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NUCLEAR POWER PLANTS: STRUCTURE AND FUNCTION

Joseph M. Hendrie, Ph.D.
Brookhaven National Laboratory

Upton, New York 11973

Sources of Klectricity: Steam Electric Plants

Nuclear power plants are devices for generating electricity through

Liu.' steam electric cycle. Most of the electricity generated ^n tnt;

United States is produced with steam electric plants. We do get some

fled r iivi ty from hydroelectric plants, which use the energy in falling

water, a little more from diesel engine or gas turbine-driven gener-

ators, and lately even a little from wind-driven generators. But the

major part of our electricity comes from steam electric plants and those

plants are the backbone of the bulk electricity supply of the nation.

The same is true in most other countries around the world.

Steam electric plants are heat engines, and use the Rankine cycle

to convert heat energy into mechanical energy in the form of rotation of

a turbine. The turbine then turns a generator to produce electricity.

The conversion from heat energy to mechanical rotational energy is made

through a working fluid, which is water, and the vapor phase of water,

steam.

Figure 1 shows the essentials of the matter for steam electric

plants. Water is supplied at high pressure from the pump to the boiler.

In the boiler, heat energy is supplied to the water from the heat source

for the plant. The heat energy is incorporated in the working fluid,

turning it to steam at high pressure and temperature. The high pressure

steam is supplied to the turbine where steam jets impacting on the
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!)i.-id«.:« oi line turbine wheels cause the turbine to rotate. The turbine,

In turn, rotates the generator to produce electricity.

Tlio waste steam, now reduced in temperature and pressure because it

lias given up energy to make the turbine rotate, is passed into a con-

densing section where it is cooled and condensed to water again. The

water from the condenser is supplied to the feedwater pump so that it

can he puin|x:d once more to high pressure and fed to the boiler.

Tin; condensation of the waste steam from the turbine is done by

passing the steam around and through large bundles of tubes containing

cooling water from an outside source. The outside source can be a

river, the ocean, a lake, or a cooling tower. In modern plants, 30 to

40 percent of the energy which enters as heat energy is transformed into

electricity. The other 60 to 70 percent of the energy goes out of the

system in the cooling water. It seems a pity to have two-thirds of the

heat energy go out in what amounts to a waste stream, but that is the

way nature is arranged. Even at that, steam electric plants produce

electricity efficiently enough to have become the backbone of the elec-

trical supply system.

The heat energy in steam elecric plants is supplied from the burn-

ing, of combustible fuels such as oil, coal, gas, or wood, or from the

fissioning of uranium and plutonium in nuclear plants. In the combus-

tible fuel plants, flames and hot gases from the burning of oil, coal,

gas, etc. are passed over large numbers of boiler tubes containing the

water which is to be boiled into steam.

All of the modern steam electric plants, the combustible fuel

plants and the nuclear plants alike, are large, complex, and expensive



sLL-Lai L us Lai la l. ions . The combustible fuel plants have boilers thai

iro 10 Co I1} stories in height. The nuclear plants have single-axle

turbines that are 200 feet in length. The major components in both

types of plants are huge. The plants contain many thousands of valves

of a l l kinds, many thousands of feet of high and low pressure piping in

diameters from one-half inch to ten feet. There are many miles of elec-

trical power and instrument cables and thousands upon thousands of

instruments, indicators, relays, and switch gear elements. Each steam

olectrii: unit is a major industrial project, taking years to design,

construct, and place in operation.

Water Reactor Nuclear Plants

Most American commercial nuclear power units are of a type known as

water reactors because tho nuclear fuel is cooled by water. They are

occasionally called "light water" reactors to distinguish them from

those reactors that use heavy water.

There are two types of water reactor nuclear power plants. One of

these is called the boiling water reactor (BWR) because i t generates

steam to drive the turbine by boiling water directly in the nuclear

core... The other type is the pressurized water reactor (PWR), where heat

from^the nuclear core is transported to an external steam generator

where the turbine steam is produced.

In the United States, boiling water reactor systems are supplied by

the General lilectric Company. Westinghouse Corporation, Combustion Jin—

gineering Corporation, and the Babcock & Wilcox Company are a l l vendors

of pressurized water nuclear steam supplies. The turbine-generator



systems, wiiich are quite similar for the two types of water reactor

plants, are supplied for the most part by General Electric or Westing-

house, with a few plants having turbine generators manufactured abroad.

The reactor system and the turbine-generator system in the nuclear plant

must be coupled together and both systems must be supported by a variety

of auxiliary systems. These arrangements and additional systems are

typically designed by an architect-engineering firm employed by the

utility.

lioilinj> Water Reactors

The nuclear steam supply in a BWR plant consists essentially of the

reactor vessel and its internal components. Feedwater is supplied to

the re.ictor vessel from the condenser, is boiled to steam inside the re-

actor vessel, and the steam passes out of the vessel and is piped

directly to the turbine. Inside the vessel, as shown in Figure 2, the

entering feedwater flows down in an annulus next to the reactor vessel

wall, drawn by a set of recirculation pumps and loops grouped around the

outside of the vessel (see Figure 3). The fetdwater flows down the

annulus, through the jet pumps and into the bottom plenum of the vessel.

Then the water turns and rises up through the reactor core. Fission

heat" in the reactor core causes the water to boil and a mixture of steam

and water flows out of the top of the core and through the steam sepa-

rators at the top of the core shroud. The separators remove most of the

entrained water from the oteara, which then flows from the top of the

vessel through the main steam lines to the turbine. Water from the

separators mixes with the incoming feedwater and recirculates down

through the annulus.



The liWtt system is called a "direct cycle" system because the rc-

acLor coolant water boils in the core and the resulting steam is passed

directly to the turbine. The operating pressure in a BWR is typically a

little over 1000 psi, at which pressure water boils and forms saturated

steam at about 550°F. The reactor vessel and the main steam and feed-

water lines are typically rated at 1250 psi design pressure.

The UWR reactor vessel is a very large vessel. For a BWR of 1000

megawatt electric (MWe) size, the reactor vessel may be about 21 feet in

diameter, over 70 feet in height, and have a wall thickness of 6 to 7

inches. Between 100 and 200 control rod mechanisms are mounted on the

bottom head of the reactor vessel. The control rod mechanisms drive

neutron-absorbing control rods into the core from the bottom to control

the nuclear reaction. The BWR core is formed of a large number (more

than 760 in the largest sizes) of fuel assemblies. These contain 49 or

64 fuel rods each and are enclosed in a metal shroud. Figure 4 shows a

typical BWR fuel assembly.

UWKs have a number of emergency core cooling systems to cool the

core in the event of a loss of coolant from the reactor system or an ac-

cidental depressurization. There are some differences in the emergency

core cooling system from one unit to the next, but all JJWKa have several

independent systems to spray emergency cooling water on the core and to

flood the core at both high and low pressure conditions. Boiling water

reactors also have a provision for rapidly reducing the pressure in the

reactor by "blowing down" the high pressure steam Co the containment

suppression pool. Low pressure core cooling systems then can easily

maintain a water cover over the reactor core and keep the core ade-

quately cooled.



Ail current-design BWRs have containment systems of the pressure

suppression type. In general, containments are heavily-built structures

of steel and reinforced concrete that surround the reactor systems and

provide an air-tight boundary to contain radioactive materials in the

event of an accidental release. Some containments include provisions to

reduce the pressure of any reactor coolant fluid released in the event

of an accident, hence the designation "pressure suppression". Other

containments are simply large pressure vessels. The use of pressure

suppression containments for UWKs is a matter of tradition and common

practice related to the fact that American boiling water reactors are

all provided by a single vendor, the General Electric Company. There is

nothing intrinsic in the design of BWRs that requires a pressure sup-

pression containment.

The pressure suppression containments used with American BWRs are

of three models, ail using the same basic principle. Figure 5 is a

schematic diagram of a Mark I BWR containment and illustrates the gen-

eral principles. Steam that may be released from the reactor system in

any accident is piped into the containment pressure suppression pool,

where it is condensed in the large volume of water in the pool. This

reduces the overall pressure within the primary containment in the event

of an accident and allows the pressure suppression containment to be de-

signed to have smaller internal volume and lower design pressure than

would be required without the pressure suppression feature. The reactor

building which surrounds the primary containment structure provides ;i

secondary containment boundary. Atmosphere filtering systems are pro-

vided in the reactor building so that any radioactive );ns le.'ik.ij'.o from
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the primary containment is filtered in ulie reactor building air filtra-

tion system before release to the outside environment.

Pressurised Water Reactors

In pressurized water reactors (PWRs), the reactor is separated from

the boiler of the steam electric cycle. The PWR steam supply system

consists of a reactor vessel with its core and other internals, a pres—

surizer vessel, a number of external reactor system "loops", each with a

.steam generator and a reactor coolant pump, and various supporting sys-

tems. Figure 6 is an isometric sketch of a 4-loop PWR primary system.

PWRs come in two, three, and four loop versions, depending upon the

vendor and the reactor power level.

Tho basic arrangement of the PWR steam electric cycle is shown in

Figure 7. In the PWR system, the steam generators correspond to the

boiler element in the previous steam electric cycle diagram (Figure 1.)

Heat energy, generated by the nuclear reaction in the reactor core, is

carried by the reactor coolant water from the reactor vessel into the

steam generators. The hot reactor coolant water passes through many

thousands of tubes in the steam generators, then exits and is pumped

back' through the reactor vessel again. The tubes of the steam genera-

tors are immersed in water of the "secondary system", that is the tur-

bine system, which is contained inside the shell of the steam generator.

Heat transferred from the hot reactor coolant water in the tubes to

the secondary water causes the secondary water to boil. Steam and en-

trained water rise into the upper part of the steam generator where the

entrained water is separated out and returned with the incoming feed-

water. The dried steam is piped from the top of the steam generator to
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the mrbinc:. Figure 6 is a diagram of a typical PWR steam generator of

tlui U-Lube type. Westinghouse and Combustion Engineering build steam

generators of the U-tube type that is illustrated. The Babcock. & Uilcox

Company builds steam generators of a once-through design.

In the PWR system, the reactor coolant water is not permitted to

boil. The boiling is suppressed by maintaining a very high pressure in

the reactor system. The PWR is called an "indirect cycle" machine be-

cause the raising of steam to drive the turbine is done outside the re-

actor vessel by transporting heat energy from the reactor core to a

separate steam generator. The indirect cycle has the advantage that the

water coming in contact with the reactor core is kept separate from the

turbine-generator system and the rest of the plant. It has the disad-

vantage that additional major high pressure components (steam gener-

ators, pressurizer, etc.) are required.

The pressure in a typical PWR system is maintained at about 2250

psi in operation, which corresponds to a saturation temperature of about

650°F. Tlie temperature of the reactor coolant water at the outlet from

the reactor vessel, the "hot leg" temperature, is typically just under

600°F. In the steam generators, the pressure on the secondary side is

maintained at a lower level, about 1000 psi, so that heat, transferred

from the higher temperature reactor coolant water, can cause boiling.

Steam is supplied to the turbine from the steam generators at conditions

of about 1000 psi and 580°F.

The pressure in the reactor system to suppress boiling is estab-

lished and maintained in a separate pressurizer vessel. Figure 9 is a

schematic drawing of a pressurizer vessel. The pressuriiaer is attached



Lo tin.- reactor primary system by a pipe that enters the pressurizer at

tht: but torn. Inside the pressurizer there are heater elements at the

bottom and spray and relief valve attachments at the top. The reactor

system is pressurized, once it is filled with water, by turning on the

heaters in the pressurizer, causing some of the water to boil and form-

ing a steam bubble in the top of the pressurizer. liy adjusting the

power supplied to the heaters and by using a water spray at times, the

pressure of the primary system is adjusted to the desired operating

point and maintained there. The pressurizer also acts as a ballast

volume for the primary system.

As in all large steam electric plants, the components of a PWK sys-

tem are very large and massive. The reactor pressure vessel is typical-

ly 40 feet in height with an inside diameter of 12 to 14 feet, and a

wall thickness in excess of 8 inches. The pressure rating is typically

2500 psi. The vessels have removable top heads and the internal struc-

tures within the vessel can be removed once the head is off. Figure 10

shows a cross-section of a typical PWR vessel and internal structures.

These large vessels are built to very stringent standards of the

nuclear section of thu American Society of Mechanical ling i nee rs Boiler

and Pressure Vessel Code. There was a time, early in the development of

atomic energy matters, when limitations on the ability to manufacture

such large high-pressure vessels to the requisite quality semed likely

to limit the power which water reactors could be built to produce. The

fabrication difficulties have been worked out over the years, however,

and the experience with these large vessels has been excellent.

The core of a large PWR is formed of 150 or more fuel assemblies.

The I'WR assemblies contain 200 to 300 fuel rods and are generally
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simii.tr Lo BWK fuel assemblies, except that they do not have a surround-

ing me Lai shroud. Figure 11 shows a PWR fuel assembly. The PWR. fuel

assemblies also have open tubes distributed within them into which con-

trol rods lit.

Control rod drive mechanisms are mounted on the reactor head.

These mechanisms move control rods in and out of the reactor core to

control the nuclear reaction by absorbing neutrons. The control rods in

a PWK are used during startup and some other plant maneuvers and for

shutdown of the i.uclear reaction. In normal full power operation, the

control rods are generally almost completely withdrawn from "he core and

the chain reaction rate is controlled by adding boric acid solution to

the reactor coolant water and controlling the boron concentration in the

water. Boron is a material that has a high cross section for absorbing

neutrons.

limurgency core cooling systems for PWRs include both low and high

pressure coolant injection systems and an accumulator injection system.

The accumulators are large tanks containing water with an over-pressure

of nitrogen gas above the water. The accumulator tanks are connected to

the reactor primary system through check valves that are normally kept

closed by the higher reactor pressure. Should an accident cause depres-

surization of the reactor primary system, when the reactor pressure

falls below the pressure of the nitrogen gas in the accumulator tanks,

the check valves open and water from the accumulator tanks is driven

into the reactor vessel to cover and cool the core.

The low and high pressure coolant injection systems are each com-

posed of two redundant subsystems so that single equipment failures and



-II-

m.'j I functions will not disable them. The low and high pressure coolant

injection systems are pumped systems, i . e . , the cooling water is driven

into the reactor vessel by pumps installed for that purpose.

The emergency coolant injection pumps, and other essential equip-

ment and controls, are powered from both normal electrical supply

sources and from onsite, emergency power diesel-generator sets. Redun-

dant diesel-generacor s<its are provided so that a failure in a diesisl-

generaCor system will not disable essential emergency functions.

Pressurized water reactor systems are enclosed in a containment

structure. Most PWRs have large "dry' containments, which are large,

heavily-shitided pressure vessels. Some PWR containment systems are

double containments, in which an inner pressure vessel serves as the

airtight boundary around the reactoc system and an outer shield building

provides both shielding and a second barrier to escape of radioactive

materials to the environment. Figure 12 is a cT-oss-sectional sketch o£

such a double containment for a PWR.

Thermal Efficiency

It has been noted that the steam produced in boixing water reactors

or.,in the steam generators of pressurized water reactors is typically at

1000 pai pressure and 550 to 580°F as i t is delivered to the high pres-

sure stage of the turbine. These are not very impressive steam condi-

tions by modern standards. Coal- or oil-fi^ed plants will supply steam

Lo the high pressure turbine at typical conditions oi: 1050°l'' and 3000

psi pressure. As a result, water reactor nuclear plants are somewhat

less efficient in their use of heat energy Chan are combustible fuel
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pJUmts. With the higher temperatures and steam conditions of the modern

combustible fuel plants, thermal efficiencies run close to 40%. For

water reactor nuclear plants, on the other hand, thermal efficiencies

are inure typically 32 oc 33%.

The limited turbine steam conditions for water reactor plants are

not an intrinsic feature of all nuclear power plants. They are, how-

ever, characteristic of water reactor plants and arise from assorted

therraodynainic, structural, and material property limitations of this

particular type of reaczor. Other nuclear power plants, such as the

high temperature gas-cooled reactor and the liquid metal-cooled fast

breeder reactor, operate at higher core temperatures and produce steam

at conditions fully comparable to combustible fuel plants.

Other Types of Nuclear Power Plants

Since pressurized water reactors and boiling water reactors make up

the great majority of American nuclear pov»or plants, this discussion is

concentrated upon them. There are, however, other kinds of nuclear

power plants. The only American commercial nuclear power plant that is

not a light-water realtor plant is a high temperature gas-cooled reactor

(HTQR). In the HTGR, the reactor fuel is in the form of small particles

coated with graphite and imbedded in large blocks of graphite. The

fuel-containing blocks and oth^r graphite blocks are assembled into a

massive graphite block assembly that forms the core and reflector of the

reactor. Helium gas at high pressure passes through cooling channels in

the graphite blocks to cool the core and carry away the heat energy to

the Ktenm generators where turbine steam is produced.
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Vlie cure o£ an HTGK, as well as the steam generators and circu-

lators to propel the helium gas through the core, are all located within

a largj pre-stressed reinforced concrete vessel. The HTGR has some

notable safety advantages arising from the excellent high temperature

properties of graphite and from the very large thermal capacity provided

by the massive graphite core assembly. An HTGR cannot produce the sort

of hypothetical melcdown accident that is the bete noir of the water re-

actor. It is physically possible, in an HTGR, to have accidents that

cause overheating of the core and volatilization of fission products

which then could migrate out of the reactor vessel if there is a breach

in it. But diere are no accidents that could, even in principle, pro-

duce a large pool of molten metal with internal heat generation as is

imagined possible for water reactors.

There are other gas-cooled reactors around the world, notably a

series in Great Britain that use carbon dioxide as the coolant gas.

Some of these British units, the first ones in operation at Calder Hall,

are among the longest operating commercial nuclear power units, dating

back to startups in 1957-58. The British carbon dioxide-cooled reactors

operate at lower temperatures than the HTGR and have somewhat lower

thermal e£ficiencies.

The Canadians have developed a heavy water power reactor system

called the CANDU. This is a reactor in which there is no large high

pressure reactor vessel but in which the nuclear fuel is contained in a

series of pressure tubes. The pressure tubes, in turn, are surrounded

by heavy water contained in a large low-pressure calandria. The pres-

sure tube design of CANOU avoids the need to manufacture very large and
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liia'1 pressure reactor vessels. It is also a system which is

conducive to on-line refueling and the Canadians have developed such a

refueling system.

Other nuclear plant types may use liquid metal as coolant. The

liquid metal-cooled fast breeder reactor is such a device, with molten

sodium as the coolant. As noted previously, some of these reactor

types, notably the UTCK and the sodium-cooled reactors, operate at

higher temperatures than the water machines, and thus are able to obtain

thermal efficiencies of about 40%, comparable to the best combustible

fuel plants.

The Fission Process and Nuclear Fuel

The common feature of al l types of nuclear power plants i s , of

course, the use of nuclear fission as a heat source. The fission pro-

cess was discovered in 1939, only 40-odd years ago. At that time, i t

was observed that certain uranium nuclei would fission upon absorption

it£ a neutron. It did not take long to discover that a particular ura-

nium isotope, U-235, was the nucleus that most easily fissioned,

particularly with low energy neutrons. In natural uranium, U-23S

constitutes only 0.711% of the total. Much the most abundant type of

uranium in nature i s U-238 at 99.284%. It was found that while U-235

was fissionable by neutrons of al l energies, from very fast neutrons to

very slow ones, U-238 would fission only with very energetic neutrons.

The discovery of fission had been preceded by a line of research on

a mysterious and very penetrating form of radiation that resulted when

alpha particles from polonium were directed at various light elements



.sucli .is beryllium. This work went on in the late 1920's and in 1932 the

penetrating radiation was identified as a heavy neutral particle and was

given the name "neutron". The work that followed with the newly-

discovered neutron led to the recognition and characterization of the

fission process some 7 years later. Subsequently, new isotopes of

uranium and new transuranic isotopes were produced in the laboratory and

found to be fissionable. Examples are U-233, formed from neutron bom-

bardment of thorium, and Pu-239, formed by neutron absorption in U-238

and a subsequent decay step through the transuranic element neptunium,

in the fission process, neutrons are emitted from the fissioning

nucleus. The average number of neutrons emitted per fission is about

2-1/2. The neutrons start out at high speed, that i s , high kinetic en-

ergy, but as they bounce from collision to collision with surrounding

nuclei they slow down and become low-energy neutrons. Since the fission

cross-sections, that is the likelihood of a fission occurring in a col-

lision, of fissile nuclei tend to increase rather strongly as the

neutron energy decreases, low energy neutrons are much more effective in

causing fission than are fast neutrons.

In order to make a self-sustaining chain reaction take place in a

reactor core, the materials of the core must be arranged so that one neu-
'v

tron from each fission ends up causing another fission. The excess neu-

trons, 1-1/2 per fission on the average, are absorbed by structural or

control materials in the core or by uranium nuclei in a non-fissioning

mode.

There are two ways to increase the chances for fission in nuclear

fuels. One way is to slow the fast neutrons from fission down to low



oryLos where the fission cross-sections in the fuel are high. This is

done by providing material in the core such as water, heavy water, or

graphite that is effective in slowing the neutrons down in successive

collisions without absorbing them. Reactors that have neutron inoder-

ators in the core and operate on fissions caused by neutrons that have

been slowed down are called thermal reactors. The light water reactors

with which we are concur nod in the U.S. are thermal re.n-.lors, for in-

stance.

The second way to increase the chance of fission in nuclear fuels

is to increase the concentration of fissile nuclei. This is done in

light water reactor fuels by increasing the concentration of U-235

atoms. The enrichment of fuel materials in U-235 atoms is carried out

in diffusion plants owned and operated by the federal government.

The neutron economy in water reactors is such that with ordinary

water au a moderating material and with irreducible amounts of struc-

tural material in the core region, the nuclear fuel must be enriched s ">

achieve a self-sustaining chain reaction. That i s , there just are not

enough U-235 nuclei in naturally-occurring uranium to keep a self-

sustaining chain reaction going within the core of a reactor moderated

and ..cooled by ordinary water. The enrichment of water reactor fuel is

typically 2 to 4%.

When U-235 and other fissile nuclei absorb a neutron and undergo

fission, the nucleus splits into two or more fragments, called "fission

products". The fission products are the nuclei of lighter elements.

They recoil from the original uranium nucleus at high speeds and bump

into the atoms in the material around then. The fission products are
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rcJ.aLi.vely massive particles on the atomic scale and are electrically

highly charged. As a result, they interact very strongly with the sur-

rounding atoms, and travel only a short distance before they give up

their kinetic energy to the surrounding atoms and molecules, thereby

raising the temperature of the fuel material. With great numbers of

fissions occurring every second, the nuclear fuel becomes very hot and

that Ls the source of heat energy in nuclear power plants.

About 88% of the heat energy in nuclear fuel that results from fis-

sion comes from the kinetic energy of the fission products. Most of the

rest of the fission energy comes from the interaction with the surround-

ing fuel atoms of beta and gamma radiation from the decay of the fission

products. A small amount comes from the interaction of neutrons with

fuel atoms.

The fission process releases a substantial amount of energy, at

least on the atomic scale. The fission of a single uranium or plutonium

nucleus releases about 200 million electron volts. This is about 50 mil-

lion times as much energy as is released from the oxidation of an atom

of carbon, which is the corresponding chemical reaction in the burning

of coal or oil. The fissioning of one gram of U-235 nuclei will produce

approximately 1 megawatt-day of thermal energy.

A typical large nuclear plant, say one of 1100 megawatt electric

capacity, fissions about 8 pounds of nuclei per day at full power.

Taking a typical annual plant capacity factor of 60% into account, one

ol: die 1100 MWe class plants has an annual fuel consumption of about

1800 pounds of fissionable nuclei. That is a little less than one ton

of nuclei fissioned per year. About two-thirds of those fissions are in
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U-Z'Jb in water reactors and the balance are in piutonium that is formed

in Lhc core during operation by bombardment of U-238 nuclei with neu-

trons.

The slightly-enriched uranium that is the fuel for water reactors

is converted to uranium dioxide and compacted into very hard ceramic-

like fuel pellets that are about as big as the end of a finger. The

pellets are stacked into tubes of zirconium alloy in the manner shown in

Figure 13. The pellets in the fuel rod form, in effect, a cylinder of

uranium dioxide a little less than one-half inch in diameter and 12 feet

Long. As noted earlier, numbers of fuel rods, typically 49 or 64 for

BWRs and 200 to 300 rods for PWRs, are grouped together in fuel assem-

blies. Figures 4 and 11 are drawings of fuel assemblies for BWRs and

PWRs, respectively. The core of a large PWR may contain 40,000 fuel

rods, amounting to about 100 tons of slightly-enriched uranium dioxide.

Fission Products and Reactor Afterheat

As noted, when a uranium or piutonium nucleus fissions, it divides

into two heavy fragments that arc excited states of lighter elements.

These are the fission products and nearly all of them are highly radio-

active. Most fission products decay by beta emission, i.e., omission of

an electron, and it is usually accompanied by gamin" radiation. Many

fission products have long decay chains, and ay very rapidly through

a series of up to a dozen daughter products until a stable nuclide is

formed. The range of half-lives of the fission products is very large,

running from fractions of a second to many centuries. The actual

composition of the mixed fission product inventory in a reactor after
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actor, is a constantly changing function of time. Fission product decay

activity is most intense during reactor operation and just after shut-

down, when the short half-life species are decaying away. As time goes

on after shutdown, progressively longer half-lived species are the only

ones left and the decay activity thus decreases monotonicaily with time.

There are two important aspects to the decay of the fission prod-

ucts. These two aspects are the root causes for all of the reactor

safety measures that are taken in the design and the operation of

nuclear plants and they are also the causes of the concerns about the

safety of nuclear plants.

The first aspect is that the fission products are intensely radio-

active just after reactor shutdown and remain radioactive, although with

an intensity that diminishes with time, for a very long period after

shutdown. A reactor of the 1100 MWe class is producing, at full power,

about 8 pounds of fission products per day. Some of these decay very

rapidly, but other fission products with longer half-lives remain in the

core. Near the end of the typical operating cycle for a large water re-

actor, when the longer half-lived fission products have accumulated to

thê raaximum inventory they will reach before fuel elements are dis-

charged, the radioactivity level in the fission product inventory will

reach 8 to 10 billion Curies. (The Curie is a unit of radioactivity

corresponding to a decay rate of 3.7 x 10^ disintegrations per sec-

ond. A Curie is also equal to the decay rate of 1 grain of radium.)

From a radiation safety standpoint, the fission product emissions

that are of greatest concern are the gamma rays. The gamma rays are
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ftl in a range of energies from the soft x-ray region at 10 or 20

kilovolts up to very hard x-rays of 5 million electron-volts or more.

The harder, or more energetic end of the fission product gamma ray

spectrum is quite penetrating and so offers a greater radiation hazard.

The fission product beta emissions, while including some energetic elec-

trons, have quite short ranges because of the charged particle interac-

tions in matter. The beta rays are, therefore, of less importance for

radiation protection purposes. In sum, the fission product inventory

represents a very large amount of radioactivity and it is essential for

radiation protection purposes that it be very tightly contained.

The second aspect of the fission products that is important to

safety is that the decay of the fission products after reactor shutdown

is an important heat source in the fuel that continues for a long time.

That means that the reactor core must be cooled after shutdown and the

cooling must be maintained for a long time. The required amount of cool-

ing diminishes, of course, as time goes on and the more active fission

products decay, but some level of cooling is necessary almost indefi-

nitely. The converse of the requirement that cooling be maintained

after reactor shutdown is that if cooling is not maintained, the fuel

can^overheat, fail, and even melt. The removal of this post-shutdown

residual heat, or "afterheat", is, therefore, an extremely important

function of the reactor auxiliary and supporting systems.

Figure 14 is a graph of the fission product afterheat, given as a

percentage of full thermal power, as a function of time after shutdown.

The afterheat is about 7.3% of full operating thermal power a fraction

of a second after shutdown. The afterheat decreases to about 2% of full
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power in 1') minutes, a half percent in one day, and about 1/lOcli percent

in a month. For a large reactor of the 1100 MWe class, that is still

about 3.5 megawatts of thermal power being generated by fission product

decay a month after reactor shutdown.

The Safety Essentials

The key safety requirement for a reactor is to contain the fission

products. In spite of the large amount of radioactivity in the fission

products, that is not so difficult. About 98% of the fission product

inventory is locked in the uranium dioxide fuel pellets as interstitial

atoms. These are the fission product elements that are not gases at

reactor fuel temperatures. These fission products, the great bulk of

Lhe radioactivity, are permanently locked into the fuel pellets as long

a.s the pellets do not melt.

The 27. of the fission products that diffuse out of the fuel pellets

are the fission products that are gases at reactor fuel temperatures.

These fission products collect in the small annular clearance gap be-

tween the fuel pellets and the fuel cladding tubes in which the pellets

are sealed. Since this gap region is at a temperature only a little

aboye the temperature of the reactor coolant water and is thus at much

lowc^r temperature than the interior of the fuel pellets, fission product

species that were volatile at the higher temperature now condense on the

cooler walls of the fuel rods. These fission products are also immobil-

ized, at least as long as the fuel cladding tubes are not overheated.

Part of the 2% of fission products outside the fuel pellets are fission

products that are gases at normal temperatures and pressures. These



-22-

includt; the noble gases argon, krypton, and xenon, and some of the

halogens, notably iodine.

In any reactor accident short of a widespread overheating of the

fuel rods and substantial melting of fuel pellets, those gaseous fission

products are the only ones that can escape the fuel rods and be avail-

able for leakage from the reactor vessel and primary piping or the re-

actor containment, if all of these successive major confining barriers

should be breached. The radiological consequences outside the contain-

ment of a release of gaseous fission products from the fuel rod gap

regions would be serious on the scale of the very small normal operating

reactor releases but would not constitute a significant threat to health

and safety.

Only in a major overheating of the core, with widespread melting of

fuel pellets, could there be a sufficient release of radioactivity to

have significant offsite health consequences. Even in the case of such

overheating, the heavy-walled steel reactor vessel, and outside that the

thick, steel-lined reinforced concrete walls of the containment stand as

barriers to contain the fission products.

The essential point of reactor safety, to contain the fission

products, is satisfied if overheating of the core can be avoided. That

''V

requirement, in turn, is satisfied if three rather simple instructions

are carried out: (1) shut down the reactor; (2) keep the core covered

with water; (3) remove the afterheat.

The ability to shut down the reactor promptly is important because

in the event of any cessation or even slackening in the reactor coolant

water flow to the core, the power level of the machine needs to be
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dropped promptly to avoid overheacing the core. The emergency core

cooling ays terns and residual heat removal systems of a water reactor are

sized to remove the afterheat, not to keep the core cool with any sub-

stantial power generation going on. The shutdown function is, there-

fore, an essential one.

The systems that are provided for the shutdown function in water

reactors are the control rods and liquid poison systems. There are a

large number of control rods in both BWRs and PWRs. The rods contain a

neutron-absorbing poison and terminate the chain reaction promptly when

they are inserted in the core. The liquid poison systems are standby

shutdown systems in BWKs. In PWRs, which operate with small amounts of

boric acid solution in the primary water all the time, the liquid poison

system amounts to simply turning on the normal reactor water berating

system full bore.

Keeping the core covered with reactor coolant water is important

because no overheating can occur after shutdown if that is done. Even

at the maximum afterheat rate just after reactor shutdown from full

power, the heat removal rate in a core covered with water is quite ade-

quate. In fact, it is probably adequate with the water level partway

down in the core and the upper parts of the fuel rods cooled only by

'"V

steam and entrained water droplet?. But simplicity has considerable

merit in a safety regime and the simple direction is to keep the core

covered. A number of reactor safety systems are provided to keep the

core covered. These are the emergency core cooling systems and include

the high and low pressure injection systems, core sprays, and accumu-

lators.



Kemoving the afCerheat is an obvious requirement for long-term

cooling of the core. The afterheat removal need not start instantane-

ously after shutdown, but needs to begin fairly soon to avoid raising

the temperature in the reactor vessel. Removal of the afterheat can

take various forms. Any injection of cold water by the emergency core

cooling systems provides thermal capacity within the reactor vessel

which can take up some afterheat. The more normal afterheat removal

method is to circulate reactor coolant water out of the vessel and to a

heat exchanger where the afterheat is passed on to cooling water from

secondary circuits. The cooled reactor water is then returned to the

vessel. In PWRs, the steam generators are generally used as -he first

line of afterhera. removal systems.

In the event of any breach in the reactor primary piping, the

afterheat removal is carried out by pumping cool water into the reactor

vessel to keep the core covered and allowing it to overflow and collect

in a sump in the containment building* It is then drawn from the sump,

through a heat exchanger, and pumped to the vessel.

A perfectly satisfactory afterheat removal method, available if the

various forms and modes of pumped systems are not available, is simply

to-let the core boil the water in the vessel and to vent the steam thus

formed. With the core immersed in reactor coolant water, the afterheat

causes a small amount of boiling and the afterheat then appears as steam

above the water level. The makeup rate for reactor water, to replace

the amount of water that is boiled off by the afterheat, is modest.

Soon after shutdown, a makeup rate of 200 to 300 gpm is ample. The re-

quired makeup rate decreases as time goes on, of course, as the after-

heat decreases.



An Overall Assessment

Nuclear plants are massive structures with multiple barriers

against the accidental release of radioactive materials. They are de-

signed Co resist very large earthquakes, flooding, and tornados, hurri-

canes, and windstorms, with whatever missiles might be driven by these

storms. They are designed to resist all manner of major component

failures and breakdowns, including a complete rupture of the largest

pipe in Che reactor primary system.

The various systems essential to safety, the shutdown systems, sys-

tems for keeping the core covered with water, and systems for removing

afterheat, as well as the emergency electrical power systems that

provide motive power Co them, are all arranged with redundant, parallel

subsystems so that component failures or operator errors that might

disable one section of a safety system will not prevent the safety

function from being carried out.

The plants are built to conform to rigorous government regulations

and engineering codes and standards. There are requirements for ex-

tensive quality assurance programs in all aspects of construction and

operation. Nuclear plant operations are monitored by federal government

inspection personnel, with inspectors stationed permanently at each.site
'"V

as well as regular visitations by inspectors and experts from regional

and national headquarters offices. Plant operations are also audited by

the industry-supported Institute of Nuclear Power Operations.

The frequent articles in the press noting nuclear plant equipment

failures, quality assurance problems, personnel errors, and occasional

fLnes of utilities for alleged deviations from license conditions are



amplu evidence of the vigorous functioning of a strong and aggressive

inspection, auditing, and enforcement regime. Nuclear power is, of

course, a subject of high interest in the media, so that even rela-

tively trivial occurrences at nuclear plants command press attention

where comparable or even much larger events at other sorts of industrial

plants ai.tract no attention. It may come as something of a surprise to

Laymen who are not closely familiar with the working of our industrial

plants to know that all through the land, in factories, refineries,

chemical plants, and fossil-fuel power plants, equipment fails, valves

malfunction, instruments burn out, and workers and operators make all

sorts of mistakes, on a daily, even an hourly basis. Yet all of these

technological manifestations of our civilization continue to function in

an adequate way.

Nuclear plants are designed, built, and operated to a much more

rigorous set of standards but even so it is anticipated in the design

and operation that there will be equipment failures and human er.ors.

And, indeed, these occur, as is amply noticed in the prest>. A higher

standard is entirely appropriate for nuclear plants, since the potential

hazard from the fission product inventory is larger than for most, but

not .all industrial installations.

Nuclear plants do not, however, represent some extreme and extra-

ordinary potential hazard far beyond anything previously known in our

industrial society. The failures of dams in populated areas and some

extreme accidents in chemical plants manufacturing toxic and carcino-

genic materials have, at comparable levels of probability to those for a

largo nuclear accident, comparable potential for causing injuries and
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deaihs and in comparable numbers. There are some very low-probability

aircraft -:ccidents that have similar potentials for casualties. Con-

trary LO the claim of anti- .uiclear activists, even the largest nuclear

accidents, as conventionally and conservatively calculated, are no worse

than other low-probability industrial and transportation accidents.

Further, reflections on the past decade of nuclear plant experi-

ence, including some accidents that caused major reactor damage although

no radiation injuries, are leading .o a reassessment of the possible

extremes of nuclear plant accident consequences. A notable part of this

reassessment arises from the observation in the Three Mile Island acci-

dent that although there was very substantial core overheating and

damage, only 10 or 20 Curies of a total core inventory of 100 million

Curies of radioactive iodine escaped to the environment. Conventional

calculations of the iodine release in an accident like Three Mile Island

would have projected very much larger releases.

Work at several laboratories indicates that the radioiodine in a

water reactor combines very strongly with cesium to form a product which

simply is not available for leakage as though it were a gas. It seems

highly likely that the conventional nuclear accident analyses have

grossly overestimated the radioiodine releases. This is very important
'"v

in terms of large accident consequences, since a good fraction of the

consequences are calculated to be due to radioiodine.

There is also considerable work going on with regard to the esti-

mates of aerosol formation of fission products and the subsequent leak-

age and distribution in the environment of such radioactive aerosols.

Again, the indications are that the conventional accident calculations

have substantially overestimated releases of this kind.



-28-

OLhcr aspects of conventional nuclear accident calculations chat

are being reexamined include the timing and likelihood of some extreme

evuats that might lead to early and substantial releases of radioactiv-

ity in an accident. It appears that accidents that could cause any

significant release of radioactivity in a short time after an initiating

event are of substantially lower probability than had been thought.

Reactor accidents that might lead eventually to release of fission

products from the primary system and a subsequent breach of the contain-

ment appuar much more likely to be of a slowly progressing type, due to

failures to keep the core covered with water, and to remove afterheat.

The probabilities for even these accidents are not large, but if such an

accident did occur there would be many hours and perhaps a day or two

before any large quantity of radioactive material would leak from the

containment.

Even without these prospective developments, it lias become clear

that major reactor accidents are a much overrated concern in sections of

the public and press. Large reactor accidents, however improbable, are,

of course, to be urgently and vigorously defended against by all reason-

able preventative means and by provisions for protecting the public, but

nuclear plant accidents, even at the extreme, do not constitute any-ex—

traordinary new range of hazard in our civilization.



FIGURE LEGENDS

Figure I. The basic steam electric cycle.

Figure 2. Schematic arrangement of a boiling water reactor.

figure 3. Isometric drawing of a boiling water reactor vessel and re-

circulation pumps and piping.

Figure 4. Typical fuel assembly for a boiling water reactor.

Figure 5. Cross-sectional view of a boiling water reactor containment

of the Mark I type.

Figure 6. Typical arrangement of a 4-loop pressurized water reactor

primary system.

Figure 7. Basic elements of the pressurized water reactor steam elec-

tric cycle.



FIGURE LEGENDS

(Continued)

Figure 8. Pressurized water r eac to r system steam genera tor .

Figure 9. P r e s su r i ze r ve s se l of a pressur ized watei r eac to r system.

Figure 10. Cross-section of a typical pressurized water reactor vessel.

Figure 11. Typical pressurized water reactor fuel assembly.

Figure 12. Cross-section of a double containment of the "dry" type for

a pressurized water reactor.

Figure 13. Water reactor fuel rod and typical fuel data.

Figure 14. Reactor afterheat, in terms of percent of full operating

thermal power, as a function of time after reactor shutdown.
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Typical Fuel Data

Overall length, in.
Outside diam., in.
Metal wall thickness, in.
Pellet diam., in.
Pellet length, in.
Pellet stack height, in.
Plenum length, in.
Fuel rods in fuel assembly
Fuel rod pitch, in.
Fuel assemblies in core

PWR

149.7
0.422
0.0243
0.366
0.600
144
4.3
204
0.563
193

BWB

0.563
0.037
0.477
0.5
144
16
49
0.738
764

Plenum

• Hold Down
Spring

-Uranium
Dioxide
Fuel
Pellet

Gas
Gap

-Zircaloy
Cladding
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