


SHIPPINGPORT STATION

The recent completion of the Shippingport Atomic Power Station—the nation’s first
large-scale nuclear electric power plant—highlighted an historic achievement.

A primary purpose of this plant, of course, is to further the peacetime use of atomic
energy in the field of electric power generation. The technical feasibility of such a plant
has long been acknowledged; however, this plant will provide much of the knowledge
needed to evaluate nuclear plants from a combined technical, practical, and economic
standpoint. The design, manufacture, operation, and maintenance of this full-size plant
is providing accurate information that will contribute to improved plants in the future.

Thus the end result—the arrangement of concrete, metals, and other materials that
make up the plant—is but a symbol of the achievement itself. And, as frequently
happens with technical developments, the magnitude of the task is not fully apparent
from the finished product.

The success of any technical development depends largely on the caliber of the
people who contribute to it—and with increasing frequency on their ability to function
as a smoothly operating team.

In the case of Shippingport, team effort was involved from the very start of the
project. Initially, the team consisted of the Atomic Energy Commission, which spon-
sored the project; Duquesne Light Company, which built the generation portion of
the plant, contributed funds toward the nuclear development program and is operating
the plant; and Westinghouse, selected to design and develop the nuclear portion of the
plant under contract with the Atomic Energy Commission.

The government-industry team grew rapidly and eventually included literally
thousands of companies, large and small, all of which made material contributions
to the eventual completion of the station.

But industry is made up of people, and within companies men of many different
specialties teamed up to achieve the final result. Physicists, chemists, mathematicians,
metallurgists, electrical engineers, mechanical engineers, manufacturing engineers, civil
engineers, and specialists in almost every other field of science and engineering worked
on closely-knit teams. The tireless, unselfish, and dedicated work of these people is
impossible to put into adequate words. Therefore, we hope that as you read this special
issue of the Westinghouse ENGINEER you will try to visualize the magnitude of the
problems that arose in the design, development, and construction of this pioneering
plant—but more importantly, the people who solved them.

Because this project was a team effort, and because hundreds of people participated,
we have purposely not singled out any individuals for mention—far too many deserve
mention in our limited space.

Westinghouse is proud of the part we played in the Shippingport Atomic Power
Station. The major credit belongs to the people where the project was centered, at the
Bettis Atomic Power Division, a facility operated by the Company for the Atomic
Energy Commission. Many other divisions of the Company contributed know-how,
counsel, and components. The technical competency of all these people, their ability
to deal with tough problems, and their plain hard work did much to make Shippingport

Atomic Power Station a reality.
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COVER DESIGN: The key
component in an atomic
power station is the
nuclear reactor itself.
Thus artist Dick Marsh
chose to highlight this
element —surrounded by
a pattern of fuel
elements—on the cover of
this special issue. A canned
motor-pump, a turbine-
generator unit,and a power
line round out the story

of power from the atom.
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BASIC CONCEPTS OF THE PWR PLANT/

At this stage of nuclear-power development, power
plants of many sizes, shapes, and descriptions have been pro-
posed. Several nuclear electric-utility stations are in advanced
stages of design, and a few are under construction. But only
one large-scale nuclear generating plant has been completed
in this country—the Shippingport Station near Pittsburgh.

This new station is important in many respects. For one, it
represents a significant milestone in American progress in
nuclear power. But equally important is the experience and
technology gained in its development, plus more to be ac-
quired in its operation. The importance of this know-how
should not be underestimated. Today, nearly every nuclear
reactor is a pioneering venture, but from these plants will
come the information needed to develop better ones. While a
nuclear system can readily be designed on paper, only in de-
veloping and building one can the real problems be discovered
and overcome. Thus, the Shippingport Station represents a
significant step toward better nuclear plants.

The Shippingport Station has as its heat source a pressur-
ized-water reactor plant. While experimental reactors of
many different types have been built on a small scale, the
technology of the pressurized-water reactor—the same type
used on the submarine Nau/ilus—is by far the most advanced.
This was one important reason for its choice for the Shipping-
port Station.

The source of heat is often said to be the fundamental dif-
ference between a nuclear power plant and a conventional
utility station. While this comparison is sometimes useful,
like most general statements it oversimplifies the situation.
In addition to being a radically new heat source, the nuclear
portion of the plant also significantly affects the overall plant
design and its operation. Consider, then, the basic concept of
a pressurized-water system.

As indicated in Fig. 1, a pressurized-water system consists
of two main parts—a primary sysiem containing the nuclear
reactor in which heat is produced, and a secondary system to
which that heat energy is transferred for use in a steam tur-
bine. Water pumped through the primary system flows over
nuclear fuel elements in the reactor, absorbs heat from them,
then flows to the heat exchanger, or steam generator. Here it
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gives up that heat to water flowing in the secondary system.

The whole primary system is under high pressure to pre-
vent the primary water from boiling. The secondary system,
however, is a relatively low-pressure system, so that when sec-
ondary water absorbs heat in the steam generator it turns to
steam, thereby providing energy in the necessary form to
drive the turbine.

The reactor, of course, must contain enough fissionable
fuel to form a critical mass, i.e., one capable of sustaining a
nuclear chain reaction. This chain reaction can be started,
stopped, or controlled by neutron-absorbing control rods,
which are inserted in the reactor to lower the power level, or
withdrawn to increase the power level.

A pressurized-water reactor plant has several significant
features. One important fact is that the primary loop is physi-
cally isolated from the secondary system, i.e., water from the
primary does not enter the secondary. Thus, if any radio-
active particles or fission products find their way into the
primary system water, they are confined there—they cannot
contaminate the secondary system. This means that much of
the secondary is available for maintenance during operation.

Another important factor about a pressurized-water sys-
tem is that fundamentally the plant is designed to contain
sources of radioactivity in the reactor itself. Fission products
can escape to the primary system only if the cladding that
surrounds the fuel becomes defective. Water is maintained at
high purity, so that radioactive particles in the system are
kept to a minimum. However, even though some fission
products may get into the water, as well as some radioactive
particles, the primary system—except for the reactor itself—
is available for maintenance within a matter of a few minutes
after the reactor is shut down.

The primary system in this type of reactor plant is pressur-
ized for several reasons. The chief reason is to prevent boiling
in the reactor. While nuclear plants can and have been de-
signed to permit boiling in the reactor, they make use of a
different fission process. The pressurized-water system is de-
signed primarily to make use of relatively slow-moving ther-
mal neutrons (see p. 37).

The water in a pressurized-water system serves a dual func-
tion as a coolant and as a neutron moderator. Neutrons given
off by the fission process are traveling at high speed. Colli-



sion with water molecules dissipates some of their energy and
slows them to the so-called thermal level, where they are most
elficient in causing fission in uranium 233. If the water in a
pressurized-water reactor were allowed to boil, the resultant
steam would not be as good a moderator and the fission proc-
ess would slow down because fewer thermal neutrons would
be available. Actually, in such a case the reactor would prob-
ably oscillate in power output, because of another factor,
called negative temperature coefficient. In addition to affect-
ing the nuclear reaction, boiling might also cause local hot
spots, or conceivably some melting of the fuel elements, since
steam 1s not as effective a coolant as water.

One of the most important facts about a pressurized-water
reactor is that it can be designed to have a negalive lem pera-
{ure coefficien! of reactivily. As a result, the reactor inher-
ently tends to maintain the power level at which it is set. If,
for example, the temperature of the water entering the reac-
tor drops for any reason, the reactor automatically produces
more heat, and thus a higher outlet water temperature. If the
inlet water increases in temperature, the heat output of the
reactor automaltically drops. Thus, in a properly designed
pressurized-water system, the reactor itself automatically
maintains the correct power level with no controls being in-
volved. This level-seeking feature can be made to hold true
for normal power changes in an electric system, so that con-
trol-rod movement is necessary only for large shifts in power
output of the plant.

While the elementary concept of any reactor is often sim-
ple, the actual design of a real plant is a far different matter.
Much of the technology of both components and systems
must be developed in parallel with the plant’s manufacture.
Many subsystems must be developed and tested, and each
part of the whole plant must be designed to be compatible in
every respect with the other parts of the system. The transla-
tion of the design into a completed plant is an equally big
step. Plans don’t have to operate or live up to their specifica-
tions—plants do. However, despite the fact that it is a pio-
neering venture, the PWR system, like any other generating
station, is designed to have specific characteristics, and to fit
into a specific electrical network.

Several specifications were established by the Atomic
Energy Commission to guide Westinghouse in design:

The plant was to have a net electrical output of 60 000
kilowatts at 600 pounds steam pressure.
The reactor was to be cooled by ordinary water at

2000 psia pressure.

The first core was to last 3000 hours at full-power
operation.

Refueling was to be accomplished with minimum
shut-down time.

The reactor control system was to be as simple as pos-
sible.

Commercial equipment was to be used wherever
practicable.

The cost of operating the plant was to be the mini-
mum consistent with these requirements.

Like the simple concept, the P\WWR plant consists of a pri-
mary and a secondary system (see Fig. 2). The key element, of
course, is the nuclear reactor itself. The reactor pressure ves-
sel, which is some 33 feet high and about 9 feet inside diam-
eter, contains the nuclear core. The core is an assembly of
plates and rods arranged in the general shape of a cylinder 6
feet high and 6 feet in diameter. The plates in this core are
enriched uranium clad with an alloy of zirconium as protec-
tion from the hot water; the rods are hollow zirconium alloy
tubes filled with natural uranium oxide (UQ,) pellets. The
PWR core is of the seed-and-blanke! type, the enriched urani-
um elements constituting the seed, and the natural-uranium
elements the blanket.

Another important part of the reactor is the vessel head.
This head contains the control-rod drive mechanism. The
control rods themselves, of which there are 32, are made of
hafnium, and can be inserted or withdrawn from the reactor
core to change the power level, or to start or stop the nuclear
reaction. The reactor head also contains considerable instru-
mentation, as well as refueling ports.

Uranium in both the seed and the blanket fissions, which
liberates heat. Water enters the bottom of the reactor at 508
degrees F, flows up through the core over the rods and plates,
absorbing heat. The heated water, now at 538 degrees, flows
out piping near the top of the reactor and is pumped directly
to the steam generator, where it gives up its heat to water in
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the secondary system. From the steam generator it flows back
through the pump to the inlet at the bottom of the reactor.

The primary system also has a number of subsystems.
These include a pressurizer, whose function is to maintain the
system at 2000-pounds pressure, systems to sample and con-
tinuously purify the water, and many others. These subsys-
tems are discussed in greater detail in another article.

The pump used in the primary system gives a clue to some
of the difficulties involved in developing a puclear plant.
While pumps of the size and capacity required in the primary
system are not unusual, one factor ruled out the use of con-
ventional pumps. Conventional pumps have an impeller in
the liquid to be pumped, connected by a shaft to an electric
motor outside the fluid. A seal around the shaft prevents
leakage of the fluid from the system (see Fig. 3a); even on the
best of pumps, some fluid ultimately leaks around this seal.
In a nuclear system, the fact that the fluid being pumped
might contain some radioactive particles demands zero leak-
age; thus a different solution had to be used for the PWR
system. This involves a canned motor-pump; in this pump,
the impeller, the shaft, and the rotor of the electric driving
motor are all in the fluid being pumped, as indicated in Fig. 3b.

Two different types of steam generators are used in the
PWR plant, to obtain more experience with this component.
One is a straight-through type. Water from the reactor enters
the upstream end and flows through hundreds of small tubes.
Water from the secondary flows around these tubes and is
converted to wet steam and rises to the steam drum, where
excess moisture is removed. This steam then flows to the tur-
bine. In the other steam generator, primary water flows in a
U path through the device, rather than straight through.

Steam in the secondary system flows to the turbine, then
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to a condenser, through a pump, and back to the steam gener-
ator. The turbine generator has a maximum capability of
100 000 kw, and is a single-cylinder, 1800-rpm unit. The gross
turbine heat rate at 100 000 kw is 11 835 Btu per kilowatt-
hour. Except for the fact that it operates at somewhat lower
pressure than most new turbines, and is therefore somewhat
larger, the steam turbine is essentially of conventional design.

Although only one primary system has been described,
actually four essentially identical loops—each containing its
own pump and steam generator—draw heat from the reactor
and provide steam for the turbine.

i

Selecting the operating conditions for the PWR nuclear
plant (see Table 1) was a tough proposition. Cost, develop-
ment problems, and a number of other considerations entered
the picture. The end result is a compromise of many con-
flicting factors. Although too detailed to present here, several
examples may suggest the nature of the problems.

Higher temperatures in the primary system mean higher
thermal efficiency—but they also require bhigher pressure to
prevent boiling in the primary system. In general, the cost and
size of the reactor plant components increase with pressure, so
the design pressure of 2500 psia (for an operating pressure of
2000 pounds) represents a compromise between the two.

Coolant temperature and flow rate are determined by
selecting a proper balance between such factors as pumping
power costs, steam generator costs, and reactor core costs, as
influenced by core surface and allowable heat flux. For a given
reactor inlet temperature and reactor heat load, core costs de-
crease and pumping power costs increase with increasing cool-
ant flow rates. Core costs increase and steam generator costs
decrease with higher average coolant temperature. Steam
generator surface area is considerably less expensive than re-
actor core surface, so as much steam generator surface should
be used as is feasible. Pressure drops in the reactor coolant
system should be kept to a minimum to lessen pumping power
requirements; however, reactor core surface area cost usually
warrants a considerable cost for coolant pumping power.

Saturated steam pressure in the steam generator should be
as high as is consistent with the other parameters. Within the
pressure range of the PWR plant, higher steam pressures and
temperatures usually mean higher thermal efficiencies and
lower steam plant costs per kilowatt. Use of relatively low-

Reactor Power T 7&) x 108 Btu/hr

Gross Electrical Output 68 mw
Net Electrical al Qutput i . 60 mw
Steam Pressure at Full Load 600 psia
Normal System OperatingPressur(i N 2000 psia
System Design Pressure 2500 psig

Generated Electric Power Range 10 mw to full power

(with reactor in automatic control) |

Generated Electric Power Range
(automatic control of the throttle)
(by system load dispatching)

Number of Loops - A

Average Reactor Inlet Temperature 50§ degrees I

Average Reactor Outlet Temperature 538 degrees F

20 mw to full power

Weight of Natural Uranium Fuel 14.16 tons )
Weight of Enriched Uranium Fuel 75 kg (about 165
pounds)
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SOME ELEMENTS OF

PHYSICS FOR THE

PRESSURIZED-W ATER REACTOR

When a neutron of the proper energy, or speed, strikes
a fissionable nucleus in just the right fashion, the
nucleus splits into fragments and releases a propor-
tionately large amount of energy. Such is the source of
heat that, multiplied many times, produces sufficient
heat energy to drive a steam turbine.

Neutrons are often classed according to their energy
or speed. All neutrons released by the fission process are
originally fast neutrons. Some fast neutrons collide
with other atoms in such a way that they neither cause
fission nor are captured by the atom. In the collision,
however, they lose some of their energy and become
intermediate speed neutrons. Still other neutrons collide
with light elements, thus giving up a larger propor-
tion of their energy, and become slow or therma/ neu-
trons.

Obviously, then, not all neutrons that collide with
fissionable atoms cause fission. Some are absorbed,
others merely collide and lose energy, others cause
fission. All three of these processes are of interest in the
PWR system.

As far as fissionable material is concerned, two iso-
topes of uranium—uranium 235 and uranium 238-—and
plutonium are of primary use in this reactor. Initially,
the reactor is designed to operate primarily on the fis-
sioning of uranium 235. Under the right conditions,
neutrons of all three speeds can cause fissioning in
uranium 235, but thermal neutrons are most efficient.

To provide thermal neutrons, fast neutrons must be
deliberately slowed to thermal speed in some fashion.
This is accomplished by a moderator material, which in
the case of the PWR is ordinary water; thus fast neu-
trons can collide with water atoms and be slowed to
thermal speed.

By the laws of probability, not all neutrons collide
with water atoms, so in the reactor at any given time is
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a percentage of both fast and intermediate-speed neu-
trons. Fast neutrons are effective in causing fission in
both uranium 235 and 238, and both these processes
occur to some degree in the PWR. Also, intermediate-
speed neutrons cause fission in uranium 235, and this
process also occurs to some degree in this reactor. Thus
fissioning occurs in different ways, but the main one is
the fissioning of uranium 235 by thermal neutrons.

Another nuclear reaction is also of key importance in
the PWR reactor. Neutrons of particularly low energy
are susceptible to capture by uranium 238, thus forming
uranium 239, This isotope is extremely unstable, how-
ever, and decays to neptunium 239. This element is only
slightly more stable, and decays to plutonium 239. For-
tunately, plutonium 239 is fissionable byth ermal neu-
trons.

A nuclear reactor can be designed to produce more
than one atom of plutonium for every atom of uranium
fissioned. This happens in the so-called preeder reactor.
The PWR reactor, however, is designed to produce a
little less than one plutonium atom for every uranium
destroyed, and is thus a converter, rather than a breeder.

As mentioned in more detail on page 40, the PWR
has fuel elements of two forms. One—<called a seed—is
highly enriched, i.e., it contains a higher proportion of
uranium 235 than natural uranium. The other part of
the fuel-—called the b/ankef—is natural uranium (UOy).
The major part of the plutonium formation occurs in
the blanket elements, where uranium 238 is more plen-
tiful. Thus, while the uranium 235 in the seed and
blanket elements is being expended, plutonium is
being formed in the blanket. The longer the reaction
goes on, the more the reactor will depend on plutonium
fissioning in the blanket. Actually, as mentioned later,
the seed elements will have to be replaced at least once
to get full use from the blanket elements.
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pressure saturated steam requires larger steam flow rates and
results in a larger turbine for the same kilowatt output than
normally found in modern central stations.

[

The general physical arrangement of the plant is shown
below. Note that the entire primary system is underground.

Since this is the first full-scale nuclear power plant, extreme
care has been taken to foresee any eventuality, and to build
protection against any hazards into the plant. For this rea-
son, the primary system is housed in four containers.

One of these is a 38-foot sphere and contains the reactor
itself. The other three containers are roughly cylindrical in
shape, with hemispherical ends. One contains two primary
loops; the second contains the other two primary loops; and
the third contains the pressurizer and auxiliary equipment.

These containers, made of one-inch steel plates, are expen-
sive. Some day they may be eliminated, but for the present
they are used as an extra safety feature, to guard against the
remote possibility of a hazard arising. In the event of leaks of
radioactive material, even radioactive steam, all contamina-
tion would be confined to the containers.

Surrounding these containers is a five-foot-thick concrete
wall, which serves as a radiological shield as well as a build-
ing to contain the plant.

The turbine generator itself is located outdoors on a deck
above the three-story turbine-generator building, which
houses turbine-plant equipment, water-treating equipment,
and similar apparatus for the secondary system.

the puwr

The Duquesne Light Company serves a metropolitan area,
which includes the city of Pittsburgh. Before the Shippingport
Station was completed, the system capacity was 1 207 000
kw; the system normally operates as part of a large inter-
connection with 32 000 000 kilowatts of connected capacity.

7 A . vy,
wlaont and the electric ntilitv svetem

A cutaway model
of the plant container.

Maximum load in the system usually occurs during the
day, because of the large industrial load. This industrial load,
which accounts for about 53 percent of the system output,
includes several continuous steel strip mills and many large
electric furnaces. As a result of this type of load, the system
load characteristics are erratic and variable, and the output
must be changed through a range of 60 000 to 80 000 kw at
frequent intervals and at a rapid rate.

The load-changing ability of the PWR station will be equal
to or better than that of the average Duquesne Light station
using high-pressure steam and conventional coal-fired boilers.
Because the reactor will be essentially self-regulating, it has
more stability during load changes than the conventional
coal-fired equipment. Based on the ultimate capability of
100 mw, the PWR plant must take a ramp change of plus or
minus 15 mw at 3 mw per second, or a ramp change of plus or
minus 20 kw at 0.4 mw per second; or a step change of plus 15
mw or minus 12 mw. The PWR plant is thus designed to take
its place as an integral part of the Duquesne Light Company
power system.

This, then, is a simplified picture of the Shippingport
plant. However, it says little of the many considerations in-
volved in the design, development, and operation of the
various parts of the system, nor the design philosophies in-
volved. The articles that follow delve into systems and com-
ponents in more detail. ®

Westinghouse ENGINEER



THE PWR PRIMARY SYSTEM
Part 1 - The Reasctdor

«The development of a nuclear reactor has something in
common with the development of a vehicle to explore outer
space. In both cases the stockpile of available knowledge is
madequate; most problems require pioneering in many dif-
ferent technical ficlds. And in both cases the solution is not
merely to build a device that will work, but to build one that
will perform according to exacting standards.

Any nuclear-reactor system represents a deliberate com-
promise between the many phases of technology involved. The
best design from a physics standpoint is not necessarily the
best or most practical one from the standpoint of the metallur-
gist or the mechanical engineer. And, of course, economics must
also be factored into the design at every step. FFor example, in
choosing the best operating water temperature for the PWR
system, two factors to be considered are core and steam-gener-
ator costs. In the range in question, steam-generator costs go
down as the temperature increases; however, core costs go up
with temperature. The operating temperature of 325 degrees I
was ultimately chosen to give the estimated minimum com-
bined cost for the two units.

This example also illustrates the complexities involved in
ploneering a new field. At the time the operating temperature
was picked, only rough approximations could be made of either
core or steam-generator cost. In fact, fixed-price bids for the
steam generators covered a range of about five to one.

Before looking at the design considerations involved in the
reactor, consider first the elements themselves and their physi-
cal arrangement. For the purpose of this discussion, the reactor
consists of three main elements—the pressure vessel, the
nuclear-fuel configuration, or core, and the control-rod assem-
bly. The reactor also includes instrumentation, but this is
discussed in a subsequent article.

Pressure Vessel—The reactor pressure vessel, shown in Fig.
i, is a cylindrical structure, formed of carbon-steel plates and
forgings. The inner surfaces of the vessel are clad with stainless
steel about a quarter-inch thick to provide corrosion resistance.
Internally, the pressure vessel is approximately 31 feet high
and 9 feet in diameter. The walls of the vessel are a little over

eight inches thick. Thermal shields prevent excess heat gen-
eration in the vessel wall from gamma-ray radiation.

Top and bottom sections of the vessel are hemispherical.
The top section, or closure head, is bolted onto the main part
of the vessel; it has 46 penetrations for control rods, instru-
mentation, and refueling purposes.

Control-Rod Assembly—The PWR reactor is controlled by
moving neutron-absorbing control rods in and out of the fuel
core. The rods themselves are cruciform shaped, to fit into
similarly shaped openings in the fuel assemblies, and are about
33 inches wide. The lower section of the rod is made of the
little-known metal hafnium, the upper portion of a zirconium
alloy. The hafnium portion of the rod, which is the neutron-
absorbing end, is about 70 inches long, to correspond to the
length of the fuel in the fuel assemblies. When fully inserted
into the core, the lowest point of the rod coincides with the
lowest point of the fuel alloy.

The movement of the control rods must be positive and
accurate. In addition, provision must be made to drop the
rods into the core rapidly in a “scram,” or emergency condi-
tion. Each control rod is moved by a canned-rotor electric
motor, which operates a collapsible roller-nut mechanism in
contact with a threaded portion of the rod. The mechanisms
and motor rotors are located in pressure tubes attached to the
pressure-vessel head-mechanism housing. The motor stator
and position-indicator coils are installed outside the tubes.

The reluctance motor is driven by a low-frequency current
supplied by an inverter. When the inverter is not being ro-
tated, a direct current flows in the motor and holds the control
rod in a fixed position.

The roller nuts, normally in contact with the threaded
shaft, are pulled away from the shaft by springs if current to
the motor is interrupted. This constitutes a scram action,
since the nuts disengage from the screw, permitting the shaft
and the control rod to drop by gravity into the core.

The Nuclear Core—The fuel assembly, or core, for the PWR
plant uses both highly enriched uranium 235 and natural
uranium oxide (UQy). The core isso designed that the assembly
of natural-uranium elements is made chain reacting by the
help of neutrons leaking from the highly enriched elements.
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e -, The highly enriched elements are called the seed, and the
- W h natural-uranium elements, the dlanket. Initially the seed will

' : provide most of the reactivity, with the blanket acting as a
14 neutron-multiplying reflector.

The entire core is about 70 inches long, and contains 145

fuel assemblies; 32 of these are seed “clusters,” the remaining

il 113 are blanket assemblies. Each fuel assembly has a cross

i L section 514 inches square, giving a mean core diameter of

il & j 6.8 feet. Dimensionally, all seed clusters are designed to be

: interchangeable with blanket assemblies, and either unit can
be removed from the reactor without removing the head.

The basic component of the seed cluster is a fuel plate; this
consists of an enriched-uranium fuel plate sandwiched between
, two zirconium-alloy cover plates and four flange strips. These
" 4 fuel plates are then built into subassemblies, by stacking 15

i fuel plates and two end plates. To make the final cluster, four
of these subassemblies are joined, with necessary spacers, to
createa cruciform channel between subassemblies for the con-
e, trol rod, as shown in Fig. 2.

“N‘ it The blanket assemblies are of different construction, al-

T
.

]
f

though their cross-sectional dimensions are identical. The
bl basic element of the blanket assembly is the fuel rod, shown
in Fig. 3. These are zirconium-alloy tubes, each filled with
26 uranium-oxide pellets. Each tube is a little under a half
inch in outside diameter and 914 inches long. These rods are
assembled into fuel bundles, each containing 120 fuel rods,
1 with a tube sheet on either end with spaced holes to allow
N coolant flow through the bundle. To make one complete
blanket assembly, seven fuel bundles are installed end to end
in a shell, giving a nominal fuel length of nearly six feet.
[ j The seed clusters and blanket assemblies are arranged in the

Ifjii i mn _ core in a definite pattern, for both nuclear and heat distribu-
. sxnanpan! 'S tion reasons. The blanket is divided into four regions, accord-

. LLp ing to the flow requirements of the individual assemblies in
) L '--';., each region. The general pattern is shown in Fig. 4.

The four regions are designated according to their position
with respect to the seed clusters. The coolant flow is dis-
tributed among the seed clusters and blanket assemblies to
compensate for heat flux variation from region to region.

design considerations

The Core—Perhaps the most interesting aspect of the nuclear
reactor from a physics standpoint is the seed-and-blanket con-
cept of the nuclear fuel. Much basic technology will be gained
from this reactor concerning the type of fuel that will go into
future nuclear plants.

The seed-and-blanket concept has several important fea-
tures. In the highly enriched seed, the concentration of ura-
nium 235 not only makes the chain reaction possible, but also
makes the seed a copious producer of neutrons.

The natural-uranium blanket elements, on the other hand,
contain only one part in 140 of uranium 235, the remainder
being uranium 238. This uranium 238 is not fissionable by
thermal neutrons; however, it does absorb them without fis-
sioning. As a matter of fact, the uranium 238 absorbs enough
neutrons that a chain reaction cannot be maintained in natural
uranium. Thus, the seed elements must provide enough neu-
trons to the blanket elements to keep the reaction going. Were
these the only considerations, the seed-and-blanket concept
probably would not be practical. However, another nuclear
reaction enters the picture. When the uranium 238 absorbs
thermal neutrons, it becomes uranium 239, which is unstable
and decays to neptunium and ultimately to plutonium 239.
Plutonium 239, like uranium 235, is a fuel suitable for use with
thermal neutrons. Thus, useful new fuel is being produced in
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the reactor concurrently with burn-up of existing nuclear fuel.

Nuclear reactors can, and have, been designed specifically
to produce more than one new fissionable nucleus for each one
destroyed. These are the so-called breeder reactors. However,
in general, for a given core volume, the more effective the
reactor is as a breeder the less effective it is as a power pro-
ducer. On the other side of the ledger, however, the breeding
process gives longer life to the core. The PWR core, therefore,
represents a compromise between the two extremes. This re-
actor is a converter, which means that some new fuel is formed
duringitslife, but not enough to classify it asa breeder reactor.
Actually, in the PWR core, about six plutonium atoms are
formed for every ten uranium 235 atoms destroyed, i.e., the
conversion ratio is about 0.6.

This ratio is for the core as a whole. In the seed, of course,
a relatively small amount of plutonium is formed because of
the relatively small proportion of uranium 238 present. How-
ever, in the blanket, about 1.1 atoms of plutonium are formed
for every atom of blanket uranium fissioned.

As might be expected, this breeding effect in the blanket
gives it a longer life than the seed. Actually, to make full use
of the blanket, the seed portion of the core will have to be
replaced at least once.

At this stage of development, the exact lifetime of any
reactor core is impossible to predict. However, the blanket
portion of the PWR core is designed to have a minimum
equivalent full-power life of 8000 hours, and the seed is de-
signed for a minimum of 3000 hours.

At the start of reactor life, about half the power will be
generated in the seed elements and about half in the blanket.
As the seed “burns up” its uranium 235, however, its effective-
ness as a heat producer diminishes. In the blanket, however,
the effect is just the opposite. Since the blanket is producing
new fuel faster than it is burning the original fuel it contained,
the percentage of power produced in the blanket should in-
crease with time.

However, power distribution between the seed and the
blanket is also a function of the reactor temperature and the
position of the control rods, so the ultimate distribution of
power may well depend upon the use of the reactor.

As far as criticality of the reactor is concerned, in the early
life of the reactor thisis determined largely by the thickness of
the spacing between seed clusters, which determines the neu-
tron leakage from the seed, and by the fuel loading of the seed,
which determines the multiplication constant. Initially, the
blanket serves primarily as a good reflector of neutrons, i.e., it
returns one for every one that enters it.

When the amount of uranium 233 or plutonium left in the
reactor decreases beyond a certain point, reactivity ceases. :
At this point some nuclear fuel is left, but not enough to main- . y T S seED
tain criticality. This is not wasted fuel, however, since it can AsSEMBLY £ ] CLUSTER
be removed by reprocessing. A

Anotherfactorin core life is the build-up of nuclear “poisons”
in the reactor. Certain products of nuclear fission, notably
xenon, are neutron absorbers. During the early life of the
reactor they are present in relatively small amounts, and \
therefore of little consequence. However, as they build up BLANKET _ A _FEDAL
during the operation of the reactor, they ultimately reach the ASSEMBLY /' ‘ ; Ao,
point where they stifle the nuclear reaction, i.e., absorb a £
sufficient number of neutrons to stop the chain reaction. When
this occurs, the reactor must be refueled, regardless of the fact
that fissionable fuel remains.

Fortunately, xenon poisoning tends to reach an equilibrium
point. The particular isotope of xenon (xenon 135) is formed Fig. 4—A cross section of the reactor, showing arrange-
by a decay process from a direct-fission product, tellurium 135. ment of core.
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However, xenon 135 is not stable and ultimately decays to
cesium. Thus, during the lifetime of the reactor, at some point
xenon is decaying at about the same rate it is being formed
and the concentration reaches equilibrium. By adjustment of
control rods, the effect of xenon can be overridden. Other
fission products that absorb neutrons, however, ultimately
build up to the point where the chain reaction is choked off.

Control—Control of the reactor is provided by hafnium con-
trol rods. However, the negative temperature coefficient (see
facing page) designed into the reactor simplifies the whole
control problem.

Other than under emergency conditions, the chief function
of the control rods is to establish and maintain the power level
of the reactor. At the start of reactor life, criticality with full
power will probably be obtained with 12 control rods fully in-
serted. When equilibrium xenon has been built up, four of these
rods will have to be withdrawn; as fuel burn-up and poisoning
continue, rods will be withdrawn in groups of four.

At any given stage of reactor life, control rods will have a
specific operating position. At this operating position, what-
ever output that has been established for the reactor will be
maintained. The chain reaction will be just sustained, with the
right number of neutrons being produced for the heat level
desired. If higher output is desired, the control rods will be
moved out of the core until the new heat rate is attained, and
then moved back to the operating position. A larger number
of neutrons is then put in circulation, more fissions occur, and
more heat is liberated. To lower the heat output, the rods are
inserted further into the core until sufficient neutrons are
taken out of circulation, i.e., until the heat production drops,
and then moved back to the operating point.

However, control rods will not be needed for most power-
level changes once the plant is in normal operation. This is
where the negative temperature coefficient enters the picture.
For example, suppose the demand on the electric generator
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increases. This, in turn, demands more power from the turbine,
and thus greater steam flow. The turbine adjusts to this con-
dition by admitting more steam. Thislowers the steam pressure
and the temperature in the secondary system. As a result, more
heat is absorbed from the primary, in the heat exchanger, and
the temperature of the primary coolant leaving the steam
generator decreases below its previous value. When this lower-
temperature coolant reaches the reactor, it causes the reactor
to automatically step up its level of heat production, thus giv-
ing a higher temperature to coolant leaving the reactor. By
proper reactor design, the amount of heat added to the coolant
is made sufficient to provide for the higher electrical demand.

Actually, the plant is designed to have a constant average
coolant temperature. Therefore, if the temperature of the water
at the reactor inlet goes down for any reason, the reactor
provides enough heat to raise the coolant temperature at the
reactor outlet in direct proportion. Inoperation, the negative
temperature coefficient is expected to take care of load changes
on the order of 10 percent of full power rating without control-
rod movement.

Materials—Among the most important considerations in
design of a reactor is the materials problem. Materials exposed
to the primary coolant must have unusual properties. Not only
must they be resistant to the highly corrosive action of hot
water, but also they must have good nuclear properties.

The basic requirements for structural materials used in the
reactor are that they do not interfere with the fission process,
that they be unaffected by radiation in the lifetime of the
component in which they are used, and that they be corrosion
resistant in hot water. Unfortunately, few existing materials
satisfy these requirements.

To date, zirconium has proved the best material for a core
structural material; it has good corrosion resistance in water
at 600 to 700 degrees I, and low interference with the fission
process, i.e., it is a poor neutron absorber. An alloy of zir-
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EFFECT OF NEGATIVE TEMPERATURE COEFFICIENT

CONTROL

500°F 516°F

If temperature of inlet water increases,
i.e., if load on the generator decreases,
reactor adjusts itself to produce less
heat, thus lowering temperature of out-

If temperature of inlet water drops, i.e.,
if load on the generator increases, the
reactor adjusts itself to produce more
heat, thus raising outlet temperature of

Under normal operatingconditions, with
control rod in operating position, tem-
perature of water at inlet is 508 degrees
F, and at outlet is 538 degrees.

water. Note that average coolant tem-
perature remains same. No rod motion
is required for normal load changes.

conium, called Zircaloy 2, is used extensively in the PWR.

Corrosion resistance is extremely important, if high radio-
activity levels are to be confined to the reactor. Especially
important is protection of the fuel itself from the circulating
hot water, since any fission products in the coolant would con-
taminate the entire primary system.

The blanket fuel offers otlier materials problems, and illus-
trates some of the conflicting factors that must be resolved.
Trom a nuclear standpoint, pure uranium would be more effec-
tive asa blanket fuel, since no oxides or alloying elements would
be present to interfere with the fission process. However, pure
uranium distorts under continued irradiation, and would ulti-
mately block the cooling channels. Also, of course, pure ura-
nium is more expensive than natural uranium because of the
additional refining necessary. The blanket fuel itself should
also have good corrosion resistance, since the possibility of a
flaw in the zirconium rod always exists. I'or these reasons,
uranium oxide was chosen for the blanket fuel. Ultimately a
uranium alloy may provide the best answer, but this has not
yet been achieved.

The hafnium control rods of the reactor are another example
of materials problems. A control-rod material must first of all
be a good neutron absorber. But also, it must have good corro-
sion resistance, and maintain constant dimensions under oper-
ating conditions, including high irradiation. Hafnium is a good
control-rod material, but, like zirconium, is expensive. As a
matter of fact, it is produced as part of the zirconium process,
but not enough is obtained in this manner to satisfy industry
demands and the cost is high.

The safety and mechanical perfection that must be designed
into this first full-scale plant also introduce materials prob-
lems. Ordinary safety precautions are not enough. The dif-
ferent types of mechanical failure must be weighed carefully so
that certain failures are not reasonably possible. In ather
cases, where failure is a possibility, no matter how remote, the
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let water. Again, note that average cool-
ant temperature remains constant and
no rod motion is required.

worst possible sequence of events must be calculated to assure
that the emergency can be handled safely. All this returns to
the various materials, how they fail, and why they fail.

One other fact in connection with materials should be men-
tioned. The PWR plant was designed using the best informa-
tion that could be obtained at the time the design had to be
finalized. Some of the materials questions had been partially
resolved by the experience with the Nausilus; other materials
problems could be solved in time to meet PWR schedules.
There is no doubt that better nuclear materials can be found,
that many of the safeguardsincluded on this first plant because
of materials can be omitted; but this all requires extensive anc
time-consuming research and development. I'or example, one
estimate states that if a material such as an aluminum alloy
could be used in place of zirconium, 80 percent of the present
cost of zirconium elements might be saved. However, so far no
aluminum alloy has been found with resistance to water any-
where near comparable with zirconium.

At present, much of the reactor and associated components
must be made of stainless steel, because it appears to be the
best and most dependable material. In conventional plants,
less expensive steel is used, because chemicals can be added
to the water to prevent it from attacking the metal. In a
nuclear reactor, these chemicals are damaged by radiation as
they pass through the reactor. An active program is now being
pursued to find out how to build such a plant of carbon steel.
For the PWR plant, however, stainless steel was the only
known answer; the cost penalty is at least 10 percent of the
reactor-plant cost.

As mentioned, the nuclear reactor for the PWR plant is a
compromise of many different technical and economic facts;
it makes full use of all the knowledge of pressurized-water
plants accumulated with previous reactors. Future reactors
will be better, and more economic—but this will be possibie
because of the technology gained in this development. =
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Part 2 - The Codlant
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= Although the reactor is obviously the key component ina
nuclear power plant, it is actually but the first step in the
process of gaining useful power from the fission process. Com-
ponents in the remaining portion of the primary loop must
pump and purify the coolant, maintain it at constant pressure,
and deliver it to the steam generator where its heat content
can be transferred to the secondary loop.

The principal elements of the primary system, aside from
the reactor itself, are the steam generator, a canned motor-
pump, and valves.

However, the primary also includes a whole host of auxiliary
systems, such as the pressurizing system, valve-operating
systems, and coolant-purification system.

Fig. 1—Perspective sketch of reac-
tor plant.

Fig. 2—Sketch of U-type steam
generator.

Fig. 3—Photo of a main
coolant pump.
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steam gemerators

Each of the four primary loops has its own steam generator.
Two have a straight-through-type heat exchanger, and the
other two use a U-type (Fig. 2).

Both kinds consist of three basic elements—a heat ex-
changer, in which primary coolant flows through tubes and
gives up its heat to secondary water surrounding the tubes;
the steam drum, which dries the steam for use in the turbine;
and piping (i.e., risers and downcomers) to carry steam to the
drum and return water. Each is rated to provide 263 x 106
Btu per hour at 600-psia steam pressure at the design power.

Straight-through type—The heat exchanger in the straight-
through generator is entirely stainless steel. Coolant entering
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the heat exchanger flows through 2096 stainless steel tubes,
each of which is a half-inch in diameter and 36 feet long. These
tubes are rolled and welded into tube sheets and enclosed in the
exchanger shell, which is 43 inches in diameter. The steam
drum is made of carbon steel, since only secondary water and
steam pass through it. Twelve 8-inch risers and six 8-inch
downcomers connect the heat exchanger to the steam drum.

U-type—Water flowing into the U-bend heat exchanger en-
ters 921 three-quarter-inch stainless-steel tubes. These tubes
average 50 feet long, and are bent in a U shape. The tubes are
contained in a U-shaped shell 38 inches in diameter. This heat
exchanger differs from the straight-through typein that carbon
f steel clad with stainless steel is used for the tube sheets, and
for the hemispherical ends of the exchanger. The steam drum
itself is of conventional design. Fourteen 4-inch downcomers
and eighteen 3-inch risers connect the heat exchanger and
steam drum.

S 91
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! canned motor-puntps

Water is pumped through the primary by canned motor-
pumps, one to each loop. As mentioned previously, these
pumps are designed for zero leakage. A single-winding, two-
speed motor of approximately 1400-kw input drives a single
stage 18 300 gpm centrifugal pump. Power supply for both
speeds is 2300 volts, 60 cycle, three phase.

Both rotor and stator of these pumps are encased in stainless-
steel cans designed to withstand full system pressure. Primary
water flows around the rotor between the rotor and stator.
Because the motor is an integral part of the pump, no seals
are required between motor and impeller, as in conventional
pumps—thus eliminating the major source of leakage.

As in other parts of the primary loop, the hot water must
serve as a lubricant for the rotor of the pump. The exterior of
the stator is cooled by coils to prevent overheating.

primary loop valves

Asindicated in Fig. 1, each primary loop has three different
types of valves. Main slop valves are located within the reactor
container, one in the inlet and one in the outlet of the reactor.

STEAM DRUM

—

DOWNCOMER

_.—-"""r“ <<

HEAT EXCHANGER

TUBES =

MARCH, 1958

Since access to these valves during reactor operation is not
feasible, the valves must be remotely operated, as well as have
a high degree of reliability.

Since leakage must be essentially zero and the operating
pressure is high, valves sealed with bellows or stem packing
were avoided. Normal maintenance of such valves would be
impractical. Therefore, hydraulic cylinder valves are used in
the PWR system. These hydraulic valves make it possible to
quickly isolate any loop from the system by remote control
at the main control console.

For safety reasons, each main valve is backed up by a
molor-operated gale valve located inside the boiler chamber.
Normally, these valves will be used only when some portion of
the loop is being repaired. Before starting the repairs, the
valves are closed, by installing a motor-operator and closing
the valve locally; thus loop repairmen are protected from the
possibility of accidental opening of the remotely controlled
main isolation valves.

In addition to these stop valves, each loop has one check
valve. The function of this valve is to prevent too much back
flow of coolant in the event a pump is stopped for any reason.
These valves are designed with low resistance to normal flow,
even at very low flow rates.

auxiliary systems

The simple concept of a primary loop with a few key elements
ignores many functions that are important and necessary to
the reactor-plant operation. The functions performed by these
so-called auxiliary systems are many and varied. On the sur-
face, some functions of these auxiliary systems—such as pres-
sure relief and water purification —seem like problems common
to other types of systems. However, the fact that this is a
nuclear system alters the functions sufficiently that the prob-
lems are essentially brand-new ones.

Pressurizing and Pressure-Relief Systems—Because it is im-
portant that no boiling occur in the primary system, the pres-
sure in the system under normal operating conditions must be
maintained within fairly narrow limits despite sudden de-
mands on the system. This is the function of the pressurizing
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Fig. 4—Diagram of pressure-relief system.

system (see Fig. 5). The pressure-relief system is designed to
prevent excessive system pressures during especially large
power transients.

The main component of the pressurizing sysiem is the pres-
surizing tank, which is tied into the primary coolant system
by piping connected to the main loop between the reactor out-
let and the steam generator. During normal operation, a little
over one-third (100 cubic feet) of the volume of the 260 cubic-
foot tank is filled with water. Electric immersion heaters in the
water supply enough heat to maintain a 2000-psia steam head
in the tank.

The pressurizer is designed to hold the pressure reasonably
constant in the primary, despite normal sudden power de-
mands. Suppose, for example, the coolant pressure decreases
for any reason. Thislowers the pressure in the pressurizer, thus
allowing some of the water in the pressurizer to flash to steam.
This compresses the steam in the dome of the pressurizer,
thereby raising the pressure in the primary.

Should the pressure rise above the normal range, a spray
nozzle in the top of the pressurizer goes into action. This
sprays reactor coolant into the top of the dome, condensing
some of the steam, and thus lowering the system pressure.

The maximum power excursions to which the Shippingport
Station will normally be subjected are: plus 15 mw or minus 12
mw as a step change; plus or minus 15 mw at 3 mw per second;
and plus or minus 20 mw at 25 mw per minute. Under these
conditions, the pressurizing system will maintain pressure
within a range of 1850 to 2180 psia.

The pressurizer is not designed to maintain pressure by itself
during startup, since it cannot accommodate the volume
change involved in going from room temperature to operating
temperature. Thus, during this period, about 400 cubic feet of
water must be drained from the primary system.

As mentioned, the pressurizer tank takes care of all normal
surges due to normal power demands. Suppose, however, the
demand should drop to zero suddenly, or pumping power
should suddenly be lost. Either of these incidents would result
in excess heat in the primary, and thus excess temperature—
and it would be a rapid and large increase. For this possible
eventuality, a pressure-relief system is incorporated (Fig. 4).
Pressure relief is provided for each portion of the primary that
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Fig. 5—Diagram of pressurizing system.

can be isolated by stop valves—the pressure vessel, the pres-
surizer; and each of the four main coolant loops.

Pressure settings on all the relief valves are established so
that the valve with the greatest reliability of reseating tightly
has the lowest setting. Two valves on the pressurizer, which
would pass steam, have the lowest settings; a pilot valve is set
to relieve at 2175 psig, and a self-actuated valve at 2260 psig.
A self-actuated valve at the pressure vessel relieves at 2450
psig, and the loop valves relieve at 2830 psig. All water re-
leased by these valves goes to a blow-off tank so that the plant
container will not be contaminated by radioactive water.

Coolant-Purification System —Despite the care taken in the
primary system to prevent fission or corrosion products from
being released to the coolant, perfection is not likely.

Impurities must be kept to a minimum for several reasons.
First of all, to maintain safe radiation limits, radioactivity in
the primary loop must be restricted to specific values. Second,
impurities depositing on heat-transfer surfaces would change
the heat-flow characteristics. And third, particle build-up in
some areas would plug small clearance passagesin the core and
other components.

The purification system consists of two identical loops. Fach
loop serves two of the primary-coolant loopsin such a way that
it can admit coolant from either reactor loop and discharge it
to either reactor loop. However, purification for the entire
reactor plant can be handled by one purification loop alone,
if necessary.

The purification system consists essentially of a demineral-
izer,aregenerative heat exchanger,and a nonregenerative heat
exchanger. The function of the heat exchangers is to lower the
temperature of the reactor coolant from about 508 degrees to
120 degrees I to prevent damage to the resins in the demin-
eralizer, and then to heat it again to about 435 degrees for re-
entry into the reactor loop. This reheating reduces thermal
losses and lessens thermal shock to the reactor loop.

Part of the reactor coolant is continuously bypassed through
the purification system. The flow of bypassed water from the
reactor loop is through the tubes of both the regenerative and
nonregenerative heat exchangers, through the demineralizer,
through the shell side of the regenerative heat exchanger, and
back to the primary loop.
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» Like most other control systems, that for the PWR pri-
mary plant consists of two basic parts—sensing elements and
instrumentation that indicate existing conditions, and controls
that react to these signals and maintain or restore proper
conditions.

As might be expected, instrumentation in this pioneer plant
is extensive. Much of it is included exclusively to provide in-
formution to aid future designs; the remainder is used directly
for system control.

With a negative temperature coefficient, the reactor inher-
ently adjusts to meet power demand without external controls.
This does not eliminate the need for reactor controls but does
simplify the problem considerably. In normal operation, the
control rods are used primarily to correct coolant temperature
drift caused by fission-product poison variations. The control
rods may also be used to assist the negative temperature co-
efficient in providing a more rapid restoral of normal coolant
pressure and temperature following unusually large load in-
creases and decreases. When so called upon, they return to the
position occupied previous to the load increase or decrease, as
the coolant conditions (temperature) return to normal.

unctions of control system

The operational requirements of the Duquesne Light Com-
pany system were an important consideration in the design of
the PWR plant. The moreimportant design requirements were
the ability to start up and shut down in a reasonably short
time; to have the ability to respond to both normal and ab-
normal power-system transients without exceeding plant limi-
tations. Also, the plant must be able to protect itself against
accidents; these might include complete loss of load, loss of
auxiliary power, sudden changes in reactor output caused by
equipment failure or operator error, or failures in the main-
coolant circulating system resulting in reductions in flow.

More specifically, the reactor-plant control is designed to
accomplish several different functions. It must provide for
manual start-up of the reactor in either a hot or cold condition.
Manual regulation of reactor power must also be possible,
since this type of operation is used at power levels below 10
percent of normal power, and whenever temperature or pres-
sure is below normal. The control system must also provide
means for automatic or manual control above 10 percent of
normal power, and at normal temperatures and pressures.

In addition, the control system must be capable of shut-
down under two different circumstances. It must be able to
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shut down the system under normal conditions, and protect all
equipment from damage by decay heat. Also, the control must
be able to shut down the reactor automatically under condi-
tions that could lead to equipment damage if allowed to con-
tinue. Last, the control must operate all auxiliary fluid systems
in the main coolant loops.

To accomplish these functions, information about condi-
tions in the system must be provided quickly, accurately, and
for the most part continuously. The instrumentation system
must report such things as reactivity level in the reactor, and
coolant pressure, temperature, and flow.

The control system asa whole must be capable of monitoring
all important actions in the reactor system, must give indica-
tion of conditions to operators or act automatically, and in
some circumstances give an alarm to warn of potential trouble.

plant control subsystems

Control of the PWR plant is accomplished by several dif-
ferent subsystems. Reactivity conditions in the reactor itself
are sensed by a nuclear-instrumentation sysiem. Basically, this
consists of neutron detectors, which measure neutron {lux, and
a conversion system that changes this information into indica-
tions of power level and its rate of change.

The neutron detectors are located in the water that serves
as a neutron shield for the reactor. Three channels of neutron
detectors are provided, placed around the core to view three
different segments of the core.

Information from this system is provided to the main con-
trol console as well as to the automatic contro! and protection
systems. In addition to this nuclear instrumentation, condi-
tions within the core are also measured, but this is for informa-
tion purposes only and is not used in control. Core temperature
is measured by thermocouples located in seed elements, and
ilow is measured in seed-and-blanket elements by differential
pressure cells. These elements areso arranged to provide useful
information as to temperature distribution and flow within the
core. This information is recorded to provide data for core de-
sign calculations.

Reaclor plant insirumentation provides all the necessary in-
formation about conditionsin the primary system. Asindicated
in Fig. 1, temperature, pressure, pressure drop, and flow are all
measured at various parts of the system, and the information
relayed to the necessary indicators, recorders, or controls.

The reactor-control system consists of two basic parts—a
rod-conirol system and a reaclor power-and-lem peralure conlrol.
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Fig. 6—Diagram of failed element detection and location system.

Coolani Dischargeand Ven! System— Any radioactive liquids
or gases released in any part of the primary system must be
carefully collected and conveyed to the waste-disposal system.
This is the function of the coolant discharge and vent system.
The function necessitates connection with each part of the sys-
tem that may release radioactive liquids and gases; it also re-
quires that this system must have equipment to cool and
depressurize the material; and have the means of safely dis-
charging these materials to the waste-disposal facilities.

Essentially, the system consists of a blow-off tank and a
flash tank. The flash tank cools and depressurizes reactor-
system drainage; the blow-off tank is designed to contain all
the steam or reactor coolant discharged through various pres-
sure-relief devices.

Additional functions of this system are to bleed off excess
reactor coolant during startup operations, to maintain proper
fluid level in the pressurizer, and to drain an isolated loop.

Decay-fleat Remoral System—Some auxiliary systems are
designed to handle speciiic but abnormal eventualities. For
example, suppose a-c power lo the reactor coolant pumps
should suddenly be lost. In this event, the reactor would be
shut down immediately but, with little or no circulation in the
primary system, sufficient residual heat to damage the core
might exist. This eventuality is taken care of by the decay-
heat removal system, which actually consists of a steam-relief
valve in the secondary system set to operate at 707 psia and
sized to dissipate 7000 kw of heat. The valve is normally
isolated, but is placed in operation automatically if a-c power
to all reactor coolant pumps is lost.

Natural convection heat {low occursin the primary loop, the
heat is transferred via the steam generators, and resultant
steara is released through the relief valve. The valve is so de-
signed that it will act soon enough to prevent other relief valves
in either the primary or secondary from operating.

Failed Elemen! Delection and Localion Sysiem— A prime pur-
pose of this PWR plant is to collect data that will further re-
actor technology. Many subsystems and much instrumenta-
tion are included in the plant largely for that purpose. One of
thesesystemsis designed to detect failed blanket fuel elements.

Considerable experience has been amassed with plate-type
fuel elements containing enriched uranium. However, rela-
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tively little is available with the type of element used in the
blanket, i.e., a hollow zirconium-alloy rod containing uranium-
oxide pellets. For this reason only the blanket fuel elements
are monitored.

A failed element can be detected by the presence of delayed
neutrons in the coolant. Individual sample tubes draw off
coolaut frum the region of each of the 113 blanket ussemblies.
These pass through a multiport valve mounted in the reactor
pressure-vessel head. The valve routes samples (see Fig. 6)
from two of the tubes to separate monitoring svstems, where
presence of decayed neutrons can be detected. The rest of the
samples are bypassed. Two samples are checked at a time, in
sequence, until all tubes have been monitored, and then the
operation repeats.

When the level of decayed neutron emission in any sample
indicates failure of an element, a signal is sent to the control
room indicating the location of the assembly.

Originally, on the basis of tests, the system seemed capable
of locating a defect as small as a 5-mil hole. However, later, it
was discovered that the zirconium used in the PWR contained
a tiny amount of uranium; the background from this uranium
decreases the sensitivity of the system, so that only major de-
fects or many small defects in a single channel can be located.
This, however, is adequate sensitivity. The development of the
system added one more small bit of information to reactor
technology. Etforts are now being made to control the uranium
content of zirconium.

Other Auxiliary Syslems—A double check on the coolant
purification system is furnished by a separate coolant-sampling
system. This draws samples upstream and downstream of the
purification system’s demineralizers. Another function is to
provide the necessary chemical information for the chemical-
addition system. This addition system maintains oxygen level
in the coolant below certain levels. Hydrazine is added during
initial precritical startup to reduce the oxygen content of the
coolant to acceptable limits (0.14 ppm); during reactor opera-
tion, gaseous hydrogen is added to consume oxygen formed by
decomposition of water in the reactor. Lithium hydroxide is
added by this system to maintain the pH level of the water at
the nominal value of 10.

In addition to these functions, the chemical-addition system
is designed to add boric acid to the water to shut down the
reactor chemically. If any control rods should become stuck
out of the core, a normal operating condition could be main-
tained, but it might not be possible to shut down the reactor
to a cold, subcritical condition. In this event, boric acid—a
good neutron absorber —would be inserted in the coolant. This
method, of course, would be used only if normal means for
effecting rod insertion have failed.

The coolant-charging svstem, as its name implies, is used to
fill all parts of the primary system before operation, and can
also be used to help flush out the system after shutdowns. An-
other important auxiliary is the safety-injection svsiem, which
is an emergency system designed to help cool the core if pri-
mary coolant is lost at a greater rate than it can be made up
by the charging pumps.

As can be seen, the reactor plant, including its auxiliaries,
1s designed to provide maximum safety and information. Some
auxiliary systems, in all likelihood, will not be necessary in
future plants. In reviewing the various components and func-
tions of this plant, it is relatively simple to spot portions of the
system that might be omitted or simplified in future plants.
But only through the construction and operation of the Ship-
pingport Station can the feasibility and safety of design
changes be proved conclusively. ®
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Stainless steel is much in evi-
dence in the PWR plant, as wit-
ness these parts of the nuclear
reactor core.

An inspector views the interior Workmen vacuum test welds on
of the pressure vessel. Holes at the reactor vessel thermal insu-
bottom are inlets for primary lation.

water, those at top are outlets.
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q Transmission Towers.
q Transformers.
q Turbine generator.

' Control room, power distribu-

tion panels, and administrative
offices.

East boiler container under this
building.

q Auxiliary equipment room.
q Laboratories.
Q Guardbhouse.

MARCH, 1958

Approximate location of reactor
(underground).

Decontamination and core as-
sembly rooms.

Air treatment stack for plant
containers.

Air conditioning room.

Auxiliary equipment room and
west boiler container (under

building).

Q Fuel handling canal building.

Fuel storage vault.

Q Condensate tank for turbine-

generator plant.

Q Primary system water tank.

Q Canal water storvage tank.

Q Waste-disposal building.

Incinerator and gas discharge
stackfor waste-disposal building.

Q Spray recycle tank.

% Test and special monitoring

tanks.

a Decay tanks.
a Temporary buildings.
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The rod-control system converts reactivity demand signals
into control-rod motion, or maintains the rods stationary when
there are no signals. The rods can be controlled manually from
the console, and operated automatically by the power-and-
temperature-control and the reactor-protection system.

As mentioned in a previous article, 12 of the 32 control rods
will remain fully inserted in the core. In effect, these are
“compensating” rods, in that they will be withdrawn only
when it becomes necessary to compensate for xenon build-up
and fuel depletion.

The rod program calls for motion of four rods at any one
time. By using different gear ratios, they can be moved in one-
inch or three-inch increments. Each rod, on an average, has
avalue of about one percent in reactivity in full travel. Normal
speed of the rods is at the rate of 11 inches per minute; in any
emergency condition (i.e., a “scram”) the control rods can, of
course, be dropped their full length into the core.

The power-and-temperature conirol receives information as to
primary coolant temperature and nuclear power level, and re-
acts to maintain the average coolant temperature constant. A
schematic diagram of this system is shown in Fig. 2. While this
control constantly monitors the primary system, the negative
temperature coefficient maintains constant average coolant
temperature in the steady state under most conditions except
that of changes in xenon 135 concentration. Should large
changes in power level take place, the power-and-temperature
control provides the necessary signals to initiate rod motion.
It also initiates rod motion when changes in xenon 135 concen-
tration cause the temperature at which the reactor is self-
regulating to change.

Reacior-plant control includes both manual and automatic
operations of the primary and auxiliary fluid systems. This
includes control of valve and pump operation, and of pres-
surizer spray and heater action.

The reactor-prolection sysiem protects the core from damage.
It can cut back power when conditions become potentially
dangerous, or shut down the reactor quickly by release of con-
trol rods when core damage is more imminent. The protection
system also provides alarms for those conditions, and in addi-
tion includes interlocks to prevent cold water from an inactive
loop from being suddenly inserted into the core.

The final part of the plant control system is the reactor
plant moniloring system. This has two parts—a radiation-
monitoring system, and remote-viewing apparatus. The radia-
tion-monitoring system has several functions. It measures
radiation levels in various compartments, providing informa-
tion to enable control of personnel movement within the
plant, and furnishes warning to the operator of any defects in
the primary-coolant system. The radiation-monitoring system
also monitors the waste-disposal system. Another function of
radiation monitoring is to furnish data on radiation in areas
surrounding the plant site.

Remote viewing is accomplished by two closed-circuit tele-
vision systems, which monitor conditions in the plant con-
tainers. One system enables viewing of areas that are inacces-
sible during operation; the other views boiler gauge glasses in
the containers.

The nerve center of the control system is, of course, the
main control room (see photo). The main control console is
schematically arranged; all main elements from the reactor
core to transmission lines are represented on the console.

control considerations

As mentioned, the reactor system is designed to hold the
coolant at a constan! average lemperalure. Power control of the
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The main control room of the Shippingport plant.
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Fig. 2—Power-and-temperature control schematic diagram.

reactor is virtually automatic without external controls be-
cause of the negative temperature coefficient. If it were not for
the effects of xenon poisoning and fuel depletion, control rods
would be needed only for start-up, adjusting power level, and
for shutdown. However, xenon poisoning causes the average
temperature to drift up or down during load changes. There-
fore, some rod motion is required. Rod action is initiated at
plus or minus three degrees I error in average coolant tempera-
ture, and terminated at plus or minus two degrees error. To
prevent overshooting or oscillations, a damping effect is built
into the control. The damping effect is provided by the signal
from the neutron detectors as described below.

Several features of the reactor power-and-temperature-
control system are of particular interest. This system must
sense conditions in the reactor plant, evaluate them, decide if
action should be taken or if the negative temperature coeffi-
cient of reactivity should be allowed to function alone, decide
upon the necessary action, then initiate that action. A block
diagram of this system is shown in Fig. 2.

The control system receives information from the neutron
detectors and from temperature detectors in the hot and cold
legs of the primary system. The information from the neutron
detectors is translated into a signal that indicates rate of
change of power level, which is fed to a summing unit. At the
same time, the average loop temperature is measured, com-

SIMULATOR STUDY OF PLANT TRANSIENT —
NORMAL LOAD CHANGE
STEAM LOAD TRANSIENT: 1009 TO 84%

STEAM FLOW
(]

AVERAGE TEMPERATURE
DEVIATION, °F

DAMPING
SIGNAL, °F

CONTROL ROD
REACTIVITY

REACTOR POWER
LEVEL, %

3a MINUTES
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pared to a reference temperature, and a resultant error signal
sent to the summing unit.

The combination of these power and temperature signals
is then considered by the summing unit and a net error signal
transmitted to a relay system, which in turn furnishes a sig-
nal to the rod-control system indicating whether the rods
should be moved in, moved out, or held in position. Consid-
eration of the block diagram and the above brief description
shows that the system, while recognizing a temperature error
in excess of three degrees F, may decide to “wait and see” be-
cause the rate of change of neutron tlux gives promise of pro-
viding the needed correction.

An interesting feature included in the temperature portion
of this control is the auctioneering units. Hot-leg and cold-leg
temperature measurements are obtained from each of the
reactor-coolant loops. All measurements from the cold leg are
fed to one auctioneering unit, and all measurements from the
hot leg to a second auctioneering unit. Each auctioneering
unit selects the Zighest of the several temperature indications
it receives. These signals, one from each unit, are then fed to
an averaging unit, which computes the average coolant tem-
perature and then factors it into the control system.

The fact that each auctioneering unit selects the highest of
the several temperatures it receives, prevents an undesirable
system action. If only one temperature indication were ob-
tained from each leg, and either temperature instrument failed
low, this would lower the computed average coolant tempera-
ture, and ultimately result in a rod withdrawal and an un-
necessary increase in reactor power level. Since each auction-
eering unit selects the highest of several values, any instru-
ment that fails low is, in a sense, ignored. Using this system,
should any instrument fail high, the faulty signal would be
used, but since this would lead to an average temperature sig-
nal that was too high—and thus a rod insertion and lowering
of power—this eventuality is of less consequence.

As can be surmised from this auctioneering unit, the entire
control system is fail-safe insofar as possible. Where failure
will not be indicated to the operator by system action or an-
nunciation, visual monitoring of the components will be ac-
complished once each eight-hour shift.

Auctioneering systems are used in cases where several sig-
nals are available, and all are designed to select the signal that
represents the greatest danger to the plant. By this and other
means safe and reliable operation is assured.

SIMULATOR STUDY OF PLANT TRANSIENT -
ABNORMAL LOAD CHANGE
STEAM LOAD TRANSIENT: 100% TO 25%
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Extensive computer studies have been made of the effec-
tiveness of the control system. In effect, the complete system
has been set up on an analog computer, and various operating
conditions imposed. Two of these illustrate graphically the
system performance expected under operating conditions.

The curves in Fig. 3a show a normal load change, from 100
percent of full power to 84 percent. This change is within the
ability of the negative temperature coefticient to accommo-
date without undue system disturbance. In this study the
temperature coefficient used was only half of the minimum

7
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SAFPETY SHUTDOWN OPERATION

value expected in the actual plant, which demonstrates the
stability to be expected.

~ 1t

= o — P T
Protection System Inpuls

The curves in Fig. 3b show the effect of a much larger
change in turbine throttle opening—from 100 percent of full
power to 25 percent in one step. In this case, rod motion is
employed to limit the temperature excursion. Note that in a
very few minutes the control rods return to their original
position and the temperature coefficient stabilizes the plant.

The total instrumentation and control in the PWR plant
is obviously large. However, a significant part is included
either for “double-safe” operation or for information gather-
ing purposes. ®
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PLANT TYPE SENSING INSTRUMENT SHUT-
PARAMETERS ELEMENT RANGE DOWN COMMENTS
Primary Coolant | Resistance Thermo- 475°F to 575°F T.>555°F
Temperature meter any one
(Th) Th suffi-
cient

Pressurizer (Steam)
Pressure

Twisted Bourdon
Tube

0 to 3000 psig

<1600 psig

Cut out during cold start-up until
pressure is above 1600 psig.

Reactor Vessel
Pressure

Twisted Bourdon
Tube

0 to 4000 psig

<1600 psig

120 V A-C Regu-
lated for Reac-
tor Protection

Type SV Relay (Half
Wave)

Type SG Relay (Un-
dervoltage)

Drop out, approx. 15
cvcles after loss of
voltage or reduction

(14 wave)

0.25 second,
20f3

Cut out during cold start-up until
pressure 1s above 1600 psig.
Auto. restored> 1800 psig.

Relays are supplied by bridge
rectifier from voltage regulating
transformer.

120 V A-C Regu-
lated for Nu-
clear Instrumen-
tation Channels.

Type SG Relay

Drop out, approx. 15
cycles after loss of
voltage

0.25 second,
20f3

Relays are supplied by bridge
rectifiers from A-C supplies to
nuclear instrumentation chan-
nels.

Neutron Flux
(Power Range)

Compensated Ion
Chamber

1-1509%, rated full power

1409%. See
comments

Safetv insertion and shutdown de-
pend on reactor power to reac-
tor coolant flow ratios (2 out of
3 coincidence).

Primary Coolant
Pump Speed

Aux. Contacts on
Speed Selector Sw.

Contacts closed for slow
speed connection

See com-
ments

Used in determining when pumps
are not at full speed.

Primary Coolant
Flow (Pump
Power)

Potential and Cur-
rent Transformers
to a watt-tyvpe re-
lay

0-800 w balanced 3
phase (120 Vpt & 5 a,
ct)

<50%,
pump
power. See
comments

Insertion & shutdown depend on
power to flow ratios. Loss of
flow is detected when timing
relays drop out after pump
power relays restore.

Primary Coolant
Flow (Main-
Loop Stop
Valves)

E-Core Valve Posi-
tion Indicator

Open or not fully open

18" valve
travel. See
comments

Insertion & shutdown depend on
power to flow ratios, Valve not
fully open indicates assoc. loop
not operating.

Manual Shut-
down

Manually Operated
Switch

See comments

Manually
Controlled

Manual safety shutdown switch
may be used to shut down re-
actor at any time.

Sced Fuel Element
Temperature

Thermocouples

500°F to 1500°F

Approx.
1050°F.
See com-
ments

Exact setting of alarm and shut-
down points,if used, will depend
on analysis of system periorm-
ance. This protection may be
connected in place of Ti.
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® Thenuclear core of the PWR reactor isa meticulously con-
structed assembly composed of hundreds of accurately built
components. Not only must the outside dimensions of the 70-
ton, eight-foot diameter core be held to close tolerances, but
hundreds of channels and passages between core components
must be maintained at accurate spacings, for both nuclear and
mechanical reasons. The core is not a particularly fragile de-
vice, but it can be damaged. And because large amounts of
time and money are involved, it must be handled like a delicate
mechanism from the time it is moved out of the manufacturing
plant until it is completely installed in the reactor. When a
spent core is removed, the problem of radioactivity is also in-
troduced. All this adds up to extensive planning in the design
of fuel-handling facilities and procedures.

Actually, fuel handling breaks into two parts. Initially, of

1a

course, comes the installation of the first core; and, subse-
quently, the problem of refueling. Although used in a some-
what different fashion, the basic fuel-handling facilities are the
same for both operations, although not all equipment is used
in each situation.

Juel-bandling equipment

Located above the reactor compartment of the plant is a
fuel-handling canal (Fig. 1). Several areas of the canal can be
separated from the others by locks, so that they can be iso-
lated, and drained or filled with water. Various areas of the
canal serve different functions; included is an area where fuel
can be stored, another area where two cores can be dismantled,
a service lock for a refueling tool, a transfer canal, and the re-
actor pit. The reactor pit is directly above the reactor com-

Fig. 1a and 1b Cut-
away sketches of fuel-
handling canal.

Fig. 2—Artist’s sketch
of refueling through
ports.
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partment of the plant;access to the reactor is achieved by re-
moving a dome that seals the compartment from the canal.

When installing the initial core, this canal will not contain
water, since the core is not radioactive at this point. When
any refueling is done, the canal will be filled, and components
will be handled under water to protect operating personnel
from radioactivity.

The first core will be installed as a unit. When refueling is
necessary, this can be accomplished in two ways: the reactor
head can be removed and all or any part of the core removed;
or individual fuel elements can be removed through fuel ports
in the reactor closure head without removing the head itself.

For removing individual assemblies, a long slender grappling
device is ingerted through the fuel ports and can be controlled
to remove any fuel assembly. For handling the entire core, a
100-ton crane is available, plus a special grapple and jigs for
handling the core.

initial core installation

To insure mechanical accuracy, the entire core was assem-
bled at Bettis before shipment to the Shippingport site. The
elements were assembled with a cadmium “poison” rod locked
in each seed element. After assembly, the cooling and rod
passages were checked dimensionally, and each control rod
tried in its respective seed passage. After checking, the poison
rods were again locked into place and the core disassembled
for shipment.

Fuel elements were shipped to the site in special shipping
racks, over a carefully planned route, and with elaborate pre-
cautions against any form of accident.

Accidentsin the reassembly and installation of the core must
be guarded against —not only from a nuclear standpoint, but
also because of the large monetary investment. However, as
far as nuclear hazards are concerned, several facts about
safety were established by experiments. As long as it is dry,
the assembled core cannot go critical, even if the control rods
are withdrawn. In water, the complete core can be kept sub-
critical by the control rods. Without the blanket assemblies,
the remaining portion of the core (i.e., the seed portion) cannot

go critical, even in water and with the control rods withdrawn.
Since control or poison rods are at all times locked in place,
and every precaution is taken to keep the core dry, no nuciear
hazard is present during installation of the first core.

After the core was reassembled at Shippingport, the poison
rods were removed and the control rods replaced and held in
position. The core-hoisting equipment, shown in Fig. 3, then
was attached and the core lowered into place. Although this
seems at first a simple procedure, in reality it is a ticklish
process. Only six-hundredths of an inch clearance is available
between the core and the thermal shield, and at this point the
clearance cannot be observed. This requires some means to
detect binding or friction, which is accomplished by a load
scale on the crane. Actually, a dry run was first made with a
simulated core to check procedures and make sure that all the
keys and keyways were aligned.

refueling methods

As mentioned in previous articles, the seed portion of the
nuclear core must bereplaced at least once to get the full useful
life out of the blanket. This necessitates means of removing
portions of the core without taking out the whole core struc-
ture. The individual removal of fuel elements is also desirable
from another angle. Should any element fail, it could be re-
moved without removing the whole core. While core elements
with minor defects probably would not be removed until the
reactor is refueled, a major defect might make replacement of
an individual element desirable.

As mentioned, removal of spent fuel can be achieved in two
ways in the PWR plant. Individual elements can be removed
through the fuel ports of the reactor closure head, without re-
moving the head; or the head can be completely removed for
refueling. During both these operations, the fuel-handling canal
will be filled with water.

Refueling Through Fuel Porls—Individual elements can be
withdrawn or replaced by a fuel-handling tool, shown in Fig. 2.
This tool is inserted through the fuel port, and can be indexed
to remove any fuel element. The tool is motor driven and is
mounted on a structure that spans the canal. It is controlled




by an operator at a control console, who has variable speed
control of five functions—bridge, trolley, hoist, azimuth, and
arm extension—only one of which actions can be performed
at one time.

Initially, an underwater television camera, plus a tv screen
near the operator are used to position the arm for each fuel
element. These positions are recorded so that they can be used
to reposition the tool without the camera.

The extraction tool is aligned and inserted in the fuel port.
When it reaches a point where it is safe to extend the arm that
contains the tool head, a light on the operator’s console is
energized. The tool is then indexed to select the proper fuel
element. The tool head is so designed that it can unlock a fuel
element from the core; once the element is unlocked from
the core it is locked to the tool. Latching or unlatching of the
fuel-handling tool can only be accomplished when the tool head
is properly inserted in the grid of the fuel element.

Once firmly attached to the tool head, the fuel element is
raised vertically until it clears the core, then the tool head is
realigned with the fuel port and the whole structure withdrawn
from the reactor vessel. The fuel-extraction tool is so designed
that it cannot raise a fuel element within ten feet of the surface

Fig. 3a—Photo of core being installed

3b—Artist's sketch of core-hoisting equipment.
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of the canal water, thus preventing any radiation hazard to
operating personnel.

In this whole process, protection is provided against damage
to the core or any other part of the reactor. Load on the re-
fueling head is indicated by strain gauges, so that any varia-
tion from normal that might be caused by jamming or other
reason can be quickly detected. These strain gauges also indi-
cate any unbalance in horizontal forces on the fuel element;
the direction and magnitude of the unbalance are shown on an
oscilloscope so that the tool can be repositioned to balance the
forces. These and other protective devices prevent damage to
the core or the fuel element itself. Once removed, the fuel ele-
ments are moved under water through the canal to a fuel
storage area, where they can be properly packed for shipment
to a reprocessing area.

Refueling with Reaclor Head Removed—With the reactor
head removed, either individual fuel elements or the whole core
can be replaced. The removal of the core is similar to its in-
stallation, except that water is, of course, in the canal at the
time of replacement. An extension of the crane hook is added
to prevent hoisting of the core above a safe shielding level in
the canal water. Analignment jig guides the grapple into proper
position and also guides the removal. As shown in I'ig. 3, one
side of the jig is open to allow lateral movement of the core to
the core storage pit.

Special Fuel-Handling Equipmen!—In addition to the tools
for inserting and removing the core or individual fuel elements,
otherequipment must be provided to handleelementsonce they
are removed. Spent fuel, for example, must be shipped to a
processing plant. This requires special shielded containers to
hold the units for shipment. Individual fuel elements are
loaded into the special container underwater in the canal, then
the container is removed from the canal and placed on a special
railway car for shipment. This car has additional built-in
shielding, and a heat-removal system for decay heat.

At times, a fuel element may have to be removed and re-
turned to the laboratory for examination. A special container
handles oneirradiated fuel element, and provides shielding and
cooling during shipment. This container is about 415 feet
square, 12 feet long, and weighs 25 tons. The cavity is large
enough tohold one fuel element plus cooling water. This cooling
water is, in turn, cooled by stainless-steel coils capable of
removing 40 000 Btu per hour.

It a ruptured fuel element is to be removed from the core, a
special enclosure prevents fission products from being spread
throughout the canal. This is a sheet-metal enclosure with a
door in the bottom; the ruptured fuel element is drawn into
the enclosure by the extraction tool, then the door is sealed,
thus preventing release of fission products.

In addition to these special provisions, other equipment
must be provided for disassembling the blanket elements, and
to allow inspection or replacement of individual fuel rods. As
mentioned, an underwater television camera is also used in the
refueling process. This can be used inside the reactor, or to
view any underwater operation outside the reactor; periscopes
are also available for observing underwater operations, and
cameras can be attached to the periscope viewers if desired.

No hazard exists in the refueling operations unless operating
procedures are grossly violated. Either poison rods or control
rods are in the reactor core at all times, so no nuclear incident
isfeasible. Individual fuel elements, or the coreitself, cannot be
withdrawn from the canal water in the reactor pit, so any radi-
ation danger is eliminated. As in the case of other aspects of
the PWR plant, painstaking plans have been made and every
hazard has been surveyed to prevent accidents. ®
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% Potentially, the major source of radioactive wastes from
the PWR plant is the primary coolant. These wastes could be
produced in two ways. First of all, any corrosion products and
trace elements in the coolant can become radioactive; and
second, fission products released by failure of fuel elements
would be radioactive. These radioactive liquids and gases are
collected from various parts of the primary system by the
coolant discharge and vent system and fed into the waste-
disposal system.

In planning the system a prime consideration was the num-
ber of failed fuel elements that might be expected, since this
would be the major source of radioactivity. The waste-dispo-
sal system is designed for the worst feasible case —that at any
one time the core contains 1000 failed elements. This is a pes-
simistic design condition, since the plant contains means of
detecting, locating, and removing failed elements, so the
presence of that many at one time is highly unlikely. Other
sources of radicactive wastes are from the laboratories, laun-
dry, showers, and decontamination facilities.

Wastes in the PWR are disposed of in one of three ways—
by natural decay of their radioactivity, by dilution, or by
concentration and storage, or any combination thereof. All
liquids, gases, or solids that might be radioactive are processed
by the waste-disposal system to assure that no hazard exists
either at the plant site, or in the surrounding area.

liquid and gaseous wastes

The handling of liquid and gaseous wastes depends upon
the magnitude and type of radioactivity involved. Thus all
liquid effluent flows first to underground stainless-steel surge
tanks, surrounded by a concrete enclosure, where it is moni-
tored for radioactivity. From here on, it may go through any
one or more of several steps. If the type of radioactivity is
such that it has a relatively short life, the liquid merely may
be held in the tanks until the radioactivity decays. Or, if not,
it may be passed through demineralizers and a gas stripper.
Or, if the liquid is already within permissible limits, it may be
mixed with the condenser cooling stream for discharge into
the Ohio River.

Mixed-bed demineralizers remove all soluble radioactive
impurities as well as particles. Any dissolved fission gases are
removed in the steam stripper, and are stored in steel tanks
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until they are safe to discharge to the environment. After the
liquid is processed in this manner, it is delivered to test tanks,
where it is again sampled to assure that when mixed with dis-
charge water it will fall within safe limits.

Both liquids and gases are monitored before and after re-
lease to the environment, and at various test stations outside
the plant site to assure safe disposal.

Liquid wastes containing a high solids content, such as
fluids used for decontaminating equipment and facilities, are
processed through a vapor compression evaporator. The dis-
tillate from the evaporator is sent to the liquid surge tanks
and the concentrate will be mixed with cement and drummed
for burial at sea.

solid wastes

The solid wastes from the PWR plant can be disposed of in
one of three ways, depending on their nature. They can be
burned or stored underground at the site, or removed from the
site and buried at sea.

Contaminated wastes that are combustible—paper, rags,
clothing, etc.—are burned in an incinerator. Gases from the
incinerator are scrubbed and filtered to remove particles;
these particles and the waste water are then delivered to the
resin storage tank.

Spent resins from the demineralizer are delivered to perma-
nent underground storage tanks. These tanks are stainless
steel, surrounded by a waterproof concrete enclosure. Here
the solids are allowed to settle out, then the liquid is removed
for further processing, if necessary, and ultimate disposal. The
tanks have been sized to contain the volume of depleted resin
expected to accumulate in five years at the maximum resin
consumption rate.

During this five-year period, the resin in the tanks will be
sampled and monitored. After the fission products contained
on the resin have decayed to the point where the resin can be
safely handled, it will be removed from the tanks and handled
as other noncombustible wastes.

Noncombustible solid wastes—tools, small pieces of equip-
ment, etc.—are sealed in metal drums. These drums are then
placed in larger drums, the area in between filled with con-
crete for shielding, and the whole container shipped to the
coast for disposal at sea.
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control of the process

Systemn—Provisions are made to sample the waste streams
as they enter the waste-disposal system, before and after each
waste-treatment process, and before discharge from the plant.
Sampling facilities are also provided so that diluted waste
streams, both liquid and gaseous, can be monitored after dilu-
tion. The system provides flexibility in that any waste stream
can be reprocessed if necessary to reduce the radioactivity to
a level where subsequent dilution will yield a stream at or he-
low the maximum permissible concentration chosen for dis-
charge from the plant. This flexibility, along with the basic
batch type ol processing in the system and the large number
of sample locations will minimize the possibility of discharg-
ing plant wastes that are “over-tolerance.”

In addition to the numerous sampling provisions provided
for the system, efifluent activity monitors are installed on the
main liquid effluent header and on the stack. These monitors
will detect and inform the operator of accidental discharge of
either liquid or gaseous wastes which are over-tolerance.

Of Site—A site-monitoring program was stlarted early in
1956 and will continue during operation of the plant. The pur-
pose of the pre-operational phase of this program was to deter-
mine the types and amounts of radioactive materials that
occur naturally in the environment around the PWR plant
site and to determine the variations in the amounts of these
materials over a period of approximately 114 years prior to
start-up of the nuclear portion of the plant. This will allow an
evaluation of the environmental radioactivity so that similar
studies conducted after plant operation will ensure that the
operation of the nuclear plant meets allowable tolerances.
Evaluations are being made on (1) soil in the general vicinity
of the plant, (2) the Ohio River water both above and below
the site, (3) well water within a one-mile radius of the site, (4)
vegetation in this general area, and (3) the air in the area.

REACTOR PLANT | COMBUSTIBLE WASTES NON-COMBUSTIBLE T River water analyses are being obtained from two locations

ST G o LT poSIEs WasTes above and one location below the site. Another monitoring

36 cu. ft. /maonth | 10000 Ib. /month (mox.} SMALL PARTS ITEMS TOO LARGE 3 ! e R e . 5 v
@ 0° My overoge e.g. TOOLS; METAL W station is currently being installed at the “first point of use

E Sa— DURNNGE Jerc below the plant, which is the water-intake service to the city

of Midland, P’a.
To properly evaluate the presence of radioactive dusts and
gases in the air, and to measure the normal background radia-
\JW(« tion in the vicinity, a group of five “mobile monitoring sta-

tions” are being operated. Four of these units are located at
fixed stations while the fifth monitor will (ransverse the gen-
smag::s eral area.

The four fixed locations were selected on the basis of wind
directions and velocities that have been determined by the
U.S. Weather Bureau over the past year. The stations are
placed so as to indicate as accurately as possible the concen-
trations of radioactivity in the air both downwind and up-
wind of the plant site.

The fifth station will be moved around to different loca-

INCINERATOR

\\\ : 5 tions to determine the relationships between the four fixed

O(EAN\ y stations and othér areas that may be of interest.
‘ — o i =t Currently mud samples are being taken from the river bot-
i _ Crama tom from pools behind dams near the plant site. Samples of
AT SITE river algae are also being obtained. Data from these samples

will be compared to data from similar samples after radio-
active wastes from the plant are being discharged into the
river. This will determine how these wastes are distributed
in the river.
The results of these and other tests will be of immeasurable
At top, a process flow diagram of waste-disposal facilities for liquid value in determining whether the .\\'asle—disposal facilities are
and gaseous wastes. At bottom, a flow diagram for solid wastes. satisfactory or whether modifications should be made. ®
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Few things in history have been designed and constructed
with as stringent and elaborate safety precautions as has the
PWR plant. In fact, by normal safety standards, this plant is
undoubtedly overdesigned—and deliberately so. Obviously, a
prime consideration is to prevent off-site radiation hazards.
In any training, operation, or testing at the station, this will
be a prime requirement.

The safeguards mentioned here are all over and above the
normal precautions taken to protect personnel and equip-
ment. A secondary reason for the extensive safeguards is to
provide the information necessary to evaluate the protection
necessary in future plants.

Broadly speaking, a nuclear source of heat introduces a po-
tential hazard not found in conventional utility plants. This is
the possible biological hazard to people off the site from the
accidental release of radioactive particles or fission products.
Release of fission products can be prevented by proper design
and construction of the plant.

The PWR plant will not present any hazard outside the
plant site as a result of any type of plant explosion—physical,
chemical, or nuclear. Furthermore, the PWR plant is designed
so that no plausible sequence of events could cause release of
hazardous quantities of fission products beyond the plant-site
boundary.

These statements do not ignore the possibility of accidents,
either through human error or mechanical failure; in fact, they
take into account the worst possible chain of events that could
plausibly occur.

operational safety

Despite the extreme care taken in design, manufacture, and
installation of the components and systems incorporated in the
PWR plant, their failure-proof operation is not assumed.
Elaborate instrumentation and control will provide ample
warning of any trouble.

However, any fission products, to reach the outer atmos-
phere, would have to pass through three consecutive barriers
built into the plant. Fission products are developed in the fuel
itself; the cladding or container for this fuel constitutes the
first barrier. Should any fission products get through this first
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barrier, they would circulate in the primary coolant system—
but this is an all-welded system designed for zero leakage. The
sealed primary system thus constitutes a second effective
barrier. The third barrier is the plant container, a group of
interconnected, vapor-tight steel pressure vessels.

Despite the inherent safety furnished by these barriers, no
stone was left unturned in providing for every plausible acci-
dent. While all the possibilities cannot be considered here, a
few examples may illustrate the nature of the planning neces-
sary in developing a nuclear plant. Two of the most serious
accidents that could conceivably occur are loss of coolant in
the primary system, and reactivity accidents. Consider these
possibilities briefly.

in st conlant

Based on existing experience with pressurized systems of
many types—and at much higher pressures and temperatures
—and because of the care exercised in manufacture of com-
ponents, a major rupture of either piping or vessels is extremely
unlikely. However, since a major rupture might offer a poten-
tial hazard to the surrounding area, this eventuality was
studied in considerable detail.

The exact sequence of events that would follow a rupture
depends upon its size and location. However, for any rupture
large enough to be serious, the water level in the pressurizer,
as well as the reactor plant pressure, would immediately begin
to fall. An alarm would sound either when the pressurizer
water level reached the low-level alarm point, or when the
pressure dropped to 1850 psia, whichever condition occurred
first. The operator then would initiate an emergency proce-
dure. When pressure reached 500 psia, the safety-injection
system would start (see p. 60). If the rupture were above the
level of the core, the injection system would cover the core in
a short time, preventing any significant melting of the core or
release of fission products. If, however, a major rupture oc-
curred below the core, the safety-injection system would take
some time to re-cover the core. This would allow some melting,
releasing some fission products within the plant container. In
either event, after cooling water reached the top of the core, it
would be supplied continuously until either the leak was
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type of boiler are of ferritic steel, but will never be under pres-
sure at a temperature at which their ductility is so low as to be
in the brittle range.

Can sufficient radialion damage occur lo componenls lo cause

isolated or decay heat was reduced sufficiently to prevent
melting of fuel elements.

Certain conclusions must be drawn before a loss-of-coolant
accident can be completely analyzed. Among the more impor-

tant of these for the PWR plant are:

Can brittle fractures occur in any part of the primary-coolant
sysiem? Brittle fracture in any of the major piping or equip-
ment acting as the primary pressure boundary for hot reactor
coolant is not considered a feasible accident. The pipe and
most equipment enclosing the reactor coolant is austenitic
steel, which is not subject to brittle failure at or above normal

sertous embriltlement? Nowhere in the PWR plant are pressure-
containing walls subjected to sufficient radiation fields to re-
duce ductility appreciably. The reactor vessel itself is the only
component exposed to significant neutron flux; however, the
relatively high operating temperature causes a continuous
annealing action, which reduces the amount of radiation
damage to a minimum.

plant ambient temperatures. The reactor, pressurizer and one How large a ruplure can feasibly occur? Because of the un-
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usual care taken in its design and fabrication, a major rupture
of the reactor vessel is considered implausible. All experience
with steam piping indicates that major failure is highly im-
probakle, and perhaps not even feasible. While experience
shows that sometimes cracks occur in stainless-steel piping,
such as used here, in most cases these failures have occurred
at much higher temperatures and under more severe service.
No record of such cracks causing a major rupture has been
found. Small piping, on the basis of all industrial experience,
is the most apt to rupture.

However, to assure a conservative design, the assumption
was made that it was possible for a major coolant pipe (15-
inch inside diameter) to develop a longitudinal split of an area
equivalent to twice the cross-sectional area of the pipe. This is
considered the worst feasible case of rupture.

How will pipes rupiure? Studies of industrial pipe failure
indicate that a sudden circumferential shearing of the main
pipe is not a feasible accident. For this and other reasons, the
longitudinal split is considered to be the possible form of
piping rupture.

What other accidents, if any, could cause oversiressing of lhe
pressure boundary of the reaclor plant, which might resull in a
loss-of-coolant accideni? No feasible accident can push the pres-
sure beyond design limits. Even if the turbine throttle tripped
when the plant was producing 100 mw of electric power—and
the reactor failed to scram—the reactor plant pressure-relief
valves would discharge coolant fast enough to prevent pressure
from going above the 2500-psi design pressure.

Wilk electric power be available during the accident, and will
the safety-injection syslem work? Studies show that a loss-of-
coolant accident will not result in a complete loss of power to
the station, and that a loss-of-power accident will not cause a
loss-of-coolant accident. Loss of coolant and loss of all power
stmullaneously from unrelated causes is not believed to be a
plausible accident. Duquesne Light Company records show
that complete loss of power to a station happens once in 25
years. For these and other reasons, electric power is used to
operate the safety-injection system pumps, and this system
will be available during the unlikely occurrence of loss-of-
coolant accidents.
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Is the reactor plant conlainer necessary, i.e., will a loss-of-
coolant accident be severe enough lo mell the core and release
significant quantities of fission products? This question is im-
portant not only from a safety standpoint but also from a cost
viewpoint, since the container is an expensive structure. The
decision to include a plant container was actually made before
the detailed design of the PWR plant was started. Subsequent
investigations raise considerable doubt as to the necessity for
the container from a safety standpoint. The container would
serve a safety function only for a loss-of-coolant accident, and
then only for the worst possible case. However, in this first
plant, ultraconservatism was practiced extensively, and the
plant container was included.

Based on these conclusions, every plausible loss-of-coolant
accident was fully explored. Sequences of events, interactions
within the plant, and all the various other factors were ex-
plored in detail and with painstaking care.

As a result, certain conclusions can be drawn. In the event
of a loss-of-coolant accident, if the core does not melt, the
release of 100 percent of the reactor coolant directly to the
outside atmosphere would not result in a biological hazard at
the plant-site boundary. And this conclusion holds true even
if the core had been operated for 3000 hours at 270 megawatts
and the coolant contained the maximum radioactivity that
could be caused by 1000 defected blanket-fuel elements. This,
incidentally, is the maximum number of blanket elements
expected to become defective during the lifetime of the core.
This conclusion, of course, assumes complete release of coolant
to the atmosphere, an unfeasible accident because of the plant
container. Should the worst possible accident occur, which in-
cludes some core melt-down and fission-product release, the
plant container is fully capable of containing such products,
and no hazard would exist at plant site boundary.

reactivity accidents

A reactivity accident is one in which more reactivity is in-
serted in the core than is needed for a normal rise in power.
In such a case, reactor power level would increase faster than
desired, and, if the rise were not stopped, local heating of the
fuel elements might occur with resultant melting of the clad-

g

= [ |l
-INCH PIPE BREAK
FLOW OUT ONE END

®
<]

L_ 3-INCH PIPE BREAK
| LFLOW OUT ONE END
1+ |

T&INCH PIPE BREAK T
__LFrow out ONEEND | |
| |

15-INCH. PIPE BREAK
FLOW OUT BOTH ENDS
PSCAT TOP OF ACTIVE CORE™ e 1——1—-
NG el dol b= E
S/CORE_COMPLETELY UNCOVERED[™™
| | |

900
ELAPSED TIME FROM RUPTURE —SECONDS

1200

M R



ding and release of fission products to the primary coolant.
Before considering the different types of reactivity accidents
and their results, one fact should be made clear. Even if all
prolection circuits failed, the reactor would shul down in any
concetvable reactivity accideni. Steam would form in the coolant
channels, and since steam is not an effective neutron modera-
tor, the fission rate would decrease. The formation of steam
might result in local heating and perhaps damage the core,
but no radioactive products would find their way out of the
primary-coolant system. Consider, then, three ways in which
excess reactivity could be inserted in the core, and the handling
of each situation.

Excessive Rod Withdrawal —This accident assumes that rod
withdrawal, once initiated, continues beyond the desired point.
This is most likely to occur at start-up. Several factors guard
against this type of accident. One automatic protective device
is the start-up rate limit, which overrides all withdrawal
signals; if the rate of change of neutron flux exceeds an estab-
lished figure, this control inserts the rods.

A backup protection to this control is a scram control that
automatically inserts the rods if power goes much beyond
normal operating levels. At start-up, pumps are normally
operated at half speed; therefore, one scram action is set to be
effective at 70 percent power. Another scram device is set at
140 percent power, and is independent of the number or speed
of the pumps.

The maximum rates of rod withdrawal possible are also a
limitation on excessive rod withdrawal. A relatively long time
is required to insert sufficient reactivity to cause damage,
therefore the possibility of the accident occurring without
cognizance of the operator is slight. The operator, except
during start-up, does not need to adjust control rods fre-
quently. Normal load changes are taken care of by the negative
temperature coefficient of reactivity. Also, about two seconds
of rod motion are required for every degree of temperature
rise, and the normal change effected by an operator is but a
few degrees. Thus any withdrawal accident would require rod
motion for an out-of-the-ordinary length of time, a situation
not likely to occur by operator action.

Excessive Heal Withdrawal by Steam-Plant V alves—Several
protective systems prevent hazards in the event that any
steam-plant valves suddenly withdraw an excessive amount of
steam from the system. For example, if the plant is operating
normally and one of the controlled steam-relief valves should
open, an automatic system that monitors the ratio of power to
flow cuts back the reactor power output. As backup to this,
two scram signals, set to operate at different power levels,
would shut down the reactor before damage could occur. How-
ever, in general, steam-valve malfunctions with the reactor at
power are of little consequence, since the heat-transfer capa-
bilities of the boiler prevent any serious overpower.

During start-up, when the reactor has not reached sufficient
power for control by the negative temperature coefficient, four
separate control features provide protection. The first control
inserts the rods at a normal speed if neutron flux increases
faster than a predetermined rate; this control, of course, over-
rides any outward motion of the rods by the operator. As
backup to this protection system, the same power-to-flow
control mentioned above cuts back reactor power if this ratio
is not proper in the system. If the power-to-flow ratio departs
substantially from the proper figure, another control scrams
the reactor. The final, or fourth, control system scrams the
reactor if the nuclear level reaches a preset point. Note that
two of these controls act at normal speeds to cut back power,
the other two act at rapid speed to scram the reactor.
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Cold-Waler Accidenis—If a sizable quantity of cold water
were suddenly inserted in the reactor, the negative tempera-
ture coefficient would cause an undesired increase in reactor
power output. The only source of sufficiently cold water to
cause any difficulty is a loop that is out of service. Such an
accident is prevented by two independent protection systems.
One device measures water temperature in the out-of-service
loop and compares it with water temperature in the hot loops.
If the difference is greater than a preset value, a relay fails to
energize and the pump cannot be started. The second protec-
tive device is an interlock on a circuit breaker in the rod-
control system, which prevents opening of the main coolant
valves of an out-of-service loop when that circuit breaker is
closed. Thus once the valves to any loop are closed, that loop
cannot be put into service again while the reactor is critical.

The same “worst case’’ approach was used in analyzing
potential hazards from the waste-disposal plant as was applied
to the primary-plant system. Consider two extreme cases, one
involving release of gaseous wastes, and the other liquid wastes.

Suppose, for example, that one gas storage tank suddenly
ruptured and released its entire contents in one “puff.” As-
sume also that this tank held the maximum amount of radio-
activity expected—i.e., all the radioactive gas contained in
the reactor coolant with 1000 defected fuel rods, and after the
reactor had operated 3000 hours at full power. These, of
course, are extremely pessimistic assumptions.

Under the above conditions, and with average weather con-
ditions, the dosage received by a person due to this cloud
would be extremely small: 7 x 10-? roentgens at 100 meters
(about 325 feet) and decreasing rapidly at greater distances.
Even under bad weather conditions, i.e., with a large inver-
sion, the dose would be only 3 roentgens at 100 meters, again
decreasing rapidly with distance. Considering the severity and
improbability of these conditions and the relatively small
dosages received, no significant radiation hazard would exist
from this source.

In the case of liquid waste, what would happen if an opera-
tor violated established operating procedures and emptied the
contents of one surge and decay tank directly into the river?
Add a few more pessimistic conditions: the quantity of the
liquid is equal to that contained in the reactor plant, its
reactivity is the maximum expected in the reactor coolant, the
liquid is not processed through any other waste-disposal equip-
ment, and it has been allowed to decay for only one day
instead of the usual 45 days. For these highly pessimistic and
improbably conditions, the radioactivity of the liquid af the
point of discharge into the river would be about 1.8 times the
maximum permissible concentration. However, even in this
event, the waste would be diluted to well below tolerance
level before it reached the first point of use down the river
(about a half mile).

Both of these situations are highly improbable, not only
because so many operational faults and conditions are exagger-
ated, but also because of the safety devices and monitors used
on the system. Thus the radioactive waste-disposal system
presents no hazard to surrounding communities.

In addition to the operational protective systems, of course,
safety is built into the plant at every stage of design and
manufacture. Every element, every combination of elements
undergoes exhaustive tests. Thus, even though the PWR plant
is the first of its kind, safety is such an overriding factor in
every element of the plant that no plausible accident could
cause a biological hazard to off-site personnel. ®



PERSONNEL AND TRAINING

White the operation of a nuclear power plant is probably
no more difficult than a conventional station, two important
facts about eperating personnel stand out. Even the most
highly skilled operating man is faced with problems he has
never before encountered in a conventional station; and be-
cause the station is experimental and will be used to gather
information as well as produce power, more people are re-
quired to operate this plant.

For these reasons, the Duquesne Light Company chose plant
personnel for the Shippingport Station very carefully, and
has provided extensive training, both in classrooms and in on-
the-job facilities.

The selection and training of personnel to operate and
maintain the Shippingport Station began in 1954. The staff
includes sufficient people to operate and maintain all equip-
ment, including the nuclear portion of the plant; to maintain
all site property; to perform all the necessary industrial-
hygiene services; to provide plant security; and to perform
the necessary clerical services. The general organizational set-
up is shown on p. 64. The top man at the station is the station
superintendent; and in his absence, the chief engineer is re-
sponsible for the plant.

Ttis staff is, of course, organized to serve a dual purpose.
As well as operation and maintenance, it will have the task of
testing and evaluating the plant. The total number of people
planned for the station is about 135. About 26 of these people
will be involved full time in testing and gathering information.
Although the rest of the staff is primarily for operation and
maintenance, some will also be required for testing purposes
on a part-time basis.

After operating experience has been gained, this force can
probably be reduced, to perhaps 81. This compares with 66
people for a conventional coal-burning plant. At this stage of
the game, however, the manpower for the station has been
planned on a conservative basis.

The operation and maintenance of the Shippingport Station
requires people skilled in both generating-station and nu-

clear-plant operation. Such people simply were not available;
therefore an elaborate training program was undertaken. In
general, the approach was to take experienced utility men and
train them in the nuclear aspects of the plant.

Several different training methods were used in this pro-
gram. On-the-job training was conducted at various Atomic
Energy Commission installations, and at the station itself.
Formal classes were held on various aspects of the plant oper-
ation, and inspection trips to equipment test and assembly
facilities were conducted. The exact nature and duration of
the training varied, of course, with the individual’s function
in the nuclear station.

On the job training was conducted at the Naval Reactor
Facility and the Materials Testing Reactor at Arco, Idaho, at
the Savannah River Plant, and at the Bettis Plant.

A total of 48 station employes received 171 man-months of
training at the NRF installation in Idaho, which is also used
to train personnel for the Navy’s nuclear program. Here the
personnel obtained on-the-job experience in reactor-plant
chemistry, health physics, maintenance, operation, instru-
ment tion and control, and testing. In many phases of this
training, the personnel were integrated with the operating
personnel at the facility, where they could gain actual operat-
Ing experience.

The Materials Testing Reactor was used largely to train a
few employees in health physics and chemistry aspects of
reactor operation. The nuclear instrumentation and centrol
engineers had about six months on-the-job experience at
Savannah River.

At the Bettis Plant, both formal and on-the-job training
was undertaken. Seven senior members of the operating staff
were assigned to the Bettis Plant for a year. Included in their
assignments were working on the reactor, shielding, and fluid
systems designs; plant analysis; and operation of the Bettis
Test Facility and the PWR critical experiment. The station
chemists, health physicist, and reactor engineers also received
trairing at Bettis.

On-the-job training is also being conducted at the Shipping-
port Station itself. This consists of an orientation program,
a series of lectures, and actual practice in operating various
parts of the plant during preliminary operation.
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An interesting training aid is a simulator that contains the
reactor and turbine control consoles in abbreviated form (see
photo). The design of the simulator is based on the parameters
of the stations, and the functions of the systems and com-
ponents.

Operators use this board in much the same fashion as they
would the actual control console. However, signals from the
console are fed to a computer, which returns operating data
and other indications to the console instruments. Thus, the
operation of the plant can be simulated realistically.

Formal training was largely conducted by professors re-
cruited fromlocal college faculties and wasintended to give cer-
tain personnel a working background in specific subjects, such
asnuclear physics, applied electronics, and reactor technology.

In addition to these forms of training, selected personnel
were also taken on inspection trips to manufacturing plants to
observe such things as the manufacture and testing of instru-
mentation and control, fuel elements, rod-control mechan-
isms, and core-handling equipment.

Through such training, the Shippingport personnel have
received extensive training in the functions, operations, and
maintenance of the station they will run. As compared to a
conventional station, both the numbers of people and their
training is considerably greater. As yet it is still far too early
to tell the number of people that will ultimately be needed in
other nuclear plants. However, the operation of this station
will provide much needed information as to the requirements
of future stations. ®

The control simulator used to train Shippingport personnel.
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