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PREFACE  (PLEASE READ) 

Distribution and Usage 
The intention of the author is to provide in a book, free of cost, his explanations and 
solutions to a collection of physics problems.  It is expressly stated that this book is 
not to be sold; it may be freely distributed and replicated for educational purposes.  
It is made available in PDF format. 
 
Structure 
This book consists of a General Overview, a detailed Table of Contents, and solved 
physics problems.  Section 1, “The Universal Power of One”, is fundamental to 
problem solving and should be read and understood before reading the remainder of 
the book.  Useful explanatory information can be at the beginning of some sections 
or contained in individual problem solutions. 
 
Safety 
The concepts presented can be used to build devices of many kinds.  I hope this will 
help young people to invent and produce things that will benefit humanity in the 
future. 
 
If you do not possess the technical expertise, personal capability, or skills required to 
use the information in this book safely, always seek professional help from qualified 
persons, i.e., teachers, engineers, or other qualified persons before attempting to 
build something using the information presented.  When in doubt, ask qualified 
persons! 
 
This should help the reader to complete any work desired without causing harm to 
him or herself or others, or causing damages or losses of any kind.  Develop a 
safety-conscious attitude and maintain it when working with the information 
presented in this book. 
 
Liability Statement 
This book has been prepared with care to ensure the information provided is correct.  
However, nothing is perfect. 
 
The author is not responsible for injuries, losses, or damages of any kind caused by 
the use or misuse of, or any errors in, or additions to or omissions from, the contents 
of this book.  The reader uses the information provided in this book at his or her own 
risk. 
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14.2 A BROKEN PIECE OF IRON OR STEEL CAN BE MADE SOLID AGAIN BY “WELDING”.  THE TWO BROKEN 
ENDS ARE HEATED WHITE HOT AND THEN POUNDED TOGETHER, OR ARE MELTED BY A GAS FLAME OR AN 
ELECTRIC ARC.  GOLD FOIL IS WELDED TOGETHER COLD IN THE PROCESS OF FILLING A TOOTH.  EXPLAIN 
WHAT “WELDING” IS.................................................................................................................. - 117 - 

14.3 A PIECE OF BROKEN WOOD CAN BE REPAIRED WITH GLUE.  WHAT DOES THE GLUE DO?............ - 117 - 



 - 13 -
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16.4 A HORSE PULLS A METRIC TON OF COAL TO THE TOP OF A HILL 30 METERS HIGH.  EXPRESS THE WORK 
ACCOMPLISHED IN NEWTON-METERS. ......................................................................................... - 121 - 
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18.3 IF YOU KNEW YOUR OWN WEIGHT, HOW COULD YOU DETERMINE THE WEIGHT OF A COMPANION?- 127 - 

18.4 HOW WOULD YOU USE A CROWBAR AS A TYPE 1 LEVER TO TURN A HEAVY OBJECT OVER?  HOW 
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18.5 WHY DO SHEET METAL SHEARS HAVE LONG HANDLES AND SHORT BLADES? ........................... - 128 - 
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THE BALL IS 4 LB.? ................................................................................................................... - 132 - 
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5000 POUNDS? ........................................................................................................................ - 133 - 
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NEWTON AT R? ........................................................................................................................ - 136 - 
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OF ONE TON ON THE PLATFORM?................................................................................................ - 137 - 
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FALL? WHAT HORSEPOWER?..................................................................................................... - 144 - 
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ITS SPEED IS DOUBLED? ............................................................................................................ - 146 - 
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TO THIS CONCLUSION. ............................................................................................................... - 148 - 
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SPHERICAL BULB? .................................................................................................................... - 149 - 
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1. THE UNIVERSAL POWER OF 1 

 
Let’s start at the beginning. 
 
What is one? 
One is 1. 
 
What do we know about 1? 
 
*Anything divided by itself is 1. 

( 1
3
3
  ;  1

4/1
4/1
 ;  1

_
_


nameyour
nameyour ; 1

ft
ft ; 1

cm
cm  ). 

*Anything divided by its equal is 1. 
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How can 1 be used? 
 
*Anything multiplied by 1 remains itself. 

(3 X
4/1
4/1 = 3; 5 X 

ft
in

1
12  = 5; 16 X 

nameyour
nameyour

_
_  = 16; ..........). 

 
*Anything divided by 1 remains itself. 

(3 /
4/1
4/1  = 3; 5 / 

ft
in

1
12  = 5; 16 / 

nameyour
nameyour

_
_  = 16; ...........). 

 
Up to here, things seem to be fairly simple.  Are they really?  No, they aren’t.  In fact, 
up to here the most difficult things in human thinking have been discussed. 
 
This is where we make mistakes.  Be certain that you understand and are 
comfortable with what has been said.  One (1) is a very powerful concept that 
permeates all of existence, and is a certain way to determine the truth about things 
you are interested in from what you already know to be true. 
 
Now, let’s use 1 to compare things. 
 
We measure things (5 inches, 115 meters, 150 grams, 36 pounds, 17 Liters, 19 
Quarts, 15 lb/in2, 76 meters/s2) and compare measures of the same kind (meaning  
measures of length; measures of volume; measures of area; measures of pressure, 
velocity, acceleration .........). 
 
If we measure something and want to know what the quantity being measured is 
equal to in another measure of the same kind, we simply multiply the quantity we 
know by 1! 
How do we do that? 
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Suppose we know something to be 5 inches long and want to know how long it is in 
centimeters. 
 
*2.54 centimeters are equal to one inch.  Anything divided by its equal is 1. 
 

in
cm

1
54.2  = 1. 

It is also true that 
cm

in
54.2
1  = 1, because anything divided by its equal is 1. 

 
Both of these fractions are called conversion factors, because we can use them to 
convert (to change) centimeters into inches, or to change inches into centimeters. 
 
Let’s use these two conversion factors to find out how many centimeters are in 5 
inches. 

We could multiply 5 inches by 1 (in the form of
in

cm
1
54.2 ) to determine how many 

centimeters are in 5 inches. 
 

1
5in  x 

in
cm

1
54.2  = 12.7 cm.  5 inches = 12.7 cm. 

This makes sense to us. All we did was to multiply 5 inches by 1 (in the form of the 

conversion factor
in

cm
1
54.2 ), and we found out how many centimeters are contained in 

5 inches! 
 

Now, let’s multiply 5 inches by 1 using the other conversion factor
cm

in
54.2
1 . 

 
We already know that the answer will be equal to 5 inches and will be true, because 
we are only multiplying 5inches  by 1, which equals 5 inches.  This is true because 
anything multiplied by 1 remains itself. The answer will look different than 5 
inches, but it will be exactly equal to 5 inches. 
 

1
5in  x 

cm
in

54.2
1  =

cm
in

54.2
5 2

. 

 

So, 5 inches =
cm

in
54.2
5 2

. 

 
This is a true statement, but it doesn’t make sense to us! 
 
This causes most people not to understand and to be afraid of math and 
natural sciences, namely, receiving answers that don’t make sense. 
 
The slightest insight can change that!   We ask ourselves a question. 
Which form of 1 (which conversion factor) do we use to find what we want to know 
from what we already know, so that the answer makes sense to us? 
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Conversion Factors 
 
When we know an amount of What We Want To Know that is equal to an amount of 
What We Know, we can make two conversion factors. 

For example, 
in

cm
1
54.2  and

cm
in

54.2
1  are both conversion factors we can make from one 

thing that we know to be true, namely, that 2.54cm are equal to 1 inch. 
 
 Remember these two underlined things: 
 
First, we notice that when we use conversion factors, if What We Know is in the 
numerator (top) of our fraction, What We Know must be in the denominator 
(bottom) of our conversion factor. 

1
WhatWeKnow X the conversion factor

WhatWeKnow
ToKnowWhatWeWant =

1
ToKnowWhatWeWant . 

 
Second, we notice that if What We Know is in the denominator (bottom) of our 
fraction, What We Know must be in the numerator (top) of our conversion 
factor.  

WhatWeKnow
1 X the conversion factor

ToKnowWhatWeWant
WhatWeKnow  =

ToKnowWhatWeWant
1 . 

 

Example: We want to change the pressure we know, 2

5
in

lb , into 2cm
lb .  We must change 

square inches into square centimeters. 
 
1in = 2.54cm. 
 
1in x 1in = 2.54cm x 2.54cm.  The order in which we multiply doesn’t make any 
difference, the answer is still the same.  Let’s change the order here. 
1 x 1 x in x in = 2.54 x 2.54 x cm x cm.  in x in = in².  cm x cm = cm². 
 
1in2 = 6.45cm2. 
 
We now know that 1in2 = 6.45cm2.  
 

We can form two conversion factors: 
²45.6

²1
cm

in   and
²1

²45.6
in

cm , both equal to 1. 

 

We know a pressure, 2

5
in

lb .  We want to know this pressure in 2cm
lb .  We want to 

change (to convert) in2 into cm2. 
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Square inches are in the denominator (bottom) of the fraction we know, 2

5
in

lb . 

 
We therefore need the conversion factor where in2 is in the numerator (top) of the 

conversion factor we are going to use.  We need the conversion factor
²45.6

²1
cm

in . 

We multiply the pressure we know by this conversion factor: 
 

.
²

775.01
²

775.0
²
²

²45.6
5

²²
²

45.6
15

²45.6
²1

²1
5

²
5

cm
lb

cm
lb

in
in

cm
lb

cmin
inlb

cm
in

in
lb

in
lb









 

 
Notice that in physics we calculate with units (the names of the things we measure) 
exactly as we do with numbers. 
In the above calculation we separated the units to place equal units above and below 
another (here it was in²).  Anything divided by itself is 1 (in²/in²=1).  Anything 
multiplied by 1 remains itself (lb/cm² x 1 = lb/cm²). 
 
The pressure 5 pounds per square inch is equal to the pressure 0.775 pounds per 
square centimeter! 
 
Now, let’s use the power of 1 to find something else out from things we know. 
 
How many inches are equal to 73 meters? 
We start with what we know, 73 Meters.  What we want to know is inches. 
 
Suppose we do not know how many inches are in a meter, but: 
 
We know that 1 inch is equal to 2.54 centimeters, and 
we also know that 1 meter is equal to 100 centimeters. 
 
We can make four conversion factors from what we know: 

m
cm

1
100            

cm
m

100
1              

cm
in

54.2
1                 

in
cm

1
54.2  

 
Each of them is equal to 1, because their numerators and denominators are equal, 
and anything divided by its equal is 1. 
 
We will change meters into centimeters, and then, knowing centimeters, we will 
change the centimeters into inches. 
 
In a first step, we can use one of the conversion factors to change 73 meters into 
centimeters. 
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We know 73meters, which is the fraction
1

73m .  Anything divided by 1 remains 

itself.  Meters are in the numerator (top) of the fraction we know. 

Meters must therefore be in the denominator (bottom) of the conversion factor we are 
going to use.  We want to know centimeters. 
 

The conversion factor we need is
WhatWeKnow

ToKnowWhatWeWant =
m
cm . 

We need the conversion factor
m
cm

1
100 . Remember, we calculate with the units exactly 

like we calculate with numbers. 
 

.730017300
1

1
1

7300
111

10073
1

100
1

73 cmcmcmcm
m
m

m
cmm





  We now know 

that in 73 meters there are 7,300cm. 
 
In a second step, we can use another conversion factor to change the 7,300 
centimeters we now know into inches. 
 
We now know centimeters and want to know inches. 
 

We know 7300cm, which is the fraction
1

7300cm .  Anything divided by 1 remains 

itself.  Centimeters are in the numerator (the top) of the fraction we know. 

Centimeters must therefore be in the denominator (the bottom) of the conversion 
factor we are going to use.  We want to know inches. 
 

The conversion factor we need is
cm
in . 

We need the conversion factor
cm

in
54.2
1 . 

 

.874,21874,2
154.21

17300
54.2
1

1
7300

1
73007300 ininin

cm
cm

cm
incmcmcm 




  

 
We now know that 73 Meters are equal to 2,874 inches. 
 
We could combine the first and second steps we just took into a simple single 
step to find out how many inches are in 73 meters, as follows: 
First, we convert the meters into centimeters and immediately afterward we convert 
the centimeters into inches, using the two conversion factors we correctly selected. 

ininin
m
m

cm
cm

cm
in

m
cmm 874,211

54.2
7300

154.211
10073

54.2
1

1
100

1
73





 . 
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This was not difficult for us, because we know we have only multiplied 73 meters by 
1, two times, which doesn’t change its value at all. 73 meters are equal to 2,874 
inches! 
 
This is the way we will solve our problems.  Are you beginning to feel the power of 1?  
 
*Now we can start learning many things more easily from what we know, and 
we can do that our whole life long. 
 
Let’s start with measurements. 
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2. MEASUREMENTS 

2.1 The 200-Meter run at the Olympic Games corresponds to the 220-yard run in 
America.  Which is longer, and how much? 

A meter is equal to 39.37 inches.  A yard is equal to 36 inches. 

200 meters are .787417874
111

37.39200
1
37.39

1
200 ininin

m
m

m
inm





  

220 yards are .792017920
111

36220
1
36

1
220 ininin

yd
yd

yd
inyd





  

The 220-yard run is 7920 – 7874 = 46 inches longer than the 200-meter run. 

2.2 A French cannon has a diameter of 75 millimeters.  What is this diameter in 
inches? 

10 millimeters are equal to one centimeter.  2.54 centimeters are equal to one inch. 
75 millimeters are: 

.95.2
1

11
54.2

75
154.2101

1175
54.2
1

10
1

1
75 ininin

cm
cm

mm
mm

cm
in

mm
cmmm





  

2.3 A train traveled form New York to Chicago (967 miles) in 20 hours.  Find its 
average speed in miles per hour. 

Per means divided by. Per also means “for each”, or “for every”.  We want to find 
miles per hour, which, mathematically, means dividing miles by hours.  The average 

speed of the train was 
h

miles
h

miles 35.48
20

967
 . 

2.4 Try to name as many advantages of the metric system over the English system 
as you can. 

All calculations in the metric system are based on groupings of 10, i.e. (10, 100, 
1000, etc.) or fractions of ten, i.e. (1/10, 1/100, 1/1000, etc.).  This is not true in the 
English system in which the relationship between two measurements of the same 
kind must be known (memorized) for each quantity being considered (16 oz. = 1 lb., 
5280 ft = 1 mile, 1728 cubic inches = 1 cubic foot, etc.). 
*Can you think of any disadvantages of using the metric system? 

2.5 What must you do to find the capacity in liters of a box when its length, breadth 
and depth are given in meters? 

A liter is equal to 1000 cm3 ( 31000
1

cm
L ). A meter is equal to 100 centimeters (

cm
m

100
1 ). 

Measure the box in centimeters. Length x Breadth x Width = the volume of the box in 

cm 3.  Multiply this answer by 31000
1

cm
L  to find the volume of the box in liters.  

Example: 
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L000,15
1000cm³

1Lcm³ 15,000,000  cm 500 x cm 300 x 100cm  . 

2.6 Find the number of millimeters in 6 kilometers. 

mm
cm
mm

m
cm

km
mkm 000,000,6

1
10

1
100

1
1000

1
6

 . 

2.7 The first non-stop transatlantic flight from Newfoundland to Ireland, 1890 miles, 
lasted 15 hours and 57 minutes.  How many miles per hour did the plane fly?  

First we find out how many hours 57 minutes are. 

hh 95.0
min60

1
1
min57

 .  The total time of the flight, then, was 15.95 hours. 

The average speed in miles per hour is miles divided by hours (
hours
miles ). 

h
miles

h
miles 496.118
95.15

1890
 . 

How many kilometers per hour did the plane fly? 

One kilometer is equal to 0.62 miles.  
h

km
mile

km
hour

miles 120.191
62.0
1495.118

 . 

2.8 Find the capacity of a box in liters that is 0.5 meters long, 20 cm wide, and 100 
mm deep. 

Length of box is cm
m
cmm 50100

1
5.0

 . 

Width of box is 20 cm. 

Depth of box is cm
mm
cmmm 10

10
1

1
100

 . 

The volume of the box is 

L10
1000cm³

1Lcm³ 10000 cm x cm x cm 10 x 20 x 50  10cm x 20cm x 50cm  . 
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3. DENSITY AND SPECIFIC GRAVITY 

Density is the mass (amount of material) contained in a volume (a space).  It is 

measured in 3cm
gram . 

*Water has a density of 31
1

cm
gram . 

*Specific Gravity tells us how dense a material is compared to water. 
*The density of water in the English system is 62.3 pounds per cubic foot, 

31
3.62

ft
lb . 

3.1 A liter of milk weighs 1032 grams.  What is its density? 

1 liter is equal to 1000 cm3. 
The density of the milk is its mass divided by its volume. 

³
032.1

³1
032.1

³1000
1032

cm
gm

cm
gm

cm
gm

 . 

What is the specific gravity of the milk? 
Specific gravity compares the density of a body with the density of water. 

The density of water is 1 3cm
gram . 

The specific gravity of the milk is its density, 3032.1
cm
gram divided by the density of 

water, 1 3cm
gram .  The answer is 1.032.  The specific gravity of the milk is 1.032. 

This milk is 1.032 times denser than water. 
*Specific Gravity tells us how dense a material is compared to water. 
*The density of water in the English system is 62.3 pounds per cubic foot, 

31
3.62

ft
lb . 

3.2 A ball of yarn was squeezed into ¼ of its original size.  What effect did this 
produce upon its mass, its volume, and its density? 

The mass of the yarn (how much yarn was there) did not change. The volume 

changed to become 
4
1  of its original volume (

4
Volume ).  Its new density 

became
4/Volume

mass .  We can get rid of the 4 in the denominator by multiplying the 

denominator by 4, but if we do that we will also have to multiply the numerator by 4 to 

keep from changing the value of the fraction. This is a conversion factor (
4
4 ), so we 

won’t change the value of the density, because we are only multiplying it by 1. 
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When we do this, we find that density
volume
mass

volume
mass

 44
4
4

4

.  The density has 

increased to four times the original density. 

3.3 If a wooden beam is 30cm x 20cm x 500 cm. and has a mass of 150 kilograms, 
what is the density of the wood it is made of? 

The beam has a volume of cm³ 300000  cm. 500 x cm. 20 x cm. 30  . 

The beam has a weight of gm
kg

gmkgkg 000,150
1

1000
1

150150  . 

The beam has a density of
³

5.0
³2

1
³000,300

000,150
cm
gm

cm
gm

cm
gm

 . 

3.4 Would you try to carry home a block of gold equal to 8 liters in volume? 

Gold has a density of 33.19
cm
gram .   

volume
massDensity   , so .Volumedensitymass   

Eight liters have a volume of ³8000
1

³1000
1

88 cm
L
cmLL  . 

The weight of the gold is given by its density multiplied by its 

volume, gmcm
cm

gram 000,154
1

³80003.19
3  . 

kg
gm

kggm 154
1000

1
1

000,154
 . 

One kilogram is 2 metric pounds, so the gold would weigh 308 metric pounds.  One 

liter of gold would weigh 
8
1  of this, or about 39 metric pounds. 

3.5 What is the mass of a liter of alcohol? 

volume
massDensity   , so .Volumedensitymass   

The density of alcohol is 379.0
cm
gram . 

The volume of alcohol is ³1000
1

³1000
1

1 cm
L
cmL

 . 

The mass of the alcohol is therefore gmcm
cm

gram 790
1

³100079.0
3  . 

3.6 How many cubic centimeters are in a block of brass weighing 45.5 kilograms?  
How many liters?  How many quarts? 
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volume
massDensity  , so, .

density
massvolume   

The mass of the brass is gm
kg

gmkg 000,45
1

1000
1

45
 . 

The density of one kind of brass is 3

5.8
cm
gram . 

The volume of the brass is therefore 45000gm divided by 3

5.8
cm
gram = 

³5353
5.8

1
1

45000
³1

5.8
1

45000 3

cm
gm

cmgm
cm

gmgm
 . 

The volume of the brass in liters is L
cm
Lcm 353.5

1000
1

1
5353

3

3

 . 

*One liter is equal to 1.057 quarts.  A liter is only 5.7% greater than a quart. 

The volume of the brass in quarts is Quart
L
QuartL 658.5

1
057.1

1
353.5

 . 

3.7 What is the weight in metric tons of a cube of lead that is 2 meters long on a 
side? 

The volume of the cube is 200cm x 200cm x 200cm = 8,000,000 cm3. 

The density of lead is 31
3.11

cm
gm .  

volume
massDensity  , so, .densityvolumemass   

The mass of the lead is gm
cm

gmcm 000400,90
1

3.11
1

³000,000,8
3  . 

There are 1000gm in a kilogram.  kg
gm

kg 4.000,90
1000

1
1

gm90,000,400
 . 

There are 1000 kilograms in a metric ton.  metrict
kg

t 4,90
1000

1
1

90,000.4kg
 . 

*A metric ton is 1000 kg, or 2000 metric pounds. 
*A metric pound is 500 gm. 
*An American ton is 2000 American pounds. 
*A metric pound is 1.1 American pounds. 
*A metric ton is 2200 American pounds. 

3.8 Find the volume in liters of a block of platinum weighing 45.5 kilograms. 

volume
massDensity  , so, .

density
massvolume    

The mass of the platinum block in grams is gm
kg

gmkg 500,45
1

1000
1
5.45

 . 

*The density of platinum is 21.4 3cm
gm . 
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We know grams and want to know cm3. 

1
gm x 

gm
cm3

= cm3.  If the density of platinum is 31
4.21

cm
gm , then it is also true that one cm3 

of platinum weighs 21.4 grams. We can write this as
gm

cm
4.21

1 3

. 

The volume of the block of platinum is: 

.126.2
³1000

1
1

³126,2
4.21

1
1

500,45 3

L
cm

Lcm
gm

cmgm
  

*Two liters of platinum weigh about 214 pounds.  Two quarts of platinum weigh 
about 200 pounds. 

*Platinum is more dense than gold.  The density of gold is 19.3 3cm
gm . 

3.9 One kilogram of alcohol is poured into a cylindrical container, and fills it to a depth 
of 8 centimeters. Find the cross-sectional area of the cylinder. 

volume
massDensity   , so 

density
massvolume  .   The density of the alcohol is 31

79.0
cm

gm . 

The volume of the alcohol is 1000gm divided by its density 31
79.0
cm

gm . 

To divide by the density, which is a fraction, we invert the density (turn it upside 
down) and multiply. 

³8.1265
79.0

1
1

1000
³1

79.0
1

1000 3

cm
gm

cmgm
cm

gmgm
 . 

The volume of the cylinder is its area times its height, and is equal to 1265.8 cm3. 
Area times 8 cm = 1265.8 cm3, so the area is: 

²2.158
8

8.1265³8.12658
3

cm
cm

cmareacmcmarea  . 

*We can use the weight and density of liquids to find the characteristics of 
containers. 

3.10 Find the length of a lead rod 1 cm in diameter which weighs 1 kg. 

One kilogram is equal to 1000 grams. 

The lead rod has a mass of gm
kg

gmkg 1000
1

1000
1

1
 . 

Lead has a density of 3

3.11
cm

gm . 

volume
massDensity   , so 

density
massVolume  . 
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The volume of this lead rod is 1000gm divided by 3

3.11
cm

gm . We invert the density and 

multiply. 

³5.88
3.11

1
1

10003.11
1

1000 3

3 cm
gm

cmgm
cm

gmgm
 . 

The volume of the rod is its cross-sectional area multiplied by its length, and is equal 
to 88.5 cm3.  

The radius of the rod is 
2
1 cm, so its cross-sectional area is ²

4
1416.3² cmr  . 

The volume of the rod is 
therefore

in
cm

incm
cm

cm
area

volumelengtharealengthVolume 4.44
54.2
16.112

4
4

4
²1416.3

³5.88
 . 

Some interesting and important  information about the density of solids, liquids, and 
gasses follows. 

*Density depends on temperature. In general, warmer things have a lower 
density than when they are colder. This is not always true, however. 

For example, this is not true of water, which has its greatest density as a liquid 
at +4 degrees centigrade, just 4 degrees centigrade before it freezes when the 
temperature is lowered to under 0 degrees centigrade; when water is cooled 
below +4 degrees centigrade, it begins to expand and become less dense.  In 
the form of ice it is least dense. 

*If a solid object is less dense than a liquid, it will float, being partly submerged 
in that liquid. 

*If a solid object is denser than a liquid, it will sink below the surface of that 
liquid. 

*If a liquid is less dense than another liquid, and the two liquids do not mix with 
another (we say that the two liquids are immiscible) the less dense liquid will 
float on top of the other liquid.  Oil, for example, is less dense than water and 
will not mix well with water. Oil therefore floats on water. 

*gasses mixed at normal daily temperatures generally remain completely 
mixed.  Their thermal energies (the high speeds with which they collide with 
another) keep the gasses mixed. 

*Two gasses are mixed in a closed container. If one gas is less dense than the 
other gas, and the temperature is lowered so that the mixture becomes very 
cold, the less dense gas will rise in the more dense gas. 

*Two gasses are mixed in a closed container. At room temperature, the gasses 
are completely mixed. 
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One gas is denser than the other gas. If the temperature of the gasses is 
lowered so that the mixture becomes very cold, the denser gas will sink in the 
less dense gas. 

*If gasses are mixed in a closed container, and the container is cooled enough, 
the gasses in the container will no longer stay completely mixed, the heaviest 
gas going toward the bottom of the container and the lighter gasses rising 
above them in layers inside of the container, according to their respective 
densities. 

*When a volcano leaks gasses sideways instead of projecting them upward,  
gasses that are denser than air can come out of the side of the volcano and 
flow down the slopes of the volcano, pushing the air out of their way as they 
descend the slope.  This causes living animals and people in the area covered 
by these gasses to suffocate. Some of these gasses may otherwise be 
poisonous and endanger life. Chlorine, Fluorine, and Carbon Dioxide are all 
heavier than air. 

*When moist grain is stored in a silo, bacteria begins to ferment the grain, 
producing gasses that are denser than air, gasses like carbon dioxide and 
nitrogen oxide. 

 If a man goes under the silo at or near the base of the silo, he can enter an 
area where there is not sufficient oxygen for him to live and where the gasses 
he breathes-in can cause acids to form in his lungs as these gasses come into 
contact with the water in his lungs. 

These gasses cannot be seen, tasted, or smelled, so the man does not notice 
that he is in a life endangering situation.  Extra warning is necessary to protect 
him. 
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4. THE PRINCIPLE OF ARCHIMEDES 

If we carry a large stone from the ground into a river or the sea, we notice that the 
stone is easier to carry, once it has gone under the water. 
If we carry a heavy piece of wood from the ground into a river or the sea, we notice 
that we do not have to lift the wood any more once it has gone into the water and 
begins to float on the water. 
The stone when going below the water pushed the water out of its way.  The volume 
of water the stone pushed out of its way is equal to the volume of the stone.  If we 
measure how much easier it is to carry the stone under water, we find that the weight 
of the stone was reduced by exactly the weight of the volume of water that the stone 
pushed out of its way. 
* The man who first realized this was Archimedes. 
*We call the amount of water that was pushed out of its way the “amount of 
displaced water”. 
If we measure the weight of water displaced by the heavy piece of wood after the 
wood begins to float on the water, we find that the weight of the “amount of water 
displaced by the wood” is exactly equal to the weight of the heavy piece of wood. 
Water is heavy. 
*One cubic meter of water weighs 1000 kg. 
*One cubic foot of water weighs about 62.3 American pounds. 

4.1 Does the weight apparently lost by a submerged body depend upon its volume or 
its weight? 

Only upon its volume, because the apparent loss of weight is equal to the weight of 
the liquid displaced, which is caused only by the volume of the submerged body. 

4.2 A brick appeared to lose 1 lb. when it was submerged in a liquid 1 ft. deep; how 
much would it lose if suspended under the liquid 3 ft. deep? 

The brick would still appear to lose 1 lb., because the density of the liquid did not 
change; the apparent loss of weight is equal to the volume of the brick, cm3, 

multiplied by the density of the liquid 3cm
gm . 

gm
cm
gmcm

 31
3 . 

How deep the brick is in the liquid does not matter; It must only be somewhere 
completely beneath the surface of the liquid. 

4.3 Will a boat rise or sink deeper in the water as it passes from a river to the ocean? 

*The density of sea water (salt water) is about 3

026.1
cm

gm . 

*The density of river water (fresh water) is about 3

1
cm
gm . 
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The weight of the boat is equal to the density of the liquid it is floating in multiplied by 
the volume of the liquid the boat displaces. 
If the density of the liquid that the boat is floating in changes, the volume of liquid the 
boat displaces must change in the opposite direction, because the weight of the boat 
remains the same. 
If the density of the liquid goes up, the volume displaced by the boat must go down 
(when this happens, the boat is forced higher above the surface of the liquid). 
If the density of the liquid goes down, the volume displaced by the boat must go up 
(this happens when the boat lowers in the liquid). 
The boat rises as it passes from a river to the ocean.  The boat sinks deeper into the 
water as it passes from the ocean into a fresh water river. 
*When a ship goes from a river into the ocean, the density of the liquid it is 
floating in increases.  The volume of the new liquid displaced by the ship must 
therefore become less if the weight of the ship is to remain the same.  This 
means that the ship rises higher in the denser salt water (the water displaced 
by the ship becomes less) , and the higher density of the salt water multiplied 
by the reduced volume of salt water displaced by the ship remains equal to the 
weight of the ship. 

4.4 A fish lies perfectly still near the center of an aquarium.  What is the average 
density of the fish? 

The volume of the water displaced by the fish is equal to the volume of the fish. 
The fish does not move, so its weight must be exactly equal to the weight of water it 
displaces. 
The displaced water and the fish have the same volume. 
The displaced water and the fish have the same weight. 
Since density is equal to weight divided by volume, the displaced water and the fish 
have the same density. 
*A submarine lies perfectly still, submerged at the center of the ocean; what is 
its average density? 

4.5 Where do the larger numbers appear on hydrometers? 

Well, what is a hydrometer? 
A hydrometer is a measuring device that measures the density of liquids.  It floats 
upright in the liquid and has a stem that is oriented upward and is above the surface 
when it is floating in a liquid.  If a liquid is denser, the hydrometer rises in the liquid. If 
a liquid is less dense, the hydrometer falls in the liquid. 
The hydrometer is read by looking at the place on the stem where the surface level of 
the liquid it is floating in crosses its stem. 
For denser liquids (higher numbers), this level is lower on the stem. 
For less dense liquids (lower numbers), this level is higher on the stem. 
The higher numbers are therefore at the lower positions on the stem, and the lower 
numbers are at the higher positions on the stem. 
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Earlier, we learned what the specific gravity of a solid body is. 

*Specific Gravity of a Body =
bodythebydisplacedwaterofweight

bodytheofweight
______

___ . 

4.6 A 150 lbmetric man can just float.  What is his volume? 

Because the man is just floating, his body displaces a volume of water that is equal to 
his body weight. His body weight is 150 lb. 
Each metric pound is equal to 500 gm, so his body weight in grams is: 

gm
lb

gmlb 75000500
1

150
 . 

volume
massDensity   , so, 

density
massVolume  .  The volume of the water that the man 

displaces is the mass of the water displaced, 75000gm, divided by the density of 

water 31
1
cm
gm .  

Dividing by the density is the same as inverting the density and multiplying by the 
inverted density. 

³750000
1

³1
1

75000
1
175000 3 cm

gm
cmgm

cm
gmgm  . 

L
cm

L 75
³1000

1
1

cm 75000 3

 .  The volume of the man is equal to the volume of the 

water he is displacing, so the volume of the man is also 75 liters. 

4.7 Explain how you would find the specific gravity of an irregular solid that will sink in 
water. 

Weigh the solid in air and then weigh the solid in water.  The difference between 
these two weights is the apparent loss of weight of the solid body in water. 
The specific gravity of the solid body is then given by dividing the weight in air of the 

body by the apparent loss of weight of the body in water=
waterinweightofloss

airinweight
____

__  

4.8 Now we want to learn how to find the specific gravity of a liquid. 

We need to learn what the specific gravity of a liquid is. 

Specific Gravity of a Liquid =
waterinbodysametheofweightofloss

liquidtheinbodyaofweightofloss
________

________ . 

A body loses 25 gm in water, 23 gm in oil, and 20 gm in alcohol.  What is the specific 
gravity of the oil?  What is the specific gravity of the alcohol? 

The specific gravity of the oil is 92.0
25
23

____
____


waterinweightofloss

oilinweightofloss  

The oil is only 92% as heavy as the same volume of water. 
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The specific gravity of the alcohol is 8.0
25
20

____
____


waterinweightofloss

alcoholinweightofloss . 

The alcohol is only 80% as heavy as the same volume of water. 
*It is often difficult to find the loss of weight of a body in a liquid. 
*We could also weigh one liter of any liquid and find its weight in grams. 
One liter contains 1000 cubic centimeters. So, the density of the liquid is this weight 
divided by 1000 cm3 
*We could also weigh 50 cm3 of any liquid and find its weight in grams, and 
divide this weight by 50 cm3 to find the density of the liquid.  
*The specific gravity of any liquid is the pure number of its density. 

4.9 A platinum ball weighs 330 gm in air, 315 gm in water, and 303 gm in sulphuric 
acid.  Find the volume of the ball, and the specific gravity of the sulphuric acid.  Find 
the specific gravity of the platinum ball. 

The loss of weight of the platinum ball in water is 330 – 315 = 15 gm.  The volume of 
water that the ball displaced weighs 15 gm.  Because water weighs 1 gram for each 
cubic centimeter, the volume of water displaced was 15 cm3.  This is equal to the 
volume of the ball. 
The volume of the ball is 15 cm3. 
The specific gravity of the sulphuric acid is: 

8.1
15
27

____
_____


waterinweightofloss

acidsulphericinweightofloss  

The specific gravity of the platinum ball is 22
15
330

____
__


waterinweightofloss

airinweight . 

4.10 A piece of paraffin weighs 178 grams in air and a sinker weighs 30 grams in 
water.  Both together weigh 8 grams in water. Find the specific gravity of the paraffin. 

The sinker in water and the paraffin in air tied together weigh 30 + 178 = 208 grams. 
The sinker in water and the paraffin in water tied together weigh 8 grams.  The 
paraffin must be completely under water if a weight of eight grams can still be 
measured.  If the paraffin were floating, no weight could be measured. 
The difference in weight between these two weights is 208gm – 8gm = 200 gm. 
The volume of the paraffin alone displaced enough water to account for a weight 
difference of 200 gm., because the sinker was already under water and weighed 30 
grams. 
The weight of the displaced water is 200 gm. 
The volume of the displaced water is 200 cm3. 
The volume of the paraffin is 200 cm3. 

The density of the paraffin is 
³

89.0
200
178

___
__

cm
gm

scentimetrecubicinvolume
gminweight

 . 
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The specific gravity of the paraffin is 0.89. 

4.11 A cube of iron 10 cm on a side weighs 7,500 gm.  How much will it weigh if it is 
submerged in alcohol of density 0.82gm/cm³?  

The volume of the iron is ³1000101010 cmcmcmcm  .  The iron will displace 1000 
cm3 when it is submerged in the alcohol. 

The weight of the displaced alcohol is gm
cm

gmcm 82082.0
1

³1000
3  .  The displaced 

alcohol “lifts the iron” with a force of 820 gm. 
The weight of the iron in the alcohol is therefore gmgmgm 680,68207500  . 

4.12 What fraction of a block of wood will float above water if its specific gravity is 
0.5?  0.6?  0.9? 

At 0.5 the density of wood is only half that of water, which is 1. So, 1cm3 of the wood 
only weighs ½ gram and will displace only ½ cubic centimeter of water.  This means 
that only ½ cubic centimeter of wood will be below the surface of the water. The other 
½ cm3 of the wood will extend above the water. 
For a specific gravity of 0.5, 50% of the wood will be in the water and 50% above. 
For a specific gravity of 0.6, 60% of the wood will be in the water and 40% above. 
For a specific gravity of 0.9, 90% of the wood will be in the water and 10% above. 
* The specific gravity or the density of a body floating in water gives the 
percentage of the body that is below the surface of the water, the remainder 
being above the water. 

4.13 If a “rectangular iceberg” rises100 ft. above water, how far does it extend below 
the water (assume that the density of the ice is 0.9 that of sea water). 

The specific gravity of the floating ice is 0.9.  90% will be below the water and 10% 
will be above the water.  If 10% above the water is 100ft, then 900 ft must be the 
90% below the surface of the water. 
*About 90% of the ice in each iceberg is below the surface of the seawater.  We 
only see about 10% of it. 

4.14 A barge 30 ft x 15 ft sank 4 inches (1/3 ft) when an elephant was taken on 
board.  What was the elephant’s weight? 

The volume of the displaced water was waterftftftft ³150
3

1
1

15
1

30
 . 

cm
in

cm
ft
inftft 48.30

1
54.2

1
12

1
11  .  1ft3 is therefore equal to 28,316cm3. 

This is 28.316 liters of water which weigh: kg
L

kgL

water

water 316.281
1

316.28
 . 

150 ft3 of water weigh 150 times this much, or 150 x 28.316kg = 4,247.4kg. 
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1000kg = 1 metric ton. metric
metric t

kg
tkg 247.4

1000
1

1
4247

 . 

*One metric ton is equal to 1.1 American tons. 

.
. 67.4

1
1.1

1
247.4

Amer
metric

Amermetric t
t
tt

  

*We see that it is the heavy weight of water that allows barges and large ships 
to carry such heavy loads. 

4.15 A cubic ft of stone weighed 110 American lb in water.  What is its specific 
gravity? 

The stone lost the weight of 1 ft3 of water, which weighs 62.3 American pounds. 
The weight of the stone in air is therefore 110 lb + 62.3 lb, or about 172 American lb. 
The volume of the stone is 1ft3, which is equal to 28,316cm3. 
The weight of the stone is: 

gm
lb

gm
lb

lblb

metricAmer

metricAmer 181,78
1
500

1.1
1

1
172

.

.  . 

The density of the stone is 
³

76.2
3316,28

181,78
cm
gm

cm
gm

 . 

The specific gravity of the stone is 2.76. 

4.16 Steel is three times as heavy as aluminum.  When equal volumes of each are 
submerged in water, how do their apparent losses of weight compare? 

Each metal displaces the same volume of water.  The apparent loss of weight in 
water is equal to the weight of the volume of water displaced. 
The apparent loss of weight for each metal is the same. 

4.17 The density of cork is 0.25 gm/cm3.  What force is required to push one cm3 of 
cork beneath the surface of water? 

The cork displaces 1 cm3 of water, which weighs 1 gm and pushes upward on the 
cork. 
A force of 1 gm is therefore required to push the cork beneath the surface of the 
water. 
The cork already weighs ¼gm, so an addition ¾gm is required to push the cork 
completely beneath the surface of the water. 

4.18 A block of wood 15 cm x 10 cm x 4 cm = 600 cm3 floats in water with 1 cm in the 
air.  Find the weight of the block and its specific gravity. 

The weight of the block is equal to the weight of the water displaced. 
The volume of the water displaced is: ³45031015 cmcmcmcm  , which weighs 

gm
cm
gmcm 450

³
1

1
3450

 . 
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The block has a density of 
³

75.0
600
450

3 cm
gm

cm
gm

 . 

The specific gravity of the block is 0.75 

4.19 The specific gravity of milk is 1.032.  How is its specific gravity affected by 
removing part of the cream? 

The cream is the lightest part of the milk.  Removing cream from the milk leaves the 
milk as a more dense mixture.  The specific gravity of the milk increases.  By adding 
water which has a density less than milk to the milk, the mixture becomes less dense, 
and the density of the milk decreases again. 
*Cream can be removed from the milk and afterward water added to the milk so 
that the original specific gravity of 1.032 is re-established. 

4.20 A piece of sandstone having a specific gravity of 2.6 weighs 480 grams in water.  
Find its weight in air. 

Let’s call the weight of the stone in air A. The weight of the stone in air minus the 
apparent loss of weight in water is equal to 480 grams. 
A - Loss of weight in water = 480gm. 
So, the Loss of weight in water is equal to the weight in air minus 480 grams. 
Loss of weight in water = A – 480gm. 

The specific gravity =
waterinweightofloss

airinweight
____

__ . 

480
6.2




A
A . 

AA  )480(6.2 . 

AA 12486.2 . 

12486.1 A . 

gmA 780 . 

The weight of the stone in air is 780gm. 

4.21 The density of a stone is about 2.5. If a boy can lift 120 lb, how heavy a stone 
can he lift to the surface of a pond? 

The boy can lift the weight of the stone in air minus the loss of weight in water. 
The weight of the stone in air minus the loss of weight in water = 120 lb. 
The loss of the weight in water = the weight of the stone in air – 120 lb. 

The specific gravity =
waterinweightofloss

airinweight
____

__ . 

If we call A the weight of the stone in air, our formula reads: 

120
5.2




A
A . 
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AA  )120(5.2 . 

AA  3005.2 . 

3005.1 A . 

lbA 200 . 

The weight of the stone in air is 200 lb. 

4.22 The hull of a battleship is made almost entirely of steel, its walls being of steel 
plates from 6 to 18 inches thick.  Explain how it can float. 

The steel must be formed so that it encloses a waterproof volume inside of the ship. 
The enclosed form, when filled with water, must hold water that weighs more than the 
materials used to make the form. 
Stated differently, the weight of water that the steel form can displace must weigh 
more than the steel form itself. 
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5. BAROMETRIC PHENOMENA 

We live at the bottom of an ocean of air.  We call this ocean of air our atmosphere. 
The atmosphere, like an ocean of water, causes great pressures to be formed within 
it.  Because we live at the bottom of the ocean of air, we are exposed to the greatest 
average pressures it can cause.  Like the pressures in the oceans of water, which are 
changing constantly by the waves the wind produces on their surfaces, and water 
currents within them, and the different quantities of heat they are receiving from the 
magma in the earth, the pressure caused by our atmosphere does not remain the 
same, but is also continually changing. 
A barometer is a measuring device that measures atmospheric pressure.  The 
concept Barometric phenomena therefore relates to the pressures and forces 
occurring in our atmosphere, and explanations of how and why they occur. 
*the average value of the barometric pressure, measured at the level of our sea 

waters, is about 14.7 2in
lb , which is about equal to 2

1000
cm

g . 

5.1 If a glass is completely or partially filled with water, and a piece of writing paper is 
placed over the top, the glass can be inverted (turned upside down) without spilling 
the water.  Why? 

When the glass is turned upside down, with your hand supporting the piece of writing 
paper, the paper causes the lower surface of the water to be formed as a flat plane. If 
the water in the glass is 5 cm deep, the water will push down on every cm2 of the 
writing paper with a force of 5 gm, because each cm3 of water weighs 1 gm.  The 

downward acting pressure caused by gravity is, then, 2

5
cm

gm  on the upper surface of 

the writing paper. 
A force caused by atmospheric pressure of approximately 1000 gm pushes upward 
on every cm2 of the bottom surface of the writing paper from outside of the glass. 

Atmospheric pressure is 2

1000
cm

gm . 

This force caused by atmospheric pressure that is pushing the water upward is equal 
to the force of the air at atmospheric pressure above the water in the glass, which is 
pushing the water downward with an equal force of approximately 1000 gm on every 
cm2 from inside of the glass. 
The upward and downward forces caused by atmospheric pressure on the writing 
paper are opposite and equal, and their net effect is therefore a force of 0 gm acting 
on each cm2 of the writing paper. Because their sum force is zero, they can not cause 
the water in the glass to move. 
However, there is still the force exerted on the water in the glass by gravity, which 
causes the water to move downward with a force of 5 gm on every cm2 at the level of 
the writing paper (the lower surface of the water). 
What stops the weight of the water in the glass from pushing the water and writing 
paper downward away from and out of the glass, then? 
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Carefully move your hand downward away from the writing paper. The water begins 
to move downward in the inverted glass caused by the weight of the water in the 
glass. 
This movement of water downward in the glass, however, immediately causes the air 
volume above the water inside of the glass to grow larger. 
This larger growing air volume above the water inside of the glass causes the air 
pressure above the water to become less than 1000 gm acting downward on every 
cm2 of the waters surface from inside of the glass. 
The atmospheric force pushing the downward surface of the writing paper upward 
(from outside of the glass) has not changed. It is equal to about 1000 gm acting 
upward on every cm2 from outside of the glass. 
This difference of atmospheric forces is no longer zero, and begins to point upward.  
This happens because the upward force caused by atmospheric pressure acting on 
the lower surface of the writing paper from outside of the glass does not change, 
while the downward force acting on the upper surface of the writing paper is 
continually becoming less. 
The water continues to move downward inside the glass until the difference between 
the upward and downward atmospheric forces (which points upward) is just equal to 
the force caused by the weight of the water pushing downward on the writing paper. 
When this balanced condition is reached, the water inside of the glass is no longer 
affected by any force.  It therefore stops moving downward and becomes stable at 
this position inside of the glass. 
The water stays in the glass. 
*This gives us an idea of, or a feeling for, the great precision in the laws of 
nature, and of the world we are living in. 

5.2 How could you build a barometer? 

We could take a glass tube about 85 cm long that is sealed at one end, and fill it 
completely with mercury.  We could hold the open end of the tube with nothing but 
mercury in it closed and place it in a small dish of mercury below the surface of the 
mercury in the dish.  When the closed end of the tube is pointing upward, and we 
open the open end of the tube under the surface of the mercury in the dish, we notice 
that the mercury in the tube falls a distance from the top of the tube. 
We have just built a barometer; and the barometer is measuring the air pressure at 
the place we are standing!  The atmospheric pressure is shown by the distance the 
mercury in the tube is standing above the surface of the mercury in the dish. 
*The man who first did this was an Italian, named Torricelli, and this kind of 
barometer is called a “Torricelli Barometer”, named after him. 
How does the Torricelli Barometer work? 
The height of the mercury inside of the tube is completely determined by the 
atmospheric pressure outside of the tube. When the atmospheric pressure is high, 
the column of mercury in the glass tube is pushed high.  When the atmospheric 
pressure is low, the column of mercury in the glass tube is no longer pushed as high. 
*At sea level on a “normal” day, close to 76 cm of mercury is the height of the 
mercury column in the tube.  We say that the atmospheric pressure is 
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“normal”.  72 cm indicates a very low atmospheric pressure area where the 
barometer is located (bad weather), and 80 cm indicates a very high 
atmospheric pressure area where the barometer is located (good weather). 

5.3 If a small quantity of air should get into the space at the top of the mercury 
column of a Torricelli barometer, how would it affect the readings? Why? 

This air would increase the air pressure above the mercury column in the closed end 
of the glass tube, pushing the mercury downward. This movement of the mercury 
column, downward, corresponds to a fall in atmospheric pressure.  Therefore, the air 
that entered the closed end of the barometer caused a reading that is less than the 
real atmospheric pressure at that time and place. 

5.4 Would the pressure of the atmosphere hold mercury as high in a tube as large as 
your wrist as in one having the diameter of your finger? Explain. 

Yes. Think of your finger as having a cross-sectional area of one cm2.  Air pressure 
of the atmosphere would cause a force of 1000 gm to push this finger large column of 
mercury upward.  This is true for every cm2 of cross-sectional area for any larger 
diameter tube.  Think of the larger tube as a collection of several smaller finger-like 
tubes, each of them having a cross-sectional area of one cm2 that is being pushed 
upward by a 1000 gm force caused by atmospheric pressure.  The mercury reaches 
the same height, regardless of how large the tube is. 
*Of course, a tube with a very small inside diameter will still give the same 
reading, and building it would require much less mercury, and would not cost 
as much to build. 

5.5 Calculate the number of tons of atmospheric force on the roof of an apartment 
house that is 50 ft wide and 100 ft long.  Why does the roof not cave in? 

We can find the atmospheric force by multiplying the atmospheric pressure by an 
area.  We need to know the area of the roof.  The area of the roof is: 

50ft X 100 ft = 5000ft2. 

There are 144 in²  in 1 ft2. 

.720000
1

144
1

5000 2
2

22

in
ft
inft


 

Atmospheric pressure on a “normal” day is about
2

15
in

lb
. 

Force = Pressure x Area. 

The atmospheric force acting on the roof is: .000,800,10
1

72000015 2

2 lbin
in

lb
  

One ton is equal to 2000 pounds. 

.400,5
2000
1

1
10800000 tons

lb
tonlb


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*Pressure always acts in all directions equally, when it is measured at a single 
location. 

Atmospheric pressure acts on the top of the roof, pushing the roof downward, as well 
as on the bottom of the roof, pushing the roof upward.  These two forces are equal 
and opposite in direction.  Their net effect is a zero force acting on the roof in the 
up/down directions.  Only the weight of the roof caused by gravity pulls the roof 
downward. 

The edges of the roof are also affected by the atmospheric pressure, the left side 
force pushing against the right side force of every piece in the roof, the front side 
force pushing against the backside force of every piece in the roof.  We say that the 
great forces acting on the roof cancel each other, meaning that they all add up to a 
zero force, and the roof remains stationary. 

*These same great forces are acting outside of us and inside of us.  These are 
very strong forces, but we do not notice them. 

*Atmospheric pressure is caused by the weight of the air above us. 

It is surprising to find that the weight of 1 cubic meter of air is 1.293 kilograms! 

5.6 Measure the dimensions of a room in feet and calculate the number of pounds of 
air in the room. 

*12 ft3 of air weigh one American pound,
lb
ft 312 .  

* 1 liter of air weighs 1.293 grams, gm
L

293.1
1

 

Suppose we measured the room to be 15 ft wide and 30 ft long and 10 ft high. 

The volume of the room is 15ft X 30 ft X 10 ft = 4500 ft3. 

The weight of the air in this room weighs lb
ft
lbft 375

12
1

1
4500

3

3

 . 

5.6 A spaceship was made to fly in a curve to allow the astronauts inside to 
experience “weightlessness”.  The astronauts had a balloon filled with helium gas 
onboard.  The balloon fell to the floor of the spaceship during weightlessness. Why? 

As the spaceship flew into the curve, everything inside of it was affected by a 
centrifugal force that was slightly greater than and opposed to the force of gravity.  
The air inside of the spaceship was pressed lightly against the ceiling of the 
spaceship by the difference between the centrifugal force and gravity as the 
astronauts became “weightless”.  At this time the air inside of the spaceship became 
denser at the ceiling than at the floor.  The balloon of helium moved as it always 
does; it moved from a position of greater air density to a position of lesser air density. 

The balloon moved from the ceiling toward the floor. 
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5.7 What is a vacuum, and what does it cause? 

A vacuum is the absence of all materials inside of a closed volume (space). 

If we remove all of the gas molecules from a bottle, we say that we have created a 
perfect vacuum inside the bottle. 

It is impossible to remove every single atom or molecule inside of a defined space to 
make a perfect vacuum there.  The vacuums that we can make are partial vacuums; 
they can be very high vacuums, but never perfect vacuums. 

*A perfect vacuum is not attainable. 

If we have a hollow steel ball and cut it exactly in half, we could place the two halves 
together again and use a vacuum pump and an air seal between the two halves to 
remove the air from the inside of the steel ball. 

If we pump almost all of the air out of the inside of the ball, when we try to pull the 
two halves apart again, we find that we can, but the force with which we have to pull 
is very great. 

If we measure the force we need to pull the two halves of the ball apart, we find that it 
is the same as the cross-sectional area of the ball multiplied by the barometric 
pressure at the time and place we were pulling the two halves apart. 

The first time this was done was in Magdeburg, Germany, and the man who did it 
was the Mayor of Magdeburg, Otto von Guericke. 

5.8 Von Guericke’s hollow sphere had an interior diameter of 22 inches.  What force 
in pounds was required to pull them apart? 

The cross-sectional area of the inside of the sphere is    X R2. 

Area of Circle =    X R2 = 3.14159 X 112 = 3.14159 X 121 = 380 in2. 

If the barometric pressure was 2

15
in

lb
, the force holding the two halves of the sphere 

together was the cross-sectional area of the sphere multiplied by the barometric 
pressure. 

.700,515
1

380
2

2

lb
in

lbin

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6. THE COMPRESSIBILITY OF LIQUIDS 

It has been found by carefully devised experiments that very great compressing 
forces produce only a small effect when we try to compress liquids. 

For example, when 1 cm3 of water is compressed using a pressure of
²

000,000,3
cm

gm , 

the water can only be compressed to 0.9 cm3, or about 90% of its original volume. 

.
3

1000
1

1000
1000,000,3

22 cm
t

kg
t

gm
kg

cm
gm metricmetric 

 
This is a very great pressure.  We almost always work with pressures very small 
compared to this pressure, and the amount of compression of the water or other 
liquids is so small that we can not measure it, or we can neglect it. 

We say that liquids are practically non-compressible for this reason, knowing 
however that they can be slightly compressed using enormous pressures. 
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7. THE COMPRESSIBILITY OF AIR 

7.1 The deepest measurement by sounding in the ocean is about 6 miles.  Find the 
pressure at this depth. 

The specific gravity of sea water is 1.026.  The density of sea water is 3026.1
cm
gm . 

The pressure is equal to the depth in the sea water in centimeters multiplied by the 
density of the sea water. 

The depth is .606,965
1
54.2

1
12

1
5280

1
6 cm

in
cm

ft
in

mile
ftmile

  

.990712
1
026.1

1
965606

23 cm
gm

cm
gmcm

  

.712.990
1000

1990712
22 cm

kg
gm

kg
cm

gm
  

This is almost a metric ton (1000 kg) force acting on each square centimeter of area, 
a tremendous crushing pressure. 

7.2 What sort of a change in volume do the bubbles of air which escape from a sea 
diver’s suit experience as they rise to the surface of the water? 

The water pressure is greatest at the greatest depth.  Rising toward the surface of 
the water from any depth, the pressure caused by the water on the air bubbles 
becomes less.  The bubbles are more compressed near the diver, and become less 
compressed as they rise toward the surface of the water.  The volume of the bubbles 
therefore increases as they rise toward the surface of the water. 

7.3 Why does mountain climbing often cause pain and bleeding in the ears and the 
nose? 

The air pressure outside of our cells becomes less as we climb higher.  It takes time 
for our cells to change the higher air pressure inside of them to become equal to the 
outside air pressure. Air has to first cross over the cell membranes and then escape 
through the circulatory system and the lungs, and this takes time.  If the difference 
between the inside and outside pressures acting on our cells becomes too great, 
they rupture, and bleeding occurs that is noticed in the ears and the nose. 

7.4 In the picture shown, what would happen if you blew air very hard into the bottle 
partly filled with water through the tube, and then removed your mouth from the tube. 
Why? 
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The tube is put into the bottle using a stopper. When blowing air through the tube, air 
pressure above the water in the tube is increased above the air pressure inside of the 
bottle. 
A greater force is therefore pushing down on the column of water in the tube from the 
top of the tube than air pressure in the bottle is pushing up on the column of water in 
the tube from the bottom of the tube. 
The sum of these two forces is a force directed downward on the column of water in 
the tube. 
The column of water in the tube moves downward until its upper surface reaches the 
lower end of the tube. 
At this time air enters the bottle through the tube and the air pressure inside the 
bottle becomes higher until it becomes equal to the air pressure being blown into it by 
the mouth. 
The mouth is removed from the upper end of the tube. 
A greater air pressure now causes a force to push upward on the water in the tube 
from inside the bottle than atmospheric pressure causes a force to push downward 
on the water at the upper end of the tube from inside the tube. 
The sum of these two forces is a force directed upward on the water in the tube. 
The water now begins to move upward and squirt out of the bottle, and this flow of 
water continues until the water in the bottle has been lowered to the same level as 
the lower end of the tube. 
When this happens, the air in the bottle can escape from inside the bottle through the 
tube to the outside air, and the air pressure inside of the bottle decreases until it 
becomes the same as the atmospheric pressure outside of the bottle.  At this time the 
air flow out of the bottle stops. 
The new level of the water inside of the bottle is now just below the lower opening of 
the tube. 

7.5 If a bottle or cylinder is filled with water and inverted in a dish of water, with its 
mouth beneath the surface, the water will not run out. Why? 

The force of gravity acting on the water moves the water downward. 
If the cylinder full of water is 10 cm long, the pressure caused by gravity acting on the 

water at the mouth of the cylinder is 2

10
cm

gm , which pushes the water in the cylinder 

downward. 
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The atmospheric pressure acts on the water (about 2

1000
cm

gm ), which pushes the water 

in the cylinder upward.  This pressure pushing upward is 100 times as strong as the 
pressure caused by gravity pushing the water in the cylinder downward, so the water 
stays in the cylinder. 

  

7.6 If a bent rubber tube is inserted beneath the mouth of the cylinder and air is 
blown in, it will rise to the top of the cylinder and displace the water. Explain why. 

 
This is the method regularly used to collect gasses.  Before the gas rises, the forces 
acting on the water in the cylinder are as explained in problem 7.5. 

When gas is blown through the rubber tube, it escapes at its end forming bubbles, 
and atmospheric and water pressures exert an upward force on the bubbles formed, 
which causes them to collect at the top of the cylinder. 

The gas being collected causes a pressure to form above the water in the cylinder, 
which acts on the upper surface area of the water in the cylinder to form a downward 
force on the water in the cylinder.  This pressure adds to the water pressure caused 
by the weight of the column of water in the cylinder.  When the sum of these two 
pressures becomes greater than atmospheric pressure acting on the water from 
outside of the bottle, the water in the cylinder begins to move downward. 

Cylinder 

Bottle 

Cylinder Tube 

Bottle 
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The water traps the gas being collected in the upward portion of the cylinder. 

7.7 Why must the stopper in a cider barrel be removed before the cider will flow 
properly from its faucet? 

Read problem 5.1 again.  The cider in the barrel acts similar to the water in the glass 
in problem 5.1.  The surface of the cider is not exactly plane at the faucet, however, 
and cider dribbles out of the barrel when small bubbles of air enter there. 
Opening the stopper at the top of the barrel allows air to be pushed into the barrel by 
atmospheric pressure, which then increases the downward pressure acting on the 

upper surface of the cider in the barrel to atmospheric pressure, about
²

1000
cm

gm .  This 

is the same as atmospheric pressure acting upward on the cider surface in the barrel 

from the lower end of the faucet, which is also about
²

1000
cm

gm .  The upper and lower 

atmospheric pressures are equal, and add together to form a zero pressure acting on 
the cider.  They can not cause the cider to flow. 

The cider now flows out of the barrel because of the downward force of gravity acting 
on the liquid cider. 

7.8 When a bottle of water is inverted, the water will gurgle out of the bottle instead of 
pouring in a steady stream. Why? 

In problem 5.1, we controlled the bottom surface of the water in such a way that no 
bubble of air could enter at the lower surface of the water in the inverted glass and 
then rise to the surface of the water inside of the glass.  We covered the lower 
surface of the water with a piece of writing paper to do this. 

When a bottle is inverted without this control, air enters at the lower surface of the 
water due to atmospheric pressure and forms bubbles that rise through the water to 
the top surface of the water, where they increase the pressure above the water. 
When this pressure plus the weight of the water added together become greater than 
Atmospheric pressure the water begins to flow out of the bottle. 

As the water moves downward, the volume of air above the water in the bottle 
increases; this action reduces the air pressure acting on the upper surface of the 
water.  As this pressure plus the weight of the water together become less than 
Atmospheric pressure, the water stops flowing out of the bottle. 

Quickly, other bubbles of water rise from the bottom of the bottle through the water to 
the top surface of the water again, where they increase pressure above the water in 
the bottle a second time.  The water rushes out again and shortly afterward stops 
flowing again. 

This action occurs repeatedly until all water has flown out of the bottle.  All of these 
events in time cause the familiar gurgling of water rushing out of the bottle. 

*Things that appear to be simple to us can be quite complicated.  The world we 
live in is not simple. 
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7.9 If 100 ft3 of hydrogen gas at normal pressure (1atmosphere) are forced into a 
steel tank having a capacity of 5 ft3, what is the gas pressure in the tank expressed 

in 2in
lb ? 

Let us name the beginning pressure and volume of the hydrogen gas when it is at 
atmospheric pressure P1 and V1. 
Let us name the ending pressure and volume of the hydrogen gas when it is 
compressed in the steel tank P2 and V2. 
*Very carefully conducted experiments have shown us that the following 
natural law is true for the beginning and ending pressures and volumes of 
gasses when they are allowed to expand or when they are compressed: 
P1 X V1 = P2 X V2. 
We want to know P2.  

2

11
2 V

VPP 
 . 

We assume that P1, atmospheric pressure at the tank location, is .
15

2in
lbAmerican  

V1 = 100 ft3. 
V2 

=   5 ft3. 

.300
1

100
5

15
2

2

2

2

2 in
lbft

ft
in

lb

P American

American

  

We would have to compress the hydrogen gas to a pressure of 2300
in
lb  to put it all in 

the steel tank. 
What is this pressure in the metric system? 

In the metric system we can measure the pressure in 2cm
kg . 

We can convert the American pounds to kilograms, and then convert the square 
inches to square centimeters.    2.2 American lb = 1 kg.      6.45 cm² = 1 in². 

.1.21
45.6
1

2.2
1300

22

2

2 cm
kg

cm
in

lb
kg

in
lb

American

American   

7.10 An automobile tire having a capacity of 1500 in³ is inflated to a pressure of 
40lb/in².  What is the density of the air within the tire?  To what volume would the air 
in the tire expand if there should be a blow out? 

*The following natural law relates the pressures and densities of gasses: 

2

1

2

1

D
D

P
P

 . 

P1 and D1 are the pressure and density of the gas before it is changed. 
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P2 and D2 are the pressure and density of the gas after it is changed. 
What is the density of the air within the tire?   

tire

air

tire

air

D
D

P
P

 .  We want to find tireD . 

*The density of air at atmospheric pressure is 4.8 x 10-5

³in
lb . 

.1004.1
15

40
104.8 3

3

2

2

3
5-

in
lb

in
lb
in
lb

in
lb

P
DP

D
air

airtire
tire




  

The symbol   means “is about equal to”. 
To what volume would the air in the tire expand if there should be a blow out? 
*The following natural law relates the pressures and volumes of gasses: 

.2211 VPVP   

.tiretireairair VPVP   

.4000
1

³1500
²/15
²/40 3inin

inlb
inlb

P
VPV

air

tiretire
air 


  

*When the tire had a blow out, the air in the tire expanded to about 4000/1500 = 
2.6 times the volume it had in the tire.  This occurs very rapidly, and can cause 
parts of the tire that break off to become dangerous projectiles.  When inflating 
large tires, for example, aircraft tires, it is always important to place them in a 
protective “inflating cage” to prevent people from being harmed if a blow out 
should occur. 

7.11 When normal conditions prevail, a gram of air occupies about 800 cm³.  Find the 
volume a gram of air would occupy on top of Mount Blanc (altitude 15,781 ft) where 
the barometer indicates that the pressure is only about one half of what it is at sea 
level. 

.2211 VPVP   

.MontBlancMontBlancnormalnormal VPVP   

.160080022
2/1

33 cmcmV
P

VP
P
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normal

normalnormal

MontBlanc

normalnormal
MontBlanc 





  

7.12 The mean density of the air at sea level is 0.0012gm/cm³.  What is its density at 
the top of Mount Blanc? 

.1221 DPDP   

.cAtmospheriMontBlancMontBlanccAtmospheri DPDP   
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7.13 Two men, Glaischer and Coxwell, rose in their air balloon until the barometer 
height was only 18 centimeters. How many times did they have to breathe to obtain 
the same amount of air that they could attain at the surface? 

The normal atmospheric pressure is 76 centimeters of mercury.  They were at 18 
centimeters of mercury. They were breathing air at only 18/76 = less than ¼ of 
normal air pressure.  Only about ¼ of the force pushing oxygen through each square 
centimeter of their lungs was available to them, so it required four times as long to 
push the same amount of oxygen into their lungs as at sea level. 

7.14 One cm³ of air at the earth’s surface weighs 0.00129 grams.  If this were the 
density of air all the way to the top of our atmosphere, to what height would the 
atmosphere extend? 

Suppose we measured the atmospheric pressure to be 2

15
in

lb . 

.
²
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1
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2.2
2

²45.6
²1

²
15

cm
gm

lb
gm
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lb
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in
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metricAmerican

metricAmerican   

A one square centimeter stack of air from the ground to the upper limit of our 

atmosphere would produce a pressure of 2

1057
cm

gm  on the ground at sea level. 

Each centimeter of this height would, on the average, produce a pressure 

of 21
00129.0

cm
gm . 

The height of the atmosphere in centimeters would therefore be equal to 2

1057
cm

gm  

total divided by 21
00129.0

cm
gm for each centimeter. 
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  

We know that the density of the air with increasing altitude becomes less, however, 
so we know that the outer limit of our atmosphere is much more than 8.2 kilometers. 
*The height the gasses in our atmosphere have not been clearly defined, but 
reach to over 120 kilometers.  It is interesting to find that about ¾ of the total 
mass of the atmosphere is within the first 11 kilometers of height above the 
ground. 
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8. PNEUMATIC DEVICES 

8.1 A water tank 8 feet deep, standing some distance above the ground, closed 
everywhere except at the top, is to be emptied.  The only means of emptying it is a 
flexible tube. 

(a) What is the most convenient way of using the tube, and how could it be set into 
operation? 
Tie a weight (for example, a stone) close to one end of the tube, so that this end of 
the tube will remain very close to the bottom of the inside of the tank. Push this end 
of the tube into the water, and then keep pushing the rest of the tube into the water to 
fill the tube completely with water.  The end of the tube that first entered the water 
remains under water the whole time.  This causes all air to be pushed out of the tube.  
Close the other end of the tube under water to prevent air from entering it and pull 
the tube upward and outside of the tank. Now place this end of the tube so that it is 
below the bottom of the outside of the tank.  The weighted end of the tube must 
remain near the bottom of the tank on the inside of the tank the whole time.  Open 
the closed end of the tube outside of the tank.  Water begins to flow out of the tank.  
This method of emptying the tank is called siphoning. 
How does siphoning work? 
The pressure that is at the lower end of the tube in the tank acting upward is equal to 
atmospheric pressure plus the pressure caused by the depth of the water in the tank 
(caused by gravity acting downward on the water in the tank). 
The pressure that is at the upper end of the tube in the tank acting downward, when 
this end of the tube is at the water level, is equal to atmospheric pressure plus the 
pressure caused by the weight of the water in the tube (caused by gravity acting 
downward on the water inside of the tube). 
These two pressures add together to form a zero pressure acting on the water in the 
tube.  They can therefore not cause the water in the tube to flow. 
As the tube and the water in the tube are pulled upward toward the top of the tank, 
an additional downward pressure of the water in the tube inside the tank is caused by 
the additional height of the column of water in the tube, measured from the water 
level in the tank to the top of the tank. 
As the tube and the water in the tube are bent over the top of the tank, and back 
down to the level of the water in the tank, downward pressure of the water in the 
bend on the outside of the tank becomes equal to the downward pressure in the 
bend on the inside of the tank.  This is true because the height of the column of water 
in the tube bend inside of the tank above the tank water level is equal to the height of 
the column of water in the tube bend outside of the tank above the tank water level.  
These two water pressures are equal, but each side of the bend is trying to move the 
water in a direction opposite to the other side.  These two pressures also add to a 
zero pressure acting on the water in the “bend” of the tube.  They can not cause the 
water in the tube to move. 
When the end of the tube outside of the tank is moved to a position lower than the 
water surface in the tank, however, the column of water in the tube bend outside of 
the tank is longer than the column of water in the tube bend inside of the tank.  This 
causes the water to start flowing toward the outside of the tank through the tube. 



 - 73 -

Water flow is only caused by the weight of the column of water measured from the 
water level inside of the tank downward to the level of the end of the tube outside of 
the tank (the end of the tube outside of the tank is lower than the water level inside of 
the tank).  Lengthening this distance will cause the water to flow out of the tank 
faster. 
If the end of the siphoning tube outside of the tank is not below the bottom of the 
tank, water flowing out of the tank will stop when the water level inside of the tank 
becomes equal to the level of the end of the siphon tube outside of the tank.  To 
completely empty the tank, the end of the siphon tube outside of the tank must 
therefore be below the bottom of the tank, and the end of the tube inside of the tank 
must be at the bottom of the tank. 
(b) How long must the tube be to empty the tank completely? 
The tube must be long enough to reach from the bottom of the inside of the tank, 
upward over the top of the tank, and to below the bottom of the outside of the tank. 
Since the tank is 8 feet deep, more than 16 feet of tube is required to empty the tank.  
In addition to the 16 feet, enough extra tube must be added to form the bend and 
afterward still extend to below the bottom of the tank. 

8.2 Kerosene has a specific gravity of 0.8
³cm

gm . Over what height can it be siphoned 

using a vacuum at normal atmospheric pressure? 

*Normal atmospheric pressure is 
²

15
²

1000
²

6.1033 .

in
lb

cm
gm

cm
gm Amer . 

A column of water that is 1033.6 cm high acting on a single square centimeter will 
cause the same pressure, because 1 cm³ of water weighs 1 gm. 
Kerosene is only 0.8 times as heavy as water, so a column of kerosene that can 

cause this same pressure must be higher than the column of water.  It must be 
8.0

1 = 

1.25 times higher than the column of water. 
1.25 X 1033.6 = 1292cm = 12.92 meters high. 

8.3 Let a siphon be made by filling a flask 1/3 full of water, closing it with a cork 
through which pass two pieces of glass tubing and then inverting so that the lower 
end of one of the tubes is in a beaker of water.  If the other tube is of considerable 
length, the fountain formed in the flask will play forcibly and continuously until the 
beaker is emptied.  Explain. 
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The flask is closed from outside air pressure, and the beaker is open to outside air 
pressure.  To enable an explanation, we will assume that the tuber at point B is 
closed, and the same air pressure is above the water in the flask and above the 
water in the beaker, namely, normal outside air pressure. 
When the tube full of water is opened at B, gravity causes the water to flow out of the 
flask. 
As water flows out of the flask volume A becomes larger; this lowers the air pressure 
above the water in the flask. 
The higher outside atmospheric air pressure pushes the water through the tube that 
connects the beaker with the flask from the beaker into the flask, causing a fountain 
to appear above the tube inside of the flask. 
As the distance from A to B increases, the fountain becomes more violent in the 
flask. 
The action continues until the water in the beaker is reduced to a level just under the 
end of the tube in it. 

8.4 Draw a lifting type water pump and explain what happens on the up and down 
strokes. 

This kind of water pump consists of a cylinder (tube, pipe) that has a one way valve 
at its lower end, and a piston that can move up or down inside of the cylinder.  The 
piston is made so that water can only pass through the one way valve in it, but not 
between it and the cylinder.  The piston divides the inside of the cylinder into two 
spaces, one above the piston (volume A which we will designate as A) and the other 
below the piston (volume B which we will designate as B). 
The following figure shows what happens on the up stroke of a water pump. 

Flask 

Beaker A 

B 

Volume A 
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The following figure shows what happens during the down stroke of a water pump. 

 
8.5 Draw a diagram of a  water pump operated by force with an air dome and explain 
what happens during the up and down strokes. 

When the pump handle pushes the piston in 
the water pump downward, volume A 
becomes larger, reducing the pressure in this 
volume to less than the pressure in volume B; 
this causes the one way valve in the piston to 
open. 
 
At the same time, volume B becomes 
smaller, increasing the pressure in this 
volume; this causes the lower fixed one way 
valve to remain closed.  The pressure in 
volume B is now greater than the pressure in 
volume A, and water is forced from Volume B 
upward through the one way valve in the 
piston into volume A. 
 
Fresh water is pumped from Volume B into 
Volume A, filling it with water when the piston 
moves downward. This water can now be 
pumped through the outlet the next time the 
pump handle pulls the piston upward. 

Outlet 

Piston 
moves 
downward 

A 

B 

Inlet 

One 
Way 
Valves 

When the pump handle pulls the piston in the 
water pump upward, Volume A becomes 
smaller, increasing the pressure in this 
volume. This causes the one way valve in the 
piston to close.   Water above the piston is 
now trapped and pressed out of volume A 
through the outlet pipe to the outside above 
ground where it can be used. 
 
At the same time, volume B becomes larger, 
reducing the pressure in this volume.  
Outside pressure near the inlet pipe is now 
greater than the pressure in volume B; this 
causes water to flow from underground 
upward through the inlet pipe and open the 
lower fixed one way valve at the bottom of 
the cylinder. Water is forced from 
underground up through the inlet pipe into 
volume B. 
 
Water is pumped outward to be used, and 
volume B is filled with fresh water from 
underground when the piston moves upward. Inlet 

Piston 
moves 
upward 

B 

A Outlet 

One 
Way 
Valves 
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This water pump has a movable piston and two fixed one way valves at the base of 
the cylinder.  One of these valves receives inlet water from an outside source, and 
the other valve leads to the outside pressurized water system.  There is no valve in 
the piston.  Compressed air in the air dome maintains water pressure in the outside 
water system. 
The following figure shows what happens on the up stroke. 
 

One way valves 

Air dome 

When the piston is moved 
upward, the volume beneath 
the piston becomes larger, 
decreasing the pressure there. 
The one way valve at the 
bottom of the cylinder opens 
and water is forced from the 
higher outside pressure (a 
tank, a lake, etc.) through the 
inlet into the space beneath 
the piston. 
The one way valve in the outlet 
pipe remains closed, because 
the water pressure in the 
output pipe is higher than the 
pressure beneath the piston. 
Compressed air in the air 
dome maintains the output 
water pressure in the outside 
water system. 

Piston 

Inlet 

Output 
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The following figure shows what happens during the down stroke. 

 

8.6 If the cylinder of an air evacuation pump is of the same size as a container, what 
fractional part of the air is removed from the container by one complete stroke of the 
pump? 

Since the amount of the air in the container was halved by removing the same 
volume from it, the pressure of the air in the container fell to only ½ of what it was 
before. 
Only ½ of the air is left in the container.  After two strokes only ½ of this ½, or only ¼ 
of the air, is left in the container, and the pressure is therefore only ¼ of what it 
originally was. 
We can make a formula to find the pressure in the container after a certain number of 
pump strokes: 
 P = ½ N, where N is the number of strokes. 
After three strokes of the pump, N = 3, the pressure is ½ 3, which is ½ x ½ x ½ = 1/8. 
After five strokes the pressure is only 1/32 of what it originally was. 
After only ten strokes of the pump the pressure has fallen to 1/1024 of the original 
value. 

One way valves 

Air dome 

When the piston is moved 
downward, the volume 
beneath the piston becomes 
smaller, increasing the 
pressure in this space to 
higher than the inlet pressure. 
The one way valve at the 
bottom of the cylinder closes 
and water is forced from the 
higher pressure under the 
piston through the other one 
way valve into the output pipe 
to the outside water system. 
Air pressure in the air dome is 
compressed, increasing the 
outside water pressure in the 
outside water system.  As 
water is used in the outside 
water system, its pressure 
decreases. 

Piston 

Output 

Inlet 
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8.7 If the cylinder of an air evacuation pump is one 1/3 the size of a container, what 
fractional part of the air will be left in the container after 5 strokes? 

At the end of the first stroke the gas has been distributed over a volume that is one 
and 1/3, or 4/3 as large as the container volume.  The pressure in the container 
therefore falls to only 1/ (4/3) = 3/4 of its original pressure.  This happens at each 
stroke of the evacuation air pump. 
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
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We can make a formula to find the pressure after a certain number of pump strokes: 
 P = 3/4 N, where N is the number of strokes. 
The pressure in the cylinder after 5 strokes is 3/45 = 3/4 x 3/4 x 3/4 x 3/4 x 3/4 = 
243/1024 = 0.237 of the starting pressure. 
What would be the reading of a barometer inside of the container if the atmospheric 
pressure at its location is 76mm mercury? 
We started with an atmospheric pressure of 76mm mercury.  The pressure in the 
container, as well as in the pump, following five strokes would be 0.237 X 76mm 
mercury, or 18 mm mercury.   Following ten strokes, the pressure would be 3/410 x 
76mm, or 0.0563 x 76mm = 4.28mm.  A perfect vacuum would be 0mm mercury. 

8.8 Theoretically, can a container ever be completely exhausted by an evacuation 
pump, even if the pump is mechanically perfect? 

No, because, for example, if the volume of the pump and the container being emptied 
of air were equal, by every stroke there would still be ½ of the gas remaining in the 
container that was in it at the end of the previous stroke. This remains true, 
regardless of the number of strokes the pump completes. 
*This is why a perfect vacuum can not be attained. 

8.9 Explain by reference to atmospheric pressure why a balloon rises. 

According to the principle of Archimedes, the upward (buoyant) force exerted by a 
liquid (and also a gas) that is under the influence of gravity is exactly equal to the 
weight of the displaced liquid (or gas). 
If the weight of the air in the balloon plus the weight of the balloon is the same as the 
weight of the air displaced in the atmosphere, the balloon would not rise. 
Mathematically: 
Weight Balloon + Weight Air in Balloon = Weight Air Displaced by Balloon, which means: 
Weight Air in Balloon = Weight Air Displaced By Balloon   - Weight Balloon.   
To make the balloon rise, the gas in the balloon must weigh less than the weight of 
the air the balloon displaces minus the weight of the balloon. 
Weight Air in Balloon  < (Weight Air Displaced By Balloon - Weight Balloon). 
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This can be made to be true when the air in the balloon is heated to make it warmer 
than the air in the atmosphere, or when a gas is put into the balloon that is less 
dense (lighter) than the air in the atmosphere (for example, hydrogen or helium). 

8.10 A piston is in a tube. The air pressure on the right side of the piston is equal to 
twice the atmospheric pressure, while the air pressure on the left side of the piston is 
½ of atmospheric pressure.  What force acts on the piston when its cross-sectional 
area is 50 square centimeters? 

If the atmospheric pressure on this day were to be 1000 gm/cm2, the pressure on the 
right side of the piston would be 2000 gm/cm2 and on the left side of the piston would 
be 500 gm/cm2.  The difference between these two opposing pressures would then 
be 2000 – 500 = 1500 gm/cm2.  A 1500 gm force pushes on each square cm of area 
of the piston toward the side of the piston that has the lower pressure; it pushes the 
piston toward the left. 
The total force pushing the piston toward the left is: 
1500 gm/cm2 x 50 cm2 = 75,000gm. 
The force acting on the piston is 75 kilograms. 

8.11 What determines how high a balloon will rise?  Under what conditions will it 
begin to descend? 

A balloon will continue to rise until its weight and the weight of the gasses in it are 
equal to the weight of the air it displaces in the atmosphere. 
As the balloon rises, the atmospheric air becomes less and less dense; the 
atmospheric pressure acting on the balloon decreases. 
If the balloon is an open balloon, some of the gas in it will escape to the atmosphere 
while it is rising, because the atmospheric pressure holding it in the balloon is 
continuously becoming less.  The balloon will eventually reach a height where its total 
weight is equal to the weight of the air it displaces, and will stop rising.  If the balloon 
is a hot air balloon, it will begin to fall as the gas in it cools; this decreases the volume 
of the balloon, the volume of air displaced by the balloon, and the balloon begins to 
fall back toward the earth. 
If the balloon is a closed balloon, and made of a stretchable substance, like rubber, 
the balloon will become larger and larger as it rises through ever decreasing 
atmospheric pressure.  This causes the balloon to rise until the material it is made of 
breaks.  Then the gas escapes from within the balloon and the damaged balloon falls 
back toward the earth. 

8.12 If a diving bell is sunk until the level of the water within it is 1033 centimeters 
beneath the surface of the water, to what fraction of its initial volume has the 
enclosed air been reduced? 

1033 gm/cm2 is atmospheric pressure. 
If the diving bell is pushed 1033 cm below the surface of the water, this will add 1033 
gm/cm2 to atmospheric pressure, because each cm3 of water weighs 1 gm. 
The pressure inside of the diving bell must then be 2 times the atmospheric pressure. 
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This will make the volume of the air in the bell ½ of what it was before it was sunk in 
the water at 1 atmospheric pressure. 

 
 

8.13 If a diver’s tank has a volume of 2 ft3, and contains a pressure of 40 
atmospheres, to what volume will the air expand when it is released at a depth of 34 
feet under the water surface? 

V1 = 2ft3. 
P1 = 40 Atmospheres. 

.1
²

3.036,1
³1

1
1
54.2

1
12

1
34

2 atmosphere
cm
gm

cm
gm

in
cm

ft
inftP   

We need to find .2V  

.2211 PVPV   

2

1
2 P

PVV 
 . 

³.80
1

40
1

³2
2 ft

atmosphere
satmosphereftV   

8.14 A submarine weighs 1800 American tons when its submerging tanks are empty, 
and in that condition 10% of its volume is above water.  What weight of water must 
be let into the submerging tanks to just submerge the boat? 

90% of the volume of the submarine is below water, so its specific gravity is 0.9. 
Enough water must be let into the submerging tanks to bring the other ten percent of 
its weight under water.  10% of 1800 American tons is 180 American tons. 

1Atmosphere 

2 Atmospheres 

1033cm 
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metric
Amer

metricAmer t
t

tt
6.163

1.1
1

1
180

.

.  . 

What volume of water is required to make the submarine submerge? 
163.6 metric tons of water are required to make the submarine submerge. 

This is the weight of .³6.163
1

³1
1
6.163

water
metric

watermetric m
t

mt
  

163.6 cubic meters of water must be pumped into the submerging tanks before the 
submarine will fully submerge. 

³755,5
³728,1

³1
³39.16

³1
³

³000,000,1
1

³163 ft
in

ft
cm

in
m

cmm
 . 

5,755 cubic feet of water must be pumped into the submerging tanks before the 
submarine will fully submerge. 
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9. MOLECULAR MOTIONS 

9.1 If a container filled with hydrogen at a pressure of 2 atmospheres has a small 
leak, the pressure in the container falls off at a rate four times faster than if the 
container was filled with air.  Can you explain why this is so? 

If the size of hydrogen is about ¼ the size of the average air molecule, then four 
atoms of hydrogen would go through the hole where normally only one atom of the 
gasses in the air would go through.  The air would take four times longer to go 
through the leaking hole than hydrogen would.  The pressure inside of the container 
would last about four times as long when air is in the container, then. 

9.2 What is the density of air within an automobile tire that is inflated to a pressure of 
40 lb/in2? 

One atmosphere pressure is 14.7 lb/in2. 

.72.2
1

1
7.14

²1
²

40

²
7.14

1
²

40

.

.
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. satmosphereatmosphere
lb
in

in
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atmosphere
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Amer

Amer

Amer

Amer   

At one atmosphere of pressure the density of air is
L

gm
1

293.1 . 

At 5.44 atmospheres of pressure the density of air is .
1
5.3

1
293.172.2

L
gm

L
gm

  

9.3 One liter of air at 76cm of mercury atmospheric pressure is compressed so as to 
occupy 400 cm3.  What is the pressure against the walls of the container? 

V1 = 1000 cm3.  P1 = 1 atmosphere.  V2 = 400 cm3.  We want to find P2. 

.2211 VPVP   

.5.2
³400

³10001

2

11
2 satmosphere

cm
cmatmosphere

V
VPP 





  

The resulting pressure against the walls of the container is 2.5 atmospheres. 

9.4 If an open container contains 250 gm of air when the barometric height is 750mm 
mercury, what weight will the same container at the same temperature contain when 
the barometric pressure is 740 mm mercury? 

At 750mm mercury the air weighs 250 gm.  At 740mm mercury it will weigh 
750
740  as 

much.  At 740mm mercury the container of air will weigh gmgm 66.246
750
740250  . 

9.5 (a) Find the pressure to which a diver was subjected who descended to a depth 
of 304 ft. 

We will change the feet into inches, and the inches into centimeters. 
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cm
in

cm
ft
inft 266,9

1
54.2

1
12

1
304

 .  The density of water is 31
1
cm
gm . 

The pressure of a column of water 9,266cm deep is the density of water multiplied by 
this depth. 
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1
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gm

cm
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 .  We will change the grams into metric pounds, the metric 

pounds into American pounds, and the square centimeters into square inches, to find 

the answer in 2
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9.5 (b) Find the density of air in his suit, if the density of air at the surface of the water 

is 0.00128 3cm
gm , and the temperature is assumed to remain constant. 

1 atmosphere of pressure is equal to 2

1033
cm

gm . 

.96.8
1

1
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²1
1
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²
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density in his suit is 
²

01156.0
1

00128.0

1
96.8 2
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9.6 A bubble of air that escaped from the diver’s suit in problem 9.5 would increase to 
how many times its volume on reaching the surface? 

.2211 VPVP   

.submergedsubmergedsurfacesurface VPVP   

submerged
submerged

surface

submergedsubmerged
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V

cm
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

 96.8
1

²
1033
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9266
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9.7 Salt is heavier than water. Why does not all of the salt in a mixture of salt and 
water settle to the bottom? 

Some of the salt molecules (NaCl) are dissociated (fall apart into their atoms) as 
sodium Na+ and chlorine Cl- ions (positive and negative, electrically charged atoms). 
When these ions are hit by the molecular action of the heavy water molecules, H2O, 
they give up enough energy to the ions that they remain in the spaces between the 
water molecules in the liquid.  This also causes the speed of the water molecules in 
the solution to decrease (the solution becomes cooler). 
We say that the salt has become dissolved in the water. 
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10. THE COMPOSITION AND RESOLUTION OF FORCES 

To understand how forces act on objects, we must understand a minimum about right 
triangles.  A right triangle has as one of its angles an angle equal to 90 degrees. 

 
The angle  can also be called the angle AC (the angle between sides A and C of 
the right triangle ABC). 
The length of side B divided by the length of side C is called the sine of the angle . 

The length of side A divided by the length of side C is called the cosine of the 
angle . 

The length of side B divided by the length of side A is called the tangent of the 
angle . 

The sine of a certain angle always has the same value. 
The cosine of a certain angle always has the same value. 
The tangent of a certain angle always has the same value. 

10.1 The engines of a steamboat can drive it 12 miles/hour.  How fast can it go up a 
stream in which the current is 3 miles/hour?  How fast can it come down the same 
stream? 

Upstream speed is12 miles/hour - 3 miles/hour = 9 miles/hour. 
Downstream speed is 12 miles/hour + 3 miles/hour = 15 miles/hour. 

10.2 The wind drives a boat east with a force that causes it to move eastward 12 
miles/hour.  The propellers of the boat drive it south with a force that causes it to 
move southward 15 miles/hour.  What is the resulting speed and direction that the 
boat moves? 

This is a right 
triangle because this 
angle, AB, is equal 
to 90 degrees. 

A 

B 

  

  

All three angles 
in a triangle 
add up to 180 
degrees.  
Angles   and 
  plus the 90 
degree angle 
all add up to 
180 degrees. 

C 
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In triangle ABC the angle between sides A and B is 90 degrees. 
From the theorem of Pythagoras we know that A2 + B2 = C2. 
A=15, B= 12.  C2 = 152 + 122. 
C² = 225 + 144 = 369. 

C= 369 = 2/1369 =19.2. 

The boat moves 19.2 miles/hour. 
The sine of the angle   (alpha) is B/C = 12/19.2 = 0.625.  When we look up which 
angle has this sine we find that the angle is about 38 degrees. 
Alpha is therefore about 38 degrees. South is 180 degrees.  
The boat is on a course of 180 – 38 = 142 degrees. 
The boat moves 19.2 miles/hour in the direction 142 degrees south-east. 

10.3 A barge is anchored in a river during a storm.  If the wind acts eastward on it 
with a force of 3000lb, and the tide northward with a force of 4000lb, what is the 
direction and strength of the resulting force? 

12 Miles / Hour east 
wind 

15 Miles / 
Hour 
south 
speed 

A 

B 

C 
  



 - 86 -

 
In triangle ABC the angle between sides A and B is 90 degrees. 
From the theorem of Pythagoras for right triangles, we know that A2 + B2 = C2. 
A=4000, B= 3000.  C2 = 40002 + 30002. 
C² = 16000000 + 9000000 = 25000000. 

C= 25000000 = 2/125000000 =5000. 

The boat is affected by a force of 5000lb. 
The sine of the angle   (alpha) is B/C = 3000/5000 = 0.6.  When we look up the 
angle that has this sine, we find that the angle is about 37 degrees. 

Alpha is therefore about 37 degrees.  North is 0 degrees.  

The boat is acted on by a force of 5000lb that tries to move it in the direction of 37 
degrees north-east. 

10.4 A picture weighing 20 pounds hangs on a cord whose parts make an angle of 
120 degrees with each other.  Find the tension in each part of the cord. 

 
The cord angle DC is 120 degrees.  Angles BD and BC are each ½ of this, or 60 
degrees. 

3000lb 
eastward wind 

4000lb northward tide 

A 

B 

C 

  

North 
0  

East 
9 0  

West 
27 0  

South 
18 0  

20lb A 

C 

B 

D 

  
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Angle AB is 90 degrees.  Angle   is therefore 30 degrees. 

The sine of angle   (30 degrees) is 0.5. 

C
B =0.5. 

C = 
5.0

B =
5.0

20 =40. 

The tension in the cord, part C, is 40 pounds.  This is also the tension in part D of the 
cord.  The tension in every part of the cord is the same; it is 40 pounds. 
*The cord must hold a weight that is twice the weight of the picture, if the cord 
angle at the point of hanging the picture is 120 degrees. 

10.5 If a barrel weighs 200 pounds, with what force must a man push parallel to the 
ramp to keep the barrel from moving when the length of the ramp is 3 meters and the 
height of the ramp is 1 meter? 

 
Triangle ABC (the ramp) and triangle abc are similar, because 2 of their sides are 
parallel, and two of their angles are equal. 
Sides B and c are parallel, and sides C and b are parallel. 
Angle CB = angle bc and angle AB = angle ab (both are right angles). 
Both have as smallest angel the angle , (angle AC and angle ac), which must be 
equal because the other two corresponding angles are equal, and all three angles in 
a triangle must add up to 180 degrees. 
From triangle ABC we can figure the length of side C using the theorem of 
Pythagoras for right triangles; C2 = A2 + B2.  C2 = 12 + 32 = 1 + 9 = 10 

C = 10 . 

The sine of angle   in triangle ABC is B/C =
10
1 . 

In triangle abc, the sine of   is 
c
b  =

10
1 . 

A = 3m 

a 

b 

C c = 
200lb 

B= 1m 

  
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Therefore, lblbcb 2.63
10

200
10

 . 

This is the force that pushes on the barrel parallel to the surface of the ramp, which 
causes the barrel to roll back down the ramp.  If the barrel is not to roll back down the 
ramp, the man must push against the barrel in the opposite direction to this force 
(parallel to the surface of the ramp) with a force of 63.2 pounds. 
If the man pushes against the barrel in this direction with a force greater than 63.2 
pounds, the barrel will roll farther up the ramp. 
This force is only 62.3/ 200 = 32 % of the weight of the barrel itself. 
If two men were pushing the barrel up the ramp, each man would only have to push 
with a force approximately equal to 16% of the weight of the barrel. 
*Ramps, also called inclined planes, can greatly reduce the work we have to do 
to accomplish a job. 
Of course, the ramp must be strong enough to support the weight being moved over 
it! 

10.6 A block of ice weighing 200 pounds is held at rest on an inclined plane that is 12 
feet long and 5 feet high.  Using the “resolution and proportion method”, (a) find the 
component of its weight that tends to make the ice slide down the incline. (b) With 
what force must one push to keep the ice at rest? (c) How great is the component 
force that tends to break the incline? 

 
(a) Triangle ABC (the ramp) and triangle abc (the forces acting on the block of ice) 
are similar, because 2 of their sides are parallel, and two of their angles are equal. 
Side b and side C are parallel, and side c and side B are parallel. 
Angle BC = angle bc, and angle AB = angle ab (both are right angles). 
Both have as smallest angel the same angle , (angle AC and angle ac). 

From triangle ABC we can figure the length of side A using the theorem of 
Pathagoras for right triangles; C2 = A2 + B2.  A2 = C2 -B2 = 144- 25 = 129. 

C=12 feet 

A=11.35 feet 

B=5 feet 

a 

b 

c=200lb 
  

  
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ftA 35.11129  . 

The sine of angle   is 
C
B (from triangle ABC).  The sine of angle   is also 

c
b (from 

triangle abc).  

lb
b

feet
feet

20012
5

 . 

lblblb
feet
feetbSide 3.832004166.0

1
200

12
5_  . 

This is the component of the weight of the ice block that tends to make the ice slide 
down the incline. 
(b)A force of 83.3lb must be pushed against the ice block in the opposite direction 
parallel to the surface of the ramp to prevent the ice block from sliding back down the 
ramp. 

(c)The cosine of angle   is
C
A .  The cosine of angle   is also

c
a .  

lb
a

feet
feet

20012
35.11

 . 

lblblb
feet

feetaSide 189200946.0
1

200
12

35.11_  . 

This is the component of the weight of the ice block that tends to break the incline. 

10.7 A Tightrope 20 meters long is depressed one meter at the center when a man 
weighing 60 kilograms stands on it. What is the tension in the rope? 

Gravity pushes downward with the weight of the man at the center of the tightrope. 
The tightrope pushes upward with an equal force on the man’s feet, which keeps the 
man in balance at the center of the tightrope. 
In the following figure the upward force of 60kg supplied by the tightrope is a 
common side of the two triangles ABC and abc. This side is side B in triangle ABC 
and side b in triangle abc. 

 
Triangles ABC and abc are equal. 

C=10 
meters 

A 

B=1 
meter 

b= 60kg upward rope force 

a 

c 

    

b= 60kg downward gravity force 
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The sine of angle   is
C
B . The sine of angle   is also

c
b .  

c
b

C
B
 . 

Therefore, kgkgkg
m
mb

B
Cc 600601060

1
10

 . 

*Both ends of the tightrope must be anchored to a support that can withstand a 
600kg pulling force. 

10.8 The anchor rope of a kite balloon makes an angle of 60 degrees with the earth.  
If the lifting force of the balloon is 1000 pounds, find the pull of the balloon on the 
rope and the horizontal force of the wind on the balloon. 

 

The tangent of 30 degrees is 0.577.  The tangent of 30 degrees is also
A
B  =

lb
B

1000
. 

lb
B

1000
= 0.577; B=0.577 x 1000lb. 

B = 577 pounds.  The horizontal force of the wind on the balloon is 577 pounds. 
In the right triangle ABC, C²=A²+B².  Therefore, C²=1000²+577²=1000000+332929. 

C²=1332929.  C= 1332929 .  C= 1155. 

The combined lifting force of the balloon added to the force of the wind causes a 
tension in the rope of 1155 pounds. 

10.9 A canal boat and the engine towing it move in parallel paths which are 50 feet 
apart.  The tow rope is 130 feet long, and the force (effort) applied to the end of the 
rope is 1300 pounds.  Find the strength of the component of the 1300 pound pull that 
acts parallel to the path of the boat. 

60  

A=1000
lb lifting 
force of 
balloon 

C = Tension in the 
rope. 

B=Force of the Wind 

30  
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In the triangle ABC, C²=A²+B².  A²=C²-B².  A²=130feet² - 50feet². 
A²= 16900 – 2500feet². 
A²=14400feet².  A = 120feet. 

The cosine of angle   is 
lb

Alb
feet
feet

C
A

1300130
120

 . 

lblb
feet
feetAlb 1200

1
1300

130
120

 . 

The force that pulls the boat parallel to the bank of the canal is 1200 pounds. 

10.10 A boy is flying a kite.  Describe the forces acting on the kite. 

 
 
B is where the boy is standing. 

C=130 
feet 
C=1300lb 

  

A 

B=50 feet 

Boat 

Engine 

O 

M 

W 

R 

P 

B 

Kite 
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W is the direction of the wind. 
O is the center of all forces acting on the kite. 
M is the lift on the kite caused by the wind. It is equal to the weight of the kite, P. 
R is the resultant force acting on the kite caused by the wind and the weight of the 
kite.  It is equal to the pull exerted by the boy on the kite. 
Force R is equal to force B.  Force P is equal to force M.  The kite is stationary in the 
air. 
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11. GRAVITATION 

We need to understand the difference between mass and weight when we talk about 
gravitation. 
Mass refers to the amount of matter present in an object. 
Weight refers to the force pulling the mass of that object toward the earth. 
Mass is measured in pounds, ounces, tons, grams, kilograms, and other measures. 
Weight is a force, and a force is equal to the product of mass times an acceleration 
acting on that mass. amF  . 

The acceleration we are always interested in when we consider gravitation, is the 
earth’s acceleration of gravity, which we represent with the letter g. 
Weight is equal to gm . 

The acceleration of gravity in the English system is
²

32
s

ft . 

The acceleration of gravity in the metric system is
²

81.9
s

m . 

The weight of a one pound mass in the English system is gm , or
²

.32
s

ftlb  . 

The name given to this weight is “a one pound force”, to distinguish it from a one 
pound mass. 
If a boy steps on the scales to weigh himself in America, and finds that he weighs 

100 pounds, a
²

.3200
s

ftlb   force is pulling on his body, but he says that he weighs 100 

pounds. 

The weight of a one kilogram mass in the metric system is gm , or
²

81.9
s

mkg  . 

The name given to this weight is “one Newton”. 
If a man steps on the scales to weigh himself in Europe, and finds that he weighs 100 
kilograms,  a 981 Newton force is pulling on his body, but he says that he weighs 100 
kilograms. 

11.1 Explain why the toy shown will not continue to lie on its side when it is released, 
but raise to the vertical position. 
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Does the center of gravity rise? 
The center of gravity of a body will always move to its lowest possible position when 
the body is only affected by the force of gravity. 

 
The center of gravity does not rise, it moves to its lowest possible position under the 
influence of gravity. 

11.2 Where is the center of gravity of a hoop; of a Box? 

The center of gravity of a hoop is at the center of the hoop. 
The center of gravity of a box is at the center of the box. 
Is the box more stable when it is empty or when it is full? 
It makes no difference as long as the contents of the box do not change its center of 
gravity. 

 
Hoop Box 

Toy is released.  The Center of Gravity moves to its lowest 
position. 

Toy held on its side.  The Center of Gravity is at the location of the black 
spot 
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11.3 Where must the center of gravity of the beam of a balance be with reference to 
the supporting knife edge? 

 
The center of gravity of any object will always move to its lowest possible position 
when only the force of gravity is acting on the object.  In this case the object is the 
balance itself.  The balance must be constructed so that its center of gravity is 
directly below the location that the knife edge contacts the balance beam. 

11.4 What is the purpose of ballast in a ship? 

The ballast in a ship could be a long tube attached to the floor of the ship that is filled 
with water.  The weight of the water in the tube means that more of the ship’s weight 
is nearer the bottom of the ship than the top of the ship.  This lowers the center of 
gravity of the ship, making it less likely to tip to one side or the other if it is traveling in 
rough waters in the ocean, or where strong winds are causing high waves that could 
be striking the ship from the side, possibly causing it to tip over. 

11.5 What is the most stable position of a brick? 

The most stable position of any body is the position where its center of gravity is as 
low as possible. For the brick, this means that it must be lying flat on its largest area 
side. 
 

 

11.6 In what state of equilibrium is a pendulum at rest? 

When its center of gravity is on a vertical line below its point of suspension, a 
pendulum is most stable.  Why? In this position no component force of gravity exists 
that could move the pendulum horizontally. 

Lowest Center of 
Gravity, Greatest 
stability 
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11.7 What is the purpose of the tail of a kite? 

The tail of a kite causes the center of gravity of the kite to be below the force lifting 
the kite, thereby stabilizing it in flight. 

11.8 Do you get more sugar to the kilogram in Calcutta, India than in Aberdeen, 
Scotland when using a beam balance? When using a spring balance? 

 

Point of 
suspension 

Center of Gravity 

Force of Gravity 

Pole 

Aberdeen 

Calcutta 

Earth’s Center of 
Gravity 

Equator 
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The distance from the center of gravity of the earth to the equator is longer than from 
the center of gravity of the earth to the North Pole or the South Pole.  The earth is not 
a sphere.  We call the earth an ellipsoid.  The distance from the center of gravity of 
the earth to Calcutta is longer than from the center of gravity of the earth to 
Aberdeen.  The force of gravity at Calcutta is weaker than the force of gravity at 
Aberdeen because Calcutta is farther from the center of gravity of the earth than 
Aberdeen is. 
The force of gravity acts on both sides of the balance equally when we use a beam 
balance. 
If we place a standard 1 kilogram weight on the balance at Calcutta and balance the 
beam with sugar the Kilogram weight will be pulled toward the center of gravity of the 
earth with the same force as the sugar. At Aberdeen, the force of gravity acting on 
both the 1 kilogram weight and the sugar is stronger than at Calcutta, but it is equal 
on both sides of the beam.  This is why when using a beam balance the same 
amount of sugar is required to balance the 1 kilogram weight, regardless of where the 
beam balance is used. 
When we use a spring balance, the force of the spring remains constant.  If we place 
a standard 1 kilogram weight on the spring balance at Calcutta, the standard 1 
kilogram weight will be pulled less against the spring than would be the case at 
Aberdeen.  It takes more sugar to cause the spring balance to read 1 kilogram at 
Calcutta than it does at Aberdeen, because the force of gravity at Calcutta is less 
than it is at Aberdeen. 

11.9 What change  would there be in your weight if your mass were to become four 
times as great and that of the earth three times, the radius of the earth remaining the 
same? 

The force of gravity acting between two bodies (the earth and your body in this case) 
is equal to the product of the universal gravitational constant, G, multiplied by the 
masses of both of the bodies; this answer is then divided by the square of the 

distance between the two bodies.  Mathematically stated:
²

21

D
mmGF 

 . 

If the first mass becomes four times as great and the second mass becomes three 
times as great, the answer will be twelve times as great. 

11.10 The pull of the earth on a body at the earth’s surface is 100 kilograms.  The 
radius of the earth is about 4000 miles. Find the pull of the earth on the same body 
4000 miles above the surface of the earth. 

The distance between the bodies has doubled, or become 2 times as far as before. 

Two squared, 2², or 2x2=4.  Because in the formula 
²

21

D
mmGF 

 we divide by the 

square of the distance, the force of gravity between the two bodies must now be only 
¼ as much as it originally was. One-fourth of 100 kilograms is only 25 kilograms. 
At 1000 miles above the surface of the earth the new distance would be 5000 miles.  
This is 5000 divided by 4000 or 1.2 times the original distance between the bodies.  
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1.2 squared is1.44.  When we divide the original force of gravity, 100 kilograms, by 
1.44 we find that the new force of gravity is only 64 kilograms. 
At only three miles above the surface of the earth, the new distance would be 
4003/4000 times as much as the original distance between the bodies, or 1.00075 as 
much.  1.00075² = 1.0015.  Dividing 100 kilograms by 1.0015 shows that at only 
three miles above the surface of the earth the force of gravity now only pulls on the 
body with a force of 99.85 kilograms.  At three miles of altitude, the 100 kilogram 
mass has already lost 0.15 kilograms, or 150 grams, of weight. 
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12. FALLING BODIES 

To understand falling bodies we must first understand a few physical concepts. 
A force must act on a body to cause its velocity to change. Changing the velocity of a 
body from its starting velocity to its end velocity can not be done immediately, 
meaning that it takes time to cause any velocity change.  If we know the difference 
between the starting and final velocity of a body, and we know how much time was 
required for the force applied to the body to change its velocity from its starting 
velocity to its final velocity, we can make a relationship between the velocity change 
and the time required to cause it. We subtract the starting velocity from the final 
velocity, and divide this answer by the amount of time required to cause the velocity 
change.  We call this relationship acceleration. 

Time
locityStartingVeityFinalVeloconAccelerati 

  

12.1 If a body starts from rest and travels with a constant acceleration of 10 ft/s², how 
fast will it be going at the close of the fifth second? 

v = velocity 
a = acceleration 
t = time 

.tav    Velocity is equal to acceleration multiplied by time. 

s
fts

s
ftv 50

1
510

2  .  At the end of the 5 seconds, the velocity of the body was 50ft/s. 

The starting velocity was 0 ft/s.  The final velocity was 50 ft/s.  We can not use these 
values of velocity to find out how fast or how far the body traveled at a particular time 
because they are only true for two known times.  To find out how fast the body is 
moving or how far the body moved at any particular time, we need to know the 
average velocity of the body between the starting and final times. 

.
2

startingfinal
average

VV
V


  .

2
/0/50 sftsftVaverage


   The average velocity was 25 ft/s. 

How far did the body travel in the 5 second time period? 
s=distance 
v=velocity 
t=time 

tvs  .  Distance is equal to velocity multiplied by time.  The average velocity was 
25 ft/s.  The time the body traveled this average velocity was 5 seconds.  The 
Distance the body traveled was 25 ft/s multiplied by 5s, or 125 feet. 
If a velocity change of a body is the same for each equal time period of change, we 
call this relationship uniform acceleration.  For example, if a body experiences a 
velocity change of 20 meters/s for each of five consecutive seconds, we say that the 

body had a uniform acceleration of
s

sm
5

/20 , which is equal to 4 m/s². 
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12.2 A body starting from rest and moving with uniformly accelerated motion acquired 
a velocity of 60 ft/s in 5seconds.  Find the acceleration of the body. 

t
va  .  The acceleration of the body is 60ft/s divided by 5 s, which is 2

12
s

ft . 

How far did the body travel at the end of the first second; at the end of the fourth 
second; at the end of the fifth second? 
s=distance 
a=acceleration (uniform acceleration or average acceleration) 
t=time 
Distance is equal to one-half of the uniform acceleration multiplied by the time 
squared. 

2
²tas 

 . 

At the end of the first second the body moved fts
s

ft 6112
2
1 2

2  . 

At the end of the fourth second the body moved fts
s

ft 98412
2
1 2

2  . 

At the end of the fifth second the body moved fts
s

ft 150512
2
1 2

2  . 

*Uniform acceleration can cause bodies to travel great distances in a short 
amount of time. 

12.3 A body moving with uniformly accelerated motion traveled 6 ft during the first 
second.  Find its velocity at the end of the fourth second. 

If the body moved 6 feet in the first second and its acceleration is uniform, then its 
velocity at the end of this second will be 6ft/s.  The body acquired this velocity in one 
second, so its acceleration is 6ft/s divided by 1second, or 6ft/s/1s=6ft/s². 
a=acceleration 
v=velocity 
t=time 

tav  .  At the end of the fourth second the body had acquired a velocity of 6ft/s² 

multiplied by 4s, or 
s
fts

s
ft 24

1
4

²
6

 . 

How far did the body travel during the first four seconds? 

2
²tas 

 .  The distance the body traveled is fts
s
ft 48

1
²16

²
6

2
1

 . 

12.4 A ball thrown across the ice started with a velocity of 80ft/s.  It was retarded by 
friction at the rate of 2ft/s².How far did it roll? 



 - 101 - 

tav  , so s
sft
sft

a
vt 40

²/2
/80

 .  fts
s
ftssfttas 1600

1
²

²
1600

2
)²40(²/2

2
²







 . 

12.5 A bullet was fired with a velocity of 2400 ft/s from a rifle having a barrel 2ft long. 
Find the average velocity of the bullet while moving the length of the barrel. 

./1200
2

/2400
2

/0/2400
2

sftsftsftsftVV
V startingfinal

average 





  

The time to move through the barrel is .
600
1

/1200
2 s

sft
ft

v
st

average

  

The acceleration of the bullet while it was in the barrel was 

²./000,440,1

1
²1

000,440,1

1
600
600

600
1

2400
600/1

/2400 sfts
ft

s
s

s
s
ft

s
sft

t
v

a final   

12.6 A ball was thrown vertically into the air with a velocity of 160 ft/s.  How long did it 
remain in the air? 

0 upup tgv . 

upup vgt  . 

;
g

v
t up

up   g = 32ft/s². .5
²/32

/160 s
sft
sfttup   

upt = 5s, one half of the total time the ball was in the air, because it took as long for 
the ball to climb up as it took for the ball to fall back to the ground.  The ball therefore 
remained in the air for 10 seconds. 

12.7 A baseball is thrown upward.  It remained in the air 6 seconds.  With what 
velocity did it leave the hand? 

If the ball remained in the air for 6 seconds, half of this time it was going upward and 
the other half of this time it was going downward. stup 3 . 

s
fts

s
ftst

s
gft

s
ftv upstart 96

1
3

²
32

1²
 . 

How high did the baseball go? 
Method 1: 

s=1/2 a t². ftft
s
sfts

s
fts

s
fts 1441

1
916

²
²

112
9321

1
²9

²
32

2
1)²3(

²
32

2
1





 . 

Method 2: 
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s
ftvstart 96 .  

s
ftvtop 0 .  

s
ft

s
ftvv

v topstart
average 48

2
096

2






 . The height reached is 

equal to ftft
s
sfts

s
fttv upaverage 1441144

1
348

1
348




 . 

12.8 A man dropped a ball from the top of the Woolworth building in New York City, 
780 feet above Broadway.  How many seconds did it fall? 

²
2
1 ats  ;   ss

ft
sft

s
ft

ft
g
st 7

16
²780

32
²7802

²
32
78022







 . 

With what velocity did the ball strike Broadway? 

h
km

mi
km

hr
mi

ft
mi

h
s

s
fts

s
fttavend

2456.1153
5280

13600224
1
7

²
32

 . 

12.9 A bomb fell 10 seconds from an airplane before striking the ground. How high 
was the airplane? 

  ft
m

ftmm
s
sms

s
mgtats 160027.34901

12
981

²
²

12
10081.9110

²
81,9

2
1²

2
1²

2
1 2 




 

12.10 What speed does a steel ball reach before striking the earth if it is dropped 
from the Eiffel Tower, 335 meters high? 

²/81.9 smg  .  mh 335 .  ²
2
1 tgh  .  s

m
sm

s
m
m

g
ht 26.8

81.9
²670

²
81.9

6702



 . 

 
h
km

h
s

m
km

s
ms

s
ms

s
mtgvend

2903600
1000

181
1
26.8

²
81.926.8

²
81.9

 . 

12.11 If the acceleration of a marble rolling down an inclined plane is 20cm/s², what 
velocity will it have at the bottom, the plane being 7 meters long? 

²
2
1 ats  . ss

cm
scm

s
cm

cm
a
st 36.8

1
²70

20
²7002

²
20
70022







 . 

s
cms

s
cmtavend

167
1
36.8

²
20

 . 

12.12 If a man can jump 3 feet high on the earth, how high could he jump on the 
moon, where g is 1/6 as much? 

If the downward force of gravity on the moon is only one-sixth as much as on the 
earth, then the man can jump six times as high on the moon as he can on the earth. 
Six times three feet is 18 feet. 
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12.13 The brakes were set on a train running 60 miles per hour.  The train stopped 
20 seconds later.  Find the deceleration in ft/s², and the distance the train traversed 
after the brakes were applied. 

s
ft

mi
ft

s
h

h
miv 88

1
5280

3600
160

 .  
²
4.4

²20
88

20

880

s
ft

s
ft

s
s

ft

t
vva startend 











 . 

The train decelerated 4.4 ft/s². 

  .880
1

²400
²

2.2²20
²

4.4
2
1²

2
1 fts

s
fts

s
ftats   

The train traveled 880 feet from the time the brakes were applied until it stopped. 

12.14 How far will a body fall from rest during the first half-second? 

In the English system   .4
1

²25.0
²

16²5.0
²

32
2
1²

2
1 fts

s
fts

s
ftgt   

In the metric system   .226.1
1

²25.0
²

905.4²5.0
²

81.9
2
1²

2
1 ms

s
ms

s
mgts   

12.15 With which velocity must a ball be shot upward to reach a height of 555 feet? 

²
2
1 gts  . ss

s
ft
ft

g
stup 9.5²68.34

²
32

11102
 . 

s
fts

s
fttgvup 188

1
9.5

²
32

 . 

How long will the ball remain in the air before it returns? 

sstt uptotal 8.119.522  . 

12.16 What force supports an airplane in flight? 

The air resistance R acting on its wings supports an airplane in flight. 

ikAVR 2 .  005.0k . A is the area of the wings.  V is the velocity of the 
airplane. flowairthewithwingstheofincidenceofanglethei __________ .  
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12.17 A clock that makes a certain swing (1/2 period) per second in New York City is 
99.3 cm (=39.1 inches) long.  Account for the fact that this same pendulum at the 
equator must be 39 inches long, while at the earth’s poles it must be 39.2 inches 
long. 

The length of the pendulum in a pendulum clock determines the number of “steps” 
that will occur during each time interval. Increasing the length of the pendulum will 
decrease the rate of the clock.  Decreasing the length of the pendulum will increase 
the rate of the clock. 

 
The radius of the earth at its poles is shorter than the radius of the earth at the 
equator.  The force of gravity at the poles is therefore stronger than at the equator. 

equatorgravpolegrav FF __  . 
At the poles the length of the pendulum must be longer than at New York City to 
make the clock interval one second in duration; at the equator the length of the 

Pole 

New York City 

Earth’s Center of 
Gravity 

Equator 

F_grav_up 

F_grav_down 

Force R 

F_grav_R 

V_airplane 

Wing 
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pendulum must be less than at New York City to make the clock interval one second 
in duration. 

12.18 The swing of a pendulum is equal to one-half of the period of a pendulum. How 
long is the pendulum having a period of 3 seconds, of ½ second, of 1/3 second? 

The formula for determining the swing of a pendulum is
g
lt  . 

In this formula, l is the length of the pendulum, and g is the acceleration of gravity. 

Reforming this formula to obtain l , we find that
²

2





tgl . 

For a 3 second period pendulum, 5.1t , so
²

²
1
5.1

²
980











s
s
cm

l =223.425cm. 

For a 1/2 second period pendulum, 25.0t , so
²

²
1
25.0

²
980











s
s
cm

l =6.206cm. 

For a 1/3 second period pendulum, 166.0t , so
²

²
1

166.0
²

980











s
s
cm

l =2.758cm. 

We can make a simpler formula to find the length of a pendulum in centimeters of 

any period using the above formula
²

2





tgl .  We substitute

2
T for t in the formula to 

obtain the formula cmT
cm
ssTs

cm
gT

Tg
l ²²825.24²²

²4
²

980

²4
²

²
2

2
















 .  

*The length of the pendulum in centimeters is found by the 
formula cmTl ²825.24  . 

A 2 second period pendulum has the length cms
s
cml 3.99²4

²
825.24  = 39.1in. 

A 3 second period pendulum has the length cms
s
cml 425.223²9

²
825.24  = 87.962in. 

A 1/2 second period pendulum has the length cms
s
cml 206.6²4/1

²
825.24  = 2.443 

in. 

A 1/3 second period pendulum has the length cms
s
cml 758.2²9/1

²
825.24  = 

1.085in. 
The length of the pendulum in inches is found by dividing its length in centimeters by 
2.54. 
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12.19 A man was let down over a cliff with a rope to a depth of 500 ft.  What was his 
period as a pendulum? 

cm
in

cm
ft
inft 15240

1
54.2

1
12

1
500

 . cmTl ²825.24   

ssTssslT 8.24²89.613²89.613²
825.24

15240²
825.24

²   
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13. NEWTON’S LAWS OF MOTION 

Newton’s First Law. 
When any object is moving, it resists any change to the direction it is moving or the 
velocity with which it is moving.  The object has mass and it has a velocity.  We call 
the body’s momentum its mass multiplied by its velocity. 
*1. Every object tends to stay at rest or to move uniformly in a straight line 
unless an external force causes it to change its state.  This property that all 
bodies have of resisting any force trying to change their state (meaning to 
change their motion or direction of motion) is called inertia. 
A body has a 5 kilogram mass and is moving 20 meters each second; its momentum 

is 
s

mkg
s
mkg 


100205 . 

A body has a 4 pound mass and is moving 2 feet each second; its momentum is 

s
lbft

s
ftlb 


824 . 

Newton’s Second Law. 
*2. The rate of change of momentum is proportional to the force acting, and the 
change takes place in the direction in which the force acts. 
If we have two identical masses, and we apply a force to the first mass, and a second 
force that is twice as large as the first force to the second mass, the amount of 
momentum that is given to the second mass is twice as great as the amount of 
momentum given to the first mass. 
Newton’s Third Law. 
If one object experiences a change in its momentum, another object experiences an 
equal and opposite change in its momentum. 
When one ball strikes another ball, one ball gains momentum, and the other ball 
loses momentum. 
*3. To every action there is an equal and opposite reaction. 

13.1 What principle is applied when tightening the head of a hammer by pounding on 
the handle? 

Newton’s third law, “every action has an equal and opposite reaction”.  Pounding on 
the handle imparts a momentum to the handle.  The handle imparts a momentum to 
the hammer head.  The momentum of the hammer head is exactly opposite to the 
momentum of the handle.  The handle and the hammer head push against each 
other with equal and opposite forces, tightening the head of the hammer on the 
inclined plane of the hammer handle. 

13.2 What keeps the car from falling when it is at position B? 
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The car at position B is moving along the circumference of a curve.  It is pushed 
upward by a force called centrifugal force, which is caused by the loop.  The 
centrifugal force acting on the car at position B, because of the loop, is constantly 
changing the direction of the car, but not its momentum (this is true because the 
centrifugal force is always acting at right angles to the length of the car, so there is no 
component of centrifugal force that could change the velocity of the car).  The car 
loses velocity when it climbs from the level ground at position A to position B against 
the force of gravity, which decreases the cars momentum.  The car must, therefore, 
have a momentum larger than the change in momentum caused by the force of 
gravity if it is to remain on its path at position B. 

13.3 Why does a flywheel cause machinery to run more smoothly? 

The inertia of the flywheel resists changes to its momentum caused by jerky or 
irregular movements in the machinery.  The small forces acting to cause small 
changes in the momentum of the moving parts of the machine are therefore not so 
easily noticed. 
A small momentum being transferred to a massive flywheel only allows the flywheel’s 
velocity to change a small amount, holding the rotational speed of the flywheel almost 
constant. 

13.4 Balance a small card on your finger and then place a coin on it so that the coin 
is also balanced on your finger.  Snap the card away quickly with the fingers of your 
other hand and note that the coin remains balanced on your finger.  What principle is 
illustrated? 

The coin resists the pull of the card on its underside, which is trying to change the 
coins velocity and direction.  The coin remains where it is.  This illustrates the 
principle of inertia.  The property that all bodies have of resisting any force trying to 
change their state (meaning to change their motion or direction of motion) is called 
inertia. 

13.5 Is it any easier to walk toward the rear than toward the front of a rapidly moving 
train? 

If you are standing still in the train, you have the mass of your body and the velocity 
of the train, which determine your momentum. 
If you try to walk toward the front of the train, you do not change your mass, but you 
increase your velocity in the direction of movement of the train by the speed you 
walk. You increase your momentum. 

A 

B 

C 

Loop 
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If you try to walk toward the back of the train, you do not change your mass, but you 
decrease your velocity in the direction of movement of the train by the speed you 
walk. You decrease your momentum. 
The amount of change in your momentum is the same in each case, but they are 
opposite in direction, so the force that caused the change in momentum in each case 
is equal, but it is opposite in direction. 
It is not more difficult to walk toward the front of the train than to walk toward the rear 
of the train.  Both are equally difficult. 

13.6 Suspend a weight by a string.  Attach a piece of the same string to the bottom of 
the weight.  If the lower string is pulled with a sudden jerk, it breaks, but if it is pulled 
steadily, the upper string will break.  Why? 

The upper string is subject to a force that is more than the force acting on the lower 
string (the weight plus the pull on the lower string). 
The lower string is only subject to the force pulling on it. 
If the lower string is pulled steadily, the force acting on the upper string is greater, 
and it will break first. 
If the lower string is jerked rapidly, the weight will resist this attempt to change its 
momentum.  Now the force acting on the lower string is greater than the force acting 
on the upper string, and the lower string breaks first. 

13.7 Where does a body weigh more, at the poles or at the equator? Give two 
reasons why. 

*Reason 1. The radius of the earth is shorter at the poles than at the equator, 
causing the force of gravity to be greater at the poles than at the equator. 
*Reason 2. A centrifugal force that opposes the force of gravity acts on all 
bodies on the earth that are not located at one of the earth’s poles.  This force 
is caused by the rotation of the earth toward the east; it is greatest at the 
equator.  The resultant force of adding the force of gravity and the centrifugal 
force is therefore smallest at the equator. 
Because there is no component of the earth’s centrifugal force at the poles, the force 
of gravity is not decreased by the earth’s centrifugal force there. 

13.8 Three trains are all running at the velocity of 60 kilometers per hour. 

What is the velocity of train A with reference to train B, to train C? 

 
Train A is moving 120 kilometers per hour in relation to train B; it is moving 0 
kilometers per hour with relation to train C. 

A 

B 

C 
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13.9 If a weight is dropped from the roof to the floor of a moving train car, will it strike 
the point on the floor which was directly beneath its starting point? 

Yes, because the downward force of gravity acting on the weight is at a right angle to 
the direction of velocity of the weight; there is no component of the force of gravity 
that can change the weight’s velocity in the direction the train is moving.  The weight 
continues moving at the same velocity of the train in the direction of the train.  The 
weight moves in the direction of the train just as far as the floor of the train moves in 
the direction of the train while the weight is dropping.  The weight strikes the floor of 
the train at the spot on the floor that was directly beneath the weight before the 
weight was dropped. 

13.10 Why is a train track banked toward the inside of the curve when it turns to 
change directions? 

When a train enters a curve, a centrifugal force pushes the train toward the outside of 
the curve; if the centrifugal force is strong enough, it can push the train off the track 
toward the outside of the curve.  The track is banked toward the inside of the curve to 
produce a component of the downward force of gravity that acts in a direction 
opposite to the direction of the centrifugal force.  The degree of banking can be set to 
offset the centrifugal force for the velocity of the train as it makes its turn; this keeps 
the train on the track. 

13.11 If the earth were to stop rotating, would objects at the equator weigh more or 
less? Why? 

The weight of objects at the equator would become more, because the centrifugal 
force acting on the bodies at the equator that opposes the force of gravity would 
disappear; this increases the effect of gravity on all objects, not only at the equator, 
but at any location on the earth except at the earth’s poles.  See also problems 11.8 
and 12.17. 

13.12 How is Newton’s third law involved in rotary lawn or irrigation sprinklers? 

*3. To every action there is an equal and opposite reaction. 
The water stream hits the paddle, imparting momentum to the paddle which rotates 
the paddle away from the water stream.  The back side of the paddle hits the 
rotateable water nozzle, imparting momentum to it, causing it to rotate a little.  A 
spring then moves the paddle back into the stream of water again, and the cycle 
repeats itself. 
The momentum of the moving water imparts momentum to the paddle which moves 
it.  An arm on the back side of the paddle strikes the rotateable water nozzle and 
imparts momentum to it, causing it to rotate.  If we neglect friction, the momentum the 
water imparted to the paddle is equal to the momentum the paddle imparted to the 
water nozzle.  The spring exerts a small force on the paddle to turn it into the water 
stream again. 

13.13 How does a clothes drying centrifuge work? 

The centrifuge is a large cylinder having holes in its side that is rotated by a motor at 
high speed. 
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Centrifugal force acts on the clothes and the water molecules in them, pressing them 
against the inside wall of the cylinder.  The clothes remain in the cylinder, but the 
momentum imparted to the water molecules causes them to flow through the holes in 
the cylinder wall and then away from the cylinder on paths tangential to the cylinder.  
Most of the water is removed from the clothes, and they dry quickly after being 
removed from the centrifuge. 

13.14 Explain how reaction pushes an ocean liner or an airplane forward. 

The propeller which is attached to a ship (airplane) imparts momentum to water (air).  
The water (air) pushes back with equal momentum on the ship (airplane). 
The mass of the water (air) is greater than the mass of the ship (airplane); so the 
velocity of the water (air) is less than the velocity of the ship (airplane). 
The ship moves forward in the water.  The airplane moves forward in the air. 

13.15 If one ball is thrown horizontally from the top of a tower, and another is 
dropped from the tower at the same time, which will strike the earth at the bottom of 
the tower first? 

Neither.  The ball that is thrown horizontally has no component of velocity toward the 
earth.  Gravity pulls both balls downward with the same acceleration, and each ball 
strikes the earth at the same time with the same downward velocity (the ground is 
completely level under the tower). 

13.16 If a rifle bullet were fired with a velocity of 300 meters per second from a tower 
having a height of 19.6 meters, how far would it strike the earth away from the base 
of the tower if there were no air resistance? 
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 .  It takes two seconds for the 

bullet to fall from the top of the tower to the bottom of the tower. The horizontal 
distance the bullet traveled is its horizontal velocity multiplied by the time it took until 
the bullet fell to the earth. 

ms
s

mtvs fallhorizontalhorizontal 6002300
 .  The bullet traveled 600 meters before it 

struck the earth. 

13.17 The hydraulic ram is a practical illustration of the principle of inertia.  With its 
aid, water from a pond can be raised into a tank that stands at a higher level than the 
pond.  Explain how it works. 
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Water from the pond flows down the fall pipe to its end and exits the fall pipe through 
a waste water valve.  When the water flows through this pipe fast enough, the waste 
water valve snaps quickly shut and a high pressure impulse builds up in the fall pipe 
that immediately opens the pressure valve.  This pulse is caused by the inertia of the 
water moving in the fall pipe, which acts like a solid ram.  Water is forced past the 
pressure valve, and moves through the tank pipe to the top of the tank where the 
tank is filled. 
Now we want to know how the system works in detail according to the laws of 
physics. 
Assume that the fall pipe is a 2 inch pipe having a cross sectional area of 20 cm².  
The length of the fall pipe is 15 meters, or 1,500cm.  The volume of water in the fall 
pipe is then 20cm² multiplied by 1,500cm, which is equal to 30,000cm³. 
1000cm³ of water weighs one kilogram, so the mass of the water in the fall pipe is 30 
kilograms of water when water is flowing through it and it is full. 
Assume the velocity of the water flowing inside of the fall pipe is 2 meters per 
second.  The momentum of the water flowing in the fall pipe is then the mass of the 
water in this pipe multiplied by its velocity, 
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When the velocity of the water flowing through the fall pipe reaches
s
m2 , the waste 

water valve snaps shut. A force builds up in this pipe, caused by the inertia of the 
water moving inside it that causes the pressure valve to open.  Water now flows 
through the pressure valve and into the housing above it until the velocity of the 
water in the fall pipe has changed to zero. When this happens, the pressure valve 
closes again. 
Let us assume that the time it took for the velocity of the water in the fall pipe to 

change from 
s
m2  to

s
m0  is only ¼ of a second. 

When we divide momentum by time we obtain a force.  A force has the units
²s
mkg  , 

because force is equal to mass times acceleration. 

The force that builds up in the pipe is equal to  
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Newtons
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This 240 Newton force is directed against the end of the fall pipe, which has a cross 
sectional area of 20cm². 
A 240 Newton force, acting on an area of 20cm², produces a pressure 

of
²

12
²20

240
cm
N

cm
NPFallPipe   .  This is the pressure above the pressure valve by the time 

the velocity of the water in the fall pipe has changed to zero.  The pressure above the 
pressure valve is now greater than the pressure below the pressure valve, and the 
pressure valve closes, holding this pressure in the housing above the pressure valve.  
This is the pressure available to push water up the tank pipe and into the supply tank. 
A ten meter high column of water in the tank pipe having a cross sectional area of 
1cm² has a mass of 1kg, because 1cm³ of water weighs 1 gram. 
The force of gravity acting on this ten meter high column of water is equal to the 
mass of the water column multiplied by the gravitational acceleration acting on it, 
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The downward force due to gravity on the ten meter high column of water is 9.81N. 
The upward force required to hold this ten meter high water column in place is 
therefore also 9.81N. 
The upward force acting on the ten meter high column of water is 12N. 

It is 223.1
81.9

12


N
N times as strong as the force of gravity acting on the column. 

The height of water that can be sustained by this force 
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This particular hydraulic ram should be able to push water 12.23 meters above the 
pressure valve. 
If the pressure valve is two meters below the pond, we should be able to fill a tank to 
a height of 10.23 meters above the pond. 
There are always losses of efficiency in any system, however, and the real height 
that can be reached by this system will be less than 10.23 meters above the pond. 

13.18 If two men were standing on a frictionless frozen pond, how could they get off 
of the pond? 

If the two men push against each other a momentum will be imparted to each of 
them, causing them to move across the ice in opposite directions to another.  Each 
man will eventually reach the edge of the pond. 
Could one man get off of the ice if he were alone? 

One man could take off his trousers and stuff his jacket into one of the legs.  Using 
the other leg of the trousers he could swing the trousers around his head. Centrifugal 
force acting on the jacket will pull against the mass of his body giving him 
momentum, which will cause him to move across the ice.  Once he is moving he can 
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stop swinging the trousers and his jacket.  He will then move in a straight line until he 
reaches the edge of the pond. 

13.19 If a 10 g bullet is shot from a 5 kg gun with a velocity of 400 m/s, what is the 
backward velocity of the gun? 
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13.20 If a team of horses pulls 500lb when drawing a wagon, with what force does 
the wagon pull backward on the team? 

The moving wagon pulls on the team with 500lb also, because every action has an 
equal and opposite reaction. 
Why do the wheels turn before the hoofs of the horses slide? 
The hoofs of the horses carry the weight of the horses on a small area, which creates 
a great pressure on the surface of the earth.  The friction of the hoofs under this 
pressure on the earth is large, acting like an anchor in the earth. 
The wagon wheel only experiences rolling friction on the surface of the earth and in 
the bearings on its axles.  This friction is small compared to the friction of the horse’s 
hoofs on the earth. 
The force applied by the horses on the wagon is constant.  Force is mass multiplied 
by acceleration, so the pulling force of the horses acting on the mass of the wagon 
causes the wagon to accelerate, i.e., to move in the direction of the horses while the 
horses are still standing with their hoofs on the earth.  Once the wagon begins to 
move, the horses step forward.  The force required to keep the wagon moving is less 
than the force required to start the wagon into motion, because the horses must 
initially overcome the inertia of the wagon before the wagon will move. 

13.21 Why does a falling mass, on striking the earth, exert a force in excess of its 
weight? 

Weight is the force caused by the earth’s gravitational acceleration acting on a mass, 
gmf  . 

When a mass falls, it acquires velocity which increases with the time of the fall.  The 
mass therefore acquires momentum, mass times velocity, which increases with the 
time of the fall.  When the mass strikes the earth its momentum changes in a very 
short time to become zero.  We can call this time the time of deceleration ondeceleratit . 

The force that develops when a falling body strikes the earth is
ondecelerati

final

t
vm

f


 . 

The time ondeceleratit  is very small.  When it is divided into the body’s final 
momentum, finalmv , a force results that is very large when compared to the 
force gmf  , the weight of the body’s mass. 
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We note that the great force produced when a body strikes another body is mainly 
produced by the very short time of deceleration. 

13.22 A force of 1 Newton acts for three seconds on a mass of 1 kilogram.  What 
velocity is imparted to the mass? 
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The mass was accelerated 1m/s². 

Velocity is acceleration multiplied by time
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The velocity imparted to the mass is 3meters per second. 

13.23 How long must a 100 Newton force act on a 20 kilogram mass to impart a 
velocity of 40 meters/second to it? 
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13.24 A force of 1 Newton acts on 1 kilogram for 1 second. How far is the kilogram 
moved at the end of the second? 
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14. MOLECULAR FORCES IN SOLIDS 

*Cohesive Forces: The forces that bind like kinds of molecules are called 
cohesive forces. 
*Adhesive Forces: The forces that bind unlike kinds of molecules are called 
adhesive forces. 
*Hardness: Substances that have the strongest cohesive forces will scratch 
substances that have less cohesive forces.  The strongest cohesive forces are 
found in the diamond, which will scratch all other substances.  This is what is 
meant when we speak of hardness. 
*Brittleness: If one substance breaks more easily than another when struck 
with a hammer, we say that the one that broke more easily is more brittle than 
the one that did not. Glass is more brittle than copper. 
*Ductility: If one substance can be drawn into a finer wire than another 
substance, we say that the substance that can be drawn into a finer wire is 
more ductile than the other. 
Great forces are usually required to pull the molecules of a solid object apart.  If a 
solid is pulled apart by a strong enough force, we say that its limit of tenacity has 
been exceeded.  Usually, some materials, like metals, stretch somewhat before their 
limit of tenacity is reached by applying a large enough force to them (like fixing one 
end of a metal wire and applying a force to its other end, for example). 

When a material is stretched by a force, but not broken, it can return to its original 
size once we remove the force acting on it. 

If the material returns to its original size, we say that the material was perfectly elastic 
during the time it was exposed to the force. 

If the material does not return to its original size, we say that the material was 
deformed during the time it was exposed to the force. 
If a certain force stretches a solid, two times this force will stretch the solid twice as 
far. Three times the force will produce three times the stretch, etc.  This remains true 
until the perfectly elastic limit of the solid is exceeded, and the solid becomes 
deformed.  Robert Hooke (1635 – 1703) stated this fact known as Hooke’s law as 
follows: 
*“Within the limits of perfect elasticity, elastic deformations of any sort, be they 
twists or bends or stretches, are directly proportional to the forces producing 
them.” 

14.1 Tell how you can, using Hooke’s law and a 20 kilogram weight, make a scale for 
a 40 kilogram spring balance. 

Place the 20 kilogram mass on the spring balance and, using an unmarked scale (a 
piece of paper (or something else convenient to use) covering and fixed to the old 
scale), place a mark on the scale next to the scale pointer.  This is the 20 kilogram 
mark on the new scale. 
Remove the 20 kilogram mass from the scale.  Place a mark next to the pointer on 
the unmarked scale.  This is the zero mark on the new scale. 
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Divide the distance between the zero and 20 kilogram marks on the scale into 20 
equal parts and mark them on the scale as you did before for the 0 and 20 kilogram 
marks. 
Each of the divisions on the new scale is now equal to one kilogram, and each ½ 
division is equal to one metric pound. 

14.2 A broken piece of iron or steel can be made solid again by “welding”.  The two 
broken ends are heated white hot and then pounded together, or are melted by a gas 
flame or an electric arc.  Gold foil is welded together cold in the process of filling a 
tooth.  Explain what “welding” is. 

A material is pressed together or melted until the molecules of the material are close 
enough for the cohesive forces between them to attract the molecules of both pieces 
back together.  Heat must be applied to some materials to bring the molecules close 
enough together for this cohesive bonding to occur. 
Joining two pieces of the same material together by causing their molecules to bond 
by cohesive forces between them (or dissimilar materials by causing their molecules 
to bond by adhesive forces between them) is called “welding”. 

14.3 A piece of broken wood can be repaired with glue.  What does the glue do? 

The molecules of glue set up strong adhesive forces between themselves and the 
molecules of the wood.  The glue also possesses strong cohesive forces between its 
own molecules.  The glue is therefore able to hold the two pieces of wood together. 

14.4 Why are springs usually made of steel instead of copper? 

The elastic limits of steel are much larger than copper.  The steel springs therefore 
have a wider force range of application, and are stronger than copper springs.  
Copper springs do not oxidize as readily as steel springs and are used where small 
forces are applied to them and in applications where corrosion control is important. 

14.5 If a given weight is required to break a given wire, how much force is required to 
break two such wires hanging side by side? 

Twice the force is required to break two identical wires. 
How much force is required to break a second wire of twice the diameter of the first 
wire? 
The cross sectional area of the first wire is ²rA  . 
The cross sectional area of the second wire is ²4)²2( rrA  . 

The cross sectional area of the second wire, having twice the diameter of the first 
wire, is four times greater than the cross sectional area of the first wire. 
It therefore takes four times as much force to break the second wire. 
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15. MOLECULAR FORCES IN LIQUIDS 

15.1 Explain how capillary attraction becomes useful in a fountain pen point.  

It draws ink in a thin stream between the two halves of the point of the pen where the 
force of attraction between the ink in the point and the paper allow writing on the 
paper to occur. 
Other examples of capillary action are the bristles of a paint brush that pull large 
quantities of paint into the brush, lamp wicks that lift the oil into the oxygen of the air 
so that the oil will burn cleaner, and sponges that pull large quantities of water into 
them for washing or drying. 

15.2 Candle wax can be removed from clothing by covering it with blotting paper and 
then ironing it with a hot iron.  Explain how this works. 

Heat from the iron liquefies the wax beneath the blotting paper.  Adhesive forces 
between the blotting paper and the liquid wax are stronger than the adhesive forces 
between the cloth and the wax.  This draws wax out of the cloth. 

15.3 How will a piece of sharp cornered glass become rounded when heated to 
redness by a flame? 

The heat liquefies the solid glass on the corner; the liquid tries to assume a spherical 
form, rounding the sharp edge before it solidifies again. 

15.4 The leads for pencils are made by subjecting powdered graphite to enormous 
pressures produced by hydraulic machines.  Explain how the pressure changes the 
powder into a coherent mass. 

The pressure forces the graphite powder molecules very close together until the 
coherent forces between the molecules begin to attract each other.  When this occurs 
the lead to be used to make a pencil is formed. 

15.5 Float two matches an inch apart on water.  Touch the water between them with 
a hot wire.  The matches will spring apart.  What does this show about the effect of 
heat on the surface tension of water? 

The molecules attracted together by surface tension on the surface of the water 
seem to be closer together than the molecules deeper in the liquid.  When the 
surface molecules are suddenly heated at one part, the water molecules around this 
point receive a molecular impulse from the hot wire and move radially away from the 
point in all directions on the surface of the water.  The water surface acts like a solid 
connection from the position of the hot wire to the matches floating on it, causing the 
matches to spring apart due to the molecular momentum imparted to them by the 
molecules of water moving rapidly away from the point on the surface. 

15.6 Repeat the experiment in exercise 15.5, touching the water with a wire that has 
been dipped in alcohol.  The matches rapidly spring apart again.  What do you infer 
about the relative surface tensions of alcohol and water? 

The molecules of alcohol are larger and farther apart than those of water.  The 
surface tension of alcohol is therefore weaker than the surface tension of water. 
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15.7 Fasten a bit of gum camphor to one end of half of a toothpick and lay it on the 
surface of a large container of clean, still water.  Explain the motion of the toothpick. 

The toothpick begins to move in a spiral motion on the surface of the water.  The 
camphor molecules are heavier and farther apart than water molecules, and exert a 
momentum on the end of the toothpick when going into solution in the water.  The 
other end of the toothpick remains stable.  This produces the toothpick’s spiral 
motion. 

15.8 Shot are made by pouring molten lead through a sieve on top of a tall tower and 
catching them in water at the bottom of the tower.  Why are the shot spherical? 

When the shot begins to fall it is in a liquid droplet state.  The cohesive forces 
between its molecules cause the droplets to change to a spherical state, and the 
droplets on the surface due to surface tension hold the formed droplet in an almost 
perfect spherical form.  As the balls of shot fall through the air, they are cooled to a 
solid state on the outside, but are still very hot.  Falling into water they are rapidly 
cooled and change completely from the liquid to solid state. 

15.9 Explain how capillary action makes an irrigation system successful. 

When water falls on dry materials, the adhesive forces between the water molecules 
and the molecules of the materials it falls on are great.  The soil quickly absorbs the 
water and becomes damp.  The damp soil reaches the dry roots of the plants and is 
absorbed on their surfaces by capillary action.  The water enters the plant by 
osmosis, and the plants begin to grow again. 

15.10 When building a macadam road, coarse stones are placed at the bottom, 
smaller stones on top of them, and finally tiny granules are tightly rolled together by 
means of a street roller.  Explain how this arrangement of materials helps keep the 
road dry. 

Cohesive forces between the water molecules in conjunction with the force of gravity 
acting on them, and capillary action between the tightly packed fine particles on the 
surface of the road cause the water drops to flow through the upper surface of the 
road.  Larger drops are formed in the underlying stone layer of the road, which are 
drawn farther down in streams into the coarse stone layer of the road, where the 
water flows away underneath the upper surface of the road. 

15.11 What force is mainly responsible for the upward return of water that has 
gravitated into the soil? 

Capillary forces of adhesion cause the water molecules deeper in the earth to be 
pulled toward the dry earth above them.  This shows that the capillary forces of 
adhesion acting on the water molecules can be greater than the force of gravity trying 
to pull them deeper into the soil. 
Would the looseness of the soil make any difference (dry farming)? 
Loose soil has particles of earth that are farther apart than the particles of tightly 
packed soil.  The capillary action in this kind of soil would therefore be expected to be 
less strong and capable of drawing the water molecules that are deeper in the soil 
upward. 
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15.12 Why do fish in an aquarium die if the water is not frequently refreshed? 

Liquids have gasses dissolved in them.  Fish breathe by removing dissolved air from 
the water they live in; this decreases the amount of oxygen dissolved in the water. If 
the water is not renewed, or more oxygen is not dissolved in the water, the fish will 
die. 

15.13 Explain the apparent generation of ammonia gas when aqua ammonia is 
heated. 

Aqua Ammonia is water in which ammonia gas has been dissolved.   
*Experiment shows that in every case of absorption of a gas by a solid or a 
liquid that the quantity of gas absorbed decreases when the temperature is 
increased. 
When the temperature is increased, the amount of ammonia that can remain 
dissolved in the water decreases, so the excess ammonia gas leaves the solution 
and enters the air above it as pure ammonia gas.  The ammonia gas was not 
generated; it existed already as ammonia gas before it was first dissolved in the 
water. 

15.14 Why in the figure shown will the water flow much faster after reaching point F? 

 
As NH4-Gas is first absorbed into the H2O through tube b, the H2O climbs upward in 
tube b, because a partial vacuum is formed in the upper container caused by NH4-
Gas leaving it.  Atmospheric pressure acting on the lower surface of the water inside 
of tube b in the lower container pushes the water up the tube. 
When the water in the upper container reaches point F, the surface area of contact 
between the water and the ammonia gas has become much greater, increasing the 
rate at which ammonia gas can dissolve into the water.  As the rate at which 
ammonia gas dissolves into the water increases rapidly, the strength of the partial 
vacuum in the upper container also increases rapidly. 
The increased pressure difference between atmospheric pressure acting in the lower 
container and the stronger partial vacuum in the upper container now pushes the 
water upward through tube b faster. 
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16. MEASUREMENT OF WORK 

16.1 To drag a trunk weighing 120 pounds required a force of 40 pounds.  How much 
work must be done to drag this trunk three yards? 

*Work = Force X Distance. 
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How much work must be done to lift the trunk two yards high? 
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16.2 A carpenter pushed with a force of 5 pounds when removing a shaving of wood 
that was four feet long.  How much work was done? 

.20.4.5 lbftftlbWork   

16.3 How many ft-lb of work does a 150-lb man accomplish when climbing a 
mountain that is 6300 ft high?  Assume that the man started climbing when he was at 
an altitude of 300 ft. 

.000,9001506000150)3006300( lbftlbftlbftWork   

16.4 A horse pulls a metric ton of coal to the top of a hill 30 meters high.  Express the 
work accomplished in Newton-Meters. 

A metric ton of coal has a mass of 1000 kilograms.  The force of gravity acting on this 
mass is the mass multiplied by the acceleration of gravity, which is 9.81 meters per 
second for every second. 

N
s

mkgF ingOnCoalGravityAct 9810
²

81.9
1

1000
 . 

The work required to lift the metric ton of coal is this force multiplied by the distance 
the metric ton was moved vertically, which was 30 meters. 

mNmNWork CoalLiftingThe  300,294309810 . 

The horse did not pull with the full force of 9810 Newton, but a lesser force.  The 
horse pulled the metric ton a much longer distance than 30 meters up the road, 
however, to raise the ton of coal that high.  The horse therefore did the same amount 
of work as lifting the metric ton 30 meters high vertically. 

mNWorkHorse  300,294  

16.5 If 20,000 inhabitants of a city use an average of 20 liters of water each day for 
each person, how much work must the engines that pump the water do to deliver the 
water to the city if the city is 75 meters higher than the water source? 

We must know what the total daily mass of water lifted each day is. 
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kgkg
L

kg
person

Lpeople
water

water 000,400
1
000,400

1
1

1
20

1
000,20

  

The force that is required to lift this water is the mass of the water multiplied by the 
acceleration of gravity. 

N
s

mkgFgravity 000,924,3
²

81.9
1
000,400

 . 

The work that must be done to lift the water is this force multiplied by the height the 
water must be lifted, 75 meters. 

mNmNWorkceDisForceWork Engines  000,300,29475000,924,3tan . 

16.6 If a hydraulic elevator carries a load of 20,000 lb. and moves 4 times as fast as 
the piston driving it, what force must be applied to the piston? 

Let us call the distance the elevator moved X; then the distance the piston moved is 
X/4. 
The work the elevator completed was 20,000lb. multiplied by X ft. 

The work the piston completed was
4
XForcePiston  ft. 

The work the piston completed is equal to the work the elevator completed. 

.000,80
.

4
1

.000,20000,20
4

. lb
Xft

XftlbForceXftlbXftForce PistonPiston 


  

If the water pressure that operates the elevator is 21
.70

in
lb , what must the area of 

the piston be? 

.
Pr

Pr
essure

ForceArea
Area
Forceessure   

².8.142,1
70

²1
1

000,80
²1
²1

²1
70
000,80

²1
70
000,80

Pr
in

lb
inlb

in
in

in
lb

lb

in
lb

lb
essure

ForceArea
Piston

Piston
Piston   

What must the radius of the piston be? 

.07.19²8.142,1²² ininArearArearrArea circlecircle
circle 


  

The diameter of the piston is twice its radius, or 38.14 inches. 

A 
4
138 inch diameter piston would do the work of lifting the elevator. 
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17. WORK AND THE PULLEY 

17.1 Although the mechanical advantage of the single fixed pulley is only 1, it is 
extensively used in connection with clothes lines, awnings, open wells, and flags. 
Explain. 

The single fixed pulley is used to change the direction in which a force is applied. 

17.2 Draw a diagram of a set of pulleys by which a load of 250 pounds can be raised 
by a force of 50 lb. 

The mechanical advantage of a pulley system is equal to the weight lifted divided by 
the force applied. 
In this case the mechanical advantage of the pulley system must be 250 pounds 
divided 50 pounds, or 5. 
*There is an easy way to determine how to build a pulley system for any 
desired mechanical advantage.  The number of rope segments going from one 
pulley wheel on the fixed block of pulleys to another pulley wheel on the 
movable block of pulleys must be equal to the mechanical advantage desired. 

The number of rope segments going from one pulley wheel on the fixed block of 
pulleys to another pulley wheel on the movable block of pulleys in this case must be 
equal to five.  These rope segments are numbered from 1 to five in the figure. 
Notice in the figure that rope segment number 5 goes from the wheel to the frame of 
the other block of pulleys and is tied to the other frame (not the frame it belongs to) 
Also notice in the figure that the total number of pulley wheels is 5. 
If you wanted to make a set of pulleys that would pull with a force of 4000 
Newton when you pull with a force of 500 Newton, how many pulley wheels 
would you need? 

The mechanical advantage of the pulley system is 4000 divided by 500, or 8.  You 
would need eight pulley wheels.  You could make two pulley blocks, each having four 
wheels attached to their own frame.  The eighth rope segment must go from wheel 8 
to the frame of the other pulley block and then be tied to that frame (not to its own 
frame). 
The weight of the person pulling on the rope must be enough to create a pulling force 
of 500 Newton.  What is the least body mass that the person can have? 

.
Gravity

Gravity
BodyGravityBodyGravity onAccelerati

F
MassonAcceleratiMassF    

.96.501
81.9

500
81.9

500
81.9

500

²
81.9

500
1
1

²
81.9

500

²
81.9

500 kgkg
N
Nkg

N
Nkg

s
mkg

Nkg
kg
kg

s
m
N

s
m
NMassBody 




To account for friction in the pulley system, the person should have a mass of about 
55 kilograms. 
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17.3 Draw a diagram of a set of pulleys by which a force of 50lb can support a weight 
of 200lb. 

The mechanical advantage of the pulley system is 200 / 50 = 4.  There are four pulley 
wheels divided into two fames, one fixed and the other movable. 

250lb
. 

50lb lifting force 

Frame for 
Fixed 
block of 
pulleys 

Frame for 
Movable 
Block of 
Pulleys 

1 

2 3 

4 5 

Weight being lifted 
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17.4 Two men pulling 50 lb each lifted 300 lb using a system of pulleys.  If there were 
no friction, how many feet of rope did the two men pull down in raising the weight 20 
feet high? 

The work done lifting 300 lb 20 ft is 600 ft-lb.  The two men must have done the same 
amount of work to lift the weight.  The force of the two men pulling together was 100 
lb. 

men

weightweight
menweightweightmenmen Force

ceDisForce
ceDisceDisForceceDisForce

tan
tantantan




ft
lb

ftlbceDis men 60
100

20300tan 


 . 

200lb
. 

50lb 
lifting 
force 
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18. WORK AND THE LEVER 

A lever can be used to multiply, i.e. to increase or decrease a force.  When it does 
this, we say that the lever has a mechanical advantage.  For example, if we push on 
a lever with a force of 10 Newton and the lever pushes on some other object with a 
force of 100 Newton, we say that the lever in this case has a mechanical advantage 
of ten, because the resultant force of the lever is ten times larger than the force we 
exert on the lever. The mechanical advantages of levers can be more than one, 
equal to one, or less than one. 
A lever can also be used to change the direction of a force if the lever is a lever of 
type 1. 
In the figure, the triangle is an immovable, stable point (a location that can be on an 
object, or the floor, or the earth, etc.) on which the lever rests and against which the 
lever can work; this point, or location, is called the “Fulcrum” of the lever. 
E represents the force Exerted, while R represents the force that results. 

 

18.1 In which of the three classes of levers does a wheelbarrow , a grocer’s scales, a 
pair of pliers, tangs, a claw hammer, a pump handle belong? 

Wheelbarrow – type 2. Grocer’s scales – type 1.  Pliers – type 1.  Tangs – type 3. 
Claw hammer – type 1.  Pump handle – type 2 

18.2 Explain the principle of weighing in the figure shown. 

Type 1 Type 2 Type 3 

R R R E E E 

Using a type 1 lever, 
the forces E and R are 
on opposite sides of 
the fulcrum, and have 
opposite directions. 
If the fulcrum is closer 
to R than E, the lever’s 
mechanical advantage 
is larger than 1. 
If the fulcrum is closer 
to E than R, the 
mechanical advantage 
is less than 1. 

Using a type 2 lever, 
the forces E and R are 
on the same side of 
the fulcrum and have 
the same direction. 
Because the fulcrum is 
always closer to R 
than E, the lever’s 
mechanical advantage 
is always more than 1. 

Using a type 3 lever, the 
forces E and R  are on 
the same side of the 
fulcrum and have the 
same direction. 
Because the fulcrum is 
always closer to E than 
R, the lever’s 
mechanical advantage 
is always less than 1. 

F F F 
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These scales are a lever of type 1.  The scales are balanced when W x D2 = E x D1. 

So, the weight of the material on the scales, W, is W =
2

1
D

DE  . 

D1 is constant; it is always the same for these scales. 
E is the force exerted by the scale-weight, which can be changed. 
F is the position from which the scales are hung. 
W is the weight (gravitational force) of the articles placed in the weighing pan. 
D2 is the distance the weighing pan is moved from position F, to balance the scales.  
For heavier articles, D2 will be shorter, and for lighter articles, D2 will be longer. 

18.3 If you knew your own weight, how could you determine the weight of a 
companion? 

 
 

D2 D1 

W1 =  known W2 = unknown 

Me My 
Girlfriend 

E W 

D1 D2 
F 

Weighing 
Pan 

Scale Weight 
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The beam, or plank, is balanced when W2 x D2 = W1 x D1.The unknown weight of 

your companion, W2, is equal to
2

11
D

DW  . 

18.4 How would you use a crowbar as a type 1 lever to turn a heavy object over?  
How would you use a crowbar as a type 2 lever to turn a heavy object over? 

 

18.5 Why do sheet metal shears have long handles and short blades? 

Each handle and blade made from a single piece of steel is a type 1 lever. 
The handle is long and the blade is short, so the force produced on the blade by the 
force of squeezing the handles is great enough to cut the sheet metal. 
Why are tailor’s shears just the opposite? 
The tailor’s shears are only required to cut cloth, so the blade does not require a 
great force as is required of sheet metal shears.  The blade of the tailor’s shears can 
therefore be made longer, which allows a long straight cut to be made in the cloth 
with one operation of squeezing the handles together. 

 

 

18.6 Using a reference to moments, explain why a door can be closed more easily by 
pushing on its doorknob or handle than near its hinges? 

Type 1 Lever, Sheet Metal Shears 

R E 

Handle Blade 

Type 1 Lever, Taylor’s Shears 

R E 

Handle Blade 

Long handle, short blade, high 
mechanical advantage, short cut 

Short handle, long blade, low 
mechanical advantage, long cut 

R 

Heavy 
Object 

Crowbar as type 2 lever 

R 

E 

E 

Crowbar as type 1 lever 

Heavy 
Object 
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The door has a center of gravity (black dot in the figure).  All of the mass of the door 
can be considered to be at its center of gravity, as though the entire door were 
shrunk to be located at this single point, its center of gravity. The momentum of the 
door can be considered to be at this center of gravity. 
The door has a momentum, and to change its momentum (to close or open the door), 
we must act on the mass of the door by applying a force to it.  The door resists the 
attempt to change its momentum (inertia).  The amount of force we must use to 
overcome the door’s inertia is determined by where we apply force to the door. 
If we use the door handle, we are using a type 2 lever as shown in the figure, which 
increases the resultant force and makes it easy to open the door. 
Pushing on the door near the hinges, we are using a type 3 lever as shown in the 
figure, which decreases the resultant force and makes it difficult to open the door. 

 

18.7 Two boys carry a load of 60lb on a pole between them.  If the load is 4 ft. away 
from one boy and 6 ft. away from the other, how many pounds does each boy carry? 

We can use what we know about levers to solve this problem.  We will name one boy 
Alfred and the other boy Bernie.  Think of Alfred as the force being exerted upward 
and think of Bernie as a rock under the other end of the pole (the fulcrum).  We now 
are considering a type 2 lever, as shown in the figure. 

Force A x 10ft = 60lb x 6 ft. lb
ft

ftlbForceAlfred 36
10

660



 .  Bernie then must carry the 

rest of the weight, or 24lb. 

 
Now think of Bernie as the force being exerted upward and think of Alfred as a rock 
under the other end of the pole (the fulcrum). Force B x 10ft = 60lb x 4 ft. 

lb
ft

ftlbForceBernie 24
10

460



 . Alfred then must carry the rest of the weight, or 36lb. 

Situation when 
using the handle 

Situation when 
pushing near the 
hinges 

E 

E 

Center of 
Gravity of 
the door R 

R 

10ft 
6ft 

60lb 
A B 



 - 130 - 

 

 

18.8 Where must a load of 100 lb be placed on a stick 10 feet long, if a man who 
holds one end is to support 30 lb while the other man supports 70 lb? 

 
Think of the man carrying 70 lb as being a rock under one end of the stick (the 
fulcrum). 
30lb x 10ft =100lb x S ft. 

ftft
lb
lbft

lb
ftlb

lb
ftlbS 31

100
300

100
300

100
300

100
1030




 . 

The load must be placed 3 feet away from the man carrying 70lb, or 7ft away from 
the man carrying 30lb. 

18.9 One end of a piano must be raised to repair a broken caster.  The force required 
is 240 lb.  Make a diagram to show how a 6 foot steel bar can be used as a second 
class lever to raise the piano with a force of 40 lb. 

10-S ft 
10ft 

S ft 

100lb 

70lb 30lb 

10ft 
4ft 

60lb 
A B 
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18.10 When a load is carried over the shoulder with a stick, why does the pressure 
on the shoulder become greater as the load is moved farther out on the stick? 

The turning force, called torque, (D1 x F) caused by the load becomes greater as the 
load is moved farther from the body; this must be compensated by a greater 
backward turning torque, which is on the other side of the shoulder when the hand 
pulls the stick downward.  The shoulder and stick have a contact area  that remains 
almost constant. The stick presses  on this area with greater force.  A greater force 
acting on the same area produces a greater pressure at that location. 
In the left half of the figure, the distance to the load and to the hand from the shoulder 
are equal (D1=D2). 
In the right half of the figure, the load has been moved on the stick to be twice as far 
from the shoulder (D1=2D2). 

D1=6ft 

Steel Bar, 
Type 2 
lever 

Piece of wood 

R 

E 

E = 40 lb.  R=240lb. D1=6ft.  E x D1 = R x D2.  

D2= ftft
lb
lbft

lb
ftlb

r
DE 111

240
240

240
6401







. 

D2=1ft 

Piano 

Broken caster 
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18.11 A safety valve and weight are arranged as shown.  If ab is 1 ½ inches and bc is 
10 ½ inches, then ac (the total arm length) is 12 in.  What effective steam pressure in 
lb/in² is required to act on the valve to unseat it, if the area of the valve is ½ in2 and 
the weight of the ball is 4 lb.? 

The force on 
the shoulder 
is now3XF 

FHand=2XF 

Ending situation. 
D1=2 x D2.  The force 
acting at right angles 
to the stick at the 
hand must be doubled 
to balance the stick on 
the shoulder (shown 
in red). This is true 
because now 
FxD1=2FxD2. 

D1 

D2 

D1 

D2 

Beginning situation. 
D1=D2.  The two 
forces acting at right 
angles to the stick are 
equal (shown in red) 

The force on 
the shoulder 

F 

FHand 

F 



 - 133 - 

 
The torque (turning moment) caused by the valve upward on the arm must be slightly 
greater than the torque of the ball weight acting downward on the arm before the 
valve will open. 
When the two torques are equal, 

.32
5.1
124.12.5.1 lbF
in

inlbFinFinF SteamSteamBallSteam 




.
²

64
²5.0

32
in
lb

in
lb

A
FPAPF

Valve

Steam
SteamValveSteamSteam 

 
The valve will open when the steam pressure exceeds 64 lb/in².  The valve regulates 
the internal pressure of the system at about 64 lb/in². 

18.12 The diameters of the piston and cylinder of a hydraulic press are 3inches and 
30 inches respectively.  The piston rod is attached 2 feet from the fulcrum of a lever 
12 feet long.  What force must be applied to the end of the lever to make the press 
exert a force of 5000 pounds? 

The mechanical advantage of the hydraulic press is the area of the large piston 
divided by the area of the small piston: 

.100
9

900
)3(
)30(
2

2

_

_arg 




in
in

Area
Area

PistonSmall

PistoneL


  

The mechanical advantage of the lever is: 

.6
2

12


ft
ft  

The total mechanical advantage of the system is 6 x 100 = 600. 

Steam 
Pressure 
64lb/in² 

a b c 

4lb 

1 ½ in. 10 ½ in. 

Cross Sectional Valve Area = 
½ in². 

12 in. 



 - 134 - 

If the large piston is to produce a resultant force of 5000lb, then 1/600 of this force 
must be applied to the end of the lever: 

.
3
18

600
5000

600
_arg__

__ lblbForce
Force pistonelbyapplied

levertoapplied   

 

18.13 Three boys sit on a seesaw as follows: A (75lb, 4ft right of the fulcrum, F), B 
(100lb,7ft right of F) and C (unknown weight, 7ft left of F). The seesaw is balanced 
when a man pushes upward with a force of 25lb 12ft to the right of F.  How much 
does boy C weigh? 

The torques moving the seesaw counter clockwise must equal the torques moving 
the seesaw clockwise if the seesaw is balanced. 
The counterclockwise torques must equal the clockwise torques when the seesaw is 
balanced. 

 )7100()475()1225()7( ftlbftlbftlbftClb
 ftlbftlbftlbCftlb 7003003007  

.100
7

700 lb
ft
ftlbClb   

Boy C weighs 100 pounds. 

12ft 
2ft 

30in Diameter 

3in Diameter 

Force 

Force applied 
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19. THE PRINCIPLE OF WORK 

19.1 A 1500lb safe must be raised 5ft.  The force that can be applied is 250lb. What 
is the shortest inclined plane that can be used to accomplish the work? 

The work to be accomplished is 1500lb x 5ft, or 7500 ft-lb. The 250lb force must 
accomplish this same amount of work. 
Method 1: The 250lb force pushing the safe up the ramp must move a distance, S, so 
that 250 lb x S ft = 7500 ft-lb.  S ft = 7500ft-lb/ 250 lb.  S = 30 ft. 
Method 2: Geometric solution 

 
The sine of the angle alpha in the red triangle is equal to 250/1500 = 1/6. 
The sine of the angle alpha in the blue triangle is also equal to 1/6, because the red 
and the blue triangles are similar triangles.  The short side of the blue triangle is 5ft, 
so the long side must be 6 times as long, or 30ft. 

19.2 A 300 lb barrel was rolled up a plank 12 feet long into a doorway 3 feet high.  
What force was applied parallel to the plank? 

.75
12

3300330012 lb
ft

ftlbForceftlbftForce EffortEffort 


  

19.3  A force of 800 Newton on a wheel whose diameter is 3 meters balances a 
weight of 1500 Newton on the axle.  Find the diameter of the axle. 

The radius of the wheel is 1.5 meters.  The torque caused by the 800 Newton force 
acting at a distance of 1.5 meters from the center of the wheel is 1200Nm. 
The torque caused by the 1500 Newton force acting on the axle must also be equal 
to 1200 NM, because the two torques are balanced. 

.808.0
1500

120012001500 cmm
N

mNMeterRNmMeterRNewton axleaxle 


  

19.4  The hand winch used to lift the anchor of a large sailing ship has a diameter of 
12 inches. If the four winch levers are 6 feet long, what force must be exerted by 
each of four men to raise the anchor if it weighs 2000 pounds? 

250lb 

1500l 5ft 

  
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The radius of the hand winch is 6 inches, or ½ foot. 
The anchor produces a torque on the hand winch of ½ foot x 2000 lb, or 1000ft-lb. 
Each man produces a counter torque of one Man’s Force in pounds x  6 feet. 
All four men produce a counter torque of 4 x (one man’s force in pounds x 6 feet), or 
one man-force in pounds x 24 feet, that must be slightly greater than 1000ftlb to lift 
the anchor. 

.
3
241

24
1000100024 __ lb

ft
lbftlbForcelbftftlbForce manonemanone 


  

If each man pushes with a force of 42 pounds, the anchor will be lifted. 

19.5 If, in the compound lever shown, AC = 6 meters, BC = 1 meter, DF = 4 meters, 
FG = 2/3 meter, HJ = 5 meters, and IJ = 2 meters, what force applied at E will 
support a force of 2000 Newton at R? 

 
The mechanical advantage of lever 1 is 6. The mechanical advantage of lever 2 is 6. 
The mechanical advantage of lever 3 is 2.5. 
The total mechanical advantage is 6 x 6 x 2.5 = 90.  

.
9
122

90
2000

90
90_ NlbRE

E
RAdvantageMechanical   
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19.6 The hay scales shown consist of a compound lever having fulcrums at F, F’, F’’, 
and F’’’.  If FO and F’O’ are 6 inches long, FE and F’E are 5 feet long, F’’N is 1 foot, 
F’’M is 6 feet, RF’’’ is 2 inches, and F’’’S is 20 inches, how many pounds at W will be 
required to balance a weight of one ton on the platform? 

 
Lever 1 and lever 2 carry the entire load of the hay wagon.  A part of the load (about 
half) is carried by lever 1 and the rest of the load is carried by lever 2.  Notice that in 
this problem we must treat levers 1 and 2 as a single lever, because each of them 
carries only a part of the weight of the hay wagon.  The mechanical advantage of 
both of these levers together, lever 1 and lever 2,  is: 

.10
2/1

5
''

'_ 
ft

ft
FO
EF

OF
FEAdvantageMechanical   

One-tenth of the weight of the hay wagon (2000lb) will be the downward force at E 
(200lb). 
Lever 3 has a mechanical advantage of: 

.6
1
6

''
_ 

ft
ft

NF
MNAdvantageMechanical  

One-sixth of the weight at E will appear as a downward force at point M, or 200lb/6 = 
33 1/3lb. 
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Lever 4 has a mechanical advantage of: .10
1

10
'''

'''_ 
in
in

RF
SFAdvantageMechanical  

One tenth of the force at M will appear as an upward force at S, or 3 1/3 pounds. 
A three and one-third pound weight must be hung at point W to balance lever 4. 
* Another way to easily solve this problem is to multiply the mechanical 
advantages of all levers in the system together, 10 x 10 x 6 = 600. 
The weight required to balance the scales is then one six-hundredth of the load on 
the scales, or 2000lb / 600 = 3 1/3lb. 
In reality, an unknown load is parked on the scales and lever 4 is balanced with an 
appropriate weight, W.  The weight of the load is then 600 times W.  

19.7 In the windlass shown, the crank handle has a length of 2 ft, and the barrel a 
diameter of 8 inches.  There are 20 teeth on the small gear and 60 teeth on the large 
one.  What is the mechanical advantage of the arrangement? 

 
The mechanical advantage of the gears is 60 / 20 = 3. 
The mechanical advantage of the handle and barrel is 24in / 8in = 6. 
The mechanical advantage of the windlass is 3 x 6 = 18. 

19.8 If in the crane shown the crank arm has a length of ½ meter and the gear 
wheels A,B,C and D have respectively 12, 48, 12, and 60 teeth, while the axle over 
which the chain runs has a radius of 10 cm, what is the mechanical advantage of the 
crane? 

Right Handle 
Left Handle 

20 teeth 

60 teeth 

8 inch diameter 
of barrel 

Handle 
length 
2 feet 



 - 139 - 

 
Method 1. 
The torque produced by the handle is E x 50 cm. 
This torque is multiplied four times by the gears A and B, and another five times by 
gears C and D.  The torque acting on the axle caused by the force exerted, E, at the 
handle, is therefore: 
E kg x 0.5m X4 X 5 = 10E kg-m. 
 
This torque must be equaled by a torque T kg (T = tension in the chain) x 0.1 m = 
0.1T kg m. 
10E kg-m=0.1T kg m. T = 100 E. 
R, the resultant force that appears at the load, is twice the tension in the chain, T. 
R = 2 X T = 2 x 100E = 200E. 
The mechanical advantage of the crane is R/E = 200E / E = 200. 
Method 2. 
The mechanical advantage of the crane is: 

.2002545)(2
)(12
)(60

)(12
)(48

10
50

 Pulley
C
D

A
B

cm
cm  

A ton can be lifted with an effort (E) of ten pounds at the handle, because 
E x mechanical advantage = R. 
10lb x 200 = 2000lb = 1 ton. 

19.9 If a worm wheel has 30 teeth, and the crank handle is 25 cm long, while the 
radius of the axle is 3 cm, what is the mechanical advantage of the arrangement? 

Axle, 
10cm 
radius 

D 

C 

B 

A 
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R 

50cm 

R/2 
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The mechanical advantage of this worm wheel winch is: 

.2501025
1
30

3
25


tooth
teeth

cm
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nOnHandleethEachTurNumberOfTe
hOnWheelNumberTeet
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Handle

 

19.10 A small jackscrew has 20 threads to each inch. A lever 3.5 inches long will 
produce what mechanical advantage? 

 
When the handle is turned around one time, the jack raises a distance of S = 1/20 in. 

.2 SRrE    
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1

205.32.
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5.32 
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The mechanical advantage of this screw jack is about 440. 

19.11 The screw of a letter press has 5 threads to the inch, and the diameter of the 
hand wheel is 12 inches.  If there were no friction, what pressure would result from a 
rotating force of 20 lb applied to the wheel? 

E = 20lb; r = 6 inches; S = 1/5 inch. 

.3770
5/1

62205/16220.2 lb
in

inlbRlbinRlbinlbSRrE 



  

Area
lb

Area
Forceessure 3770Pr   

For example, if the area of the letter press were to be 120in², The pressure would be 
3770lb/120in² = 31.4 lb/in². 

19.12 Eight jack screws, each of which has a pitch of ¼ inch and a lever arm of 18 
inches are being worked simultaneously to raise a building weighing 100,000 
pounds.  What force would have to be exerted at each lever if there were no friction? 

The mechanical advantage of one of the jacks is the distance the lever arm moved 
divided by ¼ inch. 

.452
4/1
182

4/1
2







in
in

in
r   

Each jack must carry 1/8 of the total load of the house, or 100,000lb / 8 = 12,500lb. 
R = 12,500lb. 

.6.27
452

500,12 lb
AdvantageMechanical

REAdvantageMechanical
E
R

  

This force would lift the house if there were no friction in the screw jacks. 
If 75% of the work were lost to friction in the screw jacks, how much force 
would then be required for each jack. 
Only one fourth of the work would be left as useful work, so the jacks must do four 
times as much work each.  The force on each jack lever must be increased four 
times; 4 x 27.6lb = 110 lb / jack. 

19.13 What is gained when using a machine having a mechanical advantage of ¼? 

The distance moved by the resultant force is four times the distance moved by the 
force being exerted: 
Name two or three household appliances whose mechanical advantage is less 
than 1. 
Scissors, Tweezers. 
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20. Power and Energy 

We first want to understand what Energy is. 

When we do work, we lose energy.  The energy we lost is equal to the work we 
accomplished. 
Work and energy are, then, the same thing, but they exist in different forms. 
*Work and energy have the same units. If we did 100 ft-lb of work, it required 
100 ft-lb of energy from us to do the work. 
If a machine did 55 Newton-Meters of work, the machine required 55 Newton-Meters 
of energy from some energy source to do this work. 

We possess within ourselves the capacity to do work, and this capacity to do work is 
what we call ENERGY. 
*ENERGY is the capacity to do work. 
People have the capacity to do work; their energy comes from the food they eat.  

Machines and tools have the capacity to do work; their energy must also come from 
some energy source (like electricity, gasoline, gas, previously pressurized gasses, 
solid fuels, heat sources, a human being, etc.). 
We expended a certain amount of energy to do our work, but while we were doing 
our work we lost energy in other forms of energy and work in addition to the energy 
required to do our work (friction, changes in inertia, heat, sound, etc.).  Energy is 
always lost to other forms of energy and work when we do the work we want to 
accomplish. 
This is why we always have to exert more energy than is required to do a certain 
amount of work than the work alone requires. 
Said another way, we got less work out of our energy than the energy we put into 
doing the work, because additional energy was lost to other forms of energy and 
work. 
*We never get more out of a machine than we put into it for this reason. For 
every change in the form of energy that we cause, we experience an 
accompanying additional energy loss. 
We have come to recognize two kinds of energy, potential energy and kinetic energy. 
A body possesses potential energy when its location, or position, gives the body the 
capacity to do work (for example, a raised stone that can fall on something and 
somehow change the object it strikes). 
An object has kinetic energy when it is moving, giving the body the capacity to do 
work (for example, a moving body that can strike another object and change the 
motion of the object it strikes or change the object somehow). 

We now want to understand what power is. 

When we do work, we can do it immediately or we can do it over a longer period of 
time.  We know that when we take longer to do work it is easier for us to do the work. 
If we have to do the work very quickly, we can become strained and have sore 
muscles on the next day. 
If we take a long time to do work we are working at a low power. 
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If we take a short time to do work we are working at high power. 
*Power expresses how fast work is accomplished. 
*Power expresses how fast energy is used. 
If an electrical machine does 550 ft-lb of work in one second, we say that the 
machine is working at a work rate of one horsepower. The machine can do 550 ft-lb 
of work every second as long as it is working. 
The machine develops one horsepower. 
The electrical network provides a power of one horsepower to the machine. 
The electrical energy taken from the network is converted into mechanical energy by 
the machine at a rate of one horsepower. 
*Power is the time rate at which work is being accomplished, or energy is being 
expended. 

20.1 A stick of dynamite has great capacity for doing work. Before the explosion 
occurs, is the energy in the potential or the kinetic form? 

The dynamite contains potential energy that is stored in chemical form. 

20.2 Explain the use of sandblasting when cleaning metal castings, making frosted 
glass, cutting glassware, or cleaning the walls of stone buildings. 

The sand particles are moving at a fast velocity.  When they impact against another 
object, they lose their velocity almost immediately, causing a great deceleration. 
Since the resulting force = mass x deceleration, and the deceleration is very large, a 
great force is produced by each particle as it impacts some other object. Useful 
changes in the objects they strike are mentioned in the problem. 

20.3 How much work is required to lift the 500 lb weight of a pile driver 30 feet? How 
much potential energy is then stored in it?  How much work can it do when it falls? 

.000,1530500tan lbftftlbceDisForceWork travelledappliededaccomplish   

The pile driver acquired 15,000 ft-lb of potential energy when it was raised 30 ft, 
because it can fall against the force of gravity and perform work. The pile driver now 
possesses the capacity to do work because of its location, which is potential energy. 
When the pile driver falls on some object, it accomplishes somewhat less than 
15,000 ft-lb of work; some of the energy it had was changed into other forms of 
energy and work than the work intended to be accomplished (for example, heat and 
noise and dust that flew up from the ground around the area of impact, etc.). 
We never get more out of something than we put into it. 

20.4 A man weighing 198 lb walked to the top of the stairway of the Washington 
Monument (500 ft. high) in 10 minutes.  At what horsepower rate did he work? 
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min10
500198

s
lbft

s
ftlb 


 The man is working at a rate of 

s
lbft 165 ; this power 

is the power the man was producing. 
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One horsepower is equal to .550
s
lbft   

The man was working at a rate of .
10
3

550

1
1

165
Horsepower

s
lbft

hps
lbft








 

20.5 A farm tractor drew a gang plow at a rate of 2 ½ miles per hour, maintaining an 
average drawbar pull of 1,500lb.  At what average horsepower was the tractor 
working? 
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20.6 In the course of a stream there is a waterfall 22 feet high.  It is shown by 
measurement that 450 ft³ water per second pour over it. How many ft-lb of energy 
pour over the water fall? What horsepower? 

Think of the waterfall as being 450 feet long.  Then, in one second, a one foot high, 
450 foot length of water would move forward one foot over the edge of the waterfall 
at the top, making a water flow of 450 Ft³ of water per second flow continuously over 
the waterfall. 

 

The weight of the water each second is:
s
lb

ft
lb

s
ft water

Water

Water 900,27
1

62
1

450
3

3

 . 

450 feet length of the waterfall 

1 foot of the waterfall 
moves forward from 
the bottom of the 
stream each second. 

1 foot height 
layer of water 

450 cubic feet of water 
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Calculating the energy pouring over the waterfall: 
This weight of water, 27,900lb, moves forward one foot during one second; so, during 
a one second time interval, the energy that pours over the waterfall is 1ft x 27,900 lb, 
or 27,900 ft-lb. 
Calculating the power developed by the waterfall: 
The waterfall is 22 feet high.  The weight of 450 ft³ of water is 27,900lb. The potential 
energy of this 450 ft³ of water is its weight multiplied by its height from the bottom of 
the waterfall, or 27,000lb x 22ft = 594,000ft-lb.  This 594,000 ft-lb of energy arrives at 
the bottom of the waterfall each second, so the power developed by the waterfall is 
594,000 ft-lb / s. 
Calculating the horsepower of the waterfall: 
One horsepower is 550 ft-lb / s.  The horsepower developed by the waterfall is: 

horsepower

s
lbft

hps
lbft

080,1
550

1
1

000,594







. 

20.7 How many gallons of water (8lb/gallon) could a 10 horsepower engine raise in 
one hour to a height of 60 feet? 

The power required to raise the water must be equal to the power supplied by the 10 
horsepower motor. 
The final potential energy of the water is its weight, an unknown number of pounds 
which we will call Xlb, multiplied its height, 60 ft. 
The power required to raise the water is: its final potential energy divided by the time 
it took to gain its final potential energy, one hour. 
The power supplied by the 10 horsepower motor is 550 ft-lb / s multiplied by 10. 

s
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s
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330,000 pounds of water were raised to a height of 60 feet during the one hour time 
period.  One gallon of water weighs 8 pounds. 

gallons
lb

gallonlb

gallon
lb

lb 280,41
8

1
1
000,330

8

000,330
 . 

41,280 gallons of water can be raised to a height of 60 feet in one hour by a 10 
horsepower engine. 

20.8 A certain airplane using three 400 horsepower engines flew 80 miles per hour.  
With how many pounds of backward force did the propellers push against the air? 
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The power of the engines must be equal to the power of the propellers pushing on 
the air. 

Xlb
s
lbft

s
hour

mile
ft

hour
milesXlb

horsepower
s
lbft

horsepower 33.117000,660
600,3

1528080
1

550
4003 








X = 5,625lbs. 

20.9 If a rifle bullet can just pass through a plank, how many planks will it pass 
through if its speed is doubled? 

The kinetic energy of the bullet at its normal speed is
2

².. mvEK  . 

The kinetic energy of the bullet at twice its normal speed 

is ²2
2

²4
2

)²2(.. mvmvvmEK  . 

The increase in kinetic energy at twice the speed is 4

2
²
²2


mv
mv . 

The new kinetic energy is four times as great, so the bullet will just go through 4 
planks. 

20.10 A steel ball dropped into a pail of moist clay from a height of 1 meter sinks to a 
depth of 2cm.  How far will it sink if dropped from 4 meters? 

The potential energy of the steel ball is mghEP .. . 

The potential energy of the steel ball at a one meter height is mmgEP 1..  . 

The potential energy of the steel ball at a four meter height is mmgEP 4..  . 

The increase in potential energy of the steel ball when raising it from 1 meter to four 

meters is 4
4
1





mmg
mmg . 

At four meters the steel ball will sink into the moist clay four times as deep as from 
one meter, or 4 x 2cm = 8cm. 

20.11 Neglecting friction, find how much force a boy would have to exert to pull a 100 
pound wagon up an incline which rises 5ft for every 100 ft of length traversed on the 
incline. 
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We could solve this problem by using trigonometry to calculate the component force 
of gravity moving the wagon backward, and use somewhat more than this value as 
the forward force that the boy must provide to move the wagon forward up the incline. 
*Now that we know what work and energy are, however, it is much easier to 
use our new knowledge to solve this problem. 
The work that the boy did to move the wagon to its final position must be equal to the 
potential energy gained by lifting the wagon to its final position. 

lb
ft

lbftForceftlbftForcenergyPotentialEWork BoyBoyWagonBoy 5
100

5005100100 




The boy must push with a force somewhat greater than 5lb to move the wagon to its 
final position. 

100 feet 

Force of 
Boy 

100 lb 

5 feet 
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21. THERMOMETRY 

 

21.1 Define 0 °C and 100 °C. What is 1 degree centigrade? What is 1 degree 
Fahrenheit? 

Zero °C is the temperature at sea level at which water freezes. 
One hundred °C is the temperature at sea level at which water boils. 
One degree centigrade is 1/100th of the temperature difference between 0 °C and 
100 °C. 
Thirty-two °F is the temperature at sea level at which water freezes. 
Two hundred and twelve °F is the temperature at sea level at which water boils. 
One degree Fahrenheit is 1/180th of the temperature difference between 32 °F and 
212 °F. 

21.2 A study of the behavior of gasses brings us to conclude that there is a 
temperature at which molecules are at rest and therefore produce no heat.  Give the 
reasoning that leads to this conclusion. 

If heat is determined to be the energy of moving molecules, then no molecular action 
would mean that no heat is present. 

21.3 Normal room temperature is 68 °F.  What temperature is this expressed in °C? 

CCFC  20)36(
9
5)3268(

9
5)32(

9
5 . 

In 1845 a mixture of ether and solid carbon dioxide in a vacuum produced a temperature of 
minus110 °C. 
 
In 1880 the temperature of liquid air was found to be minus 190 °C. 
 
In 1920 the temperature of liquid hydrogen was found to be minus 243 °C. 
 
In 1911 the temperature of liquid helium was found to be minus 271.1 °C. 
 
Mercury freezes at minus 39 °C and boils at 360 °C. 
 
Alcohol freezes at minus 130 °C. 
 
Gas thermometers are the only kind of thermometer accurate enough to conduct scientific 
research, because gasses have a constant rate of thermal expansion, 1/273 of their volume for 
degree centigrade of temperature change when the pressure on them and their volume is held 
constant. 
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21.4 The normal temperature of the human body is 98.6 °F; what is this temperature 
in °C? 

CCFC  37)6.66(
9
5)326.98(

9
5)32(

9
5 . 

21.5 What temperature centigrade corresponds to zero °F? 

CCFC 
3
218)32(

9
5)320(

9
5)32(

9
5 . 

21.6 Mercury freezes at about -40 °C.  What is this temperature expressed in 
Fahrenheit? 

 40327232)40(
5
932

5
9 CF .  We notice that -40 degrees is the same 

temperature on both Centigrade and Fahrenheit scales. 

21.7 The temperature of liquid air is -190 °C.  What is this temperature expressed in 
Fahrenheit? 

 3103234232)190(
5
932

5
9 CF . 

21.8 The lowest temperature attainable by evaporating liquid helium is -271.3 °C.  
What is this temperature expressed in Fahrenheit? 

 4563248832)3.271(
5
932

5
9 CF . 

21.9 What is the absolute zero of temperature on the Fahrenheit scale? 

Absolute zero on the centigrade scale is -273 degrees. 

 4.459324.49132)273(
5
932

5
9 CF  

21.10 Why is a fever thermometer made with a very long cylindrical bulb instead of a 
spherical bulb? 

This is done to increase the surface area of the mercury in the bulb to which heat can 
be transferred from the body; this construction shortens the time required to make an 
accurate reading of body temperature. 

21.11 When the bulb of a thermometer is placed in hot water, it at first falls a little and 
afterward rises. Why? 

The rapidly moving hot water molecules hit the glass molecules on the outside of the 
glass bulb, increasing their velocities (making the glass bulb warmer).  This action on 
a macroscopic scale increases the volume inside of the glass bulb, which causes the 
level liquid in the bulb to fall a little.  The molecules of glass continue to strike each 
other until eventually the glass molecules on the inside of the bulb also greatly 
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increase their mean velocity (become hot). These glass molecules now strike the 
liquid in the bulb with which they are in contact, causing these liquid molecules to 
move faster (to warm).  As the other molecules of the liquid in the bulb become 
warmer, the liquid rises in the thermometer to register the temperature of the 
substance the thermometer is physically in contact with (in this case, hot water). 

21.12 How does the distance between the “0” mark and the “100” mark vary with the 
size of the bore, the size of the bulb remaining the same? 

The size of the bulb determines how much liquid inside of the bulb will leave the bulb 
because of a certain temperature increase.  If the size of the bore in the cylinder of 
the thermometer is changed, the amount of liquid leaving the bulb still remains the 
same (the volume of liquid leaving the bulb at a certain temperature does not 
change, it remains constant). 
If the size of the bore of the thermometer cylinder is decreased (the cross sectional 
area of the rising liquid in the cylinder of the thermometer becomes smaller), the 
liquid in the cylinder of the thermometer must climb higher to maintain its volume. 
If the bore of the thermometer cylinder is increased (the cross sectional area of the 
rising liquid cylinder in the thermometer becomes larger), the liquid in the cylinder of 
the thermometer will rise to a lower height when maintaining its volume. 

21.13 What is meant by the absolute zero of temperature? 

Absolute zero describes the state in matter where all molecular motion stops.  This 
temperature is, theoretically speaking, -273 °C. 

21.14 Why is the temperature of liquid air lowered if it is placed in a vacuum? 

The faster moving molecules of liquid air that escape from the surface of the liquid air 
as a gas enter an area above the liquid where they can not readily strike other 
molecules and have their direction changed to cause them to re-enter the liquid air.  
The average velocity of the molecules in the liquid air becomes less, so the 
temperature of the liquid air is lowered. 

21.15 Two thermometers have bulbs of equal size.  The bore of one has a diameter 
twice that of the other.  What are the relative lengths of the stems between 0 and 100 
°C? 

The cross-sectional area of the first bore is ²1 rAreaBore   . 

The cross-sectional area of the second bore is ²4)²2(2 rrAreaBore   . 

The volume of the liquid in the first thermometer is hrVolume  ²1  . 

The volume of the liquid in the second thermometer is the same. hrVolume  ²2  . 

This is true when the height in the second thermometer is only ¼ of the height in the 

first thermometer, because hrhrVolume  ²
4

²42  . 

The thermometer having the smaller bore has a stem 4 times longer than the 
thermometer having the larger bore. 



 - 151 - 

22. COEFFICIENTS OF EXPANSION 

First, we need to learn something about gasses to understand their coefficient of 
expansion. 

 
When working with gasses, we always work with the temperature expressed in 
degrees Kelvin to obtain the answer to a problem, and then convert the answer in 
degrees Kelvin to other measures (to centigrade and then to Fahrenheit, if required). 
One degree Kelvin (1°K) is exactly the size of one degree centigrade (1°C). 
Zero °C exactly equals 273 °K. 

reesKelvinCentigrade deg273 . 

reesCentigradeKelvin deg273 . 

22.1 To what temperature must a cubic foot of gas initially at 0 °C be raised to double 
its volume if its pressure remains constant? 

Zero °C equals 273 degrees K. 
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22.2 If the volume of air at 30 °C is 200 cm³, at what temperature will its volume be 
when it is 300cm³? 

Thirty °C is 273 + 30 degrees Kelvin, or 303 degrees Kelvin. 

If we hold the volume of a gas constant and increase its temperature, we find that for every 
one degree centigrade increase in temperature, the pressure of the gas increases by 1/273. If 
we hold the volume of a gas constant and decrease its temperature, we find that for every 
one degree centigrade decrease in temperature, the pressure of the gas decreases by 1/273. 
We find that this is true for all gasses, no matter what they are. 
This is a gas law that is known as Charles law. 

If we hold the pressure of a gas constant and increase its temperature, we find that for every 
one degree centigrade increase in temperature, the volume of the gas increases by 1/273. If 
we hold the pressure of a gas constant and decrease its temperature, we find that for every 
one degree centigrade decrease in temperature, the volume of the gas decreases by 1/273. 
We find that this is true for all gasses, no matter what they are. 
This is a gas law that is known as Gay-Lussac’s law. 

From Charles law we learn that
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If we allow the temperature, pressure and volume of a gas to change, we find that 
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 . This formula is the general gas law. 
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22.3 If the air within a bicycle tire is under a pressure of 2 atmospheres, i.e., 152 cm 
Hg, when the temperature is 10 °C (283 degrees Kelvin), what pressure will exist in 
the tube when the temperature changes to 35 °C (308 degrees Kelvin)? 
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22.4 If the pressure to which 15cm³ of air is subjected changes from 76cm Hg to 40 
cm Hg, the temperature remaining constant, what does its volume become? 
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22.5 The air within a half-filled balloon occupies a volume of 100,000 liters.  The 
temperature is 15 °C, and the barometric pressure is 75cm Hg.  What will be the 
volume of air in the balloon after the balloon has risen to the height of Mt. Blanc, 
where the pressure is 37cm Hg and the temperature is -10 °C? 

Fifteen °C is 288 degrees Kelvin. 
Minus ten °C is 263 degrees Kelvin. 
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23. APPLICATIONS OF EXPANSION 

Now, we need to learn something about liquids and solids to understand their 
coefficients of expansion. 

 

23.1 Why is the water at the bottom of a lake usually colder than at the top? 

The colder, denser water will fall to the bottom of a lake, and the warmer lighter 
layers of water will rise and float above it. 

Why is the water at the bottom of very deep mountain lakes in some instances 
observed to be 4 °C the whole year round, while that at the top varies from zero °C to 
quite warm? 

Water has its highest density at 4 °C, and will sink to the bottom of any body of water 
it is in to occupy the lowest position in that body (lakes, ponds, water tanks, etc.).  
When all of the water in a lake has become 4 °C, further cooling at the surface of the 
water causes the water to become less dense (lighter) than the 4 degree centigrade 
water immediately under it, so it stays on the surface and continues to cool until it 
freezes.  For this reason, all of the water in a body of water must have reached 4 °C 
before the water on the surface of the body of water will freeze. 
When frozen water is warmed by the sun and reaches a temperature above 4°C, it is 
again less dense (lighter) than the 4°C water under it; it stays on the top of the water 
body (on the surface) and warms further. However, the underlying water at 4 °C is 
most of the water in the body, and it requires a great amount of heat to warm it above 
4 °C again. 
Four °C is therefore the temperature of most of the water in a deep lake that has 
frozen over on its surface in winter.  The summer sun can not raise it above this 
temperature again, and it remains at 4°C the entire year. 

The coefficients of expansion of liquids and solids are irregular; the amount they expand or 
contract with temperature changes is not always the same, like it is with gasses. 

Liquid mercury has an almost constant coefficient of expansion as a liquid, and for that reason is 
used in making thermometers.  When water is cooled, it contracts until it reaches a temperature 
of 4 °C, and then it expands again as it is cooled further. 

The coefficients of expansion of some liquids between 0 and 10 °C are: 

Alcohol 0.0011, Ether 0.0015, Mercury 0.000181, Petroleum 0.0019 

The coefficient of expansion of solids is determined as follows.  We use a length of a small rod 
of the solid (or some other slender form having a small cross-section compared to its length, 
perhaps a square or rectangular bar).  We measure the change in the length of the rod that 
corresponds to a known temperature change.  The temperature coefficient is defined by dividing 
the change in length of the rod by the length of the rod, and then dividing this answer by the 
number of degrees of the temperature change, measured in °C.  We call this the linear 
coefficient of expansion of the solid. 

The linear coefficients of expansion of some solids are: 

Aluminum 0.000023, Brass 0.000019, Copper 0.000017, Glass 0.000009, Gold 0.000014, 

Iron 0.000014, Lead 0.000029,  Platinum 0.000009, Silver 0.000019, Steel 0.000013, Tin 
0.000023, Zinc 0.000030 
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23.2 Give three reasons why mercury is a better liquid to use in thermometers than 
water. 

Mercury freezes at -39 °C, which is seldom reached in areas where people live. 
Water freezes at zero °C, which would break the bulb it is in, making the 
thermometer useless. 
Mercury has an almost constant rate of thermal expansion (0.000181).  Water has its 
greatest density at 4 °C, below and above this temperature it is less dense; water has 
a much more varying coefficient of expansion than mercury. 
Mercury first boils at +360 °C.  Water boils at 100 °C and begins to build up pressure 
fast in a closed container that can destroy the container (the body of the 
thermometer). 

23.3 Why is a thick glass more likely to break when hot water is poured into it than a 
thin glass? 

The thicker the glass is, the more it will expand due to its linear coefficient of 
expansion.  The expansion will be more in the hotter part of the glass than in the 
cooler parts of the glass.  The difference in linear expansion of the glass contacting 
the hot water in the glass compared to the slower expansion on the outside wall of 
the glass can become great enough to break the glass. 

23.4 Pendulums can be compensated for thermal expansion using cylinders of 
mercury.  Explain how this can happen. 

The pendulum acts as though all of its mass is at its center of gravity.  When the 
pendulum becomes warmer, it becomes longer and its center of gravity moves 
downward; the pendulum begins to move more slowly.  If two small cylinders of 
mercury are attached to the sides of the pendulum, their centers of gravity begin to 
move upward when temperature increases. The downward movement of the center 
of gravity of the pendulum is compensated by the upward movement of the center of 
gravity of the mercury in the cylinders, holding the center of gravity formed by the 
pendulum and cylinders of mercury almost constant. 

23.5 The steel cable from which the Brooklyn Bridge hangs is more than a mile 
(5,280 feet) long.  By how many feet does a mile of its length vary between a winter 
day when the temperature is minus 20 °C and a summer day when the temperature 
is plus 30 °C? 

The change in temperature T , is +50 °C.  The linear coefficient of expansion of steel 
is 0.000013 for each degree centigrade. The change in length of the steel cable L  is 
equal to the change in temperature multiplied by the linear coefficient of expansion of 
steel multiplied by the starting length L  of one mile (we will assume that at -20 °C the 
cable is one mile long). 
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23.6 If a surveyor’s steel tape is exactly 50 meters long at 20 °C, how much too short 
would it be at zero °C? 



 - 155 - 

mm
cm
mmcmcm

C
CL

C
TL 5.61065.0

1
5000

1
000013.0

1
20

1
000013.0










 . 

23.7 A certain glass flask is graduated to hold 1000cm³ at 15 °C.  How many cm³ of 
water will the flask hold at 40 °C if the cubic coefficient of expansion of the glass is 
0.000025? 
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At 40 °C the flask will hold 1000.625cm³ when it is filled to the 1000cm³ graduation 
mark on the flask. 

23.8 A dial thermometer is made using a two metal strip with iron on the outside and 
brass on the inside.  Explain how it works. 

 
As the temperature rises, the bi-metal strip, formed as a circle, expands.  The iron on 
the outside of the compound strip has a linear coefficient of expansion (0.000012) 
that is smaller than that of brass (0.000019) on the inside of the strip.  The brass 
expands lengthwise faster than the iron, causing the circular form of the strip to 
enlarge. 
The lever of a set of gears is attached to the strip which moves toward the right when 
the strip expands.  The teeth on the lower left end of the lever are engaged with the 
teeth on the top of the gear located at the center of the dial, causing the gear to 
rotate clockwise as the lever moves toward the right.  A dial indicator is attached to 
the gear.  The rotation of the gear clockwise moves the dial indicator toward the right.  
A scale is behind the dial indicator to show the current temperature. 

23.9 Why can a glass stopper sometimes be loosened by pouring hot water over the 
neck of the bottle it is stuck in? 
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When hot water is poured over the neck of the bottle, the glass molecules of the 
bottle neck become heated, which increases their average velocity.  They strike each 
other harder now, which increases the average distance between them slightly; this 
action eventually increases the inside diameter of the bottle neck slightly.  If this 
increase is large enough, the stopper can be freed from its stuck position in the bottle 
neck. 
It is important to heat only the bottle neck; if the stopper is heated by the hot water at 
the same time the bottle neck is heated, both will expand and the stopper has a good 
chance of remaining stuck. 

23.10 A metal rod 230cm long expanded 2.75mm when heated from 0 °C to 100 °C.  
Find its coefficient of linear expansion. 
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This metal rod could be iron, but it could also be a mixture of other metals (a metallic 
alloy). 

23.11 The changes in temperature to which long lines of steam pipes are subjected 
make it necessary to install “expansion joints” between them.  These joints consist of 
brass collars fitted tightly with packing over the separated ends of two lengths of pipe.  
If the pipe is made of iron and such a joint is inserted every 200 feet, and if the 
temperature range in which the pipes must function is from -30 °C to 125 °C, what is 
the minimum “play” that must be allowed at each expansion joint? 

 
When a fixed pipe at each end of the steam line expands, its full expansion must be 
taken up by the expansion joint.  For a middle pipe, each expansion joint must allow 
for ½ of the expansion length of the pipe. 
The brass collars must account for one and one-half of the pipe segment expansion 
at the fixed ends of the pipe. 

Fixed Pipe Middle Pipe Fixed Pipe 

Brass Collars 
with packing 

Full expansion length on joint end of fixed pipe segments 

1/2 expansion length on each 
end of middle pipe segments 
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Other brass collars that account for one pipe segment expansion could be used for 
the middle pipe segments. 

.155)30(120 CCT    The length of a pipe segment is L=200 feet. 
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Collars connecting the middle pipe segments of the steam line must allow at least for 
4.47inches of expansion. 
Collars connecting the fixed end pipe segments of the steam line must allow for at 
least 1.5 X 4.47inches, or 6.7 inches of expansion. 
*If the fixed pipe segments are not 200 feet long, perhaps only 5 feet long or 
less, then only one size of expansion collar must be used for the entire system. 

23.12 Show that the equation for the linear coefficient of expansion can be defined as 
the increase in length per unit length per degree. 

The equation for the linear coefficient of expansion is: 
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This equation is the same as the equation for the 

linear coefficient of expansion. 
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24. FRICTION 

 
The coefficient of friction between the block and the table is defined as the force 
keeping the block in uniform motion divided by the weight of the block. 

24.1 Mention three ways of lessening friction in machinery. 

Use rolling instead of sliding friction whenever possible. 
Keep the speed of moving parts as slow as possible. 
Ensure proper lubrication of moving parts. 

24.2 How is friction an advantage, and how a disadvantage in everyday life? 

Advantages are: walking and running, tire on the road, belt and pulley drives, 
grinding, cutting, and sharpening. 
Disadvantages are: loss of efficiency due to generation of heat. 

Could we get along without friction? 

No, friction is necessary for us to live in our everyday lives. 

24.3 Why is a stream swifter at the center than at the banks? 

The liquid in contact with solid banks and bed encounters more friction than the pure 
fluid friction in the middle of a stream, creek, or river. 

24.4 Why does a team of horses have to keep pulling after a load is started? 

The resistance force of rolling friction must still be overcome by an equal and 
opposite force to maintain the load’s velocity. 

Force of uniform motion 

Block 

Weight of block 
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24.5 Why is sand often placed on a train track to start a heavy train? 

The sand changes the strength of friction between the train wheel and the rail.  
Sliding friction iron to iron is less than sliding friction sand to iron. 

24.6 In what way is friction an advantage in lifting buildings with a jackscrew? 

Friction prevents the base and the head of the jackscrew from slipping sideways out 
of position, which would cause the building to fall. 
How is friction a disadvantage? 
Friction between the threads of the screw and the jack cause a large force of 
resistance, which must be offset by a longer jack lever or more force to operate the 
jackscrew. 

24.7 A smooth block is 10 x 8 x 3 cm.  Compare the distances it will slide when given 
a certain initial velocity on smooth ice if resting first on a 10 x 8 face; second on a 10 
x 3 face; third on an 8 x 3 face. 

The block will reach the same distance no matter what face it stands on. For the 
largest face area, the pressure on the surface in contact with the ice will be less, but 
the number of projections interlocking between the two surfaces will increase. For 
smaller face areas, the pressure on the surface in contact with the ice will increase, 
but the number of projections interlocking between the two surfaces will be less. The 
net effect is the same, causing the average forces of resistance due to friction in all 
cases to be equal. 

24.8 What is the coefficient of friction of brass on brass if a force of 25lb is required to 
maintain uniform motion of a brass block weighing 200lb? 

The coefficient of friction is equal to the force required to sustain uniform motion 
divided by the weight of the block being moved: 
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24.9 The coefficient of friction between a block and a table is 0.3.  What force will be 
required to keep a 500gm block in uniform motion? 
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25. EFFICIENCY 

25.1 Why is the efficiency of the jackscrew low and that of the lever high? 

There is a high loss of work due to overcoming the forces of friction when using a 
jackscrew; this kind of friction is sliding friction.  The lever rolls on its fulcrum, which is 
rolling friction.  Rolling friction is much less than sliding friction; the work loss when 
using a lever is therefore much less than the work loss when using a jackscrew.  The 
efficiency of the jackscrew is therefore less than the efficiency of a lever. 

25.2 Find the efficiency of a machine in which an effort of 12lb moving 5ft raises a 
weight of 25lb 2ft. 

The work accomplished is 25lb x 2ft = 50ft.lb. 
The work expended is 12lb x 5ft = 60ft.lb. 
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25.3 What amount of work was done on a block and tackle having an efficiency of 
60% (3/5) when by means of it a weight of 750lb was raised 50ft? 
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.500,62 ftlbedWorkExpend   

25.4 A force pump driven by a 1 horsepower engine lifted 4ft³ of water in one minute 
to a height of 100ft.  What was the efficiency of the pump? 

One ft³ of water weighs 62lb.  Four ft³ of water weigh 4 x 62lb = 248lb. 
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25.5 If it is necessary to pull on a block and tackle with a force of 100lb to lift a weight 
of 300lb, and if the force must move 6ft to raise the weight 1 ft, what is the efficiency 
of the system? 
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25.6 If the efficiency had been 65% in problem 25.5, what force would have been 
required to lift the weight? 
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At 65% efficiency it is necessary to move a force of 77lb six feet to lift 300lb one foot. 

25.7 The Niagara turbine pits are 136ft deep, and their average horsepower is 5000. 
The turbines are 85% efficient.  How much water does each turbine discharge per 
minute? 
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In one minute, one turbine does 165 million ft-lb of work; which is the work 
accomplished. 
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ftlbXftlb 647,117,194 .  The work expended in this one minute time period was 
194,117,647 ft-lb. 
The distance the water fell was 136ft, so the weight of the water that went through 
the turbine in one minute must be equal to the work expended by the water divided 
by the distance the water fell. 
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One ft³ of water weighs 62lb, so the volume of water in ft³ that went through the 
turbine in one minute must be the total weight of water that went through the turbine 
in one minute divided by 62. 
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Each turbine discharges 23,021.5 ft³ of water each minute when each is producing 
5000hp. 
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26. MECHANICAL EQUIVALENT OF HEAT 

26.1 Show that the energy of a waterfall is merely transformed solar energy. 

Radiant energy from the sun (Alpha-, Beta-, and Gamma-particles, etc.) strikes the 
gas molecules of our atmosphere, increasing their mean velocity (heating the 
atmosphere).  The greatest heating of these molecules is nearest the earth, because 
most of the earth’s atmosphere is at this location, and the surface of the earth itself is 
heated and gives this heat up to the air directly in contact with it.  This warmed air, 
being less dense than the cold air above it is pushed away by the colder air above it 
falling downward.  The warm air begins to rise and cause air currents.  The warming 
of the oceans combined with these warm air currents causes surface water of the 
oceans to evaporate and rise with the warm air.  Warm air can hold more water than 
cold air.  As the warm air rises, it cools and can no longer hold all of the evaporated 
water in it; some evaporated water condenses on finest dust particles in the air and 
falls to the earth as precipitation (rain, sleet, snow, etc.) forming snow caps, glaciers, 
and mountain streams.  Much of this water eventually reaches rivers where some of it 
is directly returned to the ocean.  The energy of a waterfall, then, is only a part of 
energy that originally reached the earth from the sun, as is true of all energy available 
on the earth to support life. 

26.2 Analyze the transformations of energy which occur when a bullet is fired 
vertically upward. 

Gas pressure caused by the explosion of powder drives the bullet forward.  Chemical 
energy (originally stored in the powder) has been transformed into kinetic energy 
(energy of motion of the bullet) and heat (friction between the bullet and the barrel of 
the gun, energy loss 1 as well as sound as the bullet exits the barrel of the gun 
energy loss 2).  Some of the bullets initial kinetic energy(translational and rotational) 
as it left the barrel is lost to air resistance as it moves through the atmosphere, 
begins to tumble and acquire or lose rotational energy, and heats the air and itself 
while it rises, energy loss 3.  The rest of the kinetic energy of the bullet is continually 
converted to potential energy as it slows down against the force of gravity.  When the 
bullet stops at its highest point, all of the remainder of its kinetic energy has been 
transformed into potential energy (it is no longer moving, but has reached a great 
height). As the bullet begins to fall, this potential energy is again transformed to 
kinetic energy by the force of gravity acting on it, and the bullet again loses energy 
when it heats the atmosphere and itself during this fall, energy loss 4.  When the 
bullet strikes the ground, it becomes deformed, energy loss 5, sets some of the 
ground into motion, energy loss 6, heats itself, energy loss 7, and the earth it 
impacted, energy loss 8, and causes vibrations in the air around the impact area 
(sound, energy loss 9).  At this time all of the energy that was stored as chemical 
energy in the powder has been changed to other forms of energy.  The energy of the 
bullet when it impacted the earth was less than the chemical energy of the powder. 
*We learn that with every transformation in energy there is always an 
associated energy loss, and that, simply speaking, we never get more out of 
something than we put into it. 

26.3 Meteorites are small cold bodies moving about in space.  Why do they become 
luminous when they enter the earth’s atmosphere? 
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The surface molecules of the meteorite begin striking atmosphere molecules; this 
action increases the total molecular activity of the meteorite surface molecules, which 
become so active (hot) that they begin to glow, some of them breaking away from the 
surface of the meteorite body.  The molecules that break away from the meteorite 
body impact with air molecules, and their velocity becomes less than that of the 
meteorite body; they form a glowing “trail” or “tail” behind the meteorite, which we can 
see from the surface of the earth. 

26.4 The Niagara falls are 160 feet (49 meters) high.  How much warmer is the water 
at the bottom than at the top of the falls? 

*One cm³ of water weighs one gram. 

If all of the kinetic energy were changed to heat upon impact at the bottom of the 
falls, each falling cm³ of water would acquire an energy of 1gm x 49 meters = 49 
gram-meters. 
*One gram-meter of work is equal to one calorie 
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heat (increased molecular activity) at the bottom of the falls.  One calorie raises the 
temperature of one cm³ of water one degree centigrade, so the temperature of each 
cm³ of water at the bottom of the falls is raised 0.117 °C. 

26.5 How many BTU of heat are required to warm 10lb of water from freezing to 
boiling? 

*One BTU raises the temperature of 1lb of water 1 degree Fahrenheit. 
*Water boils at 212 °F and freezes at 32 °F, a temperature difference of 180 °F. 
The temperature difference between boiling and freezing water is 180 °F, so it 
requires 180 BTU to raise the temperature of one pound of water 180 °F.  Raising ten 
pounds of water 180 °C requires ten times as much heat, or 1,800 BTU.  
Mathematically: 
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26.6 Two and a half gallons of water (20lb) were warmed from 68 °F to 212 °F (a 
temperature difference of 144 °F).  If the heat energy put into the water could all have 
been made to do useful work, how high could 10 tons of coal have been raised? 
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2,880 BTU of heat were required to heat the water to its boiling point. 
* One BTU is equal to 778 ft-lb of work. 
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 of work done by the heat. 

*10 tons is equal to 20,000lb (1ton = 2000lb). 
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lb
ftlbXftftlblbXft   

The heat energy could lift ten tons of coal 112 feet high. 
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27. SPECIFIC HEAT 

 

27.1 A barrelful of tepid water when poured into a snowdrift melts much more snow 
than a cupful of boiling water.  Which has the greater quantity of heat stored in it? 

The barrel of water contains much more heat than the cup of boiling water. 

27.2 Why is a liter of hot water a better foot warmer than an equal volume of any 
other substance? 

* The specific heat of water is 1.  One gram of water at any temperature 
contains more heat than one gram of any other substance at that temperature. 

27.3 The specific heat of water is much greater than that of any other liquid or of any 
solid.  Explain how this accounts for the fact that an island in mid-ocean undergoes 
less extremes of temperature than an inland region. 

The water around the island contains great quantities of heat.  The temperature of 
the water can not be appreciably changed by the effects of adverse weather 
conditions. 

27.4 How many calories are required to heat a laundry iron weighing 3 kilograms 
from 20 °C to 130 °C? 

The specific heat of iron is 0.113 calories for each gram for each degree centigrade 
temperature change.  The weight of the iron is 3000grams.  The temperature change 
is 110 °C. 

The number of calories of heat required to change the temperature of one gram of a 
substance one degree centigrade is known as the specific heat of that substance. 

Cgm
calories

C
gm

calories






. 

The specific heat of water is 1. 
1 BTU (British Thermal Unit) will raise the temperature of one pound of water 1 degree 
Fahrenheit. 

Fpound
BTU

F
pound

BTU
waterwater 




1

1

1
1

1
. 

 
1 BTU is equal to 252 calories. 
 
1 BTU is equal to 778 ft-lb of work. 
 
252calories are equal to 778 ft-lb of work (or energy). 
1 calorie is equal to 427 gm-M of work (or energy). 



 - 166 - 

caloriescalories
C
C

gm
gmCgm

Cgm
calories

iron

iron
iron

iron

290,37
11

1103000113.01103000113.0











. 

27.5 How many BTU are required to warm a 6 pound laundry iron from 75 °F to 250 
°F? 

To warm 6 pounds of water from 75 °F to 250 °F: 

.1050
11

175611756
1

1 BTUBTU
F
F

pounds
poundsFpounds

Fpound
BTU

water

water
water

water











 

The specific heat of water is 1. 
The specific heat of iron is 0.113. 
It requires only 0.113 times as much heat to raise the temperature of a weight of iron 
from one temperature to another as the amount of heat required to raise an equal 
weight of water the same temperature difference. 

BTUBTU 65.118113.01050  .  It requires 118.65BTU to raise the 6 pounds of iron 
from 75 °F to 250 °F. 

27.6 If 100 grams of mercury at 95 °C are mixed with 100 grams of water at 15 °C, 
and if the resulting temperature is 17.6 °C, what is the specific heat of mercury? 

The temperature difference of the 100 grams of water was 2.6 °C. 

caloriesCgm
Cgm

calory water

water

600,2
1
6.2

1
100

1
1







. 

The water gained 2,600 calories that were lost by the mercury.  The temperature 
difference of the 100 grams of mercury was 77.4 degrees. 

Cgm
calory

Cgm
calories

Cgm
XcalorycaloriesCgm

Cgm
Xcalory

HgHgHg

Hg

Hg 











 1
336.0

4.77100
600,2

1
600,2

1
4.77

1
100

1
The specific heat of the mercury is 0.336. 

27.7 If 200 grams of water at 80 °C are mixed with 100 grams of water at 10 °C what 
will be the temperature of the mixture? 

The 200 grams of warmer water will cool (will lose heat) to the final temperature of 
the mixture. 
The 100 grams of cooler water will warm (will gain heat) to the final temperature of 
the mixture. 

If we call the final temperature finalT , then the temperature difference of the 200 grams 
of water that is at 80 °C is (80 - finalT ) °C. 

1
)80(

1
200

1
180200 80 CTgm

Cgm
caloryCAtGramsWaterstByCaloriesLo finalCwater

water





  . 

The temperature difference of the 100 grams of water that is at 10 °C is, then, ( finalT -
10) °C. 
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1
)10(

1
100

1
110100 10 CTgm

Cgm
caloryCAtGramsWaterinedByCaloriesGa finalCwater

water





  . 

The heat lost by the 200 grams of water is equal to the heat gained by the 100 grams 
of water. 

CAtGramsWaterinedByCaloriesGaCAtGramsWaterstByCaloriesLo  1010080200 . 

1
)10(

1
100

1
1

1
)80(

1
200

1
1 CTgm

Cgm
caloryCTgm

Cgm
calory finalwater

water

finalwater

water











. 

1
)10(

1
100

1
)80(

1
200 CTgmCTgm finalwaterfinalwater 




  

 CTgmCTgm finalfinal )10(100)80(200  

 CgmTCgmTCgmTCgm finalfinalfinal 100010020016000  

CCT
gm

CgmCTCgmTCgm finalfinalfinal 



3
256

300
1700030017000 . 

The final temperature of the mixture is 56 and 2/3 °C. 

27.8 What temperature will result if 400 grams of aluminum at 100 °C are placed in 
500 grams of water at 20 °C? 

The heat lost by the aluminum is equal to the heat gained by the water. 

1
)100(

1
400

1
218.0 CTgm

Cgm
calory final 




= the heat lost by the aluminum. 

1
)20(

1
500

1
1 CTgm

Cgm
calory final 




= the heat gained by the water. 

1
)20(

1
500

1
1

1
)100(

1
400

1
218.0 CTgm

Cgm
caloryCTgm

Cgm
calory finalfinal 









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















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1
)20(

1
500

1
1

1
1

1
)100(

1
400

1
218.0

1
1 CTgm

Cgm
calory

calory
CgmCTgm

Cgm
calory

calory
Cgm finalfinal

 








1

)20(
1

500
1

)100(
1

400218.0
CTgmCTgm finalfinal  

 CTgmCTgm finalfinal )20(500)100(2.87  

CgmCgmTCgmTgm finalfinal  100005002.878720  


gm

CgmT
gm

CgmCgmTCgm finalfinal
12.5871187202.58718720  

CCTCTC finalfinal  8.312.58718720  

The final temperature is 31.8 °C. 
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27.9 Eight pounds of water were placed in a copper kettle weighing 2.5 pounds. How 
many BTU are required to heat the water and the kettle from 70 °F to 212 °F? 

For the water: 

BTUFlb
Flb

BTU 1056
1

142
1

81






. 

For the copper: 

BTUFlb
Flb

BTU 7.33
1

142
1
5.295.0







. 

The total heat required is 1056+33.7=1089.7BTU. 

27.10 If a solid steel projectile were shot with a velocity of 1000 meters per second 
against an impenetrable steel target, and all the heat generated were to raise the 
temperature of the projectile, what would be the amount of the increase in 
temperature of the projectile? 

We will consider a part of the projectile only, this part weighing one gram.  Its kinetic 

energy is gmMMgmmv 000,50
2

)²1000(1
2

²



 . 

*1 calorie is equal to 427gmM. 
If the kinetic energy of one gram of the projectile is all changed to heat, it would be 
converted into: 

.117
1

1
1

117
1427

000,50
427
1

1
000,50 caloriescaloriescalories

gmM
gmM

gmM
calorygmM

  

These 117 calories would raise the temperature of one gram of steel: 

Cgm
gm

C
calory

caloriesgm

C
gm

calory
calories steel

steel
steel

steel








1036
1

1
1

1
113.0

1171

1
1
113.0

117 . 

This is true for every gram or part of a gram of the projectile, so the entire projectile 
would be raised to a temperature 1036 °C higher than its beginning temperature. 
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28. FUSION 

 

28.1 What is the meaning of the statement: 

“The heat of fusion of mercury is 2.8”? 

For each gram of mercury at its melting temperature under normal conditions the 
(addition of / extraction of) 2.8 calories will cause the gram of mercury to (melt / 
freeze). 

28.2 Explain how a block of ice placed in the top of a container can keep the contents 
of the container cool. 

For each gram of ice that melts inside of the container, 80 calories of heat are 
removed from the inside of the container.  The air around the ice is cooled and 
becomes denser (heavier) than the air below the ice block.  The air flows to the 
bottom of the container forcing the warmer air in the container upward where the 
block of ice is. 
This warmer air gives another 80 calories of heat up to the cooler ice block, which 
melts 1 gram of the ice. 
This process continues until the ice has all been melted. 

28.3 How many times as much heat (calories) is required to melt any piece of ice as 
to warm the resulting water 1 degree centigrade? 

80 calories are required to melt each gram of ice.  One degree more per gram will 
raise the temperature of the water 1 degree centigrade.  Answer: 80 times as much. 
How much heat will be required to raise the temperature one degree 
Fahrenheit? 
One degree Fahrenheit is only 5/9 as large as 1 degree centigrade, so 5/9 of a 
calorie will raise one gram of water 1 degree Fahrenheit.  The answer is 80 calories 
divided by 5/9 calorie. 

*The heat of fusion of a substance is the amount of heat for each gram of the substance that 
must be added or extracted to change it from a liquid to a solid or from a solid to a liquid at its 
freezing point. 
 
The heat of fusion of water is 80 calories per gram at 0 °C (32 °F). 
 
The heat of fusion of mercury is 2.8 calories per gram at -39 °C. 
 
252calories=778ft-lb=1BTU. 
 
80calories=247ft-lb. 
 
1calorie = 427 gmM. 
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144
5

720
5

9
1

80

9
5

80


calorie
calories

calorie
calories   It requires 144 times as much heat to 

melt a piece of ice as to raise the temperature of the melted water 1 degree 
Fahrenheit. 
How many BTU are required to melt one pound of ice? 

metric
American

American

metric lblb
lb
lb

9.0
1

1
1.1
1

 .  0.9lbmetric are gmlb
lb
gm 450

1
9.0

1
500

 . 

450 grams of ice are to be melted.  Each gram requires 80 calories, so 28,000 
calories are required to melt the ice. 

There are 252 calories in 1 BTU. BTUcalories
calories
BTU 111

1
000,28

252
1

 . 

How many foot pounds of energy are required to melt one pound of ice? 

ftlb
BTU

ftlbBTU 358,86
1
778

1
111

 . 

28.4 If the heat of fusion of ice were to be only 40 instead of 80, how would this affect 
the amount of ice required to cool something? 

Twice as much ice would be required to cool things. 

28.5 Five pounds of ice melted in an ice chest in one hour.  How many BTUs of heat 
went through the walls of the ice chest? 

BTUlb
lb
BTU ice

ice

555
1

5
1

111
 . 

28.6 What will happen if 1000 calories are applied to 20 grams of ice at zero °C? 

calories
gm

caloriesgm

ice

ice 1600
1

80
1

20
 . 

1600 calories are required to melt the ice at zero °C.  Only 1000 calories are 
available, so 1000/1600, or 5/8 of the ice will be melted, and the other 3/8 of the ice 

will remain solid. ice
ice gmgm

5.12
1

20
8
5

 .  12.5grams of ice will melt to become water 

at 0 °C, and the other 7.5 grams will remain as solid ice at 0 °C. 

28.7 How many grams of ice must be put into 200 grams of water at 40 °C to lower 
the temperature to10 °C? 

The 200 grams of water must be lowered in temperature 30 °C.  The amount of heat 
to be extracted (taken out of) the water is: 

caloriesCgm
Cgm

caloryCTgm
Cgm

calory water

water

water

water

6000
1

30
1

200
1

1
1
)(

1
200

1
1













. 
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One gram of ice absorbs 80 calories when it is melted, mathematically
calories
gmice

80
1 . 

Therefore, the amount of ice required to cause the 30 degree centigrade temperature 

drop in 200 grams of water is: ice
ice gm

calories
gmcalories 75

80
1

1
6000

 . 

75 grams of ice must be put into 200 grams of water at 40 °C to lower the 
temperature of the water to 10 °C. 

28.8 How many grams of ice must be put into 500 grams of water at 50 °C to lower 
the temperature to 10 °C? 

The 500 grams of water must be lowered in temperature 40 °C.  The amount of heat 
to be extracted (taken out of) the water is: 

caloriesCgm
Cgm

caloryCTgm
Cgm

calory water

water

water

water

000,20
1

40
1

500
1

1
1
)(

1
500

1
1













. 

ice
ice gm

calories
gmcalories 250

80
1

1
000,20

 . 

250 grams of ice must be put into 500 grams of water at 50 °C to lower the 
temperature of the water to 10 °C. 

28.9 Why can snow be packed into a snowball if the snow is melting, but not if its 
temperature is much below zero °C? 

Packing snow into a snowball means increasing the pressure on the snow.  This 
means increasing the average molecular velocity of the ice crystals in the snow 
(heating the mass of the snow slightly).  When this is done while the snow is melting, 
some of the ice crystals will melt under pressure to become water, but will freeze 
instantly again when the pressure is released.  The ice that forms has interlocked ice 
crystals, like in an ice cube, that reform inside of the snowball, causing the snowball 
to have a stable form. 
If very cold snow is packed into a snowball, the average molecular velocity of the ice 
crystals in the snow can not be raised enough to cause the snow to reach its melting 
point, so the process of becoming a liquid and then re-freezing again to interlock the 
ice crystals is no longer possible. 



 - 172 - 

29. EVAPORATION 

29.1 Explain the evaporation of naphthalene moth balls at ordinary room 
temperatures. 

Naphthalene changes from a solid to a gas without becoming a liquid between these 
two states.  We say that the naphthalene sublimes. 

29.2 Why do clothes hung in the open to dry become dry faster on a windy day than 
on a still day? 

The air in contact with the damp fabric of the clothes quickly has a large quantity of 
water vapor evaporated into it, which decreases the ability of more water to escape 
from the fabric into this damp air.  When the wind blows this damp air out of the 
fabric, dryer air comes in contact with the fabric of the clothes, and water can 
evaporate more rapidly from the damp fabric into the dryer air. 

29.3 If the inside of a barometer tube is wet when it is filled with mercury, will the 
height of the mercury be the same as in a dry tube? 

See problem 5.2 if you do not know what a barometer is.  Answer: No, it will be lower, 
because the moisture introduced to a vacuum will evaporate rapidly to produce a 
vapor pressure above the surface of the mercury inside of the tube, pushing it 
downward. 

29.4 How many grams of water will evaporate at 20°C into a closed room 18 x 20 x 4 
meters in size? 

The volume of the room is: 

³101440
³1

³10³1440³42018 6
6

cm
m
cmmmVroom  . 

*At 20°C, water has a vapor pressure of 17.4mmHg and a density of 1.75 X 10-5 
gm/cm³. 
The volume of the room in cm³ multiplied by the density of the water vapor in the 
room is equal to the amount of water in the room. 

water
air

waterair

air

waterair gm
cm

gmcm
cm

gmcm
200.25

³1
1075.1

1
³440.1

³1
1075.1

1
³101440 156








 

. 

The room contains 25.2 grams of water.  This is the weight of 25.2 cubic centimeters 
of water at maximum that can evaporate into  the air in this room. 

29.5 When the temperature is 15°C, what will be the error in the barometric height 
indicated by a barometer which contains moisture? 

*At 15°C, water has a vapor pressure of 12.7mmHg and a density of 1.28 X 10-5 
gm/cm³. 
12.7mm of mercury are equal to 1.27cm of mercury. 
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The barometric height of the mercury will therefore be 1.27cm lower than it should 
be.  If the barometric pressure at the time is really 76cm of mercury, the column of 
mercury would only be 76-1.27 = 74.73 cm of mercury. 

983.0
76

73.74


Hg

Hg

cm
cm

.  The error is 0.017 = 17/1000 = 1.7/100 = 1.7%. 

29.6 When the temperature is 20°C, how great was the error in reading due to the 
presence of water vapor in Otto von Guericke’s barometer? 

Otto von Guericke’s barometer was a water barometer.  He used water instead of 
mercury inside of the barometer tube.  Since the density of mercury is 13.6 and the 
density of water is 1, Atmospheric pressure that will support a column of 76cmmercury 
will support a column of water that is 13.6 x 76cmmercury, or 1033.6cmwater, if no vapor 
pressure is present inside the tube.  This is a water barometer, however, so there is 
always vapor pressure inside of the tube. 
*At 20°C, water has a vapor pressure of 17.4mmHg and a density of 1.75 X 10-5 
gm/cm³. 

17.4mmHg = 1.74cmHg. water
Hg

waterHg cm
cm
cmcm

66.23
1
6.13

1
74.1

 .  The water column will be 

23.66cm lower than 1033.6cmwater, or 1009.94cmwater. 

977.0
6.1033
94.1009


water

water

cm
cm .  The error is 0.023 = 23/1000 = 2.3/100 = 2.3%. 

*At 35°C, water has a vapor pressure of 41.8mmHg = 4.81cmHg = 65.4cmwater. 
The height of the water in the barometer is then only 968.2cm high. 

936.0
6.1033
2.968


water

water

cm
cm .  The error is 0.063 = 63/1000 = 6.3/100 = 6.3%. 

We see that between +20°C and +35°C the vapor pressure of water changes greatly 
for each 1°C temperature change. 
The water barometer, then, can not show the changes in atmospheric pressure 
exactly, but only relatively.  For this reason it becomes difficult to talk about an “error” 
when using a water barometer. 
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30. HYGROMETRY – MOISTURE CONDITIONS IN THE 
ATMOSPHERE 

As the temperature of air increases, the amount of water that the air can hold 
becomes greater, and the water vapor pressure in the air becomes greater. 
By experiment, tables have been made that show what the maximum vapor pressure 
of water in air at different temperatures is. 
Part of one of these tables is shown below. 

 
When the dew point is reached in a body of air, the air contains the maximum amount 
of water vapor that it can have at that temperature.  We say that the air has a relative 
humidity of 100%. 
 

30.1 Why do reading glasses become coated with moisture when entering a warm 
house from outside on a cold winter day? 

The warm air in the house contains water vapor from breathing, cooking, washing, 
cleaning, etc.  When this air comes in contact with the cold glass, it is cooled, and the 
momentum of its molecules can no longer hold as much water in suspension as it 
previously could.  Water condenses on the surface of the glass and coats the glass 
as moisture.  As the glass warms again, the moisture evaporates and returns to the 
air. 

30.2 Does dew “fall”? 

No.  Dew condenses on grass because during the night the earth loses more heat by 
radiation into space than the air above it does.  If the air contains water vapor, the air 
in contact with the cooler grass becomes cooler.  The average momentum of the 
molecules of air becomes less, and they can no longer sustain as much moisture 
(extremely fine water droplets) within the air.  This water condenses on the grass to 
form larger water droplets on the grass, which we notice as “dew”. 

30.3 Why are icebergs frequently surrounded by fog? 

When a massive iceberg cools still air directly in contact with it, as well as air around 
it, the water vapor in this air begins to condense on minute dust particles, which are 
always suspended in air, to form minute water droplets, each having a dust particle at 
its center. 
The average molecular momentum of the air molecules continually striking these 
minute water droplets from all directions is large enough to overcome the continuous 
downward force of gravity acting on these minute water droplets, and they remain in 

Dew Point in °C  Water vapor in mmHg Density of Air in gm/cm³ 
  8   8.0   8.2x10-6 
10   9.1   9.3x10-6 

20   17.4   1.75 x10-5 

30   31.5   3.0 x10-5 
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suspension in the cool air around the iceberg.  We become aware of their presence 
as “fog”. 
Until these minute water particles reach a weight whereby the average molecular 
momentum of the air molecules striking them from all directions can no longer 
overcome the continuous downward force of gravity acting on them, the fog remains 
around the iceberg. 
If the minute water particles become larger, they fall from the air as precipitation back 
toward the earth, and the fog disappears. 

30.4 Explain why condensed water will not usually collect on a pitcher of ice water in 
a warm room on a cold winter day. 

Cold air holds less water vapor than warm air.  The water vapor inside and outside of 
the house tries to equalize itself, meaning that some of the water vapor, being higher 
in the house than outside, will leave the air in the house rapidly when it is mixed with 
the cooler outside air (air leaks around the windows and doors, opening the outside 
doors when going or coming, opening windows to air a room, etc.). 
A heated home in winter usually has a relative humidity (the amount of water vapor in 
the air) of 15% to 25%.  The almost 0°C outside temperature surface of the ice 
pitcher in the house can usually not serve to condense enough water from the air in 
the house on its surface for water droplets to form that we can perceive as 
condensed water. 

30.5 The dew point in a room was found to be 8°C.  What would the relative humidity 
of the air in the room be at 10°C, at 20°C, at 30°C? 

 
When the dew point is reached in a body of air, that air contains the maximum 
amount of water vapor that it can hold at that temperature.  We say that the air has a 
relative humidity of 100%. 
At 8°C the water vapor is 8.0 mmHg when the air is at 100% relative humidity. 
At 10°C the water vapor is 9.1 mmHg when the air is at 100% relative humidity. 
At 20°C the water vapor is 17.4 mmHg when the air is at 100% relative humidity. 
At 30°C the water vapor is 31.5 mmHg when the air is at 100% relative humidity. 
If the air in a room is found to have its dew point at 8 °C, then the vapor pressure in 
this air is 8.0mmHg. 
If this air is raised in temperature to 10 °C, its maximum water vapor pressure could 
be 9.1mmHg.  It only has a water vapor pressure of 8.0mmHg, however, or 
8.0/9.1=0.879 or 87.9% of the amount of water that it could hold.  We say that its 
relative humidity has now changed to 87.9%. 

Dew Point in °C  Water vapor in mmHg Density of Air in gm/cm³ 
  8   8.0   8.2x10-6 
10   9.1   9.3x10-6 

20   17.4   1.75 x10-5 

30   31.5   3.0 x10-5 
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If this air is raised in temperature to 20 °C, its maximum water vapor pressure could 
be 17.4mmHg.  It only has a water vapor pressure of 8.0mmHg, however, or 
8.0/17.4=0.459 or 45.9% of the amount of water that it could hold.  We say that its 
relative humidity has now changed to 45.9%. 
If this air is raised in temperature to 30 °C, its maximum water vapor pressure could 
be 31.5mmHg.  It only has a water vapor pressure of 8.0mmHg, however, or 
8.0/31.5=0.253 or 25.3% of the amount of water that it could hold.  We say that its 
relative humidity has now changed to 25.3%. 

30.6 What weight of water is contained in a room 5 x 5 x 3 meters if the relative 
humidity is 60% and the temperature is 20°C? 

At 100% relative humidity and 20°C the vapor pressure of the water in the air is 
17.4mmHg and its density is 1.75x10-5gm/cm³. 
At 60% relative humidity and 20°C the vapor pressure of the water in the air is 
17.4mmHg x 0.6 = 10.44mmHg. 

Its density is 1.75x10-5gm/cm³ x 0.6 = 1.05 x 10-5gm/cm³. 

The volume of the room is ³1075
³1

³10³75355 6
6

cm
M
cmMMMM  . 

The weight of the water in the room is the volume of the room x the density of the 
water in the room. 

gmgmgm
cm

gmcm 5.7871075.781075.78
³1

1005.1
1

³1075 1
56





 

. 

30.7 If a glass beaker and a porous earthenware vessel are filled with equal amounts 
of water at the same temperature, in the course of a few minutes a noticeable 
difference of temperature will exist between the two vessels.  Which will be the 
cooler, and why? 

The porous material, because it offers a great surface area from which the water can 
evaporate, cools the earthenware vessel and the water remaining in it much faster 
than the water evaporating from the smaller surface area in the glass beaker can. 
Will the difference in temperature between the two vessels be greater in a dry 
or in a moist atmosphere? 
The difference in temperature between the two vessels will be greater in a dry 
atmosphere because the water vapor pressure in this air is less, which increases the 
rate of evaporation of the water from the great surface of the porous material even 
faster, and lowering the temperature of the vessel it is in accordingly. 

30.8 Why will an open, narrow-necked bottle containing ether not show as low a 
temperature as an open shallow dish containing an equal amount of ether? 

The much greater ether-to-air surface of contact in the dish allows a much higher 
evaporation rate to occur there than the smaller surface in the bottle does.  The faster 
moving ether molecules in the liquid ether leave the dish at a faster rate than they 
can in the bottle, leaving more of the slower moving molecules in the liquid in the dish 
behind than can occur in the bottle within the same amount of time.  The dish cools 
faster than the bottle because of the more rapid decrease in the average kinetic 
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energy of its molecules, and continues to do so until all of the ether in the dish has 
evaporated. 

30.9 Why is the heat so oppressive on a very damp day in summer? 

When the air is warm and the relative humidity is almost 100%, the air can only 
accept a very little moisture before the relative humidity of the air is 100%.  At 100% 
relative humidity, when the air can accept no more water; we say that the air is 
saturated. 
Our body cools itself by placing small droplets of water, through the pores in our skin, 
on the surface of our skin.  These water droplets, which we call perspiration, are then 
exposed to the air where they can evaporate.  For every 1cm³ of perspiration that 
evaporates, 80 calories of heat are removed from our body.  Evaporation of water 
from the surface of our skin is what cools our body. 
When the air around our body is nearly saturated, our body can not be cooled 
sufficiently by evaporation, and it begins to overheat.  This is what makes the heat 
seem so oppressive on a very damp day in summer.  We can jump into cooler water 
to cool our bodies again, or go into a room that is cooled by an air conditioner. 
Automobiles in land areas that have warm damp air often in summer are air 
conditioned for this reason.  A driver that is experiencing overheating in his body 
becomes weary, and his reaction times become longer, creating a hazardous 
condition for himself and others.  The warm moist air in the car is circulated over a 
cold heat exchanger where the water in the air condenses and leaves the air on the 
surfaces of the heat exchanger, called an evaporator.  Now, cool dry air contacts the 
perspiration on the driver’s skin where the perspiration can evaporate and cool his 
body.  The driver becomes awake and aware again, and his reaction times become 
shorter. 

30.10 A morning fog generally disappears before noon.  Explain the reason for its 
disappearance. 

The fog exists because it consists of tiny water droplets that condensed on extremely 
fine dust particles in the air from water vapor in the air earlier, when the air cooled 
from a warmer temperature to its cooler, current temperature. 
As the temperature of the air is increased by energy from the sun striking its 
molecules (the air is heated) during the morning, the average molecular kinetic 
energy of its molecules increases; these molecules bombard the water droplets in the 
air with more kinetic energy, and the water is again evaporated back into the air as 
water vapor. 
Water vapor in the air is invisible, but condensed water droplets in the air can be 
seen. 
As the water droplets in the air change back into water vapor, the fog “disappears”. 

30.11 What becomes of the cloud which can be seen when a steam whistle is 
operated?  Is it steam? 

The gas that comes out of the whistle is almost pure hot water vapor, which can not 
be seen.  Some of it is absorbed by the atmosphere immediately and can still not be 
seen, but some of it is cooled to the dew point and condenses on tiny dust particles 



 - 178 - 

in the air in the immediate vicinity of the whistle.  This is the “cloud” we see.  This 
cloud, however, is in air that has a much lower vapor pressure than the air around the 
whistle.  This causes the water droplets in the outside air to evaporate rapidly back to 
water vapor, and we see the “cloud” disappear. 

30.12 Explain why it is necessary in winter to add moisture to the air in our houses to 
maintain proper relative humidity, but not necessarily in summer? 

The winter air, generally speaking, is cool and dry.  We heat this air in our homes, but 
that does not increase the amount of water in it.  The average relative humidity in 
heated homes in winter is about 30%.  The perspiration on our skin when we are in 
the home during winter therefore evaporates very rapidly, and cools us even more.  
Adding water to our household air raises its relative humidity, which decreases the 
rate at which our perspiration evaporates which results in a warmer, more 
comfortable skin temperature. 

30.13 What factors effecting evaporation are illustrated by the following? A) A wet 
handkerchief dries faster if it is spread out. B) Clothes dry best on a windy day. C) 
Clothes do not dry quickly on a cold day. D) Clothes dry slowly on humid days. 

The following six factors effect the rate of evaporation: 

 
A) 6 
B) 5 
C) 2 
D) 3 and 4. 

1 The nature of the evaporating liquid. 
2 The temperature of the evaporating liquid. 
3. The space into which evaporation takes place. 
4. The density of the air or other gas above the evaporating surface. 
5. The rapidity of the circulation of the air above the evaporating surface. 
6. The extent of the exposed surface of the liquid to the air. 
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31. BOILING 

31.1 A fall of 1°C in the boiling point of water is caused by rising 960 feet. How hot is 
boiling water at Denver, Colorado, 5000 ft above sea level? 

* There is a 1°C drop in the boiling point temperature of water for each 960 feet 
of increase in altitude. 
* At sea level, water boils at 100°C. 

CC
ft

Cft






 2.5

960
5000

960
1

1
5000 .  There is a 5.2°C drop in the boiling point of water 

at an altitude of 5000ft. 
The boiling point of water at an altitude of 5000 ft is (100°C – 5.2°C) = 94.8°C. 

31.2 How can we obtain pure drinking water from sea water? 

Method1. Pump a thin layer of sea water onto a large, flat waterproof area (several 
football fields large) prepared next to the sea.  Cover this area with a canopy of 
plastic foil that the sunlight can enter to heat the sea water underneath it.  The thin 
layer of salt water evaporates under the canopy when it is heated by the sun. Make 
an opening at one end of the canopy and place a fan before it to blow air through the 
inside of the canopy. Place an exit tube at the other end through which the 
evaporated water vapor can leave the canopy.  The fan pushes the water vapor 
through this tube to a series of smaller tubes in the shade where the water vapor 
condenses in these tubes.  At the lower end of the condensation tubes the 
condensed drinking water can be collected. 
Method 2. In principle: Boil the water and cool this vapor which condenses to drinking 
water. 
 

 

Cool Salt Water Bath 
around tube to condense 
water vapor in the tube 
to drinking water 

Boiling 
salt 
water 
near 
the 
sea 

Tube 
Filled 
with 
salt 
free 
water 
vapor 
from 
boiling 
water 
tank 
 Collected 

Condensed Drinking 
Water 
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31.3 When water has been brought to a boil, will eggs in it become harder faster if 
the heat under the water is increased? 

No.  Increasing the intensity of the heat will not increase the temperature of the 
boiling water; it will only increase the rate at which the boiling water is changed to 
water vapor. 

31.4 The hot water that leaves a steam radiator can be as hot as the steam that 
entered the radiator.  How, then, has the room been warmed? 

* 536 calories per gram must be added to boiling water to change it to steam. 
*536 calories per gram must be removed from steam to change it to boiling 
water. 
The steam that enters the radiator loses heat energy to the inside wall of the radiator.  
This heat is conducted through the material of the radiator to the outer surface of the 
radiator, which heats the air it is in contact with (heats the room).  Every gram of 
steam that loses 586 calories of heat while going through the radiator will be changed 
to hot liquid water at the same temperature in the radiator.  The heat that heats the 
room is the loss of heat from the steam that caused it to change to water at its same 
temperature. 

31.5 In a vessel of water which is being heated, fine bubbles rise to the surface of the 
water long before the water begins to boil.  Why is this so? 

Atmospheric pressure is always above the water, so air is dissolved in the water.  As 
the water is heated, the air dissolved in the water is also heated.  This air becomes 
less dense because of being heated and forms air bubbles, which begin to displace 
more water than they did before.  According to the principle of Archimedes, this 
causes a higher lifting force to develop on their lower surfaces, and these air bubbles 
begin to rise before the water has reached 100°C. 

31.6 When water is boiled in a deep vessel, the rising air bubbles increase rapidly in 
size as they approach the surface.  Give two reasons for this. 

The hydrostatic pressure (the pressure on the bubbles caused by the water) around 
the bubbles decreases as they rise, allowing them to expand further as they rise. 
The density of the water is highest at the bottom of the vessel where the cooler water 
is, and decreases with rising temperature toward the top of the vessel.  This also 
decreases the hydrostatic pressure on the air bubbles, allowing them to expand even 
more rapidly. 

31.7 Why are burns caused by steam so much more severe than burns caused by 
hot water of the same temperature? 

* 536 calories per gram must be added to boiling water to change it to steam. 
*536 calories per gram must be removed from steam to change it to boiling 
water.  
Steam at 100°C has the same temperature as water.  Unlike water, however, steam 
contains much more heat than water at 100°C.  Steam will release 536 calories for 
each gram in changing back to water at 100°C, and gives some of this extra heat 
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energy to the skin it contacts.  The steam can transfer much more heat to the skin 
than water can, although both are at the same temperature, for this reason. 

31.8 How many times as much heat is required to convert any body of boiling water 
into steam as to warm an equal weight of water 1°C? 

* 536 calories per gram must be added to boiling water to change it to steam at 
100°C. 
*1 calorie per gram must be added to water to change its temperature 1°C. 

hTimesAsMuc

gm
calorie

gm
calories

CWater

amWaterToSte 536
1

536

1
1

536

/





. 

31.9 How many BTU are liberated in a radiator when 10lb of steam condense there? 

The number of grams in 10 American pounds is: 

steam
metricAmerican

metricAmerican gmgm
lb

gm
lb
lblb

4545
1.1

5000
1
500

1.1
1

1
10

 . 

The amount of heat liberated when the 10lb of steam condense to water is: 

ccalories
gm

caloriesgm

erSteamToWat

steam 363.436,2
1
536

1
4545

 . 

The number of BTUs equal to this heat is: 

BTU
calories
BTUcalories 668,9

252
1

1
363,436,2

 . 

31.10 In a certain radiator 2kg of steam at 100°C condensed to water in one hour 
and the water left the radiator at 90°C.  How many calories heated the room the 
radiator was in during the hour? 

The heat lost by the steam to condense it to water was: 

calories
gm

caloriesgm

erSteamToWat

steam 000,702,1
1
536

1
2000

 . 

The heat lost to the radiator in reducing the temperature of 2kg of water 10°C was: 

calories
gm
caloriegm

Cwater

water 2000
1

1
1

2000

/




. 

The total heat transferred to the body of the radiator was also transferred to the heat 
in the room, because the water left the radiator at 90°C. 

caloriescaloriesoRoomHeatGivenT 000,704,12000000,702,1  . 

31.11 How many calories are given up by 30gm of steam at 100°C in condensing 
and then cooling to 20°C? 

The heat lost by the steam to condense it to water was: 
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calories
gm

caloriesgm

erSteamToWat

steam 080,16
1
536

1
30

 . 

The heat lost to the radiator in reducing the temperature of 30gm of water 20°C was: 

caloriesC
gm
caloriegmC

gm
caloriegm

Cwater

water

Cwater

water 2400
1

80
1

1
1

30
1

)20100(
1
1

1
30

//










. 

The total heat lost by the steam was 16,080 calories + 2400 calories, or 
18,480calories. 

caloriescaloriesH steam 480,18240016080  . 



 - 183 - 

32. ARTIFICIAL COOLING 

 

32.1 When salt water freezes, the ice formed is free from salt.  What effect, then, 
does freezing have on the concentration of a salt solution? 

While some of the water in the solution is removed by freezing, the same amount of 
salt remains in the solution with the rest of the water that did not freeze, increasing 
the salt concentration in the solution. 

32.2 A partially concentrated salt solution which has a freezing point of -5°C is placed 
in a room which is kept at -10°C.  Will it freeze? 

No, not completely.  As the water begins to freeze out of the solution, the salt 
concentration of the solution increases, which lowers the freezing point of the 
solution. 
When the concentration is so large that the maximum amount of normal table salt 
(sodium chloride, NaCl) is dissolved the water that can be, the freezing point of the 
solution is minus 22°C. 

The -10°C room can not freeze this solution. 

32.3 Explain why salt is thrown on icy sidewalks on cold winter days. 

The salt and snow mix to form a salt solution (also called brine).  The freezing point 
of the brine is below the freezing point of water.  As the brine forms, the ice “melts”. 
*One part of NaCl in two parts of ice will form brine that freezes at -22°C. 
*Three parts of calcium chloride in two parts of snow will form brine that 
freezes at minus 55°C.  This temperature is more than sufficient to freeze 
mercury (-39°C). 

The freezing of a liquid is caused by reducing the average velocity of the molecules in the liquid 
(cooling the liquid) to the point that the attracting forces between its molecules are stronger than 
the forces of its motion causing the molecules to be repelled (to remain apart).  When this 
temperature is reached (the freezing point of the liquid) the molecules collect together in a solid 
mass and are frozen. 

If foreign molecules (molecules of another substance) are added to a liquid that attract the 
molecules of the liquid, the liquid molecules can no longer collect together to form a solid mass 
at the freezing point of the liquid like they did before.  The extra attraction caused by the 
foreign molecules added to the liquid prevents the liquid molecules from drawing together to 
form a solid mass, and the entire solution must be cooled further to reduce this effect before 
freezing can occur.  Freezing occurs at a temperature that is lower than the normal freezing 
point of the liquid; the freezing point of the liquid has been lowered. 

If foreign molecules (molecules of another substance) are added to a liquid that greatly attract 
the molecules of the liquid, the liquid molecules will increase in average molecular velocity; the 
temperature of the solution increases. 
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32.4 Give two reasons why the oceans freeze less easily than the lakes. 

Salt water has a lower freezing point than fresh water. 
Only part of the surface of the oceans close to polar regions are cooled enough to 
freeze.  The volume of the oceans is so vast that even if they contained no salt, their 
entire volume except the surface water must be cooled to 4°C before they could 
begin to freeze.  The oceans absorb too much natural heat from volcanic activity on 
the ocean floor and from the sun for this to occur. 

32.5 Why does A) pouring H2SO4 into water produce heat, while B) pouring H2SO4 
over ice produce cold? 

When H2SO4 is added to water, the water molecules are attracted very strongly 
toward the dissolving H2SO4, which forms H2

+2 and SO4-2 ions in the water.  The 
average molecular velocity of the water molecules is raised greatly by this activity, 
and the solution is heated. 
When H2SO4 molecules are added to ice, they remove water molecules from a 
crystalline structure, the ice.  The water molecules are strongly bound in the ice 
crystals, and the H2SO4 loses much kinetic energy in removing the water molecules 
from their ice crystals.  For every gram of water that is changed from ice to water, the 
H2SO4 molecules lose 80 calories of kinetic energy.  The water has a temperature of 
0°C when it melts, but mixes with the very cold H2SO4 molecules to form a cold 
mixture having a freezing point below 0°C., and this mixture remains liquid. 

32.6 Why will a liquid that is unable to dissolve a solid at a low temperature often do 
so at a higher temperature? 

At a low temperature the kinetic energy of the liquid molecules is not enough to 
remove one of the solid molecules from its position in the solid body when the two 
molecules collide with another. 
At a higher temperature, the higher kinetic energy of the surface molecules of the 
solid makes them less strongly attracted to the solid body of which they are a part, 
and the liquid molecules strike the surface molecules of the solid much harder than 
before, being able to remove them far enough from the solid body that they remain in 
solution.  The solid begins to dissolve in the liquid. 

32.7 When the salt in an ice cream freezer unites with the ice to form brine, about 
how many calories of heat are used for each gram of ice melted? 

To change one gram of ice to one gram of water at 0°C, 80 calories must be given to 
each gram of ice.  This ice is now water, but its temperature is still 0°C. 
Where does this heat come from? 
The heat comes from the mixture of water and salt, from the brine.  The salt mixes 
with the liquid water at 0°C to lower the freezing point of the brine to below 0°C.  
More heat is taken from this brine to melt more ice at 0°C, and the temperature of the 
brine becomes lower. 
If the freezing point of the brine were to be the same as the freezing point of the 
cream, would the cream freeze? 
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No, the cream would not freeze, even though it is at its freezing point.  Extra heat 
must be removed from the cream now to change its state from a liquid to a solid at 
the same temperature, its Heat of Fusion.  This heat can only be removed by the 
brine, so the brine must be below the freezing temperature of the cream before the 
cream will freeze. 
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33. INDUSTRIAL APPLICATIONS 

 

33.1 Why is a gas engine called an internal-combustion engine? 

Combustion (burning of the fuel) occurs under pressure inside of (internal) the 
engine.  It is an internal combustion engine. 

33.2 Why do gasoline engines have flywheels? 

Power is delivered to the crankshaft as a series of powerful explosions, which would 
cause the engine to hammer and vibrate violently.  The flywheel is used to transfer 
this energy into rotational energy, transforming the pounding power coming from the 
pistons into smooth rotational energy stored in the flywheel. 

33.3 How does the temperature of the steam within a locomotive boiler compare with 
its temperature at the moment of exhaust? 

The temperature in the boiler is greater than the temperature at the exhaust. 
Explanation: 

nRTPV  .  The Volume becomes larger as the piston moves forward, causing the 
pressure in the driving cylinder to fall, so the temperature of the steam in this cylinder 
must also fall. 

33.4 On the drive wheels of a steam locomotive there is a mass of iron opposite the 
point of attachment of the drive shaft.  Why is this necessary? 

This iron part is a counterweight to the arm driving the wheel.  The wheel is balanced 
between the centrifugal force pushing the arm outward and the centrifugal force 
pushing the counterweight outward in the opposite direction.  If the counterweight 
were not there, the wheel would “hop” on the track and could derail the train. 

1Kilowatt =101.98 Kg-m/s 

Power/Velocity=
Force 

1BTU=778 ft-lb 

1HP=745.7 
watts 

1HP=550 ft-lb Gasoline has 
18,000 BTU per 
pound 
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33.5 Why does the water in a closed water boiler not boil, although it is at 100°C? 

As the water begins to boil, its vapor builds up pressure above the water in the boiler, 
which raises the boiling point of the water in the boiler.  The pressure in the boiler 
increases with more heat being added to the water.  Each time heat is added to the 
water in the boiler, a small amount of water boils, which again raises the pressure 
above the water and thereby the boiling point of the water and the water stops 
boiling. 
When water vapor (steam) is removed from the water boiler by opening a valve, the 
pressure above the hot water becomes less, the boiling point of the water is lowered, 
and the water begins boiling violently producing more hot water vapor above the hot 
water in the boiler. 
*The energy that causes this boiling is taken from the hot water itself. 
If no more heat is added to the water, the water will boil until it becomes cool enough 
that its temperature falls to the boiling point of water at the pressure it is under. 
If heat is added to the water, the water continues boiling until all of the water in the 
boiler has been boiled, or until the hot water vapor is prevented from leaving the 
boiler by closing the valve again; closing the valve increases the pressure above the 
hot water and increases the boiling point of the hot water again, and the hot water 
stops boiling. 

33.6 If liquid oxygen is placed in an open vessel, its temperature will not rise above 
minus 182°C.  Why not? 

An attempt to add heat to the liquid oxygen will cause it to boil more rapidly.  The 
heat that is used for this boiling comes from the liquid oxygen itself, which 
immediately cools the liquid oxygen back to its boiling point, minus 182°C. 
Suggest a way in which its temperature could be made to rise above minus 
182°C. 
Increasing the pressure on the liquid oxygen will increase its boiling point.  The liquid 
oxygen can then be raised in temperature without causing it to boil under this higher 
pressure. 
Suggest a way in which its temperature could be made to fall below minus 
182°C. 

Counterweight 

Wheel 

Piston 

Arm 
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Decreasing the pressure on the liquid oxygen (placing it under a partial vacuum) will 
decrease its boiling point.  The liquid oxygen will begin to boil under this lower 
temperature, which removes heat from the liquid oxygen itself.  This boiling will 
continue until the liquid oxygen reaches its new lowered boiling point, when it will 
stop boiling.  The temperature of the liquid oxygen will now be below minus 182°C. 

33.7 How many foot pounds of energy are in 1 pound of coal containing 14,000 BTU 
per pound? 

ftlb
BTU

ftlbBTU 000,892,10
1
778

1
000,14

 . 

How much iron must be held at a height of 150 feet to have as much energy as 
this pound of coal? 

tons
lb

tonlb
ft

ftlb 3.36
2000
1

1
613,72

150
000,892,10

 . 

33.8 The average steam locomotive has an efficiency of only 6%.  What horsepower 
does it develop when it is consuming 1 ton of coal per hour? 

HP

s
ftlb

HPs
ftlb

s
ftlb

lb
ftlb

ton
lb

s
ton

coalcoal

coalcoal 000,11
550

1
1

6051111

3600
101784.2

1
1089200

1
2000

3600
1 10






This is the horsepower developed at 100% efficiency.  At 6% efficiency, the 
locomotive only produces 0.06 times 11,000HP, or 660 HP. 

33.9 What amount of useful work did a gasoline engine working at an efficiency of 
25% do in using 100lb of gasoline containing 18,000 BTU per pound? 

ftlb
BTU

ftlbBTU
lb

lb
BTU gasoline

gasoline

55 1014004
1
7781018

1
100

1
000,18

 . 

This is the useful work done by the engine at 100% efficiency.  At 25% efficiency, the 
gasoline engine only produces 0.25 times 14,004 ft-lb or about 3.5 x 107 ft-lb of 
useful work. 

33.10 What pull (force) does a 1000 horsepower locomotive exert when it is running 
at 25 miles per hour and exerting its full horsepower? 

s
ftlb

HP
s

ftlb
HP 000,550

1

550

1
1000

 .  The full power of the locomotive is 550,000ft-lb/s. 

The velocity of the locomotive is
s
ft

mile
ft

s
hour

hour
miles 36

1
5280

3600
1

1
25

 . 

If we divide power by velocity, we get force. 
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lb

s
ft

s
ftlb

s
ft
s

ftlb

lb
Velocity
PowerForce 278,15

36

000,550
 .  The locomotive is pulling with 

a force of 15,278lb. 
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34. CONDUCTION OF HEAT 

34.1Why do firemen wear flannel shirts in summer to keep cool and in winter to keep 
warm? 

In summer the flannel does not conduct heat well from outside the body to the body.  
The many tiny air pockets between the cotton fibers in the flannel make it a poor 
conductor of heat. 
In winter the flannel does not conduct heat well from the body to outside of the body, 
insulating the body and helping to keep it warm. 

34.2 If a package of ice cream is put inside a paper bag, it will not melt as fast as 
without the bag on a hot summer day. Explain why. 

Paper is a poor conductor of heat, and the heat from the environment can not as 
easily reach the ice cream inside the bag.  It takes more time for the ice cream to 
melt. 

34.3If the ice in an ice chest is wrapped in a blanket, what is the effect on the ice? 

The ice lasts longer in the blanket, because the blanket acts as an insulation to slow 
the conduction of heat through the air to the ice. 

34.4 If a piece of paper is wrapped tightly around a metal rod and held for an instant 
in a flame, it will not be scorched.  If it is wrapped around a wooden rod, it will be 
scorched immediately.  Why. 

The metal rod is a good conductor of heat that is in good contact with the paper.  This 
transfers the heat rapidly away from the paper, and it does not scorch if the flame is 
held on the paper only a short time. 
The wooden rod is a poor conductor of heat in good contact with the paper.  The 
wood can not transfer the heat of the flame away from the paper, and it scorches 
immediately. 

34.5 If one touches a pan containing a loaf of bread in a hot oven, he receives a 
much more severe burn than if he touches the bread itself, although the temperature 
is the same.  Explain. 

The metal pan is a much better conductor of heat than the bread.  In the same 
amount of time, the metal will transfer much more heat to a cooler object than the 
bread can.  The burn on the skin is therefore much more severe when touching good 
conductors of heat than when touching poor conductors of heat. 

34.6 Why is it a good idea to cover plants on a night that frost is expected? 

Covering the plants prevents much heat from leaving the plant to the cold air around 
it, because the further heat transfer away from the air near the plant to other air 
farther away from the plant is reduced by the covering around the plant.  In the same 
amount of time less heat will leave the covered plant than an uncovered plant. 
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34.7 Why will a moistened finger or the tongue freeze instantly to a piece of iron on a 
cold winter day, but not to a piece of wood? 

The iron, a good conductor of heat, transfers heat rapidly away from the moisture.  
This drops the temperature of the moisture below its freezing point, causing it to 
freeze.  Wood, a poor conductor of heat, is not able to remove heat fast enough from 
the moisture to cause its temperature to fall below the freezing point of the moisture; 
the moisture does not freeze. 

34.8 Does clothing ever afford us heat in winter? 

No. 
How, then, does it keep us warm? 
Winter clothing is designed to be a poor conductor of heat, which prevents our own 
body heat from being conducted to the cold outside air rapidly.  We stay warmer than 
would be the case without winter clothes. 

34.9 Why is the outer pail of an ice cream freezer made of thick wood, and the inner 
can of thin metal? 

The wood is a poor conductor of heat and prevents the outside summer heat from 
entering the salt water brine (made by filling different layers of crushed ice and salt in 
the space between the metal can and the wooden pail) to warm it.  The brine remains 
at a low temperature below zero a longer amount of time. 
The thin metal can is a good heat conductor in contact with the brine on one side and 
the ice cream mixture on the other side.  Heat is transferred rapidly from the ice 
cream mixture to the brine, and the ice cream freezes. 
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35. VENTILATION, CONVECTION, RADIATION, AND HEATING 

35.1 If we attempt to start a fire in a wood burning stove when the chimney is cold 
and damp, the stove “smokes”. Explain this. 

The cold, damp air is warmed by the fire.  This air becomes less dense.  The 
surrounding air is denser, and forces the warm less dense air upward.  This warm air 
is cooled by the cold air it is rising in; some of the water vapor in it condenses as the 
air is rising and cooling, which appears to be smoke. 

35.2 Why is a hollow wall that has been filled with sawdust a better non-conductor of 
heat than the same wall filled with only air? 

The air is compartmentalized into many tiny air pockets in the spaces between the 
particles of saw dust; this air can not move readily to contact other air.  The saw dust 
prevents the loss of heat through the wall by convection (the moving of air and the 
heat contained in it).  This reduces the rate at which heat is lost through the wall. 
The wall having only air inside of it will lose much heat, because the air inside of it 
can move easily from the warmer to the cooler side of the wall; this heat is lost by 
convection. 

35.3 In a hot water heating system why does the return pipe always connect at the 
bottom of the boiler, while the outside going pipe connects at the top? 

Water is heated at the bottom of the boiler, becomes less dense than the water 
above it, and begins to rise in the boiler.  When this happens, the cold water in the 
return pipe being more dense (heavier than the hot water), enters the bottom of the 
boiler. 
The hot water leaves the top of the boiler and is cooled when it loses heat throughout 
the heating system, becoming denser (heavier than it was before when it was hot).  
The heavier water is led to the lowest position in the heating system were it 
eventually returns to the bottom of the boiler to be heated again.  The water 
circulates by convection. 

35.4 Which is thermally more efficient, a cooking stove or a grill? 

A cooking stove is more efficient, because the heat losses by conduction and 
convection are greatly reduced by insulation.  More heat can be radiated from the 
inside walls of an oven to the food. 
An open grill loses much heat by convection.  A closed grill is more efficient than an 
open one, but the heat lost by convection, heat conduction through its walls and 
cover, and radiation from its cover is still very great. 

35.5 When a room is heated by a fireplace, which of the three methods of heat 
transfer plays the most important role? 

The air is a poor conductor of heat into the room, because it is a gas.  The hot air 
from the fire with combustion gasses leaves the room by convection, going up the 
chimney.  Radiation is the method of heat transfer that mainly warms the room. 
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35.6 Why do you blow on your hands to warm them in winter, and fan yourself to 
cool-off in summer? 

Air blown from our mouths contains moisture, and this moisture contains a great 
amount of heat that is transferred to the hands by conduction. 
Fanning places air in motion near our perspired skin, where the moisture evaporates, 
and removes 80 calories of heat from our body for each gram of water that 
evaporates. 

35.7 If you open a door between a warm and a cold room, in what direction will a 
candle flame be blown which is placed at the top of the door? 

When the door is first opened, the cold air on the floor of the cold room begins to 
move across the floor of the warm room because it is the densest air in both rooms.  
The warm air in the warm room rises above this cold air because it is less dense than 
the cold air moving beneath it and pushing it upward. The upward moving warm air 
must now somehow exit the warm room, because the cold air has occupied some of 
the warm room’s volume, which is fixed in size.  The only place this warm air can 
leave the warm room is through the doorframe near the top of the door into the cold 
room. 
In the cold room, the cold air falls toward the floor because the coldest air in the room 
has moved beneath it into the warm room. 
At the top of the door the air moves from the warm room into the cold room.  At the 
bottom of the door the cold air moves from the cold room into the warm room.  The 
air circulates and mixes by convection until the temperature of the air is the same in 
both rooms. 
If a candle is placed dear the top of the door, its flame will lean away from the warm 
room toward the cold room. 

35.8 Why is “felt” a better conductor of heat when it is very firmly packed than when it 
is loosely packed? 

When felt is firmly packed the solid felt fibers are in contact with another, which 
increases heat conduction between them.  Additionally, the air lying between the 
fibers is expelled, causing the felt to lose the insulating properties of the air. 

35.9 If 2 metric tons of coal are burned in your house per month, and if your furnace 
allows one-third of the heat to go up the chimney, how many calories remain to be 
used per day? 
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2/3 of these calories are used to heat the house each day. 
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36. MAGNETISM 

The force which any two magnetic poles exert on each other in air is equal to the 
product of the pole strengths divided by the square of the distance between them. 
A unit pole is defined as a magnetic pole which, when placed at a distance of 1 
centimeter from an exactly similar pole in air repels it with a force of 1 dyne. 
A force of 1 dyne will accelerate a mass of 1 gram 1cm/s². 
*The force in dynes which any two magnetic poles exert on each other is the 
product of the pole strengths, divided by the square of the distance between 
them, measured in centimeters. 
The quality of resisting either magnetization or de-magnetization is called retentivity. 
A substance which has the property of becoming strongly magnetic under the 
influence of a permanent magnet (whether it has a high retentivity or not) is said to 
possess permeability to a high degree. 
Magnetic lines of force are always closed loops that leave the surface of one end of 
the magnet (the north end) at right angles to this surface, and enter the other end of 
the magnet (the south end) at right angles to its surface. 
Iron and steel are the only materials that exhibit magnetic properties to any degree.  
Nickel and cobalt are also attracted to strong magnets.  Some mixtures of metals and 
non-metals can produce strong magnets. 

36.1 Make a diagram to show the general shape of the lines of force between unlike 
poles of bar magnets, and between like poles of bar magnets. 

 

36.2 Devise an experiment which will show that a piece of iron attracts a magnet just 
as truly as the magnet attracts the iron. 

 

N S 

S S 

Unlike poles attract each other (pull each other together) 

Like poles repel each other (push each other apart) 
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If the iron is held stationary, the magnet will move toward the iron.  If the magnet is 
held stationary, the iron will move toward the magnet. 

36.3 To test a needle with a magnet to determine whether the needle is magnetized, 
why must you observe “repulsion” before you can be sure it is magnetized? 

If a needle is not magnetized, a magnet will attract it anyway.  Only repulsion shows 
that the needle has been magnetized, since repulsion can only occur when the 
needle is producing its own magnetic field (the needle has been magnetized). 

36.4 A nail lies with its head near the N pole of a bar magnet.  Diagram the nail and 
magnet, and draw from the N pole through the nail a closed curve to represent one 
line of magnetic force. 

 

 
Magnetic lines of force always leave the north pole of a magnet and enter the south 
pole of a magnet.  They are always closed loops.  They always leave the north 
surface of the magnet at right angles (90° angles) to this surface of the magnet at the 
point they leave the magnet, and they always enter the south surface of the magnet 
at right angles to this surface at the point they enter the magnet. 

36.5 Explain, on the basis of induced magnetization, the process by which a magnet 
attracts a piece of soft iron. 

One of the magnetic poles of the magnet attracts the opposite magnetic pole of the 
molecules of iron in the piece of soft iron.  The molecules in the iron turn so that their 
opposite polarity ends are directed toward the pole of the magnet (the iron becomes 

Iron fixed S 

N S   Magnet fixed 

N S 
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a mirror image of the magnet).  In this situation the attraction of all of the molecules in 
the piece of soft iron toward the magnet is strong enough to overcome the force of 
friction holding the piece of soft iron still on the surface it is resting on, and the soft 
iron is pulled toward the magnet. 

36.6 Do the facts of magnetic induction suggest to you any reason why a horseshoe 
magnet retains its magnetism better when a bar of soft iron (called a keeper, or 
armature) is placed across its poles than when it is not so treated? 

The keeper itself becomes a magnet, allowing the lines of force to be as short as 
possible, and as strong as possible.  The molecules of the horseshoe magnet and 
the keeper are aligned with the magnetic lines of force that run through them. 

36.7 Why should the needle in a “needle-dip” experiment be placed east to west 
when adjusting for neutral equilibrium before it is magnetized? 

This position causes the magnetic field lines of the earth’s magnetic field to cut 
across the needle at right angles.  At a right angle the field lines can not induce 
magnetism in a magnetizable material.  This allows the needle to be completely de-
magnetized before it is neutralized to be used in an experiment. 

36.8 How would an ordinary compass needle act if placed over one of the earth’s 
magnetic poles? 

The magnetic needle would be pulled down on one end and pushed up on the other 
end.  At the North Pole the north end of the needle would be pushed up and the 
south end would be pulled down.  At the South Pole the south end of the needle 
would be pushed up and the north end would be pulled down. 

36.9 Why are the tops of steam radiators South Magnetic Poles, as proved by the 
constant repulsion of the south end of a compass needle? 
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The black dot shows the electrons in the earth’s magma moving toward us.  The 
circle with the x in it shows the electrons in the earth’s magma moving away from us.  
The earth is rotating toward the east. 
The earth’s magnetic lines of force enter the top of the radiator in the northern 
hemisphere and leave it from the bottom.  The surface at which magnetic lines enter 
a magnetizable material attracts the south poles of the molecules in that material,  
causing the south end of the iron molecules in the radiator to be directed “upward”. 
The earth’s magnetic lines of force enter the bottom of the radiator in the southern 
hemisphere and leave it at the top.  The surface at which magnetic lines leave a 
magnetizable material attracts the north poles of the molecules in that material 
causing the north end of the iron molecules in the radiator to be directed “upward”. 
In the northern hemisphere, the top of the radiators have a south pole. 
In the southern hemisphere, the top of the radiators have a north pole. 
 
Notice: this means that the northern hemisphere has a magnetic South Pole, while 
the southern hemisphere has a magnetic North Pole. 
*We call the north pole in the northern hemisphere the north pole, because it 
attracts the north end of a compass needle toward it.  It is, however, a south 
pole. 
*We call the south pole in the southern hemisphere the south pole, because it 
attracts the south end of a compass needle toward it.  It is, however, a north 
pole. 
 

36.10 Give two proofs that the earth is a magnet. 

The earth can influence a compass needle, so it must possess a magnetic field.  
Substances that posses a magnet field are, by definition, a magnet. 
The earth can magnetize magnetizable materials.  It must therefore be a magnet. 

36.11 A magnetic pole that has a strength of 80 units is 20 cm distant from a similar 
pole having a strength of 30 units.  Find the force between them. 

*The force in dynes which any two magnetic poles exert on each other is the 
product of the pole strengths, divided by the square of the distance between 
them, measured in centimeters. 
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 =6dynes.  Because the two poles are similar, the force between them 

is a force of repulsion. 
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37. STATIC ELECTRICITY 

 
 
The picture shows an electroscope, a device used to find out whether an object is 
carrying a charge of static electricity, either + or -. 
If an object is touched to the upper ball of an electroscope, and the leaves (shown in 
grey) of the electroscope remain hanging together, the object is not charged. 
If an object is touched to the upper ball of an electroscope, and the grey leaves of the 
electroscope move away from each other, the object is carrying an electric charge. 
If the object was charged with a negative charge (the object has an excess of 
electrons), the leaves of the electroscope will each become charged with a negative 
charge.  The leaves will repel each other because like charges repel each other. 
If the object was charged with a positive charge (the object has a depletion of 
electrons), the leaves of the electroscope will each become charged with a positive 
charge.  The leaves will again repel each other because like charges repel each 
other. 
*An electroscope can show us whether an object is carrying an electrostatic 
charge, but we do not know which kind of electrostatic charge the object is 
carrying. 
The following problems show how to find out which kind of electrostatic charge is 
present when the electroscope shows us that it is charged. 

No charge Charge 

Electroscope 
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37.1 If a light ball made of a material that can carry an electrical charge is placed 
between two plates, one of which is connected to the earth and the other is 
connected to a high electrostatic charge (either + or -), the ball will bounce back and 
forth between the two plates. Explain why this happens. 

 
At position 1 the ball is not charged, meaning that the + and the – charges in it are 
present in about the same number.  Then a high + charge is switched onto the top 
plate (some kind of power supply removes electrons from the top plate; + charges 
appear where these electrons used to be in the top plate). 
At position 2 the strong + charge on the top plate attracts the – charges (electrons) in 
the ball, leaving + charges in the lower part of the ball where these electrons earlier 
were.  The – charges (electrons) in the ball move toward the top of the ball and the + 
charges in the ball appear toward the bottom of the ball.  The + charge on the top 
plate attracts the – charge on the top of the ball with a force that pulls the ball upward 
toward the top plate. 
At position 3 the ball touches the top plate.  The – charges (electrons) are pulled with 
great force from the ball, and the ball is left being charged with a strong + charge.  
The ball and the plate instantly have the same charge, and like charges repel each 
other. 
At position 4 the + charges in the top plate are pushing the + charges on the ball 
downward toward the earth plate. 
At position 5 the ball has touched the earth plate again.  The + charge on the ball 
attracts – charges (electrons) from the earth until the number of electrons on the ball 

One unit charge of electricity that is 1 centimeter away from a second unit 
charge of electricity causes a force of repulsion of 1 dyne between them. 
 
*1 unit of charge is 910095.2  electrons. 
 
A force of 1 dyne will give to a mass of 1 gram an acceleration of 1 cm/s². 
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is about equal to the number of + charges on the ball, and the ball is in a “neutrally 
charged condition” again. 
We see that the electrons flow from the earth to the ball and then to the top plate 
where they are removed by some kind of power supply.  The power supply returns 
the electrons it removed from the ball and the top plate back to the earth.  The power 
supply works like an “electron pump”. 

37.2 Given a gold-leaf electroscope, a glass rod and a piece of silk, how, in general, 
would you proceed to test the sign of the electrification of an unknown charge? 

Touch the object to the ball of the electroscope.  The leaves move away from each 
other, so we know that the object is carrying an electrostatic charge, but we do not 
know which kind of electrostatic charge is being carried by the electroscope. 
Rub the glass rod with a silk cloth.  This rubs electrons off of the glass rod and leaves 
the glass rod with a positive electrostatic charge.  We know that the charge on the 
glass rod is now +. 
Move the end of the glass rod close to the ball of the electroscope without touching 
the ball.  The positive charge on the glass rod will attract negative charges and will 
repel positive charges, because it is charged positive. 
If the leaves of the electroscope move closer to each other, the charge on the leaves 
of the electroscope has been decreased.  The glass rod with its positive charge has 
weakened the charge on the leaves of the electroscope by attracting the charge on 
the leaves toward it.  The glass rod can only attract a negative charge, because it is 
carrying a positive charge.  The charge on the leaves of the electroscope must 
therefore be negative.  The charge on the object that charged the electroscope must 
be negative. 
If the leaves of the electroscope move farther away from each other, the charge on 
the leaves of the electroscope has been increased.  The glass rod with its positive 
charge has strengthened the charge on the leaves of the electroscope by repelling 
the charge on the ball of the electroscope away from it toward the leaves.  The glass 
rod can only repel a positive charge, because it is positively charged.  The charge on 
the leaves of the electroscope must therefore be positive.  The charge on the object 
that charged the electroscope must be positive. 

37.3 Charge a gold-leaf electroscope using a glass rod (it is now positively charged).  
Warm a piece of paper and stroke it on your clothing.  Hold it over the charged 
electroscope.  If the leaves move away from each other, is the charge on the paper + 
or -? 

The electroscope is charged positive.  Its leaves will move farther apart if this positive 
charge becomes stronger.  Positive charges must move from the ball of the 
electroscope toward the leaves.  The only charge that can cause this to happen is a 
positive charge.  The paper must be charged positive. 
If the leaves of the electroscope move closer together, what is the charge on 
the paper? 
The electroscope is charged positive.  Its leaves will move closer together if this 
positive charge is weakened.  Positive charges must move from the leaves of the 
electroscope toward the ball.  The only charge that can cause this to happen is a 
negative charge.  The paper must be charged negative. 
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37.4 If you are given a positive charged insulated sphere, how could you charge two 
other spheres, one positive and the other negative, without weakening the charge on 
the first sphere? 

Place the two spheres to be charged in contact with another (they are touching 
another). 
Move the positive-charged sphere close to one of the other two spheres without 
touching it. 
The positive charged sphere will attract electrons from both of the two spheres in 
contact with another, and these electrons will move nearest to the positive charged 
sphere. 
The sphere farthest from the positive-charged sphere loses these electrons 
(becomes positive-charged). 
The sphere closest to the positive charged sphere gains these electrons (becomes 
negative-charged). 
Separate the two spheres that are in contact with another.  One is now positive-
charged and the other is negative-charged. 
Move the original positive-charged sphere away from the other two spheres; it has 
not lost its charge, because it never came in contact with anything else. 

 

37.5 If you bring a positive-charged glass rod near the ball of an electroscope and 
then touch the ball with your finger, why do you not remove the negative electricity 
which is on the ball? 

The electroscope is uncharged. The glass rod attracts electrons.  These electrons 
come from the leaves of the electroscope, leaving a positive charge on the leaves of 
the electroscope. 
When the ball of the electroscope is touched by the finger, electrons flow from the 
finger toward the positive charge in the leaves of the electroscope.  The leaves of the 
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electroscope are now no longer charged and fall next to each other.  There are now 
more electrons in the electroscope than when it was uncharged. 
If the finger is removed from the ball of the electroscope, and the glass rod is 
removed afterward, the excess electrons in the electroscope will move equally 
throughout the electroscope, the leaves of the electroscope will contain an excess of 
electrons, and they will move apart from each other, indicating a charged condition. 
This method of charging an electroscope is called “Charging by Induction”. 

37.6 When charging an electroscope by induction, why must the finger be moved 
away from the ball of the electroscope before the charged body is removed from its 
position near the ball? 

The charged body causes electrons to flow into or out of the electroscope through 
the finger. 
If the charged body is moved away from the ball of a positive-charged electroscope 
while the finger is still touching the ball of the electroscope, a flow of electrons from 
the finger into the electroscope will occur, and the electroscope will be neutralized 
(will no longer have a charge). 
If the charged body is moved away from the ball of a negative-charged electroscope 
while the finger is still touching the ball of the electroscope, a flow of electrons out of 
the electroscope into the finger will occur, and the electroscope will be neutralized 
(will no longer have a charge). 

37.7 If you hold a brass rod in your hand and rub it with silk, the rod will show no 
effect of being charged; but if you hold the rod with a piece of sheet rubber and then 
rub it with silk, you will find it to be charged. Explain why this happens. 

If the rod is not insulated, electrons will flow through the hand into the brass rod as 
other electrons are being removed by rubbing the rod with silk.  This neutralizes the 
rod, and it carries no charge. 
If the rod is insulated, no electrons can flow from the hand into the brass rod while 
electrons are being removed from the brass rod by rubbing the rod with silk.  This 
charges the rod. 

37.8 State as many differences as you can between the phenomena of magnetism 
and those of electricity. 

Magnetizing a material leaves an amount of remaining magnetism in the material 
when the magnetizing magnet is removed; charging a material by induction leaves no 
charge when the charge is neutralized. 
Magnetism effects the arrangement of the positions of molecules; charging moves 
electrons between molecules. 

37.9 If a charged rod is brought near a ball suspended by a silk string, the ball is first 
attracted to the rod and then repelled from it.  Explain why. 

Any charge that can attract the ball will draw the opposite charge to the near side of 
the ball. 
The ball moves toward and touches the charged rod. 
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The ball and the rod experience a change of electrons until both of them have the 
same charge. 
Because the ball and the rod have the same charge, they repel each other (like 
charges repel each other). 
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38. DISTRIBUTION OF CHARGE, POTENTIAL, AND CAPACITY 

38.1 If you set a charged Leyden jar on a cake of paraffin, why can you not discharge 
it by touching one of the coatings? 

 
A Leyden jar is a jar that has a metallic coating on the inside (dark grey) and a 
metallic coating on the outside (light grey).  If the inner coating is charged positive, 
and the outer coating is touched to the earth, the outer coating will obtain a negative 
charge because electrons from the earth are attracted to it.  The Leyden jar is now 
charged. 
If we insulate the Leyden jar by placing it on a cake of paraffin, the positive charges 
on the inside of the jar are being attracted by the electrons on the outside of the jar, 
and vice-versa. 
If we touch the inside of the Leyden jar, we can not influence the positive charge 
being held there by the electrons on the outside of the jar. 
If we touch the outside of the Leyden jar, we can not influence the negative charge 
being held there by the positive charge on the inside of the jar. 
The Leyden jar was first used in Leyden, Holland, in 1745, and that is why they are 
called Leyden jars. 
The Leyden jar is a form of condenser, a component in electrical devices that can 
store a charge. 
If we want to discharge a Leyden jar, we have to touch both metallic coatings at the 
same time with an electrical conductor, for example, a piece of copper wire. 

38.2 Will a solid sphere hold a larger charge of electricity than a hollow one of the 
same diameter? 

A solid sphere will not hold more charge than a hollow sphere of the same size, 
because electrical charges are only present on the very outside surface of the 
conductors they are on. 

Leyden jar 

Inner metallic coating 

Outer metallic coating 
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* Electric charges can only be found on the outside surface of electrical 
conductors. 

38.3 Why can a Leyden jar not be appreciably charged if the outer coat is insulated? 

If we put a high positive charge on the inside coat of a Leyden jar, these charges will 
attract negative electrons that are in the outer coat toward them, leaving a strong 
positive charge on the outside surface of the outer coating.  At this time the jar is not 
charged, because the outer coating still has the same number of electrons in it as it 
had before the positive charge was put on the inside coating of the jar. 
If we want to charge the jar, the outside coating of the jar must be placed in contact 
with something that has electrons before electrons will move toward the strong 
positive charge on the outside surface of the outer coating.  If the outer coating is 
insulated, this can not happen, and the jar remains uncharged. 
If we put a high negative charge on the inside coat of a Leyden jar, these charges will 
attract positive charges that are in the outer coat toward them, leaving a strong 
negative charge on the outside surface of the outer coating.  At this time the jar is not 
charged, because the outer coating still has the same number of electrons in it as it 
had before the negative charge was put on the inside coating of the jar. 
If we want to charge the jar, the outside coating of the jar must be placed in contact 
with something that has a positive charge (meaning any less negative charge) before 
the strong negative charge on the outside surface of the outer coating can be 
attracted away from the outer coating of the jar.  If the outer coating is insulated, this 
can not happen, and the jar remains uncharged. 

38.4 Using a stick of sealing wax and a piece of flannel, in what two ways could you 
give a positive charge to an insulated body? 

First, we could rub the stick of sealing wax with the piece of flannel, which would give 
the sealing wax a positive charge.  Touching the sealing wax to the insulated body 
causes electrons to be attracted away from the body toward the sealing wax; this 
leaves the insulated body with a positive charge.  We have directly charged the 
insulated body by touching it with the charged sealing wax. 
Second, we could place two insulated bodies in contact with another and approach 
one of them (which we will call the first one) very closely with the positive charged 
stick of sealing wax without touching the insulated body.  The sealing wax attracts 
electrons toward it, leaving positive charges on the other side of the insulated body.  
These positive charges attract electrons from the second insulated body, and these 
electrons move off of the second insulated body and onto the first insulated body.  
When we now separate the two insulated bodies from each other before removing 
the positive charged stick of sealing wax away from the body it is charging, the first 
insulated body will be negative charged, and the second insulated body will be 
positive charged.  We have charged both insulated bodies by induction (meaning we 
did not touch one of them directly with the charged stick of sealing wax). 

38.5 Explain, using a set of drawings, the charging of the cover of an electrophorus. 



 - 206 - 

 
An electrophorus is an electrical machine capable of producing strong electrostatic 
charges.  It produces these charges by induction, not by friction. 
The hard rubber disc is highly charged by rubbing it with cat fur or flannel. 
A metal plate is placed over the rubber disc, and touched by the finger to cause it to 
become highly charged with the charge opposite to that on the rubber disc. 
The finger is now removed from the plate, and the plate is removed from the rubber 
disc using the insulated handle. 
When the disc is brought near a conductor, it can cause sparks that are ¼ of an inch 
long or longer to jump between it and the conductor. 

38.6 Represent by drawing the electrical condition of a tower just before it is struck by 
lightning, assuming the cloud at this particular time to be powerfully charged with + 
electricity. 
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In nature, + and – electricity always appear in pairs.  Wherever there is a + charge, 
there is a – charge to match it.  Wherever there is a - charge, there is a + charge to 
match it. 
When these pairs are disturbed, when one of them is removed from the other, each 
of them tries to find a charge of the opposite kind to form a pair again. 
When they are paired, neither one of them exerts a force on any other charge around 
them.  When they are separated, each charge exerts an attractive force on a charge 
in its area that is of its opposite kind and closest to it.  This force is what we call an 
electric field, which is shown in red arrows in the picture. 
It has become customary to show the direction of this force field as beginning at 
positive charges and ending at negative charges.  For this reason, electrons always 
move in a direction opposite to the direction of the electric force field. 
Each + charge in the cloud is trying to attract a – charge that is nearest to it.  The – 
charges that are nearest to the cloud in the picture are on the tower.  The force of the 
electric field is very strong at the top of the tower, and it attracts electrons away from 
the tower toward the cloud.  This leaves a positive charge on the base of the tower 
that is immediately “neutralized” by electrons from the earth instantly forming pairs 
with them. 
*The earth can be considered to be an inexhaustible source of electrons, or – 
charges. 
So, the earth supplies electrons to the tower constantly each time a + charge 
appears on the tower because of electrons being “pulled” from the tower by the 
strength of the electric field.  The electric field is caused by the + charges in the cloud 
acting on the electrons nearest to them (on the tower). 
This is the situation just before “lightning” occurs. 
When a stream of electrons begins to leave the tower toward the cloud because of 
the force of the electric field acting on them, an avalanche of electrons begins to flow 
toward the cloud.  We realize this electron flow as lightning.  The electrons from the 
tower move close to the positive charges in the cloud, where they pair with the 
positive charges in the cloud to “neutralize” the positive charges in the cloud.  When 
this happens, the strength of the electric force field is reduced below the strength 
required to support the lightning, and the massive flow of electrons stops. 
*The red arrows indicate a separation of unlike charges.  We say that the 
electric potential is higher at one location than at another location.  If an 
electron is caused to move from its location to another by an electric field, we 
say that the electric potential is higher where the electron moved to than where 
it was.  Electric potential is measured in volts. 

38.7 When a negatively charged cloud passes over a house that has a lightning rod, 
the lightning rod neutralizes the cloud.  How? 
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*Although the earth can be considered to be an inexhaustible source of 
electrons, the cloud is more negative than the earth.  Compared to the cloud, 
therefore, the earth is a positive charge, and the more dense electrons in the 
cloud are attracted toward the less dense electrons (the positive charge) on the 
earth. 
The lightning rod has a sharp point on its end.  Charges on any object collect in a 
more dense collection on surfaces that are sharply curved. 
Dense means the number of charges on a certain area.  The more curved the 
surface, the denser are the charges on the surface at that location (many more 
charges are there on a smaller area than can be found on the same area anywhere 
else on the lightning rod). 
A sharp point is extremely curved, so the density of positive charges on the lightning 
rod is extremely high on the point’s very small area.  The point of the lightning rod is 
carrying a very strong positive charge, compared to the negative charge of the cloud. 
Some of the electrons in the cloud are closest to this extremely powerful positive 
charge at the sharp point on the top of the lightning rod.  They are attracted toward 
the tip of the lightning rod, and move in the opposite direction of the electric force 
field along the field lines, which are shown as red arrows in the picture. 
This action of electrons leaving the cloud and moving through the air toward the 
lightning rod makes the cloud less negative, which reduces the strength of the 
electric force field between the cloud and the earth. 
The electric force field can no longer become strong enough to cause an avalanche 
of electrons to leave the cloud toward the tip of the lightning rod along a path as 
lightning. 
The electrons from the cloud move gradually toward the strong positive charges in 
the sharp point of the lightning rod, and make the tip of the lightning rod more 

+ + + + + 
+ + + + + 
+ + + + + 
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negative than the earth when they arrive there.  When this happens, these electrons 
are attracted through the lightning rod toward the more positive earth, and the tip of 
the lightning rod again becomes positive and forms a very strong positive charge on 
its pointed tip.  This process repeats itself, and the cloud is eventually discharged 
without lightning being able to form. 
*It is very important that lightening rods are deep enough in the earth to reach 
moist earth.  If this is not done, the dry earth will insulate the lightning rod, and 
it will no longer be able to discharge the clouds above it, making the chance of 
a lightning strike higher. 
*The red arrows in the pictures indicate a separation of unlike charges.  We say 
that the electric potential is higher at one location than at another location.  If 
an electron is caused to move from its location to another by an electric field, 
we say that the electric potential is higher where the electron moved to than 
where it was.  Electric potential is measured in volts. 
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39. ELECTRICITY IN MOTION 

39.1 Under what conditions will an electric charge produce a magnetic effect? 

Whenever an electron moves from one location to another, it produces a magnetic 
effect. 

39.2 How can you test whether current is moving in a wire? 

Place a compass needle near the wire.  If the needle deflects, current is flowing in the 
wire. 

39.3 How does the current delivered by a cell differ from that delivered by a static 
machine? 

The current developed by a cell is relatively weak, but is continuous. 
The current caused by an electric machine is very strong, but exists only for a very 
short time. 

39.4 Mention three respects in which the behavior of magnets is similar to the 
behavior of electric charges. 

A magnet has two polarities, north and south.  There are only two kinds of electric 
charges, + and -. 
Energy is stored in the magnetic field between the north and south poles.  Energy is 
stored in an electric field between the + and – charges. 
Magnets can induce magnetic fields in other objects.  Charges can induce electric 
fields in other objects. 
Mention two respects in which the behavior of magnets is different from the 
behavior of electric charges. 
There is no shielding against a magnetic field.  It is possible to shield against an 
electric field. 
The strength of a magnetic field is limited by the number of molecules in a 
magnetized body that can be oriented north to south.  The strength of an electric field 
is not limited, because the field strength depends on the number of unlike charges at 
each end of the field. 
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40. ELECTROLYSIS 

 

 

40.1 What was the strength of a current that deposited 11.84 grams of copper in 30 
minutes? 

1.181 grams of copper can be deposited by 1 ampere of current in 1 hour. 

A
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grams coppercopper
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5905.0
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1

11
181.1
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One ampere will deposit 0.5905 grams of copper in ½ hour.  11.84 grams of copper 
were deposited in 30 minutes, however. 

A
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1
 .  A twenty ampere current flowed ½ hour to 

deposit 11.84 grams of copper. 

40.2 How long will it take 1 ampere to deposit 1gram of silver from a solution of 
AgNO3? 

1 ampere will deposit 4.052 grams of silver in one hour. 
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One gram of silver will be deposited by a current of 1 ampere in about 15 minutes. 

40.3 If 1 ampere is passed through a solution containing a zinc salt, how much zinc 
would be deposited in ¼ hour? 

Zn
zinczinczinczinc grams

hourA
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hourA
Xgrams

hourA
grams

30.0
11

25.01203.1
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


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




0.030 grams of zinc will be deposited by a current of 1 ampere in about 15 minutes. 

40.4 How could a silver cup be given a gold lining by use of an electric current? 

Fill the silver cup with a solution of a gold acid (for example, gold-tetrachloric acid: 
H[AuCl4]).  Connect the minus pole of a battery to the outside of the silver cup, and 
the plus pole of the battery to a gold rod that is suspended in the acid.  Gold plate will 
form on the inside of the cup that is in contact with the acid. 

*1 electrostatic charge is equal to 2.095 x 109 electrons 
*1 coulomb is equal to 3 x 109electrostatic units. 
*1 coulomb is equal to 6.285 x 1018electrons 
*1 electron has a charge of 1.591089897 x 10-19 Coulomb. 
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40.5 If the terminals of a battery are immersed in a glass of acidulated water, how 
can you tell from the rate of evolution of the gasses at the two electrodes which 
battery pole is positive and which is negative? 

The greatest volume of gas will be hydrogen, which is produced at the negative pole 
of the battery.  The other gas will be formed at the positive pole of the battery. 

40.6 The coulomb is 3 billion (3 x 109) times as large as the electrostatic unit of 
electricity.  How many electrons pass each second by a location on a lamp filament 
which is carrying 1 ampere of current? 

1 ampere is 1 coulomb per second, so, in one second one coulomb of electricity will 
pass the point on the filament. 
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41. MAGNETIC EFFECTS OF CURRENT, PROPERTIES OF COILS 

41.1 Describe the magnetic condition of the space about a trolley car wire that is 
carrying a direct current. 

 

41.2 In what direction will the north pole of a magnetic needle be deflected if it is held 
above a wire in which electrons are flowing from south to north? 

 

Minus 
end of 
wire 

S 

Direction of electron flow in the wire, from – to + 

The red portions of the magnetic lines of force are behind the wire. 
The blue portions of the magnetic lines of force are in front of the wire. 
The beginnings of the arrows (red and blue) are a north pole. 
The heads of the arrows (red and blue) are a south pole. 
*If the thumb of the left hand points in the direction of electron flow, the 
curved fingers of the left hand show the direction of the magnetic lines of 
force around the electron flow (from north to south). 
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end of 
wire 
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Direction of electron flow 
is from south to north. 

S N 

Direction of magnetic 
field above the wire 
that is caused by the 
electron flow is 
shown in red. 
The north end of the 
compass needle 
(blue) will be 
attracted by the south 
pole of the field, and 
will point toward the 
west. 

South 

North 

West East 

N S 

Note that the direction 
of the magnetic field 
inside of the magnet is 
from S to N (blue 
arrow) 
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*If the thumb of the left hand points in the direction of electron flow, the curved 
fingers of the left hand show the direction of the magnetic lines of force (from 
north to south). 

41.3 A man stands beneath a north and south trolley line and finds that a magnetic 
needle in his hand has its north end deflected toward the east.  What is the direction 
of electron flow in the wire? 

 
*If the thumb of the left hand points in the direction of electron flow, the curved 
fingers of the left hand show the direction of the magnetic lines of force (from 
north to south). 

41.4 A loop of wire lying on the table carries a current in which electrons flow in a 
counter-clockwise direction.  Would a north pole at the center of the loop point up or 
down? 

 
The north end of a compass placed at the center of the loop would point downward. 
*If the thumb of the left hand points in the direction of electron flow (from 
minus to plus), the curved fingers of the left hand show the direction of the 
magnetic lines of force (from north to south). 
Inside of the loop, the magnetic lines of force point downward. 
Outside of the loop, the magnetic lines of force point upward. 

Direction of electron flow 
is from south to north. 

S N 

Direction of magnetic 
field below the wire 
that is caused by the 
electron flow is 
shown in blue. 
 
The north end of the 
compass needle (red) 
will point toward the 
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41.5 If you look down on the ends of a U-shaped electromagnet, does the current 
encircle the two coils in the same or in opposite directions? 

 
*If the thumb of the left hand points in the direction of electron flow (from 
minus to plus), the curved fingers of the left hand show the direction of the 
magnetic lines of force (from north to south). 
Inside of the left hand coil the magnetic field flows from south to north (top to bottom). 
Inside of the right hand coil the magnetic field flows from south to north (bottom to 
top). 

_ + 

The red 
arrows show 
the direction 
of electron 
flow, from 
minus to plus. 
The magnetic 
field flowing 
inside of the 
left hand coil 
produces a 
north pole at 
the bottom left 
hand end of 
the magnet. 

The direction of the 
winding must be 
reversed on the 
right hand coil for 
the electron flow to 
produce a reversed 
magnetic field 
inside of the right 
hand coil, which 
produces a south 
pole at the bottom 
right hand end of 
the magnet.  One 
closed magnetic 
field line is shown 
in blue. 

S N 

N S 
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42. MEASUREMENT OF ELECTRICAL CURRENTS 

42.1 What is the principle involved in the chemical method of measuring the strength 
of an electric current? 

We compare the amount of a metal deposited on the cathode of an electrolysis bath 
in a certain amount of time with the known amount of the same metal that can be 
deposited by 1 ampere in 1 hour.  This comparison tells us how strong the electrical 
current is. 
What is the principle involved in the magnetic method of measuring the 
strength of an electric current? 
First Method:  A coil of a conductor that is oriented in a north-south direction causes 
a compass needle to be deflected in an east-west direction when the compass is 
placed at the center of the coil.  The amount of needle deflection is a measure of the 
strength of the magnetic field deflecting it, which is directly proportional to the current 
flowing in the coil. 

 
Second Method:  A coil of wire is suspended by an axis in the field of a permanent 
magnet.  An electric current moving through the wire of the coil produces its own 
magnetic field, which interacts with the magnetic field of the fixed permanent magnet 
to cause the coil to be rotated on its axis.  The field of the coil tries to align with the 
field of the permanent magnet.  The amount of coil rotation is determined by the 
strength of the current flowing in the coil. 
A device that does this is called an ammeter.  It measures the amount of current 
flowing in electric circuits. 
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in the coil Current flowing in 
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42.2 How could you test whether the strength of an electric current is the same in all 
parts of a circuit? 

Open the circuit. Connect an ammeter in the circuit at that location.  Measure the 
amount of current flowing in this part of the electric circuit. 
Repeat this in different parts of the circuit and compare the different measurements 
to determine whether all are the same. 

42.3 Explain the principle of the suspended-coil (D’Arsonal) type of galvanometer. 

No current 
is flowing 
in the coil 

A weak 
current is 
flowing in 
the coil 

A strong 
current is 
flowing in 
the coil 
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A coil that can carry an electric current is placed in a magnetic field of a permanent 
magnet as shown in the picture. 
The coil can rotate on an axis (shown as a dashed black line). 
A spring is attached to the axis (spring shown as a dashed black circle) to hold the 
coil in its starting position (no current flowing through the coil). 
As current begins to flow through the coil, it establishes its own magnetic field around 
the coil.  The coils magnetic field is deflected by the magnetic field of the permanent 
magnet against the force of the spring acting on the coil’s axis, which causes the coil 
to rotate on its axis.  The stronger the current through the coil is, the greater will be 
the rotation of the coil. 
When the current stops flowing in the coil, the spring returns the coil to its starting 
location again. 
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*A galvanometer that has been calibrated to indicate Amperes is called an 
Ammeter. 

42.4 When calibrating an ammeter, the current which produces a certain deflection is 
found to deposit ½ gram of silver in 50 minutes.  What is the strength of the current? 

50 minutes is 5/6 of an hour. 
A current of 1 ampere will deposit 4.025 grams of silver in one hour. 

The coil is in its starting 
location. No current is 
flowing in the coil.  The 
spring holds the coil 
parallel to the magnetic 
lines of force of the 
permanent magnet (red). 

A weak current is flowing in 
the coil, which creates a 
small force strong enough 
to work against the tension 
of the spring and cause the 
coil (blue) to rotate slightly 

A very strong current is 
flowing in the coil, which 
creates a greater force 
working against the 
tension of the spring, 
causing the coil (blue) to 
rotate more. 
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The scale for the ammeter could be marked at this location for 150 mA of current. 

42.5 When a compass needle is placed at the middle of a coil of wire that lies in a 
north-south plane, the deflection produced in the needle by a current sent through 
the coil is approximately proportional to the strength of the current, provided the 
deflection is small – not more than 20 or 25 degrees; but when the deflection 
becomes large, - say 60 or 70 degrees, it increases very much more slowly than 
does the current which produces the deflection.  Can you see any reason why this 
should be so? 

 
The force of the permanent magnetic field is shown in red. 
The force of the coil’s magnetic field is shown in blue. 
As the angle of deflection becomes greater, the force of the permanent magnetic field 
that affects the magnetic field of the coil (green) becomes less and less.  This portion 
of the permanent magnetic field is more nearly constant for the smaller angles of 
deflection, but becomes much more different as the angle of deflection increases. 

42.6 How would you build an electric bell? 

Small 
angle of 
deflection 

Large 
angle of 
deflection 
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When the push button switch is pushed closed, electric current from the battery flows 
and activates the electromagnet.  The red arrows show the direction of electron flow 
through the electromagnet.  The magnetic field pulls the arm, made of soft iron, 
downward (green arrows), which moves the gong of the bell downward against the 
returning force of the spring (pink arrow) on the left end of the arm. 
At the same time the contact set opens, which stops the flow of electricity and 
deactivates the electromagnet.  Now the spring at the left end of the arm forces the 
arm and gong upward where the gong strikes the bell, causing sound. 
When the arm moves upward the contact set closes again, electric current from the 
battery flows, and the electromagnet is activated again.  The magnetic field again 
pulls the arm and gong downward. 
As long as the push button switch is pushed closed, allowing electric current to flow 
from the battery, this process repeats itself many times, the gong moving first 
downward and then upward again to strike and “ring” the bell. 
When the push button switch is released, it opens, and no more electric current can 
flow from the battery.  The bell stops “ringing”. 
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43. RESISTANCE AND ELECTROMOTIVE FORCE 

 

43.1 How can you prove that the E.M.F of a cell (voltage of the cell) does not depend 
on the size or nearness of the plates? 

A simple cell is two metal plates immersed in an electrolyte. 
An electrolyte is an acid that has been dissolved in water (for example, H2SO4, 
sulfuric acid dissolved in water). 
Think of a solution of sulfuric acid in which two plates of lead have been placed, as in 
the picture. 

 
After the cell has been charged, one of the plates will be negative charged, and the 
other plate will be positive charged. 

Whenever current flows through an electrical resistance, the voltage drop 
across the resistance is equal to the current flowing through the resistance 
multiplied by the resistance. 
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If you make the plates so that they can be moved more or less deep into the 
electrolyte, you will find that the voltage does not change. 
If you move the plates closer together and then move them farther apart, you will find 
that the voltage still does not change. 

43.2 How can you prove that the internal resistance of a cell becomes smaller when 
the plates are made larger or placed closer together? 

Use different size metal plates for the same cell.  Take a resistor of known value and 
connect it between the + and – plates of the cell.  Place a voltmeter in parallel to the 
resistor and measure the voltage drop across the resistor. 
The total voltage of the cell (about 2 volts in our example) will be equal to the voltage 
drop across the resistor shown by the voltmeter, added to the voltage drop across the 
internal resistance of the cell. 
The larger plates will cause a greater voltage drop across the resistor, meaning that 
there is a smaller voltage drop across the internal resistance of the cell.  This can 
only happen if the internal resistance of the cell has been reduced by using the larger 
plates. 
The smaller plates will cause a smaller voltage drop across the resistor, meaning that 
there is a larger voltage drop across the internal resistance of the cell.  This can only 
happen if the internal resistance of the cell has been increased by using the smaller 
plates. 
Moving the plates together increases the voltage drop across the resistor, meaning 
that there is a smaller voltage drop across the internal resistance of the cell.  This can 
only happen if the internal resistance of the cell has been reduced by moving the 
plates closer together. 
Moving the plates farther apart decreases the voltage drop across the resistor, 
meaning that there is a larger voltage drop across the internal resistance of the cell.  
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The voltmeter will show 
about 2 volts.  Moving the 
metal plates deeper into the 
acid bath or pulling them 
out of the acid bath will not 
change the reading on the 
voltmeter.  The E.M.F. 
remains the same. 
 
The deeper the plates are 
lowered into the acid bath, 
the more charges will be 
formed on each plate.  This 
means that the current (the 
number of electrons per 
second) that can flow from 
the cell has been increased. 
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This can only happen if the internal resistance of the cell has been increased by 
moving the plates farther apart. 

 
 

43.3 If the potential difference (voltage) between the terminals of a cell on open 
circuit is to be measured by means of a galvanometer, why must the galvanometer 
have a high resistance? 

If the galvanometer has a low resistance, a large current will flow through it and 
through the cell, and a large voltage drop will be produced across the internal 
resistance of the cell.  This voltage drop across the internal resistance of the cell 
reduces the voltage shown on the voltmeter, and falsifies the voltage produced by 
the cell when no current is flowing through the cell. 
If the resistance of the voltmeter is 20,000 ohms, a very small current will flow 
through the voltmeter and the cell, and the voltage drop across the internal 
resistance of the cell will be very small.  This very small voltage drop across the 
internal resistance of the cell will not be enough to affect the reading of the cell 
voltage on the voltmeter. 

43.4 Why are steel wires used together with copper wires on overhead telephone 
lines? 

The copper wires are not strong enough to withstand the forces pulling on them at 
their ends when they are hung between telephone poles.  A steel cable is used to 
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withstand this force and to support the copper wires as they hang under the force of 
gravity. 

43.5 A voltmeter which has a resistance of 2000 ohms is shunted across the 
terminals A and B of a wire which has a resistance of 1 ohm.  What fraction of the 
total current flowing from A to B will be carried by the voltmeter? 

Two resistances are in parallel to each other, the 2000 ohm resistance of the 
voltmeter and the 1 ohm resistance of the wire. 
The voltage drop across the voltmeter and the wire will be the same. 

2000
1

2000
11200012000 




 
shunt

Voltmeter
shuntVoltmeter I

IIIVV . 

If 1 ampere flows through the voltmeter, then 2000 amperes must flow through the 
shunt.  The total current is the sum of these two currents, or 2001 amperes. 

Of the total current 
2001

1 flows through the voltmeter (0.05% of the total current). 

Of the total current 
2001
2000 flows through the shunt (99.95% of the total current). 

43.6 In a given circuit, the voltage across the terminals of a resistance of 19 ohms is 
found to be 3 volts.  What is the voltage drop across the terminals of a 3 ohm wire in 
the same circuit? 

If a 3 volt voltage drop occurred over a 19 ohm resistor at this point in the circuit, the 

current that is flowing in this part of the circuit is ampereV
R
EI

19
3

19
3




 . 

If the 19 ohm resistor is replaced by a 3 ohm resistor, the voltage drop across the 3 

ohm resistor will be VVampereRIE 473.0
19
9

1
3

19
3




 . 

43.7 The resistance of a certain piece of German-silver wire is 1 ohm.  What will be 
the resistance of another piece of the same length, but of twice the diameter? 

If the diameter of the wire was doubled, then the radius of the wire was doubled. 
The cross sectional area of the wire ( ²r ) becomes four times as large 
(   22 42 rr   ). 

If the cross-sectional area of the second wire is 4 times as large as the original wire, 
the resistance of the second wire is only ¼ that of the original wire, or ¼ ohm. 

43.8 How much current will flow between two points whose voltage drop is 2 volts, if 
they are connected by a wire having a resistance of 12 ohms? 

AV
R
EI

6
1

12
2




 . 

43.9 What voltage exists between the ends of a wire whose resistance is 100 ohms 
when the wire is carrying a current of 0.3 ampere? 
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VARIE 301003.0   

43.10 If a voltmeter attached across the terminals of an incandescent lamp shows a 
voltage of 110 volts, while an ammeter connected in series with the lamp indicates a 
current of ½ ampere, what is the resistance of the incandescent filament? 

 220

2
1

110
A
V

I
ER . 

43.11 A certain storage cell having an E.M.F. of 2 volts is found to furnish a current of 
20 amperes through an ammeter whose resistance is 0.05 ohms.  Find the internal 
resistance of the cell. 

The voltage drop through the ammeter is VARIE 105.020  . 

The other 1volt of the 2 volts produced by the cell must have been dropped across 
the internal resistance of the cell.  20 amperes also flow through the internal 

resistance of the cell.  05.0
20
1

A
V

I
ER

alCellIntern

alCellIntern
alCellIntern . 

43.12 The E.M.F. of a certain battery is 10 volts and the strength of the current 
obtained through an external resistance of 4 ohms is 1.25 amperes.  What is the 
internal resistance of the battery? 

The voltage drop across the external resistor is VARIE 5425.1  . 

The other 5volt of the 10 volts produced by the battery must have been dropped 
across the internal resistance of the battery.  1.25 amperes also flows through the 

internal resistance of the battery.  4
25.1
5

A
V

I
E

R
ernalBatteryInt

ernalBatteryInt
ernalBatteryInt . 

43.13 Consider the diameter of No. 20 wire to be three times that of No. 30 wire.  A 
certain No. 30 wire 1 meter long has a resistance of 6 ohms.  What would be the 
resistance of 4 meters of No. 20 wire made of the same metal? 

If the diameter of the wire was tripled, then the radius of the wire was tripled. 
The cross sectional area of the wire ( ²r ) becomes nine times as large 
(   22 93 rr   ). 

If the cross-sectional area of the No.20 wire is 9 times as large as the No. 30 wire, 
the resistance of the same length of No.20 wire is only 1/9 that of the No. 30 wire. 
1 meter of No. 30 wire has a resistance of 6 ohms. 

1 meter of No. 20 wire has a resistance of 


3
2

9
1

1
6 . 

4 meters of No. 20 wire have a resistance of 


3
22

3
8

1
4

3
2 . 

43.14 Three wires, each having a resistance of 15 ohms, were joined in parallel and 
a current of 3 amperes sent through them.  How much was the E.M.F. of the current? 
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














 5
3

15
115

3
15

1
15

1
15

11111

321

Total

Total

R
RRRR

. 

The equivalent replacement resistor is 5 ohms.  3 amperes flow through this 5 ohm 
equivalent resistor. 

VARIE 1553  . 

15 ohms 

15 ohms 

15 ohms Equals 5 ohms 
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44. PRIMARY CELLS 

 

44.1 A certain dry cell having an E.M.F. of 1.5 volts delivered a current of 30 amperes 
through an ammeter having a negligible resistance.  Find the internal resistance of 
the cell. 

 05.0
30

5.1
int A

V
I
ER ernal . 

44.2 Why is a Lecanche´ cell better than a Daniel cell for small current applications? 

A Daniel cell has a high internal resistance (about 6 ohms) which greatly reduces the 
current it can supply.  The Lecanche´ cell has an internal resistance of about 1 ohm. 
A Daniel cell can produce a current of about 1 ampere.  A Lecanche´ cell can 
produce a current of about 3 amperes. 
The voltage drop over the internal resistance of the Daniel cell is 6 times higher than 
that of a Lecanche´ cell for the same circuit current flowing. 
The Lecanche´ cell provides a more stable voltage when small currents flow, and it 
can provide a small current for a very long time, especially if the current does not flow 
continuously but only periodically. 

44.3 Diagram three wires in series and three cells in series.  If each wire has a 
resistance of 0.1 ohm, what is the internal resistance of the series? 

An electrolyte is a liquid which contains ions (acid or salt in a water solution). 
A primary cell is formed by an electrolyte in which two dissimilar metal strips 
have been immersed.  One of the metal strips will carry a – charge, and the 
other metal strip will carry a + charge.  These metal strips act as electrical 
poles of the cell. 
A primary cell can produce an electric current until one of its metal poles is 
consumed, or until the electrolyte solution in it becomes depleted. 
A primary cell can not be recharged. 
*The resistance of any conductor is directly proportional to its length, and 
inversely proportional to its cross-sectional area. 
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Each cell produces a voltage of E.  The total voltage is 3 x E. 
Each cell has an internal resistance of Ri.  The total internal resistance is 3 x Ri. 
The resistance of the three wires is R1 + R2 + R3. 
The total circuit resistance is R1 + R2 + R3 + 3 x Ri. 
We measure the current flowing in the circuit (I). 

3

3
33

I
3ERi x 3  R3  R2  R1

321

321

RRR
I
E

RRRR
I
ER

I
ER ii


 . 

44.4 Diagram three wires in parallel and three cells in parallel.  If each wire has a 6 
ohm resistance, what is the resistance of the three? 

 
Each cell produces a voltage of E.  The total voltage is E volts. 

Each cell has an internal resistance of iR .  The total internal resistance is 
3

iR . 

R1 R2 R3 
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Each wire has a resistance of  R  

The resistance of the three wires is 
3
R . 

The total circuit resistance is
3

iR + 
3
R . 

We measure the current flowing in the circuit (I amperes). 

R
I
ER

I
ERR

I
ERR

I
ER ii

i 



33

3
  . 

44.5 Give a water analogy of cells in series. 

The energy required to raise the water against the opposing force of gravity 
(analogous to the resistance in an electric circuit) must be greater than M x g x d.  
This energy causes a pressure at the bottom of the pipe it is in, and is stored as 
potential energy.  The higher the pipe is, the more is the pressure at the bottom of the 
pipe. 
The voltage of a cell is similar to this water pressure at the bottom of the pipe, 
because it acts as a pressure that causes electrons to flow.  Several cells connected 
in series increase this pressure (increase the voltage). 
When a valve is opened at the bottom of a water pipe, the water flows and operates 
a water wheel, a sprinkler, or some other hydraulic device. 
When the switch is closed in an electric circuit, electrons flow and cause an electric 
device to operate (a light to burn or an electric motor to run). 
When the water runs out of the pipe, the device it is operating stops working. 
When the voltage of the cell can no longer be maintained, the electrons stop flowing, 
and the device they are operating stops working. 

44.6 If the internal resistance of a Daniel cell of the gravity type is 4 ohms, and its 
E.M.F. is 1.08 volts, how much current will 40 cells in series send through a wire 
having a resistance of 500 ohms? 

40 cells in series will produce 40 x 1.08 volts = 43.2volts. 
40 cells in series will have an internal resistance of 40 x 4ohms = 160 ohms. 
If a resistance of 500 ohms is connected to the 40 cells, a total circuit resistance of 
500 ohms + 160 ohms (660 ohms) results. 

The current that will flow in this circuit is mAAV
R
EI

Total

Total
circuit 65065.0

660
2.43




 . 

What current will be sent through the circuit if the Daniel cells are connected in 
parallel? 
40 cells in parallel will produce 1.08 volts. 

40 cells in series will have an internal resistance of
4021

1.....111
RRRRTotal

 . 
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








 1.0
10
1

1
1040

4
11

Total
Total

R
R

. 

If a resistance of 500 ohms is connected to the 40 cells, a total circuit resistance of 
500 ohms + 0.1 ohms (500.1 ohms) results. 

The current that will flow in this circuit is mAAV
R
EI

Total

Total
circuit 2002.0

1.500
08.1




 . 

44.7 What current will the 40 cells in parallel send through an ammeter having a 
resistance of 0.1 ohm? 

40 cells in parallel will produce 1.08 volts. 

40 cells in parallel will have an internal resistance of
4021

1.....111
RRRRTotal

 . 










 1.0
10
1

1
1040

4
11

Total
Total

R
R

. 

If a resistance of 0.1 ohms is connected to the 40 cells, a total circuit resistance of 
0.1 ohms + 0.1 ohms results. 

The current that will flow in this circuit is AV
R
EI

Total

Total
circuit 4.5

2.0
08.1




 . 

44.8 Under what conditions will a small cell give practically the same current as a 
large one of the same type? 

When the external resistance in the circuit is very large compared with the internal 
resistance of the cell. 
If the external resistance is low, a large current will flow, which can not be provided 
by one cell.  Two or more of the same kind of cell must be connected in parallel to 
provide the larger current. 

44.9 How many cells, each of E.M.F. 1.5 volts and internal resistance of 0.2 ohm will 
be needed to send a current of at least one ampere through an external resistance of 
40 ohms? 

We will have to connect the cells in series to cause a voltage drop of 40 volts across 
the 40 ohm external resistor.  If the cells had no internal resistance, we would need 
40 volts divided by 1.5 volts for each cell, or 26.6 cells, meaning at least 27 cells 
would be needed.  The cells have an internal resistance, however, so we will need 
more than 27 cells to cause a 1 ampere current to flow in the circuit. 
Let us call the number of cells that we need N. 
The voltage of the circuit must then be N multiplied by 1.5 volts. 
The internal resistance of the cells must then be N multiplied by 0.2 ohms. 
The external resistance in the circuit is 40 ohms. 
The total circuit resistance is the sum of the internal and external resistances. 
The current flowing in the circuit is at least 1 ampere. 
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 NAAXAVNRIE 2.040)2.040(15.1 . 

76.30
3.1

40403.140)2.05.1( 
V
VNANvoltsAVNN . 

We will need at least 31 cells. 

44.10 Why is it desirable that a galvanometer which is to be used for measuring 
currents have as low a resistance as possible? 

The voltage drop over the galvanometer must be kept as small as possible. 
RIE  .  Because we are measuring the current, I, which can be any current within 

the measuring range of the galvanometer, we only have the resistance that we can 
adjust. 
If we are to keep the voltage drop over the galvanometer low, we must keep the 
internal resistance of the galvanometer low. 

44.11 A certain No.9 wire has a resistance of 20 ohms to the mile.  What current will 
100 Daniel cells in series, each of E.M.F. 1 volt, send through 100 miles of such wire, 
if two relays are in the wire at different locations, each having a resistance of 150 
ohms, and each Daniel cell has an internal resistance of 4 ohms? 

The total internal resistance in the circuit is 100 x 4 ohms, or 400 ohms. 
The total external resistance in the circuit is 100 x 20 ohms, or 2000 ohms. 
The resistance of the two relays is 2 x 150, or 300 ohms. 
The total circuit resistance is the internal + the external + the relay resistance, or 
2700 ohms. 
The total voltage available is 100 x 1 volt, or 100 volts. 

A current of mAAV
R
EI 37037.0

2700
100




  will flow through the circuit. 

44.12 If the relays described in problem 43.11 had each 10,000 turns of wire in their 
coils, how many ampere-turns were effective in magnetizing their electromagnets? 

turnsampereAturns  370037.0000,10 . 

44.13 If, in problem 44.11 the relays had a resistance of 3 ohms each and 500 turns 
of wire, how many ampere-turns would be effective in magnetizing their cores? 

The total internal resistance in the circuit is 100 x 4 ohms, or 400 ohms. 
The total external resistance in the circuit is 100 x 20 ohms, or 2000 ohms. 
The resistance of the two relays is 2 x 3 ohms, or 6 ohms. 
The total circuit resistance is the internal + the external + the relay resistance, or 
2406 ohms. 
The total voltage available is 100 x 1 volt, or 100 volts. 

A current of mAAV
R
EI 41041.0

2406
100




  will flow through the circuit. 
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turnsampereAturns  78.20041.0500 . 

Why does the electromagnet of the relay have a high resistance? 
* The resistance of any conductor is directly proportional to its length and 
inversely proportional to its cross-sectional area.  Fine wire (small diameter 
wire) with a long length (many turns) has a high resistance. 
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45. SECONDARY CELLS 

 
The following picture shows a lead-acid battery when it is fully charged. 

 
The next picture shows a lead-acid battery when it is being used to operate some 
electric device. 

H+ 

- 
- 
- 
- 
- 
- 
- 
- 

+
+
+
+
+
+
+
+ 

The plates of a lead-acid 
battery are all made of lead. 
When the battery is 
charged, the - plate is grey 
lead and the + plate has a 
coating of dark brown lead 
oxide on it, Pb+4O2

-4. 
The electrolyte in which 
these plates are immersed 
is a weak solution of sulfuric 
acid, H2

++SO4
--. 

The sulfuric acid has 
dissociated into H+ ions and 
SO4

-- ions which can move 
freely in the electrolyte. 

SO4
-- 

H+ 

Lead Oxide, Pb+4O2
-4 on + 

plate in cell when cell is 
charged. 

Lead - plate in cell when cell 
is charged. 

A secondary cell is a primary cell that can be recharged. 
Secondary cells are called Accumulators. 
There are several kinds of accumulators: lead-acid batteries, nickel cadmium 
batteries, metal hydride batteries, lithium ion batteries, etc. 
As an example the lead-acid battery will be described.  This type of 
accumulator is used in almost all cars and trucks. 
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Notice that the electrons flow from the negative plate of the battery through the 
electrical device to the positive plate of the battery, and then into the electrolyte. 
*The electrons do not return to the negative plate of the battery through the 
electrolyte. 
The battery is discharging. 
The two Pb++ lead ions, one at each plate, combine with sulfate ions to form lead 
sulphate molecules. 
The two oxygen ions combine with the four hydrogen ions to form two water 
molecules. 
This process continues until the electrons on the negative plate of the accumulator 
have been depleted.  When this happens, we say that the battery is “dead”. 
This situation is shown in the following picture. 

H+ 

- 
- 
- 
- 
- 
- 

+
+
+
+
+
+
+
+ 

When the battery is 
discharging (powering 
lights, electric motors and 
other electric devices) 
chemical actions begin to 
occur in the cell. 
Electrons flow as shown by 
the red arrows. 
Two electrons leave the 
minus pole and leave a 
positively charged lead 
atom, Pb++, behind on the 
minus plate. 
When these two electrons 
from the – pole reach the + 
pole, one Pb+4O2

-4 atom 
accepts the two electrons 
and goes into solution in the 
electrolyte.  The Pb+4O2

-4 

atom changes into Pb++ + 
O-- + O-- ions.  This is the 
situation near the + plate as 
shown in the picture. 
The two electrons that 
arrived at the + plate have 
now been removed from the 
+ plate and have entered 
the electrolyte. 

SO4
-- 

H+ 

internal resistance of the cell 

Electric Device 
Voltmeter 
shows voltage 

O2
-- 

H+ 

Pb++ 

O2
-- 

SO4
-- 

H+ 

Pb++ 
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45.1 When charging a storage battery is it better to say that the current passes into 
the cell or through it? 

 
Now we connect a battery charger to the battery. 

The electrolyte is as shown 
in the picture when a battery 
is dead.  The battery is full 
of lead sulfate.  This is what 
is meant by a “sulfated” 
battery. 

Electric Device 
Voltmeter shows no voltage 

Pb++SO4
-- 

H2
++O-- 

Pb++SO4
-- 

H2
++O-- 

The two Pb++ lead ions, one 
at each plate, combine with 
sulfate ions to form lead 
sulphate molecules. 
The two oxygen ions 
combine with the four 
hydrogen ions to form two 
water molecules. 
This process continues until 
the electrons on the 
negative plate of the 
accumulator have been 
depleted.  When this 
happens, we say that the 
battery is “dead”. 

Electric Device 
Voltmeter shows no voltage 

Pb++SO4
-- 

H2
++O-- 

Pb++SO4
-- 

H2
++O-- 
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We see that no electrons were moved through the electrolyte in the cell. 
*The electrons do not return to the positive plate of the battery through the 
electrolyte when charging the battery. 
It is better to say that electrons flowed into the cell, but not through the cell, when the 
cell was being charged. 

The battery charger places 
electrons on the minus plate 
(electron flow shown in red). 
The lead in the PbSO4 near 
the – plate is draw in 
contact with the plate where 
it receives 2 electrons, 
changing the lead ion to 
neutral metal and binding it 
with the lead metal in the – 
plate.  This releases sulfate 
ions into the electrolyte. 
The positive charge on the 
+ plate attracts the oxygen 
end of the water molecules 
and separates the oxygen 
from them, releasing 
hydrogen ions into the 
electrolyte. 

Pb++ 

Pb+4O-4 

SO4
-- 

H+ 

O-- 

H+ 

The positive charge from the battery charger removes two electrons from a 
lead atom in the metal, leaving lead ions near the + plate.  The lead ions 
combine with the oxygen ions there to form lead oxide molecules that cover 
the outside of the + plate. 
This process continues until the electrical charge on the negative plate of the 
accumulator has been returned to its original concentration.  The battery has 
been charged. 

Battery Charger 

Pb++ SO4
-- 
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45.2 What is the relation of the charging current to the positive plate of the battery? 

Electrons flow away from the positive plate of the battery and toward the negative 
plate of the battery, which is exactly opposite to what happens in nature.  This is a 
“forced” current flow produced by the battery charger. 

H+ 

- 
- 
- 
- 
- 
- 
- 
- 

+
+
+
+
+
+
+
+ 

The battery charger is 
removed, and the battery is 
charged again. SO4

-- 

H+ 

Lead Oxide, Pb+4O2
-4 on + 

plate in cell when cell is 
charged. 

Lead - plate in cell when cell 
is charged. 

SO4
-- 
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46. HEATING EFFECTS 

 

46.1 What is meant by a 100 Volt lamp? 

The lamp should only be connected to a 100 volt electrical network. 
What would happen to such a lamp if it were connected to 500 volts? 
The heat developed in the filament of the lamp is equal to RI ² . 

The current flowing in the filament at 100V is
RR

EI 100
 . 

The current flowing in the filament at 500V is
RR

EI 500
 . 

The current flowing in the 500V network is 5
100

500100500


R
RRR

times as much as 

in the 100V network. 
The heat produced in the 500V network is RIRI ²25)²5(  .  The heat produced in the 
lamp is 25 times higher in the 500V network than in the 100V network. 
The lamp would burn very brightly a short while and then burn out. 

46.2 A very common electric lamp used in homes is marked 25 watts and uses 
approximately 0.25 amperes.  One fresh dry cell on short circuit will deliver 30 or 
more amperes.  Will the cell light the lamp? 

 440
25.0

110
A

V
I
ERlamp .  We will consider the internal resistance of the cell to be 0. 

The voltage of the cell is 1.5V.  The current flowing through the lamp when it is 

connected to the cell is AVI cell 0034.0
440

5.1



 . 

The heat developed in the filament of the lamp in one second 
is calorietAtRI lampcell 0012.024.0440)²0034.0(24.0²  .  This is not enough 
heat to cause the lamp to glow. 

46.3 A 50 volt carbon lamp carrying 1 ampere has about the same candlepower as a 
100 volt carbon lamp carrying 0.5 ampere.  Explain. 

Since one calorie is equal to 42 x 106 ergs 
1 watt is10 x 106 ergs per second 
1 watt develops 0.24 calories in one second. 
Therefore, the number of calories, H, developed in t seconds by a current of I 
amperes between two points between which there is an E.M.F. of V volts is 
expressed by the equation: 

24.0 tEIH . 
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The power of the 50 volt carbon lamp is WattsVAVAEIP 5050501  . 

The power of the 100 volt carbon lamp is WattsVAVAEIP 50501005.0  . 

Both lamps develop the same power, and will have the same candlepower of light. 

46.4 If a storage cell has an E.M.F. of 2 volts and furnishes a current of 5 amperes, 
what is its rate of energy expenditure in watts? 

WattsVAVAEIP 101025  . 

46.5 The picture shows two switches connected to a lamp L, which can be turned on 
or off at either switch, A or B. 

 
The lamp is on.  If switch A is changed, the light goes out (both lines to the light are 
connected to the L-line) as shown in the following picture. 

 
If switch A or switch B is now changed, the light will go back on. We will change 
switch B, and the light goes on. 

B2 

B1 

A2 

A1 

L 

N 

B2 

B1 

A2 

A1 

L 

N 
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If switch A is changed again, the light goes out (both lines to the light are connected 
to the N-line), as shown in the following picture. 

 
If switch A or switch B is now changed, the light will go back on. 

46.6 How many 100 volt lamps each carrying 0.25 ampere can be maintained on a 
circuit where the total power may not exceed 600 watts? 

The power consumption of one lamp is WattsVAVAEIP 252510025.0  . 

600 watts are available. lamps
W

lampW 24
25

1
1

600
 . 

46.7 What will it cost to use an electric laundry iron for 6 hours if it uses 3.5 amperes 
on a 110 volt circuit, the cost of current being 20 cent per kilowatt hour? 

The power consumption of the iron 
is WattsVAVAEIP 3853851105.3  =0.385kilowatt. 

In 6 hours the iron will use hourskilowattKwhours  31.2385.06 . 

The cost of operating the iron for 6 hours is .2.46
1
20

1
31.2 cent

hKw
centhKw





  
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B1 

A2 
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46.8 A certain electric toaster takes 5 amperes at 110 volts.  It will make two pieces 
of toast in 3 minutes.  At what horsepower does the toaster convert electrical energy 
into heat energy? 

HP
W

HPWWattsVAVAEIP 74.0
746
1

1
5505505501105  . 

At 20 cents per kilowatt-hour, how much does it cost to make 12 pieces of 
toast? 

cent
hKw

centtoasth
toast

Kw 3.3
1
20

1
12

min60
1

2
min3

1
550.0




 . 

46.9 How many lamps, each of resistance 20 ohms and requiring a current of 0.8 
ampere can be lighted by a dynamo that has an output of 4000 watts? 

The power required by one lamp is 
WattsVAARIIRIEIP 8.1220)²8.0(²)(  . 

4000 watts of power are available. 

lampslamps
W

lampW 3122.312
8.12

1
1

4000
 . 

46.10 If one of the wire loops in a tungsten lamp is short-circuited, what effect will this 
have on the amount of current flowing through the lamp? 

The two wires in the lamp are connected in parallel.  If they both have the same 
resistance, the resistance of the parallel combination is only half of the resistance of 
one of the wires alone. 

2
2111

//
//

RR
RRRR

 . 

The voltage of the lamp must be equal to IR


2
. 

If one of the wires is short circuited, or burns out, there is only one wire left with its 

resistance, R.  This resistance is twice the resistance of the parallel combination
2
R . 

Since the resistance has doubled, the current must be reduced by half to maintain 

the voltage IRIRE 



 

22
2

2
. 

46.11How many cells of 2 volts furnishing 5 amperes are capable of furnishing one 
horsepower? 

The power of one cell is WVAEIP 1025  . 

One horsepower is equal to746 watts. 

cellscellsW
W

cell 756.74
1

746
10
1

 . 



 - 243 - 

46.12 How many calories per minute are given out by an electric toaster of 110 volts 
and 5 amperes? 

Since one calorie is equal to 42 x 106 ergs, 1 watt (10 x 106 ergs) per second 
develops in one second 0.24 calories.  Therefore, the number of calories, H, 
developed in t seconds by a current of I amperes between two points between which 
there is an E.M.F. of E volts is expressed by the equation 24.0 tEIH . 

.920,724.0601105 caloriessVAH   

46.13 Show that the equation in problem 46.12, can be re-written as H = I² x R x t x 
0.24. 

24.0 tEIH .  We replace E in the formula with its equivalent.  E = I x R. 

24.0²24.0  tRIHtIRIH . 

46.14 How many minutes are required to heat 600 grams of water from 15°C to 
100°C by passing 5 amperes through a 20 ohm coil immersed in the water? 

The voltage used to heat the coil is VARI 100205  . 

caloriesCgm

C
gm
calory

water
water

000,5185600

1
1
1





 are required to heat the water. 

The coil produces WVAEIP 5001005  of energy 

24.0 tEIH calories. 24.0sec_500000,51  ondstWcalories . 

min7
60
min1425

24.0500

51000
sec 




s
s

Ws
caloriesW

caloriest onds . 

46.15 Why is it possible to get a much larger current from a storage cell than a Daniel 
cell? 

The number of plates forming one pole of a storage cell can be increased.  It is the 
surface area of the plates where the electrons gather (minus pole) or are removed by 
chemical action (plus pole).  The Daniel cell can not be expanded in this manner. 

46.16 If an automobile is equipped with 12 volt lights, how many lead-acid storage 
cells are required in the car battery? 

Each lead-acid storage cell produces 2 volts. 
The automobile electric system operates on 12 volts. 

BatteryAutomobile
cells

V
cell

BatteryAutomobile
V 6

2
112

 . 

46.17 A small arc lamp requires a current of 5 amperes and an E.M.F. between its 
terminals of 45 volts.  What resistance must be used in series with it to use it in a 220 
volt circuit? 
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220 volts are available.  45 of them will be dropped over the arc lamp when a current 
of 5 amperes is flowing in the circuit, leaving 220-45 volts, or 175volts, to be dropped 
over the external resistor when 5 amperes are flowing in the system. 
E = 175V 
I = 5A 

 35
5

175
A
V

I
ER . 

The power of this resistor must be I²R, or 25A² x 35 ohms = 875 watts. 
24.0 tVIH calories. 

In one second this resistor will receive 875VA x 1s x 0.24 = 210 calories, and in ten 
seconds 2,100 calories.  The resistor will become hot very fast.  It could be made of 
metal that can be air-cooled.  It could also be made of several smaller resistors in 
series that can somehow be cooled. 
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47. INDUCED CURRENTS 

 
 

 
If we move the handle of the blue wrench toward the blue line, the bolt (shown in 
grey) will move downward. 
If we move the handle of the green wrench toward the green line, the bolt (shown in 
grey) will move upward. 

If 100,000,000 magnetic lines of force cut through a conductor in a time span of 
one second, one volt of E.M.F. will be induced in the conductor. 
 
100,000,000 = 108. 
 
Mathematically, we can express this fact as follows: 

.10
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1
1
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1

1

1
1
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
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47.1 Can the number of lines of force within a closed coil of wire increase or 
decrease without the lines cutting through the wire? 

No, because to decrease the number of lines of force, lines must move from inside 
the coil to outside of the coil. 
To increase the number of lines of force, lines must move from outside the coil to 
inside of the coil. 

The red arrow is the direction of the 
magnetic field. 
The blue arrow is the direction the blue 
conductor is moving. 
The green arrow is the direction the green 
conductor is moving. 
The black arrow is the direction in which 
electrons will be forced in the conductors. 

A 

C 

B 

B 

A 

C 

Mathematically, we say: 
A cross B equals C. 
 
In math we write CBA  . 
 
This means that we rotate arrow A toward 
arrow B, and this determines which 
direction arrow C will have. 
 
Think of arrow A as the wrench moving 
toward arrow B.  The direction of arrow C 
is the direction the grey bolt would move. A 

C 

B 

B 

A 

C 
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Both actions require lines to cut through the wire. 

47.2 Under what conditions can a magnet produce an electric current? 

A relative motion between the magnetic lines of force and a conductor must occur, 
whereby magnetic lines of force move through the conductor. 

47.3 How many lines of force must be cut each second to induce 10 volts? 

s
linesV

Vs
lines 9

8

10
1

10
11

10



. 

47.4 If a coil of wire is rotated about a vertical axis in the earth’s magnetic field, an 
alternating current is set up in it.  In what position is the coil when the current 
changes direction? 

 
Imagine that you are an angel sitting on a cloud, looking down at the earth.  You see 
the above picture, and you can see the earth’s magnetic lines of force.  Think of the 
earth´ s magnetic field, flowing from north to south as red arrows as shown in the 
picture (there are many of them between each two red arrows that can not be drawn 
in the picture. 
The coil of wire is shown as a thin blue oval.  Follow the green dot as the coil turns in 
the earth’s magnetic field. 
At position 1 in the picture the coil near the green dot is cutting magnetic lines of 
force moving from left to right.  The magnetic field crossed with the conductor motion 
at this location shows that electrons are moving toward the reader. 
At position 2 the coil near the green dot is cutting no magnetic lines of force, because 
the part of the coil near the green dot is moving parallel to the magnetic lines of force. 
At position 3 the coil near the green dot is cutting magnetic lines of force from right to 
left.  The magnetic field crossed with the conductor motion at this location shows that 
electrons are moving away from the reader. 

1 
2 3 
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The change in direction of the induced current occurred at position 2, when the plane 
of the coil is perpendicular (at a 90° angle) to the earth’s magnetic lines of force. 

47.5 State Lenz’s law, and show how it follows from the principle of conservation of 
energy. 

*LENZ’S LAW:  Whenever a current is induced by the relative motion between a 
magnetic field and a conductor, the direction of the induced current is always 
such as to set up a magnetic field that opposes the motion of the conductor. 
*CONSERVATION OF ENERGY:  An electric current possesses energy 
{measured in coulomb volts, the number of electrons (coulomb) moving in the 
conductor multiplied by the pressure causing them to flow (volts)}. This energy 
can only be created by the expenditure of work, or by the consumption of some 
other form of energy. 

47.6 A coil is thrust over the S pole of a magnet.  Is the direction of the induced 
current clockwise or counterclockwise as you look down upon the pole? 

 
The coil is pushed downward (green arrows).  According to Lenz’s law, the induced 
current in the coil will set up a magnetic field that opposes this motion.  This means 
that the lower side of the coil must have an S pole caused by the current induced in 
the coil.  The top side of the coil must therefore have an N pole caused by the 
induced current flow in the coil. 
If the thumb of the left hand points in the direction of electron flow, the curved fingers 
point in the direction of the magnetic field; from north to south.  If the thumb of the left 
hand points in a clockwise direction, the bottom of the coil will be a South Pole and 
the top of the coil will be a North Pole. 

S 
S 

The red arrows show the direction of the 
magnet’s magnetic field. 
The blue arrows show the direction of the coil’s 
opposing magnetic field. 
The black arrows show the direction in which 
electrons are forced to move in the conductor 
by the induced voltage. 
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The induced electron flow in the coil will be clockwise as seen from above. 

47.7 A ship having an iron mast is sailing eastward.  In what direction is the E.M.F. 
induced in the mast by the earth’s magnetic field? 

 
The earth’s magnetic field is shown in red.  The movement of the mast is shown in 
blue.  The magnetic lines of force crossed with the motion of the conductor show that 
the electrons in the mast must move toward us, or upward toward the top of the mast. 

47.8 Electrons are flowing from bottom to top in a vertical wire.  In what direction will 
the wire tend to move on account of the earth’s magnetic field? 

 
We are looking down upon the earth, as though we were flying in an airplane. 
The magnetic field of the earth is shown in red, from north to south. 
The electrons are flowing from bottom to top of the wire.  We are looking at the top 
end of the wire (black dot).  The electrons are flowing toward us.  The magnetic field 
around the wire and its direction are shown in blue. 

W 

E 

S N The wire moves 
toward the west. 
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The magnetic field of the wire east of the wire is trying to establish itself inside of the 
earth’s magnetic field, which has the same direction; this strengthens the earth’s 
magnetic field east of the wire.  The magnetic field redistributes itself above the wire 
immediately so that its strength becomes equal everywhere.  This redistribution of the 
combined magnetic field east of the wire pushes the wire westward. 
The magnetic field of the wire below the wire is trying to establish itself inside of the 
earth’s magnetic field, and has a direction opposite to the direction of the earth’s 
magnetic field; this weakens the earth’s magnetic field west of the wire.  The 
magnetic field redistributes itself below the wire immediately to become equal 
everywhere.  This redistribution of the magnetic field west of the wire pulls the wire 
westward. 
These two effects, the combined fields pushing the wire from the east and pulling the 
wire from the west, force the wire to move westward. 
*Understanding these actions is very important to us, if we are going to 
understand how dynamos (electrical generators) and electric motors operate. 
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48. DYNAMOS AND MOTORS 

A dynamo is a machine that changes mechanical energy into electrical energy.  
There are direct current dynamos and alternating current dynamos. 
An electric motor is a machine that changes electrical energy into mechanical 
energy. 

48.1 What is the function (use) of the field magnet of a dynamo? 

 
The function of the field magnet of a dynamo is to produce a stationary continuous, 
strong magnetic field, shown by red arrows.  The red arrows are going through air.  
The coils of this electromagnet are shown in green, wrapped around the north and 
south poles of the stator, which are made of iron.  The flow of electrons in the field 
coils, which are supplied by an armature rotating in the field, is shown by black 
arrows.  This complete arrangement of parts is called the stator of the dynamo.  The 
stator of a dynamo is a large stationary electromagnet. 

48.2 How would it affect the voltage of a dynamo to increase the speed of rotation of 
its armature? 

We will consider a direct current dynamo 
The following pictures show again how a current is induced to flow in a conductor by 
a magnetic field that the conductor is moving through (cutting). 
It is very important to understand these facts before we can understand how a 
dynamo or a motor operate. 

N S 
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Mathematically, we say that 
A crossed with B equals C. 
 
In math we write CBA  . 
 
This means that we rotate arrow A toward 
arrow B, and this determines which 
direction arrow C will have. 
 
Think of arrow A as the wrench moving 
toward arrow B.  The direction of arrow C 
is the direction the grey bolt would move, 
as shown in the following picture. A 

C 

B 

B 

A 

C 

The red arrow is the direction of the 
magnetic field. 
The blue arrow is the direction the blue 
conductor is moving through the field. 
The green arrow is the direction the green 
conductor is moving through the field. 
The black arrow is the direction in which 
electrons will be forced to move in the 
conductors. 
The electrons always flow at right angles 
to A and B. 

A 

C 

B 

B 

A 

C 
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The following picture shows a simple armature that is being rotated clockwise in the 
stator’s magnetic field. The stator was described in 48.1. 

 
 
We are looking at the armature from one of its sides.  Think of the armature as being 
divided from top to bottom in the middle and as having a left side and a right side. 
The coils of copper wire, A, B, C, and D, are wound around the armature.  The ends 
of these coils are connected together to form the armature winding, so that the 

The bolt will move 
downward, away 
from us. 

The bolt will 
move upward, 
toward us. 

The bolt has a standard 
right hand thread. 

The wrench 
moves in this 
direction. 

External 
Circuit 

Stator 
Coils 

A 

a 

d 

D 

c C 

b 

B 
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electrons moving in it on the left and right sides of the armature at any one instant in 
time all move toward the upper carbon brush (black rhombus), from where the 
electrons leave the dynamo and enter the external circuit.  The upper carbon brush 
has a strong negative charge (an excess of electrons). 
The copper coils on both sides of the armature attract electrons from the bottom 
carbon brush of the armature at any one instant in time.  These electrons are 
immediately followed by electrons attracted from (flowing out of) the stator coils and 
the external circuit back toward the dynamo’s lower carbon brush. .  The lower 
carbon brush has a strong positive charge (a depletion of electrons). 
Electrons therefore flow upward from the lower carbon brush through the left and 
right sides of the armature winding to the upper carbon brush, and from this brush 
through the stator coils and external circuit, from where they return to the lower 
carbon brush (this electron flow is shown by black arrows in the picture). 
The carbon brushes are fixed in place on the stator housing, and do not rotate with 
the armature.  As the armature rotates, the copper contacts that touch the brushes 
(all of them together as a configuration are called a commutator) change, but the 
electron current flow remains the same through the left and right sides of the 
armature, the carbon brushes, the stator coil, and the external circuit. 
The blue arrows show how the copper wire segments on the face surface of the 
armature are moving through the stator’s magnetic lines of force.  These segments 
also show the direction of induced electron flow in them, a black dot for electrons 
moving toward us, and a black cross for electrons moving away from us. 
It is the power of the machine driving the armature, causing it to rotate in the stator’s 
magnetic lines of force, that forces the electrons to move in the coil windings on the 
armature. 
*If the machine turns the armature faster, each conductor in the armature will 
cut more magnetic lines of force in a second, and the electron current in the 
coils will increase. 

48.3 A certain dynamo armature has 50 coils of 5 loops each.  The total number of 
loops on the armature is 250.  There are 250 conductors on one half of the armature 
and 250 conductors on the other half of the armature, for a total of 500 conductors on 
the surface of the armature.  The armature rotates 660 times in one minute (11 
revolutions per second).  Each conductor (500 of them) cuts through 2,000,000 stator 
magnetic lines of force twice during one revolution, once when it moves upward 
through the stator’s magnetic field and again when it moves downward to its original 
starting position through the stator’s magnetic field (4,000,000 lines of force per 
conductor per revolution).  How many volts does the dynamo produce? 

*When a wire is cutting lines of force at the rate of 100,000,000 each second, an 
E.M.F. of 1 volt is induced in it. 

s
ceLinesOfFor

s
srevolution

conductor
ceLinesOfFor

revolution
conductors 106 102.211

1
104

1
500 




 . 

voltsvolts
ceLinesOfFor
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ceLinesOfFor 220102.2
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1102.2 2
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
 . 

48.4 What does the commutator of a dynamo do? 
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The commutator allows the current flowing in ½ of the effective wire segments in the 
coils to be added together to form a current flowing in the same direction toward one 
of the brushes in contact with the commutator.  As the armature rotates, the 
commutator rotates with it and changes its position of contact with the brushes so 
that the currents flowing in both halves of the coils, one half on each side of the 
brushes as the dividing line between the two coil halves, do not change. 
What is the purpose of a motor? 
The purpose of a motor is to change electrical energy into mechanical energy.  To do 
this, an electrical current is sent through the brushes of the motor into the coils of the 
armature.  The magnetic fields produced in the coils of the armature oppose the 
magnetic lines of force of the stator field, and this repelling force on the coils which 
are embedded in the armature, by the fixed magnetic field of the stator, causes the 
armature to rotate.  The commutator switches from segment to segment to ensure 
that the maximum coil field strengths are produced to oppose the magnetic field of 
the stator, and therefore operate the motor at maximum efficiency. 

48.5 Explain the process of building up the stator field in a dynamo. 

A dynamo that is not in operation has only a weak magnetic field in the stator 
remaining from the last time the dynamo was operated.  When an outside source of 
mechanical energy begins to turn the armature, the conductors in the armature cut 
through these weak fields and produce an electric current, part of which flows 
through the stator coil fields to strengthen the stator’s magnetic field of force.  Now 
the conductors in the armature produce a stronger current, part of which again flows 
through the stator’s coils strengthening the stator’s magnetic field again.  This 
process continues until the stator’s magnetic field has been “built up” to its full 
strength. 

48.6 Explain how an alternating current in the armature is transformed into a direct 
current in the external circuit. 

If the ends of the coils wound on an armature were not connected, an alternating 
current would be flowing in each coil.  The direction of current induced in each coil 
would change each time that the coil makes ½ of a revolution, and its effective 
conductor segments are again moving parallel to the stator’s magnetic lines of force.  
It is at this location that the effective conductor segments of the coil, when moving 
farther, begin cutting the stator’s magnetic lines of force in the opposite direction, 
which changes the direction of current induced in the coil. 
The method of connecting the ends of these coils together to form the armature 
winding, and the armature winding’s connections to the commutator change the 
alternating currents in the coils into a combined direct current. 

48.7 Explain how a series wound motor can run on either a direct or an alternating 
current. 
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The picture shows an electric motor whose armature coil and stator coil are 
connected in series and powered from a direct current source.  The electrons are 
flowing in the circuit as shown by the black arrows.  The conductors on the left side of 
the armature will be forced downward, while the conductors on the right side of the 
armature will be forced upward.  The armature will rotate in a counterclockwise 
direction. 
If we now change the polarity of the direct current source, the situation is as shown in 
the picture below.  The electrons are flowing in the circuit as shown by the black 
arrows. 

N S 

Plus Minus 
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We see that the direction of the stator’s magnetic field has reversed, and that the 
direction of the electrons flowing through the armature has reversed. 
It is still true that the conductors on the left side of the armature will be forced 
downward, while the conductors on the right side of the armature will be forced 
upward.  The armature will still rotate in a counterclockwise direction! 
Since alternating current is equal to the constant changing back and forth of the 
polarity of the electrical power supply, the motor armature will always rotate in the 
counterclockwise direction. 
* A series-wound electrical motor will operate on either direct or alternating 
current, and will have only one direction of rotation. 

48.8 Will it take more work to rotate a dynamo armature when the circuit is closed 
than when it is open? 

Yes, because energy will be consumed in the external electric circuit.  This energy is 
furnished by the mechanical energy of the machine driving the dynamo. 
*We remember that energy and work are the same, so more work must be done 
to rotate a dynamo that is operating on closed circuit (the dynamo is 
connected to an external circuit) than when the dynamo is operating on open 
circuit (the dynamo is not connected to an external electric circuit). 

48.9 Single dynamos often operate as many as 10,000 incandescent lamps at 110 
volts.  If these lamps are all arranged in parallel, and each requires a current of 0.5 
ampere, what is the total current that must be furnished by the dynamo? 

In a parallel electric circuit, the total current is equal to the sum of the currents flowing 

through the parallel branches.  amperes
lamp

AlampsITotal 5000
1

5.0
1

000,10
 . 

N S 

Plus Minus 
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What is the power of the dynamo in kilowatts and in horsepower? 
The power consumed in the external circuit 
is KwWVAVAEIP 550000,550000,5501105000  . 

One horsepower is equal to 746 watts. 

HP
W

HPW 737
746
1

1
000,550

 . 

48.10 How many 110 volt lamps, 0.5A per lamp, can be lighted by a 12,000Kw 
generator? 

Each lamp uses a power of KwWVAVAEIP 055.055551105.0  . 

The total number of lamps that can be lit by the generator is 

lampslamps
Kw

lampKw 218181.218
055.0
1

1
000,12

 . 

Some energy will be lost in the circuit, so probably about 200 lamps could be 
attached to the circuit. 

48.11 Why does it take twice as much work to keep a dynamo running when 1000 
lights are on the circuit as when only 500 are on the circuit? 

Work = Energy = Power x Time. 
EwattEvoltAEIP  10001000 . 

EwattEvoltAEIP  500500 . 

Power is the time rate of work.
Time
WorkPower  .  So, TimePowerWork  . 

If we choose 1 second for operating the lamps in each case, we have the following 
comparison. 

sEwattWork lamps  10001000  

sEwattWork lamps  500500 .  Twice as much work is required to light 1000 lamps than 
500 lamps. 
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49. INDUCTION COIL AND TRANSFORMER 

49.1 Draw a diagram of an induction coil and explain its action. 

 
When the switch is pressed downward closing the circuit of the primary coil (make), a 
heavy electric current begins to flow in the primary coil.  This current causes a strong 
magnetic field to build up around the coil, which cuts the loops of wire in the primary 
coil and produces an induced current in it that opposes the main current coming from 
the battery.  This induced current in the primary coil weakens the current flowing from 
the battery through the primary coil, but does not stop the battery current, which 
continues to flow. 
The magnetic field continues to strengthen (build up) until the full current that can 
flow through the primary coil has been reached. 
The magnetic field that builds up also cuts through the wire loops of the secondary 
coil (because both coils are wound on the same metal core), inducing a very high 
voltage in the secondary coil because no current can flow in it and it has very many 
turns of fine wire wound in it through which the magnetic field lines move.  This 
voltage is not large enough to cause a spark to jump between the two ends of the 
secondary coil. 
When the switch is opened again (break), the current immediately stops flowing in 
the primary coil.  The magnetic field falls together, in the opposite direction to build-
up, very rapidly.  This time, the magnetic field lines that pass through the primary coil 
can not induce a current in it, because there is no longer a path through the primary 
coil along which an induced current can flow. 
The magnetic field lines now cut very rapidly through the wire loops in both coils in 
the opposite direction to field build-up.  A very high voltage is induced in the 
secondary coil, which is strong enough to cause a spark to jump between the two 
ends of the secondary coil.  The voltage in the secondary coil returns to zero. 

49.2 Does the spark of an induction coil occur at make or break? 

The spark of an induction coil occurs when the switch is opened, which is called “at 
break”, because this breaks the flow of current in the primary coil circuit. 

49.3 Explain why an induction coil is able to produce such an enormous voltage. 

When the switch is opened, the speed at which the magnetic field lines cut through 
the many wire loops in the winding of the secondary coil is extremely high.  The 

Primary coil with 300 turns of large 
diameter wire. 

Secondary coil with 10,000 
turns of very small diameter 
wire. 
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movement of the “collapsing” field lines through the secondary coil in this very short 
time period produces an extremely high voltage (10,000 to 50,000 volts), which is 
high enough to cause an electric spark to jump between the two ends of the 
secondary coil. 

49.4 Why could an armature core not be made of coaxial cylinders of iron running the 
full length of the armature, instead of flat disks? 

 
The field lines crossed with the direction of motion of the metal atoms in the armature 
( otionConductorMField  ), will force electrons in the metal of the armature in a 
direction that is parallel to the axis of rotation of the armature.  If cylinders are used to 
make the armature, electric currents would flow in the cylinders and heat them, 
destroying the armature. 
If flat disks are stacked side by side, the axis of rotation going through their centers to 
make the armature, and if these disks are insulated from another, no current path is 
available for an induced current to flow.  This ensures that the armature does not 
overheat because of an electrical current flowing in it. 

49.5 What relation must exist between the number of turns on the primary and 
secondary coils of a transformer which feeds 110V lamps from a main line whose 
conductors are at 1100 volts? 

The primary coil voltage of the transformer is the main line voltage at 1100V 
The secondary coil voltage of the transformer is the lamp line voltage at 110V 
We must have a step down transformer. 
The relation of voltages in the coils of a transformer is the same as the relation 
between the number of turns of wire in the transformer’s coils. 
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The red arrow is the direction of the 
magnetic field, A. 
The blue arrow is the direction the blue 
conductor is moving through the field, B. 
The green arrow is the direction the green 
conductor is moving through the field, B. 
The black arrow is the direction the 
magnetic field will force electrons to move 
in the metal of the armature. 
The electrons are always forced to move 
at right angles to A and B. 
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49.6 Name two uses and two disadvantages of mechanical friction; of electrical 
resistance. 

Advantages of mechanical friction are stopping motion and controlling speed. 
Disadvantages of mechanical friction are heat generation and power loss. 
Advantages of electrical resistance are limiting current and lowering voltage. 
Disadvantages of electrical resistance are heat generation (I²R) and power loss. 
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50. SPEED AND NATURE OF SOUND 

 

50.1 A thunderclap was heard 5 ½ seconds after the accompanying lightning flash 
was seen.  How far away did the flash occur, the temperature at the time being 20 
°C? 

The speed of sound at 20°C is: 

s
m

s
m

s
mC

Cs
m

s
m

2.343122.331
1

206.0
1

2.331




 




 . 

The distance the lightning was away is: 

ms
s

m 887,1
1
5.52.343

 . 

This distance in miles is: 

milesmiles
ft

mile
in
ft

m
inm 2.117.1

5280
1

12
137.39

1
887,1

 . 

50.2 Why does the sound die away very gradually after a bell is struck? 

Loudness is determined by the distance of the hearer from the source of the sound, 
and by the strength of the amplitude of the source of the sound. 

The speed of sound is 331.2 meters per second at 0 °C.  It increases 0.6 meters 
per second for each degree centigrade above 0°C. 
The speed of sound is 1120 feet per second at 0 °C.  It increases 0.18 feet per 
second for each degree centigrade above 0°C. 
*All frequencies of sound waves travel through the air at the same speed. 
*The frequency ( f ) is the number of sound waves produced per second. 

*The wavelength ( ) is the length of one of the sound waves. 

*If we multiply f  by , we always receive the same answer, the speed of 
sound. 
The ability of the air molecules to transmit motion between them can not be 
appreciably changed by increasing the frequency or the amplitude of the sound 
being produced. 
Increasing the intensity of the sound, the amplitude, effects the distance the 
sound can be transmitted, but not its speed. 
Each air molecule travels a small distance and strikes a neighboring air 
molecule, giving part of its energy to the other air molecule, and so forth.  This 
distance, apparently, must be nearly constant for any frequency, because 
measurements of the speed of sound over differing distances always gives the 
same velocity when the air mass it is travelling in has the same temperature. 
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A certain mechanical energy was imparted to the bell to cause it to ring.  This energy 
is given up to the air molecules near the bell as the bell surface strikes them in both 
directions (inside and outside of the bell).  This reduced energy in the bell weakens 
the vibration amplitude of the bell. 
The cohesive forces between the metal molecules in the bell weaken their vibrations 
in time. 
As the process continues by every motion of the bell forward and backward, giving up 
more energy to the air molecules it strikes, the amplitude of the vibrations in the bell 
and in the air continually decreases until the ringing of the bell can no longer be 
heard. 

50.3 Why does placing the hand back of the ear increase a partially deaf person’s 
ability to hear? 

A greater portion of the wave front in the air is diverted toward the ear and then to the 
eardrum, increasing the energy that stimulates the eardrum and our sense of 
“hearing”. 

50.4 The vibration rate of a fork is 256.  Find the wave length of the note given out by 
it at 20°C. 

The speed of sound at 20°C is 343.2 meters per second. 
256 complete waves are formed per second. 
256 complete waves then, have a total length of 343.2 meters. 
The length of one of these waves is 1/256th of the total length of 256 waves. 
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m
cmmm 134100

1
34.1

1
2.343

256
1
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50.5 Because the music of an orchestra reaches a distant hearer without confusion of 
the parts, what may be inferred as to the relative velocities of the notes of different 
pitch? 

*Sound waves of all frequencies travel through the air at the same speed. 

50.6 What is the relation between pitch and wavelength? 

The higher the pitch (frequency = f ) is, the shorter is the wavelength ( ). 

f
f 11

 


. 

*The frequency f  is the number of sound waves produced per second. 

*The wavelength is the length of one of the sound waves. 
*If we multiply f  by , we always receive the same answer, the speed of 
sound. 

50.7 If we increase the amplitude of vibration of a guitar string, what effect does this 
have on the amplitude of the wave? 
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The amplitude of the wave is increased. 
Is there a change in the loudness? 
The ear hears the increased amplitude as increased loudness. 
Is there a change in the frequency? 
There is no change in the frequency. 
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51. SOUND, REFLECTION, REINFORCEMENT, INTERFERENCE 

*The shortest length of resonant frequency for a closed tube is ¼ of the 
wavelength producing resonance in the tube. 
*The speed of sound at 0°C is 331.2 meters per second.  It increases 0.6 meters 
per second for every 1°C increase in temperature above 0°C.  It decreases 0.6 
meters per second for every 1°C decrease in temperature below 0°C. 
*The speed of sound is about 333 meters per second. 
*The speed of sound is about 1120 feet per second. 
*The frequency of sound multiplied by the wavelength of the sound is equal to 
the speed of sound. 

*The resonant wavelengths of a closed pipe are 
4
 and

4
N , where N is an odd 

whole number (1, 3, 5, 7, 9, etc.). 

*The resonant wavelengths of an open pipe are 
2
 and

2
N , where N is an 

even whole number (2, 4, 6, 8, 10, etc.). 

51.1 Account for the sound produced by blowing across the mouth of an empty 
bottle. 

Some of the air is directed toward the base of the bottle.  This air strikes the bottom 
of the bottle and is reflected upward, shortly pushing the incoming air out of its way. 
The incoming air, however, is constantly being blown into the bottle and enters the 
bottle again. 
This repeated process causes air compressions and rarefactions to occur at the 
mouth of the bottle, which move throughout the air space around the bottle. 
The ear hears these air oscillations as a tone. 
The bottle can be tuned to produce different tones by filling it with water.  
Explain why. 
This shortens the time required for the reflected air to return to the mouth of the 
bottle, causing faster air oscillations to occur (producing a higher tone). 

51.2 Explain the “roaring” sound heard when a sea shell, a tumbler, or an empty tin 
can is held to the ear. 

Many sounds are transmitted constantly through the air from several sound sources 
too weak to be heard by the ear. 
Any contained area that causes the energy of some of these sounds to be increased, 
by directing a larger portion of their wave fronts toward the air so that they can be 
heard, will cause the detection of (“hearing”) several sounds at once. 
This is the “roaring” that is heard when placing, for example, a large sea shell near 
the ear. 
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51.3 Find the number of vibrations per second of a tuning fork that produces 
resonance in a closed pipe 1 foot long. 

*A closed pipe resonates at a frequency of 1/4 of the wavelength of the 
frequency causing the pipe to resonate. 
If ¼ of the wavelength is 1 foot, then the wavelength of the tuning fork must be 4 feet. 
*The speed of sound is about 1120 feet per second. 
*The frequency of sound multiplied by the wavelength of the sound is equal to 
the speed of sound. 
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41
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
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

 .  The frequency is 280 vibrations per 

second. 

51.4 A hunter hears an echo five and one-half seconds after he fires his rifle.  How 
far away was the reflecting surface if the temperature of the air was 20°C? 

*The speed of sound at 0°C is 331.2 meters per second.  It increases 0.6 meters 
per second for every 1°C increase in temperature. 
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The time between the firing of the rifle and the hearing of the echo was 5.5 seconds. 

The total distance traveled by the sound was ms
s

mTV Csound 6.887,1
1
5.5

1
2.343

20  . 

The reflecting surface is at ½ of this distance away, or 943.8 meters from the hunter. 

51.5 The shortest closed air column that produced resonance when a tuning fork was 
held above it was 32 centimeters long.  Find the frequency of vibration of the fork if 
the speed of sound is taken to be 340 meters per second. 

The length of the closed air column is meter
cm

mcm 32.0
100

1
1

32
 . 

This is ¼ of the wavelength produced. metersm 28.132.04   
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The tuning fork is vibrating at approximately 266 vibrations per second. 

51.6 A tuning fork produces a strong resonant sound above an air column when it is 
held on its flat side or on its edge, but when held cornerwise over the air column the 
resonance ceases.  Explain. 

The air entering the tube must enter at right angles (at a 90°angle) to the bottom of 
the tube, if it is to reflect toward the mouth of the tube where it can cause a resonant 
tone.  This can not occur if the tuning fork is turned at an angle too far away from 90 
degrees at the mouth of the tube. 
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51.7 What is meant by the phenomenon “beats” in sound? 

The number of beats per second is equal to the difference in the vibration numbers of 
the two frequencies causing the beat. 

51.8 What is the length of the shortest closed tube that will act as a resonator for a 
fork whose vibration rate is 427 per second? 

*The shortest length of resonant frequency for a closed tube is ¼ of the 
wavelength producing resonance in the tube. 
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One quarter of this wavelength is cm
m
cmmM 201

1
100

1
201.025.0804.0  . 

The closed tube must have a length of 201cm. 

51.9 A tuning fork making 500 vibrations per second is found to produce resonance 
over an air column like that shown in the picture.  First when the water is a certain 
distance from the top, and then again when it is 34 centimeters lower.  What 
temperature was the air? 

The picture shows an arrangement that uses water to change the length of a closed 
tube. 

 

The closed tube resonance occurs the first time at
4
 , and the second time at

4
3 .  

There are 34 centimeters between these two positions, or
24

2
44

3 
 . 

34cm 
Second resonance 

First resonance 
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The wavelength, , is twice this value, or 68 centimeters= 0.68 meters 

The speed of this sound is
s

m
s

vibrations
vibration

Mfv 340
1

500
1

68.0
  . 

The speed of sound at 0°c is 331.2 meters per second. 
The difference in the two speeds of sound is 340m/s – 331.2m/s = 8.8m/s. 
A temperature increase of 1°C causes an increase in the speed of sound of 0.6 
meters per second. 
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The temperature of the air was 14.67, or about 15 degrees centigrade. 

51.10 Show why an open pipe needs to be twice as long as a closed pipe if it is to 
respond to the same note. 

*The resonant wavelengths of a closed pipe are 
4
 and

4
N , where N is an odd 

whole number (1, 3, 5, 7, 9, etc.). 

*The resonant wavelengths of an open pipe are 
2
 and

2
N , where N is an 

even whole number (2, 4, 6, 8, 10, etc.). 

The wavelength
2
 is twice as long as the wavelength

4
 , so, an open pipe must be 

twice as long as a closed pipe to resonate at the same frequency. 
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52. PROPERTIES OF MUSICAL SOUNDS 

 

52.1 In what three ways do piano makers obtain the different pitches (notes)? 

Piano makers use the length of the strings, the thickness of the strings, and the 
tension on the strings to produce the different notes. 

52.2 What did Helmholz prove by means of his resonators? 

The qualities of different musical instruments and the spoken vowel sounds can be 
imitated by combining overtones at specific individual intensities (frequencies and 
loudness). 

52.3 If middle C is struck on a piano while the key for G in the octave above is held 
down, G will be distinctly heard when C is silenced.  Explain. 

C has a relative vibration number of 24, while G has a relative vibration number of 36, 
or 11/2 times C, or 3/2 of C.  Therefore, G is an upper harmonic, or overtone of C and 
C will cause G to vibrate for this reason. 

52.4 At what point must the G1 string be pressed by the finger of a violinist to produce 
the note C? 

G is 3/2 the wavelength of C, so, when G is pressed 1/3 of its length from one of its 
ends, two half wavelengths of G, which are equal to one wavelength of C, are left to 
produce the note C. 

52.5 If one wire, B, has twice the length of another, A, and is stretched by four times 
the stretching force on A, how will their vibration numbers compare? 

By doubling the length of wire B, wire B will vibrate at ½ the rate of wire A, when both 
wires are otherwise identical and have the same tension applied to them. 
If we now double the tension on B, B will vibrate twice as fast, or 2 x ½ the rate of A = 
1 x the rate of A = A.  Wire B will now produce the same sound as wire A. 
If we double the tension on wire B again, making the tension on wire B four times that 
on wire A, wire B will now vibrate at a rate that is twice that of wire A. 
The vibration number of wire B will be twice the vibration number of wire A. 

52.6 A wire produces the note G.  What is its fourth overtone? 

G has a relative vibration number of 36; its first overtone is 2 times, the second 
overtone is four times, the third overtone is eight times, and the fourth overtone is 
sixteen times 36 vibrations per second. 

s
vibrations

s
vibrations 576

1
36

1
16

 .  This is the tone D´´´´.  The fourth overtone of G is 

a D tone. 

52.7 If middle C had 300 vibrations per second, how many would F and A have? 
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C has a relative vibration number of 24, F of 32, and A of 40. 
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52.8 What is the fourth overtone of C? 

The fourth overtone of C would vibrate 24, or sixteen times as fast as C. 
C vibrates at 256 vibrations per second. 
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52.9 There are seven octaves and two notes to an ordinary piano, the lowest note 
being A4, and the highest one C´´´´.  If the vibration number of the lowest note is 27, 
find the vibration note of the highest. 

Syllable do re mi fa so la si do re 

Letters C D E F G A B C’ D’ 

Relative 
Vibration 
Numbers 

24 27 30 32 36 40 45 48 54 

If A has a frequency of 27, B has a frequency of 30 and C has a frequency of 32. 
At 8 octaves above these frequencies, the corresponding frequencies are 28, or 256 
times as much. 
If the frequency of C is 32 vibrations per second, the frequency of C´´´´ is 32 x 256 = 
8192 vibrations per second. 

52.10 Find the wave length of the lowest note on the piano and the wave length of 
the highest note on the piano. 
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The lowest note on the piano has a wavelength of 12.33 meters, and the highest note 
on the piano has a wavelength of 40 centimeters. 

52.11 A violin string is commonly bowed about one seventh of its length from one 
end.  Why is this better than bowing the violin in the middle of the strings? 
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Bowing at about one seventh of the length of the strings produces the basic tone and 
many overtones, giving a rich, full sound to the music being played. 
Bowing at the middle of the strings will only produce the fundamental tones without 
the overtones. 

52.12 Build up a diatonic scale on C=264 vibrations per second. 

Syllable do re mi fa so la si do re 

Letters C D E F G A B C’ D’ 

Relative 
Vibration 
Numbers 

24 27 30 32 36 40 45 48 54 

frequencies 264 297 330 352 396 480 495 528 594 

D is 27/24 times more than C.  E is 30/24 times more than C.  F is 32/24 times more 
than C.  The other notes are calculated in the same manner. 
C’ and D’ are in the next higher, or first octave above the basic notes. 
The octaves above the basic scale are: 
First octave = 21 = 2 times the basic frequencies. 
Second octave = 22 = 4 times the basic frequencies. 
Third octave = 23 = 8 times the basic frequencies. 
Fourth octave = 24 = 16 times the basic frequencies. 
Fifth octave = 25 = 32 times the basic frequencies. 
Sixth octave = 26 = 64 times the basic frequencies. 
Seventh octave = 27 = 128 times the basic frequencies. 
Eighth octave = 28 = 256 times the basic frequencies. 
The octaves below the basic scale are: 

First octave = 1/21 = 1/2 times the basic frequencies. 
Second octave = 1/22 = 1/4 times the basic frequencies. 
Third octave = 1/23 = 1/8 times the basic frequencies. 
Fourth octave = 1/24 = 1/16 times the basic frequencies. 
Fifth octave = 1/25 = 1/32 times the basic frequencies. 
Sixth octave = 1/26 = 1/64 times the basic frequencies. 
Seventh octave = 1/27 = 1/128 times the basic frequencies. 
Eighth octave = 1/28 = 1/256 times the basic frequencies. 
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53. WIND INSTRUMENTS 

53.1 What proves that a musical note is transmitted as a wave motion? 

The resonance of closed pipes at ,.......
4
7,

4
5,

4
3,

4
1 ,times one wave length, and the 

resonance of open pipes at ,.....
2
5,

2
4,

2
3,

2
2,

2
1 times one wave length strongly support 

the idea that sound travels as a wave motion. 

53.2 What evidence shows that sound waves are longitudinal waves? 

The intensity of the sound (loudness) is greatest in the direction of the source of the 
sound, and diminishes (becomes less) rapidly at right angles to and farther away 
from the source of the sound. 

 

53.3 Why is the pitch (frequency) of a sound produced by a phonograph needle 
raised by increasing the speed of rotation of the record? 

The compressions (sudden moving of the air molecules outward) and rarefactions 
(sudden pulling bock of the air molecules to their normal positions) occur at a faster 
rate, producing a higher pitch in the sound produced. 

53.4 What will be the relative lengths of a series of organ pipes which produce the 
eight notes of a diatonic scale? 

Organ pipes that are open pipes produce notes based on even multiples of half-
wavelengths. 
The diatonic scale is: 
C(256), D(288), E(320), F(3411/3),G(384),A(426 2/3), B(480). 

Sound 
weaker 

Sound 
weaker 

Sound 
loudest 
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The speed of sound is 333 M/s at room temperature. 

f
c

 , so the full wave lengths of the diatonic scale are: 

C(333/256), D(333/288), E(333/320), F(333/3411/3),G(333/384),A(333/426 2/3), 
B(333/480). 

mmmmmmmmmm AGFEDC 46.780,19.867,58.975,625.104025.1156,78.1300  
 

mmB 75.693 . 

The lengths of these pipes are ½ of these wavelengths.  If we take pipe C to be the 
pipe compared to all others, we find that: 
D = 9/10 of C, E = 8/10 of C, F = ¾ of C, G = 2/3 of C, A = 3/5 of C, and B =  0.53 
(about½) of C. 

53.5 Will the pitch (frequency) of a pipe organ be the same in summer as on a cold 
day in winter?  What could cause a difference? 

The speed of sound increases with temperature, about 60 cm/s for every 1°C 
temperature increase. 


cf  .  If we can consider the wavelength of the organ pipes to remain constant, this 

means that when the speed of sound increases (corresponding to a temperature 
increase), the frequency of the sound must also increase. 
If the speed of sound decreases, (corresponding to a temperature decrease), the 
frequency of the sound must also decrease. 
We would therefore expect the pitch of an organ pipe to be higher in summer and 
lower in winter. 

53.6 Explain how an instrument like the bugle, which has an air column of 
unchanging length, be made to produce several notes of different frequency, such as 
C4, G4, C5, E5, G5? 

C4 (256) G4 (384) C5 (512) E5 (640) G5 (768) are to be compared with another. 
We find that G4 is 1.5 x C4, C5 is 2 x C4, E5 is 2.5 x C4, G5 is 3 x C4. 
All of these tones are overtones of C4, which can be produced by the player pressing 
his lips firmer together to produce the vibration numbers of the overtones. 

53.7 Why is the quality of an open pipe organ different from that of a closed pipe 
organ? 

Open pipes can produce all overtones as integral numbers of half wavelengths. 
Closed pipes can only produce odd integral numbers of quarter wavelengths. 
Open pipes can produce all harmonics, odd and even. 
Closed pipes can only produce odd harmonics. 
When more harmonics can be produced, the quality of the tone is higher. 
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53.8 The velocity of sound in hydrogen is about four times greater than in air.  If a C 
pipe is blown with hydrogen, what will be the frequency of the note produced? 

6?4 1024256444256 C
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vibrations
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54. THE PROPAGATION OF LIGHT 

The speed of light is 300,000,000 (3 x 108) meters per second. 
The speed of light is 186,000 (186 x 103) miles per second. 
*Light travels only about ¾ as fast in water as in a vacuum. 

54.1 The figure shows a shadow, the portion acdb of which is called the umbra, aec 
and bdf the penumbra.  What kind of light source has no penumbra? 

 
A light source coming from a single point will cast shadows having only an umbra, as 
shown in the following picture. 

 

54.2 The sun is much larger than the earth.  Draw a diagram showing the shape of 
the earth’s umbra and penumbra. 
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54.3 Will it ever be possible for the moon to totally eclipse (cover up) the sun from the 
whole of the earth’s surface at one time? 

No.  The following picture shows a total eclipse of the sun by the moon.  Only those 
observers inside of the shadow on the surface of the earth will see the eclipse of the 
sun.  All observers in other locations will see a partial eclipse of the sun or no eclipse 
of the sun. 

 

54.4 Sirius, the brightest star, is about 52 x 1012 miles away from the earth.  If it were 
suddenly annihilated, how long would the light it produced continue to shine on the 
earth? 

*The speed of light is 186 x 103 miles per second. 
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54.5 Why is a room with white walls much lighter than a similar room with black 
walls? 

Light is almost completely and diffusely reflected from white walls, and almost 
completely absorbed by black walls. 

54.6 If the word “white” be painted with white paint across the face of a mirror and 
held in the path of a beam of sunlight entering a darkened room, in the middle of the 
spot on the wall which receives the reflected beam, the work “white” will appear in 
black letters.  Explain. 

The white letters diffuse the sunlight falling on them throughout the room.  The 
silvered surface of the mirror reflects the sunrays parallel to another on the wall.  
Because the “silver-reflected” rays are more intense than the “white-reflected” rays, 
the word “white” on the wall appears to be dark. 

54.7 Compare the reflection of light from white blotting paper with that from a plane 
mirror.  Which of these objects is more easily seen from a distance, and why? 

Light reflected from a mirror can be seen better from a distance because these rays 
are more intense than those diffusely reflected rays coming from white blotting paper, 
which are much less intense. 

54.8 Devise an arrangement of mirrors by means of which you could see over and 
beyond a high stone wall or trench embankment.  This is a very simple form of 
periscope. 

 

54.9 Draw diagrams to show in what way a beam of light is bent (A) in passing 
through a prism and (B) in passing obliquely (at an angle) through a plate glass 
window. 

Mirror 1 

Mirror 2 
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54.10 Explain the effect of the anti-glare “lens” of an automobile headlight. 

Prismatic surfaces are built into the outer surface of the lens, which cause the light 
from the automobile lamp filament to be diffused and directed toward the road 
surface.  The light reaching the eyes of a driver in an approaching vehicle is much 
less intense than would otherwise be the case.  This reduces the possibility of glare 
and temporary visual impairment affecting other drivers. 

54.11 The moon has practically no atmosphere.  We know this because when a star 
appears to pass behind the moon, there is no decrease or increase in its apparent 
velocity while it is disappearing or coming into view again.  If the moon had an 
atmosphere, like the earth, explain how this would affect the apparent velocity of the 
star at both of these times. 

 
The star moves from top to bottom through seven positions in the picture.  The 
atmosphere of the planet serves as a lens and bends the rays of the light coming 
from the star as they pass through the atmosphere.  The light from the star reaches 
the observer directly (1).  The light enters the atmosphere of the planet, which bends 
the rays toward the observer; the observer perceives this as a “slower” movement of 
the star (2).  The light is bent so far that the star can still be seen by the observer (3).  
The light is blocked from the observer by the planet (4). The light is now bent so that 
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the observer “sees” the star earlier than he normally would have (5).  The light is bent 
away from the observer; the observer perceives this as a “faster” movement of the 
star (6).  The light from the star no longer passes through the planet’s atmosphere; 
the observer “sees” the star moving at its normal speed again (7). 
*If a planet has an atmosphere, we will see an apparent decrease in the speed 
of a star moving behind the planet as the star approaches and then disappears 
behind the planet.  We will see an apparent increase in the speed of the star 
moving behind the planet as the star again becomes visible and leaves the 
planet.  Shortly afterward, the speed of the star will appear normal again. 

54.12 If a penny is placed in the bottom of a vessel in such a position that the edge 
just hides it from view, it will become visible as soon as water is poured into the 
vessel.  Explain. 

 
The critical water level at the left in the picture does not allow the observer to see the 
penny.  Raising the water level raises the light refracted from the penny into the view 
of the observer, who can now see the penny in the water. 

54.13 A stick that is held in water appears bent.  Explain. 

Critical water level 
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The light reflected under water from point a on the brown stick is bent (refracted) at 
the water’s surface at point b and travels from point b toward the eye, point c. 
The eye sees point a on the stick in the direction from c to b at a different location in 
the water than it really is, point d. 
This is true of every point on the part of the stick under water. 
The observer sees the brown stick as being “bent” under the water (shown as the 
grey area in the picture). 

54.14 A glass prism placed in the position shown is the most perfect reflector known.  
Why is it better than an ordinary mirror? 

 
The incident light beam strikes the glass surface BC at a 90° angle; all of the light in 
the incident light ray PO enters the glass in the prism and strikes the surface AB at 
an angle of 45°.  The prism is made of a glass that has a critical angle of greater than 
45°.  Therefore, all of the light in the light ray from P to O will be retained inside of the 
glass of the prism, and subsequently will be reflected from O to S, passing through 
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the surface AC at an angle of 90°.  All of the light in the incident light beam PO is 
contained in the reflected light beam OS. 
An ordinary mirror is made of a piece of glass that is silvered on its backside.  The 
light going through this plate of glass moves from the air into the glass, a substance 
in which the light travels at a slower speed than in air.  Not all of the light in the 
incident light beam strikes the glass of the mirror at a 90° angle.  When the light 
beam exits the mirror it will therefore be refracted (bent), and some of the light will be 
lost from the incident light beam in the light beam reflected from the mirror. 

54.15 Diagonal eyepieces containing a right-angle prism of crown glass are used on 
astronomical telescopes to view celestial objects at a high altitude.  Explain. 

The prisms retain more of the scarce light obtained (received) from celestial bodies at 
high altitudes, and distort the beam less than would be the case if mirrors were to 
have been used. 

54.16 Explain why a straight wire seen obliquely (at an angle) through a piece of 
glass appears broken. 

 
The eye can see the wire directly from A to B and from C to D.  The portion of the 
wire from B to C is blocked by the glass.  The light reflected from the wire part B to C 
is refracted (bent) as it goes from the air into the glass as shown in the picture in red.  
When this light comes out of the glass it is at a position that is shifted to the right of 
the original wire as seen by the observer. 

54.17 The earth reflects sixteen times as much light to the moon, as the moon does 
to the earth. (A) Trace from the sun to the eye of an observer the light by which the 
observer is able to see the dark part of the “new” moon. (B) Why can we not see the 
dark part of a third-quarter moon? 

B 

A 

C 

D 
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The light reflected from the earth to the dark side of the third quarter moon is not 
reflected back toward the earth.  We see the part of the third quarter moon that 
reflects the sunlight from the moon to the earth (only the bright side of the moon). 
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55. THE NATURE OF LIGHT 

55.1 Explain the difference between candle power, intensity of light, and intensity of 
illumination. 

 Candle power earlier described the light that is emitted by one candle. 
The intensities of all sources of light were earlier expressed in candle power. 
The intensity of light received one foot away from one candle was the intensity of 
illumination, which was earlier expressed in foot-candles. 
 
Candle power has been replaced by the candela, abbreviated cd, which has become 
the fundamental international unit of luminous intensity.  If a source of radiation of 
540 x 1012 Hz is radiating at 1/638 Watt per steradian, it is producing an illumination 
of 1 candela, or 1 cd. 
Radiant Intensity is the energy emitted each second per unit solid angle about a 
given direction. 
Intensity of radiation is the energy flux (the number of photons or particles being 
emitted per unit area normal to a given direction of radiation propagation). 

55.2 How many candles will be required to produce the same intensity of illumination 
at two meters distance that is produced by one candle at 30 centimeters distance? 

The light intensity decreases with the square of the distance from the source.  Two 

meters is 
3
26  farther away from the candle than 0.3 meters.  The radiation intensity 

caused by this one candle will be decreased by the square of this increased distance, 

to become 





3
20 2 =400/9=44.44 times weaker.  It becomes necessary to use 45 

candles to just exceed the same intensity of illumination at two meters away from the 
original candle, to provide the intensity of illumination the candle caused alone at 0.3 
meters. 

55.3 A 500 cd Lamp is placed 50 meters from a darkly shaded place along a street.  
At what distance would a 100 cd lamp have to be to produce the same intensity of 
illumination? 

Let us call the distance we do not know X.  The intensity of the 500 cd lamp is
 250
500

m
cd .  

The intensity of the 100 cd lamp is
 2
100
Xm

cd .  These two intensities are to be equal to 

each other. 
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55.4 If a 2 cd Light at a distance of 1 ft gives enough illumination for reading, how far 
away must a 32 cd lamp be placed to cause the same illumination? 

Let us call the distance we do not know X.  The intensity of the 2 cd lamp is
 21
2
ft
cd .  

The intensity of the 32 cd lamp is
 2

32
Xft

cd .  These two intensities are to be equal to 

each other. 
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55.5 A photometer is placed between an arc light and an incandescent light of 32 cd.  
It is equally illuminated on both sides when it is 10 ft. from the incandescent light and 
36 ft. from the arc light.  What is the candle power of the arc? 

Let us call the candle power of the arc we do not know X.  The intensity of the 32 cd 

lamp is
 210
32

ft
cd .  The intensity of the arc lamp is

 236 ft
Xcd .  These two intensities are 

equal to each other. 
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55.6 A 5cd and a 30 cd source of light are 2 meters apart.  At what position must a 
piece of paper be placed for both of its sides to be equally illuminated? 

Let us call the distance that the 5cd light source is from the photometer, which we do 
not know, X.  The distance of the 30 cd source must then be 2M-X away from the 
photometer. 
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If X = 0.46m, then the distance 2m-X = 1.54m. 

55.7 If the sun were at the distance of the moon from the earth, instead of at its 
present distance, how much stronger would sunlight be on the earth? 

The distance from the moon to the earth is 240,000 miles. 
The distance from the sun to the earth is 93,000,000 miles. 
The sun is therefore 387.5 times as far from the earth as the moon is. 
If the sun were at the moon it would shine (387.5)² stronger than it does at its present 
position.  The sun would shine 150,156.25 times as bright on the earth from the 
position of the moon.  Life on the earth would obviously be impossible. 
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55.8 If a gas flame is 300 cm from a Rumford photometer, and a one candela source 
50 cm away gives a shadow of equal intensity, what is the illumination of the gas 
flame? 

Let us call the candle power of the gas flame, which we do not know, X.  The 

intensity of the 1 cd source is
 250

1
cm
cd .  The intensity of the gas flame is

 2300cm
Xcd .  

These two intensities are to be equal to each other. 
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Another way to solve this problem is to notice that the gas flame is 6 times farther 
away from the photometer than the 1 cd source.  At equal illuminations, then, the gas 
flame must have an illumination of 6² = 36 times as much as the 1 cd source.  This 
must be an illumination of 36cd. 

55.9 Will a beam of light going from water into a piece of flint glass be bent toward or 
away from a perpendicular line drawn to the surface of the glass? 

 
 
Light is bent more toward the perpendicular line to the boundary between two 
substances when it goes from a substance of lower refraction into a substance of 
higher refraction.  Flint glass is more dense than water. 

55.10 When light passes obliquely from air into carbon-bisulphide, it is bent more 
than when it passes from air into water at the same angle.  Is the speed of light in 
carbon disulphide greater or less than in water? 

Carbon-disulphide must be denser than water to cause a light beam to bend more 
toward the perpendicular line at the boundary of carbon-disulphide and air than at the 
boundary of water and air at the same incident angle. Therefore, the speed of light in 
carbon-disulphide is less than it is in water, because carbon-disulphide is denser than 
water.  The speed of light in a material is slower, the denser the material becomes. 

Water 
index of 
refraction 
1.33 

Flint Glass 
index of 
refraction 
1.67 
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55.11 If light travels at a velocity of 186,000 miles per second in air, what is its 
velocity in water, in crown glass, and in diamond? 

The refractive index of a substance is defined as the speed of light in air divided by 
the speed of light in the substance. 
 
Substance Refractive Index Speed of light in Miles per Second 
Air 1 186,000 
Water 1.33 186,000/1.33 = 139,849  
Crown glass 1.53 186,000/1.53 = 121,568  
Diamond 2,47 186,000/2.47 = 75,303  
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56. IMAGE FORMATION 

Summary of Laws for Lenses and Spherical Mirrors 

1. Real images are always inverted, whereas virtual images are always erect. 

The length of all images is given by the formula
I

O

I

O

D
D

L
L

 . 

L represents a length and D the distance from the center of the lens. The letter O 
designates the object. The letter I designates the image of the object. 
2. Convex lenses and concave mirrors have the same optical properties. 
(A) If the object is more distant from the lens than the principal focus, but not farther 
away from the lens than two times the principal focus, the image is real, enlarged and 
inverted. The image is diminished when the object is more than two focal lengths in 
front of the lens. 
(B) If the object is closer to the lens than the principal focus length, the image is 
virtual, erect, and always enlarged. 
3. Concave lenses and convex mirrors have the same optical properties.  For any 
position of the object, the image is always virtual and diminished. 

4. .111
fDD IO

  

OD , the distance from the object, is always positive. 

ID , the distance from the image, is positive (on the opposite side of the lens as the 
object) for real images, and negative (on the same side of the lens as the object) for 
virtual images. 
f , the focal length, is positive for converging systems (convex lenses and concave 

mirrors). 
The focal length is negative for diverging systems (concave lenses and convex 
mirrors). 
 

56.1 Show from a construction of an image that a man cannot see his entire length in 
a vertical mirror unless the mirror is at least half as tall as he is.  Decide from a study 
of the figure whether the distance of the man from the mirror affects the situation. 
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In the picture, the mirror is as tall as the man. The light from the man’s feet (yellow) is 
reflected at a height equal to the midpoint between the man’s feet and his eyes, 
because the light strikes the mirror at exactly the same angle as it leaves the mirror 
toward his eyes. The man “sees” the image of his feet as being at the end of the 
lower blue arrow.  All other parts of his body will be reflected to his eyes in the upper 
half of the mirror.  If the mirror were only half as tall as the man (the upper half of the 
mirror), the man could still see his entire body in the mirror. 
The distance the man is away from the mirror does not change this situation. 

56.2 A man is standing in front of a plane mirror which is very much taller than he is.  
The mirror is tipped toward him until it makes an angle of 45° with the horizontal.  He 
sees his full length.  What position does his image occupy? 

 
The man “sees” the image of his feet as being at the end of the blue arrow. The man 
sees his image above him in a horizontal position, parallel to the ceiling. 

Mirror 

Mirror 
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56.3 How tall is a tree 200 feet away if the image of it formed by a lens having a focal 
length of 4 inches is one inch long?  Consider the image to be in the focal plane. 

 
The focal length of the lens is 4 inches, so the distance of the image from the lens in 
the focal plane is twice that far, or 8 inches.  The distance of the tree from the lens is 
200 feet, which are equal to 2,400 inches.  The length of the image is one inch. 
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The height of the tree is 25 feet. 

56.4 How long an image of the same tree will be formed in the focal plane of a lens 
having a focal length of nine inches? 

The focal length of the lens is 9 inches, so the distance of the image from the lens is 
twice that far, or 18 inches.   
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56.5 What is the difference between a real and a virtual image? 

A real image is really where it appears to be.  A virtual image is not where it appears 
to be. 

56.6 When does a convex lens form a real, and when a virtual, image? 

The light moves from the object, through the lens toward the eye.  When the object is 
more distant than the principal focus length from a convex lens, but less than twice 
the distance of the focal length from the lens, the image is real and enlarged. 

8 inches 

4 inches 
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Because the lens is a convex lens and the image is real, the image will be inverted. 
When the object is more distant than two principal focus lengths from the lens, the 
image is real, smaller than the object, and inverted. 

 
If the object is less than one focal length away from the lens, the image is virtual, 
erect, and enlarged. 

 
 

 

56.7 When a camera having a bellows is adjusted to photograph a distant object, 
what change in length of its bellows must be made to photograph a near object? 

.111
fDD IO

   The focal length of the camera lens does not change.   The inverse of 

the focal point 
f
1 is the sum of two fractions.   If one of the fractions becomes larger, 

the other fraction must become smaller if the sum of the fractions is to remain the 
same. 

Object 

Image 
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If we are going to photograph a near object, the distance to the object will decrease, 

making the fraction 
OD

1 larger.  The other fraction
ID

1  must therefore become smaller, 

meaning the distance to the image ID  must increase.  The distance ID  is the 
distance between the focal plane in the camera, and the center of the lens of the 
camera.  The length of the bellows must be increased to move the lens farther from 
the focal plane in the camera. 

56.8 Light rays diverge from a point 20 cm in front of a converging lens, whose focal 
length is 4 cm.  At what point do the rays come to a focus? 

The lens is convex, and the object is more than two focal lengths (8 cm) in front of 
the lens. 
The image will be real, inverted, and diminished (smaller). 
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The distance from the center of the lens to the image is 5 cm. 

56.9 An object 2 cm long was placed 10 cm from a converging lens and the image 
was formed 40 cm from the lens on its other side.  Find the focal length of the lens, 
and the length of the image. 

OD =10cm, ID =40cm, 
OD

1 =
cm10
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cm40
4 , 
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cm40
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The object is placed 10 cm from the lens, so it is between one and two focal lengths 
in front of a convex lens.  The image will be real, inverted, and enlarged. 

OL =2cm.   
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f=4cm 

20 cm 

f=4 cm 

2f=8 cm 
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56.10 An object is 15 cm in front of a convex lens of 12 cm focal length.  What will be 
the nature of the image, its size, and its distance from the lens? 

The object is between one and two focal lengths before the convex lens.  The image 
will be real, inverted, and enlarged. 
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ID , the distance of the image from the center of the lens, is 60 cm. 
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The size of the image will be four times as great as that of the object. 

 

56.11 Can a convex mirror ever form an inverted image?  Why? 

No.  A convex mirror always forms a virtual, erect, and diminished image behind the 
mirror.  The image can lie from just behind the surface of the mirror to as far as the 
focal plane of the mirror. 
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All of these images are erect.  An inverted image must lie beyond the focal plane of 
the mirror, which is not possible when using a convex mirror. 
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57. OPTICAL INSTRUMENTS 

57.1 Why is it necessary for the pupils of your eyes to be larger in a dim cellar than in 
the sunshine? 

The pupil of the eye appears black, and is surrounded by the iris, a colored ring, 
which makes the pupil larger to admit more light which allows us to see in dark 
environments (a dim cellar) or makes the pupil smaller to reduce the amount of light 
entering the eye in bright environments (strong sunshine). 

Why does a photographer with a film camera use a small exposure time on dull days 
when photographing moving objects? 

A photographer uses a small stop number on a film camera which causes a fast (a 
short) exposure time of the film to light.  This “freezes” moving objects more readily, 
and leads to a clearer, sharper image.  This also prevents streaking when fast 
moving objects are being photographed. 

57.2 If a photographer wishes to obtain the full body, does he place the subject 
nearer to or farther from the camera than if he wishes to only photograph the head? 

The photographer must place the subject farther away to photograph the entire body, 
than when photographing only the head. 

 

57.3 A child 3 ft high stood 15 ft from a camera whose lens had a focal length of 18 in 
(= 3/2 ft).  What was the distance from the lens to the focal plane and the length of 
the child’s photograph? 

The focal plane is twice the distance of the focal point from the center of the lens. 2 x 
3/2ft = 3ft. 
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57.4 If 20 s is the proper length of exposure when you are printing photographs using 
a light 8 inches from the printing frame, what length of exposure would be required in 
printing from the same negative when the same light is at a distance of 16 in from the 
printing frame? 

Body 

Focal 
Plane 
2f 

Head 
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The light intensity varies with the square of the distance away from the light source.  
Sixteen inches is twice as far away from the light source as eight inches.  The light 

intensity is less at sixteen inches than at eight inches; it is 
4
1

22
1

2
1

2 


 as intense. 

The exposure time must therefore be four times as long at sixteen inches to obtain 
the same amount of light as an exposure at eight inches.  An exposure time of 

ss 80204  is required. 

57.5 If a 20 second exposure is correct at a distance of 6 in from an 8 candela 
electric light, what is the required time of exposure at a distance of 12 in from a 32 
candela electric light? 

Twelve inches is twice as far away from the light source.  The light intensity from the 

same source would be 
4
1

22
1

2
1

2 


 as intense.  The 32 candela light is four times 

as intense as the 8 candela light, however, and will therefore produce the same 
intensity of light at 12 in as the 8 candela light produces at 6 in.  The exposure time 
does not change, because the light intensity remains the same in both cases.   

57.6 The image on the retina of a book held 1 ft from the eye is larger than the image 
of a house on the opposite side of the street.  Why do we not judge that the book is 
actually larger than the house? 

The viewing angle of the book between the two eyes is greater than that for the 
house.  We learn in life by experience from this angle to judge the sizes of objects at 
various distances from us as being different than they visually appear. 

57.7 What sort of lens is required to correct short-sightedness?  What sort is required 
for long-sightedness? Explain using a diagram. 

Nearsightedness:  The image is formed before the retina and must be moved 
backward to be on the retina. 

 
A lens that diverges light, a concave lens, corrects nearsightedness, as shown in the 
following picture. 

Retina 
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Farsightedness:  The image forms behind the retina, and must be moved forward to 
be on the retina. 

 
A lens that converges light, a converging lens, corrects farsightedness, as shown in 
the following picture. 

 
 
 

57.8 What is the magnifying power of a lens having a focal length of ¼ in when the 
lens is used as a simple magnifier? 

The magnifying power of a lens or microscope is defined as the ratio of the angle 
actually subtended by the image when viewed through the instrument, to the angle 

Retina 

Retina 

Retina 
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subtended by the object when viewed with the unaided eye at a distance of 25 

centimeters.  Therefore, a simple lens has a magnifying power of
cmf

cm
lens

25 . 

For a lens having a focal length of ¼ inch, the magnifying power is 

therefore .87.371187.37
54.2

100
54.2
1100

1
100

4
4

4/1
25


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in
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57.9 If the length of a microscope tube is increased after it has been used to bring an 
object into focus, must the object be moved nearer to or farther from the lens to bring 
the object into focus again? 

The magnifying power of a telescope is equal to the focal length of the objective lens 

divided by the focal length of the eyepiece lens, or mathematically .
nsEyepieceLe

ensObjectiveL

f
f

 

The magnifying power of a compound microscope is equal to 

.25

nsEyepieceLeensObjectiveL ff
beLengthOfTu

  

The size of an image using a compound microscope is determined by the relationship 

.
O

I

O

I

D
D

L
L

   The distances are measured from the center of the Objective Lens. 

Increasing the length of the microscope tube causes an increase in ID . 

If the magnification
O

I

L
L is to remain the same, OD must also be increased so that 

O

I

D
D remains the same. 

The object must be moved farther from the lens to bring the object into focus again. 

57.10 Explain as well as you can how a telescope forms the image that you see 
when you look into it. 

The parallel light rays that strike the lens of the eye meet at a focal point behind the 
eye’s lens and travel farther to produce an inverted image on the eye’s retina.  This 
allows us to “see”. 
The objective lens of a telescope does the same thing, but its inverted image is 
turned upright again by the eyepiece lens. 
The eye therefore “sees” as though no telescope were present, except that the 
telescope magnifies whatever is being seen through it. 

57.11 Is the image on the retina erect or inverted? 

The lens of the eye is a convex lens. The image on the retina of the eye is inverted, 
as shown in the following picture. 
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58. COLOR PHENOMENA 

58.1 What determines the color of an opaque body? 

The photons that are reflected from its surface determine the color of an opaque 
body. 
What determines the color of a transparent body? 
A transparent body has no color, because all photons pass through it and are not 
reflected toward our eyes. 
What is the appearance of a bunch of green grass when illuminated by pure red 
light? 
Black, because the photons having the energy level corresponding to red are not 
reflected from a green opaque surface. 

58.2 What is white? 

White is the impression of all visible photons impacting on the retina of our eyes 
simultaneously. 
What is black? 
Black is the absence of all visible photons entering the eye from some area of light 
source. 
Explain why a block of ice is transparent while snow is opaque and white. 
Ice and snow are both frozen water.  They have very different crystalline structures, 
however.  Ice reflects no photons in the visible spectrum, while snow reflects all 
photons in the visible spectrum simultaneously. 

58.3 Why do white bodies look blue when seen through blue glass? 

All photons in the visible spectrum except the photons having the energy level 
corresponding to blue are absorbed by the blue glass.  Only the blue photons exit the 
blue glass and afterward strike the retina of the eye. 

58.4 What color would a yellow object appear to have if looked at through a blue 
glass? 

Black, because the photons having the energy level corresponding to yellow that are 
reflected from the object would be absorbed by the blue glass.  No photons from this 
light source area would enter the eye. 

58.5 A gas flame is distinctly yellow as compared with sunlight.  What photons, then, 
must be comparatively few in the spectrum of a gas flame? 

Photons having energy levels corresponding to the colors red and green through blue 
to violet would be practically missing. 

58.6 Why does a dark blue object appear to be black when viewed by candle light? 

Candle light is predominantly yellow.  Photons having energy levels corresponding to 
the color yellow are absorbed by the dark blue object.  No other photons are reflected 
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to the eye from this light source area (the object).  The object therefore appears to be 
black. 

58.7 Certain blues and greens can not be distinguished from another by candle light.  
Explain. 

Candle light does not contain a strong concentration of photons corresponding to the 
colors blue and green. 
The green photons having a mass slightly greater than the yellow photons, and the 
blue photons having a mass slightly greater than the green photons appear to be the 
same in the retina of the eye (no impact differentiation), when their concentrations in 
the reflected light are relatively weak. 

58.8 Does blue light travel more slowly or faster in glass than red light? 

The “blue” photons are refracted more in the glass (have a smaller angle of 
refraction) than the “red” photons.  We know that this is true, because in the focal 
point of a lens, the focal point of the heavier mass photons (here blue) is slightly 
closer to the lens than the focal points of the lighter mass photons (here red).  The 
distance between these focal points is very small. 
Let us call the angle of refraction  .  Because the angle of refraction of blue photons 
in glass is smaller than the angle of refraction of red photons in glass, the sine of the 
refraction angle is smaller for blue photons than for red photons passing through 
glass; mathematically: 

)()( Re dPhotonssBluePhoton SinSin   . 

The relationship of the speed of a photon in a substance to the speed of the same 
photon in a vacuum is given by the equation: 
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As the sine of the refraction angle in the glass decreases, the value of the fraction on 
the left side of the equation becomes more.  The speed of the photons in the glass 
must also decrease on the right side of the equation to make the two fractions in the 
equation equal again. 
The sine of the angle of refraction in glass decreases in going from red to blue light. 
The speed of the light therefore decreases in the substance in going from red light to 
blue light. 
The speed of the photons decreases in glass going from the lighter “red” photons 
toward the heavier “blue” photons. 
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59. SPECTRA 

59.1 From the following table calculate how many wavelengths of red and of violet 
light there are to an inch. 

Color Wavelength in cm Wavelength in nm 
Red 0.000068 cm 680 nm 

Yellow 0.000058 cm 580 nm 

Green 0.000052 cm 520 nm 

Blue 0.000046 cm 460 nm 

Violet 0.000042 cm 420 nm 

Red:  68 x 10-6cm x 
cm

in
54.2
1 =26.77x10-6inches.  This is how long one wavelength of 

red light is.  The number of wavelengths in one inch is .355,37
1077.26

1
6 

  in
in  

Violet:  42 x 10-6cm x 
cm

in
54.2
1 =16.53x10-6inches.  This is how long one wavelength of 

violet light is.  The number of wavelengths in one inch is .496,60
1053.16

1
6 

  in
in  

 

59.2 In what part of the sky will a rainbow appear if it is formed in the early morning? 

In the picture, the sun has just appeared at morning, and is in the east.  The sunlight 
that is reflected as a rainbow from the water droplets in the air must be reflected so 
that they fall at an angle of 40 to 54 degrees on a straight line between the sun and 
the earth at the point of observation.  The man sees the rainbow in the west, as 
shown in the picture. 

 

59.3 Why do we believe there is sodium in the sun? 

Water 
droplets in 
the earth’s 
atmosphere 

40 to 54 
degrees 

Sun 

Earth 
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The spectral line in the yellow light produced by a sodium light source is missing in 
sunlight reaching the earth. 
It is therefore assumed that sodium gas in the sun’s atmosphere absorbs photons 
corresponding to this light, preventing them from being radiated outward from the sun 
and reaching the earth. 

59.4 What sort of spectrum should moonlight give (the moon has no atmosphere)? 

The moon predominantly reflects sunlight toward the earth.  Since the moon has no 
gasses to form an atmosphere, which would otherwise absorb some of the sun’s 
photons, we expect the spectrum of the sunlight reflected from the moon to the earth 
to be the same as the sunlight reaching the earth directly from the sun. 

59.5 If you were given a mixture of a number of salts, how would you proceed using a 
Bunsen burner, a prism, and a slit to determine whether there was any calcium in the 
mixture? 

Heat the mixture of salts with a gas burner until the salt becomes incandescent and 
begins to give off a vapor of several gasses above it.  The light given off by this vapor 
passes through the narrow slit, reaches the prism, is refracted by the prism, and is 
seen by the eye.  If the eye “sees” a green image of the slit, calcium is probably 
present in the salt mixture, because green is a typical spectral line for calcium. 

 

59.6 Draw a diagram of a slit, a prism, and a lens, so placed as to form a pure 
spectrum. 
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59.7 How can you show that the wave lengths of green and red lights are different, 
and how can you determine which one has the longer wavelength? 

Allow sunlight to pass through green and red filters.  Place a cylindrical soap film 
after the filters.  The soap film acts as a double reflector; the left half appears red and 
the right half appears green.  Place a lens after the soap film.  The light from the soap 
film is refracted by the lens and lands on the screen.  Two rows of light bands appear 
on the screen, one red on the left side and one green on the right side.  The distance 
between two adjacent bands of the same color is always the same, and corresponds 
to one half of the wavelength of the color shown.  This distance is longer for the red 
light than for the green light, so the red light has a longer wavelength than the green 
light.  The red photons have less mass than the green photons, and produce a 
different interference pattern than the green photons. 

 

Sun Filter
s 
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60. INVISIBLE RADIATIONS 

60.1 The atmosphere is transparent to most of the sun’s rays.  Why are the upper 
regions of the atmosphere so much colder than the lower regions? 

Heat is molecules in motion, or molecular motion.  There are very many fewer 
molecules in a specified volume of space in the upper atmosphere than in that same 
volume of space near the earth. 
Photons radiated outward from the sun strike few molecules in the earth’s upper 
atmosphere, and increase the average molecular motion there only slightly. 
As the photons travel deeper into the earth’s atmosphere toward the earth they strike 
more and more molecules in the specified volume of space, and increase the 
molecular motion in that space closer to the earth appreciably.  We sense this 
increased molecular motion in this air space as heat. 

60.2 When a man is sitting in front of an open fire, does he receive most of the heat 
from the fire by conduction, convection, or radiation? 

The man receives most of the heat from the open fire by radiation. 

60.3 Sunlight, when coming to the eye travels a much longer path through the air at 
sunrise and sunset than it does at noon.  Since the sun appears red or yellow at 
these times, what rays are absorbed most by the atmosphere? 

The red and yellow photons have lighter masses than the rest of the photons in the 
visible light spectrum, and are refracted less than the other photons in the air on their  
longer journey through the earth’s atmosphere at sunrise and sunset.  Red and 
Yellow photons dominate in the sunlight reaching the ground at these times because 
the green to violet photons, having heavier masses than the red and yellow photons, 
are refracted more in the earth’s atmosphere at sunrise and sunset, and reach the 
surface of the earth at a location where the time is later than the location at which a 
sunrise is being observed (farther eastward), or earlier than the location at which 
sunset is being observed (farther westward). 
At noon we see only blue.  Why? 
When the sunlight enters the earth’s atmosphere at 90 degrees, the heavier mass 
blue and violet photons penetrate the earth’s atmosphere better than the other 
photons, which are partially absorbed by the molecules in the earth’s atmosphere.  
The blue photons dominate in the sunlight reaching our eyes between sunrise and 
sunset, and from the overhead sun at noon. The blue photons are also principally 
reflected in the atmosphere and into space (not absorbed), as evidenced by pictures 
taken from spacecraft. 

60.4 Glass transmits all the visible photons, but does not transmit the infra-red, low 
mass photons.  From this fact, explain the principle of the hotbed. 

The hotbed is a compost pile that is covered by glass. The heat generated by 
decaying material in the compost pile consists of infrared light rays, which do not 
pass through the glass.  This keeps the compost pile warm by not allowing the 
infrared photons (the heat provided by these photons) to escape upward. 



 - 305 - 

60.5 Which will be cooler on a hot day, a white hat or a black one? 

A white hat, because white reflects all visible photons.  A black hat would absorb all 
visible photons and become heated by them. 

60.6 Will tea cool more quickly in a polished or in a tarnished metal vessel? 

Good reflectors are poor radiators.  Poor reflectors are good radiators.  A tarnished 
metal vessel will radiate heat more than a polished metal vessel, so the tea in a 
tarnished tea pot will cool faster than it would if it were in a polished tea pot. 

60.7 Which emits more “red” photons, a white-hot iron or the same iron when it is 
red-hot? 

A hot platinum wire emits thirty-six times more photons at 1400°C than it does at 
1000°C. 
Iron becomes red-hot at about 280°C, and becomes blue-hot at about 320°C. 
Raw Iron turns into a white-hot liquid and can be poured at about 1250°C. 
A white hot iron will emit (radiate) more photons (including more red photons) than it 
will when it is red hot (280°C). 

60.8 Liquid air flasks and thermos bottles are double-walled glass vessels with a 
vacuum between the walls.  Liquid air (boiling point of -195°C) will keep many times 
longer if the glass walls are silvered than if they are not.  Why? 

The silvered surfaces help prevent photon radiations by reflecting them back toward 
their sources. 

Why is the space between the walls evacuated? 

Molecules in the environment having high molecular velocities strike the outer wall, 
increasing the molecular activity of the wall molecules (heating the wall).  These 
molecules would strike the air molecules between the two walls and heat it.  The air 
molecules between the walls would then strike the inner wall of the flask heating it, 
and these molecules in the inner wall would then heat the liquid air causing it to boil 
off quickly. 
Removing the air between the outer and inner walls of the flask stops this process, 
preventing the liquid air from being heated in this manner.  So, the liquid air remains 
liquid in the flask for a longer period of time. 
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61. ELECTRICAL RADIATIONS 

61.1 Why is it necessary to use a rectifying circuit in series with a telephone receiver 
to detect sound caused by the electric waves? 

The electrical signal arriving at the receiver of a telephone is a complicated sequence 
of sine waves.  One sine wave is shown in the following picture.  The wave consists 
of a positive half wave and a negative half wave.  The positive half wave moves the 
diaphragm of the receiver in one direction, and the negative half wave moves the 
diaphragm of the receiver in the opposite direction. 

 
The effect of one full sine wave is to try to move the diaphragm of the receiver in one 
direction and very shortly thereafter in the opposite direction, which means that the 
diaphragm of the receiver does not move appreciably at all to produce sound in the 
air. 
Removing one or the other of the half waves from the sine wave signal, however, 
allows the diaphragm in the receiver to be moved in one direction by the electrical 
signal and return itself back again to its starting position thereafter.  This produces a 
sound wave in the air which we hear. 

61.2 Explain why an electroscope is discharged when a bit of radium is brought near 
it. 

Radium expels charged particles into the space surrounding it.  When these particles 
strike a charged electroscope, they change the total charge on the electroscope, 
discharging the electroscope. 

61.3 The wave length of the shortest x-rays is about 1x10-8cm = 1x10-10M.  How 
many times greater is the wave length of green light (5.2x10-5 cm = 5.2x10-7M). 
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The wave length of green light is about 5,200 times longer than the wavelength of the 
shortest x-rays. 
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