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FOREWORD

This programmed text is recommended as an aid in the study of reac-
tor technology. It is not the intent of the authors and editors that the
text be considered a finished product. While field testing of both the
subject matter and the continuity of thought has been limited, the need
for study material in programmed form was a basic consideration in the
decision to publish the text. Revisions may be made at any time to
correct errors, to expand the subject matter coverage, or to update the
reactor technology. If the text is used with these reservations, and
in conjunction with other study helps, it can be the basis for very

rewarding individual study on the part of the student.
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REACTOR OPERATOR STUDY HANDBOOK

(Programmed Instruction Version)

VOLUME V- INSTRUMENTATION AND CONTROLS

INTRODUCTION

As a part of the reactor operator training program of Operations
Division, Oak Ridge National Laboratory, five areas of imstruction have

been programmed for individual study. They are:

Volume I - - Elementary Mathematics Review
Volume IT - Radiation Safety and Control
Volume III - Reactor Physics

Volume IV - Heat Theory and Fluid Flow
Volume V - Instrumentation and Controls

These programmed studies are a part of a course in reactor opera-
tion that includes classwork, lectures, and on-the-job training. At
the end of the course, the operator trainee is tested for competence in
all areas of reactor operations before being certified to operate a
particular reactor.

It is suggested that the programs be studied in the sequence given
above; however, sequential dependence has been minimized so that they
may be studied either individually or as an integrated group.

This version of Volume V of the programmed version of the Opera=
tions Division's reactor operator study handbook is based upon the
original version authored by R. A. Costner, Jr., E. N. Cramer, and

R. L. Scott, Jr., and retains much of the original material.
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INSTRUCTIONS

The material contained in this manual has been prepared using a

"programmed instruction'. This technique of instruc-

technique called
tion consists of:

1. Presenting ideas of information in small, easily digestible
steps called "frames'.

2. Allowing you to set your own pace.

3. Encouraging response in an active way so that you have a
strong impression of the idea presented.

4, TLetting you know immediately if your answer is correct, thus
reinforcing your impression.

5. Presenting many clues at first to help you arriwve at the
correct answer. (As you progress, the number of clues is
reduced.)

A few sample frames are found on the next page. These will be
used to illustrate the proper use of "programmed instruction'". Most
frames will require.you to respond by filling in a blank, or blanks,
to complete a sentence. Other frames will give you a choice of several
responses. Some frames are for informational purposes only and require
no response. The correct response to a given frame is always found on
the right side of the page adjacent to the following frame. When read-
ing a frame, a sheet (or strip) of paper should be used to cover the
area below the dotted line which follows the frame. After completely
reading a frame, you should write your response on a piece of paper.
Next, move the paper down the page until you reach the next dotted line
or turn the page. This will uncover the next frame and the correct
response for the frame you have just completed. Compare your response
with the correct response. If they do not match, read that frame again

before moving on to the next one; do not proceed until you understand

the information in the frame you are reading. If the responses do

match, proceed to the frame you have just uncovered.
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At the end of each section, there are self-test questions for
review. 1If you miss one of the self-test questions, repeat the perti-
nent frames. It is not enough to respond correctly as you proceed
through the material; you must remember correctly at the end of the
program and even later. You should attempt to complete each section

once you have started.

Sample Frames

i. Programmed instruction is a method of presenting
information in short paragraphs called "frames".
These usually contain only one or two concepts

for the student to grasp.

(=T
i

By requiring you to think of the appropriate response frames
and to write that on a piece of paper, you take
an active part in the program, and thereby reinforce

your learning.

iii. This method of instruction, called ) response

allows you to proceed with the material at a rate

which you determine for yourself.

iv. Programmed instruction provides the appropriate programmed
. . . instruction
response immediately and thus should reinforce the instru
student's .

learning



SECTION V
V-1. PRINCIPLES OF ELECTRICITY

The purpose of this section is to present principles of electricity

and electrical circuits which are basic to all instrument and control

circuits. Most people would agree that very little knowledge of elec-
tricity is necessary in order to use it, just as very little knowledge
of the machinery of a car is necessary in order to drive it. However,
we believe that most of you will agree that some knowledge of the ma-
chinery of an automobile can help you to understand what a car can and
cannot do under various conditions, making you a better driver. And

since electrical instruments, motors, controls, etc., are so important

to the safe operation of a reactor, we believe that some knowledge of

electricity can help make the difference between a person's being a

reactor "operator" and being just a "button pusher".

—— v o

Electricity is a form of energy. This means it has the capacity
to exert a force and cause something to move. This capacity to exert a

force and cause motion has been defined as work.

—_— - — man e v aa—

1. Electricity, as a form of energy, has the capacity to
do .

2. When work is done, a force has been exerted on some work
matter; and as a result of that force, the matter is

made to .
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1.1. Fundamentals

Current, Potential, and Resistance

The electrical charges of elementary particles are

of two kinds. We call them negative and positive

for convenience. The commonly known particles of

which all matter is made are protons (charged posi-

tively), electrons (charged negatively), and neu-~

trons which have no charge.

Protons are particles which are charged and

electrons are charged particles.

— o hmee e b

The electrical energy from the motion of the small

particles which we call electrons causes lamps to
light, motors to turn, ranges to produce heat, and

TV sets to operate.

The motion or movement of electrons produces

energy.

— — v ——— o —

Metals have relatively large numbers of "free"

electrons which are in continuous random motion.

The protons, on the other hand, are not free to move

since they are part of .the tightly bound-together

nuclei of the atoms. What is meant when speaking of

electric currents in conductors is the drift of the

free one way or the other along the conductor.

move

positively,
negatively

electrical



8. That material along which the free electrons drift electrons

is called a .

9. The movement of many free along a wire is conductor

called an electric current. This is analogous to

many drops of water flowing in a pipe, which we call

a of water.

— o — — e -

10. In one typical research reactor the coolant flow electrons,
through the reactor vessel is 18,000 gal/min. Water current
is moving past a point at the rate of 18,000 gal/min.

This is a measure of the coolant .

11. Electron flow is measured in a similar way. When current or flow

6.25 x 1018 electrons move past a point each second,

by definition there is one ampere of current flowing

past that point. This quantity of electrons is
given a name for convenience. The name 'coulomb',
like that of many units of electrical measurements,
was given to honor one of the pioneers in the field.
"Ampere" was the name of another of these pioneers.
When a coulomb of electricity or charge moves past a
point in a conductor each second, there is an

of current flowing.

12. The unit commonly used for measuring electric cur- ampere

rent is the .



13.

140

15.

16.

17.

If only half of a __ of charge moves past a point
in one second, the current is only half an ampere.
The ampere is commonly abbreviated amp or a. So, in
the above case, we would write the answer 0.5 amp.
When written on an electrical diagram, it probably

would be written 0.5 a.

— - ar v

The ampere is a convenient unit for measuring the
electric currents required to operate household

appliances but is, however, much too large for meas~-

uring the currents found frequently in reactor and

other instrumentation or in such things as the

familiar transistor radio receivers. For these

cases the ampere is divided by 1000 to give a unit

called a milliampere (ma) or by 1,000,000 to give a
microampere (pa). The symbol "p" is a Greek letter
pronounced Mu and here signifies one one-millionth

or 1/106 or 10'6.

If the current in your transistor radio is only

0.065 ampere, you would call it a current of 65

A current of 0.000015 ampere would commonly be

written 15 pa and would be read 15 .

ne W wm e b s

Until now we have discussed only the movement of

charges and have called the movement electric .
We have also said that the unit used to measure

electric current is the .

ampere

coulomb

milliamperes
or ma

microamperes
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19.

20.

21.

22.

Early studies of electricity began with the study current,
ampere

of charged bodies. Tt was called "static'" elec-

tricity because when certain things like amber or

class rods were "electrified" (charged) by rubbing

them with another material the charges remained

pretty well in one place. They were static.

Early experimenters found that the materials which

were good insulators were the materials which could

be charged. A material which has few "free' elec-

trons (is not a conductor) may be by rubbing

with a suitable material.

— e b = o —

When a hard rubber rod is rubbed with wool, one charged

charge is produced on the rubber and the opposite
charge is produced on the wool. Free are

rubbed off one material and accumulate on the other.
Thus, if the rubber gains electrons, it is said to

have a negative charge.

v — — o me

The piece of wool which is used to rub the rubber electrons

rod loses some electrons and is said to have a

charge.

— e mem m— e - -

Since in an it is very difficult for charges positive
to move, the charge on the rubber rod remains for

some time and is called a static charge.



23.

24,

25.

26.

The charge that is built up on a comb when you comb

your hair is called a charge because it

remains on the comb for some time.

A gain of electrons produces a charge. A
loss of electrons produces a charge.

e G s

There is a device in which electric charges may be

stored. It is called a capacitor or a condenser.

v men  wmm Cmmn mea e e

The term condenser originated from the
erroneous idea that electricity was a fluid
which could be stored in a suitable con-
tainer. An early capacitor was the Leyden
jar which consists of a glass jar coated
part way up the inside and outside with
metal foil. Charging the jar was done by
connecting an "electric machine' (charge
generator) across the two foils. Electrons
were displaced from one foil or '"plate' of
LfEi capacitor to the other.

The charging of a capacitor results in a static
charge of one type on one plate and the opposite
type on the other plate. The charge on a capac-
itor is stationmary or ______ until a discharge path

is arranged between the plates.

insulator

static

negative,
positive



27.

28.

29.

30.

If a conductor is connected between the plates of a
charged capacitor, a current will flow in it. The

current is due to the "difference in potential"

between the capacitor's plates due to the static

charge thereon. The difference in potential is

measured in "volts" (v), a name given to honor the

pioneer Ttalian physicist Alessandro Volta.

"Difference in potential' or simply "potential dif-

ference" is a measure of the difference in the

number of free electrons in two locations. This

potential difference is measured in .

Lightning often results when very strong electrical
charges build up on clouds, producing a potential
difference (voltage) between the clouds or between

the earth and clouds of thousands of volts. This

static condition remains just like that of the rub-

ber rod and wool until something happens to "ionize"

(see Section 1.1h) the air. Then there is a strong
current between the clouds or the cloud and the

earth that we call a lightning flash. As soon as

the cloud-to-cloud or cloud-to-earth potential dif-

ference becomes low enough the current stops and the

charge starts building up again.

. D A s

Early experiments in which capacitors were dis-
charged were man's first experiences with what we

now call current electricity.

static

volts
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32.

co

In this text, only electron current will be
considered. 1In early work with electric~ .
ity, it was arbitrarily decided that "cur-
rent" flowed from the positive pole to the
negative pole; and then an arbitrary naming
of the positive and negative poles was
done. Later it was proved that the choice
of poles was wrong and that the electron
current flows from the negative to the
positive pole. Students have had to learn
to say that current flows from positive to
negative, although they know that it does
not, Since electron flow must be con-
sidered in developing an understanding of
electrical phenomena in radiation, only
electron flow will be taught. Hopefully,
this approach will assist the student in
gaining a quicker analytical understanding
of ionization chambers and their currents.
We shall use the terms "electron current"
and "electric current" interchangeably,
but the student should remember that we
always mean electron current.

When chemical cells and batteries of such cells were

developed, the study of current electricity grew in

importance. The current produced by batteries is

called direct current because the charge movement

or electron current is always in one direction.

An electric current that flows in only one direction

through a conductor (not back and forth) is called

current.
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By the way, perhaps we should explain the terms cell direct
and battery. When two conductors made of different
materials are immersed in the same electrolyte (a

certain class of chemical solution), chemical action

will build up a supply of electrons on one conductor

and create a deficiency of electrons on the other.

Thus, a difference of potential is produced between

the two conductors.

This is the sort of system that produces
electrolytic corrosion.

Excess of — iE;;“h‘:ZZ_.Deficiency of
electrons - fxf electrons
S
—= o
—— 4 =
Electrolyte

Fig. V-1. An Electrical Cell

The system made up of the two different conductors

and the electrolyte is called an electrical cell.

In an ordinary flashlight cell, one conductor is
carbon, the other is zinc, and the electrolyte is

ammonium chloride. The chemical action produces

excess electrons on the zinc so it becomes the

pole of the cell.

o e e tawer e
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36.

37.

38.

39.

10

At this point we might introduce the word electrode. negative
We have been discussing poles of a cell, and for

cells the word "

pole" is accepted. However, a more
universally accepted word is "electrode'", which

means either terminal of an electric source or

either conductor by which a current enters or leaves

an electrolyte.

o wmm w— m—. - — —

Although we shall continue to use the word pole when

we discuss cells or batteries, remember that a ter-

minal through which current is introduced into

another system is often called an .

. o o man -

The chemical action in a cell also produces a defi- electrode
ciency of electrons on the carbon center rod, and
it becomes the pole (also called an ) of

the cell.

When the term '"cell is used correctly, it means positive,
electrode
one chemical system consisting of two different

conductors and an electrolyte. Each of your

car battery is made up Of lead plates, lead dioxide

lates, and dilute sulfuric acid for the electro-

lyte.

A battery is a group of cells connected either in cell
"series' (positive pole of one cell to negative pole

of next cell) or in "parallel" (all positive poles

together and all negative poles together).
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41.

42.

11

Parallel

Fig. V-2. Cells Wired in "Series" and in "Parallel"

e — - -

For example, if you have a two-cell flashlight, you
place two cells end to end such that the center pin
(positive pole) of one cell contacts the smooth end
(negative pole) of the next cell. Thus, you have

two cells "wired" in , making a two-cell

When cells are wired in seriesg, the total voltage
is the sum of voltages of the cells. If your car
uses a 12-volt electrical system, six 2-volt cells
are wired in series to make a 12-volt _____ for the

system.

The total voltage of cells wired in parallel remains
the same as the voltage of one cell; but the total
current available is more because, in effect, you
have both a larger positive electrode and a larger
negative electrode. The total effect is to make a
low-voltage battery that will last a longer time.

series,
battery

battery
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45.

12

When a conductor is connected between the terminals

(electrodes) of a battery, as in Figure V-3, elec-
trons are repelled from the negative pole and are
attracted to the ___ pole. Since this electron
movement is always in one direction, it is called
current. The ammeter (Figure V-3) is a

current -measuring instrument.

Figure V-3 illustrates a simple electrical "cir-
cuit", the path along which electrons flow from the
negative pole of an electrical source to the posi-
tive. ‘In a practical system, the circuit must
generally contain more components to limit the
amount of current and to convert the energy to use-

ful work.

Conductor

+0 —6

Battery Ammeter

- O >

Fig. V-3. Direction of Electron Flow
in a Battery-Powered Circuit

If the conductor is disconnected from either battery

terminal, the current stops flowing through the
because for all practical purposes there are

no in air to carry the current as there

are in the conductor.

v v Bame  tmn v —

positive,
direct
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46. An instrument which measures an electric current circuit,
free electrons

is called an . One which measures potential

difference or voltage is called a voltmeter.

47. An electron current in a wire is the movement of ammeter

electrons from the more end of the wire to

the more end of the wire. This movement is

caused by the between the ends of the
wire.
48. We have described the driving force on electrical negative,
. co s , ositi
charges and said that it is the result of a differ- p SltlYe’ ,
—e potential dif-
ence in potential between two points. This poten- ference
tial difference is measured in .
49. We have also described electron or electric curreat, volts
which we measure in terms of a unit called the
50. We said, too, that a current of 0.0005 ampere could ampere
also be written 0.5 ma and read 0.5 or written
500 pa and read 500 .
51. Even the best commonly used conductors are not per- milliampere,
microamperes

fect; as electrons move through a wire, they encoun-

ter an opposition that is called resistance. The

unit used in measuring this resistance is the ohm.
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52. On electrical diagrams the Greek letter omega, (1,

is used as a symbol for the ohm. A resistance may
be labeled 500 L and is read 500

- s — — . — —

53. Electrical resistance is influenced by a number of ohms
things. The resistance of a wire varies with length,

temperature, diameter, and the material of which it.

is made.

54. Since the resistance of materials varies widely, we

quite often separate all matter into two groups:

good conductors (meaning they have low resistance)
and poor conductors (meaning they have high resist-

ance).

55. A good conductor is a material which offers little

opposition to electric current. Thus it has (low,

high) resistance.

56. Thus, while 1000 ft of No. 10 iron wire has a low
resistance of about 6 ohms, it would take about six
times that length of No. 10 copper wire to have the
same resistance. The resistance of 1000 ft of No.

10 copper wire is about ohm.
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57. A poor conductor is one which allows very little one

electrical current to flow through it. Such a
material could be used as a resistor, a device
placed in a current path to (increase, retard) the

movement of electrons.

58. Copper is a good conductor and nichrome is, com- retard
paratively, a poor conductor. Nichrome wire would
be (good, poor) to use as a resistor, and it would

be (good, poor) to use to wire a house.

59. Bome materials conduct so little electricity that good,
00
they cannot be used as conductors at all. These pooT
of fer more opposition to electric current than most
resistors, and we call them insulators.
60. Materials like rubber, ceramics, glass, air, and
dry wood are extremely poor conductors so they are
good .
61. Most metals are relatively good conductors. Of insulators

these, silver is the best conductor, copper next,
then gold, and then aluminum. Since silver and gold

are much more expensive than copper or aluminum,

these last two are most commonly used as .

D e A mees  mee aam
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Water which has only traces of dissolved solids is
a poor conductor. Sea water, which has large
amounts of dissolved solids, is a good conductor.

Potable water is normally a relatively poor conduc-

tor. Demineralized water, then would probably be a

very poor (conductor, insulator).

— e e e w— o e

If demineralized water is a good insulating material,

a-‘resistance measurement of this water should show a
(high, low) reading. A meter that would measure its
ability to conduct electricity would show a

reading.

— v en A maa —

At some demineralizer installations, the water's
current-conducting capacity is read with a meter
that reads low numbers if the water resistance is
high. The meter actually measures the ability of
the water to __ electricity. 1If the ability to
conduct an electric current is low, the water

resistance is .

So, a material that conducts electricity easily is
a (good, poor) resistor, while pure water, which

conducts very little electric current, would have

(high, low) resistance.

— o — o o—- o

conductors

conductor

high,
low

conduct,
high
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Power in DC Circuits

The unit of electric power is the "watt'. It is a poor,
high

unit of measure of the amount of power supplied to

an electric circuit. (A kilowatt is 1,000 watts.)

Mathematically, the watts of power consumed in an

electric circuit are equal to the product of the
current in the circuit in amperes and the poten-
tial difference across the circuit in volts;

W=1%xE.

-y — — —

Voltage is sometimes called "electromotive
force' since it is the force which drives
an electric current. The symbol for elec-
tromotive force is "E". You will find that
in mathematical formulae V and E may be
used interchangeably to mean "volts' or
"electromotive force", Also, "electro-
motive force' is written "emf".

Electrical energy used divided by the time during
which it is expended equals electrical power which

may be measured in .

A motor that draws or passes 5 amps when connected watts
to a 120-v line is a 600-watt motor. If the motor
is run for 10 seconds, it uses 6000 watt'sec of

electrical energy.

Power = energy/time or, written another way, power x

time = .
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71.

1.1c.

72.

73.

74.
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So: watts x seconds = energy used, and
kilowatts x hours = ___ used.
If a 100-watt light bulb burns for 10 hours, you
pay for 100 x 10 = 1000 watt hours or 1 kwh of elec-

trical .

—— e mm e o v —

The rate at which energy is used is a measure of
power. Electrical power is usually measured in

Ohm's TLaw

In an electric circuit there is a fixed relationship

between the current and resistance in the circuit

and the potential difference across it. This rela-

tionship is called Ohm's law. The law may be stated
thus: One ampere of current flows whenever there is

one volt of potential difference across one ohm of

resistance. Ohm's law may be expressed in equation

form as T = V/R.

— v e A dame e

In the above equation, I is the intensity or amount

of current, measured in ; V is potential dif-

ference, measured in ; and R is resistance,

measured in .

We can calculate the amperes of current in a circuit
if we know the volts across the circuit and the

of the circuit.

energy

energy,
energy

watts

amperes,
volts,
ohms
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75. Figure V-4 shows a number of common symbols used in

drawing electrical circuit diagrams. 1In the fol-

resistance

lowing frames, these symbols will be used in draw-

ings to represent the components of circuits dis-

cussed.
Inductance Capacitor
Resistor (coil) (condenser)
EENYNEe 122 12 W | (
[\
or LYY Y Y
One cell ac generator Switch

(the long line is
always the -+
terminal)

&— —

A battery of

any number of Relay Transformer
cells

b= 30 3] B

with iron core

Fig. V-4. Common Electrical Symbols

76. As was pointed out earlier, the term "circuit' is
used to identify the path along which electric
charges move from one pole to another of a battery,

generator, or utility outlet, as shown below,



77,

78.

79.

80.

20

Resistor

T NV

Battery _— Coil

Fig. V-5. A Simple Electric Circuit

In the above-illustrated circuit, the two resistors

and coil are commonly called the "load". This load,
with the battery and connecting wires, is an elec~-
tric __ . The load may make some practical use of
the electron flow and it also limits the electron
flow rate so that the battery and the conductors are

not damaged.

e — — W ——

A circuit may have a load which is only one item
such as a lamp, motor, heater, coil resistor, etc.;

or the load may consist of several items.

Regardless of how many components make up the load,

the electron path from one pole of the voltage

source through the load to the other pole of the

voltage source is called the electric

— e - A - —

If an electric toaster is used on a 120-volt elec-

tric line and has a resistance of 20 ohms, how many

amperes of current will flow through it? Using
Ohm's Law, I = 120/20 = .

circuit

circuit
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The filament of a light bulb that allows 0.5 amp to 6 amperes

flow when used on a 120-volt line has a resistance

of 240

— e e e o o

If we did not know the value of R, we could cal- ohms

culate it as follows:

I =0.5 amp
V = 120 volts
Ohm's Law is: I = V/R; or, it can be written:
R =V/I
so that R = volts % amp = - ohms.
There is a similar equation to relate watts, amperes, 120,
and volts: watts = amperes X volts 248’
W=1IXYV
Watts are calculated as the product of times
. However, if you wanted to calculate amperes,
the equation would become: amperes = watts/ .
For example, the lamp mentioned in Frame 81 that amperes (or
allows a current of 0.5 a to flow when used on a volts),
volts (or
120-volt line would have a wattage rating of amperes),
watts. volts
A lamp rated at 150 watts when used on a 120-volt 60 (0.5 a x 120 ~
= 60 w)

line would have a current through it of amps .
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87. 1In Part a of Figure V-6, there is a potential dif- 1.25
ference between the poles that is measured in }38 : = 1.25 a)
We would call it an open circuit voltage. There is
no current because the two poles are. not connected
by a suitable conductor. Air is a very (poor, good)
conductor. In fact, air would be considered a good
--— .—l—_‘
ot — I
+ +
a b c
Fig. V-6. Open and Closed Circuits
88. 1In Part b of Figure V-6, there is still no current volts,
. . . , poor,
because the air gap in the open switch is a good insulator
89. However, when we close the switch, electrons begin insulator

to move from the ~pole to the pole
through the conductor and resistance in the direc~
tion shown by the curved arrow in Part ¢ of Figure

v-6.

R e S e ——
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This movement of electrons constitutes a current.
According to Ohm's Law, the amount of current

depends on the potential difference, measured in

, and the amount of opposition, measured in

.
——r————

— e - —— —

If the battery supplies 20 volts of potential dif-

ference and the resistance is 10 ohms, the current

can be calculated by Law.
I=V/R
I =20V/10{L =2

Remove the 10~X) resistance and replace it with a

5-L{l resistance. If the opposition becomes less

and the voltage remains the same, the current will

(increase, decrease, remain the same).

By Ohm's Law I = 20 V/5 L = 4 amps. When the
resistance decreases by a factor of two (we used
half the resistance), the current increases by a

factor of .

- - t— - —

In other words, as resistance increases, current

.
e

The reverse is also true; as resistance decreases,

the amount of current .

— e e . Gm— m—— e

negative
positive

volts,
ohms

Ohm's,
amps

increase

two

decreases
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So, if the resistance as indicated in Part b of
Figure V-6 (with the switch closed) becomes 2 ohms
while the voltage remains 20, the current will be

amps .

e

Now let us replace the fixed resistor with a device

called a "potentiometer'". As indicated in Part ¢

of Figure V-6, this device is a fixed resistor with

an additional contact that can be moved along the

resistor from end to end. (The volume control on a

radio receiver is one form of potentiometer).

We have redrawn Part c of Figure V-6 for conven-
ience {See Figure V-7). 1If we place a voltmeter

V1) between x and vy, it will read the same volt-
1

age as the battery. According to Ohm's Law, the
voltage will be the product of the current through

the resistor and the resistance of the resistor:
V = IR.

— s — — —

. ‘ y

Fig. V-7. Electric Circuit with a Potentiometer

increases

10
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Voltmeter Vo in Figure V-7 is connected across only

part of the resistance of the potentiometer and will

read a potential difference that is equal to the

product of that part of the resistance (below the
arrow) and the current through it. The current

through the whole resistance of the potentiometer

is (more than, less than, equal to) the current
through the part of the resistance across which Vs
is connected. The voltage read by V, is (equal to,

less than, more than) that read by vy

As we move the sliding contact, o, toward y, the equal to,
voltage measured by Vo, will become (greater, less). less than
As we move the sliding contact, o, along the resis- less

tor toward x, a greater amount of resistance is

spanned by the probes of Vy; and the voltage is

correspondingly (greater, less).

Now, if we place another voltmeter (V3) between x greater

and o, we will find that the sum of the voltages
measured by V, and Vy will be equal to the voltage
measured by Vl'

We could say, then, that the sliding contact divides

the voltage across the whole resistance into two
voltages. One voltage is from x to ; and the
other is from to y. The sum of these voltages

is equal to the voltage from to
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This voltage-dividing principle is the reason for

calling the device a potentiometer. The word means

potential metering, potential dividing, or potential
measuring. The voltage from o to y may be (less
than, more than, the same as) the voltage of the .

battery.

The volume control (potentiometer) of your radio

receiver allows you to decide how much of the total

signal voltage you want to be amplified. If the

sliding contact is close to y, the amount of voltage
amplified is small and the final volume output is

(small, large).

If the sliding contact is close to x, the amount of
voltage from o to y is and the volume output

of your radio is .

—— o —— — - —

The sliding contact allows you to vary the o-to-y
voltage from a very small amount to an amount equal

to the voltage when the contactor, o, is at x.

A potentiometer is a device which serves as a volt-

age . .

The device in Figure V-8, below, is an adjustable

resistor or trheostat.

- mams mnen ey e e

less than or
the same as

small

large or high,
large or loud

battery or
source or x Lo
y or total

divider
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Fig. V~8. Electric Circuit with a Rheostat

Note that in this case, regardless of the posi-
tion of B, all of the voltage is between A and
B. Regardless of B's position on the resistor,
a voltmeter from A to B is measuring the total

voltage across the resistor, which is the gource

voltage.

As B moves down, the resistance in the circuit

(becomes larger, becomes smaller, remains the same).

If the voltage does not change and the resistance

from A to B becomes larger as B moves down, the

current in the circuit must become .

As B moves toward A, the current in the circuit
(increases, decreases, does not change) because the

resistance becomes .

This type of variable resistor is called a rheostat.

It is used to vary current while the potentiometer

is used to vary or divide .

becomes larger

less or smaller

increases,
smaller or less
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1.1d. Capacitors in DC Circuits
114. Another important circuit component is the capaci- voltage

tor (or condenser). The capacitor is a storage

device for an electrical charge.

115. An electrical charge may be stored in a device

called a .
116. Two conducting plates separated by an insulator is capacitor or
. . . . o
called a capacitor, and this device has the capacity condenser
to store an .
117. Let us connect a capacitor to a battery as shown electric charge
below.
\
—— L
Fig. V-9. Simple Circuit with a Capacitor
When the switch is closed, the voltage across the
capacitor plates becomes the same as the volt~
age.
118. When the switch is closed, electrons are moved by battery or
source

the battery (and through the battery) awav from one

plate and are deposited on the other plate. This

action continues until the capacitor potential dif-

ference is equal to that of the .
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If the switch is then opened, there is no conducting

path for charges to move from one plate to the
other; so the voltage between the plates (decreases,

increases, remains the same).

For this reason, a2 capacitor is said to be a stor-
age device for electric charges. The negative
charge on one plate and positive charge on the

other remain that way until a conducting path is

placed between them.

A et o e e e e

Charging a capacitor is the process of producing a

positive charge on one plate and a charge on

the other so that, between the plates, there is a

difference.

If a conducting path is placed between the two

plates of a charged capacitor, the excess free elec-

trons on one plate are attracted by the positive

charge on the other plate; they move through the

conductor to the other plate until there is no dif-
ference in the charge on the two plates. This

process is called discharging the capacitor.

B e

A capacitor stores electric - Condenser is
also a common name for the electrical device also

called the .

— . s mp e e umee

battery

remains the
same

negative,
potential
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124. The unit defining the electrical storage capacity charges,
capacitor

of a capacitor is the "farad", named in honor of the
English physicist, Michael Faraday. A capacitor is

said to have a rating or capacitance of one farad if

one coulomb of electricity stored in the capacitor

produces a potential difference of one volt between

its terminals.

— — g onas ove  vewm

125. A capacitor with a rating of one farad is physically
quite large and would have few uses. 1In practical
electrical circuits, most capacitors are small and

are rated in "microfarads'. One microfarad is one

millionth of a farad. You would expect, then, that

when the potential difference between the terminals

of a one-microfarad capacitor is one volt, the

amount of electricity stored in it would be of

a coulomb.

1.le. Resistance-Capacitance (RC) Circuit
126. Now let us add a high~valued resistor to our capac- one millionth

itor circuit and measure the voltage across it as

shown.,

Fig. V~10. Circuit with a Resistor
and a Capacitor in Parallel
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127. When the switch is closed, the capacitor will charge

to the gsame voltage as the battery. Also, a current

will flow through the .

- e e e mee emme

128. 1If the switch is opened, the capacitor will, at resistor
first, be found to be charged to the same potential

difference as the .

129. The capacitor can now act as a source of voltape battery
and cause to continue to flow through the

resistor.

St v o s w—- .

130. However, the capacitor cannot contipue to retain its electrons or

e R T n
: potential difference as the battery does, so we say current

that the capacitor discharges through the resistor.
The electron flow from the negative side through the
resistor to the positive side is the through

the resistor.

131. The current through the resistor is not constant current

because, as the capacitor discharges, the potential

difference across its plates (increases, decreases).

132. When the voltage gradually decreases and the resist- decreases

ance remains the same, the amount of current must

also gradually

s mm a0t Mowe M tame e
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In the circuit shown below, the charging path of the

capacitor is through a resistor.

. S—

|
!
[
[\

Fig. V-11. Resistor and Capacitor in Series

— = e e

In this case, the capacitor charges slowly because

the charging current is made (smaller, larger) by

the resistance in the path.

When the switch is opened after the capacitor is

charged, it cannot discharge and so retains the full

of the battery across its plates.

e e e

When the capacitor is charged and the switch is
opened, the capacitor (will, will not) discharge

because there (is a, is no) discharge path.

decrease

smaller

voltage or
potential dif-
ference
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Magnetic Effects of Electric Currents

In 1819 a Danish physicist, Hans Christian Oersted,

proved that electricity and magnetism are related.

Figure V=-12 illustrates his discovery that a
compass needle brought near a wire conducting dc

(direct current) is deflected.

— - w— - WA e

will not,
is no

S

N Looking

down upon

needle. Wire above
N needle.

Fig. V-12. Oersted's Discovery

Both a conductor carrying direct current and a mag -~

net cause a deflection of the needle of a nearby

compass. This discovery by Oersted showed that

and electricity are related.

ductor carrying direct current extends completely

around the conductor.

gl

Figure V-13 shows that the magnetic effect of a con- magnetism



34

1 Compasses

|
S S
|

Fig. V-13. Magnetic Effect Extends Around Conductor

140. It is convenient to think of a magnetic effect as a

"field" made up of "lines of force'. Figure V-13

shows the direction the lines of force are assumed

to take around the conductor carrying dc.

e e N W st mane e

141. 1In working with magnetic effects, it has been found
convenient to use the concepts of magnetic

and magnetic .

— - —

142. By definition the direction of a line of force about fields,
lines of force

a conductor carrying direct current is that indi-

cated by the direction of deflection of the north-

seeking pole or end of the compass needle.
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143. 1In part A of Figure V=~13, the lines of force are

counterclockwise and in part B they are clockwise.

This gives rise to the following rule; grasp a con-
ductor with the left hand, the thumb extending in

the direction of the electron flow. The lines of

force are in the same direction as are the fingers

extended around the conductor.

144. The left-hand rule relates the direction of flow of
electrons in a conductor to the direction of the

magnetic around the conductor.

— e v e s Aaae  aee

145. 1In Figure V-14 application of the left-hand rule lines of force

shows that all lines of force within the wire loop

R are in one direction, upward. Because the lines of

force are collected or concentrated within the loop
of wire, the magnetic field will be (stronger,
weaker) within the loop than along the straight

portion of the conductor.

Lines of force
encircle wire

0N — — —

Fig. V-14. Flux and Magnetic Poles
of Loop of Wire Carrying Direct Current
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146. A solenoid is a number of turns of wire typically stronger

wound in cylindrical shape as shown in Part b of

Figure V-15. When direct current is passed through

A AR

a. Bar Magnet
& b, Solenoid

Fig. V-15. Magnetic Fields of a Bar Magnet
and a Solenoid Carrying Direct Current
a solenoid, a magnetic field will develop which
duplicates that of a bar magnet. Many of the lines
of force are concentrated along the coil's axis
although others leak out between turns of the wind-

ing as indicated.

147. A solenoid carrying direct current is sometimes

referred to as an "electromagnet'". The strength of

an electromagnet's field will (increase, decrease
g P)

as the number of turns increases.

— e e et e A

148. Also, the strength of an electromagnet's field will increase
(increase, decrease) as the current through the

solenoid increases.

o o e maw teas
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149. The magnetic polarity of a solenoid is related to increase

the direction of the current flow along the conduc-

tors. If the fingers of the left hand are wrapped
around the solencid in the direction of the current
flow, the thumb will extend in the direction of the
solenoid's north pole. A left-hand rule also
relates the direction of a ___ in a conductor to

the direction of the magnetic

around the conductor.

150. Some metals offer lower resistance to the flow of current,
lines of force

an electric current than others (see Frames 46, 47,
and 54). Likewise, some materials offer lower

resistance to a magnetic field than others. Figure
V-16 illustrates the effect of adding an iron core

to the solenoid of Figure V-15,b. Notice that the

‘___‘ :ﬂm;nlﬂm o
NG T Es
UV UUY
. Lines of
‘1 force fol- If
low iron

Fig. V-16. An Iron Core Solenoid

lines of force no longer leak around the individual

turns of the winding but pass completely through the
length of the solenoid. The strength of the electro-

magnet is increased by adding an iron core.

L

151. TIf an iron core is added to a solenoid, the strength
of the magnetic field is increased because the iron

offers (more, less) resistance to the magnetic field.
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152. The "reluctance" of a magnetic path is a measure of less

the resistance the path offers to a magnetic field.

The reluctance of the path of the lines of force of
a solenoid is (lower, higher) after an iron core has

been added.

153. Figure V~17 illustrates the effect on a current- lower

carrying conductor if placed in a magnetic field,.

Part A shows the physical arrangement of the conduc-~
tor and the poles of the magnet furnishing the flux,
and part B shows lines of force between the magnet's
poles when the conductor is carrying current away

from the reader. The lines of force around the con-

ductor due to the current in it distort the magnet's

field thereby increasing its apparent intensity on
one side and decreasing it on the other. The net

effect is that there is an unbalanced force on the

conductor tending to move it from the more intense

to the less intense field (upward). The magnetic

field is distorted because the lines of force around
the conductor add to the magnet's lines of force on

one side while opposing them on the other.

a.

Fig. V-17. Current-Carrying Conductor in a Magnet Field
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If the poles of the magnet in Part b of Figure V-~17

were reversed, the force on the conductor would be

(up, down).

L

If the direction of the current in the conductor in down
Part b of Figure V-17 were to be reversed, the force

on the conductor would be (up, down).

Eleven years after Oersted discovered that an elec- down

tric current produced a magnetic field about its

conductor Joseph Henry digcovered how to induce an
electric current in a conductor by means of a mag-
netic field. The important factor overlooked by

other experimenters was that the conductor had to

be subjected to a moving or changing magnetic field.

Referring to Figure V-17--if a force is applied to

the conductor to move it through the magnetic field,

a voltage is induced in the moving conductor.

If a conductor is placed in a magnetic field and
current is passed through it, a will act on
the conductor to move it across the field. T£, on

the other hand, a conductor is moved through a mag-

netic field, a appears across the ends of the

conductor.
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158. The effect is the same whether a conductor is moved force,

through a stationary field, such as that between the voltage

poles of a magnet, or its position is fixed and it

is subjected to a field whose intensity is changing.

Figure V-18 shows two conductors placed near each

other so that Cp is in_the field set up about Cj

when C; is carrying a current. It is helpful here

to assume that as the current in C; starts to flow
the magnetic field about it builds up and the lines
of force move farther and farther away from it. If
current in Gy is decreased, the magnetic field
decreases and the lines of force move back toward
it. As Ci's field increases it moves out across C,
and is distorted as indicated in Part a of Figure
V-18. A voltage is induced in Cy such that a cur-

rent would tend to flow from the paper toward the

reader.
Conductor Conductor
€ €
o)
Conductor Cy Conductor c,
a. Current iocreasing (mag- b. Current decreasing (mag-
netic field expanding) netic field contracting)

Fig. V-18. A Conductor in a Changing Magnetic Field

159. The current induced in the conductor follows the

left-hand rule in that if the conductor is grasped
with that hand, fingers extended around in the
direction of the lines of force with the thumb
extended along the conductor, the __ will point

in the direction in whichvthe current tends to flow.
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When the current in conductor C; of Figure V-18 is
reduced, the field about it (see Part b) __ ; and,
from the left~hand rule, the current in €, would
tend to flow in the (same, opposite) direction as in
Part é.

Conductors Cy and C, in Figure V-18 may be adjacent

turns of wire on a solenoid; and, if they are, the

gsame effects noted in Frames 158 to 160 occur. This
means that the field from the current in any one

turn of a solenoid induces a voltage in other turns

of the soclenoid whenever the current in the solenoid

changes.

From Part a of Figure V-~18, the induced voltage

during the time the solenoid current is increasing

is such that it opposes the applied potential; and
during decreases in solenoid current, the induced

voltage reverses its polarity so that it tends to

add to the applied potential.

Taking this one step further, a solenoid or other
wire winding or coil has a property such that it

offers opposition to any change in the current

"inductance"

through it. This property is called
and it is measured in "henries" in honor of

Joseph Henry (mentioned in Frame 156).

oo e Comm e e e e

thumb

decreases,
opposite
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164. A solenoid or other coil offers opposition to any
change in current through its windings. This prop-

erty is called .

165. When the current in a solenoid or coil (inductor) inductance
is changing, the wmagnetic about the individ-

ual conductors changes.

Paoo ey ou  omem e o e

166. When the current in a solenoid or other inductor field or lines
changes, a voltage is in its conductors. of force
167. The polarity of the induced voltage is such as to induced

(aid, oppose) the voltage being applied to the

inductor when the current in the solenoid is

increaging.
168. The special characteristic of an inductor, such as oppose

a solenoid, is that it tends to keep the current

through itself (changing, constant).

e s el

169, The inductance of a coil of wire or other inductor constant

is measured in .

B e e e

170. The inductor, like the capacitor, is an energy henries

storage device. 1In the capacitor the energy is

stored as an electric . In the inductor the

stored energy is in the form of the magnetic field

about it.

w— o et ew  mmo  oum e



l.1g.

171.

172.

173.

43

Alternating Currents

So far only dc electricity has been considered.

While it is useful in applications such as flash-
lights and automobile electrical systems and is
necessary for telephone, radio, instrumentation, and
other systems, another kind of electricity, alter-

nating current (ac), is far more common. As far as

electrical technology has progressed to date, ac

power is appreciably easier to generate and distrib-

ute in the large quantities required and, in most

instances, is easier to use than dc power.,

- - e mw w0 e amm

Batteries depend on chemical actions for their oper-

ation and are made of certain definite combinations

of plates and electrolytes. They can only produce

direct currents. Batteries do not produce

electricity.

— . -

The point was made in Frames 156 and 157 that a

potential difference develops between the ends of

a conductor moved across a magnetic field. A prac-

tical arrangement for moving a conductor continu-
obusly in a magnetic field is illustftated in Figure

v-19.

charge

ac
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Fig. V~19. Wire Loop Rotating in a Magnetic Field
174, The direction in which the current will tend to flow
in sides A and B of the wire loop in Figure V-19 can
be determined by applying the o - rule.
175. From this rule it will be found that the current left~hand
tends to flow in (the same, a different) direction
in the two sides of the loop.
176. The voltage induced in side A of the loop of the a different

wire in Figure V-19 is of such polarity that it

(adds to, opposes) that induced in side B.

B O e e

177. The loop in Figure V-19 generates (ac, dc) when adds to

rotated.

oD awm e e ee e
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1f the loop in Figure V-19 were made of two turns of ac

wire instead of one, there would be four conductors

crossing the magnetic flux field; and the potential
difference between the terminals (1 and 2) would be

(the same, twice as much) as with one turn.

s e e e e camo  we

The voltage developed in an arrangement such as that twice as much

of Figure V-19 depends on the number of magnetic

lines of force the conductor crosses per second.
The voltage, therefore, may be changed by changing
(1) the speed of votation of the loop, (2) the

strength of the magnetic field, and (3) the number

of turns of conductor in the loop.

s s s nAMs o e

Figure V-20 illustrates the change in the voltage
and polarity of the potential difference between the

ends of the loop in Figure V-19 as it is rotated.

S = N
- / s - ]/ - - g .
- . e -~ ~ 1
e iy g —
P R LR .
A — P 77 1
il =

i

|

j

i

! Voltage |

oltage
)

Time -~ \_L,/
a b c

Fig. V-20. Voltage Generated in a TLoop of Wire
Rotating in a Magnetic Field

o

"sine'" wave

The shape of the curve is that of a
encountered in mathematics and other studies. As
the loop continues to rotate the curve repeats

itself.
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An important measure of an alternating current is

"

cycles
per second" or "hertz" (asbbreviated "hz"). One ac

its "frequency". The frequency is given in

ot

cycle is plotted in Figure V-20. At time "a" the
voltage developed in the loop is zero. Between "a"
and "b" it rises to a maximum and then returns to
zero. Between times "b'" and "c¢" the voltage again
rises to a maximum and returns to zero, but during
this interval the polarity of the voltage is oppo-
site to that developed between "a" and "b". After
11t

time "c¢" the voltage repeats the same changes-with-

time or cycle.

If the loop in Figure V-20 rotated once per second,

it would produce an induced voltage having a fre-

quency of one cycle per second or one .

Frequency is a measure of an (alternating, direct)

current.

I e e

The voltage induced in a loop of wire rotating in a

constant magnetic field (increases, decreases) if

the loop is turned faster.

ez com e aen weea tmes

Referring to Frame 184, the _ of the ac changed

in the same way as the voltage.

hertz

alternating

increases
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A capacitor will alternately charge in one dirvec-

tion, discharge, then charge in the other direction

with the voltage changes in an ac _circuit but will
become charged in only one direction in a dc circuit;
therefore, you could expect that a capacitor will

pass currents but will block currents.

Since an inductor tries to oppose the flow of a

changing current, you could expect that it will pass

current but will tend to block the flow of

current.
Tonization

The abundant supply of "free' electrons in metals

makes them relatively excellent conductors of elec-

tric currents. Gases and nonmetallic substances

generally make much better insulators than conduc-

tors because they contain free electrons

o e s waws me e e

Under certain conditions, gases may be wade to con-

duct electricity. To become a conductor a gas must
be "ionized".

Gases ordinarily are good insulators until they

become .

frequency

alternating,
direct

direct,
alternating

few
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Ionization is the process of stripping one or more

of the outer electrons from the atoms or molecules

of a gas. The electrons have charges; and,
since these have been removed from the previously
neutral atoms or wolecules, the latter have net

charges.

Both the freed electrons and the charged atoms or

molecules are called jions.

et e O e G

The process of forming ions in a gas is called

If an ionized gas is placed between two plates, one

of which is charged negatively and the other posi-
tively, the posgitive ions will be attracted toward

the negatively charged plate and the electrons will

move toward the charged plate.

The posgitive ions, on reaching the negatively

charged plate, pick up as many electrons as they

had lost earlier and become neutral atoms or mole-
cules again. They thus _____ the negative charge on
the plate.

The negative ions (electrons) move to the positively
charged plate and thus _the positive charge on

that plate.

ionized

negative,
positive

ionization

positively

reduce
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If there are sufficient ions present, all the
on the two plates will be just as though a

metallic conductor had been connected between them.

The ionized gas will act just like a connec -
ting the two charged plates.

If a suitable battery had been connected between

the two plates to maintain their potential differ-

ence, an electric current would have existed in the

circuit as long as gas was present. Rela~

tively speaking, ionized gases most often are rather

poor conductors although under some special condi-

tions their conductivity can be increased very sub-

stantially.

— e sa A s e Sme

As in the case of magnets (see Frames 140-148), it
is convenient to consider that a "field" exists

between two oppositely charged bodies. In this

case, the field is termed "electric" to distinguish

it from a magnetic field.

The strength of an electric field depends upon the

difference in potential that exists between the

charged bodies as well as the distance between these

bodies. The field weakens as the bodies are moved

farther apart but becomes stronger as the potential

difference is increased.

r— e s ees amas  oom

reduce

charge,
equalized

conductor

ionized
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The field which is considered to exist between two

oppositely charged bodies is called an field.

Dowm  aas rana G e feec  Tams

The field between two oppositely charged bodies electric

(increases, decreases) as the bodies move apart

and (increases, decreases) as the potential differ-

ence increases.

e v o mm v me— e

Cases may be ionized by placing them in a suffi- decreases,

. . s . . increa
ciently high (or intense) electric field or by nereases

bombarding their atoms or molecules with high-energy
beta rays or other particles.

s e ey vaas ceac  Gmen

One or more of the outer electrons of gas atoms sub-

jected to an intense electric field may be stripped

away, thus ionizing the gas. The force on the elec-
trons due to the attraction of the __ charged

body and the repulsion of the __ charged body can
be high enough to overcome the forces which hold the

electron in place in the atom.

oom oees ke e GmO Gmen WD

An electron struck with sufficient force by a par- positively,
. . . negativel
ticle will be knocked out of the range of influence egatively
of the atom to which it had been attached thus

becoming a ~ion.

Coxa am s e vms e e
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Lightning is thought to start when the electric negative
field between two clouds, for example, is suffi-
ciently high to ionize some of the air between them.

The freed electrons attracted to the positively

charged cloud, moving more and more rapidly, bombard

other air molecules releasing other electrons. The

process is cumulative and the effective resistance
of the path drops to a low value. The current here,
as in othexr conductors, is principally one due to

the disgplacement of the electrons. TFew electrons

leaving the negatively charged cloud actually reach
the positively charged one, rather they replace the

electrons lost by the air molecules nearby.

Gases may be ionized by them with high-energy
particles or by subjecting them to of

high intensity.

L e ]

Electric currents in gases are due to the movement bombarding,
electric fields

of both negative and positive .

Self Test

Electrical charges are of two kinds, __ and ions

. (Frame 3)
A nonflowing electrical charge on an object such positive,
as a comb is called __ electricity. (Frames 18, negative

23, and 26)
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The movement of electrical charges along a wire is

known as an electrical . (Frames 9-11)

An electrical current that moves only in one direc-
tion through a conductor is called current.

(Frames 31, 32, and 43)

An electrical current that continuously reverses its
direction of flow through a conductor is called

current. (Frame 171)

The unit of electrical current is the .

(Frames 11-13, 17, and 49)

e e e

The unit which is a measure of electrical potential

difference is the . (Frames 27 and 28)

— o A — —

The path through conductors and loads that electrons
traverse in moving from one pole to the other of an
electrical source is termed an electrical

(Frames 44 and 45)

The amount of current flowing through a circuit can
be measured with an 5 the potential difference
applied to a circuit can be measured with a

(Frames 43 and 46)

static

current

direct

alternating

ampere

volt

circuit
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A device consisting of an electrolyte into which two
dissimilar electrical conductors are partly sub-
merged produces an electrical current if a wire is
connected between the two conductors. It is called

an electrical . (Frames 33, 34, and 38)

I R ]

A group of electrical cells connected in series or
in parallel to increase the available potential dif-
ference or the available electricl current is called

a . (Frames 39-41)

A potentiometer is a device used to vary the
applied to components of an electrical circuit.

(Frames 97 and 104-108)

e maa e mas  Gww A e

A rheostat is used to vary the in an elec-

trical circuit. (Frames 109-113)

A material through which an electrical current can
readily flow is called a . (Frames 7, 8, 55,

and 61)

A material through which an electrical current can~
not, for practical purposes, flow at all is called

an . (Frames 19, 22, 59, and 60)

amme ter,
voltmeter

cell

battery

voltage or
volts

current or
amperes

conductor
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A material through which an electrical current can
flow but "not readily'" is called a . (Frame

57)

e e et baan man e

A high resistance will allow a (small, large) cur-

rent to flow. (Frames 51-57)

— - S v - a——

Resistance is measured in . (Frames 51 and 52)

—— . a— o e — —

The "watt" is the unit of electrical and is

equal to the product of the applied to the

circuit and the of current passing through the

circuit. (Frames 66-71)

Ohm's law states that of electrical current
flows whenever there is of potential dif-
ference across of resistance. (Frame 72)

If there are 10 volts across a 500-ohm resistance,

amps of current will flow. (Frames 72-74)

The above-mentioned current could be written

ma. (Frames 14 and 50)

insulator

resistor

small

ohms

power,
volts,
amperes

one ampere,
one volt,
one ohm

0.02
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A circuit component that will store electrical
charges is called a . (Frames 25-27 and 11l4-
123)

Capacitance is measured in . (Frames 124 and

125)

e e e ame S

A wire conducting an electrical current is sur-~

rounded‘by a field. (Frame 139)

— e Gan A Aaws e e

It is conventional to say that the direction of mag-
netic lines of force is the same as that of the
-seecking end of a compass needle placed in the

magnetic field. (Frame 142)

If a conductor is passed through a magnetic field
so that it cuts through the lines of force, an
will be induced in the conductor. (Frames

157-159)

If one grasps a suitably insulated wire, carrying a
direct current, with his left hand so that his thumb
points in the direction of the electron flow in the
wire, his fingers will point in the direction that
the _ ~seeking end of a compass needle will point
if placed beside, above, or below the wire. (Frames
143 and 144)

—— o, — o —

20

capacitor or
condenser

farads

magnetic

noxrth

electric poten-
tial or voltage
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The property of an electrically conducting coil to

resist changes of the electron current through its

windings is called its and this is measured in

(Frames 163, 164, and 169)

An inductor stores energy in the form of a

(Frames 161-170)

P e L

The of a magnetic path is a measure of the
resistance the path offers to a magnet field.

(Frame 152)

— - — - e -

Adding an irom core to an energized solenoid (de-
creases, increases) the strength of its magnetic

field. (Frames 150-~152)

— o m— e s s aa—

The direction of the magnetic lines of force about
a conductor carrying ac (is constant, changes with

time). (Frame 158) ,

— o e e mes wmn wem

An alternating current reverses its direction each
half cycle. The number of complete cycles that
occur each second is called the ___ of the ac.
The frequency is expressed in _____ which means

(Frames 181 and 182)

nor th

inductance,
henries

magnetic field
or magnetic
flux

reluctance

increases

changes with
time
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Batteries produce but not
(Frames 31-34, 43, and 172)

An alternating current of 10 cycles per second (or
hertz) changes its direction of flow along a conduc-

tor (10, 20) times a second. (Frames 180 and 181)

When two oppositely charged bodiesg are placed close
together, a force field exists between them. This
is called an field. (Frames 200 and 202)

o eea e mean ey s

An gas will conduct an electric current.

(Frames 188, 189, and 191)

A positive ion is an atom or molecule that has lost

one or more of its . (Frame 191)

The electrons stripped from the atoms or molecules
of a gas by the ionization process are called
(Frames 191-193 and 206)

e - v o e —

Ions wmay be formed by subjecting a gas to a suffi-
ciently intense electric field. They may also be
formed by __ the gas with beta rays of suffi-
cient energy. (Frames 191, 204, 206, and 208)

frequency,
hertz,

cycles per sec-
ond

de,
ac

20

electric

ionized

electrons

negative ions
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251, Ionized gases, unless subjected to special condi- bombarding
tions, are {(good, only fair) conductors of electric

currents. (Frame 199).

only fair



1.2a.

59

1.2. DC and AC Applications

Alternators

As illustrated in Figure V-19, a wire loop spun in

a magnetic field will generate a voltage within

itself. PFigure V-21 shows the principle of the

alternating current generator or alternator which

uses this effect to produce useful electricity. As

drawn, the coil rotates and the magnet is station--

ary. The same effect may be obtained by rotating
the magnet (and thus its field).

Fig. V-21. Principle of the Alternator

e wwn - -

Electromagnets are capable of producing much stronger

magnetic fields than do currently practical perma-

nent magnets and are used almost exclusively in this

application. Tt is also more convenient to make the
electromagnet the rotor (the part that rotates) of
the alternator and to wind the ac conductors in an

iron structure around the rotor.
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If the votor of the alternator in Figure V-21

rotates 3600 revolutions per minute (or 60 revolu-

tions per second) and, according to Figure V-20, the

output is one cycle per revolution, the alternator

is generating cycles-per-second (or hertz) ac.

Public utilities in the U.S. normally generate 60-

cycle ac power.

- e rae e -

The alternator in Figure V-21 generates what is

called "single-phase" ac. Power is transmitted by

two conductors and is suitable for lighting, small

motors, home appliances, electronic instruments, and

many other loads. The abbreviation for single phase

is "1 " (@ is the Greek letter "phi", pronounced

either "fye" or "fee').

Single-phase power (is, is not) suitable for domes- .

tic (home) use.

Electric utilities generate and distribute 3 @

rather than 1 @ power. In addition to its advan-
tages in generation and transmission, 3 @ power is
necessary to run all large ac motors. Generally

speaking, only motors rated at one horsepower or

less are powered from 1 ¢ circuits.

o e maws twaz e e Mo

Most ac generated by electric utilities is (1 @,

38).

60

is
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8. Referring to Figure V-21, if the single-coil rotor 3¢

were to be replaced with one having three separate

coils spaced equally (120° apart) around the shaft

then the voltage output of ecach coil would reach its

maximum or minimum at a different time during each

rotation of the shaft.

9., TIf the coils were interconnected in the manner indi-

cated in Figure V-22, three-phase power could be

taken from points 1, 2, and 3. Each phase is"
carried by a separate conductor. Normally, a fourth
conductor is provided as the '"neutral" or "grounded"

[
side of the circuit.

Coil C

_ (Neutral)

F lux 1

e

Shaft 60° -

Fig. V-22. Coil Arrangement
and Connections for 3 ) Alternator

10. Single-phase power {(may be, is not) supplied from

3 ¢ alternators.

G mems Al Gen e e
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This discussion of ac power sources is
intended to be only superficial. The stu-
dent should consult appropriate textbooks
for a detailed explanation.

Relays and Transformers

The magnetic field about an energized solenoid (is,

is not) similar to that of 4 bar-type permanent mag-

net (see Figure V-15).

The south magnetic pole of an energized solenoid

(will, will not) attract the north pole of a bar
magnet.

The reason for having iron cores in solenoids is to:
(1) make the assembly mechanically strong, or
(2) increase the strength of the solenoid's magnetic

field.

The electromagnetic relay (or just "relay" for short)

is a common electrical device which depends upon an

iron-core solenoid for its operation. In Figure V-

23, when the switch is closed, the armature (made of
iron) is attracted to the core of the solenoid,
thereby closing the relay contacts. The device is
valuable in a number of ways. For example, it pro-
vides complete electrical isolation between the con-
trolling and the controlled circuits. An ac circuit

can be turned on and off using dc, or a high-voltage

circuit may be controlled from one of low voltage.

One important function of a relay is to provide elec~

trical between circuits.

may be

is

will

(2)
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Armature
| IO |

Contacts

|
“]' F—%5Tenoid

Fig. V-23. Diagram of a Relay, Relay Contacts,
Battery, and Switch. (The core is shown outside the

coil in the sketch, although it is actually within the

coil.)

The relay may also be constructed with many sets of

electrically isolated contacts so that one switch

(or other relay contact) may turn many separate

electrical circuits on and off at the same time. 1In

effect, it multiplies the number of contacts of a

-switch. Relays can be built that (will, will not)

control several independent circuits simultaneously.

Relays are widely used to control relatively large
amounts of power by means of small amounts of powen
In your automobile, for example, there is a relay

which allows the low-current key switch to actuate

a high=-current relay which turns the starter motor

on and off. Starter currents may be 100 amperes or

‘'so while the current conttrolled directly by the key

switch or starter button is likely to be less than

one ampere.

Power-controlling relays are often called "contac-

tors", especially when they are used as either ac or

dc motor starters. Relays designed to control large

or relatively large amounts of power are called

isolation

will
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18. A transformer is an electrical device which "trans- contactors

forms" a high voltage to a low voltage or vice

versa.

19. A transformer for use with 60-cycle ac systems con-
sists of a special type iron core on which two or

more windings of an electrical conductor have been

placed. Because a complete iron path is provided
for the magnetic flux produced by the current in the
primary winding, practically all this flux passes
through the secondary winding also and induces an

electrical voltage in it. By definition the trans-

former winding to which power is applied is the

"primary'" while the "secondary
power to the load. There may be one or wore second-

winding supplies

aries in any transformer, depending on the particu-

lar application.

— — - o m—. —

Primary Secondary Load

A

Fig. V~-24. Transformer with Power Source
and Secondary Load

20. 1In a transformer, electrical power is fed into the
winding and electrical power of a different

voltage is removed from the winding.
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21. You will recall from Frames 156, 158, etc., of Sec- primary,

tion 1.1f, that a conductor placed in a changing secondary

magnetic field has a voltage induced in it. Since

the primary of the transformer in Figure V-24 is

passing ac, there will be a magnetic field in the

core which varies from zero to a maximum in one

direction, then back to zero, then to a maximum in

the other direction, and back to zero again. This

will repeat once with each cycle of the ac. This

magnetic flux passes through the iron core in the

secondary winding also and, because it is a con-

tinuously changing flux, it induces an alterndting
voltage in that winding. ’

22. The changing magnetic flux in the core produced by
N the in the primary of a transformer induces

an alternating in the secondary winding.

23. Frame 19 states that a special type of iron core is ac,
voltage

needed in a power transformer. (This is also true

for the cores and armatures of ac relays.) This

special type of iron core is made up of many thin

electrically insulated iron plates called lamina-
tions &tacked together to build up the size core

needed. A "laminated" core does not overheat due to

wasted electrical power producing “eddy currents" as

would happen in the case of a solid iron core.

— . — o — e
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Part & of Figure V-25 shows the cross sec-
tion of a solid iron core. Although the
core is solid iron, let's make believe that
the dotted line divides the core into two
parts, a solid inner section and an outer
shell having some thickness X. When an
alternating flux is present in the core,
the outer shell acts as an electrical con-
ductor around the magnetic flux in the
inner section of the core just as wire
windings would. A voltage is induced in
this iron conductor, too; and the resulting
induced current circulates around the shell
heating it and wasting power. Any other
"shell'" of iron inside the outer one will
also generate heat but less than the outer
one because each smaller shell encloses
less magnetic flux.. The electric currents
induced in this solid core in this manner
are called "eddy" currents. They produce
so much heat that solid-core transformers

are impractical!

Fig. V-25. Cross Section of a Solid
and a Laminated Power Transformer Core
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Part b_of Figure V-25 shows the cross sec-
tion of a typical core used routinely in
power transformers. The iron is in the
form of thin "laminations" or sheets which
are stacked or piled up to form whatever
size of core is required. The laminations
are coated with an insulating material,
before stacking, to break up the conducting
paths that would be followed by the eddy
currents in a solid core. Each lamination
still encloses some flux so the eddy cur-
rents are not entirely eliminated. How-
ever, the flux enclosed in each layer is

the length of the path the eddy currents
must follow is relatively long. The situa-
tion is further improved by making the
laminations of a special iron containing
silicon to increase its electrical resist-
ance. Carefully designed transformers have
operating efficiencies as high as 997, and
90 to 95% is attained in practically all
commercial models. Most electrical equip-
ment and machines have much lower operating
efficiencies; ac relays also have laminated
cores and armatures.

induced in transformer and relay cores

cause the cores to

Power transformer cores are normally made of sheet

iron

. — — - tmas e .

The laminations are electrically insulated to

reduce currents.

currentsg,
heat

laminations
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27. 1t is important to winimize eddy currents in trans- eddy

former cores since they produce and thus

losses of power.

28. Suppose that the transformer in Figure V-24 had a heat

primary and secondary of one turn each. Because the

iron core has very low reluctance {(see Frame 142,

Section 1.1f), very nearly all of the

induced in it by the current in the primary winding

will pass through the secondary winding also. If

one volt is required to produce the primary current,

then it is reasonable to expect the resultant flux
to induce volt in the secondary winding also.

Such is the case.

J = T —

29. The voltage ratio of the two coils is the same as magnetic flux,
the turns ratio of the coils. The ratio of the one
primary voltage to the secondary voltage equals the
ratio of turns of the primary coil to the turns of
the .

30. This relationship is often written: secondary

v T coil
P - _P
v T
s 8
where Vp = primary voltage
VS = secondary voltage
Tp = turns on the primary coil
T_ = turns on the secondary coil.

This means that if Tp is 1000 turns and T  is 5000
turns the turns ratio is . Also, the ratio of

primary voltage to voltage is .
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If the potential difference across the primary coil
is 100 volts, we can find the Vs by the equation:
100 v 1

vy 5

\
s

volts.

T T e p———

This transformer (Frame 31) is often referred to as

" 1

step-up
age is higher than that of the primary. A trans-

a transformer because the secondary volt-
former having a lower secondary than primary voltage

would be said to "step down'" the voltage.

A doorbell transformer takes 120 volts ac in the
primary coil and changes it to 12 volts ac in the
secondary. Thus, a doorbell transformer is a type

of (step-up, step-down) transformer.

Lest we begin to think we are getting something for
nothing in a step-up transformer, we should hasten
to add that a transformer does not step the power
(watts) up or down. 1In theory, there is 100% trans-
fer of power from primary to secondary; however,
even though the power transfer efficiency can be

quite high, as stated earlier, it is never 100%.

— e Mz amar e

I1f we consider the power transfer to be 100%, we can

write:

}

watts of primary = watts of secondary
volts x amps = watts

V x 1
p p

V x 1.
S s

1/5 or 1:5,
secondary,
1:5

500

step~down
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A transformer that takes 10 amps at 120 volts and
changes the voltage to 240 volts will be able to
furnish only amps if we consider the power

transfer to be 100%.

B IR R

Show here how you worked the above problem.
v X a=V x1T
— 5 s

watts = vzl

___amps = IS

When the secondary voltage increases in a step-up
transformer, the secondary current must (increase,

decrease).

— e e e e e

A transformer can change both volts and amperes but

will not step-up or step-down .

The output power of a transformer is always a little

(more, less) than the input power.

Circuit Protection and Grounding

The resistance of electrical conductors influences

their practical current-carrving capacities. When

long runs are necessary, the voltage drop due to the

current and the resistance in the circuit may be

unacceptably hich even though the current "rating"

of the wire is not exceeded. The conductor in such
a case is selected not for its current rating but on

the basis of its resistance.

120, 10;
1200, 240;
5

decrease

watts or power

less
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- 250 ft !

Fuse

_]
1.285 QN Kj

42.

43.

44,

45,

Total resistance
of conductors

Fig. V-26. Resistance in Long Conductors

I e e

In Figure V~-26 the 1000-watt-lamp load is located

250 feet from the power distribution panel. If #14&
gage wire is installed, the 250-ft run would have a

total resistance of 1.285 £L (ohms). The current in

the circuit will be T = %u If the lamps are rated
for 110 v they would be expected to require
amps .

The voltage lost in the conductors would be E = IR

where I is that listed above; E, therefore, equals

————"

The voltage at the lamps, then, is supply voltage
(120) — IR drop in the line = .

The actual voltage at the lamps will be between 110
and the 108.32 v calculated but in either case is

appreciably below the voltage at the distribution

panel and explains why 110-volt lamps were selected
in the first place. It might have been better to
buy larger (more expensive) wire than to continue to

buy the power wasted in heating the smaller wire.

1000 watt
lamp load

9.09

11.68 v

108.32 v
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Extension cords frequently are made of #18 gage wire

whose resistance is appreciably higher than that of

the #14 gage just considered. Long extensions, if
well loaded (7 to 10 amp), can introduce appreciable
voltage losses and thus interfere with the eoperation
of equipment being powered. If #18 wire had been

used in Figure V-26, the same voltage loss would

have occurred in slightly less than 100 ft of run.

. - — — — e

The electrical current ratings of a conductor are
determined principally by the characteristics of its
insulation. Processed natural rubber and a number
of rubber-like plastics, that make economically
acceptable insulation for conductors, deteriorate at

rates which increase with temperature. Standard

conductor ratings are based on the conductor's being
operated in ambient (surrounding) temperatures of
30°C (86°F). At this temperature the insulation
will dissipate the heat due to power losses in the
conductor without damage when the conductor is

carrying its rated current.

The current ratings of conductors are determined

principally by the type of .

o e O e —

Standard conductor ratings are based on operation

in ambient temperatures.

insulation
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""""" 50. 1If a conductor rated to carry 15 amps is installed 30°C or 86°F
where 40°C is the ambient temperature, its allowable
current capacity (is the same as, is greater than,

is less than) its normal (design) rating.

51. The life of extension cords will probably be is less than

shortened if they are run near steam lines, across
hot-air registers, or under rugs because of

damage to the insulation.

52. The of an extension cord or other insulated heat or thermal
conductor must be considered as well as its current
rating when selecting either for a particular appli-

cation.

53. The size of a fuse or circuit breaker is determined lenhgth

by its application. When the fuse or circuit break-

er is protecting an electric circuit to a group of

ordinary 120-v receptacles, it is sized to protect
the conductors rather than devices plugged into the

receptacles.

— e e w0 ws GRS

54. The typical 120-v receptacle circuit is wired with
conductors rated at 20 _amp and would be protected

with a amp fuse. An extension cord rated at

7 to 10 amp (#18 gage) (would, would not) be pro-
tected from overloading (passing excessive current)

if plugged into one of these receptacles.
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55. A fuse or circuit breaker usually depends for its 20,
would not

operation on the heat generated within it by the

current through it. When power-distribution panels
are installed in such a way that internally gener-
ated heat (power losses in connections, fuses, and
conductors) cannot be properly dissipated or when

subjected to high ambient temperatures, on occasion

the fuses may blow or the breakers may trip when

handling loads within their ratings. Motor starters

frequently depend on thermally sensitive overload
protection devices (trips). When exposed directly
to ordinary weather extremes, these starters may

trip unnecessarily in hot weather if they are set to

provide cloge control in average or cold weather.

o e A e v e

AAAAA 56. A tripped breaker, tripped motor starter, or blown

fuse (always, usually but not always) is indication

of an overload in its load circuit.

57. Fuses don't blow or other protective devices don't usually but not
trip just when their load current reaches their always
"rated" or "set'" value of current. Essentially

instant action occurs only when currents reach five

or more times the rated or set value. Between vated

and instant values of current, the time necessary to

act decreases nonuniformly. Fuses (are, are not)

designed to blow the instant the rated current is

exceeded.
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The ordinary 120-v single~phase power-distribution
system found in the home, as well as in industrial

plants, has one of its conductors intentionally con-

nected to the earth (grounded). This "identified"
neutral or grounded conductor has a white jacket or
white insulation. The other conductor (or "hot side

of the line") nominally is 120 volts above ground

and has a black jacket or insulation. This arrange-

ment is required by the National Electric Code and

is followed uniformly in this country.

e = e e

It is standard practice in the USA in wiring homes
to install white insulated wire for the con-

ductor and for the "hot" one.

"Grounding'" means to electrically connect a metallic

object, such as a cabinet or the steel framework of
a building or an electric-circuit conductor, to the
earth through suitable conductors connected at the
other end to grounding electrodes, such as driven
metal rods or buried metal plates, mesh, or wire

grids. Underground water piping is frequently used

as a grounding electrode. Heavy wires or cables are

customarily installed as the grounding conductors to

provide low resistance paths between the object to

be grounded and the grounding electrodes.

"Grounding" the frame of a control console means
electrically connecting it with electrodes driven

into or otherwise buried in the .

are. not

grounded,
black
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Underground water piping (usually, never) makes a

good ground electrode.

P

The term "ground potential' is usually in-
tended to mean that anything at this poten~-
tial may be touched or worked on without
fear of electric shock. It should be rec-
ognized, however, that the identified
(grounded) conductor of an ac circult may
not always be at ground potential as far as
ad jacent objects are concerned. This con-
ductor carries current of the same magni-
tude as the hot conductor and may be tied
to "ground" at some relatively remote

point with the result that it may actually
be many volts above the adjacent grounded
objects in some areas. Only after actually
measuring the potential between this con-
ductor and an adjacent grounded object can
it be decided that the conductor is safe to
handle. @Generally speaking, if the meas-
ured voltage is less than 50 there is lit-
tle likelihood of shock hazard; however,
such a large voltage would be guite unu-
sual. When an unusual condition such as
this is discovered, the operator should be
required to report it to his supervisor
before proceeding.

Since the grounded conductor of an electric circuit

may or may not be at the same potential as an adja-

cent grounded object, it should not be used to con-

nect other equipment to "ground".

The grounded conductor of an electric circuit should
(always, never) be used for grounding a console or

other metal structure, for example.

o m — Cow e wwp a3

earth

usually
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Appliances such as electric hand drills or
instruments such as oscilloscopes usually
have metal housings that are intended to be
insulated from both sides of the electric
circuit which supplies them with power. The
insulation on the hot wire sometimes fails
and this side of the circuit may actually
come in contact with the equipment housing
so that anyone handling the equipment is
subject to electric shock. The present
standard practice is to include a third
conductor in the power cord along with the
white and black wires--its purpose being to
ground the equipment housing. Receptacles
now have three connections to handle the
three conductors. The cord cap (plug) on
the appliance cable has two flat pins for
the AC power and a longer U-shaped pin for
the ground wire. The ground pin is long so
that when the cap pins are inserted into
the receptacle the appliance is grounded
before AC power is connected. The ground
conductor is colored green. From the
receptacle, the green wire is run directly
to the building ground system.

The purpose of the green wire in the power cord of
an appliance is to the frame and housing of

the appliance to the building grounding system. This

minimizes the hazard to the operator.

e e e s e e .

The green wire is not part of the electric power
wiring and therefore does not carry current under
normal conditions. If the hot ac conductor should

accidentally contact the housing of a piece of

equipment, the green wire will complete the ac cir-
cuit back to_ground and the resulting relatively

heavy current will blow the circuit fuse or trip its

circuit breaker, thus cutting the current off.

Therefore, the operator is not subjected to an

hazard.

— et twn e e mew omen

never

connect or
ground,
electric shock
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67. The green wire (is, is not) permitted to carry cur~ electric shock

rent under normal conditions.

— e e v e e

68. The grounded conductor and the grounding (or ground) is not
conductor (are, are not) names for the same wire in

an appliance power cord.

— v e e e -

1.2d. Rectifiers and Filters

69. We stated earlier that batteries supply ___ but are not
that utilities supply ac. There are occasions when
ac must be changed to d¢ for use in electronic
equipment or to charge batteries.

70. The process of changing ac to dc is called rectifi~ dc or direct
cation. A rectifier is a device used to change current
to
71. The plot, or graph, of an alternating voltage, such ac,

as that of a standard commercial ac power system, de

would probably look like this:

+ *— One cycle ——*

Volts O

- Time -—————p

Fig. V~-27. Graph. of an AC Voltage
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"""" 72. 1In order to rectify ac to dc, something must be done
to limit the flow of current through the load to one
direction only. The rectifier must act like a check

valve in a water system.

73. One device that is commonly used is called a "diode".
This device gllows current to flow through it in one

direction but does not allow flow in the other

direction.

74. Perhaps we shoild explain the term "diode". Origi-

nally, diode meant a two-electrode electronic vacuum

tube (di- means two and -ode for electrode; i.e.,
two-electrode tube). However, the term is commonly
used now to mean either a tube or a solid-state

device such as a silicon or selenium rectifier which

performs the same function as an electronic tube

diode; i.e., allows current flow in one direction

and does not allow flow in the opposite direction.

75. Although there are many different types of diodes,

each having its own special characteristics, the
principal application continues to be that of

ac to dc.
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76. The diode can be used as a because it will

conduct during one-lalf of a cycle but will not con-

duct during the second half of the cycle. A graph

of the voltage output of such a device would appear

as:

Conducting

rectifying

JANIVAN

,/ \ /I

\_/

Volts O \\

- N

/

Not conducting

Time e

Fig. V-28. Graph of Voltage Output of a Half-Wave Rectifier

- e e B men -

77. Such a voltage would produce a current as shown

below which would follow the voltage variations,

+ Diode conducting

Current O //f#“\\\ //fﬂﬁ\\) //’_\\\L

rectifier

Not conducting

Time ———»

Fig. V-29. Graph of a Current Qutput of a Half-Wave Rectifier

No significance ig to be attached to the
fact that the heights of the current wave
and the voltage wave are different in the
two graphs.
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Quite "lumpy", isn't it? But it is electricity

which flows in only one direction, i.e., .

This is the purpose, to take ac and change it to dc. de

It is called pulsating dc because the flow is not

continuous.

- — o — AaAs -

Alternating current, which changes direction period-

ically, may be changed to current by use of a
A diode can be used as a rectifier because it will direct,

. . , . ctifier
allow current flow in (either, only one) direction. rectilii
The output of a diode rectifier is pulsating, but it only one
is still current.

For many purposes, we would need to smooth out the direct

pulses; but for charging batteries this is not nec-

essary and would be an unnecessary expense.

The device we have just described is called a "half-
wave' . If the name is not obvious, remember

that each dc pulse represents only one-half of the

input ac wave.

s powe wme €00 o Dwm o



82

85. 1It is desirable, however, to make use of both half- rectifier
waves; and to do this two different circuit arrange-
ments have been developed. Figure V-30 shows one of

these. Two half-wave rectifiers are connected so

that current flows through one during one-half of
each cycle and through the other during the alter-
nate half cycle. Each of the transformer windings

furnishes power during one-half of each cycle.

Diode

PIoiode

Fig. V-30. Full-Wave Rectifier Circuit Charging a Battery

The arrangement is called a "full-wave' rectifier,

Figure V-31 is a plot of charging current or voltage

to the battery.

B i R e

+ / ; Full-wave rectified
0 voltage or current

Fig. V-31. Output of Full-Wave AC Rectifier

86. The full-wave rectifier circuit provides current

during half-cycle instead of during alternate

half-cycles of the ac.
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Power for ion chambers, most electronic amplifiers, each

and instruments, for example, must be "pure" dc;

that is, dc without any lumps such as rectifiers
supply. Direct current straight from rectifiers
(is, is not) suitable for powering most electronic

instruments.

If rectified ac is passed through a suitable "fil- is

ter", the lumps (ripple or ripple voltage) can be

eliminated, leaving only dc.

What is frequently referred to as 'dc supply'" con-

sists of a power transformer to raise or lower the

voltage as needed, a full-wave rectifier, and a good

filter. Such supplies make suitable replacements

for batteries in practically all cases. All ac-
powered radio and TV receivers, electronic instru-

ments, and similar devices contain built-in dc
supplies.

In addition to a rectifier and transformer, a dc
supply contains a good to eliminate the rip-

ple voltage.

not

Practically all ac-powered electronic instruments filter

include built-in supplies.

In mest cases a dc supply makes a satisfactory dz

replacement for a .
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Sections 1.1d and l.le pointed out that a capacitor battery

stores energy in the form of a difference in charge

between its two plates. The capacitor illustrated
in Figure V-32 will charge while the output voltage

of the rectifier is higher than that of the capaci-

tor and will give up its charge to the load at other

times.

IR
c

N
|

Fig. V-32. Rectifier with Capacitance Filter

3/
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Figure V-33 shows the wave form of the voltage
across the load and, in dotted lines, the output

voltage of the rectifier.

_______

\\*7///‘\\\\\‘_7//’\\\\\\*_J//A\\\\\\lf/~# Voltage across load
T Ny R

/ / /

/ / \ AN
Time

/ \ / \v/ Output of zrectifier
ot C oarme
Charging time of Discharge time of

\/
capacitor each half- capacitor each half-
cycle cycle

Fig. V-33. Load Voltage with Capacitor Filter

— e mam ey m— ——
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The effect of a capacitor connected across the out-
put of a rectifier is to reduce the voltage

applied to the load.

From Figure V-33 the smaller the ripple is, the

nearer the load current will be to pure .

o w— . — —

The filtering provided by a single capacitor is

usually insufficient for many applications. Addi-

tional filtering may be provided by a combination of
inductors (choke coils) and capacitors. Figure V-34

shows one satisfactory filter for a dc¢ supply.

v — o — — —

A

ééi Filter

~
5

Fig. V-34. Capacitance-Inductance Filter

You will recall (Frames 149-160, Section 1.1f) that
an inductor, like a capacitor, stores

You will also recall that an inductor acts in such a

way that it tends to keep the current through itself

anan  anms s wape e e aem

Load

ripple

de

energy
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The effect of the capacitors in Figure V-34 is to

tend to hold the voltage across themselves constant

and the effect of the inductance is to keep the cur-
rent through itself constant. If the current out of
the inductance is constant and the voltage across
the load is constant, then, as far as the load’is

concerned, its power could be coming from a

instead of a d¢ supply.

The purpose of the filter in a de supply is to

remove the ac from the rectifier output and

pass only to the load.

As with most other electrical equipment, there are
many_types and arrangements of filters for dc sup-

plies. The purpose is the same in all cases.

Amplifiers

In the electrical sense, "amplifiers" are devices
which, in effect, boost, increase, or amplify small
voltages or currents to larger voltages or currents
as required for the application at hand. Large out~
put voltages alone are seldom needed but rather it

is large currents or varying amounts of power.

Amplifiers practically always require power from dc
supplies. 1In fact, it is the power from this supply
that the amplifier feeds into its load. The ampli-
fier controlsz this power or converts it to ac as

required.

e tmme mm b e v e

constant

battery

ripple,
dc
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105. The power or current furnished by an amplifier to
its load usually comes from the amplifier's

106. Another way of looking at an amplifier is as a dc supply

device which permits a small signal voltage or

current to control a relatively large current or

amount of power.

A - —. — — — —

107. 1In many of the control and instrument systems of a

reactor, the initial (signal) current or voltage is
very small. Tt is so small that it can be detected

only with very sensitive instruments (which them-

selves contain amplifiers). However, it is neces-
sary for this signal to cause relays or recorders or

motors to operate and this capability is provided by

suitable amplifiers.

108. The signal current from an ionization chamber (dis-

cussed in Section V-2) is very small (often 30 pa or
less). This is strengthened by an so it can

operate a recorder.

109. The signal out of a phonograph pickup or tape head amplifier
is quite small. Most of the equipment which goes to
make up such equipment is electronics whose purpose

igs to amplify the signal until it is large or power-

ful enough to drive (or power) one or more loud-

speakers.
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One measure of the capability of an amplifier is its
"gain". For example, if the input to an amplifier
is a current of 10 pa and its output is 5 ma (milli-

amperes), its current is 500,

The same amplifier would be expected to increase a gain

1 pa signal to one of ma .

A voltage amplifier having a gain of 400 would 0.5
increase the output of 5 mv (millivolts) from a
phonograph pickup to a signal of volts for

driving the power amplifier,

Awmplification was obtained in most elec~- 2
tronic equipment with vacuum tubes until
recently when transistors became more popu-
lar. Although the two devices function in
somewhat different ways, the effect is that
a small amount of power from a signal
source applied to the input of the device
will control a much larger amount of power
in its output circuit. In fact, in the
case of many vacuum tubes and some of the
more recently developed transistors, the
control signal need be only a potential
(voltage) for all practical purposes.

A triode (or three-element) vacuum tube is illus-
trated in Figure V-35. 1t consists of three elé-

ments: a cathode (with integral heater); a wire

helix or other open grid structure separated from,

but surrounding, the cathode; and beyond that the

anode or plate.

e e . G m— s
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. - Metal or glass envelope
Grid ——
Plate —dd i Heater
%
f .
/ 1~ Cathode
Signal e | (
out - \
A ' M
To : _— Signal source
. ac or
Plate de il %?ld
power .. Power 1asl
supply T supply

Fig. V-35. Triode Tube with Cylindrical Elements

114. The working elements of a triode vacuum tube are the

the , and the .

PUNSES—

T T

115. The essential difference between a triode and a cathode,
grid,
plate or anode

diode is the grid in the triode. We shall first

1"

review the "diode-type' behavior of the triode by

considering only the cathode and the plate before
taking up the action of the grid.
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been removed before the tube was sealed.

types of rectifier tubes take advantage
the high currents that can be obtained
using ionized gases, but these will not
discussed here.

For various reasons, not of interest here, vacuum-

It is necessary to remove the gases because
gas molecules would interfere with the flow
of electrons between components within the
tube. Also, under proper conditions, gases
would become ionized and cause too great a
current to flow between components. Some

A vacuum tube is so named because its com-
ponents are surrounded by a glass or metal
envelope or tube from which all gases have

of

be

tube elements are fabricated in many different

shapes besides cylindrical. Vacuum-~-tube elements

(are, are not) always cylindrical shape.

— e e tmee = — —

The cathode, when suitably heated, emits electrons

copiously. The heat is generated by passing

electric current through the "heater" which, typi-
& ealel s LYP

an

cally is a loop or number of loops of resistance

wire placed inside the cathode. Heat is transmitted

to the cathode by radiation and conduction.

heater wire is frequently coated with weramic insu-

lation to isolate it electrically from the cathode.

Heating of the cathode causes it to emit.

an mEme o S ek G e

The

are not
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When the cathode is heated to its operating temper-

ature, many of the electrons in the atoms in and

near the surface of the cathode are given sufficient

thermal energy to break loose from these atoms and

move out into the space between the grid and cathode.

Thermal energy supplied by the heater causes atoms

at or near the surface of the cathode to emit .

= e e O e

The purpose of the heater is to (emit electrons,

heat the cathode to its operating temperature).

If the plate of the vacuum tube in Figure V-35 is
made positive with respect to the cathode, it will

(repel, attract) the electrons by the cathode.

When the cathode emits electrons, it acquires as

many positive charges as it loses electrons.

Because the carhode is positive with respect to the

"cloud" of electrons around it, it (attracts,

repels) these electrons.

When the plate of the tube is positive, both it and

the cathode are attracting electrons from the cloud

around the cathode. As the plate potential is made
more and more positive, it will attract (more, less)

of the electrons emitted by the cathode.

electrons

electrons

heat the cath-
ode

attract,
emitted

attracts
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If the plate voltage is increased enough, the -1

attraction of the plate will completely overcome

that of the cathode and all the emitted electrons

will go to the plate. Increasing the positive volt~

age on the plate any further (will, will not)

increase the electron flow to the plate.

You will recall that a flow of electrons between two

points is called an electric current. The flow of

electrons in a vacuum tube to the plate is referred

to as the plate

The electrons, in moving from the cloud to the

plate, pass through the open spaces in the grid

structure. TIf a negative potential is applied to

the grid, it will tend to {(attract, repel) the elec-

trons passing through it.

The more negative the grid the (more, lessg) it

repels the electrons.

- e aam ot e e ma—

The more negative the grid is made the (more, less)

the current flow from the electron cloud to the

plate.

If the grid is made sufficiently negative with

respect to the cathode, the plate current will drop

to zero. 1If, on the other hand, the grid is made
positive it will act like the plate and will

attract, repel) electrons.
2 P

more

will not

current

repel

more

less
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129, The number of electrons emitted by the cathode attract
depends principally upon its temperature and the
material of which it is made. When all the elec-
trons emitted by the cathode go to the plate, the

tube is said to be

'saturated". 1Increasing the
plate voltage further or making the grid more posi-

tive under such conditions (will, will not) increase

the plate current.

130. 1If the vacuum tube 1s not saturated, making the grid will not

positive (will, will not) increase plate current.

131. The grids of vacuum tubes are normally operated at a will

potential which is negative with respect to the
cathode. The negative grid, for all practical pur-

poses, will collect no electrons and thus there will

be no in the grid circuit.

132. The fixed potential applied to the grid is called current

the "bias". When the bias is negative, there is no

in the grid circuit and the bias supply in

Figure V-35 is not required to furnish any power.

133. If a signal voltase (see Figure V-35) is added to current

the negative bias in the grid circuit, the grid will

swing more negative or less negative, depending on
the polarity of the signal, and the plate current

will or in step.

> omw mm yews mean Saee e
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134. As long as the total voltage (signal plus bias) is decrease,
such that the grid is always negative with respect tnerease
to the cathode, there will be essentially no current
flow in the circuit.

135. 1If the signal source supplies no current, it is grid
required to supply no .

‘Measuring devices which require little or ' power

no signal power are capable of monitoring
processes which involve relatively little
energy without perturbing the process.
Other features of such devices are that
high-impedance signal sources may be moni-
tored successfully or long electrical leads
may be interposed between the signal source
and the instrument without loss of signal
strength due to conductor resistance.

136. A means is required for developing a measurable
amplified signal in the plate circuit of the ampli-

fier tube as it responds to changes in the signal

source. One method is to pass the plate current

through a resistor (see Figure V-36).

Signal
source

| lll
Lias Plate battery

Fig. V-36. Triode Tube Amplifier Circuit
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Because the changes in the grid voltage produce pro-

portional changes in the plate current of the vacuum

tube, the potential drop across R (will, will not)

be proportional to the grid voltage.

Assume R = 10,000 Q1 and the "idling" (no signal)

plate current is 2 ma. If a one-volt change of grid

potential causes a l-ma change in plate current, it
will produce a -volt change in the IR drop

across R.

Under the conditions stated in Frame 138, the ampli-

fier of Figure V-36 will have a voltage gain of

Depending on the tube and circuit design, a
gsingle~stage amplifier similar to that
illustrated in Figure V-36 may have voltage
gains as high as 80 to 90. With specially
designed tubes and circuits, appreciably
higher gains are practical. It will be
noted that the voltage (or IR) drop across
R in Figure V-36 is equal to the amplified
signal plus the drop due to the idling cur-
rent. Figure V-35 shows one means of elim-
inating the portion of the IR drop in the
plate circuit due to the idling current,
leaving only the amplified signal voltages.
You will recall that in a transformer only
variations in the primary current cause
voltages to be induced in its secondary.
Because the jidling current is constant, it
induces no voltage in the transformer sec-
ondary.

will

10

10
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1.2£, Self Test

140. TVA and other utility-company generators produce

electricity. (Frames 3 and 6)

141. The frequency of the alternating current produced by
TVA and other public utilities is cycles per

second. (Frame 3)

142. The electromagnet below has a north pole at the
(right, left) end. (Frames 146-149, Section 1.1f)

- [[TTTT

Fig. V-~37. Electromagnet

143. The transformer below is a (step-up, step-down)
transformer and has a secondary voltage of

volts. (Frames 28-32)

f/» 500 Turns

ac

60

right

120 Primary {0 Second
volt > econdary
o ::’

2000 turns ’/l

Fig. V-38. Transformer
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144, The changing magnetic field that is necessary for step-up,
transformer action is produced by flowing (ac, dc) 480
through its primary winding. (Frames 21 and 22)

145. The iron cores of transformers must be ___ in ac
order to reduce core ____ caused by eddy currents.

Transformers for 60-hz (cps) ac systems (would,
would not) be practical with solid iron cores.
(Frames 19 and 23-27)

146. One function of a relay is to _____ one electric laminated,

circuit from another. (Frame 14) ?i:;ig% ot

would not

147. The name "contactor" is given to a having con- isolate or
tacts designed to handle heavy currents. (Frame 17) separate

148. Alternating current relays and contactors can be relay
expected to have iron cores similar to those
of transformers. (Frames 23 and 24)

149. The current rating of a conductor depends largely on laminated
the thermal characteristics of its . (Frames
47 and 48)

150. Conductors to be operated continuously in ambient insulation

temperatures of 50°C must be derated, that is, run
3 2

at (less, more) than rated current. (Frames 47-51)

— e e v w— — —
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It may not be desirable to carry rated currents on
long runs of conductor because of its .

(Frames 41-46)

The white (identified) conductor in an electric cir-
cuit should (always, never) be used for grounding

equipment or as a ground wire. (Frames 58, 60, and
64)

The purpose of the "green" wire in the cord to an
electric drill, for example, is to the frame
of the drill. This minimizes the hazard.

(Frames 65-67)

F v e e ]

A blown fuse or a tripped motor starter is (always,
not always) an indication that the current through

it had been too high. (Frame 55 and 56)

Conductors carrying currents in excess of their
rating are said to be « Such operation often
causes premature failure of the conductor's .

(Frames 47 -54) ;

— o emae pesn Mo s e

A grounded conductor (may, may not) always be safe

to handle. (Frame 63)

A rectifier is used to change current to

current. (Frames 69-79)

less

resistance or
IR drop

never

ground,
shock

not always

overloaded,
insulation

may not



99

158. The following waveform is the output of a half-wave alternating,
(Frames 76-79) direct

Time  ——m— e

Fig. V-39. Voltage Output of a Half-Wave Rectifier

159. A full-wave rectifier produces one current pulse per rectifier

cycle instead of one per cycle. (Frame 85)

160. The output of a full-wave rectifier (is, is not) half
suitable to replace batteries directly in amplifier

service. (Frame 87)

161. The purposes of a filter used with a rectifier are is not
to eliminate the voltage and pass to the

load. (Frames 97-101)

162. A "dc supply" which replaces batteries for use with ripple,
ion chambers, electronic instruments, and the like de
consists of three main parts: 5 , and

(Frame 89).
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A device that is used to increase the strength of a transformer,
weak electrlcal signal is an o g (Frames 103, rgctlfler,
e filter
106, and 107)
The amount of amplification that a device produces amplifier
is referred to as its . (Frames 110 and 112)
An amplifier that has an input of 2 ma and an out- gain
put of 1 amp has a current gain of ______. (Frames
110 and 111)
The elements of a diode tube are a and a 500
. (Frame 115)
The elements of a triode amplifier tube are a s cathode,
a , and a . (Frame 113) plate
The electrons which make up the plate current come cathode,
grid,
from the « (Frame 117) plate or anode
In order to emit electrons, the cathode must be cathode
. (Frames 117 and 118)
The current which flows in an amplifier tube from heated

cathode to plate is controlled by the .
(Frames 125-128)

— e wn - —
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Because the signal voltage which is developed across
the load in the plate circuit of a triode tube is
larger than the controlling signal applied to its
grid, the tube is said to

(Frames 103, 106, and. 108)

the input signal.

— v — -

grid

amplify
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V-2. RADIATION DETECTION

The purpose of this section is to present the basic principles of
electrical methods of radiation detection, especially as applied in

reactor operation.

2.1. Tonization Chambers.

1. Radiation is detected by a number of instruments

such as electroscopes, ionization chambers, scintil-

lation crystals, and cloud chambers. We shall con-

fine our study to ionization (or ion) chambers

because almost all radiation detection devices for
reactor applications make use of such chambers. A

typical chamber, illustrated in Figure V-40, is a

gas-filled can with a metal conductor (wire) located

in the center of the can and insulated from the con-

ducting wall of the can.

e e

Gas-filled chamber

Fig. V-40. Diagram of Simple Ionization-Chamber Gircuit
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When ionizing radiation passes through the chamber,

it produces ion pairs in the gas along its path, as

in Figure V-41. An ion pair, you may recall, is

composed of the positiveiy charged atom and the neg-

atively charged electron that has been separated
from the atom by the radiation. Usually only the

charged atom is referred to as an ion.

— e - -

i

Fig. V-41. Tonization Chamber Conducting

A

(I represents electron current)

3. The charged pair (the electron and the charged atom

from which it has been removed) is called an
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When a potential difference is placed between the

center wire and the can surface of the ionization

chamber, each particle of the ion pair is attracted

by its opposite charge and will move toward that

charge.

In Figure V-41 the wire is positively charged and

the can is negatively charged. Thus, the electrons
will move toward the center wire and the positively

charged jons will move toward the inner surface of

the charged can.

When ionizing radiation enters the ionization cham-

ber, the movement of the resulting ion pairs consti-

tutes an electric current in the chamber and thus

completes the electrical circuit of battery, ioniza-
tion chamber, and load (resistor, R). The chamber

therefore becomes a .

e w— ws e e —

When there is vadiation, the gas in the chamber is

ionized and acts as a for the electric cur-
rent. The circuit is then (an open, a cloged) cir-

cuit.

When there is po radiation, the gas remains un-
ionized and the circuit remains open. Thus, the

ionization chamber acts as a nonconductor. (Actu-

ally it is more like a high-valued resistor whose

value is decreased by radiation--the higher the
amount of radiation, the lower the value of the

resistor.)

ion pair

negatively

conductor

conductor,
a closed
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The path of the radiation through the gas of the

ionization chamber is marked by pairs, as
shown in Figure V-41. Some other types of ionizing
radiation and particles not illustrated are alpha

particles, secondary radiation from neutron absorp-

tion, photo electyrons, etc.

The gas which was a nonconductor is now, because of

the ion pairs, a .

m————

The electrons which are freed from gas atoms by

radiation are attracted to the center wire (often

called center electrode) because it is

charged.

The positively charged gas atoms (ions) are attrac-

ted to the inner surface of the chamber '"can'" (the

can is also called an electrode) which is

charged.

Before explaining the effect of this ion movement
on the external circuit, let us look at the effect

(on the ions themselves) of various potential dif-

ferences which might be applied across the chamber.

The charged particles produced by the radiation will

be attracted to the electrode which is charged (the
same as, opposite to) their charge. The attractive

forece will be proportional to the amount of voltage

applied across the

ion

conductor

positively

negatively
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The electrons will be attracted to the charged opposite to;,
center wire, and the much heavier positive ions will chamber

be attracted to the charged shell.

At low applied voltages, the positive ions will move positively,

80 slowly that wmost of them will be able to recom- negatively

bine with electrons before they reach the” electrodes,

see Region I in Figure V-42.

— - taan e wem s -
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Fig. V-42. Variation of Charge Collected Versus Applied Voltage
for Particles of Two Energy Levels

Above a certain voltage, as in Region II, the posi-

tive ions and electrons move so fast that recombina-

tion is almost impossible and practically every ion

and electron will reach an

— v e e s
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This movement in the chamber of electrons to the

center wire and positive ions to the can surface

constitutes a current. In this condition, the ion
chamber acts as {a conductor, an open circuit) in

that it allows a current to flow in the circuit.

When the voltage is high enough, as in Region II,

(few, most, essentially all) ions reach the elec-

trodes.

After the applied voltage is just high enough to

cause all the ions to reach the electrodes, the

voltage can be further increased to about 200 volts

(Figure V-42) without any increase in ion current.

(Ion current is the current through the ionization
chamber due to ion movement.) This voltage "'region'

is called the "ionization-chamber region".

Within the ionization chamber region, the applied

voltage can be increased or decreased with no

appreciable change in current.

Also within the ionization chamber region, the ion
current increases if the gnergy of the radiation
particles (or photons) increases or if the number of
radiation particles (or photons) increases but does

not increase if the applied voltage is .

electrode

a conductor

essentially all

ion
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23. Within the ionization chamber region, the ion cur- increased
rent can be increased only by increasing the

or the of the radiation particles (or photons).

24, Although, in this region, the ion current does not energy,

increase with a change in voltage, the speed of the number

individual ions does increase as the voltage in-

creases.

25. The ionization-chamber region of the curve is the

region (below about 200 volts) in which an increase
in voltage across the chamber produces essentially
no change in ion current because every pro-

duced by the radiation reaches an electrode,

P S e S —

26. However, an increase in voltage does produce an ion
increase in the of the ions.
27. When the applied voltage is increased above about speed

200 volts, another interesting thing happens; there

is a "population explosion". Some of the negative

ions (electrons) are accelerated to such speeds
toward the positive electrode that, before they
reach it, they strike gas molecules hard enough to

cause additional or secondary ions to be formed.

These add to the otiginal (primary) ionization cur-

rtent.
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In Region 111 of the curve (Figure V~42) the ions
produced by the radiation move toward the electrodes
with such speed that when they hit other gas par-

ticles they produce ionization.

Within the proportional region, the ion current

increases proportionally if the energy of the radia-
tion particles (or photons) increases, or if the
number of radiation particles (or photons) increases

or if the applied voltage is

The "population explosion" or formation of secondary

ionization explained earlier is called "

avalanche"
or "cascade'" ionization. At the lower electrode

voltages the avalanches form near the positive elec-

trode and are scattered along it, depending on where

the primary ionization occurred. At higher voltages

the begin to form farther from the positive
electrode since the primary electrons reach ionizing

speeds when farther away.

Radiation detectors designed to be operated
in the "proportional region'" are no longer,
strictly speaking, simple "ionization cham-
bers" since the avalanche effect has been
added. They are more commonly called "pro-
portional counters'.

As the gpplied voltage is increased, the avalanches

grow larger. This makes the ion population increase

in proportion to the applied .

secondary

increased

avalanches
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As the applied voltage is increased further to about

1000 volts (Figure V-42) the avalanches have in-

creased until the chamber volume becomes filled with

ions each time a ray {(photon) or particle of radia-
tion enters the . This Region V is called the

"Geiger" region.

In the Geiger region, radiation producing a large

amount of primary ionization will produce po greater
secondary ionization effect than radiation producing

a small amount of primary ionization. The ion cur-

rent from the avalanche effect is practically the

same , regardless of the amount of ionization.

The term "ionization chamber'" is generally used to
refer to those chambers operating in the ion-chamber
region of Figure V-42. Chambers operating in the

Geiger region are called "Geiger-Mueller tubes" or

simply "G-M tubes'.

Ionization chambers are used to monitor high-
intensity radiation where many radiation particles
enter the chamber every second causing a continuous
electrical current to flow through the chamber.
When the amount of radiation increases, the current
flow increases; and when the amount of radiation

decreases, the current flow .

When the amount of entering an ionization
chamber increases, the through the chamber

increases.

~voltage

chamber

primary

decreases
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Geiger-Mueller tubes are used to monitor low-

intensity radiation when only a few radiation par-

ticles enter the chamber each second or even fewer

than one per second. Since each radiation particle

can produce a large avalanche of ioaization, it is

possible to detect each of radiation.

Since both high-energy and low-energy particles of
radiation entering a G-M tube produce about the same
amount of ionization, a G-M tube can only monitor
the number of radiation particles entering it per

second instead of the of the particles.

Geiger-Mueller tubes are used to monitor (low-
intensity, high~intensity) radiation. TIonization
chambers are used to monitor -intensity radia-

tion.

Chambers operated in the proportional regions can

also be used to monitor single particles of radia-

tion. These have an advantage over G-M tubes

because they can be used to distinguish high-energy

particles from particles.

A high-energy radiation particle passing through a

proportional chamber produces more ionization than a

low-energy particle would. This means there would
be a pulse of electric current through the
chamber for a high-energy particle than for a low-

ener article.
energy p

— ooy o — — —

radiation,
current

particle

energy

low-intensity,
high

low-energy
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An appropriate electronic system can distinguish

between a large pulse of electric current and a
small pulse from an ion chamber working in the

Tegion.

— e e y— — et

A radiation-monitoring system which uses an ioniza-

tion chamber operating in the proportional region

or range is generally referred to as a proportional

counter.

Proportional counters can be used to distinguish
between ~energy radiation and low-

energy .

— — — — - — —

Now let us return to the subject of what happens to

the electrons and gas ions as they are swept to the

.
B ]

— - . taan e e

When a particle or ray (photon) of radiation enters

an ionization chamber, the gas becomes a conductor

because of the pairs formed.

— o wm— o s S ——

The movement of pairs toward both the center
wire and the can surface makes the chamber act as a

conductor to produce a in the external circuit.

— e e man wan G ome

larger or
higher

proportional

high,
particles,
radiation par=-
ticles

electrodes

ion
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Even when there 1s no ionizing radiation, the bat-

tery keeps the center wire deficient in electrons.

Thus, when the free electrons in the chamber contact

the center wire, they become a part of the total

circuit current and move through the resistor toward

the battery and the can surface where the battery

maintains (a deficiency, an excess) of electrons.

At the same time, the positively charged ions move

toward the charged can surface.
As the reach the can surface, they com-

bine with free electrons there and become uncharged

atoms again. This action completes the circuit.

The same number of electrons must be taken
from the negatively charged electrode to
neutralize the positive ions as was lost by
them to the positively charged center wire.
The atoms become ionized (lose electrons
which go to the center wire) and then go to
the can wall for a new supply which again
will be lost to the center wire by ioniza-
tion. 1In continuing this action, they
could be considered as acting something
like ferry boats hauling electrons from the
negative electrode to the positive elec-
trode.

When radiation stops passing through the chamber,

all of the gas molecules return to their uncharged

state and the gas becomes nonconducting, so the

chamber again acts as a until more radiation

comes through.

B R S

ion,
current

an excess

negatively

positive ions



52.

53.

54.

55.

56,

57.

114

When the gas in the chamber (Figure V-41) is
ionized, the battery causes current to flow through
the chamber and the resistor, R, making point "B"
negative with respect to the poidt "A". The poten-

tial difference is proportional to the current flow

which is, in turn, proportional to the amount of

in the chamber.

—— e - —— — ———

When radiation causes the gas in the chamber to

become conducting, a is developed across the

resistor, R (Figure V-41).

We should note that while the ionization chamber is

nonconducting there is no potential difference

across the resistor, R, since there is no

through the chamber to cause the potential differ-

ence .

The voltage across R is produced when radiation
passing through the chamber mekes it a conductor and

allows an electron to flow.

Thus, the external signal that has caused

ionization in the G-M tube is the pulse of voltage

across R.

oy mm vmim e v—

The term "signal voltage" is often used to designate

the voltage developed across the resistor, R, (Fig-

ure V-41) by the "signal current' produced by

in the ion chamber.

— e v w— . a——

nonconductor

ionization

voltage or
potential dif-
ference

current

current

radiation
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When a particle or photon of radiation goes through
a G-M chamber, there is a pulse of

across the resistor, R.

From the preceding statement, we might think that
every particle or photon that goes through the G-M

chamber produces . This is not strictly true.

There is always the chance that the G-M chamber is

already conducting when the radiation enters and the

new ionization is masked by the ionization of the

preceding radiation.

If the signal voltage developed across the resistor,

R, (Figure V~41) is constant, the ion chamber is in

a radiation field of intensity.

Signals from G-M tubes and proportional counters

(chambers) are in the form of of current.

Signals from ordinary ion chambers, as they are cus-

tomarily used, are of varying magni-

tudes.

— - e e -

One of the simplest ways to detect a pulse of signal

current is through the movement of the pointer of a

very sensitive current-measuring instrument or

"oalvanometer" connected in place of the resistor

(Figure V~41). Each up-scale movement of the
pointer would be an indication that a particle of

had passed through the chamber.

radiation or
ionization

signal voltage

ionization

constant

pulses,
direct currents
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Referring to Frame 62, the movement of the galva-

nometer pointer is an indication that radiation has

produced in the chamber.

There is a current in the external circuit only
when radiation passing through the chamber ionizes
the gas. So, a movement of the galvanometer pointer
means that ____ has passed through the chamber;
that the gas has been , completing the circuit;
and that a _____ flow has developed--resulting in

the instrument indication.

Although galvanometers can be made sensitive enough

to measure fairly small currents, such as those
obtained from ion chambers as ordinarily used, they

are unsatisfactory for handling signals from pulse

chambers. The present practice is to employ elec-

tronic type current amplifiers rather than galva-

nometers with current chambers and to employ voltage

amplifiers with pulse chambers. The outputs from

the amplifiers may then be fed to ordinary indica-

ting and recording instruments.

There are several tvpes of ionization chambers;

these vary as to size, shape, materials, and the gas
which £ills the chamber. However, they all detect
radiation as a result of the fact that radiation

causes when it passes through the .

radiation

ionization

radiation,
ionized,
current
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And, although all ionization chambers are designed

to detect radiation, not all designs will detect all

types of .

The materials and design of an ionization chamber

determine the type of which it can detect.

Gamma and beta radiation are detected by ionization

chambers which are filled with gases such as air,

nitrogen, or argon. However, beta radiation is not

as penetrating as gamma radiation; and so, to detect

beta particles in addition to gamma radiation, the

chamber walls must be thin enough for the

to penetrate them.

The walls of the ionization chambers must be thinner
for than for radiation because the beta

particles are not as penetrating as gamma rays.

If you have a G-M survey meter, note that the shield

around the probe of the wmeter is solid on one side

and slotted on the other. Hold the solid side of

the probe against a luminous-dial watch face and
note that the count is about background. Then turn
the slotted side to the watch and note the increased

counting rate. The luminous dial emits a lot of

beta radiation and very little gamma. .

ionization,
chamber

radiation

radiation

beta particles

beta,
gamma
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When the solid side is toward the watch face, very
few of the many particles emitted can pené--

trate the solid shield.

When the slotted side is toward the watch face, beta beta

particles penetrate the thin wall of the G-M tube

and the meter reading (increases, decreases, remains

the same).

Alpha particles, which are even less penetrating increases

than beta particles, would require that the ioniza-
tion chamber walls be (thicker, thinner) than are

required for beta particles.

You will recall from your studies of radiation that thinper

the ionization produced by a charged particle is

related to its charge, mass, and energy. In addi-

tion to being relatively heavy, an alpha particle

has two positive charges and, thus, would be

expected to leave a very dense trail of pairs

when it travels through any material.

o — e e mm

So, if alpha particles could get inside the chamber, ion

they would produce {(more, less) ion pairs per dis-

tance traveled than beta radiation because their

charege is greater.
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Neutrons are very penetrating, but they are unlikely

to cause ionization except when they collide di=

rectly with an atom. Since the density of gas in an

ionization chamber is low, a neutron would be very

likely to pass through the chamber without causing

and thus would go undetected.

To detect slow neutrons, the inside of the walls of

some ionization chambers are coated with a neutron-

absorbing material such as lOB or 235U; to detect

fast neutrons, a hydrogen-rich material such as

paraffin may be used.

You will recall that the hydrogen atom consists of

a nucleus of one proton and one orbital electron.

Thus, a hydrogen-rich material, such as paraffin,
would have a lot of protons (hydrogen nuclei) with

which the fast could collide.

Although the neutrons would not be affected by the

charge of the hydrogen nucleus, there is a

good chance that some nuclei will be. hit by the fast

neutrons.

A hydrogen nucleus can be knocked completely out of

the paraffin if it is hit by a neutron.

more

ionization

neutrons

positive
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The gpeed of a fast neutron (1 to 2 MeV) is about

ten to twenty million meters per second. If a fast

neutron should collide with a proton at rest, it can

be shown that the proton, on the average, will be

given enough energy to give it half the speed of the

neutron--five to ten million meters per second.

While this is not proof that every proton hit by a
fast neutron will leave the paraffin (some will go
deeper into the paraffin after the collision), it

does indicate that a proton near the edge of the

paraffin can be propelled into the chamber gas when

struck by a

B T "

The poéitively charged protons that are propelled

into the chamber gas can have enough energy to pro-

duce pairs along their paths.

If fast neutrons are allowed to bombard a hydrogen-

rich material such as parafiin, there is a good

probability that some will be knocked out of
the paraffin.

Some of these charged particles (protons) will have

enough energy to produce pairs along their

paths.

T — o o —

Thus, a paraffin-coated ionization chamber can be

uzed as a detector of neutrons.

fast

fast neutron

ion

protons

ion
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10 .
When a B atom absorbs a slow neutron, it often

becomes energetic enough to eject the excess energy

as_an alpha particle. When this happens near the

boron surface in an ionization chamber, the alpha

particle can enter the gas in the chamber and pro-

duce along its path.

— — e e mmm Gee =

10 . .
A B-coated ionization chamber can be used to

detect neutrons.

Uranium-235 coated on the inside of an ionization

chamber will also absorb slow neutrons and then

fission. 1In this case, the highly charged, very

energetic figsion fragments escape from the chamber

wall and cause .

23
An ionization chamber which uses 5U as a coating

to detect neutrons is usually referred to as a

"fission chamber".

— e . e m——

A lOB-coated chamber would not be called (an ioniza-

tion, a fission) chamber.

Ionization chambers which have their inner surfaces
coated with paraffin, 1OB, or 235U are all used to

detect

However, only the chamber coated with 235U is called

a chamber.

ion pairs

slow

ionization

a fission

neutrons
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Now let us return to the circuitry associated with

the detection of radiation. When passes

through a chamber operating in either the ioniza-

tion or the proportional range, it causes ioniza-

tion, which allows a to flow in the circuit.

The number of ion pairs produced per second deter-

mines the strength of the current through an ioniza-

tion chamber. Many ion pairs produced per second in

the chamber will result in a (strong, weak) current

in the external circuit.

Since the voltage drop across the resistor in the

circuit is proportional to the current strength, a

strong current in the circuit will produce a rela-

tively (large, small) voltage drop across the

resistor.

The preceding frame stated that the voltage drop

would be relatively large. 1In practice in ORNL

reactor nuclear instrument systems, the ion chambers
typically pass currents of 30 pa when the reactor is

operating at full power. The resistor through which

this current flows is, typically, 330,000 fn. From

E = IR, the signal voltage developed is therefore

volts.

fission

radiation,
current

strong

large
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99, Standard portable and panel-mounted voltmeters 10

require 1 ma of current or more to produce full-

scale readings. Even the most sensitive of these

instruments require at least 50 pa. Such instru-

ments clearly are not suitable for measuring ion-

chamber signals directly since insufficient current

is available. Recourse must be taken to using rela-

tively complicated electronic amplifiers and cir-

cuitry since these systems can be designed to
require only a very small signal for normal

operation.

100. The important thing to remember is that when the current

chamber is in a strong radiation field and a large

number of ion pairs is being continuously produced

in it a relatively voltage is developed across

R the resistor.

101. You will recall that the fission chamber is unique . . large

235
in that its electrodes are coated with U.

Although it operates in the ion-chamber portion of
its range (Figure V-~-42), it is designed to detect

single radiation particles. The voltage signal from

such a chamber is not continuous but consists of a

series of .

102. A gamma photon which loses little energy in the voltage pulses

chamber will cause only a small amount of ionization

in the chamber and thus a small signal pulse. An

alpha particle which normally expends all of jits

ener in the chamber will produce a larger amount
energy

of ionization and thus the signal pulse will be
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103. The strongest signal results when a neutron causes a larger

2
35U atom to fission. The fission fragments are

both heavy and charged; thus, they are capable of
producing (large, small) numbers of ion pairs, a

large current, and a pulse of signal voltage.

104. 1If you are using a chamber coated with 235U so ‘that large,
large or strong

neutrons as well as beta, gamma, and alpha radiation

can be detected, which of these types of radiation

do you think will cause the largest voltage pulse

across the resistor in the external circuit?

105. A neutron causes the largest voltage drop across the neutron

resistor because the heavy and highly charged fis-"

sion fragments produce the amount of jioniza-

tion in the chamber gas.

106, Now we have a new problem. If all types of radia- greatest

tion produce ionization in a fission chamber, how do

we distinguish one type of from another?
107. Chamber design allows us to make some separations. radiation

For example, a thick-walled chamber can keep alpha

and beta particles from outside sources from enter-

ing the .
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We are primarily concerned with detecting radiation
sources that are outside the chamber. A thick-
walled fission chamber will effectively eliminate

the detection of and from sources out-

side the chamber but cannot eliminate the alpha and

beta radiation arising from the nopmal decay of the

uranium which is used within the fission chamber.

Figure V-43 is a plot of the output of such a cham-

ber showing the height of neutron-induced voltage

pulses relative to the shorter pulses caused by the
internally produced alpha and beta radiation and the

gamma radiation from both external and internal

pulses

Wbl

Time —P

Fig. V-43. Current Pulses from Fission Chambers

chamber

alpha,
beta

Alpha pulses Fission fragment

Beta and
gamma
pulses
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Such a chamber will allow us, with the proper elec-

tronic circuitry, to select for observation only the
large pulses produced by the _____ caused by fission
fragments, which were produced by ____ entering the

chamber.

Relatively simple electronic circuits are available

that will pass large signals, such as those ..

resulting from neutron capture in the fission cham-

ber, but will block the smwaller ones caused by other

radiation. Such a combination of chamber and cir-
cult makes it possible to detect only in the

presence of alpha, beta, and gamma radiation.

The signal pulses in Figure V~43 could be the output
from a fission chamber as displayed on an oscillo-
scope. Because the height of the lines depends on

the sizes of the current pulses from the chamber,

the term "pulse-height" is often used instead of

pulse size. The pulse height is dependént on the
amount of {onization produced by the particles

entering the chamber.

The electronic apparatus that is used to analyze the

pulse sizes, allowing large pulses to pass while

blocking small ones, is called a "pulse~height

selector".

- —— — - A—— ———

" 11

By using a - , the large pulses

generated by neutrons can be selected from the rest
of the pulse signals and transmitted to a counting
apparatus. Thus the counting signal will be due to

only.

sources

ionization,
neutrons

neutrons

ionizing or
radiation
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Knowledge of the neutron flux in the reactor is

necessary at all times. The fission chamber and

pulse-~height circuitry are used generally to furnish

this information while the reactor is shut down.or:.

is being started up. At these times the gamma flux

is quite strong compared to the neutron flux.

v e e e A

2.2. Counting Systems

Figure V-44 shows a simplified pulse counting sys=

tem. It depends for its operation on an "integra-

n

tor" or integrating circuit which consists of a

capacitor and a resistor in parallel.

Pulse chamber

pulse-height
selector,
neutrons

4

Output to
electronic
voltmeter

Integrator

Fig. V-44. Counting System

When radiation enters the chamber, each pulse of

current from the chamber places a small charge on

the plates of the capacitor. Between (and during)
pulses the charge leaks off (discharges) through the

resistor, R.

¥
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118. TIf the pulses are close enough together in time, the

capacitor will have insufficient time to be-

tween pulses and the charge will build up on the

capacitor.

o e b e Amar Ao

119. As the charge builds up on the capacitor, so does discharge

the voltage across it. The higher the voltage

across the resistor, the higher the through
it.

- e et e maa e o

120. When the charge added to the capacitor just equals current

the charge that leaks off the capacitor through the

resistor in any given time, the voltage across the

capacitor stops rising. The steady voltage finally

reached is a measure of the intensity of the

- . in counts per unit of time.

121. 1If the radiation intensity decreases, the number of radiation

current pulses per second goes down, the number of

charges per second added to the capacitor goes down,

and the voltage across the resistor also goes .

122. On the other hand, if the radiation intensity in- down

creases, so does the charge on the capacitor. The

voltage across the resistor goes . The voltage

across the resistor is a measure of the strength of

the radiation .
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1f the number of pulses per second or per minute

(often referred to as the "counting rate") goes down

far enough, the capacitor charge will have time

enough to leak off completely, or nearly so, between

pulses. The pointer of the counting-rate indicator

(voltmeter in Figure ¥*44) would jump up dnd down

once :for each radiation particle detected.

For example, when using a G-M survey meter on its

lowest scale, you can see a needle movement for each

radiation~induced pulse which occurs. If you use an

earphone, you hear each .

Because of the avalanche effect in a G-M tube, the

various particles of radiation detected produce (the

same, different) sized signal pulses.

In Figure V-44 the charge on the capacitor depends

not only on the number of pulses detected per second

or per minute, but also on the size of the pulses.

The system in Figure V-44 probably (would, would
not) indicate the same field strength if a propor-
tional counter were used in one case and a G-M tube

in another to measure the same radiation field.

In Figure V-43 the fission fragment pulses, which

represent the detection of , are not all of the

same height. Counting-rate systems employing fis-~

gion chambers require "pulse-shaping" circuits in

addition to pulse-height selectors and integrators

for measuring neutron flux.

Up,
field

pulse

the same

would not
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The pulse shaping circuitry produces pulses of only

one size from pulsesg of sizes coming from the

pulse-height selector.

e e e wes e awe mmeo

Even in what are called steady or constant radiation

fields the particles enter the chambers of detecting
instruments in a random fashion. This means that

the current pulses from the chambers are not uni- .

formly spaced in time.

Figure V-45 illustrates the variation in the occur~-

rence of current pulses from a chamber in a so-

called "constant" radiation field. Because of this

variation in the number of pulses per second, the

intensity of the radiation is apparently not uniform

or constant. The capacitor, C, in Figure V-4%4 also

tends to smooth out these random variations.

— e wne  am e e e

Medium rate Low rate

neutyrons

all or dif-
ferent

High rate

(T T,

Time ——

Fig. V-45. Distribution of Pulses in Time

The pulses of current from a chamber in a constant
field of radiation are spaced (uniformly, randomly)

in time.
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In addition to summing the pulses from a G-M tube,
the capacitor in the integrating circuit tends to

the variations in the indicated counting

rate due to the random occurrence of pulses in time.

Pulses may also occur so close together in time that

they are practically coincident. Two gamma rays,

for example, arriving at a G-M tube at the same time

would produce only one pulse of current from it.
This pulse would be (twice as large, the same size)

as the pulse produced by a single gamma ray.

The stronger the field of radiation being measured,

the more the particles or rays will tend to enter

the detector coincidentally. For this reason,

counting systems are (more, less) accurate at high

counting rates than at lower ones.

The size of a pulse from a fission chamber, which
operates in the proportional-voltage region, depends

on the energy and charge of the particles {(see

Frames 102-105). Two coincident particles would

produce a pulse in a fission chamber that is (twice

as large, the same size) as one particle.

Frames 110~115 explained that the pulse~height .

selector used with a fission chamber could bé ad-

justed to pass only pulses which result when

neutrons enter the chamber.

randomly

smooth out

the same size

less

ionizing or
radiation,
twice as large
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Fission chambers frequently are used to detect weak

neutron fluxes in the presence of strong gamma

fluxes. 1In strong gamma fluxes, many rays often

enter the chamber practically simultaneously. The

sum or "pile up'" of pulses from these coincident

gamma rays may be a pulse as large as some of the

-caused pulses.

At low counting rates in the presence of a heavy

gamma flux, gamma pile-up in fission chamber count-

ing systems may cause the gpparent neutron flux to

be (lower, higher) than it actually is.

A finite length of time, although short, is required

to collect the ionization formed in a chamber. This

means that even in complete absence of any coinci-

dence effects there is a maximum counting rate

beyond which a counter isn't reliable. At some rate

the pulses run together and under such circumstances

there is a continuous current from the chamber and

no pulses. The counting-rate readout thus becomes
zero and the chamber is said to be "saturated” or

"overloaded".

large

neutron

higher
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In the fission chamber counting system, the pulse

shaper, in effect, stretches the length of the cham-

ber pulses. The maximum counting rate is therefore

(lower, higher) than without it. Counting channels
are never used for reactor protection instruments

because they become partially or completely satu-

rated in the high neutron fluxes which may occur
under abnormal operating conditions. The instrument

is sometimes said to '"fold over' since the output

goes down with increasing input above its working
range.

When Zood accuracy is required, many fission-chamber

counting channels (ordinarily simply called

"counting channels") are limited to a maximum of

10,000 counts per second. When some error is

acceptable, this may go to 100,000 counts/sec.
(Some newer systems provide good results up to about

106 cps.)

— o —— —— — — o—

Counting systems (are, are not) suitable for reactor

protection instruments.

Counting systems are frequently interferred with by

"electrical noise'. You have driven your car, while

listening to the radio receiver, through certain
areas or under power lines and observed the consid-

erable increagse in the frying sounds from the

receiver. You were listening to electrical

picked up by our car antenna.

lower

are not
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Electrical noise comes from electric currents . noise

leaking across or through insulaéion, from light- -
ning, and from relays;iSWitches; and ‘contactors -’
turning electric currents on and off. This noise
follows electric conductors and also radiates into

space like radio waves. There is always much

of this sort around reactor installations.

As observed on an oscilloscope, noise is a series electrical

. - PR noise
of spikes or pulses very similar to fission-chamber

pulses. No method has been developed for separating

noise pulses from chamber by special electric

circuitry.

Counts resulting from electrical noise in a counting pulses

system are generally referred to as false or spu-.

rious.

When the noise pulses picked up by a counting system

are smaller than most of the "nmeutron" pulses, the
noise can be practically or completely eliminated by

properly adjusting the - .

2.3. Current Chambers

Earlier we explained that a fission chamber, when pulse-height
selector

s puts out a continuous current. This type

chamber may be operated in either of two ways or

"modes'" --pulse or current. In ORNL instrument sys-

tems, fission chambers are usually operated only in

the pulse mode.

_— - mmm m e aen
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Ion chambers are normally operated in the current

mode and boron-lined chambers of this type are used

almost exclusively at ORNL for measuring the neutron

flux (or power) in a reactor when it is operating in
the "power range" (from about 1% to 100% of full

power).

- e A e e

At ORNL, fission chambers are normally operated in

the mode and ion chambers are operated in the

mode.

e S v e v ven

2.4. Neutron4Detection Problems

At this time we shall discuss briefly some problems

related to neutron detection through the whole range

of reactor operations from startup to full power.

Problems discussed here will again be referred to
when we discuss all control instruments in Section

V-4,

The neutron intensity at full reactor power may be

10 . .
10 or more times greater than before startup.

Because there is such a great increase in the neu-

tron intensity from to full-power opera-

tion, at least three types of neutron-detecting

chambers may have to be used to cover this wide

range.

saturated

pulse,
current
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In the low range of neutron intensity, ordinary fis-

sion chambers are used with pulse-type circuitry.

In this low range, neutron production is small
enough for individual neutrons to be counted if

pulse-height selectors are used to select -

induced pulses and to reject pulses caused by ,

and radiation.

[ESSUS—

In the low range of neutron intensity (when the

reactor is shut down), gamma intensity may be so

high that a fission chamber must be used with -
type circuitry and a pulse*height selector to sep-
arate the larger -induced pulses from the more

numerous but smaller ~-induced pulses.

i
In the intermediate range of neutron intensity, a

chamber called a "compensated ionization chamber"

(abbreviated CIC) is used as a current chamber, fol-

lowed by a special type of current amplifier. In

this range, ionization caused by gamma radiation and

ionization induced by neutrons may be, relatively,

about equal.

Counting systems using fission chambers operate sat-

isfactorily, 22_29_104 or 105 counts/sec. This is
equivalent to a power increase of 10 or 10°, This
still leaves about a 105 or.lO6 increase in power to
be covered. The CIC's can be designed so that with
special current amplifiers they will read neutron
flux from.10-6 of full power to somewhat more than

full power.

before startup

neutron,
gamma ,
beta,
alpha

pulse,
neutron,
gamma
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The above-mentioned two types of instrumentation

10
used together (can, cannot) be used to cover the 10

range of neutron flux encountered in reactor opera-

tion,

The fission chamber of the counting system could be,

and often is, withdrawn into shielding when the

. 4 . s )
counting rate reaches 10 cps, ‘thus plaéing it where

the flux is much and, therefore, the system is

back into its working range.

In the intermediate range of neutron intensity,

neutron-to-gamma ratio has increased such that the

ionization caused by neutrons is about equal to that

caused by gamma radiation. Compensated cham~-

bers and amplifiers are used from this power
level upward because such instrument channels (sys-

tems) are more accurate and are not subject to "fold-

over" or saturation as are counting systems.

Now for gamma compensation: A gamma-compensated

ionization chamber (CIC) is actually two chambers or

chamber sections in one assembly, as shown in Figure
V-46. This design may consist of a small hollow

cylinder inside a larger hollow cyiinder.

— i mae mas  man en

can

less

ionization,
current
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Net output signal
Uncoated ,f Neutrons only ’j

]
I, 7, only

e

o/

Coated with 103 on
both surfaces

Fig. V-46. Gamma-Compensated Ionization Chamber

The walls of one of the chamber sections [(volumeg),

1 fos
usually the outer, are coated with OB so that it is

sensitive to neutrons, as well as to gamma radia-
tion. The other chamber section is uncoated so that

it is sensitive to radiation only.

When a gamma ray goes through, it produces ion pairs gamma

in both chambers in about equal numbers because the

volumes of the chambers are equal. Equal numbers of

ion pairs will produce nearly equal in the

external circuits. These nearly equal currents try

to flow in opposite directions through the resistor

which, of course, is not possible. This causes the
signals from the two chamber sections to cancel or

give an approximately zero net voltage across the

and no appreciable gamma-signal net output.
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164. Neutrons will interact only with the boron-coated currents,
chamber lining to produce only in that cham- resistor

ber. The current caused by the neutron-induced

jonization is not cancelled by an equal opposing
current and so produces an output signal which can

be detected.

165. 1In the intermediate-power range, neutron-induced ionization

ionization is (far more than, about equal to, far

less than) the gamma-induced ionization.

166. 1In this range, a -type circuit and chamber may about equal to

become saturated unless the chamber can be reposi-

tioned,

167. 1In this range, a -type circuit and chamber are pulse
used.

168. Also, a different chamber, called a - current

ionization chamber, is used.

169. The gamma-compensated ionization chamber (CIC) is gamma -
compensated

actually chambers in one. The interior sur-
, . 10
faces of one of the chambers is coated with ~ B so

that in addition to the ionization produced by gamma

radiation will produce alpha particles, which,

in turn, produce ionization.

170. The other chamber is uncoated. Ionization in this two,
neutrons

chamber is produced only By radiation.
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The current produced by gamma radiation in one cham-
ber compensates for the same amount of current pro-
duced by gamma radiation in the other chamber so
that the net output signal voltage caused by gamma

radiation is nearly or approximately cancelled.

To say that only gamma radiation and neutrons are

present is not exactly true. The effects of other

types of radiation, however, are ordinarily too

small to be of concern..

Since neutron-induced alpha particles (from 10B)

cause ionization in only one chamber, there is no

compensating current from the other chamber; there-
fore, the net output-signal voltage, practically

speaking, is the signal produced by only.

In the highest power range (that is, after the reac-

tor reaches a neutron-flux level of approximately 1%
of full power), the relative amount of ipnization
produced in a chamber by gamma radiation is so much
less than that due to neutrons that compensation for

gamma radiation is not necessary. Thus, a boron-

coated, uncompensated ionization chamber--the

parallel-circular-plate (PCP) type chamber (Figure

V-47)--becomes useful at this level.

gamma

zero

neutrons
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( Cylindrical chamber

————;—Ml(} =

Net output signal (g

Fig. V-47. Simplified Diagram of a Parallel-Circular
Plate (PCP) Ionization~Chamber Circuit

0
B-coated circular plates
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175. The PCP chamber, used at higher power levels, is

uncompensated because the amount of ionization

caused by neutrons is so much greater than the
e amount caused by radiation that is not

necessary.

176, Another reason that gamma compensation is not nec- gamnma ,
essary at hicher reactor power levels is that the compensation
gamma radiation also becomes essentially propor-
tional to the reactor power level. Therefore, the
combined gamma and neutron signals can be used to
monitor the reactor .

177. At power levels greater than 1% of full power, com- power level

pensated ionization chambers are (used almost exclu-
sively, not needed) to monitor the reactor power

level.

— e E— e e e v—
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Although power (neutron flux) wmeasurements above
about 1% of full power are normally made with .

instrumentation employing uncompensated chambers,

the intermediate-range instrumentation is usually

kept in service because its measurements are still

reliable also.

— . — o — . —

As we have said, parallel-circular-plate (PCP) cham-
bers customarily are used to measure neutron flux in
the pawer range of reactor operation. The current
output of these chambers is amplified and used to

drive linear recorders in the range of opera-

tion. These linear recorders are often called

"safety" recorders. (These are discussed further in

the following sections.)

— . v o o—— mme —

The linear recorders that read the output of the PCP

chambers are callgd recorders. These read the

reactor power level in the range.

- r— e w— - — ——

Figﬁfe V-48 compares .a linear and a logarithmic
scale. The logarithmic scale may be read more
accurately (above, below) 20% of full power (NF).

Ibis is discussed further in a later section -

2 5 10 50 100 150

not needed

power

safety,
power

-
///
— —

o -

r4
s
il R O I O

| Il‘l/lg,l | ||4|||11‘ Lg

50 100

Fig. V-48. Comparison of Logarithmic and Linear Scales
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182. Of the two scales in Figure V-48, the one may below
be read more accurately at powers above 20% NF'

— e - e — —

2.5. Self Test

183. 1In an ionization chamber, a gas is ionized when linear

passes through the chamber. (Frame 2)

184. An "ion pair" consists of a positively charged radiation

and a negatively charged . (Frames 2

and 3)

185. In an electric field, the positively charged atom of atom,
an ion pair will be attracted to the charged electron

N electrode and the negatively charged electron will

be attracted to the charged electrode.
(Frames 4 and 5)

186. When the gas in an ionization chamber becomes negatively,
"jonized", it will an electric current. positively
(Frames 6-10)

187. As the voltage is increased across an ionization conduct

chamber operating in the proportional range in a
radiation field, the gas becomes more conducting
because of an increase in the number of ions

produced by the primary ions. (Frames 27-30)
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188. When the voltage across an ionization chamber is secondary
high enough, each particle of radiation initiates
enough ionization to "saturate" the chamber and pro-
duce a large pulse of current. Chambers that oper-~
ate in this voltage region are called _____ tubes

or chambers. (Frames 31-33)

189. The result of a beta particle moving through an G-M or
P . . Geiger-Mueller
ionization chamber is a pulse of across a

resistor in the external circuit. (Frames 52-57)

190. A beta particle entering an ionization chamber oper- voltage
ating in the proportional region will cause a
(higher, lower) pulse than one caused by a fission

fragment. (Frames 103 and 104)

191. The design of an ionization chamber, in large meas- lower
ure, determines the type of that it will

detect. (Frames 57-82 and 106-107)

— e — - - V— -

192. When the inside walls of an ionization chamber are radiation

coated with a material such as 10

detect . (Frames 78~88).

B, the chamber will

193, An ionization chamber coated with 235U is called a neutrons
chamber and is used to detect (fast, thermal)

neutrons. (Frames 78, 90, and 91)
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194. An electronic device which will conduct electrical fission,
pulses above a selected energy level and block those thermal
of lower energy levels is called a -

selector. (Frames 112-114)

T o o a—— —

195, The number of electrical pulses produced by an ioni- pulse height
zation chamber and its associated circuitry per
length of time (per second or per minute) is called

the ¥ rate". (Frame 123)

196. Spurious counts in a counting system can be caused counting

by electrical . (Frames 143-146)

197. Pulsed-type radiation-detection circuits are most noise
effective in the range of reactor operation.

(Frames 115, 154, and 155)

— e e e vee e

198. Above the startup range of a reactor, cham- startup

bers and amplifiers are used. (Frames 156-165)

199. Compensated ionization chambers are used in the current
range of reactor neutron flux. (Frames 156-

165)

- - m—e aa et

200. Compensated ionization chambers are so constructed intermediate
that the output voltage from radiation is

minimized. (Frames 161-165)

- —— — —— — "
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In the "power" range, neutron flux intensity is such
that the ionization chamber which detects neutron
flux (does, does not) need to be gamma compensated.

(Frames 174-178)

Parallel-circular-plate type ionization chambers
usually used in the ''power' range (are, are not)

gamma compensated. (Frames 174, 175, and 179)

The power-range instrument channels (safety chan-:
nels) give more precise readout information begin-~
ning about 20% NF because the scales are .

(Frames 181 and 182)

gamma

does not

are not

linear
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V-3. REACTCR OPERATION SYSTEM

3.1. General Philosophy

The reactor operation system includes those groups

of devices whose functions are to start the reactor

plant; to monitor it and to exercise control during

startup; to operate it routinely within its design
limitations for its intended purpose; to reduce the
power level when a monitored variable exceeds a pre-
set limit (which is below that of the scram setpoint
of the reactor protection system); and to shut down
the reactor for such purposes as routine maintenance,

refueling, etc. (The term control system is often

used to designate the reactor operation system.)

The reactor operation system regulates reactor power

and process variables and provides information of

operating conditions for operator surveillance

(readout devices and annunciators).

Although not part of the operation system, the fast-
shutdown (protection) system needs mentioning for
clarity. This sytem, sometimes called the "safety"
system, has a single, distinct purpose--to protect

the reactor by shutting it down automatically and as

rapidly as possible upon detection, by its instru-

mentation, that the reactor operating conditions

have strayed outside design limits. The "safety"
channels, discussed later, scram (fastest possible
shutdown) the reactor if the power exceeds an estab-

lished safe maximum level. Other conditions may

exist which also call for fast shutdowns.
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Reactors are normally operated at some max-
imum permissible power level known to be
well below that level at which the fuel
might be damaged by high temperatures. To
guarantee that the power level never reaches
this danger level, the reactor safety sys-
tems are designed to scram the reactors at
some level between the maximum operating
level and the danger level. At the ORR,
the scram level is 43.5 MW (145% of full
power) and at the HFIR it is 130 MW (130%
of full power). Also at levels between

the operating and scram leyel, control pro-
visions are made to lower the power by
automatic reduction of the servo demand
(setback) or by automatic insertion of the
control rods {reverse) to avoid a scram if
some abnormal condition should cause the
power level to start rising. The scram
action of the safety instruments is accom-
plished in ORNL reactors, for example, by
electronic reduction of the control-rod
magnet currents; the power-~-reduction (con-
trol) functions are initiated by switches
o in the power-level (safety) recorders.

3. Figure V-49 is a block diagram that shows how both

the operator and the instruments co-operate to con-

trol the reactor; it also shows the "outside" fac-

tors that must be considered in any problem of

control.

—n — e e - w——

4. Although all of the feedback paths or loops shown

are important, the two with which we are mogt con-

cerned are the one to the operator and the automatic

one to the instruments.




149

_ __Operator feedback

Automatic feedback
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Fig. V-49. General Block Diagram of Reactor Operation System

3.2. Operator Decisions

Let us discuss first the operator loop. 1In this

case the reactor produces effects which are sensed
and displayed by the instruments. The operator

reads the and from their information decides

what sorts of control actions to administer to the

reactor.

o — — onoq hmnn ——

The operator gets from the instruments and
feeds signals into the control block for any adjust-
ments that are necessary and thus completes the

"]_Oop" .

In addition to getting information from the instru-

ments, the operator must evaluate the and make

decisions as to the control measures.

instruments

information
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The key part of this loop is that the operator, as a
result of his evaluation, must make a as to

what to do.

Of course, the operator has help with the decisions

through administrative control. An administrative

control is one in which the operator is taﬁght which

decisions are the proper ones to make in a given set

of circumstances.

Many of the responses of the operator are set by
control. By studying lists of procedures and

also by experience, the operator learns that, to a

given signal, a specific response must be made--not

may be nor should be, but must be made.

Responses not set by administrative control call for

the use of the operator's schooling, experience, and

good common sense. There are times when these deci-

sions might be very important to the continued safe

operation of the reactor.

Decisions to be made by the operator are {(always,

not always, never) set by administrative control.

For example, if the ORR is operating at full power

and a setback occurs, the operator must notify the

shift engineer. He should also do other things such

as withdraw the other rods to hold the power level
at Np and announce the power-level change to the

experimenters.

information

decision

administrative

not always
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In the preceding illustration, the notification of
the shift engineer of the setback is a response that

is required by .

Also in that same illustration, the operator should administrative

both withdraw the control rods to hold the power control

level at NL and notify the experimenters of the

change in power level. The decision as to which to

do first or whether to do both at the same time is

made by the .

— e — - — —a

A better illustration of operator decision might be: operator

an operator not at the control desk is given a list

of pumps, motors, and tanks to check. Whether or
not to empty a tank today or tomorrow is a decision

he might make.

— e m— e e m—

In order to make decisions intelligently, whether by

himself or with the aid of control, the

control-desk operator must often depend on instru-

ments for information.

The control-desk operator can get information about administrative

the neutron flux at any given moment only from the

(shift engineer, nuclear instrumentation, CAM).

The operator must be able to respond intelligently nuclear instru-
mentation

to the instrument information in order to (control

the reactor, understand amplifiers, read the daily

log of operations).
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The operator must have continuous information about

the reactor that only (instruments, guessing, the

division head) can give him.

We have been trying to emphasize that, although we

are very much infebted to the experience, knowledge,

and common sense of the reactor operator, without

adequate instrumentation the control of a nuclear

chain reaction would be (easy, difficult, impossi-

ble).

— o = e e man o

3.3. Control Instrumentation

Now let us look at Figure V-49.again. Complete con-

trol of the reactor by operator response only would

be quite difficult. When immediate response is nec-

essary, people are much too slow.

The automatic loop sends signals directly to the

reactor control block and bypasses the .

The automatic loop handles control information that

calls for an (instrument response, operator response,

administrative response).

Many control responses must be made much too guickly

to depend upon either or administrative re~
sponse. These control responses which must be very
fast are called "automatic'" responses and are made

by the .

— e e b o — —

control the
reactor

instruments

impossible

operator

instrument
response



153

26. Although it is true that an instrument response is operator,

. instrumentation
faster than a human response, we must realize that

the instrument response is limited.

27. The instrument can exercise only two prerogatives

in most cases. It can attempt to control, and it

can follow a programmed safety action if the proper

response to the attempted control fails.

28. The operator maintains surveillance over the instru-

mentation and evaluates its performance. Thus, the

prime control of the reactor is always exercised by

the .

e

— — e — — o —

e 29. The conditions in Figure V-49 labeled '"noise or operator
disturbance" includes all of those factors that
influence the reactor power to produce the random

fluctuations and slow changes which make continuous

control necessary. Some of these factors are xenon

growth, fuel burnup, and coolant-flow variations.

— e et —

30. The term "noise or disturbance" includes a number of

factors which make continuous necessary.
31. Xenon growth would be considered a part of the control

" " block.

— e e wem R — Ao
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The "external conditions" block is made up of those

nonnuclear factors, such as coolant, which cause

changes in the condition of the reactor.

The process portions of the reactor system, such as

(fuel, moderator, coolant) would be a part of this

"external conditions" block.

—— — . A aaae aap —

3.4. Nuclear Instrumentation

Our discussion thus far has given us some informa-

tion about all control loops. Now we wish to dis-

cuss the "automatic loop'" further.

In order to understand better the functions of the

various nuclear and process instruments, let us dis-

cuss those functions as they apply to both the con-

trol and safety systems.

— e e mamn ane  man e

In formally worded documents it is becoming
customary to refer to control systems as
"operations” systems and to safety systems
as "protection" systems.

e S v ma— b mn -

For the present we shall limit our study to the

information needed for optimum operation of the

reactor. 1In a later section we shall study the

instruments used in the safety svstem.

noise or
disturbance

coolant
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In order to control the CRR adequately, for example,

the operator must have knowledge of the neutron flux
- - 4 -

from about 104 n/cm‘z/Sec 1 to about 101+ n/cm 2/

-1
sec .

e m vm— nar oams  tmen

Neutron flux information is necessary over all
startup and operating ranges of the reactor because

the power level is propoxrtional to the

of the reactor. 1In nuclear reactors the power level

can change so rapidly that temperature monitors are

too slow to be used for control; only by knowing the

neutron flux can the operator or the automatic con-

trols know how well the is being con-

trolled.

If the neutron flux is low, the power level of the

reactor is also .

If the neutron flux increases from‘lO4 n cm.-2 sec_1

by a factor of one billion (that would be nine
decades), the power level of the reactor is rela-
tively (low, high). (To increase or to decrease a
number by one decade, multiply or divide it by 10,
respectively. Two decddes is 10 x 10 or 102; three

decades is 103, etc.)

In order to control a reactor reliably over a wide

flux range from startup to full power (~10 decades),

it is customary at ORNL to break the span into three

ranges and to provide a separate set of instruments
for each range. (The HFIR, which uses a wide~range

counting channel, is an exception.)

o w— R . —

neutron flux,
power level

low

high
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The three ranges covered by the nuclear instrumen-

tation for reactor control are: (1) the lower startup

range of about five decades, (2) the intermediate or

upper startup range of about three decades, and

(3) the power or operating range of about two dec-

ades. Because the so~called intermediate-range

instrumentation has a usable range of five decades

or so, it remains active in the range also.

— e w—— — -

These three instrument ranges, the 5 , and power

ranges, are those used at reactors such as the

ORR and BSR.
‘Ton chambers, as a class of radiation detec~ startup,
tors, deteriorate with use. To get maximum intermediate,
life from these expensive devices, their power

operation in a low-intensity neutron flux
is desirable. 1In the case of current cham-
bers, the associated electronics determine
the minimum useful currents which must be
furnished. 1In light of these and other
factors, ORNL installs its reactor chambers
in neutron fluxes which produce from 30 to
50 microamperes at full reactor power.
These chambers are used only for intermedi-
ate and power-range measurements. In
counting instrumentation, the electronics
determine the maximum rather than the mini-
mum neutron flux that may be measured.
Because counting instruments will measure
very weak neutron fluxes, they are the most
practical of instruments for use in the
lower startup range of reactors. Since
they are operated only in relatively weak
neutron fluxes, the fission chambers from
which the counting pulses are received,
deteriorate very slowly due to neutron ab-

sorption.
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44. In the lower startup range at the BSR, PCA, and ORR,

the neutron-counting rate may vary from one or two

counts per second to 10,000 or more per second.

This means that the counting-rate readout instru-
ments will need to be able to span about or

decades.

45. Since the range would be difficult to record on a four,

X . . . five
linear scale, we use a counting instrument with a

logarithmic scale. Such an instrument would have a

scale as shown in Figure V-50. 1t is commonly

called a log-counting-rate meter.

trme e e mmar e een e
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107} 10° 10! 108 109 102

Fig. V-50. Logarithmically Calibrated Scale
for a Counting-Rate Meter

46. The instrument gcale shown above would encompass

decades.

47. An instrument with a logarithmic scale would be five

needed in the range.
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48. At the HFIR, when the counting-rate meter (CRM) startup

reaches 10,000 counts/sec, the fission chamber is

retracted automatically by a precision drive that

positions the chamber so that the CRM always reads

a set amount--10,000 counts/sec. An electronic

instrument then combines the 10,000 counts/sec and

the chamber-distance factor to arrive at an indica~

tion of the reactor power. Thus, the CRM is used to

monitor the from startup to full power.

— e v e - e

49. You will recall from Section V-2 that the pulse- reactor

height selector makes it possible to distinguish power

between the neutron- and the gamma-induced pulses in

the output of a fission chamber. This allows the

higher -induced pulses to be counted and the

lower -induced pulses to be ignored.

— e et e

50. Pulses from the pulse-height selector are counted, neutron,

and the counting rate is recorded on a strip-chart gamma

recorder. The neutron counting rate is a measure of

the neutron flux (or power) in the reactor. The

counting rate usually is the only measure of reactor

power available in the lower part of the range

of the reactor.

51. As reactivity is increased in a subcritical reactor, startup

the neutron multiplication rate increases. During

startup the operator must know the counting rate at

all times so he can determine the increase in the

multiplication rate.

— s leas aem e o Tew
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The rate of increase in the neutron-multiplication

rate indicates whether or not reactivity is being

in small enough or large enough increments.

In addition to knowing the approximate power at

which the reactor is operating during startup, it is

important to know whether the reactor is subcritical

or supercritical following each reactivity increase.

The counting-rate period meter furnishes this infor-

mation.

You will recall that the reactor period is the

length of time during which the neutron population

or flux increases or decreases by a factor of e

(e = 2.718).

If the period meter indicates a 100-sec positive

period, at the end of every 100 seconds the neutron

population will have by a factor of .

If it takes 50 sec for the neutron population to
increase by a factor of 2.718, the period is

seconds.

If the neutron population increases very slowly,

the reactor period will be (long, short) and will
be positive.

neutron

increased

increased,
e or 2.718

50
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If the reactor is just critical, that is, the long

neutron flux is neither increasing nor decreasing,

the reactor is said to have an "infinite period"

because it would take an infinite lenegth of time for

the flux to change by a factor of . This is to say
that there will be no _change in the neutron popu-

lation until is increased or decreased.

You will probably hear it said that one reactivity
"adds" reactivity to a reactor or '"removes"
{ reactivity. It is also said that one
"adds" positive or negative reactivity to
cause a positive or negative period. This
is exactly like saying that one "adds"
speed or "removes' speed from a moving
vehicle or that one '"adds' positive or
negative speed. Reactivity is a condition
of a reactor like acceleration and decel-~
eration are conditions of a vehicle in
motion. 1If the acceleration of a moving
car is zero, it is traveling at a constant
speed. If the reactivity of an operating
reactor is zero, it is operating at a con-
stant (steady) power level. The reactivity
of a reactor can be increased or decreased
by adding or removing fuel, by removing or
adding neutron "poisons', or by making
other types of changes withino or near the
core.

If the neutron population is neither increasing nor

decreasing, the reactor period is .

If the neutron population is decreasing, the reactor infinite

period is neither infinite nor positive; it is .
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When the period recorder is showing a positive negative

period, the reactor power will continue to

without the reactivity being further increased if
there were no temperature effects and no fission-

product "poisoning".

However, as the temperature inside the reactor increase
increases, it usually has the effect of decreasing
reactivity so that the operator must continue to

ad just_ the to overcome this decrease.

This effect is due to what is called negative tem- reactivity

perature coefficient. When the reactivity decreases

as the temperature increases, the temperature is

said to have a effect on reactivity.

Two kinds of information are supplied by the count- negative

ing instrumentation. One kind, the counting rate,

is a measure of the in the reactor from

its shutdown level upward.

The information about the neutron population is dis- neutron flux
or population

played in the units (reactor period, counts per 'sec-

ond, kilowatts).

— e o e m— mms -

The other information fiurnished tells how fast the counts per sec~

. . . ond
reactor power is changing. The instrument deter- m

mines and displays information called the reactor
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A system of electronics with its detector
or sensor, such as an ion chamber, for
supplying the signal and any necessary
readout devices (indicating or recording
instruments) is often referred to as an
"instrument channel" for convenience. A
set of counting instrumentation, such as
that being discussed, together with the
fission chawber, counting-rate, and period
indicators and recorders, constitute a
"counting channel".

o mam e Shes e e A

At the BSR, PCA, and ORR, the electronics limit the

counting rate to a maximum of about 10,000 counts/

sec. This means the channel has a range of approxi-
mately decades. If the range of the reactor

from ghutdown to full power is 10 decades and the

intermediate range instrument channel is limited to

about 5 decades, then there remains of

range that, so far, is not instrumented.

The solution is to withdraw the fission chamber into

a neutron shield far enough that the counting rate

is reduced three decades or so. This operation is

done automatically, normally, and is repeated at the

higher power levels to keep the counting channel

within its -decade working range.

period

four,
one decade
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When the power of the ORR is decreasing, the period four
indicator shows a period. While the fission

chamber iz being withdrawn (to change the operating

range of the counting channel), the flux it measures
is going from some higher value to a lower value.
The reactor power geems to be (increasing, remaining

constant, decreasing) so the period meter shows a

period.
The information received from the counting channel negative,
. . ‘s . . . . decreasin
while its fission chamber is moving (is, is not) a . &
negative
true measure of the conditions in the reactor core.
The counting rate, and more particularly is not

the period information developed in the
counting channel, is affected appreciably
by the randomness of the signal pulses
received from the fission chamber. For-~
tunately, power changes at low-reactor-
power levels occur slowly so the counting
channel need not have a high response rate
and thus can include filtering to reduce
the effects of the fluctuating signal.
Nevertheless, under operating conditions the
pointers of readout devices usually are in
continuous and erratic motion and thus are
difficult to read. The situation improves
at the higher counting rates but, even so,
the channel's information is considered to
be of poorer quality than that obtained
from the channels having current chambers.
This latter type of instrumentation is not
suitable for opgrating at power levels
below about 107~ Np (Np is "full power")
because of the high gamma and very low neu-
tron flux, however.
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Reactor neutron-flux information is needed over the

whole range of operation from shutdown to

. Period information is often supplied over

this same range, but it is usually considered most

valuable at flux levels below the power range (below

about 1 to 5% NF),

At about 10-5 NF (five decades down from full power)

the neutron flux is still high enough that a compen-

sated ion chamber (current chamber) will supply use-

ful signal currents from which and

information may be obtained.

Because the signal from the compensated ion chamber

(CIC) is a current signal and not a series of pulses,

very little filtering is used in the associated

electronics. Both the power-level and period infor-

mation developed represent the currently existing

conditions in the core. The_period circuitry is
fast-acting and capable of detecting very short
periods even at low power levels. The CIC and its

electronics are capable of covering more than six

decades of range of reactor power so its power read-~

out instrumentation has a logarithmic scale.

e e e mew e e o

Figure V-51 shows the CIC and the input circuit to

its electronicg. The diode in the circuit converts
the chamber current into a voltage proportional to

the logarithm of the current.

full power

power
period
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Fig. V~-51. Log-N Amplifier Input Circuit

Thus the output voltase varies in proportion to the

logarithm of the ~induced current from the
chamber.
The instrument that uses this signal is called a neutron

log-N amplifier because its output is proportional

to the of the neutron flux.

As shown in Figure V-52, the log-N amplifier sends logarithm

a signal to the period recorder, as well as to a

flux (or power) recorder called the '"log-N recorder".
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Log=N recorder

Log-~N
Compensated amplifier
ionization S
chamber
Period Period recorder
meter
Log-N
meter

Fig. V-52. The Log-N Channel

Since both the period and neutron~flux instrumenta-

tion use signals from the log-N amplifier, the whole

instrument channel is called the - chan-

nel.

The instrument in the log-N channel that indicates

the neutron-flux level uses the primary output of

the log-N amplifier, and that output is proportional

to the logarithm of the flux.

The instrument  in the log-N channel that indicates

the reactor period uses the rate of change of the

output of the log-N amplifier to show the rate at
which the neutron flux is changing. This meter is

called the - period meter.

neutyron
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Since these two instruments are the most important log~N

nuclear instruments of the intermediate range, :this

range is often called the log-N range.

—— . — e — -

Log-N meters or recorders could be calibrated in

many ways, but at ORNL they are calibrated in per-

cent of full power (abbreviated 7 NF).

-6
The log-N instruments are calibrated from 10 N_ to

—F
3 N_.. Written in 7% N this range is from 0.0001%

——F F’
NF‘to‘ . NF'
At the lowest neutron-induced currents (correspond- 3006%

ing to from 0.0001% to about 0.001% NF)’ it is

difficult to attain and maintain correct gamma com-~

pensation. Recently developed ORNL CIC chambers are
less difficult to compensate, but, even so, the output
often includes appreciable gamma-induced currents in
the lowest decade. Thus the signal is not as accu-
rate a measure of neutron flux in this range as it

is over the remainder of the range.
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The fission chamber of the counting channel is usu-

ally retracted to its second operating position

before the neutron flux has risen high enough to be

read by the log-N channel. Therefore, it will be

supplying flux information at the time the log-N

comes ''on scale". The operator will observe both

the log-N and counting-rate readings as the power

increases to see if the two channels are "tracking"
each other, that is, if they agree on the change in
flux level as the power increases. Near 0.001% NF’
it should be possible to compare the log-N and
counting-rate period indications for general con-

currence. If the two channels Ltrack, the operator

can be confident that the log-N channel is operating

satisfactorily.

If the two channels do_not track, the operator should
(call this to the attention of the shift engineer
promptly, ignore the log-N channel readings, ignore

the counting-channel readings).

When the reactor power has reached 0.001% NF or call shift

slightly above this,. a switch in the log-N recorder engineer

is automatically actuated; and this signals the con-

trol system that log-N '"confidence' has been

achieved. The control system thereafter will use

log-N rather than counting-rate information for

"making decigions".
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88. As the reactor power is being increased, control
functions are automatically shifted from the count-
ing channel or channels to the log-N channel when

log-N is established.

89. The two instrument channels so far discussed are confidence

parts of the reactor operation (control) system.

The counting-rate recorder, for example, is fitted

with a control switch that is actuated by the pen

drive when apprdximately 1.5 to 2 counts/sec are
reached. TUntil this switch is actuated, withdrawal
of control rods is prohibited and startups cannot be

initiated. Other switches in this recorder are

responsible for the automatic withdrawal or inser-

tion of the fission chamber to keep the channel

within its operating range.

— e oo pame e

90. The log-N and counting channels are considered part

of the reactor system.

91. Usually there is at least one active counting and operation or
control

one active log-N channel in each reactor system. To

minimize possible delays in starting due to instru-
ment troubles, the ORR (a production reactor) has a

built-in spare channel of each type. Only one of

each is available at the BSR or PCA, however.
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92. The HFIR operation system includes three counting

channels, all of which are normally used in startups.
Operation is possible with only two active channels.
The reactor has no log-N channel so the counting

channels have been given additional functions.

93. The ORR requires (no, one, two) active counting

channels for startup.

94. The BSR {(has a, has no) built-in spare counting .. . . one
channel.
95. The HFIR operating system includes (no, one, three) has no

log-N channels.

96. A third type of nuclear instrumentation is used in no

the power range (from about 1% NF to NF and above).

Tts primary function is reactor protection, and it

prevents the reactor flux from reaching levels at

which fission heating could damage or destroy the

fuel elements. It also has control functions and

supplies a readout of the reactor power on linear
scales. The control and the power readout functions

of these "safety' channels, however, are strictly of

secondary importance and are not permitted to inter-

fere in any way with their primary or protective

functions.

com  heme  mea A o e -

97. To guarantee availability, on call, three identical

safety channels are used in each reactor installa-

tion.
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In the process of reactor startup, the reactor power

level is usually increased smoothly through the lower

startup range and intermediate range without a pause.

The intermediate range in startup terminates at a
power level designated as EL’ This level is not the

same in percent of N_ in all reactors since its

F
value is determined by the design of the automatic

power-level control system (servo). It varies from

1% N, at the PCA to 10% N, at the HFIR. 1In any case,

it is the lowest power level at which the servo will

control reactor power.

The lowest power level at which the sys-

tem will function is N_ -

L

a automatic or
servo control

During startup when the power level reaches NL’

regulating rod is adjusted, usually by the automatic

control or servo system, to hold the power level

constant until all systems are checked and the reac-
tor is ready to be raised to full power. (Control
of the reactor by servo will be discussed in Section

V-4).

During reactor startups, the power level increase is

automatically stopped at to allow a check of

all systems before increasing the power further.
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When all systems have been checked and the operator N
is confident that the reactor is in condition to be
taken to full power, reactivity is increased by

increasing the "servo demand" setting, causing the

servo system to withdraw the regulating rod as

required. The "servo demand" governs the level to

which the servo automatically brings and holds reac-

tor power. TIf it is set at 100% NF’ it will

increase the power to that level and keep it there.

The servo system uses the rod to adjust the
reactor power level to the servo . setting

selected by the

The servo system is designed to suit the regulating,
characteristics of the reactor it is to - demand,
control. The servo demand is designed to operator

call for changes in power level at rates
which are consistent with the capabilities
and limitations of the reactor and are per-
fectly safe. 1In changing power levels, the
servo demand is simply run full speed to
the desired level and the control switch
handle released. The servo will change the
power level automatically and expeditiously.
Changing power by changing the servo demand
in short steps simply works both the demand
set and servo excessively and in no way
contributes to operating safety. Operations
supervision may elect to operate differ-
ently under special conditions as set forth
in operating procedures.

o -

During the time the reactor is operating in its

power range, power-level information is obtained

from the recorders, although such information

is also provided by the log-N recorder.
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The operator changes the power level at which the safety
reactor is operating by changing the setting of the

. Power is changed and then held at the

new level, automatically, by the .

3.5. 8Self Test

The function of the reactor operation system is to servo demand,
ceta 8ervo
start, stop, and operate the reactor within its
and for its purpose. (Frame 1)
The fast shutdown system (safety or scram system) design limita-
tions

is, is not art of the operation system. Frame . ]

(is, ) part P ystem ( intended
2)
The operator obtains information from the instru- is not
ments that assists him in making about what
control actions to administer to the reactor.

(Frames 4, 7, and 8)
When an operator is instructed to perform certain decisions
prescribed actions in response to a particular con-
dition, his actions are said to be set by con-
trol., (Frames 9, 10, and 12)
Though the response of an instrument is faster than administrative

that of a human, the prime control of the reactor is

always exercised by the . (Frames 26-28)

vo m— v — —
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112, Although the reactor operation system will, by operatox
request of the operator, start and operate the reac-
tor and shut it down safely (the operator, adminis-
tration, the operation system) is responsible for

orderly and safe operation. (Frame 28)

113. Neutron-flux information of two kinds is usually operator
furnished at all power levels: neutron flux, which
is an indication of ___ level, and the time during
which the neutron flux changes by a factor of e,
known as reactor . Of these, ___ information
is the more important and is always furnished.

(Frames 37, 38, 53, 54, 71 and 96)

114. The counting-vrate instrumentation of the lower power,

. i0

startup range usually uses a pulse counter with a period,
flux or power

pulse-height selector to sort out ~induced

pulses from -radiation-induced pulses. (Frames
43-50)

115. In the lower startup range, the ionization chamber neutron,
usually used is called a chamber. (Frames gamma
42 -47)

116. Reactor period instrumentation indicates the inter~ fission

val of time during which the neutron population
increases or decreases by a factor of (Frames

54-58)
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""""""" 117. A positive period indicates that the reactor power e or 2.718
level is ; a negative period indicates that the
power level is ; and an infinite period indi-

cates that the power level is . (Frames 59-61)

118. 1In the intermediate startup range, the ionization increasing,
decreasing,

chamber is usually gamma- to cancel the gamma-
e constant

radiation contributions to the chamber current.

(Frames 74-76)

— — . o ma o —

119. The neutron-flux-level instrumentation of the inter- compensated
mediate range is often called the - chan-~
nel because of the logarithmic amplifiers used.

(Frames 74-76 and 81).

120. During reactor startups, control functions are auto- log~N
matically switched from the counting channel or
channels to the log-N channel when log-N is

obtained. (Frames 87 and 88)

121. Power escalation in the intermediate range is confidence
usually terminated at a power level called

(Frame 99)

122. Log-N instrumentation (is, is not) reliable in the N

power range. (Frames 41, 73, 83, and 105)

— e . . — o —
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The power level, Ny s (is, is not) the lowest level is
in the power range at which the servo will hold the
reactor automatically. Its value may be from 17 N

F
to NF depending on the reactor. (Frame 99)

is,

10%
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V-4. CONTROL INSTRUMENTATION

In this section we wish to emphasize (1) the control features of the

startup nuclear instrumentation, (2) an automatic controlling system

called a "servo'", and (3) certain parts of the process system which have

some control actions.

4.1. Control During Startup

The startup of most reactors is divided into at
least two stages based upon the relative power level
and the types of controlling instrumentation. The
first stage is done with the instrumentation in a

condition often called the "start mode' and extends

from first rod withdrawal to NL. The second stage
is accomplished with the instrumentation in what is
called the "run mode" and extends from NL to full

power .

In this part we shall discuss control actions during

the first stage of startup, while the reactor is

being raised to the power level called .

Let us define a control action as any action which N

either causes or inhibits control-rod adjustment.

We will use the word "adjustment" to differentiate
between movement of a control rod for control and

the fast insertion that is a safety action.

You will recall that in ORNL reactors the control
rods are normally moved by electric-motor-operated
drives which are clutched to the rods by electro-
magnets and that the rods can be dropped into the
reactor by turning off the current to the ___ .
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Now let us discuss the control actions which occur

during the startup and operation of two ORNL reac-
tors, the ORR and the HFIR.

— e e e man omas

Most reactors have a startup checklist which is an

administrative control to ensure that all systems

necessary for startup are operative.

—— — e ma m— — —

These checks should include having all recorders
calibrated and set on '"operate", rod-release times
checked and approved, startup ionization chambers
checked and operative, coolant systems checked and
operative, and others that we will not take time to

mention here.

The above-listed control functions we call

controls because they are :the result of procedures

established by administration as minimum startup

requirements.

— - e o — — —

These particular administrative requirements are

called the checklist.

Operators who are interested in the ORR
controls systems should continue to study
the following frames. Those interested
only in the HFIR control systems should
skip to Frame 95.

electromagunels

administrative

startup
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from being energized in the
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4.2. Startup Controls - ORR

Under special conditions and for the bene-
fit of special tests, the ORR can be
started up to low power levels without
coolant flow or with low coolant flow.
Also, it is_possible to start up the reac-
tor and control the power manually without
benefit of automatic control. These spe-
cial wodes of startup and operation are
not discussed in this work but are left to
on~the-job training.

Normally, the counting-rate meter (CRM) has to show

a minimum of 1.5 counts/sec (at the ORR) before the

enforced by a switch in the CRM set at about 1.5

counts/sec which "inhibits" the rod-drive motors

below that point.

This "inhibit" ensures that

— ot —

positioned (away from, near to) the reactor core

during startup.

ating.

The 1.5-counts/sec switch in the counting-rate

recorder ensures that the counting channel is oper-

if the __ - meter could not tell the opera-

Y

tor about changes in the neutron population.

Thus, if the CRM shows no_counts (even at shutdown

with the chamber fully inserted), something is not

right and control-rod withdrawal should be

This requirement is

rod -withdraw direction

the fission chamber is

It would be unsafe to increase reactivity

near to

counting-rate
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E 14. As mentioned earlier, the reaction time of the prevented or
inhibited

instrumentation used in the lower startup range

(below 0.001 NL

or log-N confidence) is relatively

(short, long).

15. It is important, therefore, that reactivity be long

increased slowly during startup; so, in the startup

mode, a timing device is connected to the rod-drive

motor circuits. This timer causes the rods to with-

draw as a group for only 1 sec in each 6 sec. (This
is the only group~rod-withdrawal rate available

below "log-N confidence".) Further, if the counting

channel detects a period shorter thdn 30 sec, it

will automatically block further rod withdrawal

until a longer period exists.

16. This "intermittent" group-rod withdrawal is neces-

sary only below confidence.

17. 1Intermittent rod withdrawal is accomplished by using log-N
a device which allows the rod-drive motors to

be energized only 15-207 of the time.

18. You will recall that at a power level of 0.001 N timing

L
you should have confidence.
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When log-N confidence is reached, the intermittent

rod-withdrawal requirement is automatically dropped
out by a switch in the log-N recorder. At that
time, all rods may be withdrawn , 1f the opera-

tor so desires, by bypassing the timing device.

There is a spring-loaded, manually operated
switch which may be used to bypass the 30-
second-period group-rod-withdraw inhibit.
This is used by experienced operators when
a fast startup is necessary to avoid xenon
poisoning. If the operator removes his
hand from the switch, the spring returns
the switch to its neutral position, re-
establishing the intermittent withdrawal
rate.

When all rods are withdrawn continuously, large

increases in reactivity may be made rather quickly;

and the reactor period can become quite (long,

short).

— s em mae e s —

To control the rapid increase in reactivity,

switches at the 30-sec-period marks in the period

recorders inhibit group withdrawal of the control

rods.

As long as the reactor period is (more than, less

than) 30 sec, the inhibit is in effect.

log-N

continuously

short
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When the period becomes longer than 30 sec, the less

group-withdrawal permit switch must be reset by the

oparator (the operator at the ORR turns the "inter-
mittent" switch to "normal" and then back to inter-

mittent) before the rods can again be withdrawn.

At_the ORR, should the 30-sec inhibit malfunction,

other switches at both the 20-sec and 10-sec marks

should inhibit rod withdrawal and a switch at the

5-sec mark should cause insertion of all rods. If
all switch contacts should fail, a l-sec period sig-

nal from the log-N channel would scram the reactor.

If the period-recorder rod-withdrawal inhibit

switches should fail during a startup, a ‘peri-

od will cause a reactor scram.

Although the 20-sec and 10-sec inhibits have other 1-sec
specific functions, their action is typical of what
has been called a "backup" action. The term is

largely salf-explanatory. Bachkup instruments are

those which operate to inititate an action if the

first instrument that is supposed to initiate the
action fails. Thus, the 20-sec- and 10-sec-period
inhibits and the 5~sec-rod reverse are said to

the 30-sec inhibit.

than

Throughout the intermediate range, the neutron flux back up

level should increase smoothly with the 30-sec

period inhibit to keep rod withdrawal in check.
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Below NL’ control actions other than the 30-sec
inhibit of control-rod withdrawal are made at the
discretion of the operator through the use of manual
switches. One of these is a "reverse'" switch which

is used to insert all control rods simultaneously

at the full speed of the rod-drive motors. Although

the "reverse'" is available at any power level, it

will be needed, if at all, only during fast restarts.

For this reason, the same switch is made to control

both conditions, "bypass" (30-second-withdraw in-

hibit) and "reverse'. The operator using the bypass
will already have his hand on the correct switch

should he decide he needs the reverse when he is

maling a fast restart.

When an operator uses the reverse switch, he causes
the rod~drive motors to operate at full speed to

the reactivity of the reactor.

The reverse stops reactor power increases almost

immediately and, if continued, causes the reactor to
become subcritical in a matter of seconds. Should
the operator decide that prompt power reduction is
necessary, the reverse is preferable to the scram

since the reactor can be returned to power with

little delay following a reverse. The scram signal

de-energizes the rod , dropping the rods. A
restart then requires time for the drives to run in
to pick up the rods after which the startup program

must again be followed to get back to power.

reduce or
decrease
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When the reactor reaches a power level of NL, an

automatic control system called the "servo' takes

over the control and holds the power level at NL'

The operator will check all systems for proper con-

ditions before proceeding to raise the power. The
servo holds the power constant, thus freeing the

operator to make the

The ORR normally remains in the "start mode' until
it reaches . At this point, if all start-mode

checks are completed and all conditions are normal,

the reactor controls may then (following adminis-
trative procedures) be placed in the "run mode" by

pressing the "run" button.

When the reactor power reaches NL, it is customary

to keep the reactor at that power level until all

" -mode'" checks are completed and the reactor is

ready to be placed in the '"run mode" and brought to
full powex.

Interlocks will keep the reactor from being placed

in the "run mode" if either (1) the period is less

than 30-sec, (2) the power level is less than 0.6 NL

or greater than 1.8 NL’ or (3) the coolant system is

not operating at full flow.

While the reactor power is at N the period should

L’
be infinite; however, if something should cause a
reactivity increase sufficient to produce a reactor

period shorter than 30 sec, the control system (can,

cannot) be placed in the run wmode.

magnets

checks

start
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The run-mode inhibit below 0.6 Ny, and above cannot
1.8 N, is an administrative control to em-
phasize the pause at Ny for a general
checkout of all systems.

When the reactor is ready to go to full power, the
"yrun" button is pushed and the operator may then

increase the power level by increasing the demand to

the servo system. The servo power demand operates

over the range N_ through NF and the servo will

L
automatically change the reactor power to the demand

level and hold it there.

4.3. The ORR Servo System

In the power range of reactor operation, maintaining

the power at a desired level is accomplished more

accurately and more smoothly if an automatic system

is used. So, let us consider a typical automatic

control system, called a servo system.

A block diagram of an ORR-type servo system is shown

in Figure V-53.
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Ionization
chamber

S ) a
(::::::: ' K rg#érder

Amplifier Amplifier

NL Tachometer feedback
Logarthmlc Directional
potentiometer
relays
Servo

demand

selector

Regulating-
N Servo rod drive
F amplifier motor

N

+
O Reference
voltage

Fig. V-53. One Type of Servo System

39. The servo control signal is taken from a peutron-

sensitive ionization chamber which may be either

compensated or uncompensated.
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The chamber signal is amplified and impressed across

the demand potentiometer. A fraction of this volt-

age is tapped off and sent to the servo amplifier

which compares it to a reference voltage (demand

signal). The "difference voltage'" (error signal)

controls the regulating-rod~drive motor through

"withdraw" and "insert" relays.

The voltage applied to the servo amplifier
input by the reference voltage supply is
constant (at the selected value). The
voltage applied to the servo amplifier from
the ionization-chamber amplifier varies
with the reactor neutron flux and is oppo-
gite in polarity to the reference voltage.
Thus, when these voltages are numerically
equal, they cancel and the servo input
voltage is zero (zero error). Under these
conditions, the reactor-power level (neu=
tron flux) at the chamber is at the demand
value. If the demand is lowered {(moved
toward Ny), a voltage larger than the new
reference voltage will be supplied by the
ionization chamber amplifier. Thus, a net
negative voltage (servo-error signal) will
be applied to the servo-amplifier input
(servo error = reference voltage +
ionization~chamber-amplifier output volt-
age), causing the servo to insert rods to
reduce the net voltage to zero. Remember
that these voltages are always of opposite
polarity so the servo ervor is the differ-
ence in the two voltages. Thus the error
voltage may be plus or minus.

The error signal causes the servo-controlled (regu-

lating rod to move in the correct direction to

ad just the reactor to make the chamber signal
equal the reference voltage (the error voltage

becomes zero).

e v e s aas s feos
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The strength of the ionization-chamber signal varies

with the reactoyr neutron flux (power level). An

increase in neutron flux produces a (stronger,

weaker) ionization~chamber signal.

If the chamber signal is greater than the reference
voltage, the regulating rod is temporarily moved to
(decrease, increase) the reactivity until the reac-
tor power decreases and the chamber signal becomes

(less, more)-~thus approaching the reference voltage.

If the chamber signal is less than the reference
voltage, the regulating rod is temporarily withdrawn
and the neutron flux (decreases, increases), making

the chamber signal increage and approach the refer-

ence voltage.

Because of the energy in the rod and drive due to
motion, these coast a little after the error voltage
goes to zero. In other words, there is a tendency
to "overcorrect", with the result that the drive
moves the rod in and out about the correct rod posgi-
tion (hunts). The reactor power is caused to oscil-
late about the desired level. Because of stored
energy in the drive system, the servo system, as
described, (does, does not) hold reactor power at

the desired level.

power

stronger

decrease,
less

increases
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The tachometer in Figure V-53, also driven by the
regulating-rod~drive motor, furnishes a voltage

whose polarity is determined by the direction in
which the regulating rod is moving. A portion of

this voltage, taken from a potentiometer connected

across the tachometer, is fed back to the servo
amplifier (feedback signal) where it is combined

with the error signal. The feedback and exror sig-

nals are arranged to always be in opposite polarity.

For proper servo operation, the feedback signal is

adjusted so that it cancels the error signal just
before the servo has brought the reactor power to

the level called for by the servo demand. Because

of the energy stored in the mechanism and rod, they
coast the remaining distance needed to bring the

reactor just to the desired power level.

The tachometer-feedback arrangement provides a means

for compensating for the effect of the _in the

moving regulating rod and its drive mechanism.

The servo senses the reactor power level only

through the flux at its ionization chamber

position.

If anything happens to this neutron flux, the servo

interprets it as a power change and tries to offset

the change by adjusting the __ - position.

. v e e e e Omos

does not

energy

neutron
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The servo system can fail in several ways. One - regulating-rod

failure is loss of sensitivity of the servo ion

chamber or the equivalent, due to a change in con~-

ditions in the vicinity of the chamber in such a way

that the reactor flux seems to decrease. If the

chamber signal indicates the power level ig too low,
the servo will (withdraw, insert) the regulating rod
to compensate. The power will then be changed to a

level (below, above) the correct one.

The operation system takes corrective action auto- withdraw,
above

matically if the conditions outlined in Frame 50
allow the power to rise to 1.1 NF (110% of full
power) or higher. At 1.1 FF the operator is warned
by an annunciator that the power is too high and at

the same time the servo demand is automatically

reduced or "set back'. The setback action continues

only as long as the power is at or above 1.1 N

P
The automatic causes the reactor power to be

reduced by action of the servo system to a level

below 1.1 NF°

Referring to Figure V-53, you can see that when the setback

servo demand is lowered (moved toward NL) a {smaller,

larger) voltage is developed from the demand to

ground and is fed to the servo amplifier. This
larger voltage represents, to the servo amplifier, a

higher-than~desired power level. Thé error signal,

thus, is such that the servo-controlled rod is

inserted to (raise, lower) the power level.
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Let us repeat what has just been said. If the power larger,
level is increased to (or above) NF’ which at Lower

the ORR would be 33 Mw, the operation system will

automatically initiate a . The servo demand is

automatically (raised, lowered) which results in

servo action to (increase, reduce) the power level.

The servo system may fail in such a way that it con- 1.1,
. . . . setback
tinually calls for either a reduction or an increase e ?
Y grrnet lowered,
in reactor power regardless of the signal from the reduce

servo chamber. TIf the request is for a decrease in
power, it is, at worst, only an operating inconven-
ience. The servo may be turned off and operation

continued manually. Administrative procedures cover

such operation; there is no automatic correction for

such a reduction in power.

The operation system is designed to take proper

corrective action automatically should the servo

fail in such a way that it continues to ask for
regulating rod withdrawal (power increase). This
failure, however, cannot be corrected by a setback
since the servo is not being controlled by the error
signal. The power will rise past 1.1 NF’ tripping
the setback annunciator and initiating an ineffec-

tual setback request and then rise on to 1.2 N, at

F
which level a second annunciator is tripped and the

reactor control system is put into reverse (see

Frame 28).

A reverse is automatically initiated in this case

when the power level reaches .
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An automatic reverse called for by the operation 1.2 N

system continues only so long as the condition ini-

tiating it continues. For the condition described
in Frame 55, as soon as the power drops below 1.2 N
e ——=F

the reverse will be stopped automatically. The 1.2

NF reverse ends as soon as the reactor power is

reduced below .

The reactivity under servo control is limited to 1.2 N
0.5% Ak/k, so the servo cannot make the reactor

"prompt critical'. The operation system's automatic

reverse at 1.2 NF easily terminates and turns back

any power excursion which might be initiated by a

run-away servo (sudden uncontrolled addition by the

servo of all reactivity worth available to it). The
1.2 is to prevent an excessive power

NF e prevent P
increase that might result from a servo-system fail-

ure (run-away).

Electrical contacts in the power~-level safety reverse

recorders, which indicate and record reactor flux

in the power range, initiate the 1.1-N_ alarm and
X

setback and the 1.2-N_ alarm and reverse. There are
e X

three such recorders, each with one set of contacts

for each type of control action. Because the three

power~level instrument chamnels are independent of

each other, any one that detects an excessively high

power level will initiated the getback or reverse

action. Automatic reverse is initiated at the ORR
(if any one, only if any two, only if all three)
level channels detect a 1.2--1\1F power level of the

reactor.
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o 61. 1In addition to initiating a reverse, the 1.2-N, con- if any one

tacts algso turn the servo "off". 1If the power level

has reached 1.2 NF’ this is proof that the servo has

probably failed. The servo is automabically turned

off so it can interfere no further with reactor

operation.

. - e omr o e -

62. A reverse, regardless of its origin, may be expected
to make the reactor subcritical. When a reactor
that was operating at full power is made subcritical,

the power level drops quickly to N_ and beyond.

L
Operating procedures include instructions to be fol-

lowed in handling such situations.

4.4, Control by Process Instrumentation

63. Other subjects of interest include the "scrams'" and

the control actions of the process instrumentation.

A setback lowers the power level, and a reverse

makes the reactor subcritical by a rod-drive inser-

"

tion of all the rods; but a so-called "slow'" scram

causes a complete shutdown when, by relay action,

the rods are released (by loss of their magnet cur-

rents) to fall into the reactor core.

64. A slow scram is initiated by an electrical signal

which, through action, causes the magnet cur-

rent to be turned "off".
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A 65. In comparison with a scram, a reverse reduces reac- relay
tivity at a relatively slow speed, i.e., the speed

at which the rod-drive motors move the .

66. When an instrument causes a relay to open the cir- control rods

cuit to the control-rod magnets, a

results. This scram is so named because an appre-
ciable amount of time (200 milliseconds or longer)

is needed for relays to operate and, thus, to turn

the magnet amplifiers off.

67. When a pneutron-detecting instrument, through elec- slow scram

tronic action, decreases the magnet current to the

rod-drop point, the resulting shutdown is called a

"fast" scram. The time delay in this case is short

(200 milliseconds or less) compared to that required

to effect a slow scram.

68. Now let us discuss the more common control actions

of other systems. Experiments have their own con-

trol and safety instrumentation. This instrumenta-

tion is tied into the reactor control system so that

experiment conditions possibly hazardous to person-

nel, the experiment, or the reactor will cause a

reduction of the reactor power or, in extreme cases,

will actually initiate a slow scram.

69. Since most reactor-control actions from other than the
the nuclear instrumentation are initiated by the

coolant instruments, let us take coolant flow first.

e s omn wm m  Ceem =
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If the ORR is operating at full power and the cool~

ant flow is decreased from the normal 18,000 gpm to

17,000 gpm as indicated by flow and pressure-drop

instruments, a setback is initiated which reduces

the power to less than 60% N_,. If the flow is fur-

i
EN

ther reduced to 14,000 gpm, a slow scram is initi-

ated.

The coolant flow is so important for the ORR that

only a small decrease to gpm will cause a

setback.

1f the flow drops to 14,000 gpm or lower, the reac-

tor power must be reduced drastically so that flow

instrumentation, by relay action, initiates a (fast,

slow) scram.

Closely associated with the coolant flow is the

pressure change across the core. If flow decreases,

AP (increases, decreases) and, thus, can be used as
a control parameter. At the ORR, a setback occurs

if the AP decreases to about 21.4 psi,

The only other coolant-instrumentation control

parameter is temperature. At the ORR, both the out-

let temperature (from the core) and the At across

the core are used as controls. Both recorders (At
and outlet temperature) have switches to initiate

gsetback, reverse, and -scram action if either

becomes too high.

17,000

slow

decreases
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The most accurate method of determining reactor

power is the use of heat-transfer calculations. You

will recall from your study of heat transfer that

you need to know the flow rate of the coolant, At of

the coolant, and the specific heat of the coolant in

order to calculate the heat power.

Thus, the control of these parameters, flow
rate and change in , 18 necessary in overall

reactor control.

Due to the size and inertia of the reactor
coolant system, flow and pressure changes
cannot be made instantaneously. Also,
changes in temperature are secondary
effects resulting from other changes such
as coolant-flow changes or neutron-
intensity changes. Generally speaking,
process instruments exhibit appreciable
delays (one second or more) in responding
to changes in the parameters being moni-
tored. On the other hand (at least in the
power range), the responge of nuclear
instrumentation is essentially instantane-
ous .

The slowness of response of these instrument chan-

nels limits their control and protective assignments
to those conditions or situations which can be han-

dled by setbacks, reverses, or scrams.

It is imperative that when fast action is needed the
action must be initiated by electronic circuits and
not by recorder switches and relays. Thus, the
power~level safeties and reactor period circuits

(nuclear instruments) initiate scrams.

slow

coolant,
temperature

slow
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4.5, Review of ORR Control Systems

The first stage of a reactor startup when reactivity
increases must be kept small due to slow instrument
response is called the ___ mode. The later,
higher power stage when instrument safeguard

response is fast is called the mode. (Frame

1).

v e - —

Slow increase of reactivity during startups is

accomplished by the use of a timer which causes
withdrawal of the control rods; this makes

actual motor speed reduction unnecessary. (Frames

15-17)

Above about 0.001 N "econfidence' is said to have

L)
been established in the channel and from this
level through the power range it exercises its con-
trol functions. (Frames 85-87, Section V-3, and

Frames 18 and 19, above)

Control-rod withdrawal during the startup phase is
inhibited when the reactor period is (more than,

less than) 30 sec. (Frames 21-23)

The same switch, on the control desk, that allows
the operator to bypass the 30~sec period inhibit on
rod withdrawal will produce a if turned in the

opposite direction. (Frame 28)

fast

start,
run

intermittent

log N

less than



84.

85.

86.

87.

88.

89.

90.

198

Below 0.001 NLJ group control-rod withdrawal is
limited to all rods (continuously, intermittently).

(Frames 15-17)

e pwer e baae s v

One function of the 20-sec~ and 10~sec-period inhib-
its is to provide action in case the 30~sec-

period inhibit fails. (Frame 26)

A fast insertion of the control rods, either auto-
matically or by the operator, to reduce the reactor

power level is called a . (Frames 28-30)

— e s wwn e A oeen

In the power range of reactor operation, the control
of power level is assumed by an automatic system

called the system. (Frames 31 and 37)

The amount of reactivity change which can be made by

servo action is (unlimited, limited). (Frame 59)

Normally, the servo is operative only between

and NF. (Frames 31 and 36)

A setback is a servo-controlled (increase, reduc-
tion) of reactor power. One of the conditions which
causes a setback is for the power-level~-safety

1" u

see' a power level of N

recorders to b

(Frame 51)

reverse

intermittently

backup

reverse

sServo

Limited
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From the process instrumentation, you might expect a
slow scram to be initiated by either low coolant

or high coolant .  (Frames 70-74)

Scrams initiated by the process instrumentation are
called (slow, fast) scrams because of the response

time of the instrument channels. (Frames 63-66)

Control action, operating through switches and
relays, causes reductions of the reactor power

(when required) by , by , or by

scrams. (Frames 63-67)

Scrams ;initiated by the safety: instrumentation are
called scrams because they are accomplished
electronically rather than by the slower action of

and . (Frames 67 and 78)

4.6. Startup Controls - HFIR

Operators who are interested only in the ORR control

system may turn to Section V-5. Those who skipped

the ORR information will start here.

The HFIR has three startup and operating modes.

Mode 1 is the normal startup mode when proceeding
directly to the full-power level. Modes 2 and 3 are
special modes to allow low-power operation with no
coolant flow or low coolant flow. Only Mode 1 oper-
ation will be discussed in this work. Operations

in Modes 2 and 3 will be left to on~the-job train-
ing.

reduction,
1.1

flow,
temperature

slow

setbacks,
reverses,
slow

fast,
switches,
relays
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As we mentioned earlier, there are some controls

which may not be 'built into the instrumentation.:  We

called these administrative controls because they

are set according to procedures.

Some of the checks on the startup checklist could be

considered controls.

After the completion of the startup checklist, the
operator should have confidence that the "wide-range

counting channel" is ready for startup if:

a. The counting-rate chambers are fully inserted

and the counting rate is more than 10 counts/sec

and less than 20,000 counts/sec.

b. The fission-chamber drive is set for "automatic"

operation.
c. The pulse amplifier (pulse-height selector) is

set on "operate'.

This is usually referred to as having '"counting-rate

confidence'.

- e e e et g S——

If the pulse-height selector is properly set, the

operator is confident that the channel is counting

only neutrons and not both and gammas.

If the counting rate is at least 10 counts/sec, the

operator is also confident that the chamber,
from which the counting-rate meter (CRM) gets its

signal, is positioned properly (fully inserted).

administrative

administrative

neutrons



102.

103.

104.

105.

106.

201

When the operator is assured that the CRM is reading fission
properly, that the fission-chamber drive will oper~

ate automatically, and that the pulse amplifier is

set on "operate", he is said to have "counting-rate

" and is ready for reactor startup.

When startup is initiated, the shim plates are with- confidence

drawn simultaneously and continuously rather than

intermittently as at some reactors.,

There is no timed sequence of intermittent with-

drawal. The shim plates are withdrawn .
As the plates are withdrawn, reactivity is increased, continuously

and the reading of the CRM .

When the CRM reaches 10,000 counts/sec, the fission- increases

chamber drive auFomatically begins to move the

fission chamber farther from the core. The auto-~

matic drive then keeps the fission chamber posi=
tioned so that the CRM counting rate is maintained

at 10,000 counts/sec.
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The automatic fission-chamber drive, the counting-
rate channel, and a special operational amplifier

are components of what is called a "wide-range
counting channel". These components work together

to take the constant 10,000 counts/sec reading of
the counting-rate meter and multiply this rveading by
a factor which represents the distance the fission
chaﬁber is from the core. From this product the

reactor power can be determined.

The fission-chamber drive must operate automatically

to move the chamber away from the core when the

counting rate reaches .

As the fission chamber moves away from the core, it

"sees'" a smaller percentage of the total

population.

This distance factor and the 10,000 counts/sec

recorded by the CRM are combined by an electronic

instrument to give an output reading in units of

reactor over a wide range of power levels.

The "distance factor" was first determined
by calibrating the distance the fission
chambers were withdrawn against the actual
reactor power calculated from the heat out-
put. This was done during the initial
startup tests of the reactor and is updated
as necessary.

10,000 counts/sec

neutron

power
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The counting channpels at the HFIR make satisfactory

measurements of reactor flux over the whole startup

and power range of the reactor. This is the reason

for calling them the counting channels.

The wide-range counting channels are most relied

upon during startup; i.e., to 10 Mw. However,

since they are reliable to 100 Mw, they are used as

the power-level recorders at full power.

o e e e aan

The wide-range counting channel is used to compute

the reactor power automatically throughout the

startup range and up to Mw .

For each wide-range counting channel there is an
associated counting-rate period channel. ''Thése
three period channels get their signals from the

three chambers.

Instrumentation of the greatest reliability is

necessary for the high-performance HFIR. For this
reason, three independent wide-range counting chan-
nels were included. Actually, only two are con-
sidered necessary; but, with only two installed, the
chances of having to shut down because of a failure
of one are higher than the designers liked. With
three channels installed and operating, the chance
of two failing during a run is so_small that the

desired reliability is achieved.

wide~range

100

fission
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In most cases of electronic control at the HFIR, a
control action is initiated only when at least two
of three instrument channels recognize, at the same
time, the need for control action. These systems
are called "two-of=threé (or‘tﬁo~out-of-three)

coincidence" systems.

This method of control, wherein two channels must

recognize the need for control before any action is

taken, is called .

There are three startup instrument channels which

measure and record the reactor period and flux, but

their control actions do not depend on coincidence

in all cases.

These instruments are similar, in most respects, to

period instruments of other ORNL reactors. They

record the time interval during which the neutron

population increases by a factor of e. This time

interval is called the reactor .

These instrument channels are equipped with electri=-

cal switches to inhibit control-plate withdrawal if

the period becomes too short.

During startup, if any period channel indicates a
period less than 30 sec control-plate withdrawal is

inhibited.

s - vewn  aoms  tem v

two-of -three
coincidence

period
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This action (is, is not) considered to be two-out-

of ~three coincidence.

e e mar e e

All control-plate withdrawal (shim plates and regu-

lating cylinder) is inhibited if (all three, any

two, any one) period channel indicates a period of

(less than, more than) 30 sec.

This inhibit holds only as long as the period is

less than 30 sec., When the period becomes longer

than , control~plate withdrawal may continue.

If a sudden increase in reactivity should cause at
least two period recorders to see periods as short
as 5 sec, all control~-plate drives would insert the

plates at full speed. This is called a "reverse",

— - taan mam e o

When the instrumentation causes all control plates

to be inserted, the action is called a .

A reverse at the HFIR, during startup, will be ini-
tiated if at least two period channels ''see" a

period of less than .

Reverse action, initiated by a period of 5 sec or

less, is an example of action caused by the coinci-
dence of at least instrument signals out of

.
e -

— e Eee e —

is not

any one,
less than

reverse
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When startup of the reactor is initiated, it usually

continues uninterrupted to a power level of 10-Mw

(this is N

1 at the HFIR), at which level the power

is held constant until all systems are checked.

At the end of the startup range at NL’ an automatic

control system (the servo system) which operates the

center control cylinder (the regulating cylinder)
assumes control and holds the power level constant

at M .

b ——

The reactor power is held at 10 Mw by the con-~
trol system until all systems are checked and the

reactor is ready to go to full power.

When the reactor is considered ready for full-power

operation, the operator increases the 'demand" sig-
nal to the servo which then adjusts the reactor

power to match the power level represented by the

gelected "demand" signal.

4.7. The HFIR Servo System (see Figure V-54)

The servo system is used to control the movement of

the regulating cylinder automatically in order to

increase or decrease the reactivity as needed to

keep the power level constant. It is also used to

increase the power from 10 Mw to 100 Mw (full power).

The power increase is accomplished by increasing the

servo “"demand".

two,
three

10

S5ervo
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134,

135.

136.

137.

138.

139.

140.

208

The servo system, then, is a system for automatic-

ally controlling changes in the of the reactor.

In order to change the reactivity of the -safely
as needed, the servo system must be able to monitor

the flux of the core.

Signals to the three channels of the servo system

are initiated by three ionization chambers which

monitor the flux.

Each of the three ionization chambers produces a
voltage signal which eventually controls one of the

three motors of the system. The electronic equip-

ment which is the signal path from ionization cham-

ber to servo motor is called the servo channel.

— — v e W emm —

A servo channel is the instrument channel which con-

verts the very weak chamber signal into one large

enough to control a motor.

The servo signal is initiated by an

near the reactor core.

— — v mw  w - —

As noted in Figure V-54, this raw signal is first

amplified by the flux amplifier.

reactivity

reactor,
neutron

neutron

S@rvo

ionization
chamber
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The flux amplifier also compares the strength of the

signal with the computed heat power and adjusts the

signal strength to agree with the actual power level -

indicated by the heat power.

B T T Sy

The true power level of the reactor as
indicated by the amount of heat being re-
moved from the reactor by the coolant can
be determined only by correlating coolant-
flow and temperature measurements. The
correlating process is too slow for the so-
called "heat power'" to be used for direct
control action. Therefore, the neutron
intensity as measured by ifonization cham-
bers must be used to initiate control
action. This is the customary procedure in
all nuclear reactors. 1In the HFIR, the
neutron signal is automatically and contin-
uously calibrated against the output of the
heat-power monitor. 1In other reactors,
calibration is done by the operator reposi-
tioning ionization chambers or adjusting
the value of the ionization-chamber read~
outs.

This revision or reset of the flux signal is made
because the power-level determined by the slower
heat-power calculation is the only correct indica-
tion of the actual power level over the full life of

a core.

Thus, the output of the flux amplifier is the

revised signal called the flux.

This reset flux signal is sent to the servo ampli-

fier, where it is compared with signals from both

the coolant flow monitor and the power-level demand.

P e e R

reset
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The servo amplifier does two jobs. It amplifies and

it signals from three sources.

— e Gt e ewn

From this comparison comes a voltage-difference sig-

nal called an error signal.

When the servo amplifier compares the reset flux

with the servo demand and the coolant-flow informa-

tion, it produces an output called an signal.

The design of the HFIR servo system is different
from that of the system installed in the ORR. It is

identified as a “proportional' servo because the

speed at which the servo motor runs is proportional

to the size of the error between the demanded and

measured reactor power levels. If the error is

small, correction is made slowly; but, if it is

large, the correction begins rapidly, slowing down
as zero error is approached. As in the case of
other servos, the direction of motor rotation is

determined by the sign (+ or =) of the error signal.

The error signal causes the electrical power sup-

plied to each servo motor to vary in voltage and
olarity, plus or minus, and these variables deter-

mine the direction of rotation and also the

with which the motor turns.

compares

error



150.

151.

152.

153.

154.

155.

211

The direction and the speed with which the servo
motor rotates are determined by the polarity and
size of the signal that comes from the _ ~ampli-

fier.

—— e o e omm o

If the demand signal to a servo amplifier is higher

than the reset flux signal, the servo motor will

move the regulating cylinder so as to (increase,

decrease) the reactivity.

The action of a servo channel is always to change

the reactivity in such a direction that the error

signal will become zero.

In the above-mentioned case, the servo channel will

temporarily increase the reactivity until the reset

flux is the same as the demand signal and the error-

signal voltage becomes .

The other two servo channels also produce errox
signals which regulate the power to their in

the same manner.

As noted in Figure V-54 the three motors are

attached to the drive mechanism of the regulating

cylinder through a system of differential gears

which make up a "velocity adder".

o e mem e eem wm—

speed

5ervo

increase

Zexro

motors
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Each motor tries to position the regulating cylinder
through this system of differential gears called a

o
B ]

The velocity adder works in such a way that when any

two motors turn in the same direction they overpower
an opposite motion of the third and drive the regu-
lating cylinder in the correct direction to

(increase, decrease) their error signal.

The triple servo is not an example of a two-of-three

coincidence system but, like the three counting

channels, makes for increased reliability of opera-

tion. A coincident servo system is necessary to

match the coincident safety system. (True, False).

As long as any two servo channels are operating
properly there will be no apparent or real degreda-
tion in the performance of the servo system. Any
single channel (may, may not) be taken out of ser-

vice for repair during reactor operation.

In fact, two channels of the servo system may fail

simultaneously in a number of ways and the remaining

channel will continue to control the reactor satis-
factorily. The three-channel servo system (is, is
not) a higher performance system than the single-

channel type.

velocity adder

decrease

false

may
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If some perturbation should cause the neutron flux

in the vicinity of one servo chamber to increase,
the signal from that chamber will be (smaller,
larger) than the signals from the other two servo

chambers.

The error signal would be such as to make this chan-

nel of the servo try to (increase, decrease) the

reactivity by moving the regulating rod.

The other two servo channels detecting the beginning

of a decrease in reactor power would promptly bring

the power back toward the demand point by (inserting,.

withdrawing) the regulating rod as needed.

— v e e e e -

Before the servo system can act, it must
detect an error between the actual and
demanded power level. Of course, in the
triple servo system in which each channel
is independent, any error detected by one
channel will cause it to act whether the
error resulted from real or spurious condi-
tions. The other two channels, which would
not be affected by the same spurious condi-~
tions, would begin counteracting the real
error introduced by the one channel as soon
as that error was detected. The net per-
turbation in the flux would be appreciably
smaller, however, than that which would
have occurred had there been only a single
servo system.

When the reactor power reaches 10 Mw during startup,

the servo system asgumes control and stops the power

from increasing further by inserting the regulating

cylinder as needed to (lower, raise, hold constant)

the power level.

is

larger

decrease

withdrawing
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At this time the heat power is allowed to reach
equilibrium, and instruments are again checked

before raising the power level to N,, which is

F

.
o R

When all checks are complete, the "run'" button is

pushed and the operator raises the servo demand to

increase the power level.

The rate at which reactivity can be increased by

gervo control is limited by the speed of the servo

motors. The motor speeds normally limit the power

change to a rate-of-rise of 1.5 Mw/sec.

The servo system operates only the regulating cylin-

der, and the rate that the reactivity can be in-
creased is controlled by the of the servo

motors.

——- s w— - —

The servo motors normally limit the power rate-of-
rise to Mw/sec if the shim plates are not

moved .

The total amount of reactivity that the servo system

is allowed to control is the reactivity worth of one

linear inch of the regulating cylinder.

Mechanical stops are placed so that the servo system

can increase reactivity only by an amount equal to
the reactivity worth of of the regula-

ting cylinder.

hold constant

full power

speed

1.5
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When one of these stops is reached, the ghim plates

are adjusted by the operator to increase or decrease

reactivity, as needed, in order that the servo sys=
tem will move the regulating cylinder back to the
center of its operating range when it compensates
for the change made by the shim plates.

When the gervo system adjusts the regulating cylin-

der to compensate for the reactivity change caused
by moving the shim plates, it moves away from the
stop; and once again the servo is able to the

power level automatically.

By withdrawing both the shim plates and the regula-
ting cylinder, the reactivity can be increased fast

enough to be a hazard. 8o, the rate-of-rise of the

power level by group automatic-shim withdrawal is

limited by a "group~withdraw inhibit" which is ini-
tiated if any two of the three servo channels see a

rate-of-rise greater than 5 Mw/sec.

If the reactivity should suddenly be increased
enough to cause a power rate-of-rise (less, greater)
than 5 Mw/sec as determined by the servo channels,

withdrawal of all control plates would be inhibited.

4.8. Control at Full Power

The control of the reactor neutron-flux level in the
power range is the job of the system. There
are, however, limits placed on operation by other

instrument channels.

B T SR —
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Because the buildup of xepon and samarium poisons Servo

iz relatively high in the HFIR, a restart following
a scram is, at the least, difficult to achieve and

may be impossible, even if attempted immediately.

It is of (more, less, equal) importance to avoid

scrams in the HFIR than in other ORNL reactors.

At full power, the HFIR is running much nearer core more

burnout conditions than are other ORNL reactors. A

relatively small increase in neutron flux or de-

crease in coolant flow could result in burnout

(breach of fuel cladding by melting).

The HFIR (will, will not) tolerate a considerable

increase in flux or decrease in coolant flow while

operating at full power.

—— A Amer o owe e Ame

In the HFIR it is advantageous to _continue will
operation at a power level consistent with
the available coolant flow rather than to
scram. This is so because of the rapid
buildup of xenon and the subsequent build-
up of stable samarium (poisons). Coolant
flow must continue in order to avoid core
meltdown from afterheat. If afterheat is
not removed, a scram can do little more
than postpone a meltdown. To avoid unnec-
essary scrams, when most of the coolant
flow is lost but afterheat coolant flow is
still available, the power of the reactor
is automatically reduced under servo con-
trol to a value corresponding to the
reduced flow. The safety system, meanwhile,
re-adjusts itself to protect the reactor
against power increases above that corre-
sponding to the heat-removal rate provided
with the coolant flow available.

o trrmmsn ——)

not
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Scramming the HFIR (is, is not) the most desirable
corrective measure for an excessively high power

level.

Scramming the HFIR (is, is not) always desirable or

necessary following loss of electrical power to the

primary coolant pumps.

Within the designed operating range of the HFIR, the

allowable power level is determined by the coolant
flow rate. The controlling instrument signal is

called the flux-to-flow ratio. The permissible

operating power level of the HFIR is determined by

the of reactor flux to coolant flow at that

particular time.

The power level at which the HFIR automatically

scrams (does, does not) depend on the coolant-flow

rate at the time.

4.9. Power-Level Safety

Unlike other ORNL reactor systems, the HFIR system

does not use the power-level safetv recorders as the

principal power recording instruments., Each of the

three recorders doeg, however, take its signal from
a separate ionization chamber; but the chamber sig-
nal has first been corrected to a power correspon-

ding to the existing heat power. (No _control

actions originate from signals from these recorders.)

is not

is not

ratio

does
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As at the other ORNL reactors, there are

power-level safety channels at the HFIR.

T - - — — —

The same instruments are referred to both
as "flux-~-level" and as "power-level" safety
instruments.

The power-level safety channels give the operator

information as to the power level above approxi-

mately 10 Mw.

e s — - wam -

The linear recorders of the safety channels read the

reset flux level (or value) from about 5 Mw to more

than Mw, which is full power.

The "fast trip comparators" (FTC's) of the flux-

level safety channels are electronic devices that
monitor the reset flux and trip at 1.1 NF (110 Mw)
to initiate a reverse, thus reducing reactor power

if it should tend to rise too high for any reason.

At least two of the three FIC's in the flux-level

safety channels must detect a power level of 1.1 NF
in order for the reverse to be initiated. The
coincidence arrangement ensures that spurious
actions of one instrument or channel will not inter~
fere with reactoxr operations; but, and more impor-

tantly, the coincidence system permits on-line

testing and maintenance of the equipment.

three

100



191.

192.

219

If something should happen to cause the power level two~of ~three or

to surge to 1.3 NF ( __ Mw), the safety channels two-out-of -three

would cut off the current to the control-rod-drive
magnets, causing the rods to drop in what is called

a "fast scram."

—— o — - wen nem R

The HFIR shim-~safety plates are supported 130
on the drive rods by ball latches which are
operated by shafts that extend down to
electromagnets located in the subpile room.
When energized, these electromagnets hold
the latch shaft in the clutch position and
prevent the shim-safety plates from drop-
ping. If as much as two-thirds of the cur-
rent to the electromagnets is lost, they
allow the latch shaft to release the shim-
safety plates so that the plates drop and
cause a scram. Each of the electromagnets
is equipped with three energizing coils--
each coil controlled by only one of the
"fast-trip comparators" in the safety sys-
tem. Thus, if two FTC's reduce the current
in the coils they control, a scram will
occur. If, however, only one FTC reduces
the current in its coil, no scram will
result.

N e e e e e e

Again, the two-of~three coincidence prevails so that
in order for the reactor to be shut down with a fast

scram at least power-level safety channels

11 1"

would have to "see' a power level of M .
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193. A power surge to 130 Mw is not the only cause of a two,
130

fast scram. Information from seven different

sources per channel is fed into individual FIC's, as
shown in Figure V-55. FEach of these instruments

compares the composite signal from its sources with

a reference voltage and sends the difference or

"error signal" to the "OR" circuit, which either

allows magnet current to flow when all conditions

are normal or does not allow magnet current to flow

when any one condition changes beyond tolerance.

194, Each of the three safety channels has an "OR" net-
work which accepts signals from any of the seven

- comparators.

195. Normally, the "OR" circuit receives a 10-volt signal fast-trip

from the fast-trip comparator. If the "OR" network

in any channel receives a zero error voltage (condi-
tion beyond tolerance), which means that a fast

scram request has come from one of the seven compara~
tors, it turns off the magnet current that it con-

trols.

e e s es Owe e

196. Then, if two of three "OR'" networks both cut off the
current they control, the rods drop and shut

down the reactor.

197. The two-of-three arrangement is used in the magnet

control channels as well as in the safety channels

to keep gpurious signals from interfering with reac-

tor operation and to permit on-line testing.

—rems hma mn e Gws v



Network

Rate l >

Fast Trip
Comparator
A 2629
Flux Rate
>20 MW/sec

221

Fasat Trip
Comparator
Q 2609

) Ratio >1.3
F

Fast Trip
Comparator
Q 2609
Heat Power
22120 MW

Fast Trip
Comparator
Q 2609
Inlet
Temperature

Y

Fast Trip
Comparator
Q 2609
Low Low
Flow

-32 Volts
Slow Scram Bus

@ |

Magnet
Control

. | Amplifier

Q 2413

Coil A
* Magnet 1

Fig. V=-55.

Y

Fast Trip
Comparator
Q 2609
Pressure
<350 psi

Fast Trip
Comparator
Q 2609
Failed Fuel

Logical
"OR"
Q 2612

@ |

" Magnet
Control
Amplifier
Q 2613

Coil A
™ Magnet 2

7]

Y

Fast Trip
Comparator
Q 2609

Spare

Magnet
Control
Amplifier

Q 2613

Coil A
- Magnet 3

@ |

Y

Magnet
Control
Amplifier

Q 2613

Coil A
™ Magnet 4

Relay
Driver

Block Diagram of Fast-Trip Comparators and OR Circuits



222

4.10. Review of HFIR Control Systems

198. The HFIR has operating modes. (Frame 96) coincidence

199. When the operator at the HFIR is assured that the three
CRM is reading properly, that the fission-chamber
drive will operate automatically, and that the pulse
amplifier is ready to operate, he is said to have

"

"counting-rate and is ready for reactor

startup. (Frames 99-102)

200. At the HFIR, the control plates are withdrawn confidence
(intermittently, continuously) during startup.

(Frames 103 and 104)

201. The automatic fission-chamber drive keeps the fis- continuously
sion chamber positioned so that the CRM count is

maintained at counts/sec. (Frame 106)

202. The power level, during startup, is calculated and 10,000
displayed by the - counting channel.
(Frames 107-110)

203. 1In most cases of electronic control at the HFIR, a wide-range
control action is initiated only when instru-
mentation channels recognize, at the same time, the

need for control action. (Frames 115 and 116)
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When at least two signals are required from a group
of three instruments to produce a control or safety
action, the action is called . (Frames

115-117)

— e o o

The 30-sec~period inhibit during startup is a case
in which two-of-three coincidence (is, is not) used.

(Frames 118-122)

During startup when the power reaches , an
automatic control system called the ___ system
assumes control of the reactor and will hold the
power ___at any selected level within the allow-

able range. (Frames 130-132)

The servo system (does, does not) use the two-of-
three coincidence system for its controlling

actions. (Frames 157-160)

The neutron-flux signal to the flux amplifier of the
servo system is automatically revised to be the same
as the - measure of power level. This
revised signal is called the ___ flux signal.

(Frames 141-144)

The corrective action of a servo channel is always
in a direction that will produce a zero sig~

nal, (Frames 150-152)

two

two~of ~three
coincidence

is not

10 Mw,
Servo
constant

does not

heat -power,
reset



210.

211.

212.

213.

214,

215,

224

The servo normally limits a power change to a rate-

of-rise of Mw/sec. (Frame 167)

Power increases, resulting from group automatic-
shim-withdrawal are stopped by a "group-withdraw-

inhibit" which is initiated if two flux-level safety

channels

Mw/sec. (Frames 174 and 175)

see' a rate-of-rise greater than

The flux-level safety recorders are (logarithmic,

linear) instruments. (Frame 188)

1f two out of the three flux-level safety channels

it 1"

see' a power level of 110 Mw, a is initiated.

(Frames 189-190)

Dropping of the shim-safety plates caused by a sig-
nal from the safety channels is called a "fast"

(Frame 191)

— A o G e e

The safety channels initiate a fast scram if two out
of the three sense a power level of Mw .

(Frame 191)

error

1.5

linear

reverse

scram

130
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V-5. JINSTRUMENT BEHAVICR DURING AN CORDERLY REACTOR STARTUFR

The purpose of this section is to describe an orderly reactor

startup. We shall list the sequence of events from the beginning of the
startup until full power is attained ahd explain events that have not
already been explained. Briefly, an orderly reactor startup consists

of withdrawing the control rods slowly until the reactor is critical,

withdrawing the rods a little more to wake the reactor slightly super-~

critical so that the power increases, stopping the increase at N?

(from 1% to 10% of full power, depending on which reactor) when the

servo assumes control, checking that all systems are functioning prop-

erly, and, finally, increasing the power level to 100% of the operating

level by raising the servo demand. The discussion here will primarily

be slanted toward instrumentation behavior during the startup.

5.1. Prestartup Information Review

1. 1In order for the fission chain reaction to begin in

a reactor, neutrons must be present to be captured

by the fuel atoms and cause of the fuel atoms.

2. 8ome fissions take place in a new subcritical reac- fissioning

tor core (called a cold, clean core) due to small

numbers of neutrons being produced by cosmic radia-~

tion reacting with atoms and due to the spontaneous
. 238 .

fissioning of U. Depending on neutrons produced

in these ways to start a reactor is unsatisfactory

for a number of reasons. For example, there would

be no way of predicting when a reactor would start,

a situation pot conducive to orderly operation.

Measurement shows that the low, naturally occurring

neutron flux fluctuates unpredictably in spite of

all efforts to control it.

Mo P00 s mem mem Gowm te
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Control of a reactor during startup requires having
a stable neutron source which produces an appreci-

able quantity of neutrons. The strength of the

source is selected, among other things, to produce

a sufficient neutron flux to be easily measurable

with ordinary rather than laboratory~type instru-
mentation. Further, the flux is made high enough to
be monitorable even when there is no fuel in the

reactor so that the effects of the addition of each

unit of fuel can be observed.

Proper control of a reactor during startup requires

a (larger, smaller) quantity of neutrons than can be

supplied by cosmic radiation or the spontaneous fis-

sioning of 238U go that the neutron flux can be

at all times.

B e e ]

An adequate source of neutrons for reactor startup

is supplied from either of two sources: (1) photo-
neutrons from high-energy gamma radiation reacting

with structural materials, moderator, and reflector

in an "old" reactor; and {(2) a special '"nonfission"

neutron source in a '"new' reactor.

larger,
monitored
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In the frame above, the term "old" reactor
refers to any reactor that has recently
been operated at an appreciable power level
for an appreciable length of time. Such a
reactor will contain radioactive nuclei in
its structural materials and in its fuel
elements. Some of these radioactive atoms
emit gamma rays (photons) that are ener-
getic enough that when they strike certain
other atoms normally in the reactor they
cause neutrons to be expelled. A "new"
reactor would naturally not contain such
radicactive atoms--neither would an "old"
reactor which had not been recently oper-
ated.

High-energy gamma photons in an "o0ld" water-

moderated reactor core produce "photoneutrons'" from

their collisions with the naturally occurring deute-
rium in the water. There may be enough of these
that a special nonfission neutron source is

not necessary.

When a reactor is pew, a neutron source is kept near
the core to provide, as a minimum, a readily detect-~
able number of neutrons per second. 8Such a neutron

source may be made of a small beryllium shell filled

with radioactive gntimonv.

In new reactors, beryllium and radioactive antimony

are often used as a nonfission source of .

photoneutrons
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One reason for starting with a detectable neutron
flux is that only then are we able to measure, with
assurance, the increase in neutron flux caused by
the fissioning of fuel atoms as the reactor is made
more nearly critical. Only then can proper control
be exercised. (Each fission returns two or three

neutrons for each neutron absorbed.)

The factor by which the neutron flux increases above

source level as a result of the fissioning of fuel

atoms {when fuel is present) is called the neutron

multiplication.

oo s s mn mtea e

If we know the neutron flux due to the source only

and can measure the incregse in neutron multiplica-

tion at any time during startup, we can calculate
how nearly the reactor is as either more fuel

is added or as the control rods are withdrawn.

Each condition shown in Figure V-56 is a steady-
state condition. The increase in neutrons above
source level seen by the detector and caused by the

presence of fuel is the neutron .

From the detector's point of view, the fuel ampli-

fies the number of neutrons released by the nonfig-

sion neutron source.

neutrons

critical

multiplication
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Condition O Detector

[‘1 No neutrons

Condition 1
Non-fission neutron

\ / source
[N] Some neutrons
————— -

(from source

/ l \ only)

Condition 2

‘\\ T //' S —— Neutrons

"“——'(:)*——*"““*' ——— (from source

/ l \ - " and Fuely)
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\ T / — : Neutrons
<¢———-() — —| | | ——— (from source,
’//’ \\\ | | T ' Fuell, and
1 ! fuelz)

Condition 4
F F2 F3
—_—
\ / . > Neutrons

| | ] | ——— from source,
S — () — | [t | [~ | Fuel,, fuel,,

- -

—

/ l \ : and %1’1e13)



14.

15.

16.

17.

18.

19.

230

As more fuel is added to the core or as neutron poi-

son is removed from the core, the neutron flux .

A comparison of the neutron flux with no fuel pres-

ent to the neutron flux when fuel is present allows

us to compute the neutron that the fissioning

of fuel causes.

vt e — e v new e

As more fuel is added or as more neutron poison is increases,
multiplication

removed, the neutron multiplication rate increases.

As the reactor nears criticality due to fuel addi-

tions or due to poison removal, the neutron multi-

plication rate becomes very large and its reciprocal

approaches zero. Thus, a graph of the reciprocal of

the multiplication rate versus feul content of the

core can be used to predict the total amount of fuel

required to make the reactor critical.

In order for a reactor to achieve a self-sustaining

chain reaction independent of the nonfission neutron

source, the core must contain a critical mass of

The critical is the smallest amount of fuel in fuel

a given reactor core of a certain size and shape in

which a self-gustaining fission chain reaction will

occur.

The smallest amount of fuel which will support a mass
self~-sustaining fission chain veaction in a reactor

core is called the mass.
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1f, however, we started operating the reactor with
exactly a critical mass, the chain reaction could

not be sustained long because the fissioning of the
atoms of 235U would soon reduce the amount of 235U

to below the critical mass.

Thus, in order for a reactor to achieve and sustain
an appreciable level of power production, the reac-

tor must have more fuel than just the .

Instead of discussing this excess amount of fuel in
terms of kilograms or pounds, we relate the excess

to the number of fissions it can produce and speak

of the reactor's excess k. The control rods are

used to "cancel" this until it is needed.

- o e Gwe o

You will recall that "k" stands for the
ratio of the number of fissions caused by
neutrons in one generation to the number of
fissions caused by the preceding generation
of neutrons.

If a reactor has more than enough fuel to make it

critical, it is said to have k.

A reactor with excess k must also have a method of
controlling the use of that excess. The usual
method of control is to place neutron absorbers

(poisons) in the form of control rods within the

fuel configuration so that excess neutrons are

absorbed and are not available to cause .

critical

critical mass

excess k

axcess
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25. To keep the reactor at a given power level, the fission

rods are adjusted so that they absorb just
enough neutrons to make the fissions caused by one
generation of neutrons equal to the number caused by

the preceding generation of neutrons.

26. When each generation of neutrons is_equal in number control

to the last generation, the reactor is .

27. When a reactor is critical, k = 1 and the ratio of critical

fissiong caused by one generation of neutrons to the

fissions caused by the next generation is

28. 1In order to control the excess k, neutron absorbers 1:1 or one-to-
one

are placed close to the fuel to nullify the effect

of the excess k. These absorbers are usually called

rods.

29. These control rods are such strong neutron control

that, when they are fully inserted into the core, a

self-sustained chain reaction is not possible. 1In

this condition the reactor is said to be subcritical.

30. When the control rods are withdrawn (poison is absorbers
removed) , the k of the reactor (increases, decreases,

remains the same).

31. When the control rods are jnserted {poison is added), increases
the excess k of the reactor is (increased,

decreased).
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5.2. Startup

With the foregoing review for background, let us

describe an orderly startup with first emphasis on

the conditions in the reactor, as described by the

instrumentation, from shutdown condition to criti-

cality, the condition at which a fission chain reac-

tion is self- .

Prior to startup and attaining the condition called
criticality, we describe the reactor's condition as
being . However, we shall agsume that it

already contains sufficient fuel to become super-

critical when the control rods are withdrawn suffi-

ciently.

During startup, the control rods are being moved

(usually being withdrawn--poison is being removed)

so as to (increase, decrease) the k of the core.

As increases, the number of neutrons being

detected by the counting-rate meter .

Since the neutron source is producing neutrons at a

constant rate, a continuously increasing count on

the counting-rate meter indicates that the neutron

is increasing.

Before criticality is attained, the reactor is
referred to as being subcritical, and so the neutron
multiplication is called ___ neutron multiplica-

tion.

decreased

sustaining

subcritical

increase

k,
iancreases

multiplication
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During the time when the reactor is subcritical, the
operator looks to two types of instruments for in-

formation. These are the counting-rate meters and

the counting-rate reactor-period meters, both being

readouts of the counting-rate channels.

Perhaps it should be mentioned that while
we use the expression "counting-rate
meters", we could also add "and recorders'
because they are both used; and, after all,
a recorder is a recording meter. We hope
there will be no confusion if, at times, we
use the terms interchangeably.

As the control rods are withdrawn during an orderly

startup, the counting rate will steadily until

the counting-rate meter indicates an increase of

about four decades. (In the HFIR, the counting rate

reaches and remains at 10,000 cps because the cham-
ber position adjusts to keep this value once it is

attained.)

You will recall that the counting~rate meter usually
can count accurately over a range of about four

decades. Except for the HFIR installation, ORNL

counting~rate recorders read from 1 count/sec to

10,000 counts/sec.

As the counting rate increases beyond 10,000 per
sec, the statistical fluctuations in the neutron

flux begin to affect the counting .

subcritical

increase
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You will recall that once the counting channel has

reached the end of its operating range during reac-

tor startup the fission chamber is withdrawn to a

region of much weaker £lux thus placing the channel

back into its operating range. At the beginning of

a startup, the fission chamber must be returned to a

position near the core where it can detect the small

number of due to the. source.

— s G m— w— - -

In some ORNL counting systems, when the neutron

count reaches about 10,000 counts/sec control-rod

withdrawal is stopped and the chamber is withdrawn

to a position where the neutron flux is lower and
the  chamber detects only a few per sec once

more.

When the fission chamber has been repositioned,

control-rod may be continued if other condi-~

tions permit.

At some moment during this startup, the neutron pop-

ulation will have grown enough and the k of the core

will be great enough (k = 1) that the chain reaction

becomes self-sustaining. We say that at this moment

the reactor is .

Although source-neutron multiplication still exists

after the reactor is critical, the percentage of
neutrons contributed by the becomes insignifi-

cant; and we describe the condition of the reactor

in terms of its self-sustained neutron flux.

e - om—n —w— -

accuracy

neutrons

neutrons

withdrawal

critical
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The moment of criticality may not be long, for as

soon as k is increased further to the power

level, the reactor becomes supercritical.

When the reactor is supercritical, the counting-rate

recorder will show a continuous increase in the

counting rate even after the withdrawal of the con-

trol rods has been stopped. Also, the reactor-

period recorder will indicate a sustained positive

period.

You will recall that the reactor period is the

length of time during which the neutron flux changes

by a factor of .

When the neutron flux is increasing, the reactor

period is (negative, positive). When the neutron

flux is decreasging, the period is .-

Until criticality is reached, the period is infinite

except while k is being increased by control rod

e Y

Each increase in k causes a momentary positive

period even while the reactor is still subcritical;

however, if the reactor is still subcritical, the

period meter soon returns to an -period reading
if control-rod motion is stopped because the neutron

flux remains constant at the higher multiplication

level until the next k increase is made.

source

raise or
increase

positive,
negative

withdrawal
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When the reactor becomesg critical, a further in-~

crease in k will cause the period meter to indicate

a -period "

spike" as before; but instead of
returning to an infinite period, it will show a sus-

tained positive period, indicating that the reactor

is supercritical.

e et o gown  mmm omm

When the period meter shows a sustained positive

period, the reactor is .

Any increase in k above criticality (when k = 1)

causes the reactor to become . In this condi-

tion, each generation of neutrons is larger than the

preceding one and the neutron flux continues to

, even when there is no additional increase in

k.

During this early part of an orderly startup, the

operator depends entirely on the counting-rate

meters and the counting-rate period meters for reac-

tor flux information.

The meters that give the operator information about
the neutron flux level are the - meters or

indicators.

The meters that indicate the time lapse during which
the neutron flux changes by a given amount are the

counting-rate meters.

infinite

positive

supercritical

supercritical,
increase

counting~-rate
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After the reactor becomes supercritical, the opera-

tor notes that without a further increase in k the
reactor period remains (negative, infinite, posi-=
tive), showing that the chain reaction is definitely

self-gustaining.

As the power level increases, effects such as the

negative temperature coefficient.and the buildup of

xenon-135 in the fuel tend to reduce the excess k so

that the power-increase rate usually diminishes.

In order to achieve a higher power level, the opera-
tor usually must continue to increase the k in small
increments to overcome the and -poisoning

effects so that the period remains positive and the

power level continues to rise.

As the neutron flux gets higher, the operator can
begin to shift his attention to another instrument

that is often used in the upper startup or inter-

mediate range of reactor operation. This is the

log-N channel which supplies information readout on

the log-N and the log-N period meters or indicators;

therefore, the upper startup range is sometimes

referred to as the log-N range. The log-N meter is

so named because its output varies with the loga-

rithm of its input signal.

The nuclear instrument of the upper startup or

range of operation supplies information by readouts

on the meter and the log-N meter.

period

positive

temperature,
xenon
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At reactors in which the power level is referred to
in terms of NL (0.01 NF) and NF (full power), the

intermediate range begins at about 0.001 Ni’ about

decades below NL'

The log-N channel is normally used as a controlling

instrument throughout only 4 decades of neutron flux
level. However, the information is useful through 5
decades or more or from 0.001 NL to beyond lOO,NL

(100 NL is also called ___ ).

One of the reasons for not using the log-N meters

alone for operating in the power range is that,

since the readout scale is logarithmic, it is too

difficult to read the power level precisely at the
upper end of a logarithmic scale (from 10% N, to
100% NF).

The log-N channel is most useful for power measure-

ments up to a power level of .

As the startup progresses through the intermediate

range, the operator reads the power level in percent

of full power on the - meter.

intermediate
or log-N,
log-N,
period

3

NF

NL
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When the power level reaches NL (which may be either

1% or 10% N_, depending on the reactor), an auto-

F)
matic control system called the servo assumes con-

trol and inserts a regulating rod to stop the

reactor power increase at N_. The servo then holds
p A DOCs

the power at this level by making small adjustments

with the regulating vod as needed.

The instrumentation discussed thus far has been

related to two ranges--the lower startup range and

the upper startup range. The upper startup range is

also called the intermediate or - range.

The two startup ranges are often combined and simply

called the startup range.

The two startup ranges include, at most ORNL reac=

tors, operation up to

Startup instrumentation at the HFIR is differvent

from that at many reactors, but the theory of opera-

tion is much the same as that discussed in the above

frames.

The startup range at the HFIR is up to 10 Mw, which
is 107% of the full 100-Mw power level., 1In this

case, N is N, rather than 0.01 N, as at other

ORNL reactors.

log-N

log-N
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75. At the HFIR, the startup range is from zero power to 0.1
Mw.

men  mem o m— o aas mem

76. The reason the counting-rate meter (CRM) of the HFIR 10

may be used through the intermediate range is that

when the CRM reaches 10,000 counts/sec the fission

chamber is automatically moved farther and farther

from the core so that it is kept in a neutron flux
that causes a counting rate of counts/sec.

This feature allows these same instruments to be

used all the way from zero to full power.

77. As the is automatically moved away from 10,000

the core, the distance from the core at which
10,000 counts/sec occurs is a measure of the reactor
power. This distance is indicated on the power

meter in units of percent of full power.

78. This instrument system is called the "wide-range fission chamber

counting channel" because it covers about 10 decades

of power.

79. High accuracy is not extremely important in a

counting channel as long as its counting error is

known. It is, therefore, entirely satisfactory to

operate the HFIR counting channels at a constant
10,000-counts/sec rate. The counting rate is kept
at this value in the wide-range counting channels

during startups and at full-power operation by auto-

matically repositioning the as needed.
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At the HFIR the startup instruments, the -
counting channels, supply power-level information

from source level to .

During an orderly startup, there is usually no break

in the procedure from the beginning of startup to

NL.

Below NL nuclear heating is generally not an impor-

tant consideration, but above NL forced-convection

cooling of the reactor core is usually a necessity.

During the pause at N the power level is kept con-

L)
stant by the automatic control system, called the

The instruments which record the temperature changes

in the reactor respond more slowly to a power-level

change than do the nuclear instruments. Thus, a

power~-level increase may be noted on a nuclear
instrument (before, only after) it is displayed on a

heat-measuring instrument.

When all checks have been made and the reactor is

ready for the power level to be increased above N

L)
the operator uses the servo system to raise the

power level. The servo system is an (automatic,

manual) power-level controlling system that was dis-

cussed in Section V-4.

fission chambers

wide-range,
NF or full
power

5ervo

before
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The operator increases the power level by increasing automatic

the demand to the servo system. The servo system

uses the regulating rod to make the power level

match the

Before raising the power level all the way to NF’ a demand

"heat balance" (heat-production determination) may

be made at some intermediate power level, such as

0.6 NF or 0'75*NF'

power increase at, say, 0.6 NF and waiting until the

*This is done by stopping the

coolant temperature reaches equilibrium at a fixed

flow rate. From the heat output of the core, the

true power level is calculated.

Before increasing the reactor power~level demand to

NF’ the heat-power level may be checked by measuring
the output of the core at a power level

between NL and NF'

If the heat-power level matches the power level heat

indicated by the neutron-detecting instruments, the

power is increased to NF-

If the heat-power level differs appreciably from the

power level indicated by the - instruments,
the instruments usually are adjusted so that their

readouts match the heat power level before the power

is raised to NF. Wide variations should be looked

on with suspicion since they may be indicative of an

abnormal condition.

— o - G— —
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91. Before the power level is raised to N_, the readouts neutron-
s e ——— w—{'

. detectin

on the instruments must be made to match the erecting

power level.

92. The "true" power level of the reactor is calculated heat or "true"
from the output of the core.
93. 1In the power range, instruments with linear scales heat

are used because they can be read with greater pre-

cision than those having scales.

9. The instruments with scales used in the power logarithmic

range are often called the "safety" instruments or

just "safeties". This, of course, is not because of

the scales but because their inputs come from the

safety instrument channels.

95. The nuclear instruments on which the operator will linear

be most dependent while the reactor power is between

NL and NF are the .

96. After the power level indicated by the safety . : .. safeties
instruments has been shown to agree with the calcu-
lated heat power, the operator increases the power

level to NF by raising the to the servo.

97. When the reactor reaches full power, the sys- demand

tem holds the power level constant by adjusting the

regulating-rod position.
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5.3. Self-Test

To help ensure safe and orderly reactor startups, a
neutron ______ of suitable strength must be present
at, or within, the core. "Suitable" strength is
that which produces a ___ flux that is readily
detectable by the reactor startup instrumentation
without benefit of the ___ afforded by the fuel,
(Frames 2~-5, 10, and 11)

In order to make orderly measurements of changes in
neutron multiplication, a is used which

produces a measurable neutron flux. (Frames 9-11)

A comparison of the neutron flux with no fuel in the
core to the neutron flux when fuel is present allows
us to compute the neutron that the fissioning

fuel causes. (Frame 14)

A reactor must have wmore fuel than just a critical

mass in order to have k. (Frames 16-19)

Prior to startup and attaining the condition called
criticality, we describe a reactor as being .

(Frame. 29)

In the startup range, the instrument that indicates
the neutron-flux level is the - meter.
(Frames 34-42)

servo

source,
neutron,
multiplication

neutron source

multiplication

excess

subcritical
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When the fission chain reaction is just self-
sustained in a reactor, the reactor is said to be

. (Frame 45)

The meter indicates the time required for the
neutron flux to change by a factor of e. (Frames 48

and 49)

The instrumentation often used in the upper:startup
range is the log-N channel which supplies informa-
tion by way of readouts on the log-N meter and the

log-N meter. (Frames 62-65)

The intermediate startup range is also called the

range because the neutron instrument in use
displays the neutron level on a logarithmic scale.
(Frames 62-66)

Ordinarily, the log-N instrumentation is given rela-

tively little attention above . (Frames 64-66)

The HFIR uses an instrument system called the ____ -

counting channel for power level and period
information from startup to full power. (Frames 73~
80)

The instruments which record the temperature changes
in a reactor respond (more quickly, more slowly)

than the nuclear instruments. (Frame 84)

counting-rate

critical

period

period

log-N

wide-~range
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111. In the power vrange of operation, most reactor opera- more slowly
tors prefer to use instruments with scales.
These instruments often get their signals from the

channels. (Frames 93 and 94)

112. During normal full-power operation of a reactor, an linear,

automatic control system called a keeps the safety

power level constant. (Frame 97)

gservo
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SECTION V-6. PROCESS INSTRUMENTATION

6.1. TIntroduction

Process instruments are those instruments which measure specific

+
parameters in a manufacturing process. For example, if we were manu-

facturing steam in a coal-fired plant, we would want to know the water

level in the boilers, the steam pressure, etc. The instruments used

to measure and/or maintain control of a process would be called process

instruments.

In the business of operating nuclear reactors, this definition is

modified just a little bit. We think of process instruments as those

instruments which measure and/or contrcl parameters having to do with

all processes other than nuclear processes.

In this section, we shall discuss the principal methods of meas-

uring the parameters of interest in such areas as the coolant loops,

waste systems, containment, and radiation contrxol. Much of the process

information is read out either locally, remotely in the control rcom,

or both on electrical or pneumatic indicators or recorders. However,

in the case of the liquid level in a tank, the local instrument may be

a sight glass and the remote indicator may be a light and/or an alarm

actuated by some other type monitor. We shall not be as interested in

the circuitry and method of display of information as we are in the

instrument that originates the signal. Let us begin with a discussion

of various ways of measuring pressure, flow, and temperature.

6.2. Pressure Sensors

1. We shall discuss pressure instruments first since,

quite often, flow is determined by pressure differ-

ence.

B R e S Seep——
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2. Two common pressure-measuring instruments are the

manometer and the Bourdon gzauge. The manometer is

merely a U-shaped tube filled with a liquid as shown

in Figure V-57.

h

NN

s Fig. V-537. The Manometer

3. 1In part a of the figure, the liquid level is the
same in both legs of the tube. This would be the

case when there is little, if any, pressure differ-~

ence between the two legs.

4. 1In part b of the figure, there is more pressure on

the liquid in the left leg than on the liquid in the
right leg. This added in the left leg forces

the liquid to a higher level in the right leg.

5. The difference in the heights of the liquid levels pressure
in the two legs is caused by the difference in

s exerted on the liquids in the two legs.
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6. To use this instrument to measure pressure, we must pressure

know the liquid used (so we can determine its den-
sity) and the difference in the of the liquid

in the two legs.

— G bamc  aaa e

7. A l1-ft column of water exerts a pressure of 0.433 height
1b/in.%; so, if the liquid in the manometer is water

and the difference in liquid level, h, is 2 ft, the

manometer is measuring a pressure of 0.433 1b
in.” x ft
x 2 ft = psi.
8. If the liquid in a manometer is mercury (a l-ft col- 0.866

umn of mercury exerts a pressure of 5.9 psi) and h
is 2 ft, the manometer is measuring a pressure of
1b

5.9 X 2 fr = psi.
S in.” x ft
9. 1In order to calculate how much pressure is exerted 11.8

on the liquid in one leg of a manometer as related
to the pressure on the liquid in the other leg, the

operator must know the liquid in the manometer and

the difference in the (density, height, cross sec-

tion) of the liquid in the two manometer legs.

10. It is often unnecessary to know a pressure differ- height

ence in pounds per square inch. 1In many cases a

pressure may be stated merely as a certain number of

inches of water or centimeters of mercury.

oy o — — o
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A mercury barometer is a special type of manometer.

We are accustomed to hearing atmospheric pressure

expressed as a certain number of centimeters or

inches of mercury.

o e e e e o

A pressure-measuring device that uses the difference

in the heights of two liquid columns is commonly

called =a .

Some reactor buildings use dynamic containment. At

the ORR, for example, the building containment sys-
tem seeks to keep the pressure inside the building
about 0.3 in. of water less than the pressure out-
side. Often, the instruments used to check this

pressure difference are the type mentioned above,

, filled with water and placed in a slanted

position to wmake them easier to read with precision.

Slanting the tube causes the liquid to move along a

greater distance of the tube for any given change in

the height of the liquid column.

The Bourdon pressure gauge is used extensively as a
direct reading gauge. It makes use of a partially

coiled tube as shown in Figure V-58.

manometer

manometers
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Fig. V-58. Bourdon Gauge

When a fluid pressure is exerted in the tube, it

begins to uncoil and moves a needle along a 'scale

calibrated to read psi directly.

A Bourdon gauge is usually calibrated to read pres~

sure in units of'

Although pressures are often given in units of

pounds per in.z, a valid reading of pressure from a

manometer could be of water.

Our discussion thus far has been concerned with two

1

types of "sensors'" which would probably be used as

local indicators. Although the and

gauge could probably be equipped with electrical

contacts, more complicated devices are usually

necessary when remote readouts are required.

psi or
1b/in.

inches
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19. Figure V-59 is a block diagram of a typical circuit manometer,
. . ourdo
for remote display (such, as in the control room) of Bourdon
process information.
Sensing Recorder |[=—In control
element room
Trans- Transmission line [ May or may not
mitter (electric or | 1Switches I be in control
pneumatic)
(thermocouple, . room
pressure device,
etc.) Controller] Control
valve

20.

21.

22.

Fig. V-59. Block Diagram of a Process Instrument Channel

A sensing element, often called just a "sensor", is

the instrument that does the monitoring of a param-

eter and can be equipped to furnish a signal for

remote recording or readout.

The element provides a signal (which may be

electrical, hydraulic, or pneumatic) for a trans-

mitter. The transmitted signal then may be used to

drive a recorder or possibly a controller for an-

other system.

T T T S

The ipstrument which detects the condition of, sensing

and/or changes in the condition of, a parameter is
called a element or . This instrument
can be equipped to provide a signal to a which

can, in turn, send a signal to a remote readout

instrument or a control device.
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6.3. Flow Systems

23. Fluid flow is often determined by measuring pressure sensing,
. . . R sensor,
differences along a pipe or across an orifice in a ?
S SRR AS LS transmitter

pipe. Let us look at Figure V-60 to see how this
might be done. The lines indicate the fluid-~flow

path.

Generally speaking, an orifice is just an
opening or vent. Our use of the term is a
little more specific in that we mean a vent
of precisely determined size through which
the fluid in a pipe flows.

s

y

YYVYY

o)
N
D

/F§E§:;:\t»-,_

E?ggj \\\~Circular orifice

plate

Fig. V-60. Longitudinal Section of a Pipe
Showing an Orifice Between Two Flanges at a Pipe Joint

Do e kmad Gams e ome  tems

24. You may recall from your study of heat transfer and

fluid flow that, in a constricted pipe, at the place

where the fluid velocity is greatest the pressure at

right angles to the flow is least. Note in Figure

V-60 the resemblance of an orifice to a comstriction

in a pipe. At A, the velocity is low so a pressure

gauge at A would read (higher, lower) than a gauge

at B where the velocity is higher.
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A manometer at B would indicate a (lower, higher)

pressure than one at either A or C. -

So, with a manometer at A reading a higher pressure
than a manometer at B, it is possible to take the
difference between the two readings and calculate

the flow. The formula used is
F =cC Vah

where F is the flow rate, Ah is the pressure differ-

ence (or difference in heights of the liquid in the

manometer), and C is a constant determined by the

type of fluid, the size of the pipe, and the size of

the orifice.

— s m—- e o -

Now, instead of using two manometers, let us connect
one manometer tube as shown in Figure V-61 and the
4h can be read directly. Since Ah is really a pres-

sure difference in this case, let us use a more com-

mon symbol, Ap. Our equation is now

F=cCc" .

higher

lower
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29.

30.

31.
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manometey

Fig. V-61. Orifice-Type Flow Measuring Device

When there is a difference in fluid velocity along a

pipe, a difference in can be measured.

If a pressure difference can be measured across an

orifice, the fluid can be calculated

from this information.

The rate of flow of a fluid can be calculated by

meaguring the pressure drop across an .

Another flow element that depends upon the pressure

drop across the instrument to measure flow is the

"yenturi". You will note from Figure V-62 that the
venturi looks, even more than the orifice, like just

a constriction in a pipe.

Ap

pressure

flow rate

orifice
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Pipe

Venturi ~—— Flow

Pipe

"
—-1

4%
7
The fluid used in the /1\

manometer must not mix 77 TTT 77777

with the fluid in the pipe

Fig. V-62. Venturi Flow Meter

The fluid used in the manometers of both
the orifice flow meter and the venturi flow
meter must be such that it is not affected
either chemically or physically by the
fluid in the pipe. For example, if the
fluid in the pipe is water, mercury would
be a good liquid for the manometer (for
some systems).

s e e e paen oo caw

32. When using the venturi, flow is calculated by the

same equation that was used when we took Ap readings

across the

33. The venturi allows smoother flow than the orifice

allows and, for this reason, pumping power {(to drive

the fluid through the orifice) is less. Thus, a

venturi is often used in a system where using an

orifice as a flow detector would require a more

power ful pump.

orifice
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When using either an orifice or a venturi, flow

measurements are dependent on a difference in

In a venturi, where the velocity of the fluid is

o

reatest,

the same).

Two instruments that are often used for flow meas-

urements are the and the

If a pressure difference can be measured in a fluid

stream, a rate can be calculated.

the sidewise pressure is (greatest, least,

In the foregoing discusgsion, simple manom-
eters were used in conjunction with an ori-
fice and a venturi to give a good visual
illustration of the pressure difference
developed by flowing fluids. Although ma-
nometers are actually used in simple sys-
tems when only local readings are required,
remote readouts are necessary in reactor
systems since the coolant fluid may be
radiocactive. Complex pneumatic or electric

instruments are installed in place of the
manometers to detect the pressure differ-
ence and translate it into ppeumatic or
electrical signals for the remote readouts.
The readout meters are usually calibrated
directly in units of flow.

pressure

least

orifice,
venturi

flow



38. The last flow instrument we will describe is the

rotameter. This versatile little instrument is
widely used as a local, dirvect-reading sensor for

both liquids and gases; but it can also be designed

to transmit a signal to a rewmote readout instrument.

39. Very simply, the rotameter is an "in-line" instru-

ment with a vertical section of transparent tubing

tapered slightly outward from bottom to top (Figure
V-63). 1Inside the tapered section is a weighted

plummet or bob which is lifted by the force of the

fluid moving up in the tube. As the plummet is
carried up, the outward taper of the tube allows
more fluid to flow around it. For a given fluid
flow, the plummet is raised until its weight is

equal to the force exerted by the moving fluid on

the plummet. For local readout, etched calibration
marks on the transparent tube allow a direct reading

of flow.

NNNNNNNN
Outlet —-—
' /r—Calibration marks
. //~Plummet
VImy
T
o
N
Inlet R
AN

Fig. V-63. Rotameter
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For low fluid flow, the plummet will be near the

(top, bottom) of the calibrated tube.

The rotameter balances the force exerted by the

fluid against the (size, weight) of the plummet.

The rotameter can be designed to measure the flow

rate of either a liquid or a

Around the HFIR and ORR, rotameters are normally

used only for local readouts.

The orifice, venturi, and rotameter are instruments

used to measure .

e ane e wmn Gmm ewn

6.4, Temperature Sensors

We have discussed some pressure-sensing and flow-
sensing devices. Now, let us look at a number of

devices used to measure temperatures.

- am hmn  gme nam omeo

A thermometer is probably the least complicated and

best known of all temperature-measuring devices.

However, its use around a reactor is quite limited;

so a variety of other types of temperature-sensing

devices must be used.

I e

bottom

weight

gas

fluid flow rate
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47. A more versatile sensor is the thermocouple which,

in principle, operates as shown in Figure V=64, A

potential difference is developed at each junction

and 13 proportional to the tamperature at the junc-

tion. The potential developed at the cold junction

L]
is less than that at the hot junction. Because the

voltages (emf's) are in series but of opposite
polarity, there will be a current in the circuit due

to the difference of the emf's.

A thermocouple "junction'" is the point at
which the two wires, made of different
materials, are joined.

— . b —

Wire A
Cold Hot
junction Electron movement- junction
(usually (usually the

) Wire B
in readout (/’#F __m__-\\} sensor)
instrument) .

High resistance

Fig. V-64. Thermocouple Circuit

48. TIf two wires of different materials (Chromel and
Alumel are commonly used as thermocouple materials)

are joined to form a continuous loop and one connec-

tion is heated while the other conmection is kept

cool, electron movement takes place from one wire to

the other producing a potential difference across a

e series-connected high resistance, which can be

measured by a suitable instrument.
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49, The amount of voltage measured varies directly with

the temperature difference between the cold and hot

junctions or couples. If the temperature difference

increases, the voltage increases; if the temperature

decreases, the voltage .

50. As the temperature difference (At between the two decreases
junctions) increases, the weter reading .

51. If the cold junction is kept at a constant tempera- increases

ture and the temperature of the hot junction in-
creases 50°, the At will iancrease degrees and

the meter reading will a proportional amount.

52. Now, all we need to do is to calibrate the meter in 50,
increase

degrees of temperature rather than in volts or
amperes.

53. The thermocouple principle is: if you '"couple" the

ends of two wires made of different materials and

make one couple hot and the other cold, an

current will flow in the wires.

54. The current produced, and thus the voltage drop electric

across R (Figure V-64), depends on the difference in

between the two couples.



55.

56.

57.

58.

59.

60,

263

1f the hot junction (or couple) is in the reactor temperature

and the cold junction is in the control room, the

meter reading will increase as the reactor tempera-

ture (decreases, increases).

The output of a thermocouple system is not a direct increases

temperature measurement; it is an electrical poten-

tial.

b o mm m —

However, the voltage output changes with temperature.

So, if we measure the output with a sensitive volt-
meter, the meter needle will show an (increased,
decreased) voltage as the temperature goes up and

(increased, decreased) voltage as the temperature

goes down.

Thus, we can calibrate the meter to read degrees of increased,
cq s . d 5

temperature rather than millivolts of electricity. ecreased

Although the output of a thermocouple is an electri-

cal signal, the meter readout is normally calibrated

to read in either Fahrenheit or Centigrade

degrees.

Another instrument which produces an electrical sig- temperature

nal variation that is linear over a wide temperature

range is the resistance thermometer. Tt is a long

length of insulated fine wire wound on a spool.
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A resistance thermometer operates because the

resistance of a metal increases as its temperature

increases. It, then, is a resistor whose resistance

will jncrease nearly linearly as its temperature

.

1f a given resistance thermometer has a resistance
of 100 ohms when the temperature is 50°F and 200
ohms when the temperature is 100°F, its resistance
will be about 300 ohms when the temperature is

°F.

Nickel, copper, and platinum are the most common

materials used for the resistance wire in resist-

ance thermometers.

The approximately linear temperature range for

nickel is from —150°F to +300°F, well within the

range of many reactor coolant temperatures.

One metal that might be used in a resistance ther~-

mometer for measuring a reactor coolant temperature
is .

For better precision in measuring as well as for

measurement of higher temperatures (up to 1000°F),

platinum is used as the resistor wire.

increases

150°F

nickel
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When precision is of prime importance, the resist-

ance thermometer is used rather than thermocouples

or other temperature-measuring devices. From this
one would expect that a (thermocouple, resistance
thermometer) would be required for making the

coolant temperature measurements for a reactor.

We should discuss one other temperature-measuring

device--the gas-filled bulb. At the HFIR, gas-

filled bulbs are used to measure the inlet and exit

primary coolant temperatures of the reactor for use

by the servo system.

Gas-filled bulbs may be used as temperature-

measuring devices because when a gas is placed in a

closed container the pressure it exerts on the walls
of the container varies at a known rate with temper-

ature changes.

If, at the HFIR, the gas pressure in the gas-filled
bulb increases, it is an indication that the primary

coolant has increased.

This pressure change may be used to drive a pneu-

matic transmitter for remote display of the _ .

o vt com e o -

In the early portion of this section, we stated

that information concerning coolant flow and tem-

perature is necessary for calculating heat power.

These, however, are not the only parameters that

need to be monitored.

resistance
thermometer

temperature

temperature
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73. We need process information of many kinds, for

example, pump-bearing temperatures and liquid levels

in storage tanks. Instruments for monitoring vari-

ous temperatures may be the same, fundawentally, as

those already discussed. The measurement of liquid

levels will be discussed next.

e

6.5. Liquid Level
74. One of the simplest instruments for measuring liquid

levels in tanks is the gight glass, used as shown
below (Figure V-653).

:::T-3t661 tank

' ’///f"Liquid level
7 ' ¢
,//,ff'Transparent tube

Fig. V-65. Liquid Level Measure by Sight Glass

75. Normally, this type of instrument would be used only

to display information locally.

76. For a liquid-level indicator, a sight glass is suit-

able for (local, remote) readout.
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77. Another common type of indicator makes use of a local

float arrangement, such as that shown below (Figure

V-66), for local readout.

“““““““ - Pulleys

Float

Fig. V-66. Float-Type Local Indicators

e e e wen b e

78. Figure V-66 has been simplified for our purpose, but

it does represent two methods of using a float to

measure the in a tank.

79. The drawings in Figure V-66 show the use of float liquid level
mechanisms for (remote, local, electrical) display

of liguid-level information.

80. A float may also be used in another way to measure local
liquid level. This method is sometimes called the

displacement-force balance. The float is essen-

tially fixed in position and the height of the
liquid above the float determines the amount of

upward force on the float.
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You have probably noticed that a float (inner tube,

plastic float, empty oil drum, etc.) may be pushed

down into the water if enough force is exerted. The
deeper the float is pushed, the the force

necessary.

— e ma a oo owee e

The amount of force the water exerts on the float is

proportional to the amount of water displaced by the

float and to the depth of water above the part of

the float which is submerged.

So, if you had a long vertical float in a fixed

position in a tank, the depth of the liquid would

determine not only how much liquid was digplaced by

the float, but also how much force was exerted up-

ward on the float by the liquid. The force exerted

on the float would be called the displacement

If it should take a small force to balance the dis-

placement force, you would suspect a (high, low)

liquid level in the tank.

The magnitude of the balance force would indicate

the of the liquid in the tank.

It may not be obvious at this time but, while there

seems to be little difference in the quality or
quantity of information displayed locally by the

sight glass and the float indicator, it is much

simpler to adapt the float mechanism for a remote

readout of tank level.

L e T ey e

greater

force

low

level or
height
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- 87. You may recall our discussion of the potentiometer
(frequently abbreviated "pot."). To refresh your

memory, it looks like this schematically (Figure

V"67) .
*—
(/’ Movable contact
Input voltage )
Output voltage
& -9

Fig. V-67. Potentiometer

88. The potentiometer is a potential or voltage (divider,

oo generator, amplifier).

89. 1If the input voltage to the potentiometer is 10 divider

volts, the output voltage may be anywhere between
volts and volts, depending on the posi-

tion of the movable contact.

90. The preceding frame was inserted here merely to zZero,
check to see if you remembered. If you did not 10
answer correctly, you may want to review Section

V-1.1.1, Frames 97 through 108.

91. ©Now attach the potentiometer to the float mechanism

so that the float moves the sliding contact of the

. Figure V-68 is a simplified drawing of how

this could be done.
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p I Remote
Output (instrument
readout

N

~n

/i

Fig. V-68. Simplified Liquid Level Instrument with Remote Readout

e T )

In looking at Figure V-68 you will note that as the potentiometer

liquid level decreases the voltage output from the

potentiometer also .

As the liquid level increases, the signal voltage decreases
to the instrument (increases, decreases, remains the

same) .

e

By designing the system correctly, the voltage to increases

the instrument can be made to be proportional to the

in the tank, thus allowing a continuous

display of liquid-level information.

The float-indicator mechanism may alsc be designed liquid level

to control the liquid level.
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96. 1In order to control over a range having both high-

level and low-level limits, the float could be

attached to switches which would energize a fill

pump at a designated low level and de-energize the

pump at a designated high level. Thus, of
both high and low levels could be achieved.

e T R I

97. One other liquid-level-measuring and liquid-level- control
controlling device measures the level of a liquid

by the pressure it exerts at a chosen depth.

98. You may recall that the pressure exerted by a liquid

depends only on its density and depth. This means

that if you have a tank of fuel oil (density 0.7
,,,,,,,,, gm/cm3) and a tank of water (density 1.0 gm/cm3) of

the same depth the (water, fuel o0il) will exert the

most pressure on the bottom of the tank.

99. Another illustration is two_ tanks of fuel oil, same water
density, with the depth of the oil in one tank at
10 ft while the depth of the oil in the other tank
is only 3 _ft. If the pressure is proportional only
to the depth, the 10-ft depth of oil will exert

(one-half, twice, four times) as much pressure on

the bottom as the 5~ft depth.

100. The name engineers have given this pressure is twice
hydrostatic pressure. Hydro refers to the fact
that it is a liquid, and static means it is not

caused by motion of the fluid.
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So, we can measure the liquid level above a certain

depth in a tank by measuring its pressure at

that depth.

In a very simplified situation, we could say that hydrostatic
the higher the liquid level, the the hydro-

static pressure.

A simple pressure gauge, calibrated to read in higher

liquid-level units (inches, feet, gallons, etc.)

would be adequate for a (local, remote) readout.

For remote display of information or for liquid- local

level control, pressure-actuated switches would be

used to initiate the information signal or control

action. More sophisticated instruments can give a

direct readout of pressure which can be transmitted

to remote instruments.

6.6. Water Purity

It is very important--for reactors that use water

for moderating, cooling, or shielding--that the
purity of the water be maintained at a high level.
By high purity, we mean that microbiological growths

and the amount of dissolved solids must be kept at a

minimum level, and the pH must be maintained at a

prescribed level. The meaning and significance of

pH will be discussed.
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106. The growth of biological organisms is usually inhib-

ited by the addition of bactericides according to a

pattern set by admidistrative action. In some sys-

tems, the chemicals are added by operators; in

others, the chemicals are added by metering pumps.

In either case, there is no need for instruments

that have not already been discussed.

107. Usually, the primary coolant system of a reactor is

a closed system; and there is small chance of growth

of micro-organisms. Secondary coolant systems, with

their cooling towers and accessory equipment, are

very susceptible to such growths; and so it is in

these systems that are most often used.

108. Bactericides are most often needed in coolant sys- bactericides

tems that are (closed, open).

109. Primary coolant systems usually depend on deminer- . open
alization to keep the purity of the water at a high
level. Demineralization serves both to remove

unwanted ions and to keep the resistivity of the

water high.

110. The only instrument used for water purity control

that is different from instruments already mentioned

is the meter that measures the pH of the water.
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For our purposes, we can think of pH as a numbered
scale from 1 to 14 in which the numbers from 7 down

to 1 represent increasing acidity of the water and

numbers from 7 up to 14 represent increasing alka-

linity of the water.

Thus, water that is neither alkaline nor acidic

(perfectly neutral) will have a pH of (1, 7, 14).

Water with a pH of 7.5 is (more, less) alkaline than
water with a pH of 9.0.

Water with a pH of 4.5 is more than water with
a pH of 6.0.

Meters used for pH measurements make use of a spe-

cial electrode which is placed in the solution

(water) to be checked.

e e w— e o maae e

The voltage produced at this electrode is compared

with a constant reference voltage in the instrument.

The very sensitive voltmeter that indicates the dif-

ference voltage in this comparison is calibrated,

not in volts but in pH units from 1 to 14.

If the meter indicates a number such as 5.5, the
sample solution is (alkaline, ac¢idic, neutral)

because 5.5 is less than 7.

M mmn e wmn mom e

less

acidic
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Tf the meter indicates a pH of 7, the solution is

(alkaline, acidic, neutral).

If the meter indicates a pH of 9.3, the solution is

(alkaline, acidic, neutral).

Although the pH meter is usually used for analysis

of individual samples, it can be adapted to give a

continuous analysis for either local or remote dis-

play by placing the electrode for the unknown sample

in a special container through which a sample stream

of water flows.

You may wonder why we need to monitor the pH contin-

uously. The prescribed pH for a system is deter-

mined by the structural components of the system and

the changes that may take place in the water because

of its dissolved mineral content. If the pH is

either too low or too high, corrosion of structural

materials may be accelerated.

For example, the water in a secondary coolant system
is usually kept about neutral (pH at the ORR is 7 to

7.5; at the HFIR it is 6.6). One reason for the
slightly ereater acidity at the HFIR is that the

rate of water evaporation is such that the calcium
concentration in the water builds up faster. The

extra acidity is to prevent certain calcium salts

from forming and depositing inside the pipes.

— e eme e o

acidic

neutral

alkaline
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124. Tt is important to keep the pH of a water coolant
system at a given level to prevent such things as
(nitrogen, calcium, hydrogen) deposits in the pipes.
This would be true especially in an open system in
which water evaporation from a cooling tower is

appreciable.

125. The controlling pH meters initiate signals which calcium

cause the gtrokes of acid-metering pumps to be

adjusted to keep the pH of the system at a constant

value. Longer strokes would increase the acid fed

to the system; shorter strokes would decrease the

amount of acid fed to the system. The signal can

also be used to control the pumping speed of a

variable speed pump, when this is the method of

determining the rate of acid addition to a system.

— —— o o e -

126. 1f the pH of the HFIR secondary coolant becomes

greater than 6.6, let us say 7.0, the system needs

(more, less) acid.

— . e A e o

127. The signal from the pH meter is converted to an more

error signal which causes the stroke of the acid-

metering pump to become (longer, shorter) to put

more acid into the system.

128. Lest we leave the impression that the calcium con- longer

tent of the secondary water is the all-important

reason for determining pH, we should wention that
there are other important considerations including

the fact that there is an optimum pH for the bac-

tericides used to protect the structural parts of

the cooling towers.
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Experiments have shown that, at high temperatures,

corrosion of aluminum fuel cladding is least when

the pH of the primary coolant water is kept at about
5.0.

- omm e pea e e

Since the fuel elements at both the HFIR and the ORR

are clad with aluminum, the pH of the primary cool-

ant water is kept at about. .

If the fuel elements were clad with stainless steel 5.0

rather than aluminum, the of the coolant sys-

tem might need to be different.

6.7. Radiation Monitoring

The last instruments we shall consider are not pH
exactly process instruments and are not exactly in
the nuclear instrumentation category. They are the

radiation-detection instruments which monitor the

radioactivity  of the coolant systems and the con-

tainment and ventilation systems, as well as those

portable instruments used for general radiation

monitoring.

- — o - - e e

Normally, radiation-detection instruments for gen-

eral monitoring are portable; and those that monitor

specific systems, such as coolant or ventilation,

are stationary so that their outputs can be tied

into an alarm or safety system.
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134. From all of the portable instruments available, we

shall pick for discussion only the G-M survey meter

and the cutie-pie because they are most often used

for general monitoring.

— e e e e pman

135. The G-M survey meter uses for a detector an argon-

filled ionization chamber which has a potential dif~

ference across its electrodes of from 800 v to 1500

v. An applied voltage in this range (you may recall

that this voltage range is called the Geiger range)

produces a strong output pulse that needs little

electronic amplification in order for it to be

detected by either earphones or a sensitive volt-
meter (discussed in Section V-2, Frames 32-40 and
.55-73).
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You will recall that the radiation detector
used by this meter is called a Geiger-
Mueller tube in honor of the wmen who devel-
oped it. From the combination Geiger~
Mueller, we get the G-M for the name of the
survey meter.

136. The G-M survey meter uses an argon-filled

for a radiation detector.

137. 1In the "Geiger region', the applied voltage across ionization cham
ber

the ionization chamber is to volts.

L e
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138. The strength of the output pulse of the G-M tube is 800 to 1500

such that (much, little) electronic amplification is

needed to display the signal.

139. The G-M survey meter is used for beta and gamma little

radiation detection and measurement in relatively
low intensities of radiation where a very precise

measure of dose rate is not essential.

140. The cutie pie, normally needed for the detection and
measurement of higher intensities of gamma radia=

tion, uses an air-filled ionization chamber for a

detector. At ORNL, the cutie pie's ionization cham-

ber has a cut out section in the detector housing

which has been replaced with a thin film. This

allows the meter to be used to detect high~energy

beta particles as well as radiation.

141. The cutie pie is normally used to measure (higher, gamma
lower) radiation dose rates than those for which the

G-M survey meter is applicable.

142. The radiation detector of the cutie pie is an air- higher
filled (discussed in Section V-2, Frames

1-25, 45-55, and 65-70).

143. The cutie pie is used for relatively intense gamma ionization cham~
ber

radiation; and, if it has a very thin-wall window,

it can be used to detect high-energy parti-

cles.
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The ionization-chamber-type radiation detectors we
have just discussed, especially the Geiger-Mueller

tube, are widely used in both portable and station-

ary instruments.

m— e e na e e e

There is another detector which, due to its conven-

ience, efficiency, and reliability at high counting

rates, is used for measuring the radiation from such
things as water samples and the smear papers used
for contamination detection. This is the scintilla-

tion counter.

Certain materials called phosphors emit
light (scintillations) when they are
exposed to radiation. When the light from
such a material falls on a photocathode (a
material which will emit photoelectrons
when struck by light), electrons are emit-
ted to an amplifier called a photomultipli-
er which has, for its output, a relatively
Targe electrical pulse (see Figure V-69).

A mn e e

beta
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Aluminum foil

///’Phosphor
{ |__——Photocathode

A\

‘///» Photomultiplier tube

WY

Fig. V-69. Diagram of the Detector Tube
of a Scintillation Counter

146. This type of detector is called a scintillation

counter because when a pulse of radiation enters the

phosphor (often a sodium iodide crystal) the crystal

emits a flash of

147. The flash of light is intense enough to remove light

(electrons, protons, neutrons) from a material

called a photocathode.

148, Electrons are emitted when a flash of light from the electrons

phosphor strikes a material called a
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149. The electrons from the photocathode are attracted to photocathode

the plates of a photomultiplier where the number of

electrons is increased when they collide with a

series of plates and knock more electrons loose with

each collision. One type of photomultiplier oper-:

ates as shown in Figure V-70.

Phosphor

Photocathode

Initial electron
e ‘

N

Electron emitting
plates

Collector

1

l Amplifier |

Fig. V-70. Photomultiplier

150. Many photomultipliers have a multiplication factor

of a million or more. Thus, each time radiation

produces a scintillation in the phosphor, the

photomultiplier tube produces a relatively (strong,

weak) electrical pulse in the output of the tube.
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When a radiocactivity analysis is needed in which

greater efficiency is desired than can be achieved

with a G-M probe, the counter is often used.

When samples of reactor coolant water are taken to

determine, for instance, the decontamination factor
of the demineralizer system, they are usually

counted with a counter.

The beta-gamma and alpha ceounters, used by health

physicists to count "smear" samples, use detectors

of the scintillation type. This is because the

scintillation-type detectors are more efficient and

give greater (resolving time, precision, tolerance)

in the determination of the dose rate.

Since all of the detectors we have discussed produce

an electrical pulse or current as an output, any of

them may be used, with suitable instrumentation, for

either local or remote readout. However, G-M tubes

are the detectors most often used to monitor coolant

systems and liquid waste systems. Because the

radiation levels are usually low, the probes may be

decontaminated easily, the associated insgtrumenta-

tion is not complicated, and the higher efficiency

of the scintillation counter is not necessary.

strong

scintillation

scintillation.

precisien
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Geiger~Mueller probes are also used to monitor gas-

eous waste systems and ventilation systems. The
instrument most often used to monitor the airborne

radiocactivity in the work areas of the reactor

building is the continuous air monitor, called a

CAM. It is called continuous because it monitors

continuously, as opposed to a monitor which will

monitor a sample of air periodically.

— v v = . ——

The CAM continuously draws a sample of air through a

filter-paper tape and uses a G-M tube to analyze the

radioactivity of the airborne particulate matter

which is caught by the . The airstream then

flows past the G-M tube so that the nonfilterable

gaseous radioactivity can also be detected.

The air in work areas, such as the reactor bay and filter

experiment rooms, is continuously analyzed for
radioactivity by instruments called

, abbreviated CAM's.

Continuous air monitors monitor air for both radio- continuous
air monitors

active particulate matter and radioactive

matter.
The CAM uses a as a detector., gaseous
The CAM analyzes the air by continuously drawing a G-M tube

sample of the air through a filter which stops much

of the matter.
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Radioactive particulate matter which is caught by

the filter paper is analyzed for and

radiation by the G-M tube.

Gaseous matter, which is not stopped by the filter,
is analyzed for beta and gamma as the gaseous

material flows past the detector.

The "Monitron" is a type of stationary instrument
oL on yp y

placed in work areas to detect gamma rvadiation and

to sound an alarm when radiation exceeds a given

level. These instruments use ionization chambers

as detectors.

s o - m— —— — a—

Monitrons use ionization-chambers to monitor work

areas for radiation.

———— - e —

Work areas around a reactor are continuously checked

for gamma radiation by instruments called .

Monitrons use (G-M tubes, ionization chambers,
scintillation counters) to determine the intensity

of in the reactor work areas.

e T R P e p S,

6.8. Self Test

A device that indicates a pressure difference (AP)
by the difference in the liquid levels in the two

arms of a U-tube is called a « (Frames 2-6)

particulate

beta,
gamma

radioactivity

gamma

Monitrons

ionization
chambers,
radiation



286
""" 168. Flow meters often make use of the difference in manometer
across an orifice or venturi for measuring

flow. (Frames 23-36)

169. The rate of flow of a fluid is often determined by pressure
measuring the pressure drop across an or

.  (Frames 23-36).

170. A rotameter is an instrument that gives a direct orifice,
. v uri

reading of rate. (Frames 38-44) ent

171. A temperature-measuring device that utilizes a hot flow

junction and a cold junction of two different mate-

rials (wires) is called a . (Frames 47-59).

— - v e m— -

172. Chromel and Alumel are conductors commonly used in thermocouple

. (Frame 48)

173. A resistance thermometer relates change in tempera- thermocouples
ture to a change in . (Prames 60~67)
174. The three metals most commonly used in resistance resistance

thermometers are nickel, copper, and .

(Frame 63)

175. Sight glasses and float arrangements are used to platinum

&

measure in tanks. (Frames 73-79)
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Liquid levels in tanks can also be measured by
gauges which read the hydrostatic «  (Frames
97-104)

The number read on a pH meter is an indication of
whether a solution is neutral, or .

(Frames 111-120)

1f the pH of a solution is 8.5, the solution is

(acidic, alkaline, neutral). (Frames 111-120)

If the pH of a solution is 7, the solution is

(acidic, alkaline, neutral). (Frames 111-112)

A G-M survey meter is used to detect and measure

and radiation. (Frame 139)

r———

A cutie pie is normally used to measure beta and
gamma radiation levels which are (lower, higher)
than those normally measured with a G-M survey

meter. (Frame 140)

- e e e e pn o

Airborne radicactivity may be detected by instru-

mentg called . (Frames 155-160)

- e . e -

Monitrons determine the intensity of in the

work areas around a reactor. (Frames 163-166)

liquid levels

pressure

acidic,
alkaline

alkaline

neutral

beta,
gamma

higher

continuous
air wmonitors
or CAM's

radiation
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