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FOREWORD

It is suggested that this programmed text be used as an aid in the
study of reactor technology. It is not the intent of the author and editor
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. I1f 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 IV. HEAT THEORY AND FLUID FLOW

As a part of the Reactor Operator Training Program of Operations
Division, Oak Ridge National Laboratory, five areas of instruction have

been programmed for individual study. They are:

Volume I - Elementary Mathematics Review
Volume ITI - Radiation Safety and Control
Volume IIT -~ 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 operation
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.

The author and editor would like to especially acknowledge the
patience and assistance of the members of the Operations Division clerical
staff who worked on this report; namely, Barbara Burns, Gladys Carpenter,

Milinda Compton, Linda Comstock, and Joanne Nelson.



INSTRUCTIONS

The material contained in this manual has been prepared using a tech-
nique called '"programmed instruction'. This technique of instruction

consists of:

1. Presenting ideas or 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
stronger impression of the idea presented.

4. Letting you know immediately if your answer is right, thus
reinforcing your impression.

5. Presenting many clues at first to help you arrive 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. A
few frames are for informaticnal purposes only and require no response.
The correct response to a given frame is always found on the right side
of the page adjacent toc the following frame. When reading 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. Comparé 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.
If you miss one of the self-test questions, repeat the pertinent 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.

ii. 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 student's .

learning



VOLUME IV. HEAT THEORY AND FLUID FLOW

The purpose of this study is to introduce the operator to some
general principles of both heat theory and the principles of fluid flow.
In the operation of nuclear reactors, the applications of these two sets
of principles are inseparably connected since fissioning uranium produces
heat and flowing fluids are used to dispose of the heat.
In this study we shall define those terms and discuss those principles

that we feel will be of greatest benefit to operators of nuclear reactors.

SECTION IV-1

HEAT

1.1, Introduction

1. In a study of heat it is often helpful to start with

something well known like combustion, commonly called

burning.

e

2, . Combustion or burning is a chemical reactiom in which
oxygen combines rapidly with some material which is
flammable, such as paper, wood, oil, or natural gas,

to name a few.

T T B R

3. 1If the oxidation of a piece of paper is rapid enough,

combustion takes place and heat and light are emitted.

We say the paper .

- ww e— o e e e e e

4. If the oxidation is slow, the paper will not burn but burns
may become yellow and brittle. Any heat given off
is emitted so slowly that we do not notice it.



10.

11.

12,

Not all oxidation reactions (the rusting of iron is
another good example) produce burning. When iron
rusts, the oxidation is (too rapid, too slow) for

burning to take place.

If oxidation is rapid enough for detectable heat
and light to be emitted, the reaction is called

combustion or .

Some of the effects of burning are the light and

that are emitted.

We hope that you will not consider it an insult to
your intelligence to ask, how do we know that light

and heat are given off?

The simplest answer would be that we see the light

and feel the heat.

If something burns near you, you see some light and

feel some .

How do you feel heat? Normally the sensory nerves
in your skin detect a change in the temperature of

whatever they touch, the air, the floor, the wall.

You notice heat because it produces a change in the

of things which you touch.

too slow

burning

heat

heat
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14,

15.

l6.

17.

18.

19.

If a body absorbs some heat, we normally expect its

temperature to increase.

Conversely, if a body loses heat, we expect its

temperature to .

A good example is a cup of coffee. If the coffee is

too hot, let it sit for a few minutes and it will give

up some of its heat to the air (we will discuss this
heat transfer later). The coffee, having lost heat,

will have a temperature.

One of the properties of heat, then, is its capacity

to cause a change in .

- e am eme = ew v mm Am

Perhaps it would be better to say that the tempera-

ture of a body is one measure of its heat content.

If a container of water is placed on a stove where

it can absorb heat, its temperature will .

The temperature that the water has at any moment is

one measure of its content at that

moment,

temperature

decrease

lower

temperature

rise



Temperature changes are measured in units called

"degrees''. There are a number of temperature scales;

but the two most common are the Fahrenhelt scale,
the scale commonly used in the United States, and
the Centigrade or Celsius scale which is the one
used by most of the rest of the world. More heat
is required to produce a one-degree change in

Centigrade than for a one-degree change in Fahren-

The principal difference between the Fahrenheit and
the Centigrade scales is in the amount of heat

necessary to produce a temperature change of one

1.2. Temperature Units
20,
heit.
21.
22,

In Fig. 1.1, we see the two temperature scales
compared, with the freezing and boiling points of

water used as reference points.

Fahrenheit Celsius

Boiling point of water at 212° 100°

one atmosphere of pressure

Freezing point of water at 32° 0°

one atmosphere of pressure

Fig. 1.1. Fahrenheit and Centigrade Scales Compared

heat

degree



23.

24,

25.

26.

You will note that there are 180 Fahrenheit degrees
between the freezing and boiling points of water at
standard atmospheric pressure while, on the Celsius

gcale, there are only degrees between

the two reference points.

— e aw me e e e omm e

If a temperature change of 180°F (Fahrenheit) is the 100
equivalent of 100°C (Centigrade), a change of 18°F

would be the equivalent of °C.

Thus, the degree on the Fahrenhelt scale 1is a little 10

over one~-half as large as the degree on the Centigrade

scale. Actually,

or

— = e mm awn e mm em o

If the two drawings below represent degree marks on
thermometers, the degree on the (left, right) side
should be marked Fahrenheit; and the cther should

be marked Centigrade,




27.

28,

29.

30.

31.

However, 0°C, the freezing point of water, is 32°F; right
so in order to change from a temperature on the
Fahrenheit scale to a temperature on the Centigrade

scale, we must use an equation such as

While the above equation allows a person to solve
for °C when you know °F, it may be revised with

simple algebra to solve for °F when you know °C.

If a room has a temperature of 77°F and you wish

to know the temperature in °C, you subtract 32° from
77° to give 35°; then, multiply the 35° by 5/9. The
Centigrade temperature which is the equivalent of
77°F is

If you are considering just a change in temperature 25°C
(AT) such as the AT of the coolant water through a

reactor core, you would consider only the fact that

a degree F is 5/9 as large as a degree C. Thus

there would be (more, fewer) degrees C than degrees F.

For example, if the AT across a reactor core is from fewer
95°F to 140°F, that is 45°F, the same AT in °C would
be

AT(°C) = -g-AT("F)

and



32. In order to furnish more practice than the above two 25
examples, we have inserted Table 1.1 with blank

spaces provided for you to fill in the answers.

Table 1.1. Temperature Equivalents

a, =22°F = °C 3
b. 14°F = °C ;
c. °F = 5°C
d. = 20°C ;
e. 98.6°F = °C
. °F = 150°C .
33. The AT between the temperatures a and b in Table 1.1 a. =30 ;
is 36°F. 1If you solve for AT in °C by the equation 2' ;ig i
5 . 3
AT, . = 2AT,_, AT, . = °C. d. +68 ;
¢ 9 F cC - e. +37 ;
f. +302 ,
34. Note that the AT of 20°C that you just calculated is 20
the difference between -30°C and -10°C as shown in
the Table 1.1.
35. The AT in °C between items d and £ in Table 1.1 is
° _ 3 . o
130°C.  If ATo, = 30Tey, AToy is F.
1.3, Heat Units
36. We have mentioned that one of the ways we determine 234

that matter has been heated is that we note a change
in temperature. And, we have discussed two tempera-

ture scales by which we measure these changes.



37,

38.

39.

40.

41.

42,

In addition to the temperature changes of matter,
there are two other factors that we must consider
in order to measure the amount of heat that causes

the temperature change.

Early experimenters noted that the amount of a
substance (the number of pounds) that they heated
was one factor and the kind of substance was the
other factor. Some substances would absorb more

heat than others for a given temperature change.

The amount of heat that a substance will absorb to
produce a given temperature change depends on both

the amount of the substance and the

of substance.

In the United States, engineers use the "British kind
thermal unit" (abbreviated Btu) to measure heat.

The Btu is defined as the amount of heat necessary

to raise the temperature of one pound of water one

degree Fahrenheit.

If the temperature of a pound of water is raised
one degree Fahrenheit, the water has absorbed an

amount of heat equal to .

1f the temperature of 5 1lb of water is raised 1 Btu
20°F, each pound of water will require 20 Btu of

heat so the 5 1b will require of heat.



43,

bt

45.

46,

The amount of heat (the number of Btu) that a
substance must absorb in order to raise the tempera-
ture of a pound of it one degree Fahrenheit varies

from one substance to another,

The amount of heat that one pound of a material
such as copper must absorb, in order to raise its

temperature one degree F, is called its specific
Btu

heat. Specific heat has the units 5 - °F

— e m e am e m e

By definition, the specific heat of water is
1 Btu
1b ¢« °F °

We would expect the specific heat of copper to (be,

not be) the same as the specific heat of water.

Table 1.2. Specific Heats of Substances
within the Temperature Range Indicated

Specific Temperature

Substance Heat Interval
Aluminum 0.217 17-100°C
Brass 0.094 15-100°C
Copper 0.093 15-100°C
Glass 0.199 20-100°C
Iron 0.113 18-100°C
Lead 0.031 20~-100°C

Silver 0,056 15-100°C

100 Btu



47,

48.

49,

50.

10

In order to calculate the amount of heat required
to raise the temperature of a given amount of a

substance a given number of degrees, we use the

equation
Q (for heat) = mcAT

where

Q = heat, in the unit

m = amount of the substance, in pounds

A Btu
¢ = gpecific heat (the unit is 5 . 5%
AT = the temperature change in the unit

The equation Q = mcAT could be written as a word
equation: Btu of heat = of a substance
times the specific heat of the substance times the

temperature change in degrees .

If 20 1b of water are heated from 90°F to 140°F, the

water must absorb Btu of heat.

1 Bt

% oF < 0F

1000, because Btu = 20 1b x

If the temperature of a 20-1b iron tank (specific
heat of iron is 0.113 IEE%E?E) is raised from 90°F

to 140°F, the iron must have absorbed Btu

of heat.

not be

Btu,

pounds,
F
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Note, from the above problems, that water will absorb

(more, less) heat per pound per °F than iron.

Engineers in other countries usually use a
heat unit called the calorie. Where the
heat unit is the calorie, the amount of the
substance heated is measured in_ grams, the
specific heat is in the unit E%~7£%%, and
the temperature change is in éentigrade
degrees. The calorie is defined as the
amount of heat that must be absorbed by

one gram cof water in order to raise its

temperature one Centigrade degree.

— o em e e v e e A

While heat has been used for thousands of years for
warmth and the cooking of food, it has been only in

the last 200 years that men have recognized that

— e we v e me e = we

Energy is the capacity that something has to do work;
and it was only after steam engines were made practi-

cal that it was recognized that the working component

51.
l.4. Thermal Energy and Power
52.
heat is actually a form of energy.
53.
of steam was its heat.
54,

There are many forms of energy such as muscular
energy, electrical energy, and light energy. These
are all energy forms because they have the capacity

to do .

113

more
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56.

57.

58.

59.

60.
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Heat is often called thermal energy. ''Thermal' is

a word that comes from the Greek word "therme' which

means heat,

While the common unit for measuring heat or
energy is the Btu, we often measure this energy in
the unit foot-pound, of mechanical energy, or the

unit watt-hour, of electrical energy.

You may not be familiar with the energy unit
foot~pound, but you surely recognize the unit of
electrical energy, the watt~hour or kilowatt-hour,
because you buy electricity from TVA for a few

cents per -hour.

It is common practice to measure the thermal energy
produced in nuclear reactors in the unit megawatt-
days (mega means one million). A million watts of
energy produced or expended in one day is a -
day.

The power level of the ORR is 30 Mw (megawatts). If
the ORR operates for 7 days at this power level, its

-energy production is Mw-days.

Note that in Frame 59 we spoke of the power level of

the ORR being 30 Mw. No time element was mentioned.

work

thermal

kilowatt

megawatt

thermal,
210
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Power is defined as the rate at which work is done

or energy is produced.

When an engine can do work at the rate of
33,000 ft pounds per min, it is given a
power rating of one horsepower.

If the thermal energy output of the ORR is 30 Mw-days

and Power = Energy/Time, the thermal-power level of

the ORR ig -2 M days _ 34 4o
1 day

The amount of thermal produced by the
ORR is 30 Mw.

A e e e e e we e

We have said that thermal energy, in Btu, can be
calculated by knowing m, c, and AT. We can use the
same equation, Q = mcAT, for calculating power by

making the equation:

Q.
ry tcAT

Q is the symbol for Btu of thermal energy. % is the

symbol for Btu/time of thermal .

Instead of measuring pounds of water, we measure
pounds/sec or gallons/min of coolant water. The
specific heat does not change, and we measure the
AT across the reactor core in Fahrenheit degrees.

power

power
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67.

68.
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When the HFIR operates at full power, the cooling
water flows through the reactor core at about
16,000 gal/min. By converting gallons of water to
pounds (at 8.25 1lb/gal) and time in minutes to
hours, we calculate that about 7,920,000 1b of

water are heated each hour.

If the AT across the reactor core is about 43°F:

Q_ 6 1b _Btu on - 6
3= 7,92 x 108 £2 x 1 T x 43°F = 340.6 x 10
1f
3,41 BEY o1y
hr

the power of the HFIR is:

6 Btu , 3.41 Btu
340.6 x 10 P oV

= 100 Mw .

Thus, given a little time, we can calculate thermal

power by starting with the heat energy equation

Q = .

If the operator had to use this system every hour
to calculate the thermal power, he would have little

time for anything else.

Btu
hr °

mcAT
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So, we combine a number of the conversion factors,
such as those changing gallons to pounds and
seconds to hours, into one conversion factor
(1.465 x 107%), Now we can calculate power in

megawatts by the equation:

My = 821 % AT x 1.465 x 1074 .

e e e v e e e e

The operator can use the equation
Mw = water flow in gal/min x AT x 1.465 x 1074

to calculate the thermal power very quickly.

If the cooling water flow is 16,000 gpm and the AT
is about 43°F, the thermal power in Mw = 16,000 gpm x
43°F x 1.465 x 107" = M.

It must be remembered that the constant (1.465 x 107%)
can be used only when the coolant is light water, the

coolant flow is measured in / , and the

temperature change is measured in degrees.

The coolant at the ORR is light water and the
coolant flow is about 18,000 gpm. If the AT across

the reactor is 11.4°F, the power level is .

s T T =

100

gal/min,
Fahrenheit
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Heat produces a number of phenomena in a material in 30 Mw
addition to a temperature change. The phenomenon we

will discuss now is thermal expansion.

S e Em e e e e R

In most cases, when a substance is heated, it gets

larger; it .

- em em am wm mr e == e

If you £ill your gasoline tank full on a summer day expands
and then allow the car to sit in the sun, the gasoline

will overflow because when it absorbs heat it

Since the expansion of the gasoline is in three expands

dimensions, we call it volume expansion.

If the expansion were primarily in only one direction,

gsuch as in the case of a long wire or rod, we would
be interested only in the change in length (linear

change) caused by the heating or cooling of the

Linear expansion is the change in when

1.5. Thermal Stress
75.
76.
77.
78.
79.
material,
80.
the substance 1is heated.
81.

We must be concerned with both linear and volume length
expansion because all structural materials expand

or contract when they are heated or cooled.
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83.

84,

85.
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Experimenters have found that few materials expand

the same amount with a given temperature change.

The coefficient of linear expansion of a substance

is the amount the length will change, per unit length,

for a temperature rise of one degree Centigrade.

The coefficient of volume expansion is the amount

the will change, per unit volume, for

a temperature change of one degree Centigrade.

The coefficient of linear expansion for steel is
12 x 107% per °C. This means that a steel rail
will expand 12 millionths of a foot for every foot

of length, when its temperature is increased

The equation for finding this change in length is:
AL = % aAT
o
where

A% is the change in length
20 is the original length

o is the coefficient of linear expansion

AT is the temperature change in °C .

volume

1°cC
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Tf a 30 ft railroad rail changes temperature from
20°C to 35°C on a summer day, it will expand
ft.

f0.0054 ft, because AL = 30 ft x 12 x 1078/°C x 15°C

If you change 0.0054 £t to inches, you will find
that the rail expands about 1/16 in.

The equation for volume expansion is very similar to

the linear-expansion equation. It is:
AV = V BAT
o
where:

AV is the change in volume
V0 is the original volume
B is the coefficient of volume expansion

AT is the temperature change in °C.

The coefficient of volume expansion for petroleum is
8.99 x 107%/°C. 1If you put 20 gal of gasoline at
18°C (about 64°F) in your car and it sits in the sun
until the temperature of the gasoline rises to 38°C

(about 100°F), the gasoline will expand gal.

0.36 gal, because AV = 20 gal x 8.99 x 107%/°C x 20°C
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While most of our discussion has been about the amount
of expansion we may expect with a given temperature
change, we need also to consider the amount of force
that can be exerted by structural components of a
reactor when they are in such a position that they
cannot freely expand or contract with changes in tem-

perature.

The force that is exerted when a substance wants to

expand or contract, and camnot, is called thermal

stregs.

If a steel beam 10 ft long and 5 in.? in cross section
is fixed at each end and then its temperature is

increased 200°C, it will try to expand ft.

- e v mm mm s em e

If the beam cannot expand, the places where it is
fixed must have exerted a force on the beam great
enough to cause it to contract as much as it would
like to expand. We will not ask you to calculate
this force, but it would amount to about 250,000
1bs.

Even if the beam in Frame 93 had had a temperature
increase of only 5°C, the force necessary to keep

it from expanding would be almost 4.5 tons.

0.024



96.

97.

20

You have, undoubtedly, cbserved that when concrete
highways are built, a cut is made through the
concrete periodically for an expansion joint. This
space is filled with a material that will allow the
concrete to expand and relieve the thermal

caused by heating.

. e m = e mm e e we

It is interesting to note that both steel, a good
structural material, and concrete, a good struc-
tural material, have the same coefficients of
linear expansion. Thus we can use steel to rein-
force concrete without fear that expansion or

contraction of the steel will produce

that will break the concrete.

Self Test

98.

99.

100.

When oxidation is rapid enough to produce light and
heat, the reaction is called . (If you

made an incorrect response, repeat Frames 1-3.)

You notice heat because it produces a change in the

of things which you touch. (If you made

an incorrect response, repeat Frame 12.)

The temperature of a body is one measure of its

content. (If you made an incorrect

response, repeat Frames 16-17.)

stress

thermal stress

combustion or
burning

temperature
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The common temperature scale used in the United
States is the gcale. (If you made an
incorrect response, repeat Frame 20.)

- v aw mD s wen en e e

The degree on the Fahrenheit scale represents a
(smaller, larger) amount of temperature change
than the degree on the Centigrade scale. (If you

made an incorrect response, repeat Frames 22-26,)

- e e e e e e e

A temperature of 20°C is the equivalent of a tempera-

ture of °F, (If you made an incorrect

response, repeat Frame 27.)

- ot e ww mm am e e

In order to calculate the amount of heat (in Btu)
absorbed by a body, we must know the weight of
the body in , its specific heat, and the
temperature change in degrees. (If you
made an incorrect response, repeat Frames 38-47,)

How much heat must be added to a quart (about
2 1bs) of water at 60°F in order to raise its
temperature to 200°F? (If you made an incorrect

response, repeat Frames 47-50.)

Y

The thermal energy produced by nuclear reactors is

normally measured in the unit - . (If

you made an incerrect response, repeat Frame 58.)

heat

Fahrenheit

smaller

68

pounds,
Fahrenheit

280 Btu
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In order to calculate the thermal power of the ORR Megawatt-day
or the HFIR, the operator must know the flow rate

of the coolant in the unit per >

the AT across the reactor core in degrees,
and a constant, 1.465 x 107", (If you made an

incorrect response, repeat Frames 71-74.)

One of the effects of heating is that the heated gallons
, minute,
body . (If you made an incorrect Fahrenheit

response, repeat Frame 76.)

If a body is fixed in place so that it cannot expand expands
or contract, the force it exerts when it tries to

expand or contract is called .

(If you made an incorrect response, repeat Frame 92.)

thermal stress
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SECTION 1IV~2
HEAT TRANSFER
In this section, we shall discuss some of the methods by which heat
is transferred. Specifically, we wish to study heat transfer as it applies

to the operation of nuclear reactors.

2.1, Sources of Heat

1. As was mentioned in Section IV~1l, one of the most common

sources of heat is the burning of some combustible

material.

- aw m e e e e wem e

2, Other sources of heat which might be thought of as
being less common than combustion are electricity,

friction, light (radiant energy), and nuclear energy.

3. 1In order to understand how heat is produced by most

of these methods, let us review the nature of matter.

4, Matter is found in one of three forms. It is either
‘a gas, a liquid, or a solid.

L e R R ey

5. The principal difference between the three forms of
matter is the difference in distance between the
particles (atoms or molecules) of which the matter

is made.
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6. In a gas, the particles are relatively far apart,

are moving at a high speed, and thus do not stay
close to each other very long.

7. The forces which could bind the molecules together
are greatest at short range, so gases remain gaseous
because of the distance between the molecules and the
high of the molecules.
8. The molecules of liquids are much closer together and speed

are moving at slower speeds. The molecules of solids
are so close together that bonds develop between them
which hold them in rather definite positions, as
illustrated in Fig. 2.1.

Arrows Represent

O Q —— Q —
Speed and C\ Bonds ‘T T
Dgrection O““:i>\il Holding Iwm-£-~(>-~
of Motion Molecules l l | ?
of Molecule j In O e ©) e O e

Position I I ' ?
ﬁ(/// <\\ﬁ9 l k~ O—0—0 —
7\ %ﬂ — | | T
A&) oO~—Q— 0O —
o, I | | ‘ T
T —Q
i

78‘” f.{_] [

Molecules Close
but ¥ree To Move

Molecules Free
To Move and Far

Molecules Fixed in

Apart

Gas Liquid

Fig. 2.1. Three Forms of

Position, Vibrating
Motion Only

Solid

Matter
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Physicists have found that heat is the factor that

determines the form in which matter is found.

As a substance absorbs heat, its molecules increase
in speed and its temperature rises. If the substance
loses heat, its molecular motion slows down and we
notice the heat loss because it results in a

temperature,

When the temperature of water drops to 32°F and then
it loses more heat, bonds form between the water
molecules and they are no longer as free to move as

they are in a liquid. The water is now a

called ice.

If, on the other hand, ice is heated, the bonds
between the molecules break and the molecules can

move freely. 1In this form, water is a .

— e e = me mm we am e

As water is heated, the thermal energy of the molecule
is increased. One effect of this energy increase is
the increased speed of the molecules, an effect that

is observed as a temperature .

All of the molecules of a substance do not have the
same speed. Actually, the temperature of a body is

a measure of the average speed of its molecules.

- e e e e e e me e

lower

solid

liquid

increase
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As the molecular speed increases, the average distance
between molecules increases; and we say that the

liquid has expanded.

The thermal expansion of a body can be explained if
we accept the theory that when a body is heated,

the average of its molecules increases

and they collide with each other more often which

forces them farther apart.

As water is heated, some of its molecules achieve speed
speeds great enough to allow them to break through
the surface and leave the liquid.

Water molecules with speeds great enough to allow
them to leave the liquid become lost from the liquid
and form water vapor, in other words, a gas.

Evaporation is the loss of liquid when faster

mclecules, because of their greater ’

leave the liquid.

When water absorbs enough heat to give large numbers speed
of molecules enough speed to break through the

surface, the water boils.

When water is hot enough to boil, the molecules have
enough thermal energy to remain in the form that we

call water vapor, which is a
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These few examples illustrate that the amount of
thermal energy contained in a body determines
whether that body has the form called solid, liquid,

or gas, and that the average speed of the molecules

is a measure of the amount of thermal energy contained

in that body.

We might now define a heat source as anything which
can act upon a body to cause the average speed of the

molecules of that boedy to be .

For example, if the sun shines into your car on a

cold winter day, the radiant energy from the sun
strikes the interior of the car and causes the mole~
cules to increase their speed. Thus, the

of the interior of the car is increased.

R T T P,

Radiant energy from the sun is a

source,

Hot coffee added to half a cup of lukewarm coffee
causes the average speed of the molecules of lukewarm
coffee to be increased. In this case, the

is a heat source.

— o s AR e e e e

When atoms of 235U fission, the fission fragments are
repelled at great speed. When these fission-fragment
atoms strike other atoms, they increase the speeds of
the atoms that they collide with, thus raising the
average speed of all of the atoms. Fissioning 235U,

therefore, is a source.

gas

increased

temperature

heat

hot coffee
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In the same way that radiant energy from the sun
strikes objects and causes them to be heated, gamma
radiation from either fissioning 23°U or from
radiative decay causes increased molecular motion
whenever it interacts with matter. Thus, we have

the term ''gamma heating'.

Gamma radiation is a of heat.

Gamma heating is the increased molecular motion in
a substance resulting from collisiouns of

rays with atoms or molecules of that substance.

Heat Conduction

32.

33.

By our definition, anything is a heat source which
causes the average molecular speed of a body to be

We used the example of pouring hot coffee into
lukewarn coffee to raise its average molecular
speed, which we observed as an increase in tempera-
ture. The hot coffee mclecules transferred

energy to the cooler coffee mole~

cules.

The heat exchange was effected when the hor coffee
molecules collided with the cooler coffee molecules.
The transfer of heat by molecular collisions is

called heat conducticn.

heat

source

gamma

increased

heat or
thermal
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If a cook leaves a metal spoon in a container of
boiling soup, in a few minutes the handle of the

spoon is too hot to touch.

The high-speed soup molecules collide with the metal
molecules of the bowl of the spoon and cause them
to speed up. The heat is transferred from the soup

to the bowl of the spoon by .

The faster moving molecules in the bowl of the spoon
collide with the nearby molecules in the handle

causing the heat to be gradually

to the molecules of the handle.

In a few minutes the handle of the spoon could become

too hot to touch because heat is moved by

from the soup to the bowl of the spcon and from the

bowl of the spoon to the handle of the spoon.

The ability of & substance to conduct heat seems to

depend, in part, on its molecular structure.

- am em m me wm e e e

Normally, the ability to conduct heat is highest
for sclids and lowest for gases, with liquids

somewhere between.

> e am e e we me e e

Most gases are good insulators (poor conductors),
while many solids, especially metals, are

conductors.

conduction

transferred

conduction
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However, even among the solids there is a wide range
in ability to conduct heat. Metals are good conduc-
tors, and many nonmetals such as wood, plastics,

ceramics, and glass are poor conductors.

Wooden handles are placed on many cooking utensils

because wood is a conductor of heat.

Most gases, including air, are gecod insulators. If

a substance is a good insulator, it is a poor

Woolen clothes are good for winter wear because
woolen cloth traps air in the weave. The entrapped

air acts as a layer of so that body

heat is not easily away.

Heat is produced in the fuel of a reactor when the
fuel atoms fission. In order to avoid a hazardous
heat buildup, the fuel element is designed with a
metallic cladding not only to protect the fuel but
also to transfer the heat through the cladding and
into the coolant. This heat transfer into the

coolant is by .

— v wm e wm e e e e

Heat Transfer by Convection

46.

Another important method of heat transfer is convec~

tion, of which there are two kinds, natural convection

and forced convection.

good

poor

conductor

insulation,
conducted or
transferred

conduction
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Convection is the transfer of heat by a moving

substance which absorbs heat from a source and then

moves away carrying the heat with it.

- e o oma A e e e e

Natural convection is convection that is caused

by the natural motion of a liquid or a gas when it

is heated.

To illustrate, when you strike a match, it burns
steadily with mest of the flame moving up from the
matchstick., The flame heats the air, the air
expands, becomes lighter, and floats up through

the cooler air around it.

The heated air moves up because that is the

motion for a material which is lighter

than its surroundings.

Many homes are heated, as shown in Fig. 2.2, by this natural

method of heat transfer which we call

e mm s e s e oae aw o

T

Hot
Air

S
e—pn
.

Radiator>» A

\*M_____H,. Cool Air ———m

Fig. 2.2. Room Heating by Natural Convection Currents
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Most hot water heaters have the heat source near natural
convection

the bottom of the tank. The water near the bottom

is heated and becomes lighter (less dense). The

warmer, less » water floats to the top

of the tank; and the cooler, more dense water moves

down to become heated,.

The convection of the water upward dense

and the water downward forms a current

called a current.

The movement of smoke and heated air up a chimney warm,

i cool

is heat transfer caused by . >
convection

Fuel elements in pool~type reactors have water—-filled natural

, convectio

coolant channels between the fuel plates. This © ction

water is heated by conduction because it is in contact

with the fuel plates. The heated water rises and

carries the heat up and into the pool surrounding the

core.

In the above case, the fuel elements are cooled by

convection.
Forced convection is used to transfer heat when natural

natural convection might move the heat in the wrong

direction or might not move the heat fast enough.
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When a liquid or gas is forced, by use of pumps or
blowers, to carry heat away from a source, the

transfer method ig called .

If hot air is blown into a room through vents near forced

£ 9 i convecti
the ceiling and cool air is removed through vents " ton

near the floor, the room is heated by

convection currents.

_— s wa rm aw me me e ae

The convection currents in the room mentioned in forced
Frame 59 (do, do not) move heat in the same direc-
tion as natural convection currents would.

The operation of an attic fan produces (forced, do not
natural) convection currents which are in the
(same, opposite) direction as natural convection

currents.

When the amount of thermal energy produced by a forced,
reactor is low, as at the PCA, the cooling produced same

by natural convection is often sufficient.

At higher power levels (above 300 kw at the ORR),
heat production is great enough that natural con-

vection will not remove the heat fast enough.

In reactors such as the ORR and the HFIR, operation
at high power levels is dependent on heat

by forced convection,

. me e me me v e e e
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Although we have discussed conduction, natural

convection, and forced convection separately, most

heat transfer systems use combinations of conduc-

tion and both natural and forced convection.

1f, for example, a room is heated by steam radiators,

the steam usually moves from the boiler to the

radiator because it is under pressure. This would

be

convection.

The hot steam molecules come in contact with the

cooler radiator molecules and transfer their heat

to the radiator by .

The hot metal of the radiator is in contact with

cooler molecules of air. The air is heated by

contact with the radiator and this, too, is heat

by conduction.

As the air is heated, it becomes less dense and

floats up, being displaced by cooler air which in

turn is heated and moves up. The currents formed

in the room, which eventually heat the whole room,

are

convection currents.

transfer or
removal

forced

conduction

transfer
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70. Most reactors require a coolant system in two parts. natural
The primary system uses pumps to circulate the
coolant through the reactor core and through heat
exchangers which transfer the heat to a secondary
system, an open system, where a cooling tower is
used to transfer the heat to the air in which it
is disgipated. A simple diagram of such a system

is shown in Fig. 2.3.

Primary to Secondary
Heat Exchanger

A

Y > T
\DPU ‘ | i]*HIH
;;2:::1 | |

Reactor ‘ Secondary Coohikg ‘
Core : System l' ower | 1

|
R ,"l'
Pump Pump -::jjif:::f‘"“

Fig. 2.3. Diagram of a Coolant System in Two Parts

P e

71. Here, tco, all heat transfer methods are used. Heat

produced by fissioning fuel atoms is tramnsferred to

the coolant by because fission

fragments heat the fuel, the fuel heats the cladding,
and the cladding heats the coolant molecules which

it touches.
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72. The coolant is pumped through the core, cooling it conduction

by convection.
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In the primary-to-secondary heat exchanger, the
transfer is by conduction because of molecular
contact, through the metal piping of the systems,
of the hot primary coolant molecules with the

cooler secondary coolant .

In the heat exchanger, the molecules of the primary

coolant (lose, gain) heat and the molecules of the

secondary coolant (lose, gain) heat.

The pumps of the secondary system force the hot
coolant to the top of a cooling tower where it is

allowed to fall through rising currents of air.

In the cooling tower, the water~-to-—air heat transfer

is from molecules of water to molecules of air. This

is transfer by .

In the cooling tower, the natural upward-rising
currents caused by the heated air would not be
enough to carry away the heat in the secondary
system; so, large fans are used to move the air

through the cooling tower.

S0 again, when it 1is necessary to move large amounts

of heat quickly, convection is a

necessary part of the transfer system.

forced

molecules

lose,
gain

conduction
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Self Test

79.

80.

81.

82.

83.

84.

Matter is found in one of three forms, a gas, a

, O a . (If you made

an incorrect response, repeat Frame 4.)

L . T

Molecules of matter in gaseous form are moving at
(high, low) speeds. (If you made an incorrect
response, repeat Frames 6-7.)

Molecules are closer together in liquids or selids.

than in . (If you made an incorrect

response, repeat Frame 8.)

e e e e e e e e

When a substance is heated, the thermal energy of
its molecules increases. The effect of this thermal

energy increase is observed as a

increase. (If you made an incorrect response, repeat

Frame 13.)

When the faster molecules of a liquid are able to
break through the surface of the liquid and get
completely away, we call the effect loss of liquid

by . (If you made an incorrect

response, repeat Frames 18-19.)

P

The average speed of the molecules of a body is a

measure of the energy contained in

that body. (If you made an incorrect response,

repeat Frames 22-23.)

forced

liquid,
solid

high

gases

temperature

evaporation
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Anything that can act upon a body to cause an
increase in the average speed of the molecules
of that body can be called a _ source.

(If you made an incorrect response, repeat Frame 23,)

When fragments from fissioning atoms of 23°U strike
other atoms, the collisions increase the average
speed of all of the atoms. Therefore, fissioning

235y is a source of . (If you made an

incorrect response, repeat Frames 26-30.)

The transfer of heat by molecular collisions is

called . (If you made an incorrect

response, repeat Frame 33.)

Usually, gases are (better, poorer) conductors of
heat than solids. (If you made an incorrect

response, repeat Frame 39.)

Among solids, metals are usually the (better, poorer)
conductors. (If you made an incorrect respounse,

repeat Frame 41.)

A substance which is a very poor conductor of heat
energy is called an . (If you made an

incorrect response, repeat Frames 40-43.)

thermal

heat

heat

conduction

poorer

better
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1f a substance absorbs heat from a source and then
moves away from the source with the heat, the heat

is transferred by . (If you made an

incorrect response, repeat Frames 46-47.)

If the carrier of the thermal energy is forced to
move, as with a pump or blower, the heat-transfer

is convection. (If you made an

incorrect response, repeat Frames 57-58.)

- mm e e aw e mm omm e

Smoke and heat from a campfire are carried upward
by the natural motion of the air that is heated,

This form of heat transfer is called

. (If you made an incorrect

response, repeat Frames 48-50.)

e T

Cooling a house with an attic fan is

convection cooling. (If you made an incorrect

response, repeat Frame 61.)

In reactors such as the ORR and the HFIR, operation
at high power levels 1s dependent on heat transfer

by . (If you made an

incorrect response, repeat Frame 64.)

Most heating or cooling systems make use of (only one,
one or two, all) heat-transfer methods. (If you made

an incorrect response, repeat Frame 65.)

-— e am mem mm em e omm e

ingsulator

convection

forced

natural
convection

forced

forced
convection
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Heat transfer in a water—-to-water heat exchanger is all

by . (If you made an incorrect response,

repeat Frame 73.)

When it is necessary to move large amounts of heat conduction

quickly, convection is a necessary

part of the transfer system. (If you made an

incorrect response, repeat Frame 78.)

forced
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SECTION IV-3
FLUID MECHANICS
Fluids, which may be described as those substances which flow, are
used in many ways in the control and operation of nuclear reactors. In
this section we shall study the laws and principles which describe the

actions of fluids under both static and dynamic conditions.

3.1, Hydraulic and Pneumatic Pressure

1. When a liquid exerts pressure, we call it a hydraulic
pressure. The word hydro is a Greek word meaning
water. However, the term hydraulic pressure has been

used to indicate the pressure exerted by any liquid.

- e e we e ame ae aar

2. The word pressure refers to a force being exerted on
an area of unit size such as one square foot or one

square inch.

- e e s mm e e

3. We usually measure pressure in pounds per square foot
(1b/ft2 or psf) or pounds per square inch (1b/in.? or
psi).

4., When pressure is exerted on a confined liquid, the
pressure is transmitted by the liquid to all of the

walls of the container, as shown in Fig. 3.1,

- e e we am wm Am ame e
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Pressure
15 psi

1 in.?

Area

~ __Movable

— Piston
0il
.é..“_
0il
(.—.

Fig. 3.1. Pressure Transfer by Use of a Liquid

The pressure exerted on the walls in the small cylinder
of Fig. 3.1 is the same as that on the small piston,
psi.

The pressure exerted on the walls of the large cylinder 15

of Fig. 3.1 is .

The total force exerted on a surface is the pressure 15 psi
multiplied by the area, F = PA. So, if the area of

the large piston is 20 in.?

and the pressure is
15 1b per each square inch, the total force exerted

by the oil on the piston is 20 in.2 x 15 1b/in.2

The hydraulic jack utilizes this principle in a 300 1b
manner similar to that illustrated by Fig. 3.1. A
15-1b "push' on the smaller piston will 1lift a

300-1b weight sitting on the larger piston.
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Since the pressure on the small piston of the jack

is transmitted to the large piston by the oil, the

jack is called a jack.

— e mm wm ew  mm ww mn .

Auto lifts (used in service stations to raise
automebiles so that they can be serviced more
easily) utilize the pressure exerted by cil on a

main piston; they are called lifts.

Probably the best known example of a hydraulic system
is the braking system used on most automobiles. The
pressure exerted on the brake pedal is transmitted,
by way of the brake fluid (a liquid), to the pistons
which force the fiber surfaces of the brake shoes

against the rotating drums of the wheels.

The friction of the brake shoes against the brake
drums causes the automobile to slow dewn. The
system is called a hydraulic system because the

pressure—-transfer medium is .

When a gas exerts pressure, we call it a pneumatic
pressure.

- em o= aw Am e e omm e

When drills, hammers, wrenches, motors, and other
tools are operated by air pressure, we call them

tools.

— e e aee e e e am e

hydraulic

hydraulic

a liquid
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Many process instruments which measure pressures,
flow rates, etc., use pneumatic lines to transmit

the information to remote stations.

Since the tires of automobiles, trucks, buses, and
other vehicles are filled with air, they are called

tires.

If you should measure the area in contact with the
ground of each of your auto tires, you would probably
find that each tire touches the ground in an area of

about 32 in.? (roughly 4 in. x 8 in.).

If the air pressure in each tire is 30 1b/in. , the

force exerted by each tire on the ground is

30 1b/in.2 x 32 in.?2 = 1b.

Since each of the four tires exerts a force of 960 1b
against the ground, the weight of the car, in this

case, is 4 times 960 1b or 1b.

The weight of an automobile is exactly equal to the

exerted by the tires on the ground.

The force exerted by the tires on the ground,
according to the equation F = PA, is the product of

the air in the tires and the

of the tires in contact with the ground.

pneumatic

pneumatic

960

3840

force



Pressures and forces can be either static or dynamic.

The word static means that the material is not moving,

Water is a fluid, and a bucket of water sitting on

the floor is water in a , condition.
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The word dynamic usually has to do with things in

motion. Water flowing through a pipe is water in

The condition of the air in the tires of a parked

The condition of the air in a hurricane is described

In oxrder to see how pressures and forces in the

static condition are related, let us build a

- e e mm e e e e e

3.2, Static Pressure and Force
22,

it is at rest.
23.
24,

a condition.
25.

automobile is .
26,

as .
27.

swimming pool in your backyard.
28.

We will build the pool 50 ft long, 30 ft wide, and
an average of 4 ft deep. When we £ill the pool, the
force on the bottom of the pool will be the weight

of the water.

- = e mm e e e e

pressure,
area

static

dynamic

static

dynamic
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In this case, the concrete bottom 