrating the biological shield complicate the problem of designing a
satisfactory shield. The total intensity outside the shield is increased in
the vicinity of holes by radiation penetrating the section of the shield which
1s effectively thinner Additional radiation may be received by scattering
from the walls of the opening. Experiments which have been performed with
shields penetrated by curved or staggered ducts indicate that the direct
Fenetration through the thin part of the shield is usually more effective than
scattering in increasing the 7 intensity in the vicinity of the opening. This
1s especially true for ducts with multiple bends. To determine the adequacy
of the biological shield in the vicinity of an opening, the following procedure

may be used:

By inspection of a layout of the shield structure, a danger poilnt 1is
selected and a line along the path of minimum attenuation determined. This
line is generally in adirection from the outer to the inner mouth of the duct.
The intensity contribution of the surface element at the source of the minimum
path is calculated, as well as the contribution of all neighboring surface
elements which cam be "seen" through the effectively thinner portion of the
shield. These neighboring contributions usually fall off very rapidly as

elements further from the minimum line are considered.
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The ‘intensity centributies ef each snf!ﬁée element is calculated by
assuming it to be a peint seuwrce. Figure 4.6.J represents a cress-section of
a duct threugh the shield. For each surface element A4, the contribution at P
1s

where

~
]

o ~ ®, E(DA) cos 6/m.

= y/cm’-sec at source,

STERY
'

= Y-ray energy.

b =pr +our, + ...

ryssTq = actual sectiens ef shield penetreted.

= absolute ceefficient of shjeld.

T
|

>
i

= distance frem seurce te peint P = t sec 6

For simple geometries, the variatien of & frem element to element can be
approximated by a simple mathematical expression and the tetal intensity found
by integration. Otherwise the easiest approach is to measure the actual thick-
ness of shield material traversed along a straight line from each source
element and add algebraically the separate intensity contributiens. The total
intensity should be multiplied by a B factoer to allow for the ferward scatter-
ing in the shield. This is usually about a factor of 10 for thick shields.

The contribution of radiation scattered aleng the duct from the walls of
the duct may be estimated by the same methed as determining the scattering by
mass elements within the shield itaelf. Essentially the methed censists ef
breaking the scatterer (i.e., the duct wall) inte a number of mass elements AW
and assuming each to be a point of secendary radiatien. The enargy of the
secondary ¥ rays is a function of the energy of the primary and the angles of
incidence and reflection. The secendary intensity is the sum of all the point
sources censidered. A detailed analysis of the calculation of scattered
radiation is given in ORNL-710.(%)
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Design of Experimental Hole Plugs. 53 57) 1In general, the problem of
vdesigning plugs adequate to prevent escape of radiation from experimental
heles during operation of the reactor may be simplified by duplicating in the
plug the various portions of the shield through which it passes. Precaution
must be taken to stop radiation leakage through the annulus between the beam
hole liner and the plug by providing a number of steps. These should be kept
toa minimum, however, since each step increases the diameter of the plug which
must be shielded after removal from the reactor The amount of radiation
leaking through the annulus may be estimated by the same method as for voids
in the shield, which has been described previously. The major contribution is
the radiation penetrating the effectively thinner portions of the plug rather
than that from scattering around the step. The leakage through the annulus
around the beam hole plug depends therefore on the width of the annulus and
size of the step in the plug rather than on the number of steps Measurements
of the radiation through a narrow staggered channel by Gamertsfelder (in a
report by Stone‘377) may be used to verify this. For the MIR main beam holes,

a %-in. step with a 1/8-in. annulus gives adequate protection.

1. Shielding Requirements After Removal of Plug In order to protect
personnel after the plug has been removed and after shutdown of the reactor,
each beam hole is equipped with a lead radiation door 12 in. thick. The
radiation intensity at the outside of the beam hole with the lead door closed
is estimated as follows: It has been shown previously that 10 min after shut-
down the reactor core emits 2.9 X 10!? Mev/cc-.sec of hard v-ray radiation.
Since at relatively large distances from the reactor the core acts like a

point source, the intensity at the end of an open beam hole is given by

1.9 x 10°% Q.4

I = e H¥ mr/hr
4muja2
where
Qy = energy emitted per unit volume of core
A = area of beam hole © 180 cm?
p, = absolute coefficient of core = 0 07 cm 1.

a © length of beam hole = 475 cm.
4 ~ absolute coefficient of lead ° 0 .46 cm !

x = thickness of radiation door * 12 in.
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Thus
_ (1.9 x 107%)(2.9 x"10'%)180

I
477(0.07) (475)2

e 1% = 5 x 10%(0.9 x 10°%) = 4 5 mr/hr

Although this intensity is one half tolerance, the decay of fission

products reduces the value to one tenth tolerance at 1 hr after shutdown.

In addition to affording protection after shutdown, the lead shielding
door can be used in conjunction with a relatively simple neutron shielding
plug during operation of the reactor to provide additional flexibility to the

experimental facilities.

Shielding Requirements of External Facilities (%8:59) 1. [External Water
System. The activity of the water in the external system due to the neutron
absorption of dissolved minerals reaches an equilibrium level which depends on
the time of activation in the core, the amount of purge, and the recycle time.
Based on the operating conditions listed below, the average activity of the
water in the external system will be about 3700 Yy rays/cc-sec. These have an

average energy of 2 Mev.

2. Operating Conditions. The following operating conditions were used:
Power level 30 mw
Flow rate 20,000 gpm
Purge 50 gpm
Cycle time 1000 sec
Average decay time 500 sec
Water activity 7400 Mev/cc-sec

The shielding of the working reservoir and associated pipes is accomplished
by first installing a fence 15 ft from the pipes. and then shielding the pipes
to a height of 20 ft with 10~ or 12-in concrete blocks and shielding a portion
of the reservoir itself with 2 in. of iron Considering that only two of the
24-in. pipes will be filled with water at any one time, the y-ray intensity
adjacent to the concrete blocks will be 10 mr/hr and outside the fence 1 mr/hr.
On the reservoir platform with the water shielded by 2% in. of iron, the 7y-ray
intensity will be about 5 mr/hr.



3. External Air System. The activity of the pile-cooling air is due
mainly to A*' with minor contributions from N'® and 0'°. The physical and

nuclear properties of these gases are listed below.

ELEMENT REACTION | ABUNDANCE IN AIR (%) o, t, E, (Mev)
Nitrogen N15(n,y)N1S 0.30 0.02 mb 7.4 sec 6.5
Oxygen 0'%(n,y)0"? 0.04 02 mb 29.4 sec 1.6
Argon A% (n, y)A%! 0.94 0.62 b 110  min 1.3

At 150°F and 25.5 in. Hg, 1 cu ft of air contains 3.1 X 102! atoms of N'%,
4.2 x 10%° atoms of 0'® and 4.9 x 102! atoms of A*® At 60 mw the average
thermal -neutron flux in the air within the reactoris 4 X 102 neutrons/cm?-sec
and the total volume of zir in the reactor is about 850 cu ft. At 30,000 cfm
the exposure time of the air in the reactor is about 2 sec. The number of

atoms of A*! formed per second per cubic foot is

¥V
(4 x 10%2) (4.9 x 1021)#(0.62 x 10-28) = 1.2"x 1010 ¢
and the disintegration energy per cubic foot will be

0

(1.2 x 10'%) (2) (1.3) -0
6600

= 3.3 x 10°% Mev/cu ft-sec

The disintegration energy due to 0'? is

(4 x 1012) (4.2 x 1029) (0.2 x 10°27) (2) (1.6)

0.693 4
. =26 x 10° Mev/cu ft-sec
4

The disintegration energy due to N'® is calculated similarly to be 3 x 10°
Mev/cu ft-sec. The shielding required to reduce the % intensities to desired

tolerances 1s summarized in Chap. 8, Table 8.1.C,
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Shielding Requirements for Handling Activated Equipment and Materi-

(56,60-64)

als. The handling of equipment and materials which have been sub-

Jected to neutron irradiation constitutes one of the most important shielding
considerations in the operation of a nuclear reactor. Each item presents a
special problem and must be handled as such. The following paragraphs present
general background for calculation of induced activities. For more detailed

information on special problems, the listed references should be consul ted.

1. Activities of Important Elements. The following table summarizes the

elements which give rise torelatively high-energy y-ray activity. Calculations
‘are based on a flux of 10'* neutrons/cm?-sec and irradiation to saturation

(i.e., irradiation times long compared to half-life). For shorter irradiation

e ->\T) .

times values should be multiplied by (1 where T is the irradiation

time and A the decay constant.
TABLE 4.8.D
Elements with Righ v-Ray Activities

ELEMENT ACTIVE 1SOTOPE HALF-LIFE | (curies/g) y-FAY ENERGY (Mev)
Sodium 32 1.38, 2.76
Magnesium 1 M8 10.2 min 0.6 0.84 (100%), 1.01 (20%)
Aluminum 1aA1?7 2.4 min 13 1.80
Titanium 22Ti%° 72 days 0.071 1.0
Vanadium 23V 3.8 min 140 1.5
Chromium 24C7°° 26.5 days 15 0.32
Manganese 2sMn®® 2.59 hr 390 0.82 (100%), 1.77 (30%)
Iron 26Fe® 46  days 0.029 1.10 (50%), 1.30 (50%),
2.06 (20%)

Cobalt 27C0°° 5.3 years] 610 1.16, 1.32

10.7 min 18 1.5 (10%)
Copper 29Cu®® 12.8 hr 59 1.35 (2.5%)

5  min 14 1.30 '
Zine 50In®* 250  days 6 1.14 (45%)

30Zn®® 13.8 hr 0.4 0.44

The induced activities of some important reactor materials have been
Data are summarized in Table 4.6.D for
At higher flux

levels, the values may be increased proportionally as long as the ratio nvo/A

measured in the Oak Ridge reactor,

irradiations at a thermal flux of 10!'? neutrons/cm?-sec.

1s small,
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where

nv = thermal flux, neutrons/cm?-sec.

o = absorption cross-section of activated atom, em?/atom.

= decay constant of active atom, sec” 1.

When the cross-section of the active atom is greater than 1000 barns and the
half-life greater than 50 days, the saturation activities are reduced by
fluxes of the order of 10!* neutrons/cm?-sec. Under ordinary conditions,

however, the saturation activity is relatively unaffected.
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TABLE 4.6.E

Induced Activity of Commercial Materials

TIME IN REACTOR

LEAD ABSOLUTE

ACTIVITY(1) (photons/sec-g) ' AT 10'2 FLUX

MATERIAL (hr) COEFFICIENT (cmal) 4 to 5 hr decayy] 10 hr decay 100 hr decay | 100G hr decay
GBF graphite 4400 0.62 1.5 x 104 1.2 x 10* 9.0.x 102 <2 x 102
CS graphite 4400 0.62 4.2 x 104 3.6 x 10* 1.5 x 10* 1.1 x 104
C-18 graphite 15000 0.58 5.5 x 10° 5.2 x 10° 3.2 x 10° 2.6 x 108
Beryllium 12000 0.58 6.9 x 10° 3.8 x 10° 1.5 x 10% 1.1 x 10°
2S aluminum 15000 0.57 1.4 x 107 5.9 x 108 3.4 x 10°
Stainless steel o V-4 ¢ * ¢ v :
Type 304 1000 0.59 3.2 x 10® 1.05 x 10% 5.0 x 107 2.8 x 107
Type 310 1000 0.57 9.7 x 108 2.7 x 108 6.2 x 107 3.9 x 107
Type 316 1000 0.61 9.7 x 10% 2.7 x 10® 4.9 x 107 2.9 x 107
Type 347 1000 0.56 8.5 x 108 2.3 x 108 5.4 x 107 3.3 x 10’
Type 405 1000 0.57 2.8 x 107 9.5 x 107 3.5 x 107 1.8 x 10’
Type 430 1000 0.62 2.6 x 10° 8.0 x 107 3.6 x 107 1.8 x 10’
Type 445 1000 0.58 4.5 x 108 1.35 x 108 4.8 x 107 2.2 x 107
'garpenter 20 1000 0.52 6.0 x 10® 2.6 x 108 7.2 x 107 4.1 x 107
oncrete
Brookhaven (2’ 700 0.49 4.0 x 10° 9.0 x 107 5.0 x 10° 3.0 x 10°
Ordinary'®) 700 0.55 9.1 x 107 5.3 x 107 1.8 x10° | 4.7 x10°
Barytes (%) 700 0.51 4.3 x 107 1.9 x 107 8.3 x 10° 2.0 x 10°

(1} The ionization chamber was calibrated with Cof%0

of 1.2 Mev average photon energy.

(2) The Brookhaven cement contained 58.2% limonite, 29.1% portland cement, 12,7% HQO°

(3) The ordimary concrete contained 56% rock « 2505% sand, 10.4% portland cement, 8,1% Hzoa

(4) The barytes concrete contained 46% barytes coarse, 40% barytes fine ¢ 9%

6% portland cement,

4.4% H,0.
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Chapter 5

CONTROL SYSTEM

5.1 INTRODUCTION

The preceding three chapters of the Handbook have described the reactor,
its use, and the physics of its design. In this chapter the reactor control
system and some of the philosophy behind 1t will be discussed. Like that of
the rest of the MTR, the development of the controls has gone on over the last

five years; therefore no separate historical development is attempted.

The main portion of the chapter 1s devoted to a description of the con-
trol instruments and system as they now exist in the MTR. While this de-
scription inevitably contains some of the history and philosophy of the con-
trols, a separate section is included at the end. to.discuss some of the

reasons for using the present control system,

5,1.1 Review of Reqdirementso It has been shown in Chap. 4 that the
k of the MTR is very much larger than that of the early uranium-graphite
reactors and that considerable excess reactivity will be used in order to
handle losses due to fuel depletion, experiments, fission product poisons,
etc. Any control system designed for such a reactor not only must be able to
maintain the machine at any given power but, when necessary, must also be able

to overcome quickly all the excess reactivity.

The speed with which the controls must act depends upon the maximum rate
at which the reactor can rise in power. Suppose that in a clean, cold reactor
some mishap allows the rods to be withdrawn at their maximum rate; as an
example, assume this rate to be equivalent to a Ak/k » 0.1% per second. In
the first few minutes the neutron level will rise only by a factor of ~100,
but at the end of this time the reactor will be supercritical and on a rising
period of approximately 10 sec. In a few more seconds the period will be
approximately 1 sec. It has been calculated!!’ that the minimum period
expected before the power goes above normal operation level will be about
1/30 sec. Such a period must be countered by safeties capable of a 30-msec
response. Even with this speed of response the power would momentarily rise
to about three times "normal™ overload power or to about four times operating

power,



From the above paragraph it 1is obvious that the control rods must not be
withdrawn too rapidly. but another condition is imposed in restarting the
reactor after a short shutdown. In this case the time available is limited by
xenon growth (see Chap. 4). hence the rods must be withdrawn as quickly as
possible. In order to fulfill both these conditions, the control system has
been designed to limit the "high" rate of rod withdrawal to an equivalent
Ak/k of 0.1% per second.

The above paragraphs briefly review the main dynamic requirements of the
control system. The control system described in the following sections 1s
designed to fulfill these requirements and provide a means of maintaining the

reactor at any given power level

5.1.2 General Features of the MTR Control System. A block diagram,
showing the essential elements of the reactor control system, 1s given 1in
Fig. 5.1.A. 1In this diagram the light lines indicate flow primarily of
information, signal, or effect, the heavy lines indicate flow primarily of
energy. It is understood that this diagram shows only the major relationships

among the control system elements.

The reactor is shown to be subject to effects of the control rods,
auxiliary facilities, and certain disturbances. The reactor in turn affects
certain instruments which produce information to be transmitted to the oper-
ator and to the control system. The operator and the control system also
receive information from selsyns and other indicators of rod position or rod
motion. On the basis of the information received, taken together with the
operator’s actions or instructions, the control system transmits to the
motors or,magnets (also called "clutches") appropriate control signals. The
motors or magnets then cause corresponding rod motlons. which 1n turn affect
the reactor. Thus the main control loop is a closed path, indicated 1n the

diagram by light lines.

The heavy lines indicate the flow of energy from an external source to

the control system to operate amplifiers relays. etc.. and to motors, mag-
nets. and the auxiliary facilities to operate pumps, fans, etc. These are the
principal power demands relevant to the control system To isolate the con-

trol system from fluctuations and interruptions of external power an energy
conversion and storage unit 1is provided The status of this unit is reported

by certain instruments to the operator who can exert a limited degree of
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control on it. Full discussions of the power distribution system and of the
auxiliary facilities are given elsewhere (Chaps. 3, 6, 7, 8, and 10), but they

are included here to the extent that they are interrelated with the control

problem.

5.2 MEASURING INSTRUMENTS
There are three groups of instruments furnishing information to the
operator and to the control system' (1) the reactor instruments measuring
neutron flux or power level, (2) the rod position and motion indicators,
and (3) the instruments for the auxiliary facilities and energy conversion
and storage. These groups will be discussed in the order mentioned. The way
in which the instrument signals are presented to the operator, recorded, or

used in the control system will be discussed in later sections.

5.2.1 Reactor Instruments. It is necessary to draw a rather arbitrary
line separating reactor instruments from instruments on the auxiliary facili-
ties, particularly the cooling water. HReactor instruments will be understood
to include radiation instruments measuring neutron level in the reactor and
radiocactivity in the water, temperature instruments measuring distribution of
exit water temperature across the active lattice and temperatures in the
thermal and biological shields., and pitot tubes measuring distribution of

water flow across the bottom (exit) of the active lattice (See Fig. 5.2.A).

The reactor radiation instruments are listed in Table 5 2. A. It will be
noticed that with one exception these instruments are located in the reactor
The one exception, the water monitor chambers. can reasonably be included with
the reactor instruments since they monitor water samples from the 37 sampling

tubes distributed across the hottom of the active lattice

The parallel circular plate (PCP)} and compensated ionization chambers and
the fission chamber are of ORNL design and manufacture. The air wall and
water monitor chambers are made by General Electric Company, and the boron

thermopiles are made by Nuclear Instrument and Chemical Corporation.

When the MTR was proposed in 1946, the best available ionization chamber
had a useful range of about 10* The development of the compensated ioni-

zation chamber with useful range of better than 10° was the first step. Early
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TABLE 5.2.A

Reactor Radiation Instruments

NAME OF INSTRUMENT REFERENCE ITEM NO. USE REACTOR LOCATION
Parallel circular plate 650-1A, 2A, 3A Safety W-1, 2, 3
ionization chamber
652-1A, 2A Servo signal W-5, 6
Compensated ionization 650-4A, S5A Log N and period signal {HI-2, 3
chamber
654-2A Galvanometer signal HI-2
Fission chamber, travel 654-3A Counting rate signal VG-8
12 ft
Air wall ionization chamber 650-11C, 11D Water flow N'® monitoring} GM-1, 2
(G.E. No. 9737334Gl)
Water monitor ionization 653-5A, 6A Water sample monitoring |Monitoring room
chamber {G.E. No. 9737814)
Boron thermopiles Neutron flux in graphite V'Gm27F 28, 42, 44, 56

attempts to develop a d{(log N) meter of the vibrating condenser type were
unsuccessful and a log N and period meter based on the logarithmic charac-
teristic of the diode proved to be highly satisfactory. This instrument, with
a useful range of approximately 10°, matching the compensated ionization

chamber, has become extremely important to the zonirol system.

In an early attempt to cover still lower neutron intensities, the modu-
lated ionization chamber was proposed. This device utilized the periodic
motion of an absorber placed before the ionization chamber which resulted in.a
modulated signal proportional to neutrons only. This was abandoned in favor
of the fission chamber and counting rate meter which, by repositioning the
fission chamber, is capable of covering a range of 10'!  Since this device
has a long integrating time K it was felt that the resultant time delays would
make 1t an unsatisfactory instrument for automatic control. and it is there-

fore used as an adjunct to manual control.
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The importance of having proper instruments for control purposes is made
evident by consideration of Table 5.2.B, which shows the relation of power
(or neutron) level considered in four definite ranges to the choice of instru-
ment and control action. These ranges, as suggested by H. W. Newson!) or as
applied to the MTR, serve as convenient divisions of the entire range of

reactor operation. At the lowest level is the source range which lies below

TABLE 5.2.B

Relation of Lower Level to Instruments(l)

AS APPLIED
NEWSON( 1) TO MTR
__ _ _Fall power _ _ _
Power M power Range of servo and of linear power

instruments and recorders

Y 0 ’ 10
) Lower limit of servo and
‘ 10,3 power 1nstruments

withdrawal speeds are necessary;
operation supervised by log N and
period meter

Period

-6 e
4 Lower limit of log N and
period meter

3 10

Cold start region; CRM is only in-
strument available through major
portion of region; intermittent rod
speed available only; cold reactor
will normally become critical below
108 strictlz manual control up

to about 10

Counter

.f {
{ Restart region in which maximum rod

=11 I

10 Y - -
Lower limit of CEM

No rod withdrawal permittedin this

Source Source range
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the range of the counting rate meter and in which rod withdrawal should be
prohibited. Until the level is raised above 10°1! of fyll power by a suitable
source (cf Chap. 4). the Ak of the reactor should be kept negative; i.e.,
rods should not be withdrawn. Next comes the counter range, in which the
fission chamber and counting rate meter combination is the source ofa reliable
signal. For the MIR only intermittent rod withdrawal is permitted in this
range. The lower limit of the period meter makes the transition to the
period range. By the time this range is reached. the cold, clean reactor will
have become critical and the level will be rising on a stable period. Finally
comes the power range, over which an appreciable fraction of full power may be

measured.

PCP Chambers. The PCP chambers are designed, constructed, and located in
the reactor so as to give high-speed response to changes in neutron flux
coming from the core of the reactor. The construction is shown in Fig. 5.2 B.
The active section consists of a set of graphite disks each of which is
coated on both sides with B!°  Alpha particles are emitted by the B'%(n,a)Li’
reaction when neutrons bombard these disks. These alﬁha particles cause the
ionization which the chamber measures. Thickness of boron coating (0.3 mg/cm?)
on the graphite disks is chosen so as to give maximum ionization current

(about 50 wamp at their operating flux of 10'° neutrons/cm?-sec).

The chamber is made of materials (magnesium shell, graphite electrodes,
quartz insulators) that do not become highly radioactive under neutron bom-
bardment. Furthermore, the long body of graphite ending in a boron plastic
plate at the base shields the connectors and cables from the high neutron
flux. This makes handling and servicing of the chamber after it has been in
the reactor permissible without elaborate shielding. The chambers cannot be
located as near the reactor tank as would be desirable because of the high
neutron flux The next best thing seemed to be to locate the chambers in
holes, looking directly toward the tank with coliimating boral sleeves ahead
of the chamber to enhance their inherent directional sensitivity to flux
directly from the tank With this arrangement the major delay is the time,
estimated at 5 to 10 msec. for neutrons to get from the core through the tank
and into the graphite Thus it is possible to provide a safety signal well
within the 30-msec limit set by consideration of reactor kinetics (A report

on the PCP chamber is in progress )
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Compensated Ion Chamber. The compensated ionization chamber is designed
to give reliable measurement of neutron flux over a large range, particularly
in the presence of relatively intense gamma radiation. The construction,
shown in Fig. 5.2.C, features two separate chamber volumes. The inner volume
is contained between a movable cup electrode and a fixed inner electrode
shell; the outer volume is between this inner shell and an outer electrode
shell. The two volumes being approximately equal, the effects of gamma
radiation on the two should also be equal. In addition, the outer volume is
i:de sensitive to neutrons by B'® coatings applied to the electrode surfaces.
tken if the cup electrode is at negative potential and the outer shell elec-
trode at positive potential with respect to the inner shell, the net current
carried by the inner shell will be a measure of neutrons alone. Close bal-
ancing of the two volumes for zero gamma signal is carried out by moving the
cup electrode, thus varying the inner volume. As in the PCP’s, the sensitive
end of the chamber is made of low-activity materials (pure graphite elec-
trodes, quartz insulators, lead wires, and magnesium shell) and the main body
of the chamber is made long to provide shielding of the chamber base from
neutrons. The preamplifier circuit used with PCP chambers is shown later in

Fig. 5.3.A.

The compensated chamber is to be operated from 100-pamp current at full
operating level (Ng) down to 10"* pamp at the bottom of its range, The flux

at the chamber when the reactor is at Np is presumably somewhat over 1019,

Fission Chamber. The fission chamber is designed to give neutron mea-
surements at low flux levels. The construction, shown in Fig. 5.2.D, is quite
simple. A brass shell carries a nickel liner with a coating of U235 on jits
inside surface. A central anode rod of graphite, %4 in. in diameter, is
supported on a coaxial connector. Neutrons absorbed in the U235 produce
fission fragments which ionize the gas in the chamber. The voltage pulse
thus created by each fission is amplified and counted. These fission pulses

are large, and by proper biasing of the amplifier can be counted separately
from the lesser currents due to alpha or gamma radiation; i.e., neutron flux
can be accurately measured even in the presence of intense gamma radiation.
With the anode at 270 volts, the fission pulse height is some 50 uv across
the 450 puf of cable capacitance The chamber efficiency is one pulse in a
fiux of 100 neutrons/cm®-sec. By using argon gas a short, sharp pulse may be

obtained. However. the chamber performance is then very sensitive to gas
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impurities and to supply voltage, to minimize these difficulties the argon is
deliberately mixed with about 5% carbon dioxide Under these conditions,
pulses are distinguishable up to a limiting rate of nearly a million per
second The lower pulse rate limit is set by background. which, aside from
electrical pick-up noise 1is the negligible (1 count per hour) spontaneous

U238 The counting-rate meter used with the fission

fission occurring in
chamber however has a useful range from 1 to 10* counts per second, and

this is therefore the working counting range of the complete instrument.

To increase the neutron flux range of the instrument provision is made
for moving the chamber over a maximum distance of 12 ft. from outside the
thermal shield to a point well inside it. This travel corresponds to an
estimated neutron flux variation of 107 At the innermost position the
minimum flux to be expected (say from a source at start up of a clean reactor)
would be about 10°, corresponding to 10 counts per second. The maximum flux
(reactor at Ng) at the inner position would be 10'? and at the outer position
about 10% corresponding to 10* counts per second the upper limit of the rate
meter. In view of this range the fission chamber will be used at three
established positions in its instrument hole. motion from one to the other
giving a neutron flux range multiplication of about 3 X 103 which is com-
fortably within the counting rate range of 10*. Means of moving the chamber
are semiautomatic and are tied in with the control circuitry to be discussed
later. The exact locations of the three operating positions must be con-
sidered a part of installation-calibration procedure. Also entering into the
calibration is the neutron absorbing rod shown in Fig 5 2 D Besides plug-
ging the hole in which the fission chamber moves this rod furnishes in
choice of dimensions and materials. further means of achieving desired chamber

sensitivitlies 1n the three locations

The three types of ionization chambers discussed thus far (PCP, com-
pensated and fission chambers) have in common the property of being open
chambers with continuously flowing gas The nitrogen used in the PCP and
compensated chambers 1s fed in through the signal cables and returned through
power supply cables being monitored (for flow rate) on the end of the return
cable  The mixture of argon and carbon dioxide used in the fission chamber 1is
fed in through the only cable going to this instrument and then is vented as
indicated in Fig. 5 2 D. The decision to use continuously purged gas in these
chambers was based largely on the expectation of less trouble in assembly.
operation and maintenance of the instruments. A somewhat incidental ad-

vantage is that the gas flow keeps the signal cables free of moisture.
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Air-wall Ionization Chamber. The air-wall iomnization chamber (G.E. No.
9737334Gl) is used to measure the energetic 7-sec gamma activity of N'® formed
in the 0'%(n,p)N'® process by neutron bombardment of the cooling water. The
chambers are located in thimbles in the outlet flow. This signal should
constitute a good overall measure of the average reactor core flux. The
chamber is 5 in. in diameter by 19 in. long, with cylindrical electrodes. The
name "air-wall" signifies that it is made of materials having nearly the same
atomic number as air, and hence giving similar scattering. Sensitivity 1is

5% 10°'? amp in a gamma ray intensity of 12.5 mr/hr.

Water Monitor Chambers. The water monitor chambers (G E. No: 9737814)
are used in the monitoring room to measure beta and gamma activity in the
water drawn through the 37 sampling tubes from the exit face of the active
lattice. Thus the distribution of radioactivity in the water flow through the
lattice can be observed. Water from each of the 37 tubes is examined every
2 min by an automatic cycling device. The water is held up long enough for
the N!'® activity to become small, so the observed activity is either that
induced by the flux in the demineralized cooling water or else it is evidence
of a fission break (rupture of fuel element) in the core. Sensitivity of this

chamber is 3 % 10°'% amp for 12.5 mr/hr.

Boron Thermopiles. The boron thermopiles are used for an additional
check on neutron flux level., They are located in the graphite (VG-27, 28, 42,
44, 56; see Fig. 3,F) all at the same horizontal level. These instruments
consist of a large number of thermocouple junctions in series, with alternate
junctions coated with boron, The coated junctions become warm owing to

absorption of neutrons, thus yielding a net voltage which is a measure of

neutron flux. The instrument case is about % in. in diameter by 6 in long.
The approximate sensitivity is 6 mv in a flux of 10!%. Internal resistance
is of the order of 3 to 4 ohms. By proper mounting and thermal insulation

of the thermocouples the instruments may be made quite insensitive to ambient
temperature (say, 40 uv/°C). For transient conditions the time constant is

about 1 sec.

Other Instruments. In addition to the foregoing reactor instruments, all
of which measure radiation, there are various temperature and water flow
measurements to be mentioned. Each of the 37 sampling tubes is actually part
of a triple-function assembly. sampling tube pitot tube for flow measure-
ment. and thermocouple for water temperature measurement. Knowledge of dis-

tribution of water flow velocity and temperature is of obvious value. There
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are also numerous thermometric devices used for observing temperatures in
other parts of the reactor. Most important of these, from the control stand-
point, is the pair of thermocouples in the inlet and outlet water lines,
measuring the temperature rise which is then multiplied by total water flow
to give power absorbed from the reactor. A venturi flow meter feeds signal to
a flow recorder, and the thermocouples feed a differential temperature re-
corder. Impedances in these recorders are connected in a bridge circuit in
such a way that the bridge output is proportional to the product of the ‘two

signals. The detector for this bridge is thus the power level recorder.

In the thermal and biological shields there are about fifty positions
for thermocouples (see Chap. 2). The signals from these instruments. however,
tie into the control of the reactor only through the one annunciator channel

reserved for them.

5.2.2 Rod Position and Motion Indicators. Instantaneous positions of
all control rods are reported to the operator by selsyns. The generators
(transmitters), mounted on the rod drive shafts, are Ford Instrument Company
"Telesyn," type 3HG. The motors (receivers), mounted on the control room
console, are the same brand, type IF. In addition, the positions of the rods
with respect to certain fixed positions are detected by means of lever-
operated microswitches. These limit-switch signals go to the control system
and to the operator. The shim-safety rods operate two limit switches (see
Fig. 5.2 E). The upper switch operates when the rod is withdrawn about 30 in.
from the fully inserted position. (The exact location of this limit position
is to be adjusted in the field so as to take account of two factors: the
actual maximum withdrawal mechanically possible. and the need for keeping
some sensitivity of safety rod action.) The lower limit switch is a "back-up"
switch whose action would usually be forestalled by action of the other shim
rod switches. the clutch (magnet) switch and the seat switch If the rod is
engaged in its holder so the clutch switch is closed, the seat switch would
operate to stop the motors when the rod is fully inserted. If the rod has
been released (e.g., by safety action) and is resting on the bottom, then the
clutch switch would operate to stop the motors as the holder comes into place.
Thus the lower limit switch would act only 1f the rod were not in the reactor

or 1f the clutch or seat switches failed

The seat switches are mercoid pressure switches which operate on the

water pressure change caused by seating of the rod and subsequent reduction of
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the incoming flow of demineralized water (partial make-up for the process
cooling water). The clutch switch operates between the shim rod itself (which
is grounded) and the magnet pole faces, which are insulated from ground; this

circuit uses 12 volts alternating current.

The regulating rods are equipped with six limit switches (see Fig.
5.9.F). Of these, the two at the extreme positions serve to limit the travel
of the regulating rod itself, while the intervening four enter into shim rod
control. The regulating rod motion is held in both directions against shock
absorbers. The servo motor torque is reduced by the action of the end limit
switches to a value which keeps a light load on the shock absorber in the
limited direction while leaving the system free to give full instantaneous

torque in the opposite direction.

Instantaneous velocity of regulating rods is measured by tachometers
mounted on the motor shafts The Weston Model 724 type A, is used. The
instrument has a sensitivity of 50 volts per 1000 rpm and an upper limit of

2000 rpm.

5.2.3 Auxiliary Facilities Instruments. In describing the general scope
of the .control problem in Section 5.1.1, reference was made to certain aux-
iliary facilities which are of some concern to the operator and therefore need
a place in the control picture. It is, of course, possible that any con-
ceivable detail of associated equipment, however remote, might under some
circumstance be of concern to the operator. (This is one reason for having a
telephone near the operator.) It seems reasonable to confine attention here
to the three vital facilities: process water cooling air, and control power.
Since the instrumentation of these facilities is more or less fully discussed
elsewhere (Chaps. 7, 8, and 10). only brief comment on the immediate relevance

to control is needed here

The process water which cools the reactor is perhaps the most important
auxiliary facility. Undue changes in temperature or flow of this water can
result in just as serious damage to the reactor as undue changes in neutron
level. The radiation hazard to personnel is not so great., however and,
because of this and for other reasons. the water instrumentation works with
considerably thinner safety margin than is designed into the radiation in-
strumentation In particular, the principle of backing up every instrument

with an alternative instrument is less thoroughly applied. Water level in the
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main tank, or "working reservoir," is guarded with automatic safety actions
(see Section 5.5.1, especially Table 5.5.A). The same is true for water flow
although this depends ona single flow meter. The water system is provided with
sundry alarms and recorders, which need not be detailed here. Most of these
will engage the attention of personnel stationed in the process-water control
and instrument center and will receive only marginal attention in the reactor

control room.

So far as cooling air is concerned, the operator is warned by alarms
on pressure and flow of air and also on radioactivity in the air stack. Air
flow failure causes a mild automatic safety action (slow setback: see Table

5.5.A).

In order that reactor operation may be as free as possible from the
effects of transient disturbances or outages on the purchased-power lines,
electrical power for the control system is obtaimed from a special supply,
labeled "Energy Conversion and Storage" in Fig. 5.1.A. This supply consists
of two alternators operated from storage batteries. In normal operation one
alternator would supply "instrument bus voltage" and the other alternator

would supply "relay bus voltage."

The instrument bus furnishes power to those instruments most sensitive to
disturbance while the relay bus (also called the "control bus") furnishes
power to the less sensitive components, such as relays and motors, which not
only are less sensitive to disturbance but are themselves actual sources of
disturbance. If one of the alternator supplies breaks down or otherwise
becomes unavailable, the relay bus would be switched to purchased power. To
permit operation with the "rougher" purchased power, the relay circuits in-
clude a 2-sec timer and a number of time delay relays so that reactor shutdown

does not ensue unless the relay bus voltage is off for 2 sec or longer.

Reaction of the operator to loss of control power is discussed briefly
in Section 5.6.4. Annunciator signals from the control power center may be
used to bring to the reactor control room information on such items as battery
charger failure and frequency ﬁonitoring, but the main link between this
center and the operator, both for conveying information to and action from the

operator, will be by patrol operation on something like a once-per-hour basis.



3.3 ROD MOTION CONTROLS

5.3.1 Safety Rod Clutches. Safety rod motion is obtained, in general,
by the combined action of gravity and water flow. There i1s also the buoyant
force, but it is expected thdat the downward acceleration will never be less
than 1g.. The safety action is therefore accomplished by releasing the shim-
safety rods from their holders by de-energizing the magnets in the magnetic
clutches. This is a continuous process; the magnet current is decreased, not

interrupted.

The magnet has been describeéd in Section 2.4.2 of this report, but the
control of the magnet current must now be explained. There are eight shim-
safety rods and therefore eight magnets, which must be subject to a number of
different possible causes of safety signal (these are enumerated in Section
5.5.1). The necessary interconnecting circuitry is centered about a signal
line called the "sigma bus" because it carries the summation (more accurately,
the net ‘effect) of the various causative signals. The various instrument
signals are fed to this bus by special "sigma amplifiers." Figure 5.3.A shows
the circuit of a sigma amplifier, together with a typical PCP ionization
chamber and preamplifier. The sigma bus is seen to be connected to the
cathode of a triode, whose grid accepts the signal from the preamplifier.
Increase of ionization current causes the preamplifier grid, and also the
sigma amplifier triode grid, to go positive. Then the sigma bus is also
driven positive. Assuming this action has occurred in only one of the five
sigma amplifiers, the cathodes in the other four amplifiers are also carried
positive, and the tubes tend to cut off. One of these tubes can "take over"
from the first only if its grid is driven more positive than the first grid.
Thus the sigma bus may be said to go along with the "highest bidder" of the
various grid potentials. It has therefore been suggested that the sigma bus

' This predominance of auction

might be more appropriately named "auction bus.'
effect over summation effect is important, for otherwise unwanted safety

"scrams" (dropping of rods) would be initiated by cumulation of small effects.

The 16 magnet amplifiers (two for each magnet) are all connected in
parallel to the sigma bus. If all 16 amplifiers and all eight magnets were
identical in adjustment and operation, all safety rods might be expected to
drop strictly simultaneously as the sigma bus potential rises past some

critical value. What will actually happen, of course, is that one or several
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of the rods will drop before the others, and the number that drop will depend
on subsequent time-dependence of the reactivity. Probably the usual scram

will consist of the dropping of only one rod.

The circuit diagram of a magnet amplifier is shown in Fig. 5.3.B. The

magnet current is drawn from a separate rectifier, fed from a separate power

line. This provision for interruption of magnet power without affecting
amplifier power makes possible the two kinds of scrams: fast scram by ampli-
fier action, and slow scram by interruption of magnet power. The fast scram

channels are reserved for those safety signals which call for action ‘in

minimum time; the slow scram is for less urgent signals.

The two amplifiers feeding a given magnet are connected (connector
labeled "comp.") so as to share more or less equally the magnet current. If
one of the amplifiers should fail, the other would keep the total current near
normal, and closing the "normal-exchange" switch gives further margin for
operation with one amplifier. A further safety feature incorporated in the
design is that a short to ground of the sigma bus will shut off magnet current

by increasing the current through the second half of the double triode V5.

3.3.2 Motgr Drive of Shim Rods. The motor drives for the shim rods have
been described in Section 2.4.5. Here it 1s necessary only to recapitulate

those features directly relevant to control of rod motions,

The shim-rod motors are three-phase 220-volt 1/6-hp squirrel-cage motors,
of 1800 rpm rating. Start, stop, and reverse are the only control actions
called for. Reversal is accomplished by phase interchange. This simple
control picture is, however, slightly complicated by two considerations: the
desire to have a finer speed control than is obtained by simple on-off switch-
ing, and concern as to the possible safety implications of transition from

three-phase to single-phase operation by loss (open circuit) of one power wire.

A highly satisfactory means of having fine control of motor speed was
found in the simple device of inserting a single resistor for each phase in
the supply to all the shim-rod motors. The large initial current required for
high acceleration is cut down by the resistor, giving a low acceleration
start. Thus manual on-off switching can give a close, fine-scale adjustment
of rod position. This use of "low" speed is discussed in Section 5.5.2. The

resistor is chosen with such power rating (350 watts) that it will safely
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carry the load when all eight motors are turned on. However, its resistance
is such (of the order of 40 ohms) that it will normally permit the operation

of only one motor at a time.

An open circuit in one of the three wires feeding the motors, causing
single-phase operation with loss of ability to change direction of rotation,
is a hazard that might be serious. For instance, if withdrawal were 1in
progress and an overriding signal for reverse came through, it would be in-
effective and withdrawal would continue. In any event, the safety circuits
should protect the reactor. This loss-of-phase difficulty, in fact, repre-
sents a typical instance of a minor calculated risk. Acceptance of a few such
risks permits savings in cost and complexity of equipment, savings which may
reasonably be regarded as returns on the extensive investment in safety

systems,

‘35.3.3 Motor Drive of Regulating Rods. The regulating rods are driven
by servo-controlledd-c motors. The servo mechanism is a velocity servo giving
a motor shaft speed 6 proportional to input voltage V.. Figure 5.3.C shows
how the input signal V. is formed as the difference between a positive voltage
measuring ionization current and a negative reference voltage. The positive
voltage is the product of the ion-chamber current, proportional to neutron
flux, and the resistance in the motor-operated rheostat (MOR). The servo
functions so that a positive increment in V; causes the regulating rod to be
inserted. Thus, for any given setting of the MOR, an increase in neutron flux
causes an increase in ionization current, and, hence; an insertion of the

regulating rod or, conversely, a decrease in the neutron flux, results in rod

withdrawal.

The particular function of the MOR is to manage reactor control over the
considerable range between Np (full operating flux) and N; (about 1% of Ng).
Suppose, for example, the reactor is rising with a 20-sec period. Then the
current through the MOR would be rising as ext, with A = 0.05 sec™?. Now, if
the motor of the MOR is turning at such speed and in such direction that its

Kt, with the same value of A, the poéitive part

resistance is decreasing as e~
of V, remains constant, and the regulating rod does not move. The servo might
then be said to be holding the reactor on a 20-sec period. The desired action
of the MOR is obtained by using a constant-speed motor and an exponential re-

sistance winding. The winding is not continuous but consists of 250 steps,
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giving a range from minimum resistance of 0.5 megohmtu)méximum value (after 330°
rotation) of 50 megohms. The exponential effect is achieved by making each
step proportional to the total resistance at that step. This means a first
step of about 10,000 ohms and a fihal step of about 1 megohm, as indicated 1in
Fig. 5.3.C.

For raising the reactor from NL'to Np, a 20-sec period is chosen as a
safe, fairly rapid possibility. In going down from Np (i.e., in "setback")
such a fast period cannot be managed by the regulating rod because of the
latent (delayed neutron) reactivity. Fast setback 1is still useful as a fast
way of lowering reactor level short of a scram, but a slower, 90-sec, period
is also provided for slow setback. This means two different speeds for the
MOR. To avoid mechanical gear changing, two motors with suitable gear re-
duction ratios are coupled to the rheostat through a differential. The actual
time for the two-decade change is 90 sec for the fast and 7 min for the slow

setback.

It is important that the rheostat should not turn in one step from the
50-megohm value to the 0.5-megohm value. Limit switches, backed by mechanical
stops, prevent this. Because of the stops, a friction clutch is inserted in

the rheostat shaft.

A selsyn reports the position of the MOR shaft to the control console on
a scale which is logarithmic so as to match the exponential winding. The
setting of the MOR can be changed in the upward direction by the fast motor
drive, and in the downward direction by either the fast or slow. A vernier
interpolation between the steps of the MOR may also be made from the control

console with the 5K potentiometer shown in Fig. 5.3.C.

The d-c motor used to drive the regulating rod is a special General
Electric model SBBY79AB7, 1 hp, with permanent magnetic field. Armature
current is derived from a 1500-watt amplidyne, model SAM78AB78. The drive
motor of the amplidyne is a three-phase 440-volt 3.6-amp motor. The rod
motor is driven by the amplidyne with armature voltage proportional to the
difference in currents flowing in the amplidyne fields. It is therefore the
function of the servo amplifier to establish the current dlfference as pro-
portional to V,. The circuit of the servo amplifier is shown in Fig. 5.3.D.
The amplidyne fields are in the plate circuits of the two pairs of 6BG6 output
tubes, operating push-pull. Of each pair of tubes one may be designated
"regular" and the other "helper." The two regular tubes have their cathodes

tied together.
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An important feature of this output circuit is the limit-switch action.
These switches operate at extremes of regulatiﬁg—rod travel of 12 in. in the
uniform-sensitivity region at the middle of the reactor. The action of the
limit-switch circuit, mentioned in Section 5.2.2, is to keep a light load on
the shock absorbers in the limited direction while leaving the possibility of

full torque in the opposite direction.

In attempting to trace out this action on Fig. 5.3.D, it is necessary to
keep in mind that relays 2 and 3 are shown with their coils de-energized,
corresponding to both end limit switches being actuated (open). If this is
realized, four situations established by the limit switches can be seen:
(1) normal operation with both limit switches closed and relays 2 and 3
energized, (2 and3) two limited conditions with one or the other, but not both,
relays energized, and (4) stand-by with both relays de-energized. The stand-
by condition is achieved by manual switching, simultaneously opening both
limit circuits. For normal operation the regular tubes have normal bias, and
the helper tubes can also conduct on very large positive signal. (This
particular action of the helper tubes does not affect linearity because it
occurs only at such high signal that the amplidyne is already saturated.) In
the other extreme of stand-by, both the regular and helper tubes are cut off,
and, in addition, the amplifier input 1is grounded via relay 1. The two
limited conditions call for cut-off of the regular tubes but leave one of the
helper tubes capable of conducting on large positive grid signal, thus per-

mitting rod motion in the unlimited direction,

Two complete servo channels are provided. The operator chooses the
channel to be activated by a manual selector switch. Amplidyne motor power
is cut off on the inactive channel, and during this stand-by condition a
spring-action brake guards the inactive regulating rod against accidental
insertion. When the channel is activated (amplidyne motor on), the brake 1is

released by magnetic action.

The development work on the servo 1is summarized in ORNL-2. Performance
tests therein reported, as well as experience on the MTR mock-up, show that

the servo system operates within its design specifications (seeSection 2.4.5).

5.3.4 Control System During Maintenance Shutdown. When the reactor 1is
shut down for maintenance servicing, the top plug, carrying the drives and

holders of the control rods but not the rods themselves, will be put in dry
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dock (cf. Section 2.3.3). Instead of leaving all the instruments and controls
completely disconnected, it seemed reasonable to provide connections to the
top plug while it is 1in dry dock so as to permit some checking and servicing

of instruments and controls. The general scheme for doing this is as follows:

When the top plug is in place on the reactor, the electrical connections
(power connections for the rod drive motors, and signal connections for rod
position and motion indicators) are brought to the plug on supporting arms
called "semaphores.”" For removal of the plug to dry dock the cables are dis-
connected from the plug and the semaphores are dropped to a vertical position,
bringing the free ends of the cables down to the sides of the cubicles on
which the semaphore arms are mounted. Here they may be connected to cablesin
conduitsrunning to another connector-board near the dry dock. From this
board short connector cables serve the plug in dry dock. To minimize the cost
of wiring, not all of the control rod drives can be tested simultaneously.
Selection of the drives to be tested i1s made by selection of inter-connections

at the cubicles.

Of the various instrument signals tied into the control system during
operation, a certain number (e.g., water flow) must be disconnected during
dry-dock testing, since otherwise rod-holder motion would be vetoed by lack of
proper signal. This is done by pulling certain test blocks, thus isolating

the control actions of the inactive 1instruments.

To ensure safe return from the dry-dock regime to the operating regime,
interlocks on the semaphore arms and on the test blocks are provided. 1In
addition, there is a loop circuit through the connecting cables which tells
the operator (by annunciator) whether all the cables are connected for the
operating: regime. Thus operation is permitted only after the control cables
are in place on the top plug, and after all the instrument signals have ‘had

theilir control actions restored.
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5.4 CONTROL CONSOLE

The control console, located in the center of the reactor control room
(see Section 5.7.1), is made up of five unit panels laid out on a circular arc
of 51 in. radius and extending some 240°. At the center of this arc, the
operator will be seated in a movable chair, giving him easy access to the
information and control elements spread out on the panels. At his left hand
is a telephone by which he can communicate with other control and instrument
centers, such as the one in the Process Water Building. By looking over the
top of the console, which is 40 in.  from the floor, he can see the instrument
panels, particularly panels D to H, standing in an arc directly in front of

him.

On the outside of the console, each of its five units has vertical-
hinged doors to give free access to the interior (see Fig.- 5.4.A). Each panel

1s either hinged or otherwise removable so as to give access from the top.-

Figure 5.4.A also shows the various indicating and control devices
mounted on the panel. These items will be briefly mentioned here.- Full
significance of some of the terms thus introduced will become clear in the

later sections devoted to the workings of the control system.

The panels will be discussed as faced by the operator, from his left to
his right. On his extreme left is panel N, carrying eight identical units,
one for each of the eight possibie shim rod positions,: Each unit contains
two principal elements, a selsyn receiver dial and a switch.: The selsyn dial
is calibrated in inches from 0 to 30 with clockwise rotation indicating with-
drawal.: Associated with the dial are four amber lights which come on, re-
spectively, when the magnetic clutch is not holding its rod, when the upper
limit switch is actuated, when the lower switch is actuated, and when the seat
switch is actuated. That is, in normal operation, all four lights would be
off. The switch has six positions, giving different controls over rod motion.
to be detailed in a later section. On either side of the switch are amber
lights, the left indicating that a rod is selected for withdrawal, the right
that it is preferred for insertion.- Also on the left is a red light indi-
cating that withdrawal is in progress, and on the right a similar green light

for insertion.- Finally, a name plate identifies the shim rod by number.
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Next is panel P, carrying the selsyn receivers for the regulating rods
and also a regulating-rod selector switch.- These selsyn dials are also
calibrated in inches with clockwise pointer rotation indicating withdrawal.
The 22 in. of possible rod motion is spread out for extra sensitivity over one
and a quarter pointer revolutions so that the first few inches and the last
few overlap. Amber lights mounted under the scale come on to indicate actu-

ation of the regulating.-rod limit switches."

Panel Q, at the center of the console, is devoted to two of the most
important instruments, the flux-level galvanometer and the counting-rate
galvanometer. These instrument signals are given in a pair of glass scales
at the top of the panel, the upper one for flux level and the lower serving
either for counting rate or for level deviation. The flux-level scale shows
the signal coming from the compensated ion chamber. To give full range to
this signal, two galvanometers, one of medium and one of high sensitivity,
are used, each with three different decade values of Ayrton shunt.: The total
spread in these six ranges is thus 105.: This choice of range is made on a

flux-level range switch mounted in the lower right-hand corner of the panel.

The lower glass scale carries two sets of scale marks, an upper. set
constituting four decades of a logarithmic scale for counting rate and a lower
set of linear marks from -250 to +250 for the level deviation readings. - The
galvanometer serving this scale can be switched by a "select circuit™ switch
next to the flux-level switch to "counting™ (in which case its signal comes
from the fission chamber) or to one of three (low, medium, high) sensitivities
for the flux-level signal.  This is the "deviation" measurement, which ig
useful for fine manual control when the level is high, and the flux-level

galvanometer itself has therefore been cut back to low sensitivity.-

Panel Q also carries a number of knobs for adjustment of zero, cali-
bration, and adjustment of balance voltage for the galvanometers‘j There are,
moreover, two additional items which deserve particular mention.  One is the
set of three (out, stop, and in) push button controls in the lower left corner
for movement of the fission chamber.: The other is the pair of alarm lights
and reset buttons at the upper right-hand corner which work from phototube

alarm circuits when any of the galvanometers go off scale.-

To the right of panel Q is panel R with two (horizontal) rows of ele-

ments.  From left to right on the upper row are a double throw switch for
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selection between the two available compensated chamber period channels, the
period indicating meter, the manual scram switch, the shim-rod withdrawal
selector switch, and the scram reset push button. The selector switch is an
eight-position switch for selection of any one of the shim rods to be with-
drawn. On the lower row are three more switches relating to shim rod control.-
On the left is the reverse switch labeled "withdraw,™ "neutral," and "insert.”
On the right is the intermittent- and high-speed switch labeled "intermittent,™

"neutral," and "high.'™

On the extreme right of the operator is panel S.: This is devoted largely
to the procédure panel, which extends across the top.: The procedure panel is
an assembly of lights (green with one exception) with labels by means of which
the overall status of the control system is reflected. Since a detailed
discussion of the procedure panel will be included in Section 5.5.2, it need
not be further described here.: Underneath the procedure panel there are, from
left to right, the vernier potentiometer for the reference voltage on the
servo-amplifier input; the reactor level set-point switch, which controls the
motor-operated rheostat; the switch controlling raising of a shim rod holder
when there is no rod on it (e.g., during maintenance in dry dock), and, in its
other position, for starting an amplidyne to cock a regulating rod; and three
push buttons (off, start, run) for overall control, together with a cylinder

lock requiring a key for starting.
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5.5 CONTROL SYSTEM AND OPERATOR

In preceding sections a rather detailed picture has been given of the
information-gathering and action-producing elements of the control system. It
remains to describe the "brains™ of the setup — that is, those elements that
describe which actions should be produced in face of the given informatiohq
At the center of the picture there is, of course, the operator.: In fact, the
aim of this section may be gaid to be the description of how the operator’s
initiative fits into the control system, i.e., how this initiative is subject
to a few outright automatic restraints and is guided by many precautionary and
regulating automatic devices.: An overall discussion of how the reactor is run

appears in Section 5.6.

5.5.1 Automatic BRod Insertion. Operator initiative is overridden (or,
one might say "ignored") by three categories of rod-inserting action: (1)
écram, the dropping of safety rods; (2) setback, lowering of the servo set-
point by the motor-operated rheostat; and (3) reverse, which is a simultaneous
continuous insertion of all eight shim rods.: It will be recalled that scram
is of two types; fast, by electronic action of the ion chamber through the
magnet amplifier, and slow, by electromechanical relay action cutting off
magnet power.  Somewhat similarly, setback can be either fast or slow, de-

pending on the speed of the motor operating the rheostat."

It must be emphasized that the fast scram is in a class by itself, being
the ultimate "safety" protecting the reactor. It is always operative and can
never be vetoed by the operator.: It is fast enough so that it will protect
the reactor, by neutron level signal alone, against a 1/30-sec period, which
is a reasonable estimate of the fastest period into which the reactor could be
thrown in a start-up accident. In addition to level signals, the fast scram

is at all times responsive to period signals.-

Circumstances calling for the various automatic insertions are listed in
Table 5.5.A.  This tabulation is to be considered somewhat tentative, partic-
ularly in regard to numerical values of limits.: The last item, manual,
refers to the operator.. Setback and reverse, caused manually or otherwise,
continue only so long as the causative condition endures.: When the manual-

automatic switch is on "manual" (servos inoperative), setback is of course
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meaningless, so under these conditions reverse is caused by those same signals

which under automatic operation cause setbacks.: This is not shown in Table

5.5.A but needs to be kept in mind.:

The large number and variety of rod-inserting causes give rise to some
concern as to the effects of trouble with the instrumentation itself.: This
is particularly significant with respect to scrams, which constitute the most
serious interruptions of operation.: With this in mind, the various instrument
channels (with the exception of the safety ion chambers and the period meters)
are each equipped with a test block which may be pulled without scramming the
reactor if that instrument is behaving so as to jeopardize continued operation
of the reactor.” This admits the dangerous possibility of most of the in-
struments being out of operation at any time. Against this unfavorable
situation there are two precautions: first, the fast scram circuits cannot
be so disconnected; and second, the annunciators tell the operator that the

blocks are out.:

Each annunciator channel can give audible warning by means of the horn
signal and visible warning by means of its awn pair of lights, one red and one
white.- Both lights are dimly lit during normal operation of the instrument
channel. Trouble (pulling of test block, danger signal, instrument failure)
causes both lights to turn bright and the horn to sound.: The operator can
silence the horn by pressing a button, which also causes the white light to go
out.. The red light burns until the trouble is cleared, when it goes out and
the white light comes back on.: The operator acknowledges this signal by again

pressing the button, causing the lights to return to normal dim operation.:

5.5.2 Operator Initiative and the Procedure Panel. Description of the
control console in Section 5.4 included mention of a special panel called the
"procedure panel.™ This panel is shown in Fig.  5.5.A,* which also includes
(at the bottom of the-diagram) some information from other panels.: The pro-
cedure panel can perhaps best be described as an "jlluminated block diagram’;
that is., it is a block diagram of the procedure of getting various control rod
motors to run, together with lights to indicate the status of the procedure at
any time.' The panel 1s arranged so that, from top to bottom, lights come on
successively as the necessary conditions for running the motor are satisfied;
conversely, starting from the bottom, lights are out up to a point which 1in-

dicates the last satisfied condition.. The limits of the procedure panel

*For easier reference, Fig. 5.5.A is placed at the end of Section 5.6.
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TABLE 5.5.A

Causes of Automatic Rod Insertion

Neutron level (from safety ion chambers) = 1. SNF X

Neutron level = 1.2¥p X
Neutron level = 1. 1Np X

Neutron level > 3N, (start) X
1-sec period X

5-sec period X
N'® activity = 1.5 X

N'® activity = 1.2 X

N6 activity = L. lNF X

Neutron level (boron thermocouples) = 1"5NF X

Neutron level (boron thermocouples) = 1'2NF X

Neutron level (boron thermocouples) = 1. lNF X

Reactor power (water flow and temperature) = 1. SNp X

Reactor power (water flow and temperature) = 1. g X

Reactor power (water flow and temperature) = 1.1Np X

Water temperature rise > 105% of normal X

Main water tank level = 50,000 gal X

Main water tank level = 100,000 gal X

Water flow < 80% of normal X

Water flow < 85% of normal X

Water flow < 5% of normal X

Monitor tube water flow < 80% of normal differentiel X

Air flow failure X
Instantaneous loss of instrument bus voltage X

30-sec loss of purchased power X

2-sec loss of relay bus voltage X

Manual X X X X
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itself, indicated by the heavy dotted line in Fig.  5.5.A, do not include all
the relevant information.' As far as shim rods are concerned, the other items
(which are represented by switch markings or lights on the other panels of the
control console) are included at the bottom of the drawing. As far as regu-
lating rods are concerned, the story on the procedure panel ends with the
motor-operated rheostat. Other information about the servos and regulating
rods is presented to the operator on panels P and S below the procedure panel.
Since the procedure panel is concerned only with getting motors to run, in-
formation is shown elsewhere as to whether given motors are running, how far

they have run, and the ultimate effects on reactor level and reactor period.

In Fig. 5.5.A an attempt is made to display the actual appearance of the
procedure panel, as far as position and color of lights and plac1ng and
labeling of blocks are concerned.’ Circles indicate principal end objectives;
square blocks refer to manual operations or switches; and rectangular blocks
represent automatically imposed conditions. Ganging of some switches is shown
by dotted lines between square blocks. For the convenience of anyone who
might wish to compare this diagram with the elementary circuit diagrams (not
included in this report) reference numbers for switches, relays, and instru-
ment contacts are included.- In attempting such a comparison, one must keep in
mind two facts: first, the procedure diagram is incomplete; for example, 1t
shows only one servo channel and thus sheds no light on the interaction of the
two servo channels; second, there is no point-by-point correspondence of the
elementary diagram and the procedure diagram, since they are drawn to serve

quite different purposes.:

The procedure panel is divided vertically into three main regions: the
left-hand section pertaining mainly to withdrawal of shim rods; the middle
section pertaining to regulating rod motions; and the right-hand section per-
taining to insertion of shim rods. Suppose one starts at the top left-hand
corner. The light labeled "dry dock" (see Section 5.3.4) will be on when the
reactor plug is in dry dock. and otherwise off.- If the semaphore arms are up
and cabies are plugged in for normal operation and if, in addition, the dry-
dock test blocks are back in place, the other green light comes on.: (The
dry-dock test blocks in the relay cabinets must not be confused with the
operation test blocks on the control panels.) For either of these two con-

ditions (dry dock or operation) the line running down to "raise and scram"
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indicates that a selected shim rod motor can be run in the raise, or with-
drawal, direction.: (The terms "withdraw™ and "insert" are used to refer to
motions of the control rods; "raise" and "lower" refer only to empty rod
holders.) Throwing of this switch (8-5) to raise a rod holder also causes a
scram, ensuring that the rod holder is empty and thus guarding against in-
advertent dangerous withdrawal. The other position of this switch permits
starting of an amplidyne (provided it has been selected on the manual-auto-
matic switch) subject again te automatic scram. Without the scram conditien,
it is safe to start the amplidyne when its regulating rod is fully withdrawn

and the corresponding limit switch is actuated.

Following down from thé "raise and scram™ position of S-5 is seen to lead
to the individual withdrawal circle, provided S-21 is on "raise™ and provided
the rod seat interlock (second precaution to ensure that rod is not being
raised) is actuating relay R-51.- The notation S-21 is used to represent any
one of the eight individual shim rod switches, S-21 to S-28.° Similar no-
tations apply to the insert interlock MI-1 and the limit switch relay R-21.
These conditions on withdrawal simply imply that one is not at the same time
tryihg to run the motors in the opposite direction, and that the rod is not

already withdrawn as far as it can go.:

Returning to the top of Fig. 5.5.A, if the semaphore and test block light
is on, the operator hay proceed to use his key on the cylinder lock, releasing
the start and run -buttons.  Assuming start-up from a low level, as with a
cold, clean reactor, he would push the start button.: The next condition con-
cerns the motor-operated rheostats.  The condition, enforced by limit switches,
requires that one rheostat be at the top of its range and the other at the
bottom.  (Since the operator is in the sequence of getting shim-rod motors to
run and since these rheostats concern the regulating rods, the reason for this
condition may not be obvious. The point is that now is the time to get this
situation in order, not later when the reactor is at a high level and Jjuggling
of the control points would be awkward or disastrous.) One then proceeds via
the "manual™ side of S-4, or via "automatic,™ provided the selected servo
channel has its regulating rod cocked (fully withdrawn).- Next comes period
supervision, requiring that the period be 7 sec or longer. 1If the level is
below 10"*N_, one would proceed toward'intermittent: with the requirement that

the counting rate meter be alive (off zero). The timer light then starts
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blinking on for % sec and off for 4% sec, corresponding to rod motion.  Next
comes a period control of 30 sec or more, though this can be by-passed by the

spring-return switch S-1.

The trip relay, R-16, must be set by switches S-2A and S-9B being in
neutral.” Tt will then seal itself in around S-2B, subject to instrument
contacts on the galvanometer (galvanometer on scale with correct shunt set)
and limit switches on the fission chamber positioning drive (chamber in one of
three standard positions). (The conditions which trip R-16 are not shown in
Fig.  5.5.A.) Switch S-21 must be on normal, the rod clutch must be engaged,
there must be no reverse (which via relay R-20A overrides withdrawal), and,
with insert interlock and limit switch permitting, one arrives at group

withdrawal.-

If after passing the 7-sec period condition the level had been greater
than IO'SNF, use of high speed would have been permitted, subject to the same
constraints as for intermittent speed. Moreover, low speed (continuous with-

drawal of any selected individual rod) is permitted as shown.

This summarizes the "start" regime, one of the two main withdrawal
regimes. The other is "run,™ which is permitted by the sag relay R-4 when the
neutron level is above 10'3Nf.j It 1s also subject to a precaution on the fis-
sion chamber, which must be in the outermost of its three positions. In
"run" use of low speed is permitted at once by manual selection, or by auto-
matic if on the selected servo channel the regulating rod is inserted less
than 11 in. - (This milder condition, compared to the one in "start,"™ is
acceptable because at levels above'sag"the danger from a short period is.very
much reduced.) In addition to low speed. intermittent and high speeds can be

obtained by means of the spring-return by-pass switch.

Since a principal feature of the run regime is the servo control, at-
tention will now be turned to the way in which the servo control point is
changed by the motor-operated rheostat.. As far as raising the control point
is concerned, this involves establishing a sub-regime called "run auxiliary,™
governed by relay R-3. This can be reached either on manual, or on automatic
with the regulating rod concerned uncocked (partially inserted, and therefore
indicating that the servo has functioned properly).  Other conditions are that

the period be greater than 30 sec and that the level be approximately 10~ 2pN,..-
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Run auxiliary "seals in," subject to trip only by the sag ralay. The rheostat
limit switches are shown with red lights, because they come on to indicate F
condition preventing motor operation; all the other lights eeme on to indigate
conditions of permission., The control point is reised by ryunning she bigh-
speed motor.  (Moters of two speeds are provided te permit fast and slew
setbacks.) There is a one-way block in the raise- lower switching.: The fast
lowering can always override slow lowering or fast raising,  [owering of the
control point in the serve channel selected on automgtic cam be done manuslly

with S-7, and is done sutomatically by sag and setback relavs.

Interest now reverts to the shim rods and the insertien procedure indj-
cated on the right-hand part of the procedure panel. At amy time the ind‘vi-.
dual empty rod holder, selected on S-21, may be lowered., Iam fact, {f switehes
S-21 to S-28 are on any position other than "off" or "raise,™ each red hopldar
will be automatically lowered whenever its clutch is released.. Thug, in zase
of a scram, as soeon as a rod is drepped its holder starts in after 1. When
the rod holder is not empty, the seat switch acts threygh N-K1 as g prelimj-
nary limit switch, backed up by the mechanieal limit swit¢h on sho rog boldar
acting through R-31.° Individual rods can be inserted by the "jog" pemision of
S-21.- If S-21 is on "preferred,™ the rod(s) so selected cem be iloofiti by
manual operation of S-2A. The reader will note that only eme selscind red can
be withdrawn in lew, but that any or all may be inseyted vis Jog o2 low, This
is, of course, reasonable from tbe standpoint of ssfety. Culco|-i.. Wagr-
tion, there are twe significant differences betveen jog snd lgu: Ny, BT |
is a nemreturm switch position, while low is spring-return; second, switch
S-2A has for both "withdraw" and "insert™ the specigl low acceleratien getien
due to the resistor in series with the shim rod motors, and thus permits fine
adjustment of rod position. This particular use of low is called "inching, "

The series resistor limits the use of low to one rod at a time.

Preferred shim rods are also inserted automatically by ro‘ulutingu;od
limit switches. If the regulating rod is withdraws less than 7 in.: (M),
preferred rods are inserted, and, if the withdraval is less than 5§ in. (A1),
all rods are inserted.” This simultaneous insertion of all rods is called
"reverse." It may at all times be initiated manually om S-1 er by g Jevel of
20% above Ngp.. BReverse may also be caused by certain peried er level signalg.:
I'f the run auxiliary relay, R-3, is net picked up, s level greater than I’i
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will cause reverse, as will also a period of less than 5 sec. (The block
labeled "start" should, more strictly, be labeled "not run auxiliary.") Under
manual operation at levels above 3N, reverse is caused by fast or slow set-

back signals or by a short period.

Before leaving this section it may be well to add a few words on the
relations between the two servo channels, since only the active channel shows
on the procedure panel. The relay circuits for the motor-operated rheostats
provide that when S-4 jis on one servo channel the rheostat on the other
channel is raised to its limit.: Conversely, the active channel will have its
rheostat run to the bottom when the level falls below "sag.™ This combination
of actions would normally leave the rheostats satisfying the condition im-

"start.™ Switching from one Sérvo to another should not be done

the procedure sequence does not permit return to this servo except with the
automatic scram of switch S-5.. (The rod could be caocked by going out on the
plug and cranking it up by hand.) Normal procedure would be to insert a shim
rod so that the Servo, trying to hold to the control point, would cock . the
regulating rod. - Then switching to the other servo would cause automatic
raising of the first rheostat, thus leaving the first channel in optimum

stand-by readiness, with its rod cocked and control point at the top.
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5.6 REACTOR OPERATION

In order to review and integrate the detailed information of preceding
sections, an attempt will be made here to recount briefly the operating pro-
cedure in a few typical situations. . These will include start-up, shutdown of
both the normal and scram varieties, manipwlation of level near NF’ and

operation in face of difficulty

9.6.1 Start-up Operation. In the starting of a cold reactor the oper~
ator 1s most concerned about a reliable neutron signal. He would therefore
glve attention to seeing that the fission chamber is in its most sensitive,
innermost position and that 1t 1s giving a readable signal on the counting-
rate meter. Assuming this to be so and that the auxiliary process instru-
mentation shows normal the operator could go on as discussed on the pro-
cedure panel to the use of intermittent withdrawal  This is subject to his
initial permission but the switch S 2B is nonreturn. The intermittent
motion gives the operator a good idea of the reactivity of the reactor by the
rate of rise observed during the off period. As the level passes IO"SNF, he
can use high speed. Meanwhile he will probably have moved the fission
chamber to its center position. He cannot, however, use intermittent or high
speed while the fission chamber is being moved. He will also now be picking up
neutron signals from the ion chambers. When the level reaches sag, the fission
chamber should be in its outermost position, and, if the operator forgets, the
sag relay will see that it is  In addition to the time required to reach
criticality and get into a period, something like 10 or 15 min is required to
bring the level up to get into "run " This will depend on how hard the
operator crowds the period controls. The start regime is manual. though S 4
may be either on manual or on automatic in general it would seem reasonable

to have the servo available for possible corrective action at NL‘

In "run" the normal procedure would be to let the servo level off the
reactor at its control point of N, and then to raise the control point. With
the logarithmic rheostat holding the reactor to a period of about 20 sec, it
would take about 90 sec (the running time of the fast rheostat motor) to

negotiate the factor of 100 from N, to Np.

Start -up from the higher levels typical of a recently operating reactor

will be easier because the operation is free of the soute danger of getting
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into a fast period at low levels. Otherwise, the procedure would not be
greatly different unless the operator was especially hurried to keep ahead of
xenon poisoning or for some other reason. Problems of this sort are con-

sidered in Section 5.6.4.

5.6.2 Shutdown. For a normal intentional shutdown the operator has the
choice of a variety of procedures. For example, he could set all shim rod
switches (S-21 through 28) on "jog" and leave them there. This would run all
the shim rods completely in. If the manual-automatic switch is on automatic,
the operative servo will be left with its regulating rod completely withdrawn
and its rheostat completely lowered. Since this procedure leaves all the shim
rods at the bottom of their travel, it is suitable for a relatively permanent
(e.g., maintenance) shutdown but would not be advisable if the plan was to
raise the level back up in a short time. In such a case, lowering of the
control point, followed by careful insertion of preferred rods. would be a

better plan.

As a matter of fact, discussion of shutdown procedures is largely aca-
demic because intentional shutdowns offer excellent opportunity for testing
the various scram circuits and will probably be used exclusively for this

purpose.

In case of unintentional automatic shutdown actions (setback, reverse.
scram), the operator’s reaction will, of course, depend on circumstances.
Accordingly, suitable operator reaction to automatic shutdown action is dis-

cussed in Section 5.6 4.

'5.6.3 Manipulation of Operating Level. There are a number of cases in
which the operator will need to deviate from the simple process of letting the
servo hold the reactor to a fixed control point. An example is the case in
which shading of the neutron-flux distribution in the reactor by modifying the
positions of the various control rods is required  This will presumably be a

common requirement of the experimental work being done.

The problem confronting the operator is that of shifting the spatial
distribution of neutron flux, as observed with the boron thermopiles and 10n
chambers (or perhaps by special instruments associated with the experiment
concerned), with minimum effect on the overall reactor level observed on the

galvanometer scale. Since the operator is much more rigidly constrained by
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automatic controls in withdrawal than in insertion, he must be careful that
this asymmetry does not embarrass him. Thus, he may select (on S-3) only one
shim rod for low-speed withdrawal, whereas he is free to insert as many as he
puts on "jog" (on S-21)  Shading would best be done with one rod selected for
withdrawal and one rod preferred for insertion. Assuming the servo to be in
control, the two shim rods could be carefully moved in their respective
directions by manual switching (on S-2A) without getting the regulating rod to
call for shim rod motion. Alternatively, a less "fussy" procedure would be to
withdraw the selected rod manually (on S-2A) and let the regulating-rod limit

switches initiate insertion of one or more preferred rods.

5.6.4 Operation in Face of Difficulty. There is no clear line to be
drawn between normal operation and operation under difficulty, The purpose
here is to comment on a few of the situations in which the operator will feel
more than his average need for attention to instrument signals and control
actions. The examples chosen for discussion are change-over of servos, loss
or interruption of power, automatic shutdown action, and aeaeccumulation of

poison after unintentional loss of level.

When it is necessary or desirable to change from one servo-regulating
rod channel to the other, the operator must, of course, change switch S-4 from
one rod through manual to the other rod. 1In general, however. it would not be
wise for him simply to do this whenever necessary without attention to re-
lated matters. For example, if it is possible to do so, the regulating rod on
the channel being left should be cocked before S-4 is changed, since otherwise
it would have to be cocked by manual twisting of the drive before the operator
could return to this channel. The motor-operated rheostats are so 1inter-
connected that whenever one channel is selected on S-4, the motor on the other
rheostat runs to its top. Thus, a switch directly from one channel to another
cannot cause a dangerous withdrawal or an embarrassing insertion of regulating
rod the rod is already completely withdrawn and the control point is at Np.
However, suppose the operator is using a servo channel and leaves 1t to go to
manual on S-4, having first cocked the rod  Suppose the control point is left
well below N, say at 0.1 Np. Now. if on manual operation the reactor 1is
brought above this level. say all the way to NF’ it would be possible to
throw S-4 back to the same servo channel, in which case the regulating rod
would be thrown in and the reactor put into a negative period. This seems to
be the worst "Maccident” that might be caused by poor operation with the servo

interchange circuits.
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As far as loss of power is concerned, the operator may be left figura-
tively as well as literally in the dark. This would be true particularly if
the instrument bus and the control bus should go dead simultaneoﬁsly. Since
all the instrument lights and all the relay-indicating lights would be out,
the operator would have no way of knowing whether the scram (automatic on loss
of magnet amplifier power) was effective. He would know that the power was
off, and if he had a reasonable faith in the law of gravity, he would probably
remain at his post until power was restored. If only the instrument bus were
lost. all the instrument lights would go out, but the clutch and seat lights
would be operative and 'so would indicate the effectiveness of the scram.
Conversely, if the control bus alone went out, instrument signals would remain

available to show the effects of the scram.

Whenever the reactor is subject to automatic shutdown action, the oper-
ator’'s concern will be divided between the questions of what the causative
trouble was and what the chances are of returning the reactor to normal
operation. The circuits are, of course, designed so that the operator cannot
interfere with the shutdown actions as long as the causative conditions remain.
Hence the operator’s first reaction to anything less drastic than a scram
would be to do whatever is possible to clear the responsible condition. The
proper corrective action in case of a reverse (caused by excess period or
signal level) is clearly to decrease the period or the level, but, since this
1s already being done at a maximum rate by the reverse itself, the operator
can afford to think ahead to the problem of holding the reactor (avoiding a
negative period) as soon as the reverse ends. In the evént of slow setback
the situation is much the same, except (see Table 5.5.A) that there are
several possible causes not having to do with reactivity which must therefore
be corrected otherwise than by the setback itself Fast setback gives the
operator a more serious problem, for the chances are pretty good that the
regulating rod would insert fully, causing a reverse, and that the combined
effect would be to put the reactor into a substantial negative period. It is
to recoup the loss of reactivity in such circumstances that the moment the
shutdown stopped the operator would use the by-pass (switch S-1) to get the

high speed withdrawal.

When the reactor is scrammed, the chances of getting back into normal
operation are dependent upon the time history of previous operation as well as

upon the obvious need of remedying the causative trouble. This is because of
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the rapid accumulation of xenon poison after shutdown. In the original
reactor design it did not seem practicable to provide the large excess re-
activity that would be needed to override xenon in any event. The length of
complete shutdown that can be tolerated after prolonged operation at Ngp is of
the order of a half-hour. This depends on charge depletion and probably other
factors which affect reactivity. In any case, either for a complete shutdown
or for a partial dropping of level after any appreciable operation near Ng,
the operator will want to get the level back up as soon as he safely can.
Here again if the level has not dropped below sag, he would make use of the

by-pass switch to avail himself of shim rod withdrawal at high speed.

5.7 GENERAL SUMMARY

In order to hold this chapter down to suitable length it has been neces-
sary to leave out all but a bare minimum of explanatory discussion. The
reader may therefore feel confused or unsatisfied in regard to the reasons for
adopting certain features and ignoring others. It is hoped that this state of
mind will be at least partially relieved by the summary to be given here in
two parts: first, a recapitulation of some of the basic principles which
guided, or emerged from, the control development; second, an attempt to assay

the load of responsibility still resting on the operator.

5.7.1 Basic Principles. Perhaps the most fundamental principle is the
sharp distinction between insertion and withdrawal of shim rods. Thus either
operator or automatic signal can insert any number of rods at any time,
whereas withdrawal is always subject to both operator and automatic permission.
Withdrawal is limited. moreover., to what is needed or safe under given cir-
cumstances. At high levels (in "run") only one rod at a time is available,

since at these levels it is hard to see a need for moving more than one at a

time. At the low levels characteristic of a "cold" start, only intermittent
withdrawal is permitted. Here the reliability of information is relatively
poor, coming entirely from one instrument. It is therefore important to be

able to keep watch on the subsequent effect of each short interval of with-
drawal, thus gauging the growing reactivity. As higher levels are reached,
the instrumentation furnishes more varied and more reliable signals so that
the use of high withdrawal speed is less hazardous. Under the special con-
ditions of restart, presenting a serious need for high speed, it is made as

conveniently available as can safely be done.
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The distinction between insertion and withdrawal is, of course, one
aspect of the general philosophy concerning safety. Another aspect is the aim
of having mild corrective measures come first, backed up theroughly by ulti-
mate action which is as foolproof as possible. All control equipment is
designed to fail safe. There is continuous monitoring of the safety circuits
in that currents are controlled only by hard vacuum tubes which, upon failure,
cease conducting and thereby actuate annunciator or scram circuits. It is
important to realize that not all apparent instances of instrument duplication
overlap entirely. For example, the shading of neutron flux might cause
signals from the ion chambers to be quite inaccurate measures of average
reactor level. In such a case the additional information yielded by measure-

ment of N!© activity is of real value.

It may be helpful to summarize the precautions applied in the period
range and in the power range. Since most restarts will occur in the period
range, high-speed withdrawal is necessary. Operation is manual and is under

the supervision of the period meters as follows:

1. A 30-sec period trips "latched" withdrawal. Subsequent withdrawal
requires constant operator attention.

2. A T-sec period prevents any further withdrawal.
3. A 5-sec period inserts all shim rods.

4. A l-sec period causes scram

The top of the period range is guarded by the servo which levels the rise
at 10"2NF or if the servo is turned off and the operator fails to level, all

rods are inserted by the log N meter at about 3 X IO”ZNFv

Short periods in the power range are both less probable and relatively
harmless because of the proximity of the level safety setting and because of
the corrective capacity of the servo. Therefore., of the period controls only
the 1 sec period scram is retained. In the region of full power. iradequate
cooling of the reactor ranks equally with excessive power level and the two

situations are treated in the same fashion in order of severity as follows.

1 Alarm.

2 Automatic continuous reduction of power level through servo con-
trol as long as the unsatisfactory coolant or power level situ-
ation exists or until the power level is reduced to 1% of full

power.
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3. Automatic rapid reduction of power level as above except that
the reactor may be left substantially subcritical if the situ-
ation persists.

4. Scram on extreme unsatisfactory condition.
Loss of cooling water is guarded by:

1. A flow meter in the main water line to the reactor.
2. Water level monitoring of the overhead supply tank.

3. Monitoring of main water valve positions.

Rise in power is guarded by:

1. Level safeties.

2. Water power instrument (AT X flow).
3. Boron thermopiles.
4

. NS¢ activity instruments.

Whereas in the lower ranges the principal concern is that of short
periods, at full power a slow drift upward of the power level can be dangerous
to the reactor. Since the safety circuits are subject to variations in water
flow, magnet air gap conditidnsl shading of the ionization chambers, and other
variables, the level at which scram occurs must necessarily be set high
enough to ensure uninterrupted operation. For this reason the protection
afforded by the water power instrument (AT X flow), the boron thermopiles,
and the N'® monitor become important in guarding against small slow rises in

power.

A word may be added, finally, about the philosophy of providing for
automatic operation with the servo. In its early version the reactor now
known as the MTR was a homogeneous reactor, and the servo system was designed
to cope with the change in reactivity induced by bubbles. Since it is pos-~
sible to run the MTR manually, the servo. though simplified, must now be
regarded as something of a luxury. Presumably, manual operation at its best
would not yield the smoothness which the servo can achieve. Just how much
utilitarian worth (particularly for the experiments that are being done in the
reactor) this extra smoothness will contribute remains for experience to
show. There is also some extra safety in servo-controlled operation since

the servo is considerably faster than human reaction.
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5.7.2 Responsibility of Operator. The operator should realize that a
prolonged intensive effort went into design of the control system. It is,
however, most unlikely that this effort could possibly have provided for every
conceivable operational situation. Nevertheless, the operator would do well,
when he feels unduly constrajned or frustrated by the control system, to try
to keep in mind all the implications of his intended action. It is probable
that, as operating experience accumulates, it will become evident that some
changes in the control system could profitably be made. Until such experience
is accumulated, it would seem reasonable to ask the operator to learn to live

with the system as designed.

The operator must also realize that at all times the reactor is in his
hands, despite all the automatic operating and safety devices. This means
that he must remain alert and attentive. He must have foresight to prevent
emergencies from arising and presence of mind to deal with those emergencies
which, in spite of everyone’s efforts, inevitably will arise. Although the
exact nature of his responsibility will not be fully clear until the system is
constructed and installed, the following list of specific suggestions will at

least show the kind of "mental notes" which must guide the operator:

1. At low levels be sure the counting-rate meter is alive. It is
the only source of information at such levels, and unless its
pointer gives evidence of responding to signal it would be fool-
hardy to attempt reactor operation.

2. After every scram be sure to turn switch S.-2B (intermittent,
neutral, high) to neutral. Otherwise there may be nothing to
prevent the shim rod holders. lowered automatically after rods
are dropped, from picking up rods and starting (possibly even
high speed) withdrawal.

3. For smooth change of reactor level under servo control, keep the
shim rods in step with the motor operated rheostat. In partic-
ular, try to avoid letting the regulating rod get within 5 in.
of full insertion, since at this point it automatically calls
for reverse.

4 Avoid leaving any shim rods fully inserted. Any such rod is
incapable of contributing to the effectiveness of a scram To
have full benefit of prompt scram protection, all rods should be
in position to contribute some effect.

5 Never permit the bolts holding down the top plug of the reactor
to be loosened unless the reactor is first scrammed. A serious
accident could occur if the plug were lifted by the crane or by
water pressure while the rods are still held.
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It may be that field modifications of the installed reactor will change
the relevance of some of these remarks, but, in any case, the operator will

need to know his responsibility and te live up to 1it.

‘5.8 CONTROL AND INSTRUMENT CENTERS*

From an early date in the conception of the MTR, a centralized control
room was planned for the control and instrumentation of the reactor and 1its
major cooling processes. This arrangement is desirable since the materials
of construction permit the operation of the reactor only as long as proper
coordination of the heat removal processes is maintained. However, this plan
for centralization was changed by recent determinations that the time element,
gained by control of the major reactor-cooling process from the reactor con-
trol center, would not facilitate the operation of the reactor. With the
admission of this premise into the basis of design for the reactor control
center, the requirements for simplifications of control problems have resulted

in other locations for the controls of the heat removal processes.

In the separation of the major systems of control and instrumentation for
the reactor and the reactor heat removal processes, two major control and
instrument centers are provided. These major control centers are located in
the Reactor Building and in the Process Water Building. The reactor is con-
trolled from the former, while the latter center, which 1s primarily for the
control and instrumentation of process-water flow through the reactor, in-
cludes the instrumentation of the locally controlled reactor cooling-air
system. A number of the supporting process systems are like the cooling-air
system in that they have locally controlled equipment but have some instru-

mentation extended to one or both of the major control centers.

'5.8.1 Reactor Control and Instrument Center. The reactor control and
instrument center 1s composed of an instrument room and a control room,
respectively, on the second and third floors of the lean-to section on the
west side of the Reactor Building. The control room, directly above the
instrument room, 1s at the level of the reactor top with access thereto by a
connecting walkway. A stairway connecting these rooms facilitates the mainte-
nance of associated control and instrumentation devices. The partition walls

of the reactor control room are formed of sectional metal construction,

*ANL contribution.
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providing an area approximately 22 by 47 ft which may readily be varied in
length as required. Windows or glass sections, lecated only in the east wall
of the control room, permit observation of control operations without entering
the room and observation of activity on top and near the reactor from within

the control room.

The services provided within the control and instrument rooms are pe-
culiar to the use of these rooms. For consistency of instrument performance.
these rooms are air conditioned for control of temperature and humidity. All
lighting in the control room is by incandescent lamps, including a number of
luminaries for general room illumination. Panel instrument illumination is
provided by internal instrument lights and flush-mounted ceiling spotlights
Illumination in the instrument room is provided by fluorescent and incandes-

cent lamps.

The control room layout includes an instrument panel to accommodate the
initial requirements for indicators, recorders, and annunciators with a number
of spare and partially utilized panel sections for future requirements. This
panel ‘board, facing in the direction of the reactor. is composed of eleven
4-ft-wide by_9~ftmhiéh sections and extends the full length of the room with
a rear access door at each end. Six panel sections, three at each end of the
board, lie in a straight line. These two end panel groups are connected by
the central panel sections which are arranged on a radius of approximaxely

7% ft to allow for the control console

[

The console in the control room mounts all devices for effecting manual
control of the reactor, control indicating devices. and some indicating
instruments. Other reactor indicating instruments and recorders are located
on the central panel sections immediately in front of the console, as indi
cated in Fig. 5.8.A

The instrument-room layout is provided with rows of instrument racks and
boards to accommodate electronic components of automatic control and indi-
cating devices, interlocking relay control groups, and power supply circuits
for all reactor control and instrumentation devices. The instrument racks and
relay boards extending lengthwise in this room are arranged to facilitate
connections between the equipment mounted thereon and the instruments and con-
trols in the room above. Electrical conductors pass to and from the racks

and boards by way of floor and ceiling cutouts. The ceiling cutouts provide
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for the most direct connections with the control room above. The floor cut-
outs provide for the entrance of the cableways or conduit groups from the

reactor and the reactor control and instrument power source.

3.8.2 Process-water Control and Instrument Center. The process-water
control and instrument center is located near the west end of the south wall
of the Process Water Building. This location is in the vicinity of the
electrical unit load center. The control center is composed of an operator’s
desk facing a semihexagonal instrument panel which mounts the devices for
effecting control of process-water flow through the reactor and the instru-

mentation of the principal and supporting reactor heat removal processes.

The instrument panel is composed of seven 4-ft-wide by 9-ft-high adjacent
sections arranged in three straight lines. Two of these lines, one extending
north and the other extending west, are each composed of three sections. The

other section of panel connects with each of these lines at an angle of 45°.

The control devices on the instrument panel are for effecting the position
of valves to control the main and by-pass process-water flows to the reactor,
to permit the recycling of process water from the seal tank to the reactor,
and to permit the flow of water from the demineralized-water storage tank to

the reactor.

In general, the indicating and recording instruments on the panel are
assoclated with the principal processes, i.e., the process-water and cooling-
air systems of the reactor. Some of these instruments and a number of the
annunciators are associated with the supporting processes and the effluent

control systems.

The development diagram of the instrument panel, Fig. 5.8.B, identifies

briefly the more important control and instrument locations.

5.9 GLOSSARY OF TERMS AND SYMBOLS

Np - full normal operating power level of the reactor.
NL - lowest power level at which servo can control reactor: about 1%
of Ny.
F
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Sag

Start

Run

Bun auxiliary

Shim rod

Safety rod

Regulating rod

Setback

Reverse

Scram

High

Intermittent

Low

Jog

Inching

Cocked rod

Insert

Withdraw

" 1"

power level at which sag relay returns controls from "run

to "start" when level sags below lO'sNF“
operation regime at levels below 10 2N,
operation regime at levels above lO"NH«.

subregime, under run, permitting raising of servo control
point on motor-operated rheostat.

designation of shim-safety rods in their function of pro-
viding coarse control of reactor level.

designation of shim-safety rods in their function of safety
shutdown (for dropping of rods, see "Scram").

the servo-controlled rod provided for fine control of reactor
level.

lowering of control point on motor-operated rheostat; "fast
setback™ takes the control point from Ng to N; in 90 sec,
"slow setback” in 7 min. ‘

continuous insertion of all shim rods.
dropping of one or more safety rods; "fast scram" is en-

tirely by electronic action (hard tubes); "slow scram"
involves electromechanical relays.

high-speed continuous withdrawal of all shim rods.

intermittent speed of withdrawal; all shim rods run for

Y% sec, off for 4% sec.

low-speed continuous insertion or withdrawal of a selected
single shim rod.

insertion of individual shim rods; one switch for each rod.

on-off manual use of "low" for fine adjustment of shim rod
position; made possible by resistor in series with shim rod
motors.

fully withdrawn regulating rod cocked for safety (i.e.,

insertion) action.

to move in downward direction a shim-safety rod holder
holding a rod.

to move in upward direction a shim-safety rod holder holding
a rod.
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(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

Lower - to move in downward direction a shim-safety rod holder not
holding a rod (i.e., empty). (Note: "Lower" is also used
to mean change of servo control point by running motor-
operated rheostat.)

Raise - to move in upward direction a shim-safety rod holder not
holding a rod (i.e., empty). (Note: '"Raise™ is also used
to mean change of servo control point by running motor-

operated rheostat.)

Manual - operating regime which is manual in the sense that the servo
is not operative and the status of the regulating rod does

not affect shim rods.

Automatic - operating regime in which servo may be operative and shim

rods may be affected by regulating-rod limit switches.

Sigma - sigma amplifiers feed safety signals to the sigma bus, which
thus combines these signals and feeds them to the magnet
amplifiers, all in parallel.
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‘5.11 REFERENCE DRAWINGS

DWG. NO. TITLE
(ORNL Drawings)

Q-541-A, C, D, E, H, Al Amplifier

Kv I—‘v UI Ugy U3v Vs

W, X, Y, Z
Q-751-A through E, Logarithmic Count Rate Meter
Q-889-1 through 6 Magnet Amplifier
Q-915-1 through 5 Log N Amplifier
Q-947-1 through 8 Sigma Amplifier

Q-975-1B through 6B Neutron Chamber

Q-900-7 I.P.C. Connector Modifications for use with Gas
Chambers

Q-995-1 through 4 Power Supply Compensated Ion Chamber

Q-1092-1 Fission Chamber

Q-1093-1,2,3 Period Amplifier

Q-1095-1 through 6 Servo Amplifier

Q-1045-1 through 6 Compensated Ion Chamber

(Blaw-Knox Construction Company Drawings)

BKC-3150-803-11 Architectural - Control Room Details

BKC-3150-603-31 Reactor Control Board - Layout and Instrument
Schedule

BKC-3150-605-1 Process Water Building - Control Board Layout

and Instrument Schedule
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Chapter 6°

CANAL AND CANAL HANDLING FACILITIES

The canal contains the equipment, for the handling of assemblies discharged
from the reactor and provides space for the storage of spent operating assem-
blies, irradiated materials, and internal parts of the reactor. Water over
these materials pretects the operating personnel against the haxarde of radia-

tion,

6,1 CANAL

6.1.1 general Descriptien. The general layout of the camal is shown by
Fig. 6.1.A. The main section of the canal is 8 ft wide and extends eastward
from the east face of the reactor. The canal section that lies partially
beneath the reactor west wall is 6 ft wide. Connecting the above two sections
is a 7-ft-wide section through the sub-pile room. The 7-ft width of this
section provides ample space for the canal unloading mechanism and storage of

‘the neutron curtain.-

The parapet around the camal is 10 in. thick at the bottom and projects
outward at the top to a width of 13 in. This projection provides ample toe
-8pace and also gives the operator better stability when working over the
parapet. The top of the parapet is 3 ft above floor level.:

The bottom of the rabbit canal is 6 ft below the basement floor level
while that of the main canal is 16 ft helaw the basement floor level. The
water level in the canal is maintained 2 ft above the basement filoor level,
thus providing depths of water in the rabbit canal and mein canal of 8 ft and
18 ft, respectively.

The depth of water in the canal is sufficient to adequately shield againat
the fission product gammas from the stored reactor fuel assemblies.: The
original calculations indicated that a water depth of 17 ft would be adequate
in the spent fuel storage section of the camal. However, recent experiments
conducted at ORNL gave results showing higher fission gamma emergies and
lower attenuations for a thick layer of water than those used for the previous

*ANL contribution.
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calculations. The main canal wéter depth of 18 ft limits the radiation
levels to 0.01 r per 8 hr at the surface of the water in the reactor basement

and to 0.1 r per 8 hr in the storage area.

The attenuation calculations for the design of the canal were based on

the following factors:
1. Assume there are no 3-Mev gammas after a 15-day decay period.

2. Assume that for short decay periods (less than 76 hr) 20 percent
of the total fission product gamma energy is from 3-Mev gammas.

3. The self-absorption relaxation length for 3-Mey gammas is 15 cm.

4. The build-up factor is equal to e®+!7% (b = shield thickness in
relaxation lengths).

5. The absorption coefficient of concrete at 3 Mev is 0,05 cm”?!.

Outside the Reactor Building the canal has a 6-ft-wide working space
on each side and at the end. To provide this working space there is a 13-ft-
8-in.-high and 21-ft-wide tunnel over the canal. The tunnel extends 87 ft
6 in. beyond the Reactor Building east wall. The canal and tunnel are about
25 ft longer than had been planned originally. This provides additional
storage space for spent assemblies in case the chemical process plants are not

completed until several months after the MIR is in operation.

The ceiling of the canal tunnel is constructed of reinforced concrete and
is slightly below ground level, The section of roof below the road is re-
inforced to accommodate heavy trucks and the motor crane used to lift the spent
fuel assembly coffins. The unloading hatch is located in an offset widened
portion of the road and is at a point where traffic has the least effect upon
the unloading operation. The portion of canal roof designed to withstand
#eavy loads is separated from the remainder of the roof by curbing which
extends 50 ft along each side of the road. This prevents vehicles from

traveling on the lightly constructed portion of the canal roof.

The canal walls are made of reinforced concrete. The canal floor is de-
signed to withstand a load of 1 ton per square foot: the unloading sump can

withstand a load of 2 tons per square foot.:
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~ The canal walls are covered with 4-in.-thick 8- by 16-in. white glazed
structural tile while the bottom is lined with 4 in. ef white concrete. This
construction satisfies the requirements that there be good visibility in the
canal, and that cracks from which radieactive water could leak out of the .
canal be kept to & minimum. Other metheds of constructien, which were cen-
sidered as satisfying either of these requirements, are listed below with

reasens for their rejection:

1. Incorporation of a waterproof membrane in the canal walls to
prevent outward leakage of water was discarded since gamma radi-
ations from the spent fuel assemblies in the storage area might
cause deterioration and eliminate failure of the membrane.:

2, Painting of canal walls to enhance visibility was rejected since
peeling and blistering would eccur.:

3. Covering the canal walls with a thin layer of white cement to
aid visibility was rejected because of the likeliheood of spalling.

4. The use of concrete wall surfaces was discarded because of their
susceptibility to the accumulatien of radioactive contamination.

The canal storage area is separated from the remainder of the canal by
@ bulkhead and gates. The underwater section consists of several remevable
bulkheads extending from the canal fleor to the water level.. The section
above the water is isolated by gates that swing from the walls and meet at the
center of the canal. At the end of the canal the purge water discharges over
a weir into the canal sump. Provisions are made for two additional removable

bulkheads which permit division of the canal into three sections.:

6.1.2 Canal Purge System. A flow of 100 gpm is maintained through the
canal to avoid anexcessive build-up of radiocactivity and turbidity. A solenoid
valve, which automatically closes in case of power failure, is installed in
the well waterline at the inlet to the rabbit canal. This prevision obviates
the possibility of flooding the canal sump when an electrical outage causes

the canal sump pumps to fail.

Water from the canal overflows a weir. constructed the full width of the
canal in the storage section, and flows through a discharge pipe to the canal
sump. The purge water from the canal sump is pumped to the acid-treating unit
for use as cooling tower make-up water, to the leaching pond, or to the re-

tention basin, depending on the activity level.: A radiation alarm is provided
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in the sump, and manually operated valving for directing the flow is provided
in the pump discharge header. A liquid~level controller governs the operation

of the sump pumps.-

6.1.3 Canal Flushing. Provisions are made for the future installation
of two removable watertight bulkheads. These permit isolation of any section,
except the rabbit canal, for cleaning and maintenance. Each section except
the rabbit canal is provided with a drain and a waterline connectien. The
drains are interconnected in such a way that any section can be isolated and
flushed. There are three adjustable overflow standpipes in the sub-pile room
and rabbit canal sections.. A continuous overflow to the reactor building

process sump is maintained through these in order to prevent scum formation.:

6.1.4 Heating and Ventilation of cCanal Tunnel  The canal tunnel is
heated and ventilated by air from a duct system that extends along one side
of the tunnel ceiling.- The air comes from the reactor building ventilation
system. Since the air picks'up negligible radioactivity in the tunnel, it is
exhausted to the basement, where it mixes with the basement air before passing
up to the reactor building first floor.: There are six changes of air per hour
in the tunnel.' This number is required to prevent condensation due to varia.

tion of temperature in the canal tunnel.

6.1.3 cCanal Lighting. Since the handling of assemblies in the canal is
a manual operation carried on under 10 to 18 ft of water. it is necessary that
good underwater lighting be provided. This lighting is supplied primarily by
lights suspended from portable fixtures attached to the side walls of the
canal. In addition to general overhead lighting supplied in the tunnel,
special floodlights are provided in the loading platform area. canal storage

area, sawing area, and ioading sump.

6.1.6 Canal Crane. A manually operated crane with a 2 ton electric
heist is provided for the handling of heavy materials in the main canal. The
highest hook position is 9 ft 9 in. from the floor. This provides a clearance
of better than 6 ft between the hook and the top of the parapet. The hook
cannot approach within 33 in. of one wall or 43 in. of the other wall of the

canal tunnel.' The maximum lift of the hoist is 25 ft 9 in.-
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6.2 UNLOABING MECHANISM

6.2.1 General Ppescription. The function of the unloading mechanism is
to receive the spent assemblies or control rods which have been lowered through
the discharge chute of the reactor, rotate them from a vertical to a horizontal
position, and eject them onto a receiving table at the bottom of the canal
outside the sub-pile room shield. The assemblies are then removed from the
receiving table and stored in racks at the far end of the canal. The complete
mechanism includes the discharge tube, gate valve and safecy devices, receiver,
hydraulic seal, eject piston indicator, panel board. control valves, electrical
interlocks, communication system, and ascembly receiving table. The design is
shown in Fig. 6.2 A

The receiver is hydraulically operated and is a closed type, i.e., a seal
and inward flow of water prevent any leakage of water from the reactor into
the canal. It consists of a piston that operates in an assembly receiver
cylinder. The piston performs the dual function of a receptacle for the
several types of assemblies discharged from the reactor and of a means for
ejecting the assembly onto the receiving table. The cylinder is open at the
top and is supported near the closed bottom end by a trunnion shaft which
1s secured to the cylinder. The trunnion shaf: bearings are carried in split
bearing housings, the lower parts of which are cast integrally with the support
base. The support base is bolted to a piate anchored in the canal concrete

floor.

One end of the tipping cylinder pivots in a cievis which is cast as a
part of the support base. The Piston in the cylinder is fastened to a bell
crank which is secured to one end of the receiver ¢ylinder trunnion shafc,
Orifices in the exhaust connections for the control valves govern the piston
speed.. The restriction of fluid flow by the orifices cushions the rise and

fall of the receiver cylinder.

The hydraulic seal is fastened to the lower end of the discharge tube.-
It contains two hollow cylinders, of which one is stationary and one is
movable., The stationary cylinder is the guide for the concentric movable
cylinder, When the assembly receiver cylinder is in the vertical position,
closing of the hydraulic seal joins the discharge cube and the receiver cylin-

der into a continuous passage.: The closed gate valve in the discharge tube is
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then the upper end of a sealed cylinder.: This permits the eject piston to be
raised or lowered by the operation of a four-way solenoid- operated valve. The
valve piston closes all ports when in the neutral position and thus permits
the eject piston to be locked in any position.: A special Niagara water meter

indicates the position of the piston in the receiver cylinder.

A purging line is attached to the upper end of the hydraulic-seal sta-
tionary cylinder.: Water for this line is supplied at a pressure slightly
greater than the head pressure in the reactor tank. This ensures a steady
flow of water up the discharge tube once the remotely operated gate valve is
open.:

A mechanically operated open type receiver‘': was also considered but

was discarded in favor of the hydraulically operated closed type.

6.2.2 Operation Sequemce. The first step in the operation of the
hydraulic unloading mechanism is toraise the receiver cylinder to its vertical
position.: In this position the remotely operated hydraulic seal at the lower
end of the discharge tube méy be closed: this joins the cylinder and the dis-
charge tube into a single long fluid passage.” Prior to opening the\gate valve
in the discharge tube, the piston may be raised or lowered to any desired
position, depending on the type assembly to be received. This is accomplished
by introducing demineralized water above or below the piston. The purge system
is started before the gate valve is opened, and it 1s interlocked with the
opening of the gate valve in order to ensure a flow of water uﬁ the discharge
tube when the valve is open.  After the gate valve is opened, the assembly
being discharged is lowered into the receptacle in the piston,and the assembly
handling rod is withdrawn. The gate valve is then closed., the purge stopped,
the seal opened, the cylinder rotated to the horizontal position, and the as-
sembly is ejected onto the receiving table. Finally, the assembly 1is picked

up with long tongs or hooks and transferred manually to canal storage.-

6.2.3 Control System. The operation of the reactor unloading mechanism
is electrohydraulically controlled. The power that operates the mechanism is
hydraulic. The flows in the hydraulic system are governed by solenoid-
operated valves. The valve solenoids are operated by push-button switches in
the various electrical control circuits. These circuits are interlocked by

pressure switches, limit switches, and relays to ensure proper sequence of

6.8



operation. In order to keep electrical components out of the canal water, the
various position switches are femotely mounted ‘and are actuated by suitable
hydraulic or mechanical linkages. Indicator lights and telephones are provided
for the operators at the top of the reactor and at the control panel. The
control'banel is located at the canal, adjacent to the reactor, thus permitting
observation of the ejection of agsemblies onte the unloading platform. Diagrams
of the control system and control board are shown in Fig. 6.2.B,

A pﬁir of push buttons is provided at the controi‘board for each of the
following operations: ‘ '

1. Elevating or lowering receiver cylinder:

2. Opening or closing of the seal at the discharge chute and re-
ceiver junction.

3.. "Raising" or "lowering" of the eject piston in the receiver
cylinder.

4. Purging of the discharge chute.
5. Opening or clesing of the discharge chute gate valve,

The position of the eject piston in the receiver cylinder is indicated
by a dial mounted on the control board. Indicator lights on the control board
provide information about the other operations.

Suitable interlocks provide the following limitations on the operation of

the equipment:
1. The push buttons to elevate or lower the receiver cylinder are
inoperable if the seal is closed.

2. The seal can be closed only when the receiver js vertical.

3. The seal cannot be opened unless the gate valve is closed; this
pPrevents reactor water from entering the canal.:

4. "Raising" or "lowering" of the eject piston is permitted only
when the receiver is vertical or horizontal} because of the
characteristics of the unloading mechanism, "lowering® df the
eject piston cannot be accomplished when the receiver is hori-
zontal.-

5. The purge can be turned on only when the receiver is vertical
and the seal is shut.- ‘
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6. The gate valve can be open only when the purge is on.:

7. A safety device prevents closing of the gate valve while any ob.
struction is within it.

6.3 CANAL STORAGE

The various types of assemblies discharged from the reactor are stored in
racks bolted to the floor at the end of the canal.: The racks are designed to
facilitate easy insertion and removai by providing unrestricted §idewise
accessibility. The short assemblies are stored vertically or inclined at a
slight angle to the vertical. while the long rods are stored parallel to the
canal floor or at an incline to the horizontal. The canal purge is utilized

to cool the assemblies.-

6.3.1 Beryllium Assemblies The storage of the beryllium reflector
assemblies presents noproblem except that they must remain adequately shielded.-

An aluminum rack provides for the storage of 36 of the assemblies.-

6 3.2 sStandard Fuel Assemblies The fuel assemblies are stored at a
slight angle to the vertical.?%'%. Ap "A" frame, fabricated from stainless
steel. provides for the storage of 28 fuel assemblies. The sides and back of
the pocket for the assembly are lined with a 1/32 in. cadmium sheet.  The
front is open toward the side wall or center of the canal for easy accessibil-
ity. Four holes in the boiLtom of the pocket permit water to flow into the
assembly to keep it cool by thermal siphoning. Five racks, providing storage
for 140 fuel assemblies. are installed in one side of the canai. Expansion
anchors are installed in the other side of the canal for future installation
of fuel assembly racks. This additional storage may be required if the
chemical process plant is not completed for several months after the MIR is in

operation.:

6.3.3 Shim.safety Rods The length of the shim-safety rod prohibits
vertical handling unless shielding is provided in addition to that given by
the canal water. To ensure thermal siphoning ana adequate shielding, the rods
are stored at a 15" angle to the horizontal, (2’ They remain in this position
until sufficient decay time has elapsed to permit the rods to be sawed into
shorter lengths for transfer  to decay storage or to chemical Processing. The
rods are stored with the bottom section at the lowest elevation. The canal

purge dissipates the heat generated by the assemblies.
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The racks for the storage of shim-safety rods are confined to groups of
16, four in a row and four tiers high. One rack is installed. while the
future installation of racks in the other side of the canal is provided for by

expansion anchors for the racks in the floor of the canal.

The rack consists of three sections, each of which is bolted to the <canal
floor and so located that the rod rests in all three. The end sections are
U shaped to contain the rod and to permit easy insertion and withdrawal. The
lower end section is closed at the bottom to stop the rod. The middle section
supports the uranium section of the shim-safety rod. It is constructed in an

angular shape and is lined with 1/32 in.-thick sheet cadmium to absorb neutrons.

- 6.3.4 Regulating Rods. Four regulating rods are stored paralle!l to the
floor in U-shaped openings constructed at the bottom of the shim-safety
storage rack. These openings are placed on the inside and outside of two
adjacent shim-safety rods this permits easy insertion and withdrawal of the

rods.

6.4 ASSEMBLY DISPOSAL

6.4.1 Sawing Machine. The function of the sawing machine is to prepare
the fissionable assemblies for transfer to the chemical processing plants. The
conceptional design of the hydraulically operated sawing equipment is shown in
Fig. 6.4.A. There is a sawing table with the necessary hydraulically operated
locating devices and 'jigs for positioning and clamping of assemblies.  The saw
and its frame are clamped in a hydraulically operated reciprocéting head which
slides in a guide. The operating cylinder. control valves, and guide are
attached to a long tube that fulcrums from a support bracket secured to the
inside wall of the .canal parapet. A hydraulic feed cylinder attached to t he
guide and a piston pushing against the canal wall and the guide provide the
means to force the saw through an assembly. The saw, after sawing through an

assembly, is returned to its starting position by a spring,

An electrically operated rotary sawing machine '  was also considered but

was discarded in favor of the hydrauiically operated reciprocating type.

6.4.2 cChip collector. A chip collector under the saw collects the heavy
saw particles. The chips from this container will eventually be transferred

out of the canal to a permanent disposal location. The diffusion of the
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light sawed particles in the canal water offersno problem in shielding.
However, difficulties may arise in the accumulation of these light particles

over a long period.

6.4.3 Transfer to pecay Storage. It is assumed that after a decay
period of 21 days the fissionabie material assemblies have decayed sufficiently
for trensfer from the canal to the chemical plants. This operation calls for
the lowering of a carrier through an opening above the canal ceiling into a
loading well in the canal floor. The various assemblies ready for transfer
are loaded manually into the carrier in a vertical position. After four
assemblies have been placed in the carrier or coffin, the cover is put in
position and the carrier is lifted by a 20-ton motor crane onto a truck. No
provision is made for water circulation in the carrier, since it is believed
that thermal siphoning will be sufficient to cooi the assemblies. A universal
sized carrier for all assemblies appears practical as the sawed length of

fissionable assemblies is the same.

6.4.4 Transfer Coffin. The thicknesses of lead walls required for a
transfer coffin containing four irradiated fuel assemblies are computed to be
10.5 in. for the sides and 10 in. for the top and bottom. !®) The exposure
from assemblies that have remained in the canal 15 days is then 0.04 r per 8 hr
at the surface of the coffin.

The inside dimensions of the coffin are 12 in. square and 30 in. high.
The inside isdivided into four sections by steel plates covered with 0.002 in.
of cadmium. The outside dimensions of the coffin, including the cover, are
32 in., square and 50 in. high. The corners of the coffin are rounded to the

required shield thickness in order to reduce its weight,
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3150-570-3
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3150-574-1
3150-579-1

3150-903- 44

6.6 REFERENCE DRAWINGS

(Blaw-Knox Construction Company Drawings)

TITLE
General Arrangement of‘Submeréed Saw for Storage Canal
Main Frame and Drive Mechanism of Sg&
Submerged Design — Saw Guide and Frame
General Arranéement of Reactor Discharge Mechanism
Discharge Receiver Assembly
Seal and 5-in. Valve
Fuel and Cut Assembly Rack
Removable Reflector Storage Rack
Shim-safety Storage Rack
General Arrangement of Main Canal

Control Wiring for Discharge Mechanism
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