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I. INTRODUCTION AND SUMMARY

A. INTRODUCTION

The U.S. Atomic Energy Commission has
undertaken a study of various reactor concepts
to develop a comprehensive plan for a 10-year
civilian power reactor program.

This study reports the status of pressurized
water reactors on a technical, economic, and
operating experience basis,

B. CONCEPT DESCRIPTION AND PRES-
SURIZED WATER REACTOR OBJEC-
TIVES

The pressurized water reactor concept by
definition is one in which light water acts as
both reactor coolant and moderator and is
maintained at a pressure sufficiently high to
keep the saturation temperature during nor-
mal operation above the bulk temperature of
the coolant leaving the reactor. The primary
coolant passes through a steam generator
where it transfers heat to secondary water
forming steam which drives the main turbine.
Primary and secondary water are both in
closed loops completely isolated from each
other. The concept is in the category of ther-
mal converters, whose primary objective is
to achieve economic nuclear power in high
energy cost areas by 1968 in central stations
ranging in size from 25,000 to 200,000 KWe or
larger.

Details of the concept and its objectives are
discussed in Chapters IT and IIT of the report.

C. GENERAL RESEARCH AND DEVELOP-
MENT PROGRAM

General research and development programs,
both completed and underway, for the most
significant problems in the pressurized water
reactor concept are described in chapter IV.

Because of the advanced status of PWR’s, the
development areas are fairly well defined. The
many megawatt hours of successful operation
of naval reactor plants, of the Army Package
Power Reactor, and of the Shippingport Atom-
ic Power Station are the best evidence of the
established technology of the concept.

Some of the research and development pro-

grams discussed in Chapter IV are:

1. The measurement of nuclear constants.

2. Development of computational methods.

3. The measurement of basic reactor pa-
rameters and reactor critical and ex-
ponential experiments.

4. Analyses of multiregion multicycle
loading.

5. Studies of reactor kinetics and safety
analyses.

6. Development work on fuel materials,
particularly UQO,, and on fuel fabri-
cation techniques.

7. Development work on fuel cladding and
core structural materials and on con-
trol rod materials.

8. Development work on materials for the
primary system and on the effects of
irradiation on these materials.

9. Analytical and experimental investiga-
tions of thermal and hydraulic prob-
lems.

10. Studies on primary coolant chemistry.

11. Development of improved designs for
primary system components such as
reactor vessel, pressurizers, steam
generators, main coolant pumps and
other pumps, valves, piping, etc.

12. Development of improved designs for
auxiliary systems such as waste dis-
posal, coolant purification, emergency
cooling, fuel handling, ventilation,
etc.



2 CIVILIAN POWER REACTOR PROGRAM

D. REACTOR DATA

Reactor data and information are given in
Chapters V, VI, and VII in a Table of Reactor
Data, in cross section views of various reactors,
and in System Flow Diagrams. Reactors so
described are: the Army Package Power Re-
actor, SM-1 (APPR-1), and its followers,
SM-1A (APPR-1A) and SM-2 (APPR-1B);
the NS Savannah (NMSR); the Belgian
Thermal Reactor (BR-3) ; the Saxton Experi-
mental Reactor; Shippingport (PWR-1) and
the advanced Shippingport (PWR-2) ; Indian
Point (CETR); Yankee (first core); the
Westinghouse Electric Corp. 165 MWe Proj-
ect; the AEC Design Study (APWR); and
PM-1.

E. HISTORY AND OPERATING
EXPERIENCE

1. Background

The first reactor to demonstrate operation-
ally the technical feasibility of the pressurized
water concept was the land-based prototype
of the powerplant of the Nautilus. Construc-
tion of this prototype, the STR Mark I, began
in 1951 at the National Reactor Testing Sta-
tion in Idaho, and substantial amounts of
power were first generated in May 1953. This
plant was the forerunner of all the naval re-
actor plants discussed in Chapter VIII, Section
A, and indeed of Shippingport, APPR, and
of all of the pressurized water reactor plants
now under construction or being designed in
the United States.

2. Naval Reactor Plants

Table VIII-1 lists 36 naval vessels, con-
structed, under construction, or planned, that
utilize pressurized water reactor plants.

3. The Army Package Power Reactor

Operating experience of the Army Package
Power Reactor, SM-1, is described in Chapter
VIII, section B. This was the first plant con-
structed under the Army nuclear power pro-

gram. Full power operation of 20 MWt was
attained in April 1957, and by April 1959, the
plant had generated over 91,000 thermal mega-
watts.

The SM-1 has proved to be an extremely
stable power plant, during both planned and
unplanned load changes. There were some
difficulties encountered with the moisture sepa-
rator, with pumps (except for the primary
system canned motor pump), and with lack
of instrument reliability and high instrument
noise levels. These problems have been recti-
fied or alleviated. In general, measured radi-
ation levels have been found to be reasonable
and the shielding design to be conservative.
Fission product activities in the primary cool-
ant seem to indicate that some fuel cladding
defects exist and that the magnitude of the
defects is increasing with time. The feasi-
bility of maintenance of primary system units
after irradiation has been demonstrated op-
erationally. The plant operation has met all
design requirements.

4. Shippingport Atomic Power Station

The world’s first full scale nuclear central
power station, Shippingport, went into opera-
tion in December 1957. Its operating history
is discussed in Chapter VIII, Section C. The
Shippingport Atomic Power Station, in addi-
tion to being a successful part of the electric
utility system of the Duquesne Light Co., is
furnishing and has furnished valuable infor-
mation for the design of the Army Package
Power Reactors, the Belgian Thermal Reactor
(BR-3), the Indian Point-Consolidated Edi-
son plant, Yankee, the Saxton Experimental
Reactor, and others of this type. As of June
1959, Shippingport had generated over 334,000
megawatt hours of electricity. Much of this
power was generated while operating for long
periods at the demands of the utility system,
both as a base load or a peak load plant. At
other times the plant was operated, independ-
ently of utility requirements, according to an
established schedule for reactor testing. The
seed fuel has operated for over 5,000 equivalent
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full power hours and the life, originally de-
signed for 3,000 hours, is now estimated to
be 6,000 equivalent full power hours.

Shippingport has been found to be extremely
stable under transient load conditions, even
under inadvertent transients that resulted in
load changes exceeding design limits. A pro-
gram of load varying tests has explored the
reactor performance for design range tran-
sients. Xenon oscillations have been deliber-
ately established to determine the stability of
the core with respect to these oscillations.

There have been several mechanical com-
ponent problems at Shippingport, including
damage to the stator in one of the four main
coolant pumps. Valves have leaked and leaks
developed in several tubes of one of the four
steam generators. These difficulties have all
been rectified.

Radiation intensities within the reactor
plant are lower than predicted. They ap-
proached steady-state levels after a few
months of operation. Fission products in the
primary coolant, although below design level,
indicate the presence of one or more defected
rods in the UQ, blanket.

Shippingport as a whole is extremely stable
and highly responsive to load changes. It is
an excellent load peaking station. Operating
experience to date indicates that it is simpler
to operate than an equivalent coal-fired station.

5. Construction and Operation Schedules

Chapter IX summarizes the construction
and operation schedules for the reactors de-

scribed in the Reactor Data Table of Chapter
V and also summarizes the operating histories
of SM~1 and Shippingport.

F. PRESENT LIMITATIONS AND
PROBLEMS

A discussion of present day limitations of
pressurized water reactors and a description
of some of the problem areas is given in Chap-
ter XI. These are not inherent limitations
but represent, rather, inadequacies of our
present technology and point the direction for
potential improvements. Some of the more
significant of these problem areas are:

1. Reduction of hot channel factors.

2. The thermal design limitation of no bulk
boiling in the core.

3. Limits on maximum fuel center tempera-
ture and on maximum heat flux.

4. Limits on size of reactor vessel and on
the total number of heat transfer loops
that may be added to a single reactor
vessel.

5. Effects of irradiation damage to pressure
vessel and other primary system ma-
terials.

G. BIBLIOGRAPHY

The final chapter of the report, Chapter XI,
gives a fairly complete bibliography for Ship-
pingport, SM-1, NS Savannah, Indian Point,
Yankee, BR-3, and pressurized water reactors
in general.



II. CONCEPT DESCRIPTION

The pressurized water reactor concept by
definition is one in which the reactor coolant
and moderator, light water, is maintained at
sufficiently high pressure so that the bulk tem-
perature of the coolant leaving the reactor is
below the saturation temperature during nor-
mal operating conditions.

As the primary system operating pressure
increases, the steam pressure in the secondary
system may also be increased. The plant effi-
ciency, however, reaches a value where only
small incremental gains result from further
increases in primary system pressure. The
value of primary system pressure where this
“plateau” occurs depends on the characteristics
of the particular plant. For the plant condi-
tions listed in Figure II-1, increasing the pri-

mary system pressure above 2,500 p.s.i.a. re-
sults in only small incremental improvement
in plant efficiency.

The optimum primary system pressure is a
function not only of plant efficiency, but also
of equipment and component costs. The opti-
mum pressure will vary from plant to plant.
Historically, pressurized water reactors have
been designed for a range of primary system
pressures from about 1,200 to over 2,000 p.s.i.a.
The maximum pressure is set by practical fabri-
cation considerations as well as by optimum
economics.

Present status does not permit bulk boiling
in the hottest regions of the core but develop-
ment of the pressurized water reactor is in
this direction. To obtain high power density

34
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Figure 1I-1.—Effect of primary system pressure on plant efficiency and steam pressure.
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Fieure I1-2.—Pressurized water reactor. Basic flow diagram.

in the boiling water reactor, on the other hand,
the trend is to greater subcooling so that these
two reactor types seem to be approaching the
same condition although from opposite ends.
For this reason it has been suggested to clas-
sify these two concepts as water reactor types
but for the purpose of this study the current
status report will be limited to that of the
pressurized water reactor.

Net steam is not generated in the core of
the pressurized water reactor, the primary
coolant being passed through a steam gen-
erator where it transfers its heat to a sec-
ondary working fluid forming steam which
drives the main turbine. The primary and
secondary coolant water are both in closed
loops completely isolated from each other. A
basic flow diagram of the pressurized water
reactor system is shown in Figure IT-2.

Since it is not feasible to operate a light
water moderated and cooled reactor as a

breeder or on natural uranium feed, this con-
cept qualifies only in the thermal converter
category.

Light water cooling and moderation classi-
fies the pressurized water concept as a thermal
reactor operating on a slow neutron energy
spectrum.

Fuel is assembled in rods, plates, or pins
and may be in the form of metal, cermets, car-
bides, etc., but the oxide, UQO,, seems favored
at present because of its radiation resistance,
high melting point, ease of fabrication, com-
patability with many cladding materials, and
chemical stability in water. Plutonium and
thorium can also be utilized as fuel and fertile
material respectively.

As explained above, the cycle is indirect but
both natural or forced primary coolant circu-
lation can be used depending upon the power
output and the physical size of the plant.




III. PRESSURIZED WATER REACTOR OBJECTIVES

The pressurized water reactor is in the cate-
gory of thermal converters. The primary ob-
jective of thermal converters is to achieve
economic nuclear power in high energy cost

areas by 1968. The reactors in this category
should be suitable for central station applica-

tion in a size range of 25,000 to 200,000 KWe
or larger.



IV. GENERAL RESEARCH AND DEVELOPMENT PROGRAM

A. SCOPE OF RESEARCH AND
DEVELOPMENT PROGRAM

The established technology of the pressur-
ized water reactor concept is best attested to
by the successful operation of naval reactor
plants, the Army Package Power Reactor, and
Shippingport which have totaled many mega-
watt hours of operation. Yet there remain
many areas where further research and develop-
ment is required to develop the full potential of
the pressurized water reactor concept. Because
of the advanced status of PWR, the potential
development areas are fairly well defined. The
full realization of the PWR potential, though,
requires the availability of a pressurized water
reactor experimental facility which may be used
as a testing tool. Presently, such a facility
does not exist in the civilian power reactor pro-
gram. The Saxton Experimental Reactor, now
under design, will be the first facility of this
type.

The general research and development pro-
gram for pressurized water reactors as de-
scribed in this chapter is not meant to be all-
inclusive but to describe the most significant
problems in the areas of reactor physics, ma-
terials, heat transfer and fluid flow, primary
system chemistry, instrumentation and con-
trol, components, and auxiliary systems.

B. REACTOR PHYSICS

In surveying the present state of the reactor
physics aspects of pressurized water reactor
design, it is convenient to divide the field into
three areas. These are: Reactor Statics, Nu-
clear Design, and Reactor Dynamics and
Safety Analysis. The following paragraphs
review prior work in the field and the present
status.

1. Reactor Statics

The overall objective of this area of reactor
physics is to generate the information and
theory required for efficient evaluation and
design of pressurized water reactors. Reactor
statics may arbitrarily be divided into three
sections. The first of these is nuclear physics
and basic nuclear data, in which studies of
nuclear cross sections, nuclear resonance phe-
nomena, and basic physical models for neutron
reactions and transport are considered. The
second section encompasses computational
methods. This area is concerned with making
accurate and sufficient calculations of reactor
parameters such as flux distributions, control
requirements, kinetic parameters, ete. A final
section is reactor experiments in which basic
information is obtained and methods of anal-
ysis are verified.

a. Nuclear Physics and Basic Nuclear Data

This category includes both theory and ex-
perimental data on nuclear physies.

Work Completed

The basic theory of neutron slowing down
and transport has already been developed.
Absorption cross sections in the thermal neu-
tron energy range have been measured and
reported for all materials of interest in BNL~
325 (2d edition). Measurements have been
made over the entire energy range of interest
for fissionable and major moderator and struc-
tural materials. Accuracy and resolution,
however, leave much to be desired.

Work Underway

Some effort is directed at improving the
accuracy and precision of already measured
values. Values of y and A for U-233 are re-

7
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ceiving extensive attention. In theoretical
work, calculation of cross sections and under-
standing of theory needs improvement. Addi-
tional work on basic cross section information
is desirable and measurement of inelastic scat-
tering cross sections of reactor materials
should be extended. More measurements of
neutron absorption resonances in reactor ma-
terials should be made and better resolution
obtained for the uranium and plutonium iso-
topes as well as for structural materials such
as zirconium, aluminum, steel, nickel, cobalt,
etc. Better information is needed on the
higher isotopes of plutonium to determine
more precisely the effects of their buildup on
reactivity.

b. Computational Methods

The basic objective of this category is to
obtain greater accuracy, rigor, and detail in
calculations and at the same time perform cal-
culations with more speed and efficiency.

Work Completed

The major contribution of the past in per-
forming reactor calculations is the develop-
ment of high speed digital computing ma-
chines. The development of these machines
has allowed calculations to be performed which
would be unheard of if done by hand or with
desk calculators. A large number of one and
two dimensional multigroup diffusion theory
computer programs have been developed at
many sites within this country. Several trans-
port theory computer programs have also been
developed. Simplified fuel depletion studies
have been developed and are in use. A par-
tial list of computer codes and their present
status is given in Table IV-1.

Work Underway

The major effort in the field of computation
methods at the present time is to obtain more
detail and greater rigor. Monte Carlo codes
are being developed at many AEC facilities.
Core kinetic codes are also being developed at
many laboratories. A three-dimensional fuel
burnup code has been developed at Bettis.
Codes which determine thermal neutron spec-
trum changes as a function of position are also
presently under development.

The effectiveness of computational methods
can be improved by more accurate input data.
The development of simplified codes to study
three dimensional burnup and more detailed
consideration of transport theory in fuel deple-
tion codes are desirable. Coordination of
nuclear design calculations with thermal and
hydraulic core considerations should be estab-
lished so that single design codes which will
perform all the necessary analytical work in
core design are developed.

¢. Reactor Experiments

This category includes measurement of basic
reactor parameter data such as Doppler co-
efficients and ages; and reactor critical and
exponential experiments.

Work Completed

The major amount of work applicable to
pressurized water power reactors has been
done on single region, water moderated, rod
lattices at Bettis, BNL, Westinghouse APD,
and Babcock & Wilcox. These exreriments
have been done with both U and UO, fuel rods
of various diameters.
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TapLe IV-1—DIGITAL COMPUTER PROGRAM STATUS

Title Computer Source Description
ATBAC. ..... . IBM-704...  Bettis Plant. .. Analysis of thermal transient conditions in a plate type,
pressurized water core with channeled flow
BINTO... . - IBM-704 . . Bettis—Internuclear. Calculates steady state temperature distribution in two

dimensional r-z geometry  Accommodates one or two-
pass coolant flow Requires power distributions as
input

BURNOUT. _. IBM-704. _. General Motors _ Part of the MAGNUM system for reactor analysis De-
termines fuel composition as a function of time using
flux distribution calculated by the GN'U II code

CANDLE ... . . - IBM-704. .. Bettis Plant __ . One dimensional (slab, eylinder, sphere) four group, fuel
depletion program using WANDA to compute neutron
flux distribution and solving differential equations for
fuel concentration at each spatial point and time interval

CAP-1 _____._ ceeee = = - . IBM-T04___.. WAPD _ .. ... Amodified one-group, uniform burnup lifetime calculation
for uranium fueled reactors Calculates material num-
ber densities, macroscopie cross sections, powlson con-
centrations and multiplication factor as a function of
time Has enrichment search feature for determining
mitial enrichment for a prespecified lifetime

CAT .. . ... ccco - - - .. IBM-704. ... WAPD . Calculates the thermal conditions and flow distribution
1 the hot channel and the average channel coolant of a
heterogeneous reactor core as a function of position and
time and determines the location and time of the devel-
opment of a burnout condition Input required is the
heat flux as a function of position and time in the average
channel and the hot channel and the mass flow rate as a
function of time in the average channel

COFIT. ... IBM-704..._. Bettis Plant____ .- Uses a least-squares technique to fit a cosine function to
experimental data
CURE _............. IBM-704.... KAPL—Computer A two dimensional (r-o, r-z, X-Y) multigroup or few-
Usage Company group diffusion theory program for neutron flux and
power distribution 1n a reactor core
DARED..... ... . . IBM-704... . WAPD . __ . .. A data reduction program for assembling and correcting

data from foil measurements at the WREC and fitting
by the method of least squares to a function of the form
A cos [B (x-¢)]or Jo{B (x~¢)] This program incorporates
COFIT and JOFIT as subroutines

DONATE .. ... IBM-650.._.. Bettis Plant. ___._ _. A ecalculation of thermal neutron cross sections and mae-
roscopic reactor parameters averaged over a Wigner-
Wilkins thermal neutron spectrum Similar to the
SOFOCATE program on the IBM-704

EXFIT.. oo IBM-704..._. Bettis Plant. ______ Uses a method of least squares to fit an exponential fune-
tion to experimental data

FOO 31 e IBM-704... . Bettis Plant_.._. ____ Uses a least squares technique to fit a function of the form
A eBx4-C to a given set of points

BNUII ... IBM-704_____ General Motors__. _. One dimensional (slab, cylinder, sphere), multigroup

(32), multiregion neutron diffusion code used in the
MAGNUM system Computes spatial distribution of
neutron flux and reactor power density and multiplica-
tion factor Optional output includes many group and
region dependent macroscopic nuclear parameters

JOFIT . o0 IBM-704..._. WAPD ... ... Uses a least squares technique to fit a function of the form
A Jo[B(x—¢)] to experimental data
LAl Abner..... ... IBM-650... . Bettis Plant__.___.____ One dimensional (slab, cylinder, sphere), multiregion,

few group diffusion theory calculation of reactor multi-
plication factor and neutron flux distributions Similar
to the WANDA program on the IBM-704

MAGNUM ... ... .. ... IBM-704..__. General Motors .. . A nuclear code system for the IBM-704 consisting of the
GNU II neutron diffusion code and other programs such
as BURNOUT for carrying out related computations

MUFT X0 ... . - IBM-650... . Bettis Plant__......__ A multigroup computation of the few group constants
{macroscopic cross section and diffusion coefficients)
needed for input to flux distribution and reactivity
programs.

MUFT IV .. . . IBM-704...... Bettis Plant_..._._.___ An IBM-704 version of the MUFT III code described
above,

Status
Under study

Being checked out

On hand.

Operational.

Operational

Operational

Operational.

On hand

Operational

Operational

Operational

Operational.

On hand

Operational

Operational

On hand.

Operational.

Operational.
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TasrLe IV-1.—DIGITAL COMPUTER PROGRAM STATUS—Continued

Title Computer Source Description Status

MERLIN. ... ___..___ IBM-704.____ WAPD . ______. A synthesis of the CAP-1 and WANDA programs devel- Operational.
oped in Reactor Engineering for studying non-uniform
burnup of uniformly loaded reactors and burnup of two
and three region reactor cores with cycled fuel. Pro-
vides beginning and end of life fuel gharacteristics and
flux distributions. Has search features for determining
fuel enrichment necessary for a prespecified reactor life-
time or cyele time.
PDQ. e IBM-704____. Bettis Plant__________ A two dimensional (r-z, X-Y) 2-4 group, diffusion theory Operational.
program. Computes neutron flux distribution and mul-
tiplication factors for a multiregion reactor core.
POLYPHEMUS. .___.._._. IBM-704._.__ Bettis Plant.__._._._. Monte Carlo study of neutron penetration through water On hand.
slabs. Calculates neutron dose rates and dose buildup
factors for several energies.
PRESTO. . . IBM-704..... WAPD_ _____________ This is a program for the analysis of pressurizer transient Operational.
operation. It is designed to provide information re-
quired in the development of a reactor control system
simulation on the analogue computer.
QED._ . IBM-704_____ Bettis Plant__________ A two dimensional, two group, diffusion theory ealecula- Operational.
tion in rectangular coordinates. Furnishes flux distri-
butions and region averaged fluxes as well as eigenvalue
of 4 for the critical reactor.

REP_ ... IBM-704..__. AEC Computation Utilizes the Monte Carlo technique to calculate resonance Operational.
Center. escape probability in a heterogeneous lattice.
New York University.
SLOB6._ . IBM-704_.... WAPD_ _____________ A computation of material concentrations as a function of Operational.

position and time in a slab exposed to an incident neu-
tron flux. Designed to study burnup of control rods.
SNG i IBM-704..... Los Alamos.......... A few group or multigroup one dimensional (slab, cylinder, Operational.
sphere) transport theory program utilizing the S, ap-
proach to transport theory. Computes flux distribu-
tions and the eigenvalue of # for an arbitrarily high order
of S, procedure.
S0CC_ . IBM-704__.__ WAPD_ _____________ This program is a combination of the CAP-1 program for Being debugged.
fuel burnup with the SOFOCATE program for calcula-
tion of thermal neutron cross sections. It will provide
macroscopic reactor cross sections, diffusion coefficients,
material number densities and multiplication factor
as a function of time for a low enriched, uranium fueled
pressurized water reactor. An enrichment search
feature will permit determination of the initial fuel en-
richment required for a specified average power and core
lifetime.
SOFOCATE._..___._..__.__ IBM-704.____ Bettis Plant__________ A calculation of thermal neutron cross sections and macro- Operational.
scopic reactor parameters averaged over a Wigner-
Wilkins thermal neutron spectrum. Similar to the
DONATE program for the IBM-650.
STIRRUP__._______________ IBM-704._... WAPD._ ____________. Calculates transient reactor power, delayed neutron con- Operational.
centration, reactivity, and average temperatures of fuel,
clad and moderator in a pressurized water reactor with
cylindrical fuel rods subjected to step or ramp reactivity
perturbation.
SWAP MU AND NU...___ IBM-704..... BettisPlant.___.__... Computes the uncollided particle flux as a function of the On hand.
distance from a homogeneous cylinder containing a
uniform, isotropic source distributicn, assuming ex-
ponential attenuation of the particles both within the
cylinder and within the attenuating slab or shells.

TABLEX ... .. _.. IBM-704..... WAPD.______________ Produces a table of the functions e\, Ae*t and 1-e-* for Operational.
specified values of A, initial time, final time and time
increment.

TURBO. .. .. IBM-704____. Bettis Plant._______._ A two-dimensional (r-Z, X-Y) 2-4 group diffusion theory On hand.

program for caleulating neutron flux distribution and
fue! depletion as a function of time.
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TaBLE IV-1.—DIGITAL COMPUTER PROGRAM STATUS—Continued

Title Computer
WANDA ... IBM-704_.. .

Source Description Status

Bettis Plant_._.___.__ A few (2-4) group, one-dimensional (slab, cylinder, sphere) Operational.
diffusion theory program for calculating neutron flux
and power distribution and multiplication factor. It
provides region volumes and region averaged values of
the neutron fluxes and sources. It has‘‘search’ features
for determining critical reactor configurations or compo-
sitions.
Bettis Plant_. _...._. This program calculates thermal stress in cylinders with On hand.
internal heat generation. It calculates the stresses from
the temperature distribution determined from specified
boundary conditions and internal heat source strength.

WBTSG1 _________________ IBM-704 ____

Some of the pertinent critical experiments
on which data exist are:

(1) Aluminum clad UQ, of 1.3 percent en-
richment.

(2) Stainless steel clad UO, of 2.7, 4.0, and
4.43 percent enrichment with water/
uranium volume ratios of 2.19/1,
2.93/1 and 3.87/1.

(3) Two region critical experiments with
stainless steel clad and UOQO, fuel of
443 percent and 2.7 percent enrich-
ment with a water/uranium volume
ratio of 2.93/1.

(4) U*%0,-ThO., lattice with U-233 substi-
tuted for U-235 in selected elements.

Work Underway

Three region critical experiments with
stainless steel clad UO, of 1.6 percent, 2.7 per-
cent and 4.43 percent will be performed at
Westinghouse APD. These experiments on
multiregion lattices will be of great assistance
in studying flat power distribution reactors.
“Hot” critical and exponential experiments are
being done or being considered at other facili-
ties. A continuing program of low enrich-
ment pressurized water critical experiments is
being carried out at Bettis with emphasis on
more basic measurements.

Among the additional experiments which
should be undertaken are better measurements
of Doppler coefficients in fissionable and fer-
tile materials. More crtical experiment work
should be done with plutonium fuel reactors.
(A few measurements on plutonium bearing
fuel rods in an exponential experiment at
BNL have been completed.) More informa-

tion on hot critical experiments should also be
done—perhaps with irradiated fuel elements.
More work in multiregion critical experiments
is also needed with bigger cores and different
structural materials. The effects of xenon
oscillations require much additional study in
large.reactors. Present indications are that
these oscillations will not be a source of con-
cern in practical sizes of low enrichment cores
because of the presence of a large Doppler co-
efficient.

2. Nuclear Design

The ultimate objective of the nuclear de-
signer is to design a reactor which has a uni-
form power distribution, a long life, a simple
and economical system of control, and great
flexibility in response to load demands.

Work Completed

To date, concepts such as chemical control
and burnable poisons have been confined to
small, high enrichment reactors. Specifically
Boiling Reactor Experiments II, III (Borax
II, IIT), and Experimental Boiling Water Re-
actor (EBWR) have operated at power with
boric acid reactivity control. SM-1 has oper-
ated with B,C dispersed in the fuel as a burn-
able poison. In addition boric acid has been
used for startup and shutdown control in Borax
IV and will be employed in BR-3 and Yankee.
Hence, some information is available and appli-
cable to the design of low enrichment pres-
surized water power reactors. Methods of
analysis for fuel cycling studies have been
developed, but in small detail.
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Work Underway

Studies on fuel cycling in the radial direc-
tion of the reactor have been made at many
facilities. The value of multiregion, multi-
cycle loading in reducing hot channel factors,
peak-to-average burnup, and reactivity re-
quirement has been firmly established. Pre-
liminary studies of power shaping with control
rods and fuel bearing control rod extensions
are underway. Current experiments for
Yankee show that 24—7.865-inch cruciform
Ag-Cd-In control rods have a total worth of
about 15 percent AK/K. Work is underway
on chemical control for power operation to
reduce control rod requirements.

3. Reactor Dynamics and Safety Analysis

The basic objective of this field is to obtain
reactors which are simple and easy to control,
have maximum safety, and perform satisfac-
torily when integrated into a complete reactor
power system.

Work Completed

Simplified methods of analyzing operational
transients and reactor accidents have been de-
veloped at most reactor facilities. Experi-
mental work has been performed by Phillips
Petroleum in the Special Power Excursion
Reactor Test (SPERT) experiments and by
Argonne with the BORAX experiments. Both
these programs are being carried out at the
National Reactor Testing Station in Idaho.
Detailed explanations of the various phe-
nomena from the theoretical standpoint are
not yet available.

Work Underway

Work is continuing on reactor safety ex-
periments at Idaho, and model representations
are being improved at various facilities.
Methods of measuring reactor kinetic param-
eters are also being developed. In the im-
mediate future better methods of analyzing
reactor transients need to be developed. Im-
proved analytical techniques are needed to rep-

resent more accurately the behavior of all of
the components in the reactor system. Of
particular importance is the treatment of the
spatial dependence of reactor kinetics in the
reactor core. As advanced digital computers
become available, overall system studies will
supplement work with analog computers.
Meanwhile, analytical methods involving com-
binations of analog and digital computational
systems should be developed.

Improved methods of measuring the kinetic
characteristics of existing reactors require de-
velopment. One such method would be to use
autocorrelation techniques in observing the
“noise” in nuclear instrumentation. This
might allow determination of neutron lifetime,
reactivity coefficients, transfer functions, and
other parameters without interrupting the op-
eration of a power reactor.

C. MATERIALS

1. Fuel
Work Completed

Extensive development work has been com-
pleted on UQO, fuels. This work has demon-
strated UQO. to be dimensionally stable, easily
fabricated, chemically compatible for water
systems, and to possess high retentivity for
fission gases. These properties have been in-
vestigated under severe radiation conditions
both as reactor fuels and in in-pile test loops.
Tests at burnups of >2,500 MWD/T have
been performed on UQO, rods at various heat
fluxes. Recent loop experiments (CRVM) at
Chalk River on the U irradiation of UO, plate-
lets have demonstrated a burnup of 68,600
MWD/Metric Ton. Fission gas retention has
been shown to be a function of UQO. density.
For high density material in the range of 93-95
percent of theoretical the experimental data on
fission gas release shows considerable scatter but
generally falls within the range of 0.1 percent
to 32 percent released for exposures up to
12,000 MWD/T with center temperatures ex-
ceeding melting. For the design of the Yankee
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reactor a value of 14 percent fission gas re-
lease is assumed. Fuel rod sizes are limited by
either center melting temperature or by burn-
out heat flux. For PWR reactors practical
rod sizes based on current limitations are gen-
erally between 0.3 to 0.5-inch diameter.

The oxide form of fuel has been almost uni-
versally adopted for use in PWR. However,
a relatively large number of metal and metal
alloy fuels have been investigated for this
service, among which are: U-6.8 w/o Zr; U-2
w/o Zr; U-7T w/o Zr—1Y% w/o Nb; U-Mo;
Uasi.

The physical properties of UQ, have been
reasonably well established for types and
grades currently manufactured. However, a
good correlation of measured physical char-
acteristics with fabricability has not yet been
established. The preparation of UO, powders
and the technology of sintered compacts up
to 97 percent theoretical density have been
demonstrated. Economic justification of com-
pacts of >95 percent density for power re-
actor use is questionable with current tech-
nology.

Work Underway

Work is underway to extend the limits of
firm data necessary for the design of reactor
cores having greater burnup, improved ther-
mal characteristics, and lower fabrication
costs.

Work is continuing in the correlation of
UO, physical properties with production
methods and fuel performance in order to per-
mit more reasonable and adequate specifica-
tions and product uniformity.

The major undesirable property of UO, for
fuel use is its low thermal conductivity. Work
is underway to investigate other compounds,
uranium silicides for example, that show some
promise of considerably better thermal con-
ductivities and perhaps adequate other prop-
erties.

Work on improved pelleting techniques to
permit increase in L/D ratios and to reduce
“hour glassing” and hence eliminate grinding

540997 0—80——2

for dimensional control is underway. Alter-
nate fabrication methods that show promise
of reducing fuel element production costs are
being investigated. In this area, development
of both swaging and extrusion of UOQO, ele-
ments are being studied as promising alterna-
tives to pelletization techniques. Irradiation
programs to evaluate swaged elements have
only recently gotten underway.

The development of fabrication techniques
for alternative fuel elements shapes, such as
cored pellets, annular elements, and flat plates,
are being studied in an attempt to improve
the thermal performance of fuel elements.

The current conservative design criteria
limits fuel center temperature to less than the
fuel melting point to assure that fuel element
integrity is maintained. Criteria limits heat
generation to ~15 KW/ft. However, recent
experimental work indicates that operation at
heat rates sufficiently high to cause center tem-
peratures to exceed the melting point cause the
formation of a hollow axial core in the fuel
element by either a melting or sublimation
mechanism, and that after the hollow core has
developed no further deformation or change in
fuel geometry occurs. Under these conditions
experimental evidence indicates heat rates in
excess of 15 KW/ft may be achieved provided
that adequate provision is made in design for
fission gas pressure buildup. Continuing in-
vestigations at Hanford and Chalk River are
underway to test the feasibility of this concept.

The desire to reduce the amount of parasitic
material within the core suggests the use of
thinner cladding material that collapses on the
fuel at operating temperature and pressure.
Investigations are underway to determine the
feasiblity of using collapsed cladding in lieu
of the current free standing cladding designs.
The feasibility is related to the controversial
problem of thermal racheting and growth of
fuel column under thermal cycling. Current
data on whether, or not this phenomenon occurs
and on its magnitude are contradictory. In-
vestigations of dished level pellets to alleviate
the problem are also under study.
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2. Cladding Materials
Work Completed

The development of cladding materials for
PWR types has in the past been primarily
limited to the evaluation and development of
either stainless steels or zirconium alloys. The
feasibility of stainless steels from the stand-
point of fabrication, corrosion and chemical
compatibility, and resistance to radiation dam-
age has been well established. The major dis-
advantage of stainless steel is its relatively
high neutron absorption cross section (about
2.7 barns).

The desire to develop a lower cross section
material for reactor use led to the extensive
development program for zirconium and the
development of the Zircaloys with a cross sec-
tion of about 0.19 barns. Zirconium tech-
nology has been adequately developed to the
point of practical utilization as a fuel clad-
ding material. At the temperatures of the
PWR its further utilization is hindered pri-
marily by economic considerations and to a
lesser degree by the progressive nature of the
corrosion that can oceur in case of a cladding
defect in a water environment.

Work Underway

Development work currently in progress on
zirconium materials is directed towards more
economical production and fabrication meth-
ods, improved product uniformity, and better
yields. In addition, some work is underway
to develop new zirconium alloys, such as Zr-
Nb or Zr-Nb-Sn, that promise better strength
characteristics as elevated temperatures. Zr-
5 percent Nb-2 percent Sn has an ultimate
strength of 137,000 p.s.i. at 650° F. compared
to 29,000 p.s.i for annealed Zircaloy 2 at the
same temperature.

Aluminum alloys have found some accept-
ance in boiling water systems. Development
work is underway to establish aluminum alloys
that may be satisfactory for the more extreme
environmental conditions of the PWR systems.
Alloys of Al with some Ni such as ANL

X-8001, show promise of improved corrosion
properties as do alloys containing trace addi-
tives of Zr, Be, or Si. Suitable strength and
corrosion characteristics at system tempera-
tures have not been attained for this type of
material and its application is restricted to
low temperature systems (less than 450° F.).
Work on sintered aluminum powder alloys
currently in progress shows promise of meet-
ing strength requirements, but corrosion re-
sistance in high temperature water environ-
ments is poor relative to Zircaloy or stainless
steels. Aluminum base materials in general
require an acid water chemistry to reduce the
corrosion rate. A pH of 3.5 is typical and
may be achieved by phosphoric acid additions.

The potential of Fe-Al alloys as a substitute
for stainless steel is under study. Strength
characteristics at elevated temperatures are
good, corrosion rates in water systems may be
acceptable, and compatibility with UO, is
probably satisfactory below 1,500° F. The
cross section (1.8 to 2.2 barns) is lower than
for stainless steel, but weldability is poorer.
Unfortunately the higher the aluminum con-
tent, the poorer is the ductility of the alloy.
Continuing work is necessary to establish radi-
ation damage characteristics and to evaluate
economics.

One way to extend core life and to operate
at higher burnups is to introduce burnable
poisons into the reactor core. A number of
development programs are underway to in-
vestigate the feasibility of incorporating the
burnable poisons in the cladding material. A
typical system being considered is a dispersion
of B.C in zirconium alloys.

3. Control Rods
Work Completed

Hafnium has been developed as a control
rod material. The desirability of hafnium for
PWR control rods is well established and it
will probably remain the preferred material
from a technical standpoint. The continued
use of hafnium, however, is limited by avail-
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ability and relatively high cost. These items
have led to investigations of alternate materials.

Work Underway

Alternate control rod materials being stud-
ied include boron dispersions, solid boron-
carbide in sealed containers, rare earth dis-
persions, and Ag-In-Cd alloys. In general,
the dispersion of boron in corrosion resistant
materials has led to embrittlement. As a re-
sult the boron content is maintained below 2
percent by weight in stainless steel. (Boron
steel containing 1.2 percent enriched boron
costs about $70/lb in strip form). Solid
boron-carbide in sealed or compartmented con-
tainers shows promise and is actively being
investigated. Rare earth oxides have been
used in SM-1 and are planned for use in
the SM-2 reactor. These dispersions, however,
are relatively expensive (Eu.O; costs ~$1,000/
Ib) and require cladding.

Studies of silver base alloys have progressed
to the stage where they have been specified as
control rod materials for reactors going into
operation in 1960. This material is only
slightly more expensive than boron stainless
steel but eliminates possible distortion as a re-
sult of helium formation upon irradiation.
Development work is continning on Ag-In-Cd
and Ag-In-Cd-Sn to improve their relatively
low creep strength and corrosion resistance.
Limited work on the quaternary compound
indicate improved mechanical and corrosion
properties compared with the ternary while de-
creasing the control worth by only about 2-3
percent.

4. Primary System Materials
Work Completed

The primary system of PWR reactors con-
sists of the reactor vessel, steam generator,
pressurizer, main loop piping, and valves.
Past work has demonstrated the feasibility of
constructing these components of corrosion re-
sistant stainless steels. Difficulties in main-

taining components in a radioactive environ-
ment and the desire to maintain a low level
of corrosion products in the circulating system
suggested the development of these stainless
steel systems. Initially systems were con-
structed of the stabilized types (347 or 348);
subsequent development has shown that non-
stabilized grades (304) having better weld-
ability are adequate for use in the pure water
environment of PWR’s.

Work Underway

Work underway is directed toward proving
the feasibility of substituting more economical
materials in the primary system. Considera-
tion is being given to the use of low alloy
steels for such applications as heat exchanger
tubing and main piping. Metallurgical and
chemical studies are directed toward the re-
duction of stress corrosion for stainless steels,
reduction of crack susceptibility on welding,
and the development of high strength alloys
that will permit the reduction of pipe wall
thickness.

The effect of irradiation damage to pressure
vessel materials is a subject of considerable
concern. Irradiations of pressure vessel ma-
terials increases the yield strength, which may
be beneficial in that it increases the factor of
safety based on stress alone, but when plastic
flow is needed to equalize stresses it may be
undesirable. Experimental evidence indicates
serious reduction in impact strength in low
alloy steel for integrated fast fluxes as low
as 5 X 10 nvt at a temperature of 500° F. The
reduction in impact strength is accompanied by
an increase in transition temperature from
brittle to ductile fracture. Continuing studies
are being made on this behavior.

D. HEAT TRANSFER AND FLUID FLOW
Work Completed

Extensive analytical and experimental in-
vestigations have been performed on the thermal
and hydraulic problems of PWRs. The follow-
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ing limits have been established based on a con-
servative interpretation of the work completed :

(@) Maximum ratio of heat flux to burnout
flux of 1/1.5.

(6) Center fuel temperature less than fuel
melting point.

(¢) No bulk boiling in the core during
steady state operation.

(d) Fuel rod size limit such that the fuel
rod will remain intact during a loss
of flow accident.

The most important summary of burnout
data applicable to PWR’s is presented in
WAPD-188. The effects of geometry, fluid
enthalpy and mass flow rate are correlated
principally for 2,000 p.s.i.a. systems. Other
investigators have examined the Bettis data
and suggested alternate correlations to obtain
greater accuracy on the effects of varying mass
flow rates. The revised correlations are re-
ported in KAPI-M-D1G-TD-1, KAPL-M-
D1G-TD-2, and Transactions of the American
Nuclear Society, 1959 Annual Meeting, paper
12-6, p. 95. Typical PWR operating condi-
tions are illustrated by the Yankee plant full
power burnout flux of 980,000 Btu/hr ft* as
determined by the Bettis design correlation.
The mass flow rate is 2,454,000 lbs/hr ft? and
the bulk fluid enthalpy is 583 Btu/lb at the
point of minimum burnout safety factor
(2.19/1).

There is a lack of agreement on the effect
of surface roughness and L/D ratio on the
burnout heat flux. Experimental data from
Argonne National Laboratory (ANL—4627) in-
dicate that the surface roughness can influence
the burnout flux but the L/D ratio has little
effect. The reverse interpretation is obtained
from Bettis experiments. Additional work is
needed to resolve the problem.

Work Underway

Work is underway to extend the knowledge
of thermal and hydraulic behavior sufficiently
to justify relaxation of the current conserva-
tive design limitations. This work includes
studies of transition boiling phenomena, the

influence of flow instability and flow redistri-
bution during bulk boiling on burnout, and
improved effective thermal conductivity deter-
minations for UQ, under service conditions.
Studies on transition boiling being performed
by MSA Research Corp. are particularly im-
portant for evaluating the loss of coolant ac-
cident. Other aspects of thermal transients
are a continuing subject of investigation. For
example, studies of the effect of pellet size
(fuel geometry) and core power density
(KW/liter of coolant) on stored heat and hot
channel exit enthalpy are being conducted to
reduce the magnitude of thermal transients
during loss of flow accidents.

E. PRIMARY COOLANT CHEMISTRY

Work Completed

A high degree of water purity is required
in order to minimize corrosion, net radiolytic
dissociation and the deposition of radioactive
“crud” in the system. The deposition of
“crud” on fuel elements or steam generator
surfaces fouls the heat transfer and can lead
to failures, and the settling of “crud” in stag-
nant areas of components can lead to severe
maintenance difficulties.

Past work has done much to define the na-
ture of the chemical problems and has de-
veloped ion exchange methods utilizing syn-
thetic resins capable of maintaining water
purity of one million ohm-cm in primary sys-
tems. Additional work has demonstrated the
feasibility of the lithium-hydroxyl system for
continuously maintaining pH control as well
as for removing radioactive isotopes. Filtra-
tion and evaporation methods for removal of
insoluble impurities have been investigated.
Experience in pressurized water reactors, con-
taining stainless steel or zirconium, has shown
that the required coolant conditions for plant
operation are low oxygen and neutral or alka-
line water. Oxygen in the coolant is scavenged
initially by the addition of hydrazine after
which hydrogen in the coolant of approximately
25 ml (STP)/kg of coolant is maintained
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during operation. Concentration of dissolved
oxygen is kept below 0.14 ppm. Additional
experimental work is required.

The factors influencing net radiolysis of
water have been established. The technology
of external catalytic recombiners has been de-
veloped to the point that suitable and highly
efficient (but not necessarily optimum) de-
signs for the recovery of nominal flows of
radiolytic gas are available.

Extensive research and development has
been carried out on corrosion inhibition. Al-
kaline corrosion inhibitors have been devel-
oped that show considerable beneficial effect
but not without accruing some disadvantages,
especially in systems utilizing lithium. These
disadvantages include:

(1) Lowered efficiency of performance or
decontamination factor of ion ex-
change resins.

(2) Necessity to use lithium-7 both as the
corrosion inhibitor and in the resin
bed if tritium formation is to be
avoided.

The problem of decontamination and re-
moval of corrosion products from metal sur-
faces has received considerable study. These
investigations have led to the multisolution
(alkaline permanganate-ammonium citrate)
process for decontamination of stainless steel.

Research and development efforts have
shown that boric acid and possibly certain
borate salts show promise for use as chemical
poisons. Qut-of-pile tests have shown no seri-
ous corrosion problem for stainless steel and
Zircaloy under conditions of low dissolved
oxygen. With high levels of boric acid and
oxygen, as during refueling operations, the
possibility of galvanic corrosion exists. Dis-
solved galvanic corrosion inhibitors such
as potassium acid phosphates and potassium
chromates have been found to be effective.

Work Underway

Consideration is being given to the develop-
ment of thermal and radiation stable inorganic
ion exchange resins that will permit essentially

full flow clean-up of circulating streams with-
out the thermal losses inherent in the tem-
perature limitations (about 250° F.) of syn-
thetic organic resins. Zirconium phosphate
and oxide are examples of stable synthetic in-
organic ion exchange materials. Zirconium
phosphate is reported to exhibit properties
typical of a polyfunctional weakly acid cation
resin. The oxide is weakly basic and acts as
an anion exchanger. Both materials exchange
ions rapidly and reversibly and have substan-
tial capacities.

Continuing work on gas recombination sys-
tems is directed toward the development of
internal recombination catalysts. The internal
recombination system has potential advan-
tages, especially for systems which evolve very
large quantities of gas.

Work continues on the effect of high tem-
perature and radiation on corrosion inhibitors
and on the possibility of a combined corrosion
inhibitor and soluble poison.

Work on decontaminating agents is con-
tinuing in an effort to develop a single solu-
tion procedure that will permit reduction in
solution waste volumes.

F. INSTRUMENTATION AND CONTROL
Work Completed

The inherent regulating characteristics of
pressurized water reactor power plants did not
require extensive work on the development of
systems for the control of nuclear reactors.
Circuits which use magnetic amplifiers were
developed merely as a means to increase the
overall reliability of the instrumentation and
control systems.

At Shippingport, the FEDAL System was
developed for determining the failure of any
particular fuel element.

Control Rod Position Indicating Systems
were developed which use variable inductance
coupling between primary and secondary
windings of a series of transformers. Motion
of the control rod extension through these
windings provides variable permeability.
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Work Underway

Efforts are now being conducted to develop
nuclear instrumentation circuitry for detec-
tion of boiling in the reactor core. This essen-
tially consists of demodulating noise signals
at the reading unit during steady state opera-
tion. The appearance of oscillatory signals
during operation is an indication of boiling.
As PWR cores become larger, the probability
of xenon oscillation increases. Instrumenta-
tion, physics, and control rod programming
studies are underway to provide solutions to
this problem should it materialize.

G. COMPONENTS

1. Reactor Vessels
Work Completed

The development of reactor vessels for
PWR’s has been an evolutionary process since
the origin of the concept in 1948. Develop-
ments of a manufacturing nature have per-
mitted the construction of progressively larger
and thicker walled vessels. Processes for
cladding carbon steel and low alloy vessels
with 300 series stainless steel have been im-
proved. Both weld bead deposit and spot
welded plate cladding is in use in addition to
metallurgical bonded plate. Some develop-
ments in nozzle penetrations, vessel closures,
welding, and heat treating have been made.

Work Underway

Work in progress is of the same nature as
previous development. Studies are being car-
ried out on the following subjects:

(@) Better gasketed closures to avoid seal

welds.

{0) Nozzle penetration design.

(¢) Methods of installing and removing

vessel stud-bolting.

(d) Use of high strength materials.

(¢) The use of “multilayer” construction.

2. Pressurizers
Work Completed

Since the completion of the basic develop-
ment on the STR project, there has been little
development on pressurizers. The technique
of design and fabrication is similar to that of
the reactor vessel with the possible exception
of the electrical immersion heaters employed
for pressure control. A minor change was the
location of the heaters in wells so that they
could be replaced readily.

3. Steam Generators
Work Completed

The steam generator unit consists of the
tube sheet, tubing, shell, and steam separating
unit. A major development task was con-
cerned with the selection of tube material.
Extensive work was done; many materials
were tested for general corrosion, stress-cor-
rosion, and erosion-corrosion behavior in high
temperature water. Although various ma-
terials proved adequate from the standpoint of
their behavior in the corroding environment,
stainless steel was ultimately selected because
of its availability and ease of fabrication.
Several different design configurations were
developed by various suppliers. These include
the straight-through tube design, the horizon-
tal U-tube U-shell design, and the vertical
U-tube configuration. All of these designs
have performed successfully. Major develop-
ment effort has been devoted to the tube to
tube-sheet welding and the cladding of carbon
steel water boxes and tube sheets with stain-
less steel.

Work Underway

Present efforts are being devoted to increas-
ing the size of the unit and developing refined
manufacturing processes. Adequate recircu-
lation rates and moisture separation on the
secondary steam side in large size units are
areas of concern and investigation. Exam-
ples of manufacturing development are semi-
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automatic tube to tube sheet welding and
stainless steel clad application. Investigation
of other materials of construction is being
pursued in experimental steam generators
(notably in the A1W reactor). Materials un-
der study include carbon steel, low alloy steels,
and high alloys.

4. Pumps
Work Completed

The major development work on hermeti-
cally sealed canned motor pumps (which pro-
vide zero leakage) was performed on the STR
reactor project. Work completed on the
canned pump includes the development of
bearings capable of operating in high pressure,
high temperature water, fabrication of thin
stainless steel or Inconel liners for rotor and
stator, cooling of motor windings, and high
pressure electrical terminal seals. The size and
efficiency of the canned pump has been steadily
increased, culminating in the PWR Shipping-
port pumps.

Work Underway

Studies are now underway to increase the
size and performance of the canned motor
pump further. Pumps of 35,000 GPM ca-
pacity are now capable of being constructed.
It is expected that a pump rated in excess of
40,000 GPM can be produced with increased
manufacturing facilities. Improvements in
bearings, electrical insulation, and motor cool-
ing are under study. For example, alumina
is a possible substitute for the present Graphi-
tar bearings. Potting compounds injected into
the stator windings will improve motor cool-
ing and permit the use of higher voltages.
Alternatives to the canned motor pump are
being studied by many suppliers in an effort
to reduce costs. A shaft sealed pump of either
break-down seal type or mechanical face seal
type is economically attractive. The problem
is to produce a seal of high reliability and
with low seal water and leak-off flow rates.
In the past shaft seal boiler circulating pumps

have exhibited poor reliability unless high seal
water flow rates were maintained. It will re-
quire a major effort with no assurance of suc-
cess to develop a low leakage seal of 4- to 5-inch
diameter size for 2,000 p.s.i.a. service.

5. Valves
Work Completed

The development of a complete line of
valves suitable for PWR operation was per-
formed during the STR project. The main
achievement was the construction of hermeti-
cally sealed, hydraulically operated stainless
steel valves for all primary system services.
Recent efforts have been devoted to the design
of controlled leakage valves which permit con-
ventional construction and conventional motor
operators. This simplification eliminates the
need for 4-way pilot valves which in the past
have lacked reliability. A major construction
development has been the acceptance of cast
material for valve bodies and other pressure
parts, thereby effecting appreciable cost re-
ductions.

Work Underway

Virtually no development work is in prog-
ress. A normal engineering refinement and
size increase is taking place. Design revisions
are being made as required by operating ex-
perience.

6. Piping
Work Completed

Piping for PWR systems has been of the
seamless (extruded or drawn) or hollow
forged and bored type. The welding of heavy
wall stainless steel piping has been extensively
developed. Weldability and weld cracking
were found to be very sensitive to material
composition. A recent development is cen-
trifugally cast and hydroforged piping for
large sizes. This manufacturing process has
promise of reducing cost and increasing the
pipe size (diameter) that can be fabricated.
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Work Underway

Present efforts are a continuation of the
previously mentioned developments.

H. AUXILIARY SYSTEMS
Work Completed

Auxiliary systems for liquid and gaseous
waste disposal, coolant purification, emergency
cooling, fuel handling, ventilation, etc., are
necessary to all reactor systems. Safe design
criteria and feasible engineering techniques to
meet these requirements have evolved from
past work on both military and commercial
reactors.

Work Underway

The relatively small amount of work cur-
rently in progress on auxiliary systems is
confined to the development of specific adapta-
tions of known technology to individual re-
actor system requirements and to methods of
simplifying these systems. Analysis of oper-
ating experience is providing valuable infor-
mation to justify the simplification or elimina-
tion of auxiliary systems in future reactors.
For example, present designs do not include
steam bypass systems for dumping steam, as
is the case with Shippingport. In addition,
automatic control has been found unnecessary
because of the large negative temperature co-
efficient of reactivity.



V. REACTOR DATA TABLE

Pertinent data on pressurized water reactors
that have been built, are under construction,
or under design are presented in the following
table. Actual operating data are specified for
SM-1 (APPR-1) and PWR-1 (Shipping-
port).
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REACTOR

Plant designation

SM-1 (APPR-1)
Army package
power reactor

SM-2 (APPR-1A)

SM-~2 (APPR-1B)

NMSR (NS
Savannah)

BR-3 Belgian
thermal reactor

Saxton Experi-
mental reactor

Sponsored by ___.__._____

Present status_.__._______

Start of construction._ ..

Initial criticality....___._

Full power operation_____

Thermal power rating of
total plant, KWt.

Thermal power rating of
reactor, equilibrium
core, KWt.

Thermal power rating of
fossil fired superheater,
KWwWt.

QGross electrical power
rating, KWe.

Net electrical power
rating, KWe.

Net KWe/gross KWe, %

Net plant thermal effi-
ciency, 7.

Total steam generated,
1b/hr.

Steam flow to turbine,
1b/br,

Fuel element:

U.S. Dept. of
Defense and
U.8. A.E.C.

Alco Produets,
Inc.

Fort Belvoir, Va..

Remcte base
power supply.

Operating. _.______

April 8, 1957

U.8. Dept. of
Defense and
U.8. A.E.C.

Alco Products,
Inc.

Fort Greely,
Alaska.

Remote base
power and space
heat.

Under construe-
tion.

U.8. Dept. of
Defense and
U.8. A.E.C.

Alco Products,
Inc.

Remote base
power supply.

U.8. Maritime
Adm. and U.8.
A.E.C.

The Babceock &
‘Wileox Co.

Ship propulsion. ..

Under construc-
tion.

CEEN (Centre
d’Etude de
I'Energie Nu-
cleaire).

Westinghouse
Electric Corp.

Mol, Belgium.__.__

Power and train-
ing.

Under construe-
tion.

General Public
Utilities and
‘Westinghouse
Electric Corp.

‘Westinghouse
Elsetric Corp.

Saxton, Pa._.._..__
Experimental.____

Preliminary
design.

tinuous.

Not applicable. ...

22,000 8BHP...._...

Overall dimensions,
plate or rod, inches.

Fuel material_____._.

Cladding material_._.

Cladding thickness,
inches.

Fuel isotope weight
% of total fuel.

Average conversion ratio
(equilibrium condi-
tion).

Core inventory.....__.___

Average burnup, equi-
librium condition,
MW D/metric ton of U
and Th metal.

Highly enriched
U-235.

inner, 4.2.._____.

inner, 3.7 ....._...
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Westinghouse
Electric Corp

Shippingport, Pa

Power

Operating

April 1955
Dec 2 1957
Dec 23, 1957
231,000

231,000

None

67,000

60,000

895 _
26 .

860,000

850,000

Blanket—rod
Seed—plate
Rod—64 7L x
0411 D
Plate—70 75x 2 05
x 0 069
Blanket—UO;
Seed—U-Zr
Zircaloy-2 .
Rod, 0 027
Plate, 0015
Rod, Nat'l U
Plate, 92 3

Blanket, 113
Overall, 0 56

Blanket 12800 Kg

U0,
Seed 76 Kg U-235

None

Blanket 7300 .

Westinghouse
Electrie Corp

Shippingport Pa

Power

Preliminary design

530 000

530 000

None

150,000

Sintered UO:

The Babcock &
Wilcox Co

Buchanan NY

Power

Under construc
tion

Dec 1956

April 1961

795 000

585 000

210 000

275,000

255 000

928

325

2,200,000 »

2,200,000

Rod

138x57sq14x14
array

UO0s-ThO; pellets

304 SS+Boron
0 0205

6 4 ‘as metal”
fully enriched

046
1,100 Kg U-235 and

16,100 Kg Th as
metal

None -

20,400

Westinghouse
Electrie Corp

Rowe, Mass

Power

Under construc
tion

Nov 1957

Oct 1960

Dec 1960

392,000

392,000

None

116,000
107,000
922

27
1,840,000

1,840,000

Rod

90 x 0 340

TUO; .
348 88
0021
34

0 546

20,400 Kg

None

7,830

Westinghouse
Electric Corp

Power

Design
Aug 1959
Mar 1963
June 1963
615,000

615,000

None

180,000
165,000
96

27
2,350,000

2 350,000

Rod

102x045

Sintered UO3

838
~A4 028

inner, 26
middle 27

outer, 28
07.

39,300 Kg

14,700 -

14,700 .

Combustion Engi
neering, Stone &
Webster

Design

685 000

685,000

None

248,120
236,420
953

345
2,865,300

2,564,910

Rod

114x045

Sintered U0,

347 S8
0022

inner, 26
outer, 3 4

068

53,000 Kg -

13,000

PWR-1 Shipping PWR-2 Shipping Indian Point Yankee (first AEC des{ﬁn study
porls F(‘aPt }%3500 port (modified) (CETR) core) 165 MW project (APWR) PM-1
US AEC and US AEC and Consolidated Edi | Yankee Atomic US AEC U S Dept of
Duquesne Light Dugquesne Light son Co of New Electric Co Defense and
Co Co York, Inc USAEC

The Martin Co

Sundance, Wyo

Power and 7 x 10°
Btu/hr heat

Preliminary
design

June 1960

July 1961

Aug 1961

9,000-16,000

9,000-10 000

None

1,000

1,000

125to 143
30,000 to 37,000

21,000 to 27,000

Tubular

025t005

UO:in 88

348 S8
0 006

Highly enriched

28 Kg U-235

None

33-389, of U-235
atoms
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REACTOR DATA

SM-1 (APPR-1) NMSR (NS BR-3 Belgian Saxton Experi-
Plant designation Army package |SM-2 (APPR-1A)|SM-2 (APPR-1B) Savannah) thermal reactor mental reactor
power reactor
Lifetime per cycle, full 13,000 .| 8,500 . _________ 8,250 ________.... 7,000 .. ____. 11,000 - ..
power hours.
Max central fuel temper- ( 742___.____________| .. ______ 655, 3310, nominal (11.65 kwt per ft (12.13 kwt per ft
ature, °F. channel, inner of fuel rod). of fuel rod).
pass.
Max heat flux, 10° Btu/ P S [ 630 .- 275 s 442 ... 410
hr-ft2.
Overall hot channel fac-
tors (nuclear and me-
chanical):
c‘=Max heat flux in core 4 3.68 442 4.60 469
Ave bheat flux Ineore | "~~~ mTTTToToo|TTTOT T oI ST TeTTTITIe Ak SHmmeToTTeITes Vo mTmmmmomene
Max change in en-
thalpy of coolant
n=%% 04 e 188 .. 348 .. 848
thalpy of coolant
through core.
Core active heat transfer | 100. .| oo 90-Yes____________ 90-No.__..___.... 90-No_ ...
Flow percent of total
included in FAT.
Dimensions of core, ft.__.| 1.83 x 1.70 x 170 _ |- .o ... Height, 1.83 Height, 5.5 Height, 2.79 Height, 3.33
Diam., 1.87 Diam., 5.19 Diam., 4.67 Diam., 2.87
Reactor power density, 2,080 _ | 617 . 1,430 .. . 930, e

kwt/ft? of eore.
kwt/liter of core._____
Reactor specific power,
kwt/kg of U and Th.
Vol H:0
Vol U+Th metal
Coolant inlet temp., °F__
Coolant outlet temp., °F_
Operating pressure,
ps.ia.
Coolant flow rate, Ib/hr__
Ave coolant velocity
through core, ft/sec.
Reactor vessel material___
Reactor vessel 1.D.,
inches.
Reactor vessel thickness,
including cladding, in.
clad thickness, in.____
Primary coclant piping
nominal diam.
Number of loops_ - ...
Number of operating
main coolant pumps
per lcop.
Main cooland pump type.

Pump head at rated flow,
p.s.d.

Flow rate per pump,,
gpm.

Number of steam genera-
tors.

1 (1 standby)...._.

Canned motor.. ..

14 in. Sch 140
16 in. Sch 140

Canned motor
constant speed.

(116 ft)

{(:l- steel)

495.6_ . . __________
5204 ...

Outer, 9.29
Inner, 8.40
SA 212-GrB

Canned motor
single stage.
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TABLE—Continued
PWR-1 Shipping- | PWR-2 Shipping- Indian Point Yankee (first AEC design study
port (at 4,500 port (modified) (CETR) core) 165 MW project (APWR) PM-1
EFPH)
Blanket—19,200____| 10,000______________ 14,400 ... ... 10,000 ... 7,500 ... 24100 _______._.. 17,500.
BSeed—6,000.
636 at metalsur- ... ______..._ 4,800 . _____________ (11.65 kwt per ft of | (13.3 kwt per ft of | (10.1 kwt per ft of
face. fuel rod.) fuel rod.) fuel rod.)
Blanket—425_______[ .. _____.______ 4700 . 46 3\ 206_ ... 100 to 250.
Seed—520
Blanket, 7.5 ______|o ... 357 L BT e 2 E: )
Blanket, 2.6 .. |oooo__._____..__ 238 . 3.36. - ean 24 246 ...
__________________________________________ 87-No_ e | 90-NOo | 90-NOe |
Height, 6 oo .o Height, 8.5 Height, 7.69 Height, 8.5 Height, 9.5 Height, =2.5.
Diam., 6.8 Diam., 6.5 Diam., 6.31 Diam., 8 Diam., 8.2 Diam., 2.
1,060 | 2,150 .. 1,660 ... _________ 1,440, .. _. 1,370 .. 1,100 to 1,300.
874 L K T, 55 . 508 o aC 484 . 38.8 £0 45.8.
Blanket, 11.7. - _|cceoieoceaas 34 s 19.2 ... 15.65_ . ... 129, ___...__. 321 to 357.
Blanket 3 .. | . 183 . 300 . 2.8 . b S
Seed 1.1
420 to 490.
460 to 540.
1,200 to 2,000.
30 to 36.
6in.
1.
1.
Canned motor____._ Canned motor. . __ Canned motor Canned motor Canned motor Controlled leakage
vertical, single section. single stage centrifugal.
vertical.
..................... 128 e | 125 e T || 45| (25t0 40 1t.)
19,000 ______....... 18,000 . . _._....... 16,000. .. ... ... 23,700 ... 24,500, . oo 32,0000 oee . 1,200 to 2,200.
S, 4. L S, 4 L SR 1
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REACTOR DATA

SM-1 (APPR-1) NMSR (NS BR-3 Belgian Saxton Experi-
Plant designation Army package |SM-2 (APPR-1A) [ SM-2 (APPR-1B) Savannah) thermal reactor mental reactor
power reactor
Steam generator (secon
dary) outlet conditions
Full load pressure, | 200 200 600 474 525 500
psia
Fullload temp ,° F | 407 382 486 462 472 476
Steam flow per gen- | 34,000 103,500 130,750 154,400 73,000 ..
erator, 1Ib/hr
Assumed effective 100%, 99 3%.
heat transfer sur
face, % of total
LMTD,°F 57 78 20 4 27.5.
Steam turbine
Full load throttle | 190 590 450 510 300
pressure, psia
Full load throttle | 404 484 456 469
temp ,° F
Turbine back pres- | 15 15 15 15
sure, inches Hg A
Description 8 stage with re High and low 2 section
duction gear pressure stages
and single
casing
Means of reactor control 7 rods, burnable 7 rods, europium Rods, EU30sin Rods Rods, boron so-
poisons, fuel oxide burnable 88, burnable lution for shut
followers boron poison poison, B n down
fuel
Primary water chem-
stry
pH (room temp ) 64t090 neutral 10 neutral
Oxygen control hydrazine hydrazine hydrazine
initial
Oxygen control hydrogen hydrogen hydrogen

operation
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TABLE—Continued
PWR-1 Shipping- | PWR-2 Shipping- Indwan Point Yankee (first AEC design study
port (at 4,500 port (modified) (CETR) core) 165 MW project (APWR) PM-1
EFPH)
500 - --| 600. 420_.... . ... - | 800.. ... .. . ... ] 500, - - .- L,050 .. _ .. _ | 200to 500
467 . . 486__ ... -.. 449 .. . ... [ 7 - 67 . 5506 ._._._. .-| 381 to 467
215,000 F O 550,000 .. ..| 460,000 - - --..| 887,500 .. ... 716,325 ... _ _| 30,000 to 37,000
- .- .- - . - 13,773 ft 21009, _.__| 94%.-- - - B . - - | ~90%
31 ... - . e e - 485 . ... . 44 . .. .. _.__]s0.. . .- 48 ... - ----| 30to 100
485 ... - . .- - 340. .. . - oL | 465 . - ... . .| 465. - U D W1 ) 200 to 500
463 _ . .. I 1,000 oeeeo. . 480 . 460 . o | 545 L 381 to 467
15 - - e - - . ) U : T I U - TGO I TS, - 15 ... C 6t011.5
N - - . [ Tandem com- Tandem com- 3 cylinder single 9,000 RPM,
pound, double pound, double shaft condensing
flow flow, two cylin- type
der, non-reheat.
Rods PO - 21 Hf rods, boron Ag-In-Cd rods, Ag-In-Cd rods, Rods and burnable | Rods and burn-
in fuel clad, 18 chemical poison chemacal poison poison able poison
(max) fixed shim for shutdown for shutdown
blades with 80%,
B1 horie acid
for start up
10 - neutral _ - - neutral. .. _. neutral -_ neutral
hydrazine . ... . | hydrazine_... ... | ._ ... -- - .- hydrazine __ __ _ | hydrazine . ... hydrazine
hydrogen . .. hydrogen P hydrogen ... - hydrogen. . . . | hydrogen




VI. CROSS SECTION VIEWS OF REACTORS

This section contains the following reactor
cross section views:

Figure VI-1.—SM~1 (APPR-1) Reactor Core,
Pressure Vessel and Shield (from report
APAE-23).

Figure VI-2—SM-2 (APPR-1B) Vertical
Section, Reactor Vessel (from report APAE
Memo-197).

Figure VI-3.—SM-2 (APPR-1B) Plan Sec-
tion, Reactor Vessel (from report APAE
Memo-197).

Figure VI-4.—Reactor Vessel Internals, NS
Savannah.

Figure VI-5—BR-3 Reactor Vessel and In-
ternals.

Figure VI-6.—Saxton Reactor Vessel; Longi-
tudinal Cross Section.
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Figure VI-7—Saxton Experimental Reactor
Core Cross Section.

Figure VI-8.—Shippingport PWR-1 Pressure
Vessel and Core.

Figure VI-9.—Shippingport PWR-1 Pressure
Vessel Cross Section Above Core.

Figure VI-10.—Indian Point, Reactor Vessel
& Internals.

Figure VI-11.—Indian Point, Layout of Core
for Consolidated Reactor Showing Placement
of Fuel Elements, Thermal Shields, and Re-
actor Vessel Wall.

Figure VI-12.—Yankee Reactor Vessel and
Internals.

Figure VI-13.—165 MW Project Reactor Ves-
sel.

Figure VI-14—APWR—Perspective of Reac-
tor (from TID-8502 (Part 3)).
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REACTOR VESSEL & COVER

FUEL TRANSFER

TUBE IRON - WATER SHIELD

CONTROL RODS

& OUTLET

REACTOR CORE

THERMAL SHIELD

PINION & RACK

GEAR MOTOR

SHAFT SEAL & CLUTGCH

F16URE VI-1.—SM-1 (APPR-1) reactor core, pressure vessel, and shield (from report APAE-23).
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Ficure VI-2.—SM-2 (APPR-1B) vertical section, reactor vessel (from report APAE Memo-197).
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AT REMOVABLE FLOW DIVIDER

QUARTER SECTION
THRU REFLECTORS
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FIRST PASS

BOLT KEEPER

HALF PLAN

FI16URE VI-3.—SM-2 (APPR-1B) plan section, reactor vessel (from APAE Memo-197).
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F1eure VI-6.—Saxton reactor vessel ; longitudinal cross section.
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F1eure VI-7.—Saxton experimental reactor core cross section.
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F1eUure VI-8.—Shippingport PWR-1 pressure vessel and core.
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NOTE:
NUMBER OF CONTROL RODS = 2|
NO. OF FUEL ELEMENTS = 120

—————

38.769"
EQUIVALENT CORE
RADIUS

41933"
RADIUS TO TIP OF
OUTERMOST FUEL ELEMENT

Fiecure VI-11.—Indian Point layout of core for Consouuared reactor, showing placement of fuel elements, thermal
shields, and reactor vessel wall.
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VII. SYSTEM FLOW DIAGRAMS

This section contains the following reactor
system flow diagrams:

Figure VII-1.—APPR-1 Heat Balance Dia-
gram (from report APAE-10, Vol. II).
Figure VII-2.—SM-2 Basic Flow Diagram.
Figure VII-3.—Basic Flow Diagram for NS
Savannah (adapted from Bull. AER-54,

Babcock & Wilcox Co.).

Figure VII-4.—Basic Flow Diagram Belgian
Thermal Reactor.

Figure VI1I-5.—Basic Flow Diagram Saxton
Hook-on Reactor Plant.

Figure VII-6.—Basic Flow Diagram, PWR-1.

Figure VII-7.—Basic Flow Diagram, Indian
Point. -

Figure VII-8.—Basic Flow Diagram, Yankee
Atomic Electric Plant.

Figure VII-9.—Basic Flow Diagram, 165 MW
Project.

Figure VII-10.—Heat Balance Diagram,
APWR (from TID-8502 (Part 3)).
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F1eURE VII-4.—Basic flow diagram, Belgian thermal reactor.
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VIII. OPERATING EXPERIENCE

A. NAVAL REACTOR PLANTS

The basic technology of the pressurized wa-
ter reactor concept was developed for naval
reactor plants. Similarly, most of the opera-
tional history of pressurized water reactors is
intimately connected with the operational his-
tory of the nuclear plants constructed under
the Navy program.

STR Mark I, the full scale land based pro-
totype of the Nautilus, attained initial criti-
cality on March 31, 1953, and operated at very
low power until late May 1953 to obtain the
initial necessary physics and radiation shield-
ing information. On May 31, 1953, Mark I
was placed in power operation and full design
power was reached on June 25. Not one part
of the nuclear plant indicated failure to meet
specifications and it took less than one month
after first power generation before Mark I was
operating smoothly at full power.

The initial purpose of the Mark I plant was
to prove the feasibility of nuclear power pro-
pulsion for naval vessels, to train operators,
and specifically to eliminate design deficiencies
in the Nautilus’ plant. A few years ago Mark
I with a new core operated 66 days and nights
continuously at full power, a significant indi-
cation of the developed technology and relia-
bility of the pressurized water reactor concept.
The Mark I is now being used to study new
developments in the technology, design and
operation of improved pressurized water
plants.

The Mark I plant has been the forerunner
for a whole family of naval plants for sub-
marines and surface ships. Table VIII-1is a
listing of the naval vessels that utilize pressur-
ized water reactor plants. All of these plants,
though, use highly enriched fuel to minimize
core size; in a central station nuclear power

50

plant, the economics would dictate the use of
slightly enriched uranium.

B. SM-1 (APPR-1)

The SM-1 was the first plant to be con-
structed under the Army nuclear power pro-
gram. Construction was started in October
1955, the reactor went critical on April 8, 1957,
and full power operation, 10,000 KWt, was
first achieved on April 20. An initial 700-hour
endurance test was completed by July 2 with
only 7 hours 28 minutes of down time.

1. Transient Response

The SM-1 has proven to be an extremely
stable powerplant. This has been demon-
strated by results of operation during both
planned and unplanned load changes.

During an early full power run a circuit
breaker failure resulted in dropping the re-
actor load from full load to station load. The
transition was so smooth—without any opera-
tion control action—that it was nearly a min-
ute before the operators realized that the
breaker had failed.

Subsequently a planned load drop transient
was induced by tripping the turbine off the
line. During this test the reactor did not
scram and the control rods were not moved.
During the test the primary system pressure
rose sharply from 1,210 to 1,300 p.s.i.g. and then
dropped until the pressurizer heaters came on
at 1,200 p.s.i.g. The pressure peak was well
below the design pressure of 1,600 p.s.i.g. The
reactor AT dropped to essentially zero on loss
of demand and remained at a constant value
without oscillation. Immediately on loss of
load the steam pressure rose from 200 to 435
p.si.g. and the steam temperature rose from
420 to 460° F.; both then steadily decreased.
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TaBrLE VIII-1.—-PRESSURIZED WATER REACTOR POWER PLANTS FOR THE NAVY

SUBMARINES
Keel Commis-
Hull No. Name Shipyard Type* laying  Launching Sea trials sioned

SSN-571__._.. NAUTILUS.___.__. Electric Boat. A_.__.__.. 6/14/52 1/21/54 1/17/55 9/30/54
SSN-575__.._. SEAWOLF.___.____ Electric Boat. A  _____
SSN-578 ... SKATE _._______.. Electric Boat F_. _.__.. 7/21/55 5/16/57 10/27/57 12/23/57
S8N-579. ... SWORDFISH____._. Portsmouth . F_________ 1/25/56 8/2% /57 8/19/58 9/17/58
SSN-583._._.. SARGO_.._...____. Mare Island. F._.______ 2/21/56  10/10/57 8/4/58 10/1/58
SSN-584_____. SEADRAGON___._. Portsmouth.. F.__._______ 6/20/56 8/16/58
SSN-585___._. SKIPJACK....._.. Electric Boat. A______ ... 5/29/56 5/26/58 3/8/59 4/15/59
SSR(N)-586... TRITON_..____._._ ElectricBoat. R._.__..__ 5/5/56  8/19/58
SSG(N)-587... HALIBUT.._ __.._.._. Mare Island. GM._____. 4/11/57 1/9/59
SSN-588._.... SCAMP___.__.______ Mare Island. A_..._.___ 1/23/59
SSN-589.__.._- SCORPION __.___.. Electric Boat. A_._._____ 8/20/58
SSN-690.___-- SCULPIN______.__.. Ingalls___.__ AL
SSN-591__.... SHARK. ....._.._. NewportNews. A__ ... ____ 12/2/57
S8N-592______ SNOOK..__________ Ingalls______ Ao
SSN-593....-- THRESHER __...__._ Portsmouth_. A_____._..
SSN-594.___ .. PERMIT_ . __._____ Mare Island. A_____....
SSN-595____.. POLLACK. .. _..... Mare Island. A______._.
SSN-596______ PLUNGER..._._.... Ingalls______ A ...
SSN-597___.._. TULLIBEE_____._._ Electric Boat. S_..._____
SSB(N)-598... GEORGE WASH- Electric Boat. FBM.__.. 11/1/57 6/9/59

INGTON.
SSB(N)-599___ PATRICK HENRY. Electric Boat. FBM._____
SSB(N)-600_.. THEODORE ROOSE- Mare Island. FBM.____.

VELT.
SSB(N)-601__. ROBERT E. LEE_. NewportNews. FBM_____ 8/25/58
SSB(N)-602... ABRAHAM Portsmouth.. FBM_____

LINCOLN.
SSN—-603. . . oo New York_ .. A..____.__
SSN-604___ . oo New York... A____.___.__
SSN-605._ . . ... Portsmouth_. A_________
SSN-606.__... TINOSA . _____.._.. Portsmouth__ A_________
SSN-607__ .- ... Ingalls.._.__ A
SSB(N)-608_._.. ETHAN ALLEN_.. Electric Boat. FBM_____
SSB(N)—609. __ e mmemmee emmmmmeeen FBM___..
BSB(N)-610. . et e FBM__...
SSB(N)-611_ . e oo FBM____.

SURFACE SHIPS
CG(N)-9._.__ LONG BEACH.__.. Bethlehem__. Cruiser._.. 12/2/57
CVA(N)-65_.. ENTERPRISE_____ Newport News. Carrier.._. 2/4/58
BAINBRIDGE____. Bethlehem___ Destroyer. 5/15/59
*A—Attack GM—Quided Missile (Regulus)

F—Fleet-Type Attack
FBM—Fleet Ballistic Missile (Polaris)

An increase in load transient was accom-
plished by increasing the electrical load from
225 to 2050 KW in 75 seconds. On increase in
load, the reactor power rose very nearly as fast
as the power demand and data indicate that
negligible power overshoot developed. The

R—Radar Picket
8—8mall Attack

shortest reactor period during the transient was
25 seconds, well above the scram setting of 3
seconds. Reactor AT rose sharply from an
initial value of 4 to 20° and then gradually to
21° F., finally stabilizing between 20 and 21° F.
Steam pressure dropped sharply from 322 to
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175 p.s.i.g. and then rose to a new equilibrium
pressure of 200 p.s.i.g. over a period of 45
minutes. Steam temperature dropped from
430 to 410° F. over a 10-minute period and
stabilized at the latter value.

2. Mechanical Component Failures

During the initial tests it was determined
that the steam generator failed to deliver the
design superheat. The difficulty was caused
by the moisture separator. A higher than
anticipated pressure drop in the separator re-
sulted in the drain drawing water up the dry
side of the separator. Redesign and replace-
ment of the separator corrected the difficulty.

Considerable trouble was experienced ini-
tially with pumps—except for the primary
system canned motor pump. The most serious
pump problem reported was high leakage rates
through the packing of the make-up pumps.
The trouble was traced to excessive wear of the
stainless steel plungers. In one pump the S.S.
plungers were replaced with Hastelloy and in
the other with ceramic. Both replacement ma-
terials have proved serviceable.

Lack of instrument reliability has accounted
for the most aggravating routine problems.
The signal strengths from the ion chambers
are so low as to require operation of the am-

CIVILIAN POWER REACTOR PROGRAM

plifier at excessively high gain levels to
achieve adequate signal strength. Because of
this condition electron tube serviceable life is
very short before noise levels increase to the
level where tube replacement is necessary.
High noise levels have resulted in many false
period scrams. The problem has been some-
what alleviated by installation of filters and
by the correction of improper seals of mineral
insulated wire terminations.

The original BF,; counters failed during
power operation, and have been replaced by
those of another manufacturer.

3. Radiation Levels

In general the measured radiation levels
have been found to be reasonable and the pri-
mary and secondary shielding design to be
conservative. Table VIII-2 shows the meas-
ured levels at selected points at full power and
at various times after shutdown. The high
dose rate at the “pressurizer elbow” location is
attributed to the accumulation of activity in
this stagnant section.

4., Activity in the Primary Coolant

Short-lived activity in the primary coolant
has been determined to be approximately
equally divided between fission products and

TaprLE VIII-2.—RADIATION LEVELS IN SM-1

Full power Hours after shytdown
operation
Location Gamma | Thermal| 7.9 13.9 24 20
flux
r/hr  {10¥n/em?| mr/hr | mr/hr | mr/hr | mr/hr
sec
Point of maximum radiation due to primary shield
penetrations. . __ . _ . _ . ______._ 15 13 54 28 25 16
Inner wall of vapor container___ _______________.______ .3 10 2 1o
Adjacent superheat section of steam generator. ______._ 4.0 [ . 39 27 21 14
Primary coolant inlet pipe outside primary shield tank. . 12 (. 40 | _._ 19
Elbow of 4-inch pressurizerline_ __ . __.________________ (G T P 300 300 320 240
Control rod drive pit. . . ___ . __ * |- 140 140 . __.__._ 52

*Not measured during operation,
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induced activity. The fission product activi-
ties are in excess of that attributable to sur-
face contamination and are believed due to
cladding defects. Data seem to indicate that
the magnitude of the defects is increasing with
time.

Radiochemical analyses of the primary wa-
ter indicate long-lived species Co®%, Fe®,
Mn®* and Cr®. A slow steady rise of activity
has been observed. The measured dose rate

in the steam generator is shown in Table
VIII-3.

TaBrLE VIII-3—8M-1 LONG-LIVED DOSE RATES
(24 HOURS AFTER SHUTDOWN FROM FULL
POWER)

Dose rates (mr/hr)
Location
11/7/58 | 3/7/59
Steam generator water box_.._.____ 5.7 6.2
Steam generator above No. 2 outlet.| 190 165
Steam generator next No. 1 outlet_ 10 14
Upper collar steam generator above
steam line_________.___________ 94 400
Upper collar steam generator
above inlet____________________ 60 100
Steam generator No. 2 outlet,
bottom _ ______________________ 49 65
Steam generator No. 2 outlet, top_. 49 70
Steam generator No. 1 outlet,
bottom_ ... ______._____________ 47 63
Reactor inlet pipe, bottom________ 87 100
Reactor inlet pipe, top_______..___ 117 260

The reactor was shut down in April 1959
and the steam generator head was lowered for
inspection. At the start of this operation the
dose rate on the outside of the steam generator
head was 1 r/hr, primarily due to crud de-

posits in the drain line. After removal of the,

drain line and moderate flushing the level was
reduced to 250 mr/hr. On lowering the head
the dose rate on the inside of the head was 2
r/hr. In spite of this activity, the removal,
inspection and replacement of the head was
carried out with 140 manhours of mechanical
work and a total of 673 manhours including
nonproductive and waiting time. No overex-

posures of personnel were incurred in the
operation. The operation demonstrated the
feasibility of maintenance of primary system
units under radiation conditions.

An extensive R & D program was carried
out to develop decontamination procedures
applicable to the SM-1 system. The rec-
ommended method of decontamination is a
fill-flush procedure in which the solutions are
introduced into the system, circulated at tem-
perature and pressure for the requisite time,
and then drained. The conditions under which
the activated corrosion product scale is most
effectively removed are as follows:

30 minutes at 225° F. at

60-70 p.si.g. pressure
(nitrogen).

Caustic Permanganate
Step (10% NaOH-+5%
KMnO,).

Water Flush Step _—___._ 5 minute water flush with

demineralized water.
Citrate Combination Step 30 minutes at 220° F. at
(5% dibasic ammonium 60-70 p.s.i.g. pressure
citrate +29 citric acid (nitrogen).
+149, Versene 9).

Successive Water Flushes_ 15 minute water flushes to
restore system to oper-
ating levels of purity.

Based on loop experiments, a decontamina-
tion factor of at least 10 and probably 30 is an-
ticipated in the actual plant.

5. Control Rods

The original control rods were made of
amorphous boron in iron, clad in stainless steel.
These were replaced by Eu,0; in stainless
steel, clad in stainless steel, because of a fear
of swelling as a result of gas formation upon
neutron absorption in boron. A test coupon
of boron showed that this could happen, but
no swelling was noticeable at the time the con-
trol rods were replaced.

6. Conclusions

The data presented has been extracted from
numerous documents listed in the bibliography.
The following extract from APAE-18 sum-

marizes the experience with the reactor:

“The SM-1 has proven itself to be a re-
liable nuclear power plant—and has oper-
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ated so as to meet all design requirements.
Particularly noteworthy during the test was
the response of the reactor to load demand,
as the stability of the SM-1 exceeded all
expectations.”

By the end of April 4, 1959 SM-1 had
generated a total of 91,980 MW of heat.

C. SHIPPINGPORT ATOMIC POWER
STATION

The Shippingport reactor went critical on
December 2, 1957, and supplied nuclear power
for the first time to the Duquesne Light Co.
system on December 18. Full power operation,
60,000 KW net electrical, was achieved on De-
cember 23.

Shippingport is the world’s first full scale
nuclear power station but as such it is also an
important development facility. The method
of operation, therefore, has been dictated not
only by load considerations but also by test
programs. Yet, the plant has operated at a
load factor three times more than predicted.
Testing has included 2 power runs of more
than 1,000 hours each as part of a Reactivity
Lifetime Test, and the seed fuel has operated
for approximately 5,100 equivalent full power
hours to date. The original design life was
3,000 equivalent full power hours and is now
estimated to be 6,000 equivalent full power
hours.

1. Transient Response

The stability of Shippingport on loss of load
was adequately demonstrated at the end of the
initial 100-hour full power run. While pre-
paring for shutdown, and with the reactor still
operating at full power, loss of condenser vac-
uum caused the turbine throttle valves to trip.
No scram occurred, no relief valves popped,
the reactor was maintained critical and the
plant temperature and pressure stabilized
without oscillation or control rod motion.
(condenser vacuum had decreased to the tur-
bine throttle’s trip point while transferring
auxiliary steam supply which caused the
steam pressure to drop below that required for

proper air ejector operation.) The reactor was
not on automatic control and the operator did
not move control rods manually until approxi-
mately 25 seconds after the throttle trip oc-
curred. The peak disturbances in the reactor
coolant conditions were as follows:

Coolant pressure rise +180 p.s.i.

Coolant temperature rise +12° F.

Coolant volume change +31 cu. ft.
The rise in coolant pressure increased the pres-
surizer pressure to a valve just under the set-
ting of the pilot-operated pressure relief valve.

A second loss of load from full power opera-
tion occurred on shutdown from the first
1,000-hour run when there were 1,690 equiva-
lent full power hours on the core. For this
second full-load loss, the reactor was in auto-
matic control which was set to initiate rod in-
sertion at 1° F. above the average value of
523° F. Rod insertion began in less than 3
seconds after the throttle was tripped, and con-
tinued until the reactor power was below 8
percent. The peak disturbances in the reactor
coolant conditions were as follows:

Coolant presstire rise +180 p.s.i.

Coolant temperature rise -+412.2° F.

Coolant volume increase +33.3 cu. ft.
The temperature coefficient of reactivity had
changed from —2.9X10™ §K/° F. at the time
of the first incident to —2.3)X10™* §K/° F. The
fact that the second peak disturbances were
not lower than those of the first incident is
probably attributable to the lower value of
temperature coefficient. In both cases the au-
tomatically controlled steam dump system was
not in service.

On March 4, 1959, at approximately 3,600
equivalent full power hours the turbine was
tripped off manually, with the plant at full
power and normal temperature and pressure,
to commence the Xenon Transient Test. A
severe temperature and pressure transient re-
sulted from a 10 to 20 second delay in insert-
ing the reactor control rods and in operating
the decay heat relief valve. The peak disturb-
ances in this case were:
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Coolant pressure rise +300 psi.

Coolant temperature rise -426° F.

Coolant volume change +382 cu ft.
The relief valve did not open since the plant
was operating at 1,800 p.s.i. and the pressur-
1zer relief valve set pressure was 2,300 p.s.i.

Most of the operating experience with the
Shippingport plant has been accumulated in
steady-state operation. There does not exist,
therefore, a large amount of data on the op-
eration of the reactor under transient condi-
tions. The transient data that are available
fall into two categories: (1) inadvertent tran-
sients and (2) specific load transient tests,
The first type of transient has resulted in load
changes outside of design limits, and the avail-
able data are limited to the full-load loss cases
described above. The second type of transient
has explored the reactor performance for de-
sign range transients only. The available data
from these specific load transient tests are sum-
marized in Table VITI-4.

The stability of the core with respect to
xenon oscillations was determined at 480
equivalent full power hours by deliberately
establishing a xenon oscillation and then fol-
lowing the reactor response over approxi-
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mately two cycles. A slight divergent trend
was detected. Analytic studies indicate that
the oscillation amplitude increases or decreases
in time depending upon the following param-
eters: power level, temperature coefficient, re-
actor lfetime history, and height of the con-
trolling rod group.

Neutron detectors gave more immediate in-
dication of the oscillation than thermocouples.
Incidentally, a strong correlation was shown to
exist between change in power in a given
quadrant of the core and the resulting change
in average boiler temperature for the loop cor-
responding to that section of the core. Varia-
tions in the hot leg temperatures of the loops
indicated that cross flow among the core re-
gions was not sufficient to provide a uniform
hot leg temperature in all the loops.

2. Mechanical Component Failures

Shippingport has had several mechanical
component difficulties. In June 1958, the sta-
tor in one of the four main coolant pumps was
cut circumferentially by the lower end of the
rotor stack. It is believed that operation of
the pump at low system pressure caused the
stator can to collapse. The removal of the

TasLe VIII-4 —PWR LOAD SWINGS—REACTOR PLANT RESPONSE DATA

Load swings 1n Peak avg temp Pressurizer volume | Pressurizer pressure | Rod motion Pressurizer spray
gross %finerated change (F°) surge (cu ft) surge (psi) (number of n use
Line w Rate of load times)
No swing

3 loop 4-loop 3-loop 4 loop 3 loop 4 loop 3 loop 4loop | 3-loop | 4loop | 3 loop 4 loop
1 520 520 | 3 Mw/sec —4 8 —20 —16 —70 —60 1| No No
2 25-40 25-40 | 3 Mw/sec -32 -105 —-12 —50 —42 0 No
3 50-62 3 Mw/sec —6 —40
4 61-46 60-45 | 3 Mw/sec +4 +13 +1o +73 +70 1 Yes
5 40-25 40-25 | 3 Mw/sec +37 +16 +16 +73 +85 0 Yes
6 20-0 21-5 | 3 Mw/sec +52| 424 +20 +85 +90 0 Yes
7 62-46 60-40 | 3 Mw/sec +31 +12 +100 1 0| No No
8 40-24 40-25 | 3 Mw/sec +37 410 § +12 +100 +90 0 0] No No
9 23-8 22-5 | 3 Mw/sec +31 +16 5 +110 +130 No
10 5-24 | 25 Mw/min -6 2 —245 No
11 24-43 | 25 Mw/min —6 —20 1 No
12 45-62 | 25 Mw/min —28
13 61-43 | 25 Mw/min +36 +16 +100 0 Yes
14 43-23 42-22 | 25 Mw/min +6 4 +13 +28 +120 +100 1 | No Yes
15 22-5 | 256 Mw/min +43 +19 5 +105 Yes
16 6-23 | 25 Mw/min -66 -32 —110 1 No
17 61-39 | 25 Mw/min +4 2 +10 5 +95 | _ 1 No
18 43-21 | 26 Mw/min +5 4 +16 +130 1 No
19 22-5 | 25 Mw/min +4 7 +13 +110 0 No
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pump motor, installation of the spare in the
casing, and closing of the container required
only two days. However, five additional days
were required to replace piping, power cables,
and catwalks, and to conduct hydrostatic and
electrical checkout tests prior to operation of
the spare unit.

During the early days of power operation,
spurious motions of some of the fail-as-is type
hydraulic valves occurred. A test was formu-
lated to determine the causes and the conclu-
sions were that two types of valve drifts were
encountered :

(1) Valves drifted from the closed posi-
tion when the water flash was vented. Air
is normally directed into the top of the wa-
ter flask to operate the valves.

(2) Valves bounced from both the open
and closed positions during the operation of
other hydraulic valves.

During initial plant operation it was found
that both of the self-actuated pressurizer
steam relief valves were leaking. Tests at sev-
eral pressures indicated that the leakage may
have been caused by thermal distortion or
warpage. In September 1958, the primary
plant operating pressure was reduced from
2,000 to 1,800 p.s.i. but the 2,300 p.si. set
pressure for the relief valve was not altered.
During subsequent plant operation, the pri-
mary plant leak rate has decreased from an
average of 30 to 10 g.p.h. indicating that
the valve leakage had been reduced substan-
tially as a result of the spread between oper-
ating pressure and set pressure. The primary
pressure was reduced to 1,800 p.s.i. and the
average primary coolant temperature was de-
creased from 523 to 500° F. to bring to a
safe limit the metallurgical stresses in the type
410 stainless steel housing of the control rod
mechanisms.

On February 3, 1958, leaks were discovered
in several tubes of one of the four steam gen-
erators between the secondary face of the inlet
end tube sheet and the first tube baffle. Exami-
nation of the removed tube sections revealed
that failure was caused by stress corrosion

probably resulting from a combination of
steam blanketing and boiler water chemistry
out-of-specification with respect to free hy-
droxide. During initial plant operation, ex-
cessive blowdown was required to reduce silica
concentration and at this time the boiler water
chemistry could not be maintained within lim-
its. To prevent steam blanketing in the future,
two additional risers were installed between
the inlet tube sheet and the first existing riser.
In addition, sampling lines were installed in
the defective area to determine the presence
of a steam bubble and chemical concentrations.
Other changes included modifications in the
existing boiler sampling connections, the addi-
tion of thermocouples, and changes in the boil-
er water chemistry control to eliminate any
possibility of free hydroxide. The defective
tubes were successfully plugged with blind
nipples and no difficulty has been experienced
since the steam generator went back into serv-
ice on May 14.

Inspection of the turbine moisture separator
in late November 1958, indicated that the in-
ternals had been completely destroyed. Fur-
ther inspection at a later date revealed that
pieces of the turbine moisture separator were
lodged in the turbine low pressure blades. The
possible explanation for this failure is ex-
cessive mechanical vibration.

3. Radiation Levels

In general, measurements of the radiation
intensities within the reactor plant container
at various power levels showed these to be
somewhat lower than predicted. A gradual
increase in proportion to length of plant op-
eration was observed for the first few months,
after which steady-state levels were ap-
proached.

At Full Power

Readings on contact with the 18-inch pri-
mary coolant piping in each boiler chamber,
after steady-state levels had been reached,
showed values ranging from 6 r/hr to 14 r/hr.
The radiation intensities dropped off rapidly
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away from the line. At the sight glass in each
boiler chamber, radiation intensities varied
from 150 to 250 mr/hr. Levels registered at
various points in the containers are shown in
Figure VIII-1 (each level shown is a maximum
for that locality).

In the auxiliary chamber the maximum radi-
ation level in the flash and blow-off tank com-
partment was 1 mr/hr. In the pressurizer
compartment the levels ranged from 100 mr/hr
to 400 mr/hr.

The reactor chamber was not entered dur-
ing operation but readings made at the en-
trances showed a maximum detectable gamma
flux of 6 r/hr. At the same point the thermal
neutron flux was approximately 24,000 nv.

The auxiliary chamber and the purification
valve access cubicle in each of the two boiler
chambers are accessible at any time for mainte-
nance or valving. The radiation intensities in
these areas at full power vary between 0.03
mr/hr and 15 mr/hr, excluding the bottom
level where in some areas a maximum of 150
mr/hr has been found.

50 Percent Power Level

The maximum radiation intensities on con-
tact with the primary coolant lines ranged
from 4 to 8 r/hr; whereas at the boiler sight
glass the intensities were 40 to 90 mr/hr.

Isolated Loop—Full Power

Levels registered at various points in the
boiler chamber after one loop has been shut-
down with the reactor at full power, is shown
in Figure VIIT-2.

Shutdown Levels

The radiation levels recorded after reactor
shutdown are shown in Figure VIII-3. The
levels shown correspond to different lengths of
time after shutdown. The values given for
points in the 1A, 1B, and 1D boiler chambers
were determined 15 hours after shutdown,
while the values shown in the 1C chamber
were determined 30 hours after shutdown.
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The radiation levels in the reactor chamber
were determined approximately 96 hours after
shutdown.

Contamination Levels

Contamination levels throughout the reactor
plant have increased steadily as a result of
increased maintenance, penetration of the pri-
mary coolant system, and the draining of pri-
mary lines and valves. Beta and gamma ac-
tivities have been detected but no alpha
contamination has occurred.

In June 1958, the primary side of one of
the boilers was opened to inspect tube banks
in the heat exchanger; the radiation associated
with the contamination products was a maxi-
mum of 120 mr/hr located inside the primary
coolant line. In the same month, a primary
coolant pump motor failed and had to be re-
placed. The maximum contamination, meas-
ured on the impeller of the pump, was 500
mr/hr. The higher activity level in the pump
is partially explained by the restriction to
coolant flow which permits crud buildup.

4. Corrosion Products in Primary Coolant

The level of fission products in the primary
coolant has been higher than was expected on
the basis of observed levels of uranium con-
tamination in structural materials, although
the level is considerably below design levels.
On the basis of experimental evidence, it is
suspected that one or more defected UO,
blanket rods exist.

Shippingport is the first reactor plant to be
maintained at a pH of 9.5-10.5 by the use of
LiOH addition. One disadvantage of using
LiOH is the formation of tritium which is a
potential hazard from the viewpoint of in-
gestion as a gas. Its maximum permissible
concentration in water is relatively high, how-
ever, since the tritium is present as water. The
reference specification for pH has been very
easy to maintain and small increments of
LiOH had to be added on only few occasions.
The concentration of insoluble corrosion prod-
ucts (crud) has been approximately 3 ppb but
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on one occasion did increase to 60 ppb after
a cold startup. However, the level returned to
3 ppb in a few days.

The specification for dissolved hydrogen
concentration requires 25 to 50 cc/kg of water.
The instrumentation designed to monitor and
record the hydrogen content continuously did
not function properly and therefore a labora-
tory analytical procedure is used daily. Dur-
ing the first nine months of operation the
hydrogen concentration was below specifica-
tion approximately 15 percent of the time, the
lowest determined value being 13cc/Kg, but
nitric acid synthesis had not been detected dur-
ing this period.

5. Conclusion

Most of the data presented on the operating
experience of Shippingport has been extracted
from WAPD-BT-12, Bettis Technical Review,
April 1959, One Year of Operating Experience
at Shippingport. The following is quoted
from the conclusions stated in the report:

The general operational performance of the
Shippingport Atomic Power Station during
the first year has compared quite favorably

540997 0—60——35

with that of conventional coal-fired stations.
Initial startup and loading to full capacity
proceeded on schedule without any major
difficulties or equipment failures; those en-
countered since operation was begun have
not been out of proportion with those of
other conventional stations.
The operating experience to date on the
Shippingport station indicates that it is
simpler to operate than an equivalent coal-
fired station. The principal reason for this
is the minimum of operator actions required
for controlling the reactor. The station as
a whole is extremely stable and highly re-
sponsive to load changes. It can be started
up and shut down much more rapidly than
a coal-fired station and can be operated in
synchronism with the utility system at zero
net output in readiness for instant load de-
mands for extended periods with no adverse
effects. All these factors make it an excellent
load peaking station.

The 334,970 MWe-hours generated by June 1,

1959, through nuclear power supports the con-

clusion reached by the report.



IX. CONSTRUCTION AND OPERATION SCHEDULES

This section contains the following curves  Figure IX-1.—Schedule for Pressurized Wa-

for the pressurized water reactor systems that ter Reactors.
have been built, or are under construction or  Figure IX-2.—Operating History of SM-1.
design: Figure IX-3.—Operating History of Ship-

pingport Atomic Power Station.
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EXPLANATIONS 334,970 MWH

REACTOR SHUTDOWK FOR TESTING AND TRAIMING

OISCOVERED LEAK IN STEAM GENERATOR

REACTOR COOLANT PUMP FAILED

FIRST 1000 HWR. REACTIVITY LIFETIME TEST

REACTOR SHUTDOWN FOR MAINTENANCE AND TESTiNG

SECOND 1000 HR. REACTIVITY LIFETIME TEST

REACTOR SHUTDOWN FOR MAINTENANCE AND TESTING

MOfSTURE SEPARATOR FAILURE DISCOVERED: PLANT REMAINED
SNUTDOWN THROUGH JANUARY, 1959.

REPAIR OF TURBINE GOYERNOR
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1958 1959

F1aUuRre 1X-3.—Operating history of Shippingport Atomic Power Station.



X. PRESENT LIMITATIONS AND PROBLEMS

Some of the present day design limitations
of the pressurized water reactor plant are
listed and described in this section. These
limitations are not necessarily inherent in the
system but represent, rather, inadequacies of
our present technology and point out areas for
potential improvement.

It should be noted that all of the research
and development work now underway, as de-
scribed in Chapter IV, identifies present prob-
lem areas.

A. THE REACTOR CORE

1. Hot channel factors, when both nuclear
and mechanical contributions are considered,
are now no lower than a range of from 3.3 to
4.0 for Fq and 2.3 to 2.7 for Fpr. These fac-
tors are for multicycle, multiregion core load-
ings having a burn up of 5,000 to 10,000
MWD/T per cycle, utilizing control rod fol-
lowers but no chemical shim. The reactors
chosen for the present AEC-PWR study have
an Fq=3.7 and F sv=2.4, which are the same
values specified for the 165 MW Project.

2. Present methods for calculating the life-
time of a core results in uncertainties in the
range of 25 percent.

3. At present, the requirement for no bulk
boiling in the core places a limitation on the
thermal design of the core.

4. The limit for maximum center fuel tem-
perature is set somewhere between 4,500 and
5,000° F. and is based on the design limitation
that melting of the center of the fuel element
shall not occur. Experiments at Hanford and
Chalk River indicate that this limit corre-
sponds to a KW/ft-of-rod value of 15.

5. Maximum heat flux is limited to about
two-thirds of the burnout heat flux. In this
study, the maximum heat flux used is less than
one-half of burnout.
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6. Other problem areas involving the reac-
tor core are being studied under the research
and development programs described in Chap-
ter IV. These R & D programs include:

a. More accurate and precise measurements
of nuclear constants such as cross sections,
and « for U-233, and neutron absorption
resonances for nuclear materials.

b. Development of improved computa-
tional techniques, including simplified codes
to study three dimensional burnup and more
detailed consideration of transport theory.

¢. Critical experiments for multiregion
loadings, low enrichment cores, plutonium
fuels, and for xenon oscillation.

d. Studies on reducing hot channel fac-
tors and control requirements by fuel cy-
cling, power shaping with control rods and
fuel bearing control rod extensions, and by
chemical shim for power operation.

e. Development of improved analytical
techniques for the treatment of the spatial
dependence of reactor kinetics in the reactor
core.

f. Study of autocorrelation techniques to
observe and discount the effects of “noise”
in nuclear instrumentation.

g. Further studies of the properties of
UO..

h. Development of improved fuel pellet-
ing techniques and of advanced fuel fabri-
cation methods such as swaging and extru-
sion.

i. Development of collapsible clad fuel
elements and of improved cladding ma-
terials such as improved zirconium alloys,
iron-aluminum alloys, and sintered alumi-
num powders.

j. Studies of alternate control rod ma-
terials and control rod fabrication tech-
niques.
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%. Development of instrumentation and
control systems to detect boiling in the re-
actor core and to detect and compensate for
xenon oscillations.

B. THE PRIMARY REACTOR SYSTEM

1. The reactor vessel size is limited by the
availability of forgings. About 10-11 inches
is the maximum thickness now available. This
thickness corresponds to an I. D. of about 142
inches for a vessel built to ASME code re-
quirements with a design pressure of 2,500
p-si.

2. Transportability is also a limiting factor
in reactor vessel size. A vessel with an O. D.
of 168 inches is about the largest that can be
shipped by rail. Larger vessels can be shipped
by water.

3. As pointed out in Chapter IV, the effect
of irradiation damage to pressure vessel ma-
terials is a subject of considerable concern.
Experimental evidence indicates a reduction
in impact strength in low alloy steel for in-
tegrated fast fluxes as low as 510 nvt at a
temperature of 500° F.

4. The total number of heat transfer loops
that may be added to a single reactor vessel is
limited by the space requirements for locating
the required number of nozzles into the vessel
and by loop layout.

5. Existing manufacturing and test facili-
ties limit canned motor pumps to pumping ca-
pacities up to 35,000 g.p.m. and 85 p.s.i.
However, present pumps cannot vent during
operation or at any time that the temperature
is below 200° F. and they must maintain a
minimum pressure to avoid stator can collapse.
Operating instructions for large canned motor
primary pumps, for example, usually specify
a minimum pressure of about 200 p.s.i. at the
pump suction inlet.

6. The maximum diameter of a steam gen-

erator tube sheet which can presently be fabri-
cated is limited by available forgings to about
96 inches. This places an upper limit on the
number of steam generator tubes which may
be used.

7. The maximum length of steam generator
tubes is at present about 60 feet. This, com-
bined with the preceding item 6, places an
upper limit on the heat transfer surface area
per steam generator.

8. The presently permissible maximum ve-
locity of primary fluid through the steam gen-
erator tubes is about 20 fps. This, combined
with item 6 above, places an upper limit on
the mass flow rate per loop.

9. Other work mentioned in Chapter IV
which is currently underway on primary re-
actor system problems includes:

a. Studies of the feasibility of using more
economical materials in the primary system;
for example, the use of low alloy steels for
heat exchanger tubing and main piping.

b. Development of inorganic ion exchange
resins that will be radiation stable and ther-
mally stable at reactor temperatures.

¢. Studies of advances in reactor vessel
design such as gasketed closures instead of
seal welds, improved nozzle penetration de-
sign, and the use of “multilayer” construc-
tion.

d. Development of canned motor pumps
of increased size and performance and.im-
provement in bearings, electrical insulation,
and motor cooling.

e. Study of alternatives to the canned mo-
tor pump such as a shaft sealed pump.

C. OTHER COMPONENTS

1. The maximum permissible plate thickness
for the vapor container is presently about 1.5
inches, if designed to ASME Code, because of
stress relief requirements.
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1957.

Outline of PWR Alternate Control Material Informa-
tion Obtained at Beitis, USAEC Report WAPD-
PWR-PMM-1240, Aug. 15, 1957.

E. F. Losco and H. J. SNYDER, Development of Boron-
bearing Materials for Pressurized Water Reactor
(PWR) Control Rods, USAEC Report WAPD-
PWR-PMM-1806, January 1958.

Outline of PWR Alternate Control Material Informa-
tion Obtained at Bettis, USAEC Report WAPD-
PWR-PMM-1840, Feb. 15, 1958,

R. F. DEvINE, Gamma Radiation Levels from De-
posited Fission Products in the Primary System,
USAEC Report WAPD-PWR-PS-2672, Jan. 23,
1957.

N. J. ParraviNo, Functional Requirements for the
PWR Control Rod Mechanisms, USAEC Report
WAPD-PWR-RD-150, Feb. 13, 1956.

N. J. PArLLApINO, Choice of Reference Control Rod
Mechanism for PWR, USAEC Report WAPD-
PWR-RD-155, Feb. 21, 1956.

N. J. PaLrapiNo, PWR Fuel Element Failure Detec-
tion System; P. W. Frank, Appendix: General
Theory of Fuel Element Failure Detection Systems,
USAEC Report WAPD-PWR-RD-229, May 22,
1956.

P. A. HarpINE, PWR Reactor Vessel (Back-up Seal
Development Program), USAEC Report WAPD-
PWR-RD-404, Jan. 22, 1957.

Procedures for the Assembly, Installation and Tesli-
ing of PWR Core 1 Reactor Components and Han-
dling Equipment, USAEC Report WAPD-PWR-
RD-566, September 1958.
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N. J. PaLLapino, PWR 8Seed Metal Thermocouples,
USAEC Report WAPD-PWR-RD-603, May 9, 1958.

N. J. PaLLapiNo, Evaluation of Thermal Performance
of PWR Core 1 During Power Operation, USAEC
Report WAPD-PWR-RD-606, May 9, 1958.

S. CErNI and M. McKEEHAN, Hvaluation of the PWR
Core Instrumentation, USAEC Report WAPD-
PWR-RD-1-75, May 1957.

L. M. Swartz, Limitations on PWR Core I Operation
Imposed by an Open Vapor Container, USAEC Re-
port WAPD-PWR-(RD-1)-194, November 1957.

J. J. BRENNAN, Core Instrumentation Readings,
USAEC Report WAPD-PWR-(RD-1)-198, Nov.
26, 1957.

F. A. GrocHOWSKI, Evaluation of Supplemental Stud-
ies of Core 1 Flow Distribution in a Quarter-scale
Model of the PWR Reactor, USAEC Report WAPD-
PWR-(RD-2)-147, January 1958.

Precritical Primary System Cleanup, USAEC Report
WAPD-PWR-TE-11, July 11, 1958.

K. H. VogeL, PWR Fission Product Activities During
the Performance of DL-8-150, Section II, USAEC
Report WAPD-PWR-TE-12, July 9, 1958.

W. J. GALLAGHER, Flow Distribution in PWR Core I,
USAEC Report WAPD-PWR-TE-13, January
1958.

J. R. CoULTER, Determination of Base Level Primary
Coolant Fission Products, Period IV, USAEC Re-
port WAPD-PWR-TE-14, Aug. 12, 1958.

P. W. Secrist and E. G. SHoCKEY, Core 1 Control
Rod Drive Mechanism Periodic Tests. RSection I,
USAEC Report WAPD-PWR-TE-22, Sept. 17,
1958.

J. R. CouULrTER, Activation and Transport of Long
Lived Corrosion Products, Period IV, USAEC Re-
port WAPD-PWR-TE-31, Sept. 12, 1958.

R. P. CHRISTMAN, Preliminary Shippingport PWR
Physics Test Results After 1690 Equivalent Full
Power Hours, USAEC Report WAPD-PWR-TE-34,
Oct. 30, 1958.

P. A, HALPINE, Outline of PWR Reactor Vessel Test-
ing Program, USAEC Report WAPD-RD-22, Apr.
2, 1955.

N. J. Parrapino, PWR Pressure Vessel Test Program,
USAEC Report WAPD-RD—40, May 26, 1955.

N. J. PaLLapiNO, PWR Pressure Vessel (Flange Ma-
terial) and Minutes of Meeting, CE (Combustion
Engineering, Inc.,) end WAPD, Held at Bettis, May
19, 1955, USAEC Report WAPD-RDm-109, May 23,
1955.

N. J. PaLLapiNno, PWR Reference Blanket Fuel Rod,
USAEC Report WAPD-RDa-60, Aug. 3, 1955.

J. SHERMAN and P. 8. SHERBA, PWR Reference
Fuel Rod Design, USAEC Report WAPD-RDa-T1,
August 1955.

A, M. PoINDEXTER, Low Pressure Control Rod, USAEC
Report WAPD-ReC(A)—4, Aug. 24, 1953.

Investigation of a Seeded PWR, USAEC Report
WAPD-ReL(W)-50(Del.), Jan. 20, 1955.

F. FEINER, Summary Report on Reactor Hazards
Associated with the Pressurized Water Reactor
Flexible Assembly—II, USAEC Report WAPD-SC-
531(Del.), May 14, 1956.

Interim Report on Reactor Hazards Associated with
the Pressurized Water Reactor Plant at Shipping-
port, Pennsylvania, USAEC Report WAPD-SC-540
(Vol. I(Del.)), December 1955.

Interim Report on Reactor Hazards Associated with
the Pressurized Water Reactor Plant at Shipping-
port, Pennsylvania, USAEC Report WAPD-SC-540
(Vol. II1(Del.) ), December 1955.

PWR (EASE) Preliminary Studies, USAEC Report
WAPD-STR-1-192, March 1955.

J. P. Fra~nz and N. F. Simcrc, PWR (EASE) Simu-
lator Study—~Series II, USAEC Report WAPD-
STR-L—494, June 28, 1955.

A Discussion of the Radioactive Waste Disposal
Facilities at the Shippingport Atomic Power Sta-
tion, USAEC Report WAPD-T-387, 1956.

J. R. LaPointE, Estimation of Radioactivity al a
Power Reactor,; Its Treatment and Conirol, USAEC
Report WAPD-T—419, 1956.

J. R. LaPointE and R. D. Brown, Conirol of Readio-
active Material at the Pressurized Water Reactor,
USAEC Report WAPD-T-436, 1957.

J. GLATTER et al.,, The Fabrication of the Zircaloy-2
Components in the Blanket Region of the First
PWR Core, USAEC Report WAPD-T-484, June 30,
1958.

P. W. Fravk and K. H. VogerL, The PWR Failed Ele-
ment Detection and Location System, USAEC Re-
port WAPD-T-559, 1957.

0. J. Wooprurr et al., Nuclear Characteristics of
Thermal Power Reactors. I. Seed-blanket Core
Concept, USAEC Report WAPD-T-583, 1957.

F. J. Lonag, Radiation Monitoring at the Shippingport
Atomic Power Station, USAEC Report WAPD-T-
624 (Rev.).

R. Masnovr and J. D. Roarty, Test Specifications for
the PWR Tests in the Columbia University Tran-
sient Loop, USAEC Report WAPD-TH-238, August
1956.

G. W. MAvURer and A. WEIss, Results of Vertical Up-
flow Pressure Drop Tests with Water at 2000 Psia
for Parallel Flow Through Heated Rod Bundles,
USAEC Report WAPD-TH-437, August 1958.

R. EHRENREICH et al., Radiochemistry of Fifth PWR
Fuel Material Test (X-1-f) X-1 Loop NRX Re-
actor, USAEC Report WAPD-TM-113, March 1958.

C. M. Kine and R. F. Bovie, Heat—A One-dimen-
sional Heat Transfer Equation Code for the IBM-
704, USAEC Report WAPD-TM-155, January 1959.
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Duquesne Light Co., Shippingport, Pa.

H. A. KLEIN, Report on Chemical Treatment of Boiler
Water, USAEC Report AECU-3886, July 14, 1938.
G. RIFENDIFER, Monthly Operating Report for August

1958, USAEC Report AECU-3942.

G. RIFENDIFER, Monthly Operating Report for Septem-
ber 1958, USAEC Report AECU-3943.

Calibration and Intercomparison of Conirol Rods.
Section I. First Performance, USAEC Report
AECU-3944, Oct. 28, 1958.

Determination of Coefficients of Reactivity, Section I.
O-EFPH, USAEC Report AECU-3945, Sept. 6, 1958.

Determination of Coefficients of Reactivity. Section
I. Second Performance—EFPH-156, USAEC Re-
port AECU-3946, Sept. 6, 1958.

Safety Radiation Level Survey. Section II, USAEC
Report AECU-3947, Sept. 16, 1958.

Control Rod Drive Mechanism Precritical and Initial
Critical Tests. Section I, USAEC Report AECU-
3948, Aug. 21, 1958,

Core Instrumentation Calibration. Section III,
USAEC Report AECU-3949, Aug. 28, 1958.

Station Shutdown Test. Section I, USAEC Report
AECU-3950, Sept. 16, 1958.

One Year of Operating Experience at Shippingport,
USAEC Report WAPD-BT-12, Duquesne Light Co.
and Westinghouse Electric Corp., April 1959.

Test for Shield Defects. Section I, USAEC Report
AECU-3951, Sept. 18, 1958.

Initial Radiation Survey. Section I, USAEC Report
AECU-3952, July 30, 1958.

Initial Radiation Survey. Section II, USAEC Report
AECU-3953, Sept. 25, 1958.

Initial Radiation Survey. Section III, USAEC Re-
port AECU-3954, Oct. 20, 1958.

Flow Coastdown Test. Section I, USAEC Report
AECU-3955, Oct. 16, 1958.

Radiation Survey After Shutdown, USAEC Report
AECU-3956, Sept. 12, 1958.

1B Boiler Heat Exchanger Tilt Test. Section I,
USAEC Report AECU-3957, Oct. 10, 1958.

Reactivity Lifetime. Section I. First Performance,
USAEC Report AECU-3958, Oct. 24, 1958.

Periodic Valve Operating System Performance Test.
Section I. First Performance, USAEC Report
AECU-3979, Dec. 18, 1958.

Core Instrumentation Calibration. Section V. Third
Performance, USAEC Report AECU-3982, Dec. 1,
1958.

Station Shutdown Tests. Section 1I, USAEC Report
AECU-3984, Dec. 1, 1958.

Periodic Radiation Survey of Reactor Plant Con-
tainer and Components After Shutdown, “C” Sur-
vey, Section III. First Performance, USAEC Re-
port AECU-3985, Dec. 18, 1958.

Monthly Operating Report for November 1958, USAEC
Report AECU-3986.

Determination of the Chemical Characteristics of the
1B Boiler. Section I, USAEC Report AECU-3987,
Jan. 13, 1959.

Determination of Chemical Characteristics of the 1B
Boiler. Section II, USAEC Report AECU-3997,
Jan. 15, 1959.

Initial Start-up and Low Power Operation Special
Procedure. Section I, USAEC Report AECU-4002,
Jan. 14, 1959.

Reactor Coolant Loop Outage Test. Section I. Second
Performance, USAEC Report AECU-4003, Jan. 15,
1959.

Governor Performance Tests. Section IV. Second
Performance, USAEC Report AECU-4004, January
1959.

Flow Distribution Across the Core. Section II,
USAEC Report AECU—4005, Jan. 13, 1959.

Monthly Operating Report for December 1958, USAEC
Report AECU-4015.

Determination of the Chemical Characteristics of the
1C Boiler. Section III, USAEC Report AECU-
4026, Feb. 9, 1959,

Reactor Automatic Control and Load Swing Tests.
Section I, USAEC Report AECU-4027, Feb. 10, 1959.

Station Start-up Test. Section I, USAEC Report
AECU-4028, Jan. 31, 1959.

Rod Drop Transient. Secltion I, USAEC Report
AECU—4029, Feb. 16, 1959,

Determination of Coefficients of Reactivity. Section
I—560 EFPH. Fourth Performance, USAEC Re-
port AECU-4030, Jan. 31, 1959.

Control Rod Positions for Criticality. Section I.
Third Performance, USAEC Report AECU-4031,
Feb. 12, 1959.

Station Output. Section I, USAEC Report AECU-
4073, Feb. 10, 1959.

Reactivity Lifetime. Section I. Second Performance,
USAEC Report AECU-4078, Mar. 4, 1959.

Periodic Radiation Survey. Section II. First Per-
formance, USAEC Report AECU—4079, Mar. 5, 1959.

Shippingport Atomic Power Station Manual. Volume
I. Operating Guide, USAEC Report TID-7020 (Vol.
1) 1958.

ARDE Associates, Newark, N.J.

R. MARK, Final Stress Analysis of PWR Seed I, Core
I, USAEC Report AECU-3776, October 1957.

Battelle Memorial Institute, Columbus, Ohio

R..W. Dayron and C. R. TipToN, Jr., Progress Relat-
ing to Civilian Applications During March 1956,
USAEC Report BMI-1080 (Del.), Apr. 2, 1956,
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R. W. Dayron and C. R. TriproN, Jr., Progress Relat-
ing to Civilian Applications During August 1957,
USAEC Report BMI-1220 (Del.), Sept. 1, 1957.

L. J. Franean and H. R. Hazarp, Supplementiary
Model Studies of Flow Distribution in the Core of
the PWR Reactor, USAEC Report BMI1-1229, Oct. 7,
1957.

R. W. Dayron and C. R. TiproN, Jr., Progress Relat-
ing to Civilian Applications During January 1958,
USAEC Report BMI-1253, Feb. 1, 1958.

A. R. OrBaN and H. R. Hazarp, Studies of Upper-
plenum Coolant Circulation in a Quarter-scale Air-
flow Model of the PWR, USAEC Report BMI-1258,
Mar. 18, 1958.

R. W. Dayrox and C. R. TirroN, Jr., Progress Relat-
ing to Civilian Applications During April 1958,
USAEC Report BMI-1262, May 1, 1958.

R. W. DayroN and C. R. TretoN, Jr., Progress Relal-
ing to Civilian Applications During August 1958,
USAEC Report BMI-1286, Sept. 1, 1958.

Brewer Engineering Laboratories, Marion, Mass.

G. A. Brewer and Joan C. Wine, Water Hammer
Tests Loop Able PWR Land Reactor, USAEC Re-
port AECU-3854, 1957.

Brookhaven National Laboratory, Upton, N.Y.

Minutes of the Fifth Tripartite Instrumentation Con-
ference, Brookhaven National Laboratory, October
22-26, 1956, USAEC Report TID-7543.

Combustion Engineering, Inc., Chattanooga, Tenn.

J. 8. Hucks and H. K. WiLLiaMs, Thermal Test Re-
port—PWR Test Vessel with Plain Hemispherical
Head, USAEC Report CENC-1001, May 1957.

G. R. BOULDEN, Report of Second Thermal and Pres-
sure Cycling of Head Penetration Sleeve, USAEC
Report CENC-1002, May 1957.

M. N. FELpMAN, Structural Analysis Report—PWR
Pressure Vessel, USAEC Report CENC-1004, July
1957.

J. KUREK, Jr., and JENNINGS SIMMONS, Development
of Secondary Seal for PWR Head Penetrations,
USAEC Report CENC-1006, August 1957.

W. 8. Ric and C. W. LawTtoN, Eaxperimental Test
Report—PWR Full Diameter Test Vessel, USAEC
Report CENC-1011, July 1957.

Division of Reactor Development, AEC, and Argonne
National Laboratory

C. GoopMAN et al, Eeperience with U.S. Nuclear
Power Reactors, A/Conf. 15/P/1075, prepared for
the Second United Nations International Confer-
ence on the Peaceful Uses of Atomic Energy, Sep-
tember 1958,
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Franklin Institute Laboratories for Research and
Development, Philadelphia, Pa.

Tst CEU YEN and R. E. Vining, Jr., Analysis of
Stresses and Deflections in Top Support Grid, PWR
Reactor, USAEC Report AECU-3629 (F-A1971),
June 1957.

Knolls Atomic Power Laboratory

M. E. TamEpaup and C. W. DONNELLY, Removal of
Perchlorethylene from Blind Access Holes by Use
of Vacuum and Heat; R. G. TOWNSEND, Appendiz I:
Minutes of Meeting To Discuss Cleaning of Reactor
Parts Held in Building D-} on December 3, 1954,
Dec. 6, 1954; C. W. DoNNELLY, Appendix II: Dry-
ing Time for Perclene Trapped in Blind Holes by
the Use of Heat and Vacuum, Dec. 15, 1955; C. W.
DoNNELLY, Appendix III: Determination of Resi-
dual Chloride upon Vacuum Evaporation of Per-
clene Solvent, Jan. 11, 1955, USAEC Report KAPL-
M-RCD-29.

Oak Ridge National Laboratory, Tenn,

L. M. Ferris, Decladding of PWR Blanket Fuel Ele-
ments with Aqueous Ammonium Fluoride Solutions,
USAEC Report ORNL-2558, Oct. 9, 1958.

Naval Reactors Branch, AEC, Westinghouse Electric
Corp., and Duquesne Light Co.

The Shippingport Pressurized Water Reactor, Addi-
son-Wesley Publishing Co., Inc., Reading, Mass,,
1958.

Phillips Petroleum Co., Idaho Falls, Idaho

W. H. McVEY, PWR Fuel Processing, USAEC Report
IDO0-14373 (Del.), Mar. 14, 1957.

Stone and Webster Engineering Corp., Boston, Mass.

C. T. CHAVE and O. P. BaLesTrACCI, Vapor Containers
for Nuclear Power Plants, A/Conf. 15/P/1879, pre-
pared for the Second United Nations International
Conference on the Peaceful Uses of Atomic Energy,
September 1958.

Technical Information Service, AEC

Engineering Materials List, May 1958; Supplement 1:
Shippingport Pressurized Water Reactor, July 1958,
USAEC Report TID+4100 (1st Rev. and Suppl. 1).

Westinghouse Electric Corp. Classified Shippingport
PWR Reports

Product Specification for Natural UOs Fuel Com-
ponenis for PWR Core I Blanket Fuel Rods,
USAEC Report TID-5422, Mar. 15, 1957.
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Process Specification for Fusion Welding End Clo-
sures of PWR Core I UO: Fuel Rods, USAEC Re-
port TID-5460, Mar. 25, 1957.

W. A. BosteoM and A. B. RoramaAN, Chemical Sta-
bility of Uranium Dioxide in PWR Water, USAEC
Report WAPD-MDM-3, Apr. 3, 1954.

Pressurized Water Reactor Program Technical Prog-
ress Report for the Period May 5, 1955, to June 16,
1955, USAEC Report WAPD-MRP-54.

Pressurized Water Reactor Program Technical Prog-
ress Report for the Period February 23 to April 23,
1956, USAEC Report WAPD-MRP-61.

Pressurized Water Reactor Program Technical Prog-
ress Report for the Period April 23 to June 23, 1956,
USAEC Report WAPD-MRP-62.

E. F. Losco, Physics Worth, Preliminary Corrogion
Tests, and Irradiation Tests on Alternate PWR Con-
trol Rod Materials, USAEC Report WAPD-PWR-
PMM-556, June 5, 1956.

Battelle Memorial Institute

R. W. Dayron and C. R. T1pTON, Jr., Progress Relat-
ing to Civilian Applications During August 1957,
USAEC Report BMI-1220, Sept. 1, 1957.

Ford Motor Co., Dearborn, Mich.

C. W. PuiLries et al.,, The Applicability of High Pro-
duction Methods to Nuclear Power Reactor Fuel
Element Fabrication, USAEC Report TID-5431,
July 1, 1956.

Phillips Petroleum Co., Idaho Falls, Idaho

W. H. McVEY, PWR Fuel Processing, USAEC Report
IDO0O-14373, Oct. 20, 1954.

B. ARMY PACKAGE POWER REACTOR

Division of Reactor Development, AEC

Reactor Conitrol Meeting Held in Los Angeles, March
6-8, 1957, USAEC Report TID-7532 (Pt. 1), Oc-
tober 1957.

Division of Reactor Development, AEC, and Argonne
National Laboratory

C. GoobMAN et al., Experience with U.S. Nuclear
Power Reactors, A/Conf. 15/P/1075, prepared for
Second United Nations International Conference on
the Peaceful Uses of Atomic Energy, September
1958.

Advanced Scientific Techniques Research Associates,
Milford, Conn.

W. P. BEreGREN and H. R. KrROEGER, Temperature Dis-
tribution and Thermal Stress in Reactor Core
APPR-1, USAEC Report APAE-Memo—43, Feb. 15,
1956.

H. R. KrOEGER et al.,, The Effect of Gamma Heating
on the APPR-1 Pressure Shell, USAEC Report
APAE-Memo—-85, September 1956.

H. R. KrOEGER, The Effect of Gamma Heating on the
APPR-1 Pressure Vessel New Design, USAEC Re-
port APAE-Memo-86, July 1956.

J. F. CONEYBEAR et al., Pump Failure of the APPR-1,
USAEC Report APAE-Memo—87, May 1956.

Stone and Webster Engineering Corp.

C. T. CHAVE and O. P. BALESTRACCI, Vapor Containers
for Nuclear Power Plants, A/Conf, 15/P/1879, pre-
pared for the Second United Nations International
Conference on the Peaceful Uses of Atomic Energy,
September 1958.

RCA Service Co., Inc., Camden, N.J.

Computer Description-APPR-I Simulator, USAEC Re-
port NYO-8897, Dec. 15, 1958.

Nuclear Development Corporation of America, White
Plains, N.Y.

A. E. Surosky, Fabrication and Quality Control Meth-
ods for Army Package Power Reactor Fuel Ele-
ments, USAEC Report NDA-2063-6, Feb. 28, 1958.

Sylvania-Corning Nuclear Corp.

Development of Fabrication Techniques and Manu-
facturing Specifications for APPR Fuel Plates,
USAEC Report SCNC-262, April 1958.

Massachusetts Institute of Technology, Oak Ridge,
Tenn., Engineering Practice School

F. D. Mirarpr and A. D. RossiN, Carrier Degign of
Irradiated APPR Fuel Elements, USAEC Report
KT-178, Nov. 17, 1954.

Aleco Products, Inc.

K. KasscHAU, Design and Operation of the APPR—1,
A/Conf. 15/P/1926, prepared for the Second United
Nations International Conference on the Peaceful
Uses of Atomic Energy, September 1958.

Hazards Summary Report for the Army Package
Power Reactor, USAEC Report APAE-2, July 27,
1955.
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J. L. MEeM and F. B. FamrBanks, Shielding Require-
ments for the Army Package Power Reactor,
USAEC Report APAE-3 (Del.), May 1, 1956.

J. L. Meem (Ed.) ; Supplement, J. W, Noaks, Haezards
Summary Report on the Zero Power Experiments
for the Army Package Power Reactor, USAEC Re-
port APAE-5 and Supplement, Jan. 27, 1956.

J. G. GarrLacHeEr (Ed.), Reactor Analysis for the
Army Package Power Reactor No. 1, USAEC Re-
port APAE-T7, May 29, 1956.

J. W. Noaks and W. R. JounsonN, Army Package
Power Reactor Zero Power Experiments (ZPE-1),
USAEC Report APAE-8, Feb. 8, 1957.

Phase III Design Analysis for the Army Package
Power Reactor. Volume I. Design Analysis. Vol-
ume II. Fabrication and Construction Drawings,
USAEC Report APAE-10 (Vols. I and II), Aug.
15, 1956.

L. B. FamBaNKS (Ed.), Predicted Core Performance
for the Army Package Power Reactor No. 1, USAEC
Report APAE-11, Aug. 31, 1956.

Phase IIT Report for the Army Package Power Re-
actor Field Unit No. 1-APPR-1a, Report APAE-17
(Vol. I), May 15, 1957. (Classified)

J. L. Meem (Ed.), Initial Operation and Testing of
the Army Package Power Reactor APPR-1, USAEC
Report APAE-18, Aug. 9, 1957.

Initial Operation and Testing of the Army Package
Power Reactor; Construction and Operational
Problems and Delays, USAEC Report APAE-18
(Suppl. 1), Mar. 20, 1958.

W. J. SMALL et al., Long-Lived Circulating Activity
in the Army Package Power Reactor, USAEC Re-
port APAE-20, Aug. 28, 1957.

J. W. Noaks (Ed.), Extended Zero Power Ewxperi-
ments on the Army Package Power Reactor-ZPE-2,
USAEC Report APAE-21, Nov. 15, 1957.

APPR~1: Design, Construction and Operation, USAEC
Report APAE-23, Nov. 20, 1957.

A. L. Mepin (Ed.), Literature Survey for Activity
Build-up on Reactor Primary System Components,
USAEC Report APAE-25, Jan. 15, 1958.

JI. L. Zegeer et al., Radiochemistry Analysis of Crud
from the Army Package Power Reactor, USAEC
Report APAE-26, Feb. 15, 1958.

B. J. Byrne (Ed.), Analysis of Extended Zero Power
Ezperiments on the Army Package Power Reactor—
ZPE-2, USAEC Report APAE-27, May 7, 1958.

H. L. WeinBere and J. K. Lestie (Eds.), APPR-1
Siz Month Operating Contract Report, USAEC Re-
port APAE-28 Apr. 18, 1958.

H. L. WeinBere and J. K. Lesuie (Eds.), Health
Physics Report, ADDENDUM TO APPR-1 SIX
MONTH OPERATING CONTRACT REPORT,
USAEC Report APAE-28 (Add.), Sept. 25, 1958.
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Corrosion Product Activity in the Primary System of
the Army Package Power Reactor, USAEC Report
APAE-29, Apr. 15, 1958.

Army Package Power Reactor APPR-1 Operating
Manual and Inspection and Service Manual, USAEC
Report APAE-30, February 1958.

A. L. MEpIN, Review of the Corrosion Product Radio-
activity Program at the Army Package Power Re-
actor, USAEC Report APAE-31, Apr. 25, 1958.

T. G. WiLLiamsoNn (Ed.), Reactor Analysis—-APPR-1
Core II, USAEC Report APAE-32, July 15, 1958.
Bi-Metallic Tube Steam Generator for APPR. Volume

I. Specifications; Volume II. Installation Pro-
cedures,; Volume III. Chemical Technology Design
Analysis, USAEC Report APAE-34 (Vols. I-III),

June 25, 1958.

Bi-Metallic Tube Steam Generator for APPR-1. Vol-
ume II. Installation Procedures, USAEC Report
APAE-34 (Vol. I1, Suppl. 1), Jan. 9, 1959.

S. 8. RoseNn (Ed.), APPR-1 Research and Develop-
ment Program,; Shielding Experiments and Analy-
ses-Task No. VI, USAEC Report APAE-35 and
Suppl. 1, Oct. 15, 1958.

W. M. 8. RicHArDs (Ed.), APPR-1 Research and De-
velopment Program. Design Analysis for Flow and
Temperature Measurement Program. Task No. V,
USAEC Report APAE-37, Sept. 26, 1958.

J. O. BronpEL (Phase I) and J. R. TomonTOo (Phase
I1), Plant Transient Analysis of the APPR-1 by
Analog Computer Methods. Task No. IV, USAEC
Report APAE-38, Oct. 1, 1958.

Preliminary Design Study of APPR-1B PWR-Steam-
Electric Station-Preliminary Design Study of Steam
Blectric Conversion System, Report APAE-40 (Vol.
1), Deec. 11, 1958.

Preliminary Design Study of SM-2 (APPR-1B) PWR-~
Steam Electric Station—Preliminary Design Study
of Reactor System and Auxiliaries, Report APAE—40
(Vol. 1I), June 5, 1959.

Joun L. Zeeeer and GuyoN P, PANCER, APPR-1 Re-
search and Development Program Decontamination
Program. Task II. Volume I. Contamination and
Decontamination in Nuclear Power Reactors,
USAEC Report APAE-43 (Vol. I), Feb. 13, 1959.

J. L. Zeeser and G. P. PaNcEr, APR-I Re-
search and Development Program. Decontamina-
tion Program. Task II. Volume II. Evaluation
of Chemical Agents for Nuclear Reactor Decon-
tamination, USAEC Report APAE-43 (Vol. II),
Feb. 15, 1959.

G. P. Pancer and J. L. Zrecer, APPR-1 Re-
search and Development Program. Decontamina-
tion Program. Task II. Volume III. Recom-
mended Procedure for Decontamination of a Stain-
less Steel Steam Generator, USAEC Report APAE-
43 (Vol. III), Feb. 13, 1959.
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W. 8. BrowN and R. A. Hassrg, Short-Lived and Pis-
sion Product Activity in the SM—1 Primary Coolant.
Final Report. Task III, USAEC Report APAE-44,
Mar. 10, 1959.

R. L. MurrAY, Theory of Asymetric Arrays of Control
Rods in Nuclear Reactors, USAEC Report APAE-48,
Apr. 25, 1959.

Annual Report of Operations (TO BE ISSUED
UNDER CONTRACT NO. AT(30-3)-326.)

J. G. GALLAGHER et al., Oritical Mass Calculation for
APPR-1 Critical Eaxzperiment, USAEC Report
APAE-Memo-1, Sept. 23, 1955.

P. V. OBy and J. G. GALLAGHER, Interpretation of Ex-
perimental Fluw and Power Data on the APPR-1
Critical Experiment, USAEC Report APAE-
Memo-2A, Dec. 23, 1955.

H. W. GiesrLERr and J. G. GALLAGHER, Calculation of
Control Rod Worth in APPR-1, USAEC Report
APAE-Memo-5, Dec. 23, 1955.

C. G. JounsoN, Thermal Analysis of APPR-1 at Mid-
life, USAEC Report APAE-Memo-6 (Del.), Jan. 2,
1956.

F. B. FAIRBANKS, APPR-1 Awxial Non-Uniform Burn
Up—Initial Studies, USAEC Report APAE-
Memo-13, Mar. 28, 1956.

J. G. GALLAGHER, Hot Channel Factors and Power
Distributions for the APPR-1, USAEC Report
APAE-Memo-17, May 7, 1956.

R. D. RoBerTsSON, Current Status of APPR-1 Fuel
Element Metallurgy, USAEC Report APAE-
Memo-29, July 23, 1956.

C. H. HARrVEY, Thermal Analysis of APPR-1 Core III,
USAEC Report APAE-Memo-57, Sept. 17, 1956.
H. W. GiesLter (Ed.), Results and Analysis of the
APPR~1 Zero Power Experiments. Part 1, USAEC

Report APAE-Memo-61, Nov. 7, 1956.

J. L. MeeM and G. W. KnigaroN, Emergency Shui-
down of the APPR-1 by Poisoning with Boron,
USAEC Report APAE-Memo-68, Nov. 26, 1956.

B. M. BaiL, Health Physics Manual for the Army
Package Power Reactor, USAEC Report APAE-
Memo-78 (Rev. III), Jan. 18, 1957.

W. R. Jounson and P. V. OBy, Neutron Flux Sup-
pression in APPR Control Rods, USAEC Report
APAE-Memo-79, Jan. 10, 1957.

Corrosion Product Activily in the Primary Coolant
and the Demineralizer for the APPR-1a and the
APPR—-1, Report APAE-Memo—84, Feb, 5, 1957.

F. B. FaiReaNkS and J. G. GALLAGHER, APPR-1 Con-
trol Rod FEaxperiments and Calculations, USAEC
Report APAE-Memo-92, Mar. 6, 1957.

J. O. BroNDEL, APPR-1 Hot Channel Factors, Re-
Bvaluation on the Basis of Manufacturing Experi-
ence and Zero Power Experiments, USAEC Re-
port APAE-Memo-96, May 6, 1957.
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J. G. GaLLAGHER and T. M. SiLks, Effect of APPR-1
Control Rod Acceleration After Scram on Startup
Accident, USAEC Report APAE-Memo-97, Apr. 23,
1957.

R. C. DeYoune, Shielding Calculations for APPR-1
Demineralizer Shipping Containers, USAEC Report
APAE-Memo-98, Apr. 26, 1957.

E. C. EpGAR, Inspection of Dummy Fuel Loading
Used During the Non-Critical Test Run, USAEC
Report APAE-Memo-99, June 3, 1957.

G. W. KN16HTON, Results of Investigation of APPR-1
Steam Generator Deficiency in Superheat, USAEC
Report APAE-Memo-104, June 1957.

J. P. TuLLy et al.,, Control Rod Drive Development,
USAEC Report APAE-Memo-106, Aug. 15, 1957.

J. O. BRONDEL, Comparison of Predicted and Actual
Control Rod Drop Time Following Scram of the
APPR-1, USAEC Report APAE-Memo-107, July 12,
1957.

S. M. INGeNERL, Coolant Flow Tailoring Progrem of
the APPR—-1 Core Employing a Full Scale Model of
the Reactor Vessel, USAEC Report APAE-Memo—
108, Nov. 15, 1957.

Short-Lived Circulating Activity in the Army Pack-
age Power Reactor, Report APAE-Memo-109, Aug.
28, 1957.

H. W. GIESLER, Additional Measurements on the
Army Package Power Reactor Zero Power Experi-
ments: ZPE-1 and ZPE-2, USAEC Report APAE-
Memo-115, Nov. 15, 1957.

APPR—-1 Burnout Calculations, Report APAE-Memo—
126, Apr. 10, 1958.

J. O. BrONDEL, APPR-1 Reactor Transient Analysis.
Volume I. Basic Kinetic Model and Equations,
USAEC Report APAE-Memo-127(Vol. 1), Apr. 25,
1958.

S. 8. RosEN et al., Primary Shielding Calculations on
the IBM 650 (ROC CODES), USAEC Report
APPE-Memo-142, Oct. 15, 1958.

Notes on Decay Heating After Power Failure, Report
APAE-Memo-144.

Gamma Production in Core and Primary Shield of
Thermal Reactors, Report APAE-Memo-145, Oc-
tober 1958.

APPR-1B Reactor Core and Vessel Progress Report,
Sept. 16, 1958-0ct. 25, 1958, Report APAE-Memo-
150.

J. Love, Thermal Design Criteria for APPR Pressur-
ized Water Reactors, USAEC Report APAE-Memo-
157, Nov. 26, 1958.

APPR-1B Reactor Core and Vessel Progress Report,
Oct. 26, 1958-Dec. 4, 1958, Report APAE-Memo-
160.

APPR-1B Reactor Core and Vessel Progress Report,
Dec. 5, 1958-Dec. 31, 1958, Report APAE-Memo-
166.
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APPR~1B Reactor Core and Vessel Progress Report,
Jan. 1, 1959—Jan. 23, 1959, Report APAE-Memo—-
170.

SM-2 (APPR-1B) Reactor Core and Vessel Review
Report, Dec. 5, 1958-Feb. 13, 1959, Report APAE-
Memo-173.

R. W. BENNEIT et. al, Rolling and Welding Type
430M Tubes to Stainless Steel Owverlaid Carbon
Steel Tube-Sheets. SM-1(APPR-1) Research and
Development Program Task No. X, USAEC Report
APAE-Memo-175, Feb. 16, 1959.

8. D. MacKAY et al.,, SM-1 (Formerly APPR~1) Re-
search and Development Program; Interim Report
on Oore Measurements. Task No. VII, USAEC Re-
port APAE-Memo-178, Mar. 1, 1959.

SM-2 Vault Criticality, Report APAE-Memo-179, Feb.
27, 1959.

SM-2 Vault Criticality,
(Supp. 1), Apr. 3, 1959.

SM-2 Vault Criticality,
(Suppl. 2), Apr. 22, 1959.

SM-1 (APPR-1) Research and Development Pro-
gram Activity Buildup Program Task I. Status
Report. Feb.—Nov. 1958, Report APAE-Memo-180,
Mar. 1, 1959. \

I. BERETSKY and S. PACINE, A Boiling Water Analysis
on the IBM-650-ABWAC-MNC, Program No. 302,
USAEC Report APAE-Memo-181, Mar. 10, 1959.

I. BEreTskY and P. V. OBY, Atbac Check Calculation
on the IBM—650 Program No. 303, USAEC Report
APAE-Memo-183, Mar. 13, 1959.

SM-2 (APPR-1B) Reactor Core and Vessel Progress
Report, Feb. 14, 1959-Mar. 24, 1959, Report APAE-
Memo-185.

SM-2 (APPR-1B) Design Program Task 12-Chemical
Control. Feasibility of Partial Chemical Control
for SM-2, Report APAE-Memo-190, May 15, 1959.

SM-2 (APPR-1B) Reactor Core and Vessel Progress
Report, Report APAE-Memo-192, Mar. 25, 1959-
Apr. 2, 1959.

A Study of the Loss of Flow Accident of the SM-2
Reactor Using the IBM-704, Report APAE-Memo-
193, May 1, 1959.

SM-2 Reactor Core and Vessel Review Report, Jan.
14, 1959-May 27, 1959, Report APAE-Memo-197.
Activity Buildup Testing Program Contract No. AT
(30-3)-826, Task I, Mar. 21, 1958-Apr. 20, 1958,

Alco Progress Report No. 3.

Activity Buildup Testing Program Contract No. AT
(30-3)-326, Task I, Apr. 21, 1958-May 20, 1958,
Alco Progress Report No. 4.

Activity Buildup Testing Program Contract No. AT
(30-3)-326, Task I, May 21, 1958-June 20, 1958,
Alco Progress Report No. 5.

Report APAE-Memo-179

Report APAE-Memo-179

Martin Company

The Martin Power Reactor, A Packaged and Air
Transportable Nuclear Power Plant, Report MND-
RP-657-9, June 1957.

E. J. Lemanskr and J. JicHA, Engineering Evalu-
ation of Local Boiling in @ Pressurized Water Re-

actor, Report MND-RP-657-11, June 1957.

R. ROSENTHAL and W. OSMEYER, Zero Power Test
Studies on the Martin Power Reactor, Report
MND-RP-558-15, June 1958.

The Lifetime of a Pressurized Water Reactor as a
Function of Radial Fuel and Burnable Poison Dis-
tribution, Report MND-RP-558-18, June 1958.

Oak Ridge National Laboratory, Tenn.

J. B. CunNINGHAM and R. J. BEAVER, APPR Fuel
Technology, A/Conf. 15/P/1925, prepared for the
Second United Nations International Conference on
the Peaceful Uses of Atomic Energy, September
1958.

W. R. GAL and J. D. MaronEY, Package Power Re-
actor No. 1 Steam Cycle Calculations, USAEC Re-
port CF-53-3-213, Mar. 30, 1953.

J. E. CUNNINGHAM, Specifications on Stainless Steel
STR Irradiation Test Element, USAEC Report CF-
55-1-113, Jan. 21, 1956.

J. G. GALLAGHER, Alternate Core and Reflector De-
signs for the APPR, USAEC Report CF-55-2-101,
Feb. 15, 1955.

J. G. GALLAGHER, Effect of Core Design on the Reac-
tivity Change During the Lifetime of the APPR.
USAEC Report CF-55-3-183, Mar. 29, 1955.

J. G. GaLLacHER and M. L. WinsToN, Derivation of
the Thermal Kinetic Equations for the Package
Reactor, USAEC Report CF-55-4-53, Apr. 13, 1955.

R. J. BEaver and M. J. FeLoMaN, MTR Test No. 8 of
APPR Fuel Element, USAEC Report CF-55-4-163,
Apr. 28, 1955.

J. G. GarracHER and R. R. BATE, Boron Plate Specifi-
cations for APPR Critical Exzperiment, USAEC Re-
port CF-55-5-32, May 4, 1955.

R. J. BEAVER, Specifications for Stainless Steel MTR
Irradiation Test Element. Irradiation Request
ORNI-17, USAEC Report CF-55-6-31, June 2,
1955.

H. G. BLOSSER, Conirol Rod Absorber Section Specifi-
cations for APPR Oritical Experiment, USAEC Re-
port CF-55-6-165, June 28, 1955.

J. G. GALLAGHER, Two-Group Calculations for a Steel-
Water Critical Experiment and the APPR, USAEC
Report CF-55-9-167, Sept. 28, 1955.

J. G. GALLAGHER et al., Test Element for APPR
Critical Experiment, USAEC Report CF-55-11-66,
Nov. 9, 1955.
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D. V. P. WiLLiaMms, Preliminary Results of APPR
Crtical Experiments. Part II, USAEC Report CF-
55-11-165, Nov. 29, 1955.

D. V. P. WiLLiams, Preliminary Resulls of APPR
Critical Experiments. Part 111, USAEC Report CF-
56-2-115, Feb. 8, 1956.

E. E. Gross and F. H. NriLL, Test of APPR Type
Contrnol Rod in the MTR, USAEC Report CF-56-
5-6, May 1, 1956.

F. H. NE1nLL and C. F. LerrtEN, Jr., Phase I Absorber
Rod Sample Irradiation. Irradiation Request
ORNL-MTR-28, USAEC Report CF-56-6-173, June
27, 1956.

E. E. Gross and L. D. ScHAFFER, APPR-1 Type Ab-
sorber Rod Irradiation Test—Irradiation Request
ORNL-MTR-29, USAEC Report CF-57-1-32, Jan.
4, 1957.

E. E. Gross, Estimate of the Ratio of Ta™ to Co*
Activity Hxpected in the APPR—1 Core, USAEC Re-
port CF-58-2-32, Feb. 10, 1958.

J. E. CunNineHAM and R. J. BEAVER, Specifications
and Fabrication Procedures for APPR-1 Core II
Stationary Fuel Elements, USAEC Report CF-58-
772, July 15, 1958.

F. G. K1178 et al.,, The Darex Process: Progress Since
the 1958 Geneva Conference, USAEC Report CF-
58-11-82, Nov. 28, 1958.

D. V. P. WmLiaMs et al.,, Army Package Power Re-
actor Critical Experiment, USAEC Report ORNL-
2128, Aug. 21, 1956.

R. J. BEaVER et al., Specifications for Army Package
Power Reactor (APPR-1) Fuel and Conitrol Rod
Components, USAEC Report ORNL-2225 Aug. 7,
1957.

R. J. BrAVER et al, Investigation of the Factors Af-
fecting Sensitization of Army Package Power Re-
actor (APPR-1) Fuel Elements, USAEC Report
ORNL-2312, Oct. 8, 1957.

Electronuclear Research Division Annual Progress
Report for Period Ending October 1, 1957, USAEC
Report ORNL-2434, Apr. 29, 1958.

J. E. Cun~NiNnaHAM et al.,, Specifications and Fabrica-
tion Procedures for APPR-1 Core II Stationary
Fuel Elements, USAEC Report ORNL-2649, Feb.
11, 1959.

Technieal Information Service, Oak Ridge, Tenn.,

R. S. LiviNnesTON, A Conceptual Design for the
Army Package Power Reactor, Nuclear Sci. and
Technol.,, 1(1-3): 103-123(1955), USAEC Report
TID-2506(Del.).

K. KasscHAU, Army Package Power Reactor, American
Locomotive Co. Proposal, Nuclear Sci. and Technol.,
1A (2) : 231-243 (August 1955), USAEC Report TID-
2507 (Del.).
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C. NS-SAVANNAH REACTOR

Atomic Energy Commission and Maritime
Administration

Proceedings of the 1958 Nuclear Merchant Ship Sym-
posium, Held in Washington, D.C., August 21, 1958,
USAEC Report TID-7563, 1958.

American Institute of Chemical Engineers

Design of the Power Plant for the First Nuclear
Merchant Ship, NESC Preprint 69, Mar. 17, 1958.
Reactor Physics and Core Design of the Merchant
Ship Reactor, NESC Preprint 96, Mar. 17, 1958.

Babeock & Wilcox Co.

Nuclear Merchant Ship Reactor Critical Experiment,
USAEC Report BAW-1023, October 1957.

Nuclear Merchant Ship Reactor Project Technical
Progress Report for the Period April 1, 1957-Oc-
tober 1, 1957, USAEC Report BAW-1038.

Nuclear Merchant Ship Reactor Project Quarterly
Technical Report for October—-December 1957,
USAEC Report BAW-1042(Rev.).

Nuclear Merchant Ship Reactor Project Status Report
on Reactor Safeguards Analysis, USAEC Report
BAW-1044(Rev. 1), May 9, 1958.

D. W. MontcoMERY, The Effects of Fission Product
Leakage of the NMSR Plant, USAEC Report BAW-
1110, May 1958.

M. A. TURNER, NMSR Fission Product and Neutron
Activation Dose Rates, USAEC Report BAW-1114,
July 1958.

Preliminary Safeguards Report, Report BAW-1117.

J. E. LEMMonN and J. C. ELLINGTON, Containment Pres-
sure Analysis Report, USAEC Report BAW-1123,
Oct. 10, 1958.

Preliminary Safeguards Report, Report BAW-1150.

Battelle Memorial Institute

R. S. Boyp et al, Simulation of Various Accident
Considerations for a Merchant-Ship Pressurized-
Water Reactor, USAEC Report BMI-1269, Aug. 25,
1958.

H. N. CULvVER, Trip to Alco Products, KAPL, Com-
bustion Engineering Co. and Ft. Belvoir (APPR).
Re: Cooling Water Activity Buildup in Pressurized
Water Reactors, USAEC Report CF-58-8-2, Aug.
1, 1958.

Maritime Reactor Project Annual Progress Report
for Period Ending Novemnber 30, 1958, USAEC Re-
port ORNL-2657, Feb. 5, 1959.

United Nations—Procedures on Peaceful
Atomic Energy, 1958.

The Use of Nuclear Enerqy for Purposes Other than
the Generation of Electricity, 1958.

Uses of
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Society of Naval Architects and Marine Engineers

R. P. GoopwIN and D. L. WorF, Design Considerations
in Nuclear Merchant Ships, A/Conf. 15/P/1023, pre-
pared for the Second United Nations International
Conference on the Peaceful Uses of Atomic Energy,
September 1958.

Virginia University
J. L. MEEM, Cobalt Activity Buildup in the Nuclear

Merchant Ship Reactor, USAEC Report BAW-1130,
Oct. 1, 1958.

Walter Kidde Nuclear Laboratories, Inc.

W. C. BarTELS, Nuclear Studies for the Nuclear-
Powered Merchant Ship, WKNL-98, Aug. 2, 1957.

D. INDIAN POINT REACTOR
Babcock & Wilcox Co.

Core Design and Characteristics Consolidated Edison
Reactor, Report BAW-9(Rev. 3), Aug. 18, 1958.

F. Warp, Babcock & Wilcox Co., The Consoli-
dated Edison Thorium Reactor, in Thorium-U™*
Symposium, Sponsored by the United States Atomic
Energy Commission at Brookhaven National Lab-
oratory, January 9-10, 1958, USAEC Report BNL-
483, pp. 23-35.

G. R. MILNE et al.,, The Consolidated Edison Company
of New York Nuclear Electric Generating Station,
A/Cont, 15/P/1885, prepared for the Second United
Nations International Conference on the Peaceful
Uses of Atomic Energy, September 1958.

Intermediate Hazards Summary Report in Consoli-
dated Edison Company License File, Docket No.
50-3, Exhibit K-5.

New York University

B. Davipson and J. Havirsky, Evaluation of Potential
Radiation Hazerd Resulting from Assumed Release
of Radioactive Wastes to Atmosphere from Proposed
Buchanan Nuclear Power Plant, April 1957,

Oak Ridge National Laboratory

A. R. IrvINE et al., Request for Preliminary Critical-
ity Review of Reactor Fuel Reprocessing Schemes,
USAEC Report CF-58-9-77, Sept. 24, 1958.

E. YANKEE ATOMIC ELECTRIC REACTOR

WESTINGHOUSE ELECTRIC CoRP., Yankee Atomic Elec-
tric Oo., Research and Development Program. Ref-
erence Design—July 20, 1956, USAEC Report
YAEC-1, May 29, 1957.

Reactor Research and Development Survey—June 18-
22, 1956, Report YAEC-2. (Classified)

Development Program Under AT(30-3)-222 for Yan-
kee Atomic Electric Company, Report YAEC-3,
Aug. 24, 1956.

Development Program, June 6-December 31, 1956,
Report YAEC—4 (Rev.).

Reactor Core Comparisons, Report YAEC-6, Oct. 24,
1956. (Classified)

E. A. McCasg, Jr., et al.,, Reactor Core Comparisons,
USAEC Report YAEC-6(Rev.), Westinghouse Elec-
tric Corp., Aug. 1, 1957.

YAnkeEe ArtoMmIic Erecrric Co., Quarterly Progress
Report for June 6, 1956 to September 30, 1956,
USAEC Report YAEC-7, Oct. 30, 1956.

Monthly Progress Report, October, 1956, Report
YAEC-8.

Research and Development Program, January 1-June
30, 1957, Report YAEC-9(Rev. 1).

Technical Information Survey Under the Yankee
R&D Program, Report YAEC-10, Dec. 31, 1956.
Monthly Progress Report, November, 1956, Report

YAEC-12.

WESTINGHOUSE ELECTRIC CoORP., Yankee Atomic Elec-
tric Company, Research and Development Program.
Quarterly Progress Report for September 30 to
December 31, 1956, USAEC Report YAEC-13(Rev.
1), Jan. 22, 1957.

Reactor Technical Information for the Preliminary
Hazard Summary Report, Report YAEC-14, Dec.
14, 1956.

YANXEE Atomic Erectric Co., Monthly Progress Re-
port for January 1957, USAEC Report YAEC-17,
Feb. 18, 1957.

YANKEE AroMmic Eiectric Co., Monthly Progress Re-
port for February 1957, USAEC Report YAEC-19,
Mar. 25, 1957.

I. H. Coex and R. A. Storrz, Quarterly Progress Re-
port for the Period January 1, 1957, to March 15,
1957, USAEC Report YAEC-20, Westirighouse Elec-
tric Corp., Apr. 25, 1957.

Development Program, July 1-December 31, 1957, Re-
port YAEC-21,

Development Program, July 1 to December 31, 1957,
YAEC-21(Addendum).

B. H. AxersonN et al., Instrumentation and Conirol
Preliminary Functional Requirements, USAEC Re-
port YAEC-22, Westinghouse Blectric Corp., Apr.
26, 1957.

B. V. AnpErsoN and P. B. Haga, Oonceptual Study
of the Fuel Handling System for the Yankee
Atomic Electric Company, USAEC Report YAEC-
23, Westinghouse Blectric Corp., Dec. 28, 1956.

I. H. CoeN and R. A. StoLrz, Monthly Progress Re-
port for March 1957, USAEC Report YAEC-24,
Westinghouse Electric Corp., Apr. 15, 1957.
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I. H. CoeNn and R. A. BIRKEL, Monthly Progress Re-
port for the Period April 1957, USAEC Report
YAEC-26, Westinghouse Electric Corp., May 20,
1957.

C. F. OBerMESSER, Thermal Stability of the Yankee
Nuclear Power Plant, USAEC Report YAEC-27,
Westinghouse Electric Corp., May 15, 1957.

I. H. CoEN and R. A. BIRKEL, Information Availability
Report for the Period Ending June 30, 1957, USAEC
Report YAEC-30, Westinghouse Electric Corp,,
Sept. 30, 1957.

W. H. ArNoOLD, Jr., et al., Yankee Critical Experiments,
Hazards Summary Report, USAEC Report YAEC-31
(Add. 1 and 2), Westinghouse Electric Corp., May
31, 1957.

Yankee Critical Experiments, Hazards Summary Re-
port, Report YAEC-31 (Suppl. 1): Suppl. 1
(5/1/58), Suppl. 2 (7/1/58).

I. H. CoEN and R. A. BIRKEL, Monthly Progress Report
for the Period May 1957, USAEC Report YAEC-32,
Westinghouse Electric Corp., June 20, 1957.

E. W. RupeeN, Study to Determine Hconomic Main
Coolant System Parameters for Yankee Project,
USAEC Report YAEC-33, Westinghouse FElectric
Corp., Mar. 7, 1957.

I. H. Coex and R. A. BIRKEL, Monthly Progress Report
for the Period June 1957, USAEC Report YAEC-34,
‘Westinghouse Electric Corp., July 15, 1957.

I. H. Coen and R. A, BrkEL, Quarterly Progress Re-
port for the Period March 16, 1957, to June 20, 1957,
USAEC Report YAEC-35, Westinghouse Electric
Corp., July 30, 1957.

I. H. CoeNy and R. A. BIrRxEL, Monthly Progress Re-
port for the Period July 1957, USAEC Report
YAEC-38, Westinghouse Electric Corp., Aug. 15,
1957.

I. H. Coen and R. A. BirkEL, Monthly Progress Re-
port for August 1957, USAEC Report YAEC—40,
Westinghouse Electric Corp., Sept. 16, 1957.

Research and Development Program-YAEC Develop-
ment Program—January 1 to June 30, 1958, Report
YAEC-41(Rev. 2).

I. H. CoeN and R. A. BrgEL, Monthly Progress Re-
port for the Period September 1 to 30, 1957, USAEC
Report YAEC—43, Westinghouse Electric Corp., Oct.
15, 1957.

I. H. CoEN and R. W. GARBE, Quarterly Progress Re-
port for the Period July 1, 1957 to September 30,
1957, USAEC Report YAEC—44, Westinghouse Elec-
tric Corp., Oct. 30, 1957.

GEORGE H. MinTON, Nuclear Characteristics of Multi-
region-Loaded Reactor Cores, USAEC Report
YAEC—46, Westinghouse Electric Corp., January
1957.

I. H. CoeN and R. W. GARBE, Monthly Progress Re-
port for the Period of October 1 to 31, 1957, USAEC

Report YAEC-47, Westinghouse Electric Corp.,
Nov. 20, 1957.

I. H. CoEx and R. W. GARBE, Monthly Progress Re-
port for the Period November 1 to 30, 1957, USAEC
Report YAEC-49, Westinghouse Electric Corp.,
Dec. 20, 1957.

I. H. CoEN and R. W. GARBE, Monthly Progress Report
for the Period December 1st to 31st, 1957, USAEC
Report YAEC-51, Westinghouse Electric Corp., Jan.
20, 1958.

I. H. CoEN and R. W. GARBE, Quarterly Progress Re-
port for the Period October 1, 1957 to December 31,
1957, USAEC Report YAEC-52, Westinghouse Elec-
tric Corp., Jan. 30, 1958.

I. H. CoEN and R. W. GARBE, Monthly Progress Re-
port for the Period January 1 to 31, 1958, USAEC
Report YAEC-54, Westinghouse Electric Corp.,
Feb. 20, 1958.

I. H. Coe~ and R. W. GARBE, Monthly Progress Report
for the Period February 1 to 28, 1958, USAEC Re-
port YAEC-55, Westinghouse Electric Corp., Mar.
20, 1958.

W. H. ArNoLp, Jr., Analysis of Experimental Data on
Reactivity of Plutonium-Bearing Fuel Rods, USAEC
Report YAEC-57, Westinghouse Electric Corp.,
Feb. 25, 1958.

L. LEwis, Silver Boron-Carbide Cermets (5, 10, 15, and
20 to 32 Weight Percent Boron Carbide), USAEC
Report YAEC-58, Westinghouse Electric Corp., June
18, 1958.

L. LEwis, Development of a Method for Roll Cladding,
Sitver, Boron—Carbide Cermets with AISI 304 Stain-
less Steel, USAEC Report YAEC-59, Westinghouse
Electric Corp., May 1, 1958.

YANKEE AtoMic EiecTRIC Co., Preliminary Hazards
Summary Report. Part B. License Application,
USAEC Report YAEC-60, April 1957.

Development Program for July 1 to December 31,
1958, Report YAEC-61(Rev.1).

D. G. BRUNSTETTER, Inspection and Fabrication of
YAEC Critical Experiment Fuel Rods, USAEC Re-
port YAEC-64, Westinghouse Electric Corp., Mar.
31, 1958.

1. H. CoEN and R. W. GARBE, Quarterly Progress Re-
port for the Period January 1, 1958, to March 31,
1958, USAEC Report YAEC-65, Westinghouse Elec-
tric Corp., Apr. 30, 1958.

I. H. CoEN and R. W. GARBE, Monthly Progress Report
for the Period March 1 to 31, 1958, USAEC Report
YAEC-66, Westinghouse Electric Corp., Apr. 20,
1958.

C. R. BErGEN, Studies of the Corrosion of AISI 304
Stainless Steel and AISIT 4135 Carbon Steel Exzposed
to Saturated Solutions of Boric Acid, USAEC Re-
port YAEC-67, Westinghouse Electric Corp., Nov-
ember 1958.



82 CIVILIAN POWER REACTOR PROGRAM

A. Kriec and S. J. Cyrron, Corrosion of AISI Type
304 Stainless Steel in High Temperature Borated
Water, USAEC Report YAEC-68, Westinghouse
Electrie Corp., December 1958.

I. H. CoEN and R. W. GARBE, Monthly Progress Report
for the Period Aprid 1 to 30, 1958, USAEC Report
YAEC-70, Westinghouse Electric Corp., May 20,
1958.

H. S. KresNy and P. B. Haea, Fission and Corrosion
Product Activities in Main Coolant and Atmosphere
of the Vapor Container, USAEC Report YAEC-71,
Westinghouse Electric Corp., May 15, 1958.

A. BOURNIA, Studies of Thermal Behavior Under Loss
of Pump Power Transient Conditions, USAEC Re-
port YAEC-72, Westinghouse Electric Corp., Sept.
22, 1958.

H. C. HECKER, Jr.,, and W. H. Arvorp, Jr., Moderator
Temperature Coefficient of the Yankee Reactor as
Presented in the Yankee Preliminary Hazards Sum-
mary Report, USAEC Report YAEC-73, Westing-
house Electric Corp., August 1958.

R. T. BErRINGER and A. A. BisHopr, Model Study of
the Pressure Drop Relationships in @ Typical Fuel
Rod Assembly, USAEC Report YAEC-75, Westing-
house Electric Corp., February 1959.

A. A. Bisaopr and R. BErRrRINGER, The Effect of Local
Boiling on Pressure Drop and Flow Distribution
in the Yankee Reactor Core, USAEC Report
YAEC-76, Westinghouse Electric Corp., Aug. 29,
1958.

G. H. Enc, Deflection and Stress Analysis of the
Yankee Core Support Structure, USAEC Report
YAEC-77, Westinghouse Electric Corp., Sept. 22,
1958.

I. H. CoEN and R. W. GARBE, Monthly Progress Report
for the Period May 1 to 31, 1958, USAEC Report
YAEC-79, Westinghouse Electric Corp., June 20,
1958.

C. G. JoHNSON, Thermal Deflection of the Yankee
Fuel Assembly from Linear and Non-Linear Tem-
perature Gradients, USAEC Report YAEC-80,
Westinghouse Electric Corp., March 1959.

W. G. LyMaN, Development of Equations for Analog
Computer Studies to Size the Reactor Plant Pres-
surizer, USAEC Report YAEC-81, Westinghouse
Electric Corp., Oct. 15, 1958.

J. M. GALLAGHER, Jr., and D. HUNTER, A Study of
Complete Loss of Coolant Flow in the Yankee Re-
actor, USAEC Report YAEC-83, Westinghouse Elec-
tric Corp., November 1958.

R. WINCHELL, Progress in the Development of a
Process for Producing UQO.: Pellets, USAEC Report
YAEC-84, Westinghouse Electric Corp., December
1958.

G. H. MinToN and G. TireLLIS, Two Dimensional Dif-
fusion Theory Studies of Control Rod Worths and

Fluz Peaking in the Yamkee Reactor, USAEC Report
YAEC-85, Westinghouse Electric Corp., August 1958.

J. JebRUCH, Jofit—A Least Squares Bessel J. Fitting
Program for the IBM-704 Computer, USAEC Re-
port YAEC-86, Westinghouse Electric Corp., July 23,
1958.

I. H. Coex and R. W. GARBE, Quarterly Progress Re-
port for the Period April 1, 1958, to June 30, 1958,
USAEC Report YAEC-87, Westinghouse Electric
Corp., July 30, 1958.

I. H. CoexN and R. W. GARBE, Monthly Progress Report
for the Period June 1 to 30, 1958, USAEC Report
YAEC-89, Westinghouse KElectric Corp., July 20,
1958.

R. M. Watkins, 4 Study of Decontamination Agents
for Use in the Yankee Reactor, USAEC Report
YAEC-90, Westinghouse Electric Corp., November
1958.

H. E. WarcHLI and R. W. GARBE, Monthly Progress
Report for the Period July 1 to 31, 1958, USAEC
Report YAEC-92, Westinghouse Electric Corp., Aug.
20, 1958.

C. C. TroMAs, Jr., and H. W. Lacock, Corrosion
Product Transport and Deposition Under Ionizing
Radiation, USAEC Report YAEC-93, Westinghouse
Electric Corp., December 1958.

Yankee Critical Experiments Measurements on Lat-
tices of Stainless Steel Clad Slightly Enriched
Uranium Dioxide Fuel Rods in Light Water, April
1959, USAEC Report YAEC-94, unpublished.

R. W. GarBe and H. E. WarcHLI, Monthly Progress
Report for the Period August 1 to 31, 1958, USAEC
Report YAEC-95, Westinghouse Electric Corp., Sept.
20, 1958.

Development Program for January 1 to June 30, 1959,
Report YAEC-96.

R. W. Garse and H. E. WaLcHLI, Quarterly Progress
Report for the Period July 1 to September 30, 1958,
USAEC Report YAEC-97, Westinghouse Electric
Corp., Nov. 14, 1958.

R. W. Garee and H. E. WarLcHLI, Monthly Progress
Report for the Period September 1 to 30, 1958,
USAEC Report YAEC-99, Westinghouse Electric
Corp., Oct. 20, 1958.

R. W. GarBe and H. K. WaLcHLI, Monthly Progress
Report for the Period October 1 to 31, 1958, USAEC
Report YAEC-101, Westinghouse Blectric Corp.,
Nov. 20, 1958.

R. W. Garee and H. E. WaLcHLy, Monthly Progress
Report for the Period November 1 to 30, 1958,
USAEC Report YAE(C-103, Westinghouse Electric
Corp., Dec. 20, 1958.

J. JepbrucH and C. SAALBACH, Dared—1—An IBM-104
Program for Reducing Data from Foil Irradiation
and Fitting by Least Squares to Bessel J, or Cosine
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Function, USAEC Report YAEC-104, Westinghouse
Electric Corp., January 1959.

L. J. Bavroe, Stress and Deflection Analysis of the
Yankee Core Baffle Structure, USAEC Report
YAEC-105, Westinghouse Electric Corp.,, March
1959.

P. P. King, Joining Fuel Rods into Subassemblies for
YAEC Fuel Elements, USAEC Report YAEC-108,
Westinghouse Electric Corp., Dec. 4, 1958.

T. GoeNIAT and D. HUNTER, Response of the Yankee
Reactor to Start-Up Accidents, USAEC Report
YAEC-109, Westinghouse Electric Corp., January
1959.

G. G. LEssMAN, End Closures for Yankee First Core
Fuel Rod, USAEC Report YAEC-110, Westinghouse
Electric Corp., May 1959.

A. A, Bisuor and R. T. BERRINGER, Hydraulic Shock
Absorbers for the Yankee Reactor Control Rods,
USAEC Report YAEC-111, Westinghouse Electric
Corp., March 1959.

R. W. GarBE and H. E. WarLcHLI, Monthly Progress
Report for the Period December 1 to 31, 1958,
USAEC Report YAEC-112, Westinghouse Electric
Corp., Jan, 20, 1959.

R. W, Garse and H. E. WALCHLI, Quarterly Progress
Report for the Period October 1 to December 31,
1958, USAEC Report YAEC-113, Westinghouse
Electric Corp., Feb. 16, 1959.

H. W. Graves, Jr., et al., A Study of Loading Con-
figurations for the Yankee Reactor, USAEC Report
YAEC-114, Westinghouse Electric Corp., April 1959.

R. M. Wartkins, Development of Agents and Pro-
cedures for Decontamination of the Yankee Reactor
Primary Coolant System, USAEC Report YAEC-117,
Westinghouse Electric Corp., March 1959.

R. W. GarBe and H. E. WaLcHLI, Monthly Progress
Report for the Period January 1 to 31, 1959, USAEC
Report YAEC-119, Westinghouse Electric Corp.,
Feb. 20, 1959.

H. E. WarcaLL, Monthly Progress Report for the
Period February 1 to 28, 1959, USAEC Report
YAEC-121, Westinghouse Electric Corp., Mar. 20,
1959.

H. B. WaALcHLI, Monthly Progress Report for the
Period March 1 to 31, 1959, USAEC Report YAEC-
123, Westinghouse Electric Corp.. Apr. 20, 1959.

H. E. WaALcHLI, Monthly Progress Report for the
Period April 1 to 30, 1959, USAEC Report YAEC-
127, Westinghouse Electric Corp., May 20, 1959.

H. E. WaALcHLI, Monthly Progress Report for the
Period May 1 to 31, 1959, USAEC Report YAEC-
129, Westinghouse Electric Corp., June 20, 1959.

W. E. SHoUPP et al.,, Westinghouse Hlectric Corp., The
Yankee Atomic Electric Plant, A/Conf. 15/P/1038,
prepared for the Second United Nations Inter-

national Conference on the Peaceful Uses of Atomic
Energy, September 1958.

F. BELGIAN THERMAL REACTOR

Westinghouse Electric Corp.
/

Variation of Peak-to-Average Neutron Fluz Ratio with
Radius of a Central “Black” Volume in a Cylindri-
cal Core, Report WCAP-27, Dec. 5, 1955.

BTR  Preliminary Core Considerations, Report
WCAP-30, Oct. 4, 1957.
Belgian Thermal Reactor (BTR) Preliminary

Thermal Design, Report WCAP-33, Dec. 8, 1955.

Calculation of Resonance Escape Probability, Report
WCAP-64, Jan. 18, 1956.

BTR Critical Eaxperiment to be Conducted in the
Westinghouse Critical Facility, Preliminary Hazards
Summary Report, Report WCAP-96, February 1956.

Method for Calculating the Coolant Temperature Rise
in the Belgian Thermal Reactor During a Loss of
Flow Incident, Report WCAP-144, June 25, 1956.

Belgian Thermal Reactor Core Project, Monthly
Progress Report, February 1956, Report WCAP-169.

Belgian Thermal Reactor Core Project, Monthly
Progress Report, May 1956, Report WCAP-236.

Belgian Thermal Reactor Core Project, Monthly
Progress Report, June 1956, Report WCAP-268,

Belgian Thermal Reactor Project, Monthly Progress
Report, June 1956, Report WCAP-271.

Belgian Thermal Reactor Project Monthly Report,
July 1956, Report WCAP-285.

Belgian Thermal Reactor Core Project Report, Janu-
ary—June 1956, Report WCAP—-450, Apr. 15, 1957.
Reactor Engincering Program for the BR-3, Report

WCAP-652, Aug. 15, 1957.

Control Requirements and Temperature and Void Co-
efficients for the BR-3 Reactor, Report WCAP-723,
Oct. 23, 1957.

Belgian Thermal Reactor Stability Analysis, Report
WCAP-T748, Aug. 23, 1956.

Magnetic Control Rod Drive Mechanism Design, Final
Report, Report WCAP-749, Dec. 3, 1956.

The Belgian Thermal Reactor (BR-3), Report WCAP-
781 (Rev.), Mar. 15, 1958.

Technical Aspects of the Design and Manufacture of
the BR-3 Reactor Vessel, Report WCAP-802(TR),
Dee. 30, 1957.

Effects of Natural Uranium Fuel Assemblies and
Thermal Neutron Absorbers on Reactor Criticality,
Report WCAP-823, May 18, 1956.

Summary of Design Data for BR-3, Report WCAP-
825(Rev. 5), Oct. 9, 1958.

Preliminary Study of BR-3 Reactivity Accidents and
Method of Determining Trip Levels for Core Pro-
tection, Report WCAP-832, January 1958.
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Shipping Containers for the BR-3 Fuel Assembly,
Report WCAP-864, Mar. 20, 1958.

Analysis of Start-Up Transients in the BR-3 Reactor,
Report WCAP-920, May 1958.

Effects of Reactivity Perturbations Caused by a
Startup Nuclear Runaway and Related Conirol
Considerations for the Belgian Reactor (BR-3),
Report WCAP-925, July 1958,

Uncontrolled BR-3 Primary Plant Study,
WCAP-935, April 1958.

A Study of Pushed Reactor Operation for a Pressur-
ized Water System, Report WCAP-963, July 30,
1958.

Preliminary Safety Analysis of Reactivity Accidents
for the UO. Fueled BR-3 Reactor, Report WCAP-
9717.

BR-3 COritical BExperiments Hazards Summary Report,
Report WCAP-979, Aug. 15, 1958,

BR-3 Erection Manual and Welding Procedures, Re-
port WCAP-1017, Oct. 20, 1958.

An Investigation of the Transient Pressure in the
BR-3 Plant Container in the Event of a Loss of
Coolant Accident, Report WCAP-1018, October 1958.

A. R. DEL CaMPo et al., Westinghouse Electric Corp.,
Belgian Thermal Reactor (BR-3), A/Conf. 15/P/416,
prepared for the Second United Nations Inter-
national Conference on the Peaceful Uses of Atomic
Energy, September 1958.

Report

G. PRESSURIZED WATER REACTORS—
GENERAL

Argonne National Laboratory

W. H. JENs and P. A. LorTEs, Analysis of Heat Trans-
fer, Burnout, Pressure Drop, and Density Data for
High-pressure Water, USAEC Report ANL—4627,
May 1, 1951.

Battelle Memorial Institute

R. F. REDMOND et al., Am Analysis of Transients in a
Pressurized-Water Reactor During Continwous Rod
Withdrawal, USAEC Report BMI-1085, Apr. 25, 1956.

Brookhaven National Laboratory

D. J. HueHEs and R. B. ScHWARTZ, Neutron Cross
Sections, USAEC Report BNL-325 (2d Ed.), July 1,
1958.

General Dynamics Corp.

T. H. Picrorp et al., Fuel Cycles in Single-Region Ther-
mal Power Reactors, A/Conf. 15/P/1016, prepared
for the Second United Nations International Con-
ference on the Peaceful Uses of Atomic Energy,
September 1958.

REACTOR PROGRAM

Knolls Atomic Power Laboratory

E. B. FEHR, Automatic Neutron Flux Plotting, USAEC
Report KAPL-M-EBF-7, Feb. 26, 1957.

J. LonNgo, Jr., Summary of KAPL (D1G@) Investiga-
tion of Burnout During Period Feb. 19 to May 6,
1958, USAEC Report KAPL-M-D1G-TD-1, May 14,
1958.

J. Loneo, Jr., Continuation of KAPL (D1®) Investi-
gation of Burnout, USAEC Report KAPL-M-D1G-
TD-2, June 16, 1958.

G. O. MUELLER, Negative Reactivity Effect of Fuel Ele-
ment Expansion on Cold Water Accident, USAEC
Report KAPL-M-GOM-1, Aug. 20, 1957.

J. H. P1agort, An Approxvimate Method for Calculating
Reactor Temperatures During Complete Loss of Flow
Accidents, USAEC Report KAPL-M-JP-6, July 18,
1957.

S. L. WirLiams, Power Plant Coolant Technology
Program, USAEC Report KAPL-M-SMS8-74, July 5,
1957.

Martin Company

Engineering Evaluation of Local Boiling in a Pres-
surized Water Reactor, Report MND-RP-657-11,
June 1957.

MSA Research Corp.

J. W. MausTteLLER and R. J. CAMPANA, Activity Dis-
tribution from Simulated Pressurized Water Re-
actor Leaks, A/Conf. 15/P/433, prepared for the
Second United Nations International Conference on
the Peaceful Uses of Atomic Energy, September
1958.

M. J. McGoFrF et al., Simulation of a Major Pipe Rup-
ture in a Pressurized Water Reactor Type Plant,
Oct. 31, 1957.

S. J. Roneers and G. E. KENNEDY, Fission Product
Release During ¢ Simulated Meltdown of a PWR
Type Core, Oct. 20, 1958.

Partial Film Boiling with Water at 2000 Pgig in @
Round Vertical Tube, Technical Report 62, Oct. 8,
1958.

Newport News Shipbuilding and Dry Dock Company

J. B. Woopwarp III, Nuclear Ship Propulsion Study
Project Analysis of Temperature Transients in
Pressurized Water Reactor Systems, USAEC Re-
port NNSD-NSPS-1002, June 1, 1955.

North American Aviation, Inc.

C. H. Rossins, Heat Transfer of Pressurized Water
PuP, USAEC Report NAA-SR-Memo-188, Jan. 24,
1952.
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Oak Ridge National Laboratory

R. D. DRAPER, Maintenance of Various Reactor Types,
USAEC Report CF-57—4-92, Apr. 8, 1957.

A. L. BocH et al,, A Conceptual Design of a Pressur-
ized-Water Package Power Reactor, USAEC Report
ORNL~1613(Rev.(Del.) ), June 6, 1955.

Pacific Gas and Electric Company

Report of Industrial Reactor Study, USAEC Report
TID-10031, May 14, 1952.

Westinghouse Electric Corp., Bettis

D. M. WroucHTON and P. CoHEN, Radioactivity
Levels in Pressurized Water Reactor Systems,
A/Conf. 15/P/410, prepared for the Second United
Nations International Conference on the Peaceful
Uses of Atomic Energy, September 1958,

R. A. Worre et al., Development of U:Si Epsilon
Phase Alloys for use in Pressurized Water Reac-
tors, USAEC Report WAPD-155, July 15, 1956.

J. D. EIcHENBERG et al., Effects of Irradiation on
Bulk UO: USAEC Report WAPD-183, October
1957.

R. A. DEBorrOLI et al., Forced-convection Heat Trans-
fer Burnout Studies for Water in Rectangular
Channels and Round Tubes at Pressures Above 500
Psia, USAEC Report WAPD-188, October 1958.

B. D. O'RerLLy, A Mathematical Description of Ac-
tivity Build-Up in the Primary Coolant System of
a Pressurized Water Reactor Resulting from the
Hscape of Core-Contained Fission Products, USAEC
Report WAPD-203, September 1958.

Review of Thermal Design Oriteria for Pressurized
Water Reactors at 2000 Psia, USAEC Report
WAPD-SFR-Rs-444, February 1956.

W. M. GAJEwsKI, Study—by Simulator Techniques—
of Transient Pressures in High Pressure Water
Systems Utilizing o Surge Tank, USAEC Report
WAPD-T-88, Sept. 8, 1955.

W. H. HaMILTON et al.,, Power and Temperature Con-
trol of Pressurized Water Cooled Reactors, Elec.
Bng. 75(6) : 505-510 (1956).

C. A. Mevers and E. D. BavcH, Fabrication of Zir-
caloy Clad Fuel Plate Assemblies for Pressurized
Water Reactors, USAEC Report WAPD-T-326
(Del.), April 1956.

J. N. Grack et al.,, Steam Channels for Self Regula-
tion of Pressurized Water Reactors, USAEC Report
WAPD-T-351, 1956.

R. P. Rose and 8. O. JouNsoN, A Method of Evalu-
ating Heat Transfer Simulation in Pressurized
Water Reactors, USAEC Report WAPD-T-542,
June 1957,

J. J. GErTz and JAMES W. FLAHERTY, Problems in
Design of Control Rod Drive Mechanisms for

Pressurized Water Reactors,
WAPD-T-549, Oct. 28, 1957.
H. S. JACkET et al., Boiling Pressure Drop in Rec-
tangular Channels, USAEC Report WAPD-TH-204,

May 7, 1956.

J. D. RoartY and N. C. SHER, Preliminary Determi-
nation of Forced Convection Heat Transfer Co-
eflicients for Rectangular Channels at 2000 Psia,
USAEC Report WAPD-TH-217, July 17, 1956.

B. W. LETour~NEAU and N. C. SHER, Revised Pressure
Drop Recommendations for Pressurized Water Re-
actor Design, USAEC Report WAPD-TH-326, May
8, 1957.

W. R. CAMPBELL, Analysis of a New Method for Regu-
lating Pressure in a Power Reactor, USAEC Re-
port WAPD-TM-66, June 1957.

P. W. Frank and B. D. O’'ReiLLy, Primary Coolani
System Activities Due to a Burst Source of Fission
Products, USAEC Report WAPD-TM-136, May
1958.

F. E. OpensHAIN and B. D. O’'Re1LLy, Distribution of
Fission Product Gases in PWR Type Reactor Sys-
tems, USAEC Report WAPD-TN-522, October 1955.

B. D. LaMo~NT and N. E. Goroon, Jr., Spectrophoto-
metric Determination of Dissolved Ozygen in Wa-
ter, USAEC Report WCAP-917, May 15, 1958.

USAEC Report

Westinghouse Electric Corp., Atomic Power Division
and Division of Reactor Development, AEC

W. H. EsseLMAN et al.,, Thermal and Hydraulic Ez-
periments for Pressurized Water Reactors, A/Conf.
15/P /453, prepared for the Second United Nations
International Conference on the Peaceful Uses of
Atomic Energy, September 1958.

Publications

D. W. Berr, Correlation of Burnout Heat Flux at
2000 Psia, Trans. Am. Nuclear Soc., 2: 95 (1959).
E. E. KiNTNER, Admiral Rickover's Gamble (The
Land-locked Submarine), p. 81, U.S. Navy, Janu-

ary 1959.

CLASSIFIED PRESSURIZED WATER
REACTORS—GENERAL REPORTS

General Electric Company

W. D. BaiNarp, Economic Comparison of Various
Active Zone Lengths and Annulus Sizes for the
Pressurized Water Reactor, USAEC Report HW-
32783, Sept. 28, 1954. (Classified)

W. D. GiLeert, Comparison of Developmental Re-
quirements for a Pressurized Water and an Or-
ganic-Cooled Reactor, USAEC Report HW-54421,
Jan. 23, 1958. (Classified)
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Knolls Atomic Power Laboratory

E. F. Crancy and N. C. Francis, Ozygen Activily in
Water Cooled Reactors, USAEC Report KAPL-M-
NCF-2, Dec. 18, 1957. (Classified)

REACTOR PROGRAM

North American Aviation, Inc.

R. L. OusoNn and T. FAHRNER, Pressurized Water
Plutonium Producing Power Reactor, USAEC Re-
port NAA-SR-181, Nov. 27, 1953. (Classified)
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