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Section 1

SCIENCE, PHYSICS, AND METEOROLOGY
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1. Definitions.—a. Science, in the generally accepted meaning of
the term, is knowledge systematized and formulated with reference
to the discovery of general truths or the operation of natural laws.

b. Physics is the science which treats of the laws and properties
of matter and the forces acting upon it. It is the science of energy
and rests upon the fundamental modern doctrine of the conserva-
tion of energy. Physics is an experimental science. However, most
of the relationships or physical laws discovered through experimen-
tation can be expressed by mathematical formulas or equations.
Hence physics uses the language of mathematics to a large extent.
At one time the great divisions of science were kept well apart.
Now we find such lines of inquiry as physical chemistry, astrophysics,

*This manual supersedes TM 1-238, 22 April 1942.
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13 ARMY AIR FORCES

biochemistry, physical optics, ete., filling the gaps between them so
effectively that they run together and fade into one another like the
colors of the «;pectrum

¢. Meteorology is sometimes considered as a branch of physics
(“Physics of the Air”) and in its broader sense includes a study of
the laws of phnysics as applied to the atmosphere. Meteorology is a
branch of natural science that treats of changing conditions in the
atmosphere. It is the science of the atmosphere and its phenomena
(events), those phenomena which collectively are called “the
weather.”

2. Importance of weather.—a. Because of their great variety
and their close relation to all our activities, the phenomena of the
weather are subjects of never emlmg interest. They are not only
of interest but of great importance, since weather is one of the chief
elements in man’s life.

b. The importance of weather and weather forecasting to aviation
is obvious. Aviators, who are especially at the mercy of the weather
since flying schedules are maintained in all seasons, are asking mete-
orologists to forecast the weather conditions not only for points on the
ground but, for elevations far above the ground.

¢. Weather has played an important part in wars throughout his-
tory.- In modern warfare, weather assumes even greater importance
because of the use of airplanes and because of the swift moves made
over great distances by mobile units. Early campaigns by the Ger-
mai’ army apparently were timed to take advantage of weather con-
ditions which had been accurately forecast. Knowledge of Atlantic
weather conditions and the forecasting of weather over northwest
Europe would have been facilitated had Germany succeeded in
establishing weather stations in Greenland.

3. Purpose of weather course.—a. Weather courses for airmen
are not given for the purpose of training them to be accurate
forecasters.

b. The aim of a weather course for aviators is to acquaint them
with the terminology and fundamental principles of meteorology.
This is necessary if airmen are to be able to make adequate use of
the weather information available. Airmen should be taught to
interpret weather maps, weather reports, and weather forecasts; and
should know how to make use of thig information in flight. “When
weather information is either inadequate or in error, aviators should
have sufficient understanding of weather principles to make correct
decisions if trouble arises.
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ELEMENTARY PHYSICS FOR AIR CREW TRAINEES 34

¢. On any flight, it is necessary for air crews to have a reasonable
idea of probable weather to be encountered, and it is also necessary
for them to have enough knowledge of weather to recognize unfore-
seen, hazardous conditions encountered en route, and make decisions
which will bring about successful termination of the flight and not
endanger themselves, their passengers, or their cargo.

d. The importance of weather to an airman cannot be over-
emphasized. A large percentage of all aireraft accidents are attrib-
utable to ignorance concerning weather. .

4. Reason for weather course.—a. Experience has shown that
the fundamentals of meteorology cannot be grasped without first
preparing the student for the subject. Weather for airmen eannot
be set down as a simple set of rules that anybody can memorize. Tt
is absolutely essential that some of the fundamental theory of weather
be known and understood.

b. Rules are good things to have along with a knowledge of the
fundamental theory. By themselves, however, they are not sufficient.
Rules are easily forgotten, and an aviator who depends on them may
find death just around the corner. If he forgets his rules when
tough going is encountered in flights, he will not be able to figure
out what to do. If, on the other hand, an aviator knows the funda-
mental theory of meteorology, he will be able to determine which
way to turn and what to do when flying through bad weather., That
is, the situation may be correctly analyzed by the airman and he
should not have to depend on memory, which is forever a human
failing.

¢. Since the theory of meteorology needs to be understood and
since 75 percent of all would-be pilots lack the proper background
for an understanding of this theory, a course to supply this back-
ground is necessary. Hence the principal aim of this course is a
preparation for studies in meteorology. Since the importance of
meteorology cannot be overemphasized, it follows that this course
in physics will be fundamental-to skillful and safe piloting.

QUESTIONS

1. Define science; physics; meteorology.

2. Why is this course in “Physics of Weather” essential to a student
pilot?

3. Give essential differences between flying in wartime and peace-
time.
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5. General.—It has already been stated that the facts and laws of
physics may frequently be expressed in mathematical language.
Physics is not merely descriptive. One cannot pursue it far without
recognizing the existence of numerous quantitative relationships that
require expression. Not only does one wish to know what happens
under given conditions, but to what degree effects are produced by
causes of given amount.

6. Magnitudes (fundamental and derived).—a. A magnitude
is anything that may be considered as being greater or less in amount,
degree, or extent. Thus, the height of a tower and the brightness of
a lamp are magnitudes. Many kinds of magnitude are involved in
the different branches of physics. Some of those most familiar are
length, time, speed, weight, power, temperature, strength of an
electric current, etc. One’s ideas of some of these are so deep-seated
and elemental that it is unnecessary or impossible to define them.
This is true, for example, of length (meaning simply distance) and
of time.

b. So far as the layman’s understanding of them is concerned,
these magnitudes are independent of each other and of everything
else. Of many other familiar magnitudes, this is not true. To
illustrate: speed cannot be thought of without connecting it with
both length and time. It is distance per unit of time; that is, length
and time must be combined in a definite way in order to express the
idea of speed.

¢. Just as chemistry recognizes certain primary substances, called
elements, out of which other substances are formed, so also in physics
there are a small number of fundamental or elementary magnitudes,
in terms of which most of the other magnitudes (consequently called
secondary or derived magnitudes) can be expressed. Physicists are
accustomed to regard the three magnitudes, length, time, and mass,
as fundamental. All the other magnitudes, such as speed,-are derived,

7. Idea of units and need for standards of weights and meas-
ures.—a. Before the fundamental and derived wunits are discussed,
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the idea of units and the need for standards should be made clear.
Perhaps they can be best explained by taking the fundamental unit
of length and tracing some of its history.

b. Undoubtedly, the measurement of length must have come about
through necessity. It is quite probable that pieces of string may have
been used to produce desired lengths. For example, somebody may
have used pieces of string to represent the length and width of a
proposed hut. The timber was then cut to size by using these pieces
of string to measure off the desired lengths.

¢. However, each piece of string would measure only one thing.
One string could measure the length of the hut but did not take into
account its width. It is easily understood how extraordinarily dif-
ficult and troublesome this process might have been when many such
measurements were to be made and recorded; still more so when
others had to be informed about them. In addition, one can imagine
how difficult it would have been to estimate long distances by such a
process.

d. An enormous advance in the science of measurement was made
when it was recognized that a long length could be defined by means
of a unit and a number, which indicated how many times the unit
must be placed end to end in a straight line in order to attain the
desired longer length. It is possible that someone in building a hut
discovered that the length or width of the hut could be determined
by the number of strides it would take to walk from one corner to an-
other. The length of one stride was, therefore, chosen as the unit
of length. Later this rather indefinite length of a stride was replaced
by that of the foot, a more clearly defined unit, and still later, a stick
was chosen as the standard foot which was to be the basis of all
measurements of length.

e. It is not surprising that the first units were connected in some
way with human beings; the stride, foot, the fathom equaling the dis-
tance which ecan be encompassed when the arms are outstretched, and
the acre equaling the area of land which could be ploughed in a day.
Each individual industry chose these primary units without concern-
ing itself with another. Thus, until 1875, there were in existence
the Prussian, Rhineland, English, and French foot. Xven in the
same country, different units were used for different purposes. The
mariner used knots and fathoms, the surveyor, rods, the weaver, ells,
while the carpenter worked with feet and inches. T

f. This variety of independent units was bound to cause inconven-
iences, especially when the introduction of the railway, steamship,

)




7-8 ARMY AIR FORCES

telegraph, and telephone caused people of different countries to ex-
change their material as well as their intellectual goods with one an-
other. The need for having an absolutely permanent basis for
weights and measures, and the desirability of harmonizing the chaos
which existed in this matter throughout the world resulted in the
establishment of the metric system by the French Government in
1793. It has sinee been adopted by nearly every civilized country,
although in Great Britain and the United States the familiar English
system is still in use, except in scientific work, where the metric system
prevails.

g. The English system and its variation, the British engineering
system, are used more from habit than because of any real advantage
they may possess. The metric system, arranged decimally like our-
system of money, is admirably adapted to every practical and scientific
purpose. Thus millimeters, centimeters, kilometers, etc., are express-
ible in terms of the meter by simply moving the decimal point. Units
of mass have a similar arrangement and notation.

k. In this manual, the metric system and the British engineering
system (B. E. S.) only are used. The ignoring of the English system
should not confuse the student as the units used in the English and
the British engineering system are the same except for mass and
weight.

. With all this in mind, a discussion of both the fundamental and
derived units in both the British and metric systems is in order.

8. Fundamental units.—The fundamental units are length, mass,
and time. Aa absolute unit is one from which all like units may be
derived. For example, the centimeter is considered the absolute unit
of length in the metric system and from it one can obtain other units
of length such as the millimeter and kilometer. Thus it is evident
why the metric system is often called the centimeter-gram-second
(C. G. S.) system of absolute units, since the centimeter, gram, and
second are taken as the units of length, mass, and time, respectively.
The British engineering system (frequently called merely the British
system) of units uses length, time, and force as the fundamental units.
Hence weight is used in place of mass and the system is referred to
as a gravitational system instead of an absolute system. The units
used are the foot, pound, and second.

a. Unit of length (L).—(1) The unit of length in the metric system
is the centimeter, or one-hundredth part of a meter. The meter con-
forms to the distance between ends of a bar of platinum which is
kept in Paris, the bar being measured when it is the temperature of

6




ELEMENTARY PHYSICS FOR AIR CREW TRAINEES 8

melting ice. - This bar as a standard of length was established by
the French Government in 1799 with a view to its becoming universal.
It was intended to be exactly 1 ten-millionth of the distance from the
equator to the pole measured along a méridian of the earth. -

(2) The British standard of length, from which the foot and inch
are determined, is the standard yard. This is the “distance between
the centers of the transverse lines in the two gold plugs in the bronze
bar deposited in the office of the Exchequer,” measured at a tempera-
ture of 62° F.

(3) That there is rhyme and reason to the metric system may be
seen from the following table of conversions:

1 millimeter (mm) = 1_011? meter (m)
; 1

1 centimeter (cm) = {00 Meter

1 decimeter (dm) = % meter

1 kilometer (km) = 1,000 meters

or:
1,000 mm = 100 cm = 10 dm = 1 m = 0.001 km
(4) That there is no rhyme nor reason to the British system other
than force of habit is apparent from the following table:
36 inches (in.)=1 yard (yd.)
3 feet (ft.) =1 yard
1 mile (mi.) =1,760 yards
Other equivalents in the British system are—

1 foot=12 inches
1 mile=5,280 feet

(5) ' comparison between the two systems gives—

1 yard=91.44 centimeters
1 foot =30.48 centimeters
1 inch =254 centimeters
1 mile=1.61 kilometers
1 centimeter=0.39 inch
1 meter=39.37 inches
1 kilometer =0.62 mile (approximately 5 mile)
(6) Before the other fundamental units are discussed, it might be
best to explain area and volume, since both are measured in terms of
length.

7




8 ARMY AIR FORCES

(7) An area is defined as having length and breadth but no thick-
ness. Thus the floor of a house whose dimensions are 20 by 20 feet
has an area of 400 square feet (sq. ft. or ft.?) and the unit of area is
1 square foot in the British system. In the metric system the unit of
surface is 1 square centimeter (cm?).

(8) Volume is defined as the amount of space included by the sur-
faces of a solid. Thus the volume of a room having width, breadth,
and height of 20 feet is 20 by 20 by 20 feet or 8,000 cubic feet (cu. ft.
or ft.?), the unit of volume in the British system being 1 cubic foot.
One cubic centimeter (ce or em?) is the unit of volume in the metric
system.

(9) Volume is also defined as capacity or the ability to hold. Thus,
there are measurements such as liter, quart, ete.

1 liter (1)=1,000 ce
1 liter (1)=1.057 quarts
1 quart=>5734 cubic inches

b. Unit of mass (M).—(1) The unit of mass in the metric system is
the gram, one-thousandth part of the standard kilogram. The stand-
ard kilogram, which is a mass of platinum kept in Paris, was in-
tended to represent the exact mass of a cubic decimeter of distilled
water at its greatest density or at the temperature of 4° C.

(2) Since two masses may be compared with a far higher degree of
accuracy than that with which the weight of a cubic decimeter of water
can be determined, the mass of platinum kept in Paris is the real
" standard on which all metric weights are based. The following table
illustrates the metric units of mass:

1 gram (gm or g) = 1,000 milligrams (mg)
1 gram=100 centigrams
1 gram=10 decigrams
1 gram=1/1000 kilogram

(3) The British system of units has no commonly used, well-known
unit of mass. The reason the British system does not have a well-
known unit of mass is because this system uses weight as a fundamental
unit instead of mass. In the British system, the unit of weight is
the pound, which is familiar to everyone. When a pound mass is
mentioned, what is really meant is the quantity of matter or mass that
will weigh 1 pound. But the pound unit cannot be used interchange-
ably for both mass and weight because these quantities, although
proportional, are not the same thing. A discussion of the relation

8
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between mass and weight is given in section V. The mass of a
1-pound weight is approximately 453.59 grams.

o. Unit of time (t).—(1) Because of the earth’s exact periodic
movement, it is easy fo see why the standard of time chosen is that
which the earth requires for a single rotation around on its axis.
More exactly, it is the mean time elapsing between successive transits
of the sun across the meridian at any one place. This period (mean
solar day) is divided into 24 hours, every hour into 60 minutes, and
every minute into 60 seconds.

(2) The unit of time in both the metric and British systems is the
mean solar second or one 86,400th part of a mean solar day.

9. Derived units.—Derived units, as explained, are those like
speed which are dependent upon one or more of the fundamental
units.

a. Density (d).—(1) Density is the mass of weight or quantity of
métter of a substance per unit of its volume. In the metric system
it is expressed in grams per cubic centimeter, while pounds per cubic
foot is the measure used in the English system. - The density of water
at 4° (. is 1 gram per cubic centimeter in the metric system and 62.4
pounds per cubic foot in the English system. The density of air at
0° C. and a pressure of 76 cm of mercury is 0.00129 gm per em?®
and in the English system is 0.0765 Ib. per ft.?

(2) The value of the density of the air, 0.00129 gm per em?®, implies
that if all elements (nitrogen, oxygen, argon, etc.) within the space
of 1 cubic centimeter could be picked out and weighed, their total
weight would come to 0.00129 grams.

(8) (@) In the metric system, f£=1{;: where d is density, m is mass

and » is volume. Therefore m=w»d and if the volume and density

of a body are known it is possible to calculate its mass. Likewise,

knowing the mass and density, the volume can be calculated, since
b

D= .

d

m __grams __ grams
E_‘r' — —— - == —
d grams grams

em®

m® =cm?

which is the unit of volume.

(6) In the British system, the density is expressed as weight per
unit volume and if weight is substituted for mass in the preceding
formulas a similar set will be obtained for use with English units.
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Thus—
d— &
fi |
u wd i
W il
= d Il

b. Velocity (V).—(1) Velocity is defined as the distance traveled
per unit of time. If, then, s is the distance traveled per unit of time £, ;
R i ft. miles |
V=-or —— or = or - .
i sec. sec hour
(2) By means of this equation the value of any one of the quﬂntl— '
ties in 1t can be found if the other two are known. For example, if
an airplane traveling at 100 miles per hour took 5 hours to go in a
direct line from Randolph Field to New Orleans, the distance between
these two places would be—
§=Ti¢= (100 mph) (5 hr.) =500 miles
(8) Here the unit of time is 1 hour and the velocity is 100 miles
per hour. Assuming that the airplane’s velocity was constant, it flew
100 miles for each unit of time of which there were 5, making a total
of .;00 miles flown.
.. Aeceleration (a)—(1) Acceleration is the rate of inerease or
detleaw (sometimes called deceleration) of velocity, It is defined
by the equation:

Fd

a=3 = (Vis the change in velocity during a time #)

(2) The units of acceleration in both the English and metric Sys-
tems are easy to understand.

(@) British system.

14 (scit )

i = —= =1 foot per second per second
SeC.
1 F1 1 1%, :
or: (ri— (w ) ‘3(3 ) (sec.)”—l foot per second squared

(b) Metric system.

(1 mn)
sec.
a=- --q(,(_—--- =1 em per second per second

1 em 1 em
or: a=(— - =1 em per second squared
sec. /\sec. (bCC )

10
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(8) Thus, if a body starts from rest and at the end of the first
second has a velocity of 10 feet per second and at the end of the second
second has a velocity of 20 feet per second, and at the end of the third
second has a velocity of 30 feet per second, its acceleration is 10 feet
per second per second.

10 ft.
V' sec.
a—= =
t sec.

QUESTIONS AND PROBLEMS

1. What are the three fundamental units and why are they so
called ¢

2. What are derived units?

3. Why is the metric system more logical and better adapted to
every practical and secientific purpose?

4. What are the fundamental units in the metric and British sys-
tems?

5. One meter is equal to how many decimeters? centimeters? milli-
meters?

6. Ten miles equal how many kilomete

7. Change 7556 milligrams to grams.

8. Change 1,540 grams to kilograms.

9. A certain airplane weighs 5000 kilograms. Express its weight
in pounds.

10. How many liters does a tank hold which is 6 meters long, 1.5
meters wide, and 1 meter deep? How many cubic centimeters does
it hold #

11. Define velocity; acceleration.

12. In his transatlantic flight from New York to Paris in 1927,
Lindbergh traveled 3,630 miles in 33.5 hours. What was his average
speed ?

18. A ball rolling down an incline has a velocity of 60 em per
second at a certain instant and 11 seconds later it has attained a
velocity of 181 em per second. Find its acceleration.

14, A body has an acceleration of 10 ft./sec.* What will be its
velocity at the end of 20 seconds, assuming that it started from rest?

15. An airplane lands at a velocity of 40 miles per hour and is
brought to rest in 1 minute. Find the negative acceleration (de-
celaration) in feet per second per second.

11
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10. General.—The atmosphere is the laboratory in which the me-
teorologist carries on his experiments. This vast laboratory is
unique among scientific laboratories in that the experimenter has
practically no control over the reactions that take place within it,
While the chemist, the physicist, the biologist, and even the geologist
may more or less control the conditions of the problem that he is
investigating, the meteorologist can do little more than observe and
ponder. His experimental problems are very difficult because the
elements with which he has to deal are constantly changing. It is
the purpose of this section to point out some of the more interesting
features of this ocean of air in the lowermost depths of which man
walks and flies.

11. Definition.—The word atmosphere is derived from the Greek
words “atmos,” which means vapor, and “sphaira,” which means
sphere. It is, therefore, the spherical gaseous layer which envelops
the earth, the fluid sea at the bottom of which we live.

12. Composition.—a. The air, or the material of which the atmos-
phere is composed, is a mechanical mixture of a number of different
gases.

b. That air is a mixture and not a compound is evident from the
following faets:

(1) The relative weights of the components are not in proportion
to their atomic weights.

(2) The relative portions of the components vary somewhat (they
are not constant).

(3) The components can be separated by physical methods. For
example, if pure dry air is cooled, oxygen condenses-(liquefies) before
nitrogen, since it has a higher boiling point; whereas if air were a
compound, there would not be a separation of the constituents of the
air by separate liquefaction. Likewise, when liquid air evaporates,
the nitrogen evaporates first because it has a lower boiling point,

12




ELEMENTARY PHYSICS FOR AIR CREW TRAINEES 12

leaving almost pure oxygen. If air were a compound, there would
be no separate evaporation, since there would be just one substance
to evaporate.

¢. A sample of dry and pure air contains about 78 percent (by
volume) nitrogen (N,), 21 percent oxygen (0.), almost 1 percent
argon (A), and about 0.03 percent carbon dioxide (CO.). Together
these four gases constitute about 99.99 percent of dry and pure air.
The remaining 0.01 percent represents traces of hydrogen and sev-
eral rare gases such as neon, krypton, helium, and xenon.

d. The air also contains a variable amount of water vapor and
dust particles. In many respects, the water vapor is the most im-
portant constituent of the atmosphere in spite of the fact that the
weight of the water vupor never exceeds 4 percent of the total weight
of the atmosphere. Its importance to agriculture is obvious, yet it
is also responsible for adverse flying conditions. The three most
dangerous flying hazards are fog, thunderstorms, and icing.

¢. The maximum amount of water vapor that the air can absorb
depends entirely upon the temperature of the air; the higher the tem-
perature of the air, the more water vapor it can hold. The air is said
to be saturated with moisture when this maximum amount is reached
at a particular temperature.

f. Dust and other minute particles also exist in the atmosphere in
variable amounts. When there is a high concentration of these par-
ticles (impurities) in the atmosphere, one observes what is known as
haze. This phenomenon is a definite flying hazard because it results
in lowering of visibility.

¢. The main sources of these impurities are arid regions, seas, in-
dustrial regions, forest fires, and volcanoes.

h- Arid regions such as deserts, and very dry country as in Kansas
and Oklahoma, are prominent sources of dust particles. Minute grains
of dust are picked up and whirled by the winds which readily dis-
tribute them throughout the lower atmosphere, sometimes far from
the source. Strong winds may give rise to sand and dust storms of
such intensity as to make flying extremely hazardous.

i. Observations show that the air normally contains a considerable
amount of salts. Spray is whirled up from the ocean through the ac-
tion of the winds, and when it evaporates, the salt remains in the air
in the form of minute particles.

4. Combustion contributes a considerable quantity of impurities to
the atmosphere. The smoke from cities, forest fires, and volcanoes

13




12-13 ARMY AIR FORCES

contains many very fine ‘particles. The smoke from a fire may seem
to clear up and disappear at a small distance from its source, but this
simply means that the myriads of particles have lost their'shape as a
group and are scattered. Being extremely fine, they stay in the air
for a long time.

%. Such dust and salt particles as have been discussed are inorganic.
A small part of the vast amount of dust in the atmosphere is of
organic origin.

l. Pollen from flowering plants and plant spores is a good example
of organie dust in the air. Being so small, it is picked up by the air
and often blown hundreds of miles. Hay fever has been attributed
to the pollen of ragweeds and other plants.

m. Other examples of organic dust in the air are the various kinds
of minute living creatures such as bacteria and yeast cells. The germs
causing many of man’s most dreaded diseases are sometimes carried by
the air.

n. The presence of dust in the atmosphere is important for other
reasons besides its influence on visibility. If the air were perfectly
pure, there could be no appreciable condensation of water vapor.
When the air is cooled to its saturation temperature, condensation takes
place on certain active (hygroscopic) nuclei. Salt particles from the
ocean and various products of combustion are most active as condensa-
tion nuclei, observations showing that such particles are present in the
atmosphere in abundant amounts,

0. Dust particles scatter light and help to give the sky its charac-
teristic blue appearance. They also help to color sunsets by acting as
a light filter, removing the blue and leaving the red transmitted light.
Scattered light also promotes twilight after the sun has set.

p. Dust absorbs some of the sun’s heat, and any great increase in
the dust content of the air is likely to be accompanied by a decrease in
msolation (solar radiation received by the earth’s surface).

13. Density.—a. Man lives at the bottom of a deep sea composed
of a mixture of many gases that make up a very highly compressible
fluid, the air. This fluid has a mas¢ similar to any other substance
and is therefore subject to the forces of gravity. The gravitational
force, owing to the mass of the earth, pulls the air toward it and thus
holds the earth’s atmosphere, '

b. Since this fluid, the atmosphere, is compressible, those layers or
parts at the bottom are compressed considerably more than the upper
layers that are not supporting so great a weight of air above them.

14
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Figure 1.—Decrease of pressure with altitude,

Thus the density of the air close to the surface will be greater than the
density of air at a higher elevation.

o - : 1 :
¢. Density is defined as mass per unit volume ——) Thus the

density of the atmosphere may be measured and expressed either in
terms of grams per cubic centimeter or in pounds per cubic foot.

d. At ordinary pressure and temperature, the weight of a sample of
air near the earth’s surface is about 140, of the weight of an equal
volume of water. Thus it has been found that 1 cubic foot of air
weighs about 0.0765 pound and that 1 cubic centimeter of air weighs
about 13 X10-* grams (0.0013 gram) near the earth’s surface, Thus,
the density of air near the earth’s surface is about 0.0765 pound per
cubic foot and 13X 10-* grams per cubic centimeter.

e. It might be of interest to note and compare the molecular weights
of air and water. That of air is 28.785, whereas water has a molecular
weight of 18.00, hence, moist air is somewhat lighter than dry air.

f. In consequence of this weight, the atmosphere exerts a certain
pressure upon the earth’s surface. The physicist defines pressure as
the force distributed over a unit area in terms of pounds per square
‘inch, grams per square centimeter, and so on. In any fluid, the
pressure on the bottom is equal to the weight of the fluid above the
surface divided by the area of the surface.

g. At the earth’s surface, the atmosphere exerts a pressure amount-

-ing to about 14.7 pounds per square inch. This means that, under
normal conditions, a column of air 1 inch square reaching from the
earth’s surface to the upper limits of the atmosphere will weigh 14.7
pounds. This is equivalent in weight to a column of water 34 feet
high, or to a column of mercury 29.92 inches (76 centimeters) high.
Since water barometers would be too big to measure atmospheric
pressure, mercurial barometers are used.

15
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k. The column of air above a surface becomes shorter as we go up
in the air. Therefore, there is a pressure decrease with an increase in
altitude.

i. Pressures at B and (' are equal (fig. 1). Pressure at A is greater
than pressure at B by the weight of the column of air 4B.

4. It is quite obvious thaf pressure decreases as altitude increases.
Since, for constant temperature, density is directly proportional to
pressure, it should also be obvious that the density of air also decreases
as altitude increases.

14. Height.—a. It is hard to visualize the upper atmosphere. Since
the density of the air decreases with increase in altitude, one naturally
thinks of the air as becoming thinner and thinner with increased
elevation until it merges with whatever traces of gases there may
be in interplanetary space. It is quite certain that the atmosphere
could not extend upward for more than about 20,000 miles and still
turn with the earth as it rotates on its axis. At this distance the
centrifugal force due to the earth’s rotation approaches the magnitude
of gravity, and the earth could not retain the air.

b. Even though the atmosphere extends to great altitudes, it is
only the lower part which is of importance to weather phenomena.
The highest clouds (cirrus) are seldom more than 35,000 feet above
the earth’s surface, while 50 percent of the total weight and 90 percent
of the total moisture content of the atmosphere are within 18,000 feet
of the surface.

¢. Although it is conceivable that the atmosphere may extend up-
ward about 20,000 miles, little is known of that part above 150 miles
(about 800,000 feet). Below 150 miles, however, scientists have been
able to find out enough about the atmosphere to divide it into various
well-defined layers.

15. Stratification.—a. It will be seen from figure 2 that the air
temperature normally decreases with elevation up to about 36.000
feet and then remains more or less constant. The rate of decrease
in temperature along the vertical is called the lapse rate. The lower
part of the atmosphere, which normally is characterized by a rela-
tively large lapse rate (rate of temperature decrease with altitude
being greater in this part), is called the ¢roposphere. The upper part
of the atmosphere, which is characterized by an almost constant tem-
perature along the vertical, is called the strafosphere. The transi-
tional layer separating the stratosphere from the troposphere is called
the tropopause. The height of the tropopause above the earth’s sur-
face varies considerably with latitude and season. Figure 3 shows

16




ELEMENTARY PHYSICS FOR AIR CREW TRAINEES 15

the normal height of the tropopause and the mean distribution of
temperature in the lower atmosphere. - It is interesting to note that
on the whole the temperature of the stratosphere decreases from the
North Pole to the Equator.

b. Observations in the lower atmosphere are made by an instrument
called a radio meteorograph or radio-sonde. It is a very light,
small instrument consisting of pressure, temperature, and humidity
measuring instruments rolled into one. The instrument includes a
minute radio sender which transmits to the ground radio signals
indicating the values of pressure, temperature, and humidity. These
instruments are carried by balloons which normally attain altitudes
of 40,000 feet before they burst. Occasionally such balloons have
reached altitudes exceeding 100,000 feet. From these observations
and from recent studies of radiation, meteors, aurora borealis, the
propagation of sound and radio waves, etc., it is possible to draw
conclusions as to the structure of the upper atmosphere. Present
knowledge of the stratification of the atmosphere may be summarized
briefly as follows:

(1) In the troposphere the temperature normally decreases with
altitude at a rate of approximately 2.0° C. per thousand feet. The
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Figuan 2 —Mean annual temperature in troposphere and lower stratosphere, (Note that
stratosphere 1s warmer at Pole than at Equator.)

troposphere is relatively unstable; vertical currents occur frequently,
Jeading to condensation, the formation of clouds, and precipitation.
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15 ARMY AIR FORCES

All ordinary weather phenomena develop within the troposphere,
particularly in its lower half.

(2) At the tropopause the temperature stops decreasing with alti-
tude. From this level, the temperature remains constant or increases
along the vertical as far as meteorograph instruments have reached.

(3) Above the tropopause lies a layer particularly rich in ozone (see
fig. 3). Ozone is an allotropic form of oxygen hfwmg 3 atoms in its
molecule (O;) instead of the usual 2 (O,). The ozone absorbs from 5
to 7 percent of the total incoming solar energy but radiates only a small
amount, which in part at least may account for the higher temperature
encountered in the upper atmosphere. Although the stratosphere is
usually cloudless, a special type of cloud (mother-of-pearl) is occasion-
ally observed within the ozone layer. The space between the tropo-
pause and ozone layer (see fig. 3) is always cloudless and in addition
there are no vertical currents (rough air) here; therefore the lower
stratosphere offers the nearest approach to ideal flying conditions.

(4) Statistical investigations show that meteors disappear most
frequently either at about 260,000 feet (80 km), or at about 130,000
feet (40 km) above the earth’s surface. This fact as well as the
results of the propagation of sound waves seems to indicate that there
is a layer of air between 130,000 and 260,000 feet which is extremely
warm, perhaps 120° to 130° F. (60° to 70° C.).

(5) At about 200,000 feet (60 km), there is a layer that tends to
absorb radio waves. This layer is created through the action of the
sun’s rays; and, as a result, the range of radio stations, pmnculally
that of shor t~wave stations, is greater by night than by day.

(6) Above the level of about 260,000 feet (80 km) is the so-called
ionosphere. The ionosphere derives its name from the increase in
number of free ions existing within it. In its lower portion are the
extremely rare noctilucent clouds. The ionosphere is also char-
acterized by several electrically conducting layers of which the Ken-
nelly-Heaviside layer (E layer) is the most important. This layer
reflects radio waves back to the earth’s surface and thus accounts for
the long range of radio stations.

(7) The Aurora Borealis and kindred phenomena are most fre-
quently observed within the lower part of the ionosphere. Recent
measurements by Stormer have shown that auroras may occur even as
high as 4,000,000 feet (about 758 miles or 1,220 kilometers) above the
earth’s surface. This shows that atmospheric matter is present in
measurable amounts at great altitudes.

18




ELEMENTARY PHYSICS FOR AIR CREW TRAINEES 16

16. Function.—a. Perhaps the most important function of the
atmosphere lies in the dependence of animal and plant life upon air.
Without oxygen there could be no animal life and without carbon
dioxide plants could not exist.

.b. The atmosphere, however, serves many purposes other than sus-
taining animal and plant life.

1 1140
AURORA
\ BOREALIS
KENNELLY - HEAVISIDE LAYER T120
5 COELREECEERE LT T EE R L LR T L e
5 (RADIO WAVE REFLECTION)
I
n
“n
o
2 + 100
o
NOCTILUCENT — T D
1[_ CLOUDS
_j ‘ / T80
24+ HIGHER METEORS
lLego?
RADIO WAVE ABSORBING LAYER 4
W LR LR e e e e e i e e et eepeeenee E
L
w (DAY) A
I 2
i
g ;
- <.~ LOWER METEORS T40 %
& 9
!;) ceoo MOTHER-OF-PEARL CLOUDS o o ‘2
| OZONE  LAYER )
| 20 l‘i
E >
oPOPP‘US L
-
[}
TROPOSPHERE
&> > 99 == \mr]o
NORTH POLE EQUATOR

Ficure 3.—3Structure of atmosphere,
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(1) Tt serves as a blanket; that is, it keeps some of the ultraviolet
radiation out, and yet keeps heat in. Air is a very poor conductor of
heat, conducting it only about one-third as well as asbestos. It thus
makes a good heat-insulating material, especially if it is not allowed to
circulate. It is very transparent to the sun’s radiation, and conse-
quently is warmed but little by sunlight passing through it. Rather,
most of its heat is received from contact with the warm earth and by
absorption of the long-wave radiation of the earth (particularly by the
water vapor in the atmosphere).

(2) Circulation in the atmosphere serves to transport moisture from
lakes and oceans to land areas and precipitation of this moisture
makes for good farm lands. Circulation likewise transports seeds,
causing a widespread plant growth over large areas.

(3) Differential heating over the earth’s surface causes energy con-
trasts in the atmosphere which result in movement of air, or winds.
Efforts of the atmosphere to supply movement of air in an attempt to
erase these energy contrasts and bring about equilibrium give rise to
inclement weather. -

(4) The atmosphere also functions as a medium of travel. It
s%gt-a.ins the flight of birds and airplanes.

QUESTIONS

1. What is the atmosphere?

9. What evidence is there that the atmosphere is a mixture of gases
and not a compound ?

3. What four gases constitute about 99.99 percent of dry and pure
air and what are their relative amounts?

4. What are the two important variables that exist in the
atmosphere?

5. What is haze and why is it a flying hazard ?

6. What are the main sources of dust particles in the atmosphere?

7. Why is it that salt particles are found in the atmosphere?

8. What relationship in the atmosphere exists between water vapor
and dust particles? .

9. What are two other functions of dust particles in the atmosphere?

10. Define pressure.

11. What causes atmospheric pressure?

12. At the earth’s surface, what is the atmospheric pressure under
normal conditions? Give your answer in three different units of
measure,
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18. Define density, and give values for the density of air near the
earth’s surface.

14. How do density and pressure vary with an increase in elevation? -

15. What is the theoretical upper limit of the atmosphere? Explain.

16. Up to about what altitude is the weather important as far as
flying is concerned ¢

17. How does the temperature vary with elevation in the tropo-
sphere? In the stratosphere?

18. How are upper air observations made? :

19. Obgervations and measurements of the Aurora Borealis have
shown that atmospheric matter in measurable amounts may be found
as high as what altitude?

90. What is the most important function of the atmosphere? What
two constituents of the atmosphere are concerned with this vital
function ?

91, Name four other functions of the atmosphere,

Secrion IV
VECTORS AND BALANCED FORCES
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17. Scalar and vector quantities.—a. A large number of the
quantities with which physics deals are of such a nature that they are
called vector quantities. This means that in order to be completely
defined, both a direction and a magnitude must be specified. For in-
stance, we may say that an airplane is moving at a rate of 300 miles
per hour, but we really do not know all about its motion until we
specify the direction in which it is flying. The “300 miles per hour”
is the speed, but in order to determine the velocity we must say that
it is moving 800 miles per hour north-northeast, as an example.
Velocity is a vector quantity, but speed is a scalar quantity. Scalars
are another group of physical quantities distinguishable from vectors
because no direction may be ascribed to them. Vectors, then, ave
quantities which have direction as well as magnitude. Examples
are force, acceleration, velocity, and momentum. Scalars are quanti-
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17-18 ARMY AIR FORCES

ties which can be specified by magnitude only. Examples are tempera-
ture, energy, volume, mass, time, and power.

b. For convenience in graphical caleulations with vector quant;tles,
a system is used whereby an arrow known as a vector is drawn on a
graph. The magnitude of the quantity is indicated by the length of
the arrow and it is drawn pointing in the direction of the quantity.
The point in space where the quantity applies may also be mdlcated by
beginning the arrow at the point of application,

Fzample: An airplane is passing over Chicago at 300 miles per hour
going north-northeast. Show its velocity vectorially using a scale of
14 inch equals 50 miles per hour. (See fig. 4.)

/Vo"z‘.é

North-north-east

//Var//& egst

C hu:'a?yo -
Vector V //2 “fong
PG NNE

Figure 4, —Velocity of airplane as vector.

18. Addition of vectors.—A special set of rules is required for
the addition of vectors.

a. Parallelogram law.—The parallelogram law is the fundamental
principle on which the addition of vectors is based. The law states
that the resultant of two vectors is represented in direction and in
magnitude by the diagonal of a parallelogram whose sides represent.
the magnitudes and directions of the two vectors.
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Jy

(a) ‘)

Ficure §,—Addition of vectors,

In figure 5, let ¥, and ¥, represent two vectors. The resultant of V,
and V, is the vector sum of the two vectors. If ¥, and V. are drawn
from a common point O and the parallelogram completed, then £ (the
diagonal drawn from point O) is the vector sum of 7, and V..

b. T'riangle law.—(1) The same resultant could have been found by
drawing a triangle with V; and ¥, as two sides, in which case £ would
be the missing or closing side. In drawing the triangle, lay off V,
from any point O and from the end of V,, draw V,. The arrows of
V, and ¥V, must point in a continuous general direction, that is, starting
at the initial point O of V; the arrows lead to the end of 7,. Note that
V, could have been drawn from point O and ¥V, from the end of V,
with the same result. The order in which the vectors are laid off does
not affect the result.

Iz
v
'Jv 2//
= 2=
o /fx
Jy = \11:
o
4
(a) (6)

Frauvre 6.—Triangle addition of vectors.

In figure 6(a) are shown two vectors; their sum, &, is found graphi-
cally in figure 6(b). Note that the arrows ¥, and V, both lead away
from O, and that R starts at O and ends at 2, the same point where V,
ends. Thus it is seen that 2 is simply the third or closing side of a
triangle whose other sides are ¥, and V.,

(2) The correctness of this law can be easily understood by the
following line of reasoning: suppose ¥V, and V, represent the two
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tracks flown by an airplane on a flight. Starting at O, the pilot flew
to A and thence from A to B. However, he could have achieved the
same final position or landing point by flying straight from O to B.
Thus £ is seen to be the effective sum of 7; and V..

¢. Polygon law.—(1) The triangle law may be extended to form the
polygon law which states that the sum of several vectors is the vector
required to close the polygon partially formed by laying off the several
vectors successively in a continuous manner.

F1eure 7.—Addition of vectors by polygon method.

(2) Figure 7(a) shows four vectors; V., ¥, V,, and V,. In figure
T(b), ¥, and V, are added to find £;, which may replace ¥, and V..
Then ¥, is added to 2, (or actually to ¥, and V., since R, is simply
the sum of these vectors) to obtain %2, which is the sum of V,, 7, and
V,. IfV,isadded to R, the closing distance & is the sum of all four
vectors. Note that the arrows of V,, V., V; and ¥, are continuous, but
that the arrow for R is not. For a plane flight of four legs, V,, V.,
Vg, Vi R is simply the distance from the starting point to the final
landing point. i

19. Components of vectors.—It is often convenient to replace a
vector by two or more other vectors. This is just the reverse of adding
two vectors. Graphically, the only rule required is that the vector
sum of the several substitute vectors must be the original vector.
Though vectors in any direction may be used, the only case of much
importance is where the original vector is replaced by two vectors at
right angles to each other. These new vectors are called the rectangu-
lar components of the original vector. These components are generally
taken in the # and # directions. Figure 8(a) shows a vector V; to be
broken up into its @ and » components which are ¥V, and V.

a. Graphical method.—The breaking up of a vector into its com-
ponents is accomplished by drawing the »# and y axes through the
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(5)

MGure 8,—Resolution (breaking up) of vector into components,

(a)

beginning O of the vector and dropping perpendiculars from the end
of the vector to both the 2 and % axes. The lengths cut off by these
perpendiculars are the magnitudes of ¥V, and V,. The direction of
these vectors is known ; they must point away from O, the same as did
the vector V. It should be noted that if ¥, and ¥, are added by the
parallelogram law the resultant is V. This shows that breaking a
vector into components is simply the reverse of adding two perpen-
dicular vectors. In figure 8 (b) the vector is broken into ¥V, and ¥,
in the same manner, but since ¥, points to the left and ¥, points down-
ward, they are negative or minus vectors. The rule for signs is simply
that V, is positive if it points to the right and negative if it points
to the left; and that V, is positive if it points up and negative if it
points down. It should be obvious that a vector has no component in
a direction at right angles to itself.

b. Mathematical or trigonometrical method.—(1) It is often con-
venient to find the components of a vector or the sides of a triangle
mathematically instead of graphically. This is done easily by the use
of trigonometry. A simple explanation of the most elementary con-
cepts will be given in order to explain the solution of right triangles
by trigonometrical methods.
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(2) Inthe right triangles ABC and ADE in figure 9, let Q represent
the angle BAC between the base and the hypotenuse. Since triangles
ABC and ADE are similar,

AB AD
| A0 AR
Thus, the ratio of base to hypotenuse does not depend upon the size
of the triangle but only upon the size of thesacute angle ¢. Similarly,
BC DE BC DE
AB—4E ™ 10~ 4F
and it is evident that the ratio of any two corresponding sides is the
same in both triangles even though the triangles themselves are of
different sizes,

(3) Since the ratio of the sides of the right triangle depend only
upon the size of the base angle, @, it is possible to name the ratios and
tabulate them for convenient use. The names of ratios are given in
¢. below.

. Names of triangle ratios—(1) For a triangle lettered as in figure
10 the ratios (often called functions) of the sides are given names as
follows:

a=gpposite side

b= adjacent side  ©

FicUrE 10.—Ratios of the sides of a triangle.
Gl _ ; :
o Sine of @, abbreviated sin ¢

l ! :
7;=('.{)SI ne of ¢, abbreviated cos @

—z =tangent of @, abbreviated tan @

Z: =cotangent of ¢), abbreviated cot @
@

-;I secant of ¢, abbreviated sec @

.

2=cosecant of @, abbreviated scs @

(2) In solving problems with these ratios as defined in figure 10, Q
should be chosen and written on the figure, the side opposite @ should
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be called @, the other leg b, and the hypotenuse ¢. 1In other words, in
the case of the triangle shown in figure 10, these ratios should be
written as follows:

side opposite a

sin @ = =

hypotenuse ¢
side adjacent b

hypotenuse ¢

cos Q=

side opposite _a

tan @ =— : =
¢ side adjacent b
. _side adjacent &

cot =——— R
side opposite @
hypotenuse ¢
gec Q=S POSRISE 2
side adjacent b
hypotenuse ¢
cse Q=—-”-I- e

side opposite a
With the definitions thus stated, any letters may be used and the
triangle may be in any position.

d. Solution of right triangles using ratios—The solution of a right
triangle using these ratios is quite simple. Tables are available
which give the values of all the ratios—sin, cos, tan, cot, sec, and esc—
though in some tables sec and csc are not given. However, secant is
simply the reciprocal of cosine and cosecant the reciprocal of sine.
Consequently, multiplying by secant is the same as dividing by cosine;
hence, the cosine table can be used in place of a table of secants. Ina
similar way the sine table can be used in the case of cosecants.

(1) Ezample 1—If the hypotenuse of a right triangle and the
angle @ are known, sides ¢ and & are easily found since—

5 3 (1 .
sin @= Zora=c-sin @
and

gl
cos J= Zorb=c-¢os Q.
7

Problem: The hypotenuse of a right triangle, ¢, is 200 feet and the
angle ¢ is 30°. Find sides ¢ and b.
Solution: From a table of sines and cosines it is found that sin
80°=0.60000 and cos 30°=0,86603, Therefore—
a=c¢ - sin ¢=200(0.50000) =100.00 feet
b=c-cos @=200(0.86603) =173.21 feet.
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(2) Ezample 2—If the angle ¢ and the side @ are known, sides I
b and ¢ are easily found since—
b
cot Q———Eor b=a-cot @
and

¢
ese @ =_0r ¢=g"csc Q

If a table of cosecants is not available, then—
: @ a
sin Q_Z' or e=— )
Problem: Assume a to be 100.00 feet and ¢/ to be 30°. Find b and e.
Solution: From the table, cot 30°=1.73205 and sin 30°=0,50000 as
before.
Then

b=a-cot =100 (1.73.205) =173.21 feet
and |
a OO, I
—_—— e T k) "pe
o= 0~ 50000 200,00 feet. |
(3) Fazample 3—If @ and the side b are known, sides @ and ¢ are

easily found, since—

f

tan Q= fm‘ a="b - tan @ ‘
and
sec @@= -E-ul- ¢= b -sec @ ‘
1f no table of secants is available—
b b
(_) = — v —_——
SR = (e Q |"

Problem: Assuming b to be the known side, find « and e.
Solution: From the table, tan 30°=.57785 and cos 30°=.86603.

Hence— |
a=btan 30°=173.21 (.57735)=100.00 feet |
and
30% ©.173:21
C‘—m—:sébbg—QO0.0U feet.
(4) Ewample 5—If any two sides are known, the angle @ can easily N'
be found since—
sin Q=% cos Q=§ and
pRTIEL O =
tan @ 5 cot ¢ =
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Problem.: Assume ¢=200, a=100 Find .
sin =2 =0.5
975 zut} g
Solution: From a table of sines it is found that 30° is the angle
which has a sine equal to 0.5000.
(5) Ewaample 5—If the direction of one component of a vector is
known, its value and that of the other component can easily be found
by the use of trigonometry.

7&6) Vi

_f==~1532/ ]

I J:.- /53221

(a)

%=128.56

Flavre 11,—Components of a vector.

Problem 1: In figure 11(a) the vector has a magnitude of 200 pounds
and makes an angle of 40° with the » axis. Find the values of the
components.

Solution:

F,=F- cos 40°=200 (.76604) =153.21 pounds
and
F,=F- sin 40°=200 (.64279) =128.56 pounds.

Problem 2 and solution: In figure 11(b) the vector has the same
magnitude but a different direction. The only difference in the com-
punenh of the vectors in figures 11(a) and 11(b) are the signs, those
in figure 11(b) being negative or minus.

20. Calculations with vectors.—A special set of rules is required
when caleulating with vectors, and some of these operations are
described below.

a. Addition—The addition of two or more vectors can be accom-
plished by first breaking each down into its 2 and y components. The
sum of the vectors will be a new vector, called the resultant, whose
@ component will bé the algebraic sum of the # components of the
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original vectors and whose 7 component will be the algebraic sum of
their individual % components. The resultant of several vectors is
defined as a single vector which has the same effect as all of the
others working together and is the vector sum of all these vectors.

b. Ewample: Add the vectors 4, B, and € shown on the graph in
figure 12 into a resultant vector M.

A =4
Bi= A+ B, +Co=M,=3
C,=—3

Ai=1

b ..r:: —5 :l_r," B,u';' C-!‘,J.:J[y‘__ =5

Fiaure 12,—Addition of vectors by addition of components,

(1) The resultant of the three vectors is obtained by the Pythago-
rean theorem* and is—

M=+/M?+M}2=+/32F5*=+/0125=+/34=5.831
(2) The angle between the resultant # and the z-axis is the angle
M, —5

.M 3=—1.(3666? and is found from the table to

whose tangent is
be 59° (02,

(8) The vector must he drawn so that it is to the right of the y-axis
and below the #-axis, since the y component, M,, was negative.

21. Forces and their balance.—a. Everyone is familiar with
forces and has some idea as to their effects. If a man’s muscles are
required to exert forces for a long period of time, he will become
fatigued. If a compressional force is exerted on a spiral spring, it

*The name applied to the theorem that, in a right triangle the square of the hypotenuse
is equal to the sum of the squares of the other two sides,
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will shorten; and the greater the force, the greater the compression.
Force could probably be well described as the intensity of “push” or
“pull” exerted between one body and another.

b. Physically, force is defined by its effect upon the motion of
bodies. A complete discussion of force is given in the section on ac-
celerated motion. For balanced forces (forces in equilibrium) the
simple concept of force as “push” or “pull” suffices. The most common
example of force is weight. The unit of force in the metric system is
the dyne. The dyne may be taken as 14g, of the weight of a gram
mass. In the British system, the unit of force is the pound weight.

c. As stated before, force is a vector quantity. When one speaks
of a thousand dynes of force acting upon an object, one cannot know
its effect unless the direction is known in which the force acts. If
several forces act upon the body, the rules of vector calculation must
be used in order to determine the result. As far as the motion of the
body is concerned, the result of these several forces will be the same
as though only one force were acting. This effective force will be
the vector sum of all the forces acting and will be called the resultant
force.

Ezample—Two forces are applied to a body, each of 100 dynes, one
toward the north and one toward the east. What will be the resultant
force on the body? See figure 13 for the graphical solution.

AMORTH

too 1bs. EAST
F16URE 13.—Graphical addition of forces.

d. If the vector sum of all the concurrent forces (that is, forces
acting at the same time) acting on a body is zero, the body is said to
be in equilibrium, for there will be no tendency for acceleration in any
direction. This equilibrium condition is merely a balance between all
of the forces so that there is a general cancelation by oppositely di-
rected forces. Suppose that several forces act on a body and that it
is desired to place the hody in equilibrium. This may always be done
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by applying an additional force of the correct direction and magnitude
to cause general cancelation, so that the final vector sum will be zero.
This additional force necessary for equilibrium is called the equili-
brant. It will always be equal in magnitude to, but opposite in direc-
tion from, the resultant of all the other forces acting.

¢. Mathematically, the criterion for equilibrium of several forces
is that the algebraic sum of their @ components must equal zero and
the algebraic sum of their  components must equal zero. Likewise,
the # and y components of the equilibrant of several unbalanced forces
must be the negative of the # and y components respectively of their
resultant.

(1) Ezample 1.—Show in two ways that the forces in ficure 14(a)
are in equilibrium.

(a) Graphical solution (fig. 14) —The three vectors form a triangle
and are therefore balanced.

~ |

fail

(4) 2 »

Ficure 14, —Three vectors and their graphical addition.

(b) Mathematical solution.

Ap= Ay=4
B,=2 B,=—5
Co=—6 c,=1
A, +B.+0,=4+2—6=0 -
Ay+B,+C,=4—5+1=0
32
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Since the sum of both @ and y components are zero, the forces are in
equilibrium,

(2) Ezample 2—Find in two ways the equilibrant of the forces
shown in figure 15(a), whose components are :

A .r=2 [f_.,zz' 0'3..21
AL B 0,=—4
o -
Y iy
g O, \
I_ =1 \_‘E_;; i
pe;
@ {6\ e
4 -l (4] '-‘.4::@\

Ficure 15.—Forces and their equilibrant,

(a) (*?‘apis?m? solution.—In figure 15(b) the vectors 4, B, €, are
laid off in succession to scale according to the polygon law. The
equivalent vector X must extend from the end of € to the starting
point O as shown.

(b) Mathematical solution.

Eet+Ad,+B;+0,=0,0or E,+2+84+1=0. E,——86.
Ey+A,+B,+0,=0,or E,+2—1—4=0

E=E>+ E*~=~/36+9=+/45=6.71 Ibs.
The angle @ between X and the » axis is found as follows:

3

Tan Q=% —0.5000 Q—=26°34"

fz;
(8) Ezample 3.—An an'p]une pilot wishes to fly straight north.
A wind is blowing from the east at 50 miles per hour and the cruising
speed of the plane is 200 miles per honr. What course must he fly
in order that his track be straight north, and what is his northward
ground speed ¢
Nore—The track (direction) and ground speed form a velocity vector which
is the vector sum of the air speed and the wind veloeity. The alrplane moves
in the air, but the air moves over the ground so that the airplane’s actual velocity
relative to the ground is the vector sum of the air speed and wind veloeity.
(@) Graphical solution.
1. Graphically the problem is solved if the resultant of air
speed and wind speed has a north component but no east
or west component.

560696°—43—8 33
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N

o)

Ground speed scales 194 mph.

|

|

JO !
] c

Ficure 16.—Correction for erosswind in airplane flight.

E

2. This is done in figure 16 by intersecting a line B located 50
miles per hour to scale on the east side of the north axis
OA with an are drawn with a radius of 200 miles per hour
to scale from point @, the origin of the air speed. ‘This
makes the air-speed vector 08 equal 200 miles per hour and
the wind vector 428 equal 50 miles per hour. The resultant
OA, which scales 194 miles per hour, is obviously straight
north.

() Mathematical solution.—The & axis is taken as east and the Y
axis as north. The 2 component of the true ground velocity must be
zero, so the angle @ between the air speed OB and north OA4 must be
such that:

sin @ =j:—%= 0.2500. @ = 14°29’
Then
0OA=200 cos Q=200 (0.96822)=193.6 miles per hour

(4) Ezample ;—On a certain airplane weighing 2,500 pounds, the
total air reaction in level flight at a certain uniform speed makes an
angle of 10° to the vertical. Find the lift (vertical lifting force),
the thrust of the propeller, and the total air reaction.

(a) Graphical solution—Since the airplane is in level flight at
uniform speed there is no acceleration in any direction. Therefore
the vector sum of all forces acting on the airplane must be zero. Draw
line AC, (fig. 17) to scale to represent the force of gravity, that is,
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E

Craef 8

10"

LIFT

b ¢ AIR
REACTION

Bt JA
THRUST

WEIGHT
2,500 L8

(]
Fioure 17.—Forces acting on airplane in flight,

the weight of the airplane. Next draw line AC vertically upward
and of the same length as AC,. AC is the lift since the force of
gravity must be balanced by an equal force in the opposite direction,
Now draw line A%, 10° to the right of vector 4. AZ shows the
direction of the air reaction. Resolve A% into its components. One
component AC is already drawn to scale. Therefore from point €
draw a horizontal line €'B perpendicular to line AC. This line inter-
sects AL at B. Vector AB is the total air reaction on the airplane
and vector ('R is the rearward component of the air reaction. This
tendency of the air reaction to push the plane backwards must be
balanced by an equal force, A5, in the opposite direction. Therefore
AB, is the thrust exerted by the propeller.
(6) Mathematical solution—Referring to figure 17—
Lift b=weight AC
=2,500 lbs
Air reaction ¢=0 sec 10°
=2.500 lbs X1
0.983
=2,548 lbs
Thrust ¢,=a=>5 tan 10°
=2.500 1bs X 0.176
=540 lbs
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22. Moments and the lever.—a. General—In the previous discus-
sion of equilibrium it was assumed that all the forces met at a point,
or, in mathematical language, were “concurrent.” If forces are not
concurrent, they may not be in equilibrium even though their vector
sum is zero, as shown in figure 18(b). A vector sum of zero means
that there is no resultant force tending to translate the body, that is,
to move it from one point to another. However, a body may rotate
even though it is not translated. Consider a grindstone, figure 18(a). |
A force P applied to the crank can make the grindstone rotate but it

:
L

(6)

F16uRe 18,—IForces acting on a grindstone.
will not move in space, since the vector sum of the forces acting is
zero. But the grindstone is not in equilibrium because it rotates.
This brings us to a new concept of force action called moment. The
moment of a force is its tendency to cause rotation. It is the product
of two things: the magnitude of the force and the perpendicular
distance between the line of action of the force and the axis of rota-
tion. It is thus a product of two units; force and length, and in the
English system is expressed in foot-pounds if the force is in pounds

—20163. / S e NS REERE b 1
' [ Ii
/ | L

- (¢) _
£ -8
ol < 531 T
Hl \/?":_l l -
/"‘” g \ o I al
O

Ficure 19.—Moments of force.
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ELEMENTARY PHYSICS FOR AIR CREW TRAINEES 22

and the distance in feet. If the force was in dynes and the distance
in centimeters, the moment would be in dyne-centimeters.

Figure 19 shows three 50-pound forces. In figure 19(a), the moment
about point O is obviously 50X10 or 500 inch-pounds. In figure
19(b) and (c), the line of action of the forces had to be extended to
get the perpendicular distance between the line of action of the force
and the moment center. This must always be done as the distance
(moment arm) must be the perpendicular distance from the moment
center to the line of action of the force. Moments which tend to
produce clockwise rotation will be considered positive and those that
tend to cause counterclockwise rotation negative.

b. The lever—The lever is a rigid bar arranged to rotate about a
point called the fulerum. There are three classes of levers, depend-
ing upon the relative location of the resistance, the fulcrum, and the
effort. These are shown in figure 20.

w a

_i

& F
®)

b
W
Pt_a

Ll

(c)

Fiaure 20.—Three classes of levers.

In figure 20, p represents the applied force or effort, w the resisting
force, and Z the pivot or fulerum. The law of the lever for equi-
librium may be stated as a formula:
P-a=W:-b-

This formula simply states that the moment of the effort about the
moment center or fulcrum must be equal to that of the resistance
about the same point for equilibrium to exist.

e. Equilibrium of parallel forces—(1) Parallel forces which are
concurrent will be in equilibrium if their vector sum is zero, Since
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the forces are all parallel, simple algebraic addition (paying attention
to direction) will give the vector sum. If parallel forces do not all
act at a common point, or are noncurrent, two conditions fmust be
satisfied for equilibrium to exist.

(@) The vector or algebraic sum of the forces must be zero to
prevent translation,

() The sum of the moments of all the forces about any point must
be zero to prevent rotation about that point.

<
8
[ e e 10 —.l
Y
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Ficurr 21.—Equilibritun of parallel forces,

(2) The forces in figure 21 are in equilibrium. The vector sum
of the three forces acting is zero, since there are 100 pounds acting
downward and 100 pounds acting upward. The second condition of
equilibrium may be tested in several ways. Take the sum of the
moments about point 4. The force at A has no moment about A4
because there is no perpendicular distance between the force and the
point. The other forces give:

(100X6) — (60x10)=0
Now take moments about B.
(40X 6) — (60X4)=0
Now take moments about 2, a point off the actual rod and 10 feet
from C.
(40X 20) — (100x 14) + (60X 10) =0
It is thus seen that if the sum of the moments of the three forces
about one point is zero it will be zero about any other point. There-
fore any point can be selected as the moment center in checking to
see if the sum of the moments about any point is zero.

PROBLEMS

1. The wind resistance of a human body falling through the air
may be approximately expressed as £=.01V% This resistance is in
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pounds of force resisting the motion downward and ¥ is in miles per
hour. After falling for a short time, the body attains a constant
velocity. What will be this velocity for a man weighing 144 pounds?

2. Four different forces act on a body: one of 3 pounds from the
north, one of 2 pounds from the east, one of 10 pounds from the west,
and one of 1 pound from the south. Find graphically the resultant
of these forces by addition, using two different sequences of the indi-
vidual additions. Show that these results are the same and that
they coincide with the result of mathematical ealculation.

3. Displacement is a vector quantity, as are force and velocity.
A hiker found that he was lost. He could remember that he had
made his hike in three parts but could not remember the order in which
they were made. One part was a walk northwest for 3 minutes, one
due north for 20 minutes, and one southeast for an hour. If he always
walked at the same speed, which way and for how long should he walk
to get to his starting point? Hint: The walk home would be an addi-
tional vector which would cause the resultant displacement to be zero.

4. Find the resultants and the equilibrants of the following sets of
forces. All directions are in degrees clockwise from the y (north)
axis:

a. 0° 10 pounds ¢. 850° 5,000 pounds

100° 40 pounds 120° 5,000 pounds
6. 10° 1,000 dynes 240° 5,000 pounds
50° 750 dynes d. 10° 1,000 pounds
270° 900 dynes 100° 1,000 pounds
180° 500 dynes 235° 1,414 pounds

5. A 500-pound weight hangs from a support as shown in figure 22.
What is the tension in the horizontal rope and the compressional force
in the beam?

B SNSRI SN

Figure 22.—Suspension of weight from equilibrium of forces,
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6. A 500-pound weight hangs from a support as shown in figure 23.
What is the tension in the upper rope and the compressional force
in the beam?

SRS

AN
[
3

Fioure 23.—Suspension of weight by horizontal beam,

7. When a certain 2,500-pound airplane is grounded, its tail skid is
25 feet (horizontally) behind the front wheels and the center of gravity
of the plane is 2 feet behind the wheels. How much load is supported
by the wheels A4 and by the skid B in figure 247 Hint: As an axis,
take the line which joins the two points at which the wheels touch the
ground.

Secrion V

KINETICS
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23. Laws of motion.—a. General.—Kinetics is the study of bodies
in motion and deals with the effects of unbalanced forces on the motion
of a body. The change in the state of motion of a body depends both
upon the properties of the body and also upon the characteristics of
the resultant of the force system acting on it. The relation between
the forces acting on the body, the properties of the body, and the
resulting change of motion were first clearly understood and expressed
by Sir Isaac Newton. He formulated three general statements which
are now accepted as the three laws of motion.
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F1gueE 24.—Equilibrinm of moments of a grounded airplane.

b. Newton’s first law of motion—(1) Newton’s first law of motion
is: If no force acts on a body it remains at rest or continues to move
with uniform velocity in a straight line. That a body at rest remained
at rest unless some force acted upon it had been known and accepted
as fact long before Newton’s time. But that a body in motion would
continue to move with a uniform velocity in a straight line unless
acted upon by some forece was not understood or believed. Prior to
Newton’s time it had been assumed that a body free from the action
of external forces would eventually come to rest. This belief was
apparently confirmed by the fact that actual moving bodies always
did come to rest if some force did not continue to act upon them. How-
ever, bodies which apparently were moving with no forees acting upon
them were in actuality being acted nupon by some force, generally fric-
tion, which caused them to eventually come to rest. As a matter of
fact the body came to rest simply because some force did act upon it.
The first law of motion simply states that force is required to change
the existing state of motion of a body. An airplane flying straight
and level and at a constant speed is in equilibrium because all forces
acting on it are in balance,

(2) This law implies a new definition of force. This definition
may be stated as follows: Force is whatever changes or tends to
change the motion of a body. It may also be stated: Force is the
cause of acceleration, or change in velocity.

¢. Second law of motion—(1) Newton’s second law of motion is:
If an unbalanced force acts upon a body, the body is given an accel-
eration in the direction of the force and the magnitude of the ac-
celeration is directly proportional to the magnitude of the force and
tnwersely proportional to the mass of the body. This may be ex-
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pressed as a simple mathematical formula if the units for force, mass,
and acceleration are properly chosen.
J
g=:- or f=ma
where @ is the acceleration imparted, f the force acting, and m the
mass of the body. The proper units to make this formula valid will
be discussed in (2) below.

(2) The second law of motion is very important but it is stated so
briefly that often some of the things implied in it escape notice.
The law simply states that an unbalanced force acting on a body
causes an acceleration in the direction of the force, without any refer-
ence to whether the body was at rest or already in motion when the
force was applied. Hence the effect of a force acting on a body is
the same whether the body is at rest or already in motion. The
force simply produces a change in the state of motion of the body.
If the body is at rest, the unbalanced force starts it in motion. If
it is already in motion and the force acts in the same direction as the
motion, the velocity of the body is increased. If the resultant force
acts opposite to the existing motion, the body is slowed down. If
the force continues to act, it will eventually reverse the direction of
motion. Thus a ball thrown vertically upward is immediately sub-
jected to the force of gravity which slows it down until finally it
comes to rest and then starts downward.

(3) The law states how a force will effect the motion of a body
but makes no reference to whether other forces may be acting on the
body or not. Hence it is concluded that each force produces its own
effect independently of the simultaneous action of other forces. This
means that the actual acceleration of a body is the vector sum of the
accelerations produced by each of the forces.

d. Metrie wnits—When the metric system of units is used, the
mass is in grams, the acceleration in centimeters per second per
second, and the force in dynes. The dyne is the force required to
give a mass of one gram an acceleration of one centimeter per second
per second. If both m and @ are taken as unity in the formula
f=ma, then f=1X1=1 and f=1 dyne. If a gram mass is dropped
in a vacuum the force of gravity produces an acceleration of about
980 centimeters per second per second (abbreviated cm/sec.?). There-
fore, f=ma gives f=1x980=980 dynes. Consequently the weight
(downward force) exerted by 1 gram of mass is about 980 dynes.
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e. British engineering system.—(1) It was previously stated (par.
85 (3)) that the British engineering system has no commonly used,
well-known unit of mass and that weight (in pounds) is used as the
fundamental unit. Let weight (w) be the force with which gravity
acts on mass m, and let ¢ represent the acceleration due to gravity.
According to Newton’s second law of motion

f=ma
Substituting  in pounds for f and g for a, the formula becomes
w in pounds=mg

If a body is dropped in a vacuum the acceleration produced by
gravity in British units is 32.2 ft/sec.®.

Therefore
w in pounds=m-32.2 ft/sec.2.
or
w 1n pounds
o e e
g
or
w in pounds
M= B

32.2 ft,
The 7. in this expression is the unit of mass in the British engineering
system. As previously stated, the unit has no name.*

(2) The last equation is not exact because the acceleration of a
falling body is not a true constant but varies with altitude. However,
¢ is generally taken at 32.2 feet per second per second, and this value
is sufficiently correct for most practical problems. The formula for
mass and weight in British units enables the formula

f=ma
for Newton’s second law of motion to be rewritten
f=w-a
g
where / is force in pounds, w is weight in pounds, ¢ is acceleration

*The “slug” is sometimes used as a unit of mass. One slug is equal to 1 pound weight
multiplied by the acceleration due to gravity, that iIs, a weight of 32.2 pounds has a mass
of 1 slug, The slug is not used as a unit in this manunal.

The “poundal” is osed in what is known as the “English" system as a unit of foree
and the pound as a unit of mass. Where these units are used 1 pound mass weighs 32.2
poundals. This system is confusing and conflicts with the British engineering system
which uses the pound as a unit of force and of weight, not of mass. It is, therefore,
best that the student avoid the use of any supplementary texts that use the poundal as
a unit of force and the pound as a unit of mass. The distinetion between mass and
weight js not important in the ground covered by this manual except in the formulas
for motion. j

43




23-24 ARMY AIR FORCES

due to gravity (82.2 ft./sec.?), and a is acceleration in feet per second
per second. :

(3) In this manual, force will be expressed in pounds and mass as
weight divided by ¢ or w/g. It is thus seen that if w equals 32.2
pounds, 7 equals 1. The British engineering system (B. E. 8.) is also
called the foot-pound-second system or simply F. P. S. system.

f- Newton’s third law of motion: Aetion and reaction are equal and
opposite. This simply means that when one body exerts a force on
a second body, the second exerts an equal but opposite force on the
first. Thus forces always go in pairs, but only one of the pair acts
on one body. If a person presses his hand against a wall, the wall
presses back on the hand with an equal but opposite force.

24. Uniformly accelerated rectilinear motion.—a. Occasionally
the force acting on a body has a constant direction and a constant
magnitude, and produces a constant acceleration. The most common
example of this is the action of the force of gravity on a freely falling
body. A train gathering speed with a constant drawbar pull is
another example. The relations between distance, time, velocity, and
acceleration, for uniformly accelerated motion, may be deduced as
follows: let ¥, be the velocity of a body at the beginning of an interval
of time of duration #, and let ¥ be the velocity of the body at the end
of the time #, and let @ be the constant acceleration. Then

since by definition, acceleration is rate of change of velocity, or the
change in velocity divided by the time of change. Hence,

V=V,+at (1)

Ewxample: A taxying airplane is accelerating at the rate of 10 feet
per second per second. Seven seconds ago its velocity was 18 feet per
second. What is it now ¢

Solution 1: By definition of acceleration the velocity will increase
10 feet per second for each second the acceleration is operating. Hence
in 7 seconds the increase in velocity is 7X10 or 70 feet per second
and after adding the initial velocity of 18 feet per second the final
velocity is found to be 70+ 18 or 88 feet per second.

Solution 2: The same result can be obtained by substitution in the
foregoing formula for V. Here V, equals 18 feet per second and a
equals 10 feet per second per second. Hence V equals 18+7X10 or
88 feet per second.
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b. (1) It is also easy to deduce a formula for finding the distance
traveled by a body subjected to a uniform acceleration. Since the
acceleration is constant the velocity increases uniformly and the true
average velocity is simply

average V= Yokl
2
and the distance traveled is the average velocity multiplied by the
time, #. Let d represent the distance traveled. Then

_ (Vo Ve
b
or
g Vot V,+at)t
' B
or

d= ‘V"J—i--éat’ @)

Ewample: How far did the airplane taxi in the 7 seconds of the
previous example ?
Solution :

d=18(7) +3(10) (79

d=126-4245=371 feet

This could also be solved by reasoning that the average velocity was
1888

—5 or53 feet per second, so in 7 seconds the distance traveled was

7X53=3871 feet.
(2) Ifa body starts from rest, V,is equal to 0. Then

d= %a,zs (2a)

A special ease of this is for a body freely falling in a vacuum. Here
the only force acting is gravity and the acceleration is ¢, directed
vertically downward. For this case:

0 %sz : (2b)

This formula has many practical applications.

Ezample: A bomb is dropped from an airplane which is traveling
horizontally at 8,000 feet altitude. How long will it take for the bomb
to hit the ground, assuming no air resistance ?

Solution: Since the airplane is traveling horizontally the bomb
has no vertical velocity when released. Its rate of fall will be the same
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as if it had been dropped from a stationary balloon at 8,000 feet, since
the bomb in both cases is subjected to exactly the same vertical
acceleration, :

3000=14 - (32.2) ¢

__3000X2

2 i
; 32.2

=186

t=+/186=13.6 seconds

(3) From the two previously given equations,

V=V,+at (1)
d=V i+ kat* (2)
by algebraic elimination another useful formula is obtained as follows :
From (1)
A
i
Substitute this value of ¢ in equation (2)—
et V=) e V=Tt
A Tt i
e L LS
Pl Wy 20 on 28
)V
d=0 "%
or V2=V?,+2ad (3)
If V,=0, that is the body starts from rest, and
VE=2ad (3a)

This formula is useful when the time is not known or desired.
Ezample 1: An automobile starts from rest at constant acceleration.
After traveling 1,000 feet it reaches a velocity of 90 feet per-second.
What was the acceleration? Here V,=0.
Solution:
V*=2ad (3b)
90?=2.a (1,000)
aw%=4.05 feet per second per second
Ewample 2: Suppose the car in the foregoing problem had been
traveling at 30 feet per second when the acceleration was applied,
What would the acceleration have been?
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Solution: Here V,=30 but V=90 as before,
V2=V?%,+2ad (3)
90?=30%-+2a (1,000)

0—900 7200
=§—1-0250T}—9=;~6—8-6=3.6 feet per second per second

25. Momentum.—a. Certain properties of moving bodies depend
both on the mass of the body and its velocity. Thus, the time required
for the brakes to stop an automobile depends jointly on the mass of the
car and on its velocity. Hence, it is convenient to define a property
which depends both on mass and velocity. This property is called
momentum. The momentum of a body, at any instant, is defined
as the product of the mass of the body and its velocity at that instant.
The' direction of the momentum is the same as that of the velocity
and is a vector quantity, since velocity is a vector quantity. Ex-
pressed as a formula:

Momentum=mass X velocity=m V= W

b. When the velocity of a body changes, its momentum changes.
Since the mass of a body is constant, any change in the momentum of
a body is due to a change in its velocity. The change in momentum
is equal to the product of the mass and the change in velocity.

Ezample: A 2,000-pound car is accelerated from 10 feet per second
to 80 feet per second. What is the change in momentum ?

Solution: Change of momentum=mass X change in velocity.

Change of momentum=m(V—V,)

0 2,000 Ibs,
=g 32.2 Tt /Rec?
V—V,=(80—10) ft./sec.
Henge i
2,000 lbs.

=4,348 pound-seconds,

Change of momentum=

The units in these calculations were deliberately carried through each
step in order to show that momentum is essentially the product of
force (pounds) and time (seconds). This is of interest because of the
relationship betwed® momentum and impulse (par. 26).

26. Impulse.—a. General—When a force acts on a body, its effect
depends both upon the magnitude of the force and the time of its ac-
tion. A force acting on a body for 2 seconds causes a greater change
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in the motion of the body than the same force acting for 1 second. The
product of the magnitude of the force and the time of its action is
called impulse. Expressed as a formula:

Impulse=force X time=F'{
It is evident from the formula that 100 pounds acting for 2 seconds
produces the same impulse as 200 pounds acting for 1 second.

(1) The units of impulse are pound-seconds in the British engineer-
ing system and dyne-seconds in the absolute C. G. S. system.

(2) Impulse is a vector quantity and has the same direction as the
force which produces it.

b. Relation of impulse and momentum.—In order to change the
momentum of a body an impulse must be applied. This can be shown
in the following manner:

F=ma
For uniform accelleration—
V=¥,
i
where ¥, is the velocity at the beginning and ¥ the velocity at the end
of the time interval ¢,

a=

Hence,
e
F=mw<}r Fi=m (V-V,)

However,m (V—7V,) is the change in the momentum of the body which
occurs during the time the impulse is applied. It is thus evident that
the impulse applied to a body equals the change in momentum of the
body.

Ezample: A plane weighing 10,000 pounds is to be shot from a cata-
pult 100 feet long. The plane is to leave the catapult at 100 feet per
second. What impulse is required? If both the force and accelera-
tion are constant, what force is required ¢

Solution: Ft=m (V—V,) and m=§ and V,=0 for this case then

_ 10,000
# 1="359

quired. Since the final velocity was 100 feet per second and the ac-
celeration was assumed to be uniform, the avemage velocity was 50

(100-0) =31,060 pound-seconds which is the impulse re-

feet per second. Therefore, t=~1g)=2 seconds. Hence, since im-

50
pulse=Z£+¢= 31,060, ﬂ=£20£(-) =15,530 pounds.
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27. Conservation of momentum.—a. Newton’s third law of mo-
tion states that when two bodies act upon each other that action and
reaction are equal. This means that they exert equal but opposite
forces upon each other. Hence, equal but opposite impulses act on the
two bodies, and the two bodies gain equal but opposite changes in
momentum. Consequently, the action of the two bodies on each other
can cause no change in the total momentum of the two bodies, though
the momentum of each may change. Hence,

ma Vi +mVo=m VY +m. Vs

In this formula 7, and m. are the masses of the two bodies, and 77, and
V, their respective velocities before the action and V?, and V%, their
velocities after the action. It is seen from the formula that the total
momentum of the two bodies remains constant. In using this formula
weight may be used instead of mass, since the ¢ terms cancel.

Ezample 1: A gun fires a 1-ounce bullet at 3,000 feet per second. If
the gun weighs 7 pounds, what is its recoil velocity ?

Solution: The gun must gain the same momentum backwards as the
bullet gains forward. Hence,

my -V =ms 'V,
or
wy Vi =wyV,
1 (3,000) =7V,
16
Vo= —,.3900—= 26.8 feet per second.,
(7)-(16)

Ezample 2: 1f the bullet in example 1 imbeds itself in a block of
wood weighing 5 ounces, suspended by a cord, how fast will the block
and bullet together move after impact?

Solution: The momentum of the block and bullet together after
impact must be equal to the momentum of the bullet alone before the
impact.

mi V1= (m;+m.) Vs
_{nf_1=(i) (w=500 feet per second
My My =9

b. In case the forces and velocities are in various directions, the rules
of vector calculation will be used; the sum of the @ components and
the sum of the ¥ components of the total momentum will remain
constant, throughout the action, provided there are no outside forces
acting.
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Ezample: Two putty balls collide as shown in figure 25. What
will be the speed after impact if the balls stick together?

”
@ S T VY

¥V1=2 cm per second v
m, = 3 gm
V,=4 cm per second

[ Vi
m,=2 gm @
Ma

Fraure 25.—Inelastic impact of two putty balls.

Solution: Before impact—

Momentum in #-direction=4x2=8 gm cm per second.

Momentum in y-direction=3x2=6 gm cm per second.
After impact, the momentum of the two combined masses must be
the vector sum of the momentum of the two masses before impact.
The magnitude and direction of the final momentum may be found
from the vector triangle as shown in figure 26.

MV=6

Figure 26,—Vector triangle for momentums.

Since (7, +m,) V=10 from the vector triangle, and
my+me=8+2=5 grams, then
10 10 ; : :
Vs=———=" =2 centimeters per second in the same direc-
My +me D
tion as the final momentum,
28. Centripetal force.—a. According to Newton’s first law, a body

in motion will continue to move with a uniform velocity in a straight
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line unless acted upon by an unbalanced force. Therefore a body
moving in a curved path must be acted upon by some force. If it is
moving in a circular path with uniform speed this force is called cen-
tripetal force and it is directed towards the center of the circle. This
force is required to produce the acceleration necessary to continually
change the direction of the velocity from a straight to a curved path.
2
The acceleration is equal to :7— where V is the speed and # the radius

of curvature. The force required according to Newton’s second law

: : % S A o )
is f=ma or f=m——. If m is in grams, V in centimeters per second

and 7 in centimeters, then f is in dynes. If V is feet per second, 7 in
. w AT .
feet, and m replaced by T where w is in pounds and g is 32.2 feet

per second per second, then £ is in pounds.

Ezample: A 1-pound ball attached to a string is whirled in a hori-
zontal circle of 10 feet radius with a speed of 100 feet per second.
What is the centripetal force?

. wV?2 1 (100)

Solution: Fzg—}- 25 =3~2--'§(—--“}—)=31‘0{‘) pounds.

b. In the foregoing example, the string exerted a force on the ball
which acted back toward the center of the circle and that force was
called centripetal force. The ball in turn exerted an equal but oppo-
site force on the string. This force, acting outward from the circle,
is called centrifugal force. Centripetal and centrifugal force are
simply action and reaction.

29. Illustrative examples.—a. Exzample 1: A bomber flies 300
miles per hour at 30,000 feet. Ignoring wind resistance, how far
from the target must the bombs be released ?

Solution: The vertical and horizontal motions are quite independ-
ent. That is, the motion downward will follow the normal rules of
acceleration under gravity and the horizontal velocity during the fall
will remain constant at 300 miles per hour. The problem is then to
find how far an object will move at 300 miles per hour during the
time necessary for a normal fall of 30,000 feet.
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Bag 187
d_?zt
d= 510,[}0{]2327'%2
= %{)%‘9 /1862=43.1 seconds time for fall
43.1
43.1 seconds:m or .0120 hour
WEFLIA < eve iee v e o —="]
. f’ I
/” [
3 i [
’ |
’ |
: / Iz
. 7 J
Ry |§.
o *
i |
i/
J ;
L Y
| e Mrleg—LLT

FiaUurE 27.—Bombing from horizontal fight.

Horizontal distance traveled will then be .012 X 300 or 3.60 miles.
b. Ezample 2: Three weights are strung as shown in ficure 28.
Ignoring friction, how far will they move in 3 seconds after release?

F1GURE 28,—Acceleration of unbalanced weights,
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Solution: There is 1 kilogram of unbalanced force on the system
and 29 kilograms of mass to be accelerated.

a=—
m

F=1,000 (980)=980,000 dynes
m=29,000 gr

980,000 ! Sl
='29,000 —33.8 cm. per second per second
d:% a-zzz'm':(—g) =152 cm

e. Ewample 3: A one pound weight hangs from a string 20 inches
long and is whirled as shown in figure 29. If the weight revolves
in a circle of 10-inch radius, how fast is it moving?

£ Ww=1/h

Ficoep 29.—Pendulum with eircular motion. Figurn 30.—Vector diagram for figure 29,

Solution: The tension in the string and the weight are the two
external forces acting on the body. Their resultant is the centripetal
force and their equilibrant is the centrifugal force acting on the body.
Therefore the tension, weight, and centrifugal force must form a
closed vector triangle. By similar triangles,

0 1}'2
7 il eyl
w TERTR950
s (10}_ ;
V= 17 32 -(32.2) =155

V=+/15.5=3.94 feet per second
Note that » (the radius) was in feet, not inches, when substituted in
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the formula. This was necessary since g was used as 82.2 feet per
second per second, and the units used must be consistent.

d. Ewample J: An airplane makes a loop of 400-feet radius. How
fast must the airplane be traveling in order that the pilot, who forgot
to fasten his safety belt, will not fall out at the top of the loop?

R 7~

e
--______* \ /_,.-—P'-._
TR, i

Fiaurr 31.—Forces acting on pilot in airplane loop.

Solution: The centrifugal force must be equal to the gravity force,
or weight, and opposite. These are the only forces which act on the
pilot and must exactly balance each other.

w V2
A
g r
Ve=1rg=400 (32.2)=12,880

V=+/12,880=113.5 ft. per second

e. Ezample 5: Suppose a pursuit ship with multiple machine guns
can fire 1,200 4-ounce bullets per minute at 3,000 feet per second
muzzle velocity. How much additional thrust must the propeller
exert if the speed is to remain constant while the guns are firing?

Solution: During 1 minute the total weight of projectile fired will
be 1,200X4=4,800 ounces=300 pounds. During 1 second the weight

fired is 5 pounds. The change in momentum will be > (V—V,) or
[
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LA
82.2
change in momentum, or 7 .7=465.9 and since £=1 second, //'=465.9
pounds. This impulse must be provided by the propeller thrust.

f. Ezample 6: What is the radius of the path of a 3.,000-pound
airplane which makes a 45° bank when turning at a speed of 150 miles
per hour?

,000=465.9 pound-seconds. The impulse required equals the

Maure 32.—Forces acting on airplane when making a turn with 45° bank

Solution: When an airplane banks at an angle of 45° the lift L
is perpendicular to the lateral axis of the airplane as shown in figure
33. Its horizontal and vertical components are ¢/ and § both of |
| which are at an angle of 45° to L, and therefore equal in value.
I S is the foree which sustains the plane in horizontal flight and hence
! isequal to the weight of the airplane (3,000 pounds). Therefore the
| valua of € is likewise 3,000 pounds.

II If‘;T_'"‘ Ifz
i gr
w V2

or el
Fg

But both the weight w and the centripetal force are 3,000 pounds.
Therefore the terms w and # in the equation cancel for an angle of
bank of 45° and—
; 2

et

g

)
150 miles per hour is equal to 220 feet per second.
|
|
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' (200 ft./sec.)?
Therefore T="32.2 ft./sec.t

48,400

359 feet

=1,503 feet
g. Ewvample 7: In example 6, what lift is needed in addition to that
needed for straight and level flight?

Solution: Litt L in figure 32 is equal to S - sec 45° and S W=3,000
pounds.

Therefore L=3,000- sec 45°,

=3, 000 071

=4,243 pounds.

As the lift required for straight and level flight is 3,000 pounds, 1,243
pounds is the additional lift required.

PROBLEMS

1. If an airplane drops a bomb and it strikes the ground in 80 sec-
onds, how high was the airplane? (Ignore air resistance.)

2, If an airplane is flying at a height of 20,000 feet with a horizontal
velocity of 220 miles per hour, how long will it take for a bomb to
strike the ground after release? How far from the target should the
bomb be released? (Ignore air resistance.)

3. A freight train can accelerate at 1 foot per second per second and
can stop by braking with an acceleration of 5 feet per second per
second. If 30 miles per hour is the maximum permissible top speed,
how long will the train take to travel between two stations 3 miles
apart if it must stop at both of them?

4. An airplane in a perfect turn must be banked so that the resultant
force on the airplane is perpendicular to the wings. If the airplane is
banked at a 45° angle and is traveling at 90 meters per second, what
is the radius of its circle of turn ¢

5. A baseball is thrown upward with a speed of 80 feet per second.
How high will it go and how long will it take to return to'the ground?

6. If an imaginary rocket shlp burns 5 grams of fuel per second,
ejecting it as gas with a velocity of 500,000 centimeters. per second,
what will be the force acting to accelerate the ship in free space?

56




ELEMENTARY PHYSICS FOR AIR CREW TRAINEES 29-30

7. An anchor chain 200 feet long lies on the deck of a boat. The
weight of the chain is constant along its length and we may assume
that the friction when it slides along the deck is negligible. If one
end starts over the edge and it is allowed to fall, what will be its
acceleration when (a) 1 foot, (b) 20 feet, (¢) 150 feet have gone over?

8. A certain pilot can stand six “g’s” of acceleration. If the ae-
celeration of gravity is ignored, what is the minimum radius in which
he can turn in an airplane doing 350 miles per hour ¢

9. A pilot weighing 150 pounds bails out at an altitude of 5,000 feet
and his parachute opens at 4,300 feet. What is the flyer’s downward
momentum at the time his parachute opens? (Ignore air resistance.)

10. A 5,000-pound airplane is accelerated from 150 miles per hour
to 175 miles per hour. What is the change in momentum? If this
increase in speed was obtained in 1 minute, what was the additional
propeller thrust during this period? (Assume airplane is flying a
straight course. Ignore air resistance.)

11. The angle of bank of a 3.000-pound airplane when making a
horizontal turn at a speed of 150 miles per hour is 30°. What is the
radius of the turn? What is the additional lift required?

Secrion VI

WORK AND ENERGY

Paragraph
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30. Definition of work and energy.—a. Work.—(1) When a ca-
det stands in ranks with a rifle on his shoulder, he does not become
very fatigued. However, let him begin to do rifle calisthentics, and
perspiration and aching muscles will give ample testimony of the
labor requirved to perform the rifle drill.

(2) This illustrates the difference between doing work and merely
exerting force. Work involves not only the exertion of force but ac-
tion that makes something move. Pushing or pulling on a hangar
is not doing work on the hangar. A force that keeps itself up with-
out any motion in the direction of the force does not involve the
doing of work, For example, a chair may support a sitting man and
exert a force thereby, but no work is being done by the chair.
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(8) What is commonly called work may be considered as a physical
quantity proportional to each of two factors: the amount of force
acting and the amount of movement or displacement in the direction
in which the force acts.

(4) A body may be moving, and may be acted upon at the same
time by a force, yet without any work being done; for example, a
stone whirled around at the end of a string. The stone is acted upon
by a force pulling through the string, toward the center of the circle.
Since there is no displacement toward the center, there is no displace-
ment in the direction of the force, so there is no work being done by
simply holding the string. The amount of work done, when a force
is exerted and there is at the same time a displacement in the direc-
tion of the force, is the product of that force by the displacement.
This is expressed by W=Fd, in which W is work done, F is the
force, and d is the displacement, or distance over which the force
operates. If the force is not constant during the displacement, use
the average force.

(5) Work units are simple and natural. Just combine the unit of
force with the units of displacement or distance. A foot-pound is the
work done when the exertion of 1 pound of force is accompanied by a
displacement of 1 foot in the direction of that force. Tfa Springfield
rifle weighs 9 pounds and is lifted 4 feet off the ground, the work
done is 9 X4 or 36 foot-pounds.

(6) Any combination of a force unit with a length unit might be
selected as a unit of work. Only a few are generally used. The most
common unit in the British system is the foot-pound. In the metric
system there is the dyne-centimeter. This is the absolute unit of work
used in almost all theoretical discussions. The expression “dyne
centimeter” is so awkward that the unit has been given a name of its
own, the erg. The amount of work represented by an erg is very
small; when you turn your hand over, thousands of ergs of work are
done. A more convenient multitple of this unit, the joule, is often
used. A joule is defined as 10 million (107) ergs.

(7) A joule is equal to 0.74 foot-pounds; a foot-pound equals 1.35
joules.

b. E'nergy—The fact that a cadet can lift a rifle off the ground indi-
cates that he has ability to do work. This ability to do work is called
energy. Itsamount is the same as the amount of work it will do, and
is expressed in the same units as work, that is, foot-pounds, ergs, ete.
The term work is applied to energy only during the process of transfer
of energy.
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31. Power.—a. When a cadet drills in double time, he is drilling
at a rate greater than usual. He is doing the same amount of work in
half the time. The rate of doing work is called power. Power is the
rate at which work is done or the amount of work done per unit of time.

W

=i

The unit by which power is measured must be a unit of work per unit
of time. The absolute unit of power in the metric system is the erg per
second ; but, since this unit is too small for convenient practical use,
it is customary to employ the watt, which is defined as one joule per
second. The kilowatt, or 1,000 watts, is more convenient than the
watt when measuring large amounts of power. The kilowatt-hour is a
unit of energy (not of electricity). It is the amount of energy trans-
ferred in 1 hour to any agency (as a motor) that is consuming 1 kilo-
watt of power. In paying the electric bill at so much per kilowatt-
hour, you do not pay for a quantity of electricity, but for work done,
that is, for energy supplied.

b. The common unit of power in the English system of measurement
is the horsepower (hp), based originally on measurements made by
James Watt on the work rate of horses. It is now standardized at the
arbitrary value of 550 foot-pounds of work per second.

¢. One horsepower is equivalent to about 746 watts, or roughly 34
kilowatt, so that a 750-kilowatt dynamo would require a 1,000-
horsepower engine to drive it. One kilowatt-hour equals 2.66X10°
foot-pounds of work.

Ewample 1: A force of 9,800 dynes acts for 10 seconds and pushes a
body 1 meter. How much work is done?

W=FXd=9,800x100 dyne centimeters or ergs
= 980,000 ergs
=1,000 gram centimeters
=1 kilogram centimeter
=.098 joule
=.098 watt-second.

P=

At what power is the above amount of work done?
W 098

— = ()G v
P 7 10 0098 watt
as one horsepower is 746 watts—
hp= (;(.ff =.,0000132 horsepower
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If this work is done by an electric motor at 100 percent efficiency,
what will be the cost at 10 cents per kilowatt-hour?

.0 000098

: s 9B . :
098 watt-second isT— kilowatt-second, o1 0% 60" kilowatt-

o
1000
hour costing 0.000000272 cent.

Ezample 2: A force of 100 pounds acts on a body for 8 minutes and
moves it a distance of 1,800 feet in the direction of the force.
How much work is done?
W=F.d=100(1,800)=180,000 foot-pounds.
At what power was the work done?

7
P:-E‘—:EO-’O—OOZI 000 foot-pounds per second.
t 180 !
As 550 foot-pounds per second is one horsepower :
1,000 Lk
hp= 550 = 1.82 horsepower.

32. Kinetic energy.—a. Energy has been defined as the ability to
do work. The energy contained by a body in motion is called kinetic
energy. Before a moving body can be brought to rest, a force must
be applied and this force will move for some finite distance, doing a
definite amount of work in the process. If a body of mass m grams
has a velocity of ¥ centimeters per second, it contains a definite
amount of kinetic energy. If a force F applied for a distance d will
bring the body to rest, the ability of the body to do work may be
expressed as 'Xd. From the formulas (par. 24) for accelerated
motion,

V2=2ad (a is acceleration in centimeters per second).
If both sides are multiplied by gj

mV?
'—2——‘ =mad
but force 7 is equal to the mass times the acceleration, or
V2 0%
Y FI—Rp—TY
2 2
which is the amount of work obtainable in bringing the body to rest.
In this derivation, forces were expressed in dynes and distances m
centimeters; so the expression m¥V?2/2 will be the kinetic energy in
ergs of a body of mass m grams and moving with velocity of V centi-
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meters per second. Since in the British engineering system mass is
taken as being:

m= —
g

the formula for kinetic energy (KZ') will be
KE=%>V?
A g

where w is in pounds of weight, g=32.2 feet per second per second,
V is velocity in feet per second, and AZ is in foot-pounds.

b. A body in motion is able to do an amount of work equal to its
kinetic energy, and conversely, if a certain amount of work is done
accelerating a body, it will obtain a kinetic energy of this amount.
So, if the only resistance is that due to inertia, the kinetic energy of
translation imparted to a body by the action of a force is equal to
the work done upon it. Thus the kinetic energy of a body at any
instant can be calculated without any knowledge of the forces which
produced the motion or of the previous history of the body, provided
its mass and speed at the instant in question are known.

¢. Since the kinetic energy of a body depends on the square of the
magnitude of the velocity and not on direction, it is a scalar quantity.
It is a quantity equivalent to work and is measured in the same units
as work.

33. Potential energy.—a. Besides kinetic energy, which mani-
fests itself by movement, bodies also have energy because of their
position with reference to other bodies or because of the relative
positions of their parts. For example, a coiled spring has potential
energy. Another example is potential energy of height. In a water-
fall, the potential energy of the water at the top may be converted
into mechanical energy as it loses elevation and passes through a tur-
bine. Other examples, the nature of which is less obvious, are the
energy apparently stored in coal or other fuel, which is made avail-
able by combustion, and the energy in a battery or in a stick of dyna-
mite. In none of these cases is any motion apparent after the
energy is once stored. Energy existing in an apparently inactive
or latent form is usually called potential energy.

b. It is evident that energy can pass from the potential to the ki-
netic form and back again. When a pendulum swings, for example,
the pendulum bob rises to a certain level and stops, its energy being
all potential; it then begins to descend, and as it loses potential
energy, it gains speed and kinetic energy until at the lowest point of
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the swing it has its greatest kinetic and its least potential energy.
The process is now reversed until the motion again stops and the en-
ergy is again all potential. A vibrating piano string and the waves
of the ocean also illustrate this transformation. Potential energy is
measured the same way work is measured. That is, the ability of a
body to perform work is initially measured by the amount of work it
does. Work is equal to force times distance. If a monkey wrench
weighing 1 pound were dropped from an airplane at 5,000 feii grav-
ity wonld exert a force of 1 pound for 5,000 feet of distance doing
5,000X 1 foot-pounds of work. The wrench will, just before it strikes
the ground, have converted 5,000 foot-pounds of potential energy into
5,000 foot-pounds of kinetic energy. When it collides with the
ground, this energy will be dissipated as heat

c. When a man gets a flat tire on his car and starts pumping up the
tire, he does work on the pump. The pump compresses the air, and
the air is forced into the tire until it can support the weight of the car.

34. Conservation of energy.—a. Next to the concept of energy
itself and the reality of its existence, the most important principle
connected with this subject is stated thus: T'ke total amount of energy
in the wniverse remains constant.

b. It cannot be asserted that this is absolutely known, but the more
information there is gained about physical and chemical processes,
and the better their nature is understood, the stronger the evidence
becomes that the principle is universally true. This principle of the
conservation of energy is regarded as a cornerstone of physies.

¢. If a man does 1,000 foot-pounds of work, turning the crank of
a derrick, exaetly that amount of energy will appear in the way of
raising the weight, hauling up the blocks and chains, heating the
bearings and pu]lm s, and filling the air with squeaks. Every erg of
energy can be accounted for. Smne of the energy 5,11pphed to the
crank appears as potential energy of height as the weight is lifted,
but a considerable percentage will be lost in the form of heat from
friction. The heat generated in this way will be another form of
energy but quite useless as far as man is concerned.

d. Example 1: A 1-ounce bullet is fired vertically upwards from
a rifle with an initial muzzle velocity of 2,000 feet per second.

1) What is its initial AE'?

(2) How high will it go if air resistance is neglected ?

(3) What is its potential energy of height just before it starts
down ? '

(4) What is its £ when it returns to the earth ?
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Solution:

LW 11 (2000)2
(1) KE= 5 —g— :é i 16 ® —32'2)— =3,882 fOﬂt--POI]I‘]dS

(2) Since air resistance is neglected there is no loss of energy by
the bullet and at the top of its flight, where V=0 and KF=0 also,
the potential energy of height must equal the initial K%, or 3,882 foot-
pounds.

(3) Since the potential energy of height equals the initial kinetie
energy, this may be expressed as a formula :

KE=wh

where % is the height in feet and w is the weight in pounds.

Or

KE= % X h=38,882 foot-pounds
Therefore h=62.112 feet

(4) As the bullet starts back down it begins to lose potential energy
of height but it gains velocity and therefore kinetic energy. At any
point in its flight the sum of its potential energy and kinetic energy is
equal to its original kinetic energy of 3,882 foot-pounds. Or

wh + KE=3882 foot-pounds
When the bullet returns to the earth 2=0, so just before striking the
ground the formula gives
1
16
KE=3882 foot-pounds

(0) + K E=3.882 foot-pounds

which is the same as at the beginning. It must be remembered that
in this problem air resistance waus taken as zero. Actually it is a
force of considerable magnitude and slows the bullet rapidly. The
energy used up in overcoming air resistance is dissipated in the air
as heat and cannot be recovered by the bullet on the return to earth.
Consequently its true final A£E is much less than the A% at the muzzle.

e. Ezample 2—An airplane dives from an altitude of 8,000 feet to
an altitude of 7,000 feet. During this dive the propeller thrust is
just enough to compensate for all energy losses due to air resistance.
If the velocity of the plane was 100 miles per hour at the higher
altitude, what will be its velocity at the lower altitude?
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Loss of potential energy=w A
= 1,000 feet
w V?
s
_w P
64.4
where V7 is the change in velocity.
Loss of potential energy=gain in kinetic energy

(Gain in kinetic energy=

_w P2

w 1,000= 64
=
1,000= 577

V=4/1,000X 64.4
=253 feet per second
=172.6 miles per hour
Final velocity=initial ¥ +final V
=100+ 172.6=272 miles per hour

85. Friction.—Friction is the resistance to the relative motion of
one body sliding over another. This resistance naturally requires that
work be done to overcome it, and this work is dissipated in the form
of heat. There are three kinds of friction: starting, sliding, and roll-
ing.

a. Starting friction—(1) If one body is resting upon another, it
will require a certain amount of force to start sliding the one body over
the other. This force is directly proportioned to the force acting
between the two bodies (in this case, the weight of the upper body)
and varies with the materials of which the bodies are made. The area
of contact has very little to do with the resistance. Suppose that a
block of wood weighing 10 pounds is resting on a plate of glass. In
order to start the wood moving over the glass it is found that a force
of 2.5 pounds must be exerted. In this case one fourth of the force
between the bodies (10 pounds) must be exerted to overcome friction.
This ratio is called the coeflicient of starting (or static) friction. If
the force holding the two bodies together is designated as F, the co-
efficient of starting friction €, and the starting resistive force as R, then

p=cPor 0=

(2) Asan example, the coeflicient of starting friction of iron on iron
1s 0.3. If a locomotive at rest exerts a drawbar pull of 30 percent or
more of its weight on the drive wheels, the wheels will slip on the rails.
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If on the other hand, it exerts a drawbar pull of only 20 percent of its
weight, the wheels will grab the rails and the train will move.

b. Sliding friction.—(1) After the 10-pound block of wood men-
tioned in @ above is started sliding over the glass, it will be found that
it can be kept sliding over the glass by a lesser force, say 2 pounds, than
was required to start it sliding. The ratio of this force (2 pounds) to
the force between the two bodies (10 pounds) is 0.2. This ratio is
called the coefficient of sliding friction. The formula for coeflicient
of starting friction given in ¢ above holds true for sliding friction if
( represents the coeflicient of sliding friction and 22 the sliding resistive
force. Sliding friction, sometimes called kinetic friction, is always
slightly less than starting (or static) friction and decreases to some
extent with time and relative velocity, but is increased by reversal of
motion.

(2) The coefficient of sliding friction of iron on iren is 0.25. There-
fore if the locomotive in a (2) above exerts a drawbar pull of 25 per-
cent or more of its weight on the rails after it is in motion, the wheels
will slip on the rails.

¢. Rolling friction—If a hard ball is placed upon a hard, smooth
surface, the contact is only a point. Similarly if a hard cylinder is
placed upon a hard smooth surface, the contact is only aline. It would,
hence, seem as if both the ball and the cylinder would roll without any
opposing friction. However, this is not true, for regardless of how
hard the materials arve, they are slightly depressed or flattened at the
point of contact in the case of a ball and at the line of contact in the
case of a roller. As a result there is some resistance to rolling but this
resistance is much smaller than resistance to sliding. The small value
of rolling friction as compared with sliding friction is put to practical
use in ball and roller bearings wherein loads are supported on hard-
ened steel balls or rollers which rotate between hardened steel runways
called races.

d. Lubrication—If oil or grease is applied to a metallic surface over
which another metallic body slides, both starting friction and sliding
friction are greatly reduced. What actually happens in such a case
is that the two metallic bodies are separated by a thin film of oil or
grease and are not in actual contact with each other. The only resist-
ance offered to sliding is the friction that exists between layers or
particles of the oil or grease. This friction or resistance is consider-
ably less than would exist if the two metallic surfaces were in actual
contact. It is because of the greatly reduced friction between metallic
surfaces when separated by a film of oil, that bearings and sliding
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35 ARMY AIR FORCES

metallic parts are lubricated at frequent intervals with oil or grease.
If lubrication of bearings or other sliding parts is neglected, the re-
sulting metal-to-metal contact results in excessive wear, friction, and
heating. ;

Example: The coefficient of sliding friction between wood and con-
crete is about .4. How much work is done by a man in pushing a
box weighing 175 pounds for a distance of 20 feet along a sidewalk ?

Solution:
Resistive force (R)=.4X175=70 pounds
Work=F X D=Rd=T0x20=1400 foot-pounds

e. Air resistance—(1) When a body moves through air there is a
certain resistance to the movement which may be considered a type of
friction. This resistance increases as the speed and size of the body
increase, and decreases as the density of the air decreases. An ex-
ample of this is the pilot ballon used by weather stations to measure
winds aloft. The accuracy of this measurement depends on a constant
rate of ascent of the balloon. As the balloon rises it expands under
the reduced pressure at higher elevations. This would slow the bal-
loon in its ascent except that the density of the air decreases and the
balloon continues to rise at an approximately constant rate of speed.

(2) Another example of the effect of air viscosity may be men-
tioned. When raindrops form and grow in size, they fall with an
increasing velocity which is greater for large drops than for small
drops.

QUESTIONS AND PROBLEMS

1. When a ball player catches a baseball, does the man or the ball
do work as the ball is stopped ?

2. If a ball weighing 50 grams and traveling 80 meters per second
is stopped, how much work is done? Explain the amount of work in
ergs, joules, and kilowatt hours.

3. If a 50-pound bomb is dropped from an airplane at 20,000 feet,
how much potential and how much kinetic energy does the bomb have
at 20,000 feet, at 15,000 feet, and at the ground just before striking?
(Ignore the chemical energy of the explosive. Ignore air friction.)

4. How much power is required to accelerate a 2,000-kilogram
(about 4,400 pounds) car from 14 meters per second (about 30 mph)
to 28 meters per second (about 60 mph) in 20 seconds? (Ignore fric-
tion and wind resistance.)
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5. How much horsepower is used for lifting if an airplane weighing
2,000 kilograms climbs 1,000 meters (about 3,000 feet) in 60 seconds?
Assume no change in speed and neglect air resistance.

6. If an antomobile loses half of its velocity in 14 mile of coast-
ing, what fraction of its kinetic energy has been transformed into heat ?

7. A pendulum bob in swinging lifts 14 inch at the outer limits of its
stroke. If the bob weighs 1 kilogram, what is the potential energy
at the end of the stroke? At the center? What is the kinetic energy
at these points?

Sectron VII
FLUIDS AT REST
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36. Properties of fluids.—a. The subject of hydrostatics includes
the study of pressure and allied problems in stationary as opposed to
moving fluids. Everyone has had so many daily experiences with
fluids that their distinguishing property should be readily perceived.
Fluids tend to conform to the shape of the vessel in w hich they are
contained. Solids, the other class of matter, retain their original
shape, no matter where they are moved or how they are enclosed.
Thus, if a hammer is taken out of a box, it will have the same shape
as before; but if water is poured out of a bucket, the form alters
markedly. A gas will distribute itself evenly throughout an entire
container, but a liquid can do so only if enough is admitted to fill the
container.

b. Another difference between liquids and gases is their compressi-
bility. It is common knowledge that the air admitted to the cylinder
of an aircraft engine readily contracts in volume as the piston moves
toward the head. A gas, then, is readily compressible and, in gen-
eral, can be compressed to a small fraction of its original volume. If
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compressed and cooled sufficiently they become liquids. But liquids,
on the other hand, are practically incompressible.

37. Pressure in fluids.—Definition of pressure—~When a fluid
is in contact with a solid such as the wall of a container, it exerts
a force against this solid. The amount of this force per unit area is
the pressure of the fluid. If the fluid exerts 1 dyne of force on 1
square centimeter of area, the pressure is 1 dyne per square centimeter.,
This same pressure would exert a force of 100 dynes on a wall with
100 square centimeters of area. Other units more commonly used
to measure pressure are pounds per square inch, grams or kilograms
per square centimeter, atmospheres, inches of mercury, and millibars.
An “atmosphere” is the pressure exerted by the standard atmosphere
(approximately 14.7 pounds per square inch) ; for instance, a pressure
of 10 atmospheres would be 10 times the pressure normally exerted
by the atmosphere or about 14.7 pounds per square inch. Inches of
mercury and millibars are units commonly used to express the pres-
sure in the atmosphere. A millibar is 1,000 dynes per square centi-
meter; an inch of mercury as a pressure unit will be explained later
in connection with mercurial barometers.

38. Distribution of pressure with depth.—a. All fluids have
weight, and as a result the pressure in any fluid increases with depth.
A fluid will exert a force on the bhottom of a rectangular container
which is equal to the weight of the fluid above. Imagine a horizontal
boundary within the fluid at some height above the bottom. The
fluid above the boundary is exerting on the fluid below a force equal to
the weight of the fluid above. Suppose that a pipe with one unit of
cross section area is standing vertically and is filled with water, At
any depth in the pipe, the weight of the fluid above is equal to the
density of the fluid times the depth at that point; and as this weight
acts on a unit area, the pressure must be equal to the density times
the depth.

b. Action of pressure—Though pressure is usually measured by
determining the force exerted on a solid wall, pressure may exist within
a fluid whether or not a wall is nearby for the fluid to push against.
In other words, there is pressure at the center of a pipe as well as at
the sides where the force is actually exerted. This pressure within a
fluid acts in all directions. Pressure within a fluid may be visualized
if one imagines that a thin wall is suddenly built up within the fluid
extending in any direction. This wall would have no tendency to
move, since the fluid exerts the same force on each side. If the fluid
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on one side were removed, however, the wall would be forced toward
that side by the pressure.
This may be expressed as a formula in the British system as follows:

p=dh

where » is the pressure per unit area, A the depth of the point con-
sidered, and d is the weight density of the fluid. Thus for water, which
weighs 62.4 pounds per cubic foot,

p=0624 - h

where the depth % is in feet and p is in pounds per square foot. There
are 144 square inches in a square foot. Therefore, pressure in pounds
per square inch may be obtained by dividing the answer just found by
144. Or
_dh 624h
144 144
where % is still in feet but p is now in pounds per square inch.
¢. In the mertic system, density is generally taken as mass per unit
volume instead of weight per unit volume and the formula for pressure
needs modification. Since pressure is a force unit, and since f=m.a,
the change from mass density to weight density is made by multiply-
ing by g. Therefore

= 4334

p=gdh
where p is in dynes per square centimeter, d is in grams per cubic centi-
meter, 4 is in centimeters, and ¢ is 980, the acceleration due to gravity
in the metric system. Or, since 1 cubic centimeter of water weighs
one gram, d=1 for water and the formula becomes—

p=980 A

where p is again in dynes per square centimeter and 4 is in centimeters.
The pressure, p, may be given in millibars by dividing the equation
just given by 1,000.

d. Ewample 1: Ignoring atmospheric pressure, what is the pressure
at a depth of 100 feet below the surface of a lake? Xxpress the an-
swer in pounds per square foot and pounds per square inch.

Solution:

p=dh
p=062.4100=6,240 pounds per sq. ft.
p=.433 X100=43.3 pounds per sq. ft.
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e. Eaample 2: Ignoring atmospheric pressure, what is the pressure
at a depth of 30 centimeters below the surface of a pond?
Solution.:

=ghd=980%X1X30=29,400 dynes per square cm.
29,400

p= =000 =29.4 millibars

39. Buoyancy.—Imagine the fluid within the dotted lines in figure
33 to be inclosed by a thin-walled, practically weightless box. Grav-
ity exerts a force downward on this box of fluid equal to the weight of
the fluid inclosed, yet the box remains in equilibrium with no tend-
ency to sink to the bottom. In order that such equilibrium be possible,
the fluid outside the box must exert a force upward on the box equal to
the weight of the fluid within. If any other substance were placed in
the space that the box occupies, it will experience the same upward
force because conditions in the {luid outside the space have not changed.
This effect was first accurately expressed by Archimedes as follows:
“The buoyant or upward force experienced by a body immersed in a
fluid is equal to the weight of the fluid displaced by the body.” If a
body weighs less than the fluid it displaces (has a smaller density),
there will be a net force upward, and the body will rise to the top and
float. A body which has a greater density than the fluid will sink to
the bottom. The cause of the buoyant force is the difference in hy-
drostatic pressure between the top and the bottom of the body im-
mersed. Again in reference to figure 33, this difference in pressure
is equal to the height of the body times the density of the fluid in
which it is immersed. The net force exerted upward is equal to the
horizontal cross-sectional area multiplied by the difference in pres-
sure between the top and the bottom of the box. This may be ex-
pressed as follows:

FiGURE 33, —Buoyancy in fluids.

Buoyant force= (area) X (height) X (density)
= (volume) X (density)
=weight of fluid displaced.
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The buoyant force depends only upon the volume displayed and is in
no way influenced by the shape of the body. If two fluids which do
not mix readily are placed in the same container, the one with the
greater density will sink to the bottom and the lighter fluid will rise.
This principle plays an important part in weather, as often in the
atmosphere one body of air is forced to rise over another colder and
denser mass of air, forming clouds and precipitation.

40. Pressure in fluids under compression.—a. If an additional
pressure is applied to a confined fluid, this pressure is transmitted
equally throughout, provided the fluid is at rest.  Such pressure
applied will be in addition to pressures caused by the weight of the
fluid above any specified point. The applications of this principle are
innumerable. There are the barber’s chair, the hydraulic repair
rack at the service station, and also the brakes upon airplanes.

b. In all such cases the operator exerts a force upon the smaller
piston which produces an equal increase in pressure throughout the
entire fluid. However, since pressure is equal to force divided by area.

FIF,
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and it is seen that the ratio of the forces exerted on the two pistons is
equal to the ratio of the area of the pistons and, hence, the ratio of the
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Figurr 34.—Principle of hydraulic jack. (With the same pressure r_hruug!umt, the small
force F; balances the large force Fy)
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squares of the piston radii or diameters. Therefore the force exerted
by the operator is magnified by the ratio of the areas of the two
pistons or by the ratio of the squares of their diameters.

41. Pressure in atmosphere.—a. The atmospheric pressure is of
interest for many reasons, particularly for the following, as far as the
pilot is concerned,

(1) Pressure differences across the land produce the winds.

(2) Pressure measurements give the pilot his altitude.

(3) The low pressure of a high altitude may mean insufficient
oxygen to sustain life.

(4) A study of the pressure configurations over the whole world is
one of the best aids in forecasting future weather phenomena.

b. That the atmosphere exerts a pressure upon the earth’s surface
has long been known. If a long tube is filled with water and inverted,
and the excess water allowed to collect in a pool, a column of water
34 feet high would still be left within the tubé. This was the first
crude barometer. Assuming that a vacuum is left within the tube
at the top above the water, the pressure difference between the out-
side water surface and this vacuum is the atmospheric pressure. This
pressure difference will support a column of water within the tube

Fst O

Figure 35.—Water barometer,

the height of which depends upon the magnitude of the atmospheric
pressure. The difference in pressure between the vacuum at the top
and the exposed water surface below is the same as the difference in
pressure between the surface of a lake and a depth in the lake cor-
responding to the height of the water column. The present-day
barometer is based upon the same principle, using mercury, however,
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instead of water. Because of its greater density, a column of mercury
about 30 inches high is sufficient to balance the pressure in the
atmosphere. :

42. Standard atmosphere.—More precise measurements of the
height of the mercury column have shown that the atmospheric
pressure varies at any given locality; therefore some average value
has had to be arbitrarily set for figuring altitudes and other quantities,
the accurate estimation of which depends upon atmospheric pressure.
The International Meteorological Committee in conjunction with the
Bureau Internationale de Poids et Mesures has adopted 29.92 inches,
or 76 em of mercury, for standard atmospheric pressure at mean sea
level. Scientists have adopted the millibar which is 1,000 dynes/cm?.
In these units the standard pressure (29.92 inches of mercury) is 1,013.2
mb or 1,013 X 10° dynes/cm®, The reason this pressure is not felt is
that a counterpressure is created in the human body to balance it. It
is interesting to note that a sudden and marked lowering of the external
pressure, as pursuit pilots can testify, has several undesirable and dan-
gerous physiological effects.

43. Variation of pressure with height.—a. The atmosphere,
though a gas, is not inclosed in a chamber as is gasoline in a cylinder.
Rather it extends into space and is kept from escaping or diffusing
by the attraction of each molecule to the earth. The effect of gravity
is to cause all molecules to try to fall back to earth, ereating a pressure
proportional to the number of molecules above any one point. The
pressure thus increases as one descends in the atmosphere, just as in
liquids; or viewed from the surface, pressure decreases as one goes aloft,
so that for every increase of 18,000 feet, the pressure is about one-half
its former value. Because air, unlike water, is compressible, a rapid
decrease in pressure occurs at low altitudes, about 34 mb per 1,000
feet or 1 inch of mercury (see table I) ; but above a few thousand feet
the pressure decreases at a much slower rate (for example, 0.69 inch
of mercury between 14,000 and 15,000 feet).

b. The pressure exerted by the air at any given height is the sum of the
pressures at that height of all the gases, nitrogen, oxygen, argon, car-
bon dioxide, etc., which compose it. At sea level, the normal atmos-
pheric pressure is 1,013 millibars of which approximately 200 millibars
is the pressure exerted by its oxygen content. At 18,520 feet altitude
the atmospheric pressure is 500 millibars (see table III) or less than
half as great as at sea level. The pressure exerted by the oxygen in the
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air at that height is proportionately less, or less than 100 millibars.
When oxygen equipment is being used at high altitudes, it is regulated
to supply oxygen at the normal sea-level oxygen pressure of 200
millibars.

e. Just as the pressure on the surface varies from point to point, so
does the pressure aloft vary from point to point at the same level,
and, also, since the standard atmospheric pressure was defined, we
must define an average pressure condition aloft. Starting with the
standard sea level pressure at a temperature of 59° F., the average
condition assumes a mean lapse or decrease in temperature of 3.57°
F. per 1,000 feet, and the following tables may then be computed :

TasLe L—Standard pressures at 1,000-foot levels and pressure differences
between 1,000-foot levels

Altitude |  Pressure |I’rossuro differ-

in in inches of ence, inches of
feet | mereury ’ mercary
s e i
18, 000 14. 94 |4
17, 000 15. 56 i 23
16, 000 16, 21 1 - f,_"?
15, 000 16. 88 .]‘- ) 69
14, 000- | 17. 57 |3 Co
13, 000 | 18. 29 i “va
12, 000 | 19. 03 3 ‘e
11,000 | 19. 79 |3 i
10,000 | 20.58 i o
9, 000 21. 38 | ey
8, 000 22. 22 |4 i
7, 000 23. 09 |1 +81
6,000 | 2398 i g?
5,000 | 2489 i
4, 000 25, 84 { At
3, 000‘ 26. 81 | o
2, 000 | 27. 82 ] e
1, 000 28. 86 ! o8
Sea level 29. 92 1




ELEMENTARY PHYSICS FOR AIR CREW TRAINEES 4344

TaRLE I1.—Vertical distance corresponding to I-inch mercury change at various

altitudes
Inches | Altitude Distance in feet
of | in for 1-inch of
mercury ! feet | mercury
13. 92 19, 696 '
s M+ P o, 00D |y »
14. 92 18,026 |} l '_.’;?
15. 92 16, 445 % ¥ :;('}3
16. 92 14, 942 i' 433
17.92 | 13, 509 % 1'36{]
18. 92 12, 140 ! ]'21‘3
19. 92 10, 827 |3 1':350
20. 92 9, 568 i ]‘ ->|:3
21. 92 8, 356 1‘ ;tiS
22. 92 7,188 % 1-‘ 197
23. 92 6, 061 ]’ 083
24. 92 4 978 % 1‘nr52
25. 92 3,916 } ']’ 023
26. 92 2, 893 ' 059
27. 92 1,901 % i:in
28. 92 937 b 037

29, 92 | Sealevel

Tapte 1IL—Vertical relation of 100-millibar levels

Millibars Feet Meters | Millibars | Feet Meters
e e R e e )
e L | 24,370 7,425 || 800.~ - 6, 200 1, 889
T N AL 4 | 18,520 5:643 |'900. T on .. 3,112 048
BO0L. oo 13, 740 A AR 000 5 o 348 106
s | 9, 700 | g b | 1 B S e Sea level Sea level

d. It should be borne in mind that these tables represent average
conditions, and that any altimeter (essentially a barometer) may be in
error, high or low, depending upon the local departure from average.

44. Isobars.—a. This local departure from the average is one of
the phenomena that the weather forecaster utilizes constantly. The
pressure at a number of stations is entered upon a map called a syn-
optic chart, and the weather is analyzed from these pressures. If
some of the stations are in the mountains and others near sea level,
the upper stations will report a lower pressure. A common level or
altitude must be chosen which is sea level. The weather observer,
therefore, must correct his observed pressure by adding to it the pres-
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sure exerted by an imaginary column of air between the level of his
station and sea level.

b. Once the corrected pressures are received and vecorded, the fore-
caster can draw isobars or lines joining points on the map having the
same pressure. The Ariny requires that isobars be drawn for inter-
vals of 3 millibars for all recorded pressures divisible by 8. Thus
isobars would be drawn for pressures of 996, 999, 1,002, 1,005 mb,
ete. Figure 36 is a part of a map with a number of isobars drawn.
Beginning at the left, a person naturally knows that the 1.002 isobar
must lie between the pressures recorded as 1,002.2 and 999.8 and be
much closer to the former, Note that these lines are drawn smoothly,
but do bend rather sharply along the dotted axis. Except for bends
along such fronts, isobars are continuous and gently bending, eventu-
ally closing upon each other again, just as the 999 and 1,002 do, and

/SOBARS AT PRESSURES)
299 mbs.

FiGUre 36.——Pressure field around a low pressure center as shown by isobars,
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the 1,008 would do if carried above the limit of the chart. No isobar
may branch out in a Y or fork, and separate isobars may not cross.

45. Pressure gradient and wind.—When the forecaster has
drawn all the isobars, he has a quickly grasped picture of the pressure
variations, or pressure field. The lines are quite similar to contour
lines upon a map, and not only show the mountains and valleys or
centers of low and high pressure but also give an idea of the steepness
of the hill, or the pressure gradient. The latter is defined as the ratio
of the change in pressure to the distance between points. A large
change in pressure within a small distance would indicate a large
pressure gradient, and the isobars would crowd closely together. High
pressure gradients are especially watched for, because associated with
such regions are high winds blowing approximately parallel to the
isobars. A pilot or forecaster has a good idea of the wind speed and
direction from a quick look at the isobars upon the synoptic chart, for
wind speed is proportional to pressure gradient. The synoptic chart
has many other features, too, which are required for a complete grasp
of the weather along a route or at a station, and these will be taken up
later, :

46. Mercurial barometers.—a. Thus far the phenomena asso-
ciated with pressure have been considered but no attention has been

F | 'scale

— L L

mereury Srosght
to level of pouzter
with screwdrt bottom. -

Fieure 87.—Principle of Fortin type barometer.
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paid to methods of prPciee]v measuring pressure. A working knowl-
edge of such instruments is useful, .iml dhau]nte]y essential in the case
of altimeters.

b. Present-day mercurial barometers differ little in principle from
Torricelli’s tube. The tube is a glass cylinder filled with mercury
evacuated at the top. A brass measuring scale is fixed to the glass and
is used with a sliding vernier for accurate readings.

¢. There are two common mercurial barometers in use, namely, the
Fortin and the Kew. The Fortin barometer has a leather pouch at
the bottom of the column by means of which the height of the ontside
mercury may always be brought to a fixed point so that the scale will
read the true height of the mercury column. No such adjustment is
possible in the Kew barometer, consequently, an extra source of error
is introduced which must be corrected. Other corrections must be
made for temperature, gravity, and latitude.

47. Aneroid barometers.—a. The other type of barometer in
common use, the aneroid, depends upon the movement of a hollow
corrugated metal box under varying pressures. The inside is airtight
and evacuated, so that pressure is exerted only by the outside air
against a spring inside that prevents collapse of the bellows. When
the atmospheric pressure increases, it squeezes the sides closer to-
gether, and this movement is multiplied by suitable levers and indi-
cated upon a calibrated scale. The scale may be calibrated in inches
of mereury, in millibars, or possibly in feet or meters corresponding to
the standard pressures (see tables I, IT, and IIT). When calibrated in
feet or meters, the aneroid barometer serves as an altimeter. If a pen
replaces the pointer and is allowed to trace a line on a rotating drum,
a continuous record of pressure is obtained. Such an instrument is
ealled a barograph.

b. Both the mercurial and aneroid barometers are necessary for the
different requirements of the pilot and the Weather Service. Where-
ever precise measurements are necessary, the mercurial type must be
used. The reading of a mercury barometer is much more difficult
than a glance at an aneroid dial, and corrections for the former re-
quire more time than a pilot can spare. For all these reasons the
aneroid has become increasingly refined until it approaches the mer-
curial barometer in accuracy.

The necessity for an adjustable dial upon an altimeter arises
because of local variations in pressure. The pointer is so adjusted
as to indicate pressures corresponding to the altitudes resulting from
the standard atmosphere ; however, the actual state of the atmosphere
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seldom corresponds to the standard. Therefore, the dial is moved
under the pointer until the actual pressure will cause the altimeter to
read the true height at that field. For example, consider an airplane’s
altimeter with its zero mark set at 29.92. If at the time a plane took off
from Corpus Christi the sea level pressure was found to be 3022
inches, the pointer would indicate the plane was 300 feet below sea level
because of the high pressure at that station, an increase of 0.30 inches
corresponding to 300 feet. If the pilot adjusts the zero mark of alti-
meter setting to 30.22 inches, by effectively rotating the dial, it will
read zero at take-off. If now he flies to Hensley Field, Dallas, which
reports a pressure, reduced to sea level, of 29.82 inches, the pressure
will be reduced upon his altimeter and will consequently read high
by 400 feet. If he tries to land blind with this setting, disaster may re-
«ult. Therefore, if the altimeter is reset to be 29.82 inches, it will read
the true height of the station when he lands. A good habit to form is
to reset the altimeter all along the route.

48. Pilot balloon ascensions and upper winds.—When a pilot
is navigating it is important for him to have a close estimation of the
winds that exist aloft. The direction and velocity of the upper winds
are determined by the movement of ascending balloons, These rub-
ber balloons are filled with hydrogen and will rise at a known rate.
Thus the height of the balloon at any time is known. The change in
position of the balloon gives the data for determining the direction
and velocity of the winds at any level. Also, the direction and velocity
of the winds may be estimated by watching the movement of the
clouds.

PROBLEMS

1. A man exerts a 50-pound pull upon a hydraulic jack. The
driving piston is 1 inch in diameter and the lifting piston 3 inches.
How heavy a weight can the jack lift?

2. Tf the driving piston in problem 1 moves 14 inch each stroke, how
many strokes are necessary to raise a flat tire clear off the ground if
it is 6 inches from the rim to the outside tread of the tire when in-
flated? Neglect the thickness of the rubber.

3. How heavy a man could be supported upon a pine raft 4 feet on
a side and 4 inches thick? Pine weighs 30 pounds per cubic foot and
water 62.4 pounds per cubic foot.

4. How much equipment could the man in problem 3 carry if the
raft had been made of balsa weighing 10 pounds per cubic foot?
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5. The height of a mercurial barometer on the surface is observed
to read 29.95 inches. What would the barometer read 750 feet above
the station?

6. If a balloon ascends at 6 feet per second and disappears in the
clouds in 8 minutes, how high are these clouds?

7. Normal atmospheric pressure is 29.92 inches of mercury or 1,013
millibars. Use this relationship to convert 800 millibars to inches of
mereury.

8. How many millibars correspond to 1 inch difference in mercury
pressure

9. A pilot descending from 15,000 feet altitude wants to maintain
the same average pressure increase for each 5,000 feet of decreased
altitude. In which altitude bracket would his rate of descent be
greatest ?

Srecrion VIIT

FLUIDS IN MOTION
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49. Velocity of fluids.—In section VII the properties of fluids
at rest were discussed. Now that expressions for the energy of any
body have been developed, these formulas can be applied to the study
of the flow of fluids or hydrodynamics.

@. Complete calculation of the properties of flow of fluids is very
complicated. In cases dealing with incompressible fluids or with
compressible fluids (gases) remaining at the same density during
the flow, the calculation is much simplified. In this section it will
always be assumed for purposes of simplification that the fluids have
constant density. If the fluid is air, the results of this caleulation will
be only an approximation but for most purposes will be sufficiently
accurate. .

b. If there is a steady state of motion (that is, the present motion
has remained the same for some finite period of time and will remain
the same for some finite time to come), the amount of fluid entering
some definite space must be the same as the amount of fluid leaving
that same space in a unit time. If the fluid is considered incompres-
sible, it may be said also that the volume of the fluid entering must
equal the volume leaving. Consider the fluid flowing through the
reducer pipe in figure 38. If some definite volume ¥, enters the large
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end. the same volume V, must leave the small end in the same period
of time. If the fluid were compressible, and with the differences in
pressure that would exist at the two points, the volumes of fluid enter-
ing and leaving would not be the same, but the mass or weight of
fluid in each case would be equal. Let it be assumed here and in the rest
of the calculations that the fluid is incompressible, It is easy to see
that the fluid will have to move faster through the small end than
through the large end. If in the large end a part of the fluid moves in
one second from point P, to point P,, a part of the fluid in the small
end will have to move a longer distance from Z; to P, so that the vol-
ume of fluid between cross sections P; and P, will be equal to that be-
tween P, and P,.

|
_ B |
-—-Df—-1 r-—&‘z -—dl
P 3
|
P Pz

Figure 38.—Pipe reducer showing inerease of velocity with decreased size pipe.
D, and D, will be the distance traveled in 1 second at each point;
and as velocity is defined as the distance traveled in 1 second, 1, =
V, and D,=V, where V, and V, are the velocities of the fluid at these
points. The volume in each case will be equal to the cross-gectional
area of the pipe times the distance 22 (or V), and the equation for
velocities of flow in pipes is set up accordingly.
AV =A,V,

(4, and 4, are cross-section areas: V, and V. are velocities of

motion.)

.

Ficrre 29 —Venturi constrietion in pipe.
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Example: Air flows through a carburetor with a venturi constriction
(fig. 89). If 10 cubic feet of air per second enter the tube, what will
be the velocities of the air at point 4 and at point B¢

Solution: The cross-section area at point 4 is:

(il‘)y(:i.lcll} = 0218 square feet.

The eross-section area at point B is:

Ii;’) (8.141) =.0123 square feet.

_ Volume 10

V,= =460 feet per second.

Area  .0218

Vo= lt:]f

0123

50. Energies of fluids in motion.—The present basis for all
caleulations of fluids in motion, or hydrodynamies, is the work of
Bernoulli. The principle of his work is simple: The total energy
carried and transmitted by any fluid will be the same at any point in
its path. One type of energy may be transmitted to another, but the
total will be constant if no energy is added from the outside as by a
pump. If it is assumed that there is no friction converting mechani-
cal energy into heat energy and that the fluid is incompressible, the
only types of energy with which one will be concerned are those listed
below :

a. Potential energy of height—A unit mass of water will have a
potential energy equal to the product of its weight and height above
a reference plane. For 1 pound of water this potential energy is
simply A and the energy is measured in foot-pounds. For 1 gram of

ater this potential energy is gk or 980 % and is measured in ergs if
h is in centimeters.

b. Kinetic energy due to welocity—A unit mass of fluid flowing by
any point will have a kinetic energy equal to 15 m V™, or 15 wV* in the
British system. For a unit mass of 1 pound the kinetic energy (A £)?
is V—z or §s

29 = 644

unit mass of 1 gram, the K% is

— 818 feet per second.

and is in foot-pounds if V is in feet per second. For a

g ergs when the velocity is expressed
in centimeters per second.

¢. Pressure energy of flow—Imagine 1 pound of fluid having a
volume ) flowing in the pipe shown in figure 40 which has a cross-
section area of 1 square inch. The volume of this fluid flowing through
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will push an imaginary piston from 4 to B. If the fluid has a pressure
of p pounds per square inch, the work done in moving this fluid will
be Q. But the volume @ is equal to the weight w of the fluid divided
by d.

PISTON,1SQ.IN.

=

Frauer 40.—Pressure energy of flow.

:
L

: Wi = et
Hence the work done is p 5 If pressure is in pounds per square

inch, weight in pounds, and density in pounds per square inch, the
work done is in foot-pounds. If p is in dynes per square centimeter
and d in grams per cubic centimeter, the work done is in ergs. It is
obvious that this energy, or work done, would be the same if the same
volume of fluid were passing through a larger size pipe at a lower
velocity, as the force on the imaginary piston would be greater for the
same pressure but the distance traveled would be less.

d. Sum of these energies constant.—According to Bernoulli’s law
the total energy carried and transmitted by a fluid is the same at any
point in its path. Therefore the total energy of a unit mass of fluid at
A in the tapered pipe shown in figure 41 is the same as at B and at
each point is equal to the sum of the potential, kinetic, and pressure
energies at that point. The total energy in foot-pounds at 4 for 1
pound of fluid is

FiauRe 41.—Potential and kinetic energies at two points in a tapered pipe.
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and at B :

V| D,
hat 2¢ i d

where / is in feet, ¥ is in feet per second, ¢ is 32.2, p is in pounds per
square inch and d is in pounds per cubic inch. But since the total

energy at 4 is equal to the total energy at B,
e Vi py
b+ 39 +'t'£—hz—r'2'!—, o d

In the metric system, this equation becomes

P} '[;" 2 ;
S Bing LTRSS LT )
kl! 2+d—h2 2+d
where % is in centimeters, p is in dynes per square centimeter and V
is in centimeters per second.

2

'y

Fioure 42 —Compound pipe.

51. Illustrations and applications.—¢. Take the case of a fluid
flowing through the compound pipe in figure 42 and consider the
potential, kinetic, and pressure energies at points 1 and 2. Since the
pipe is horizontal, A, =/, and these two terms cancel in the equation.
The equation of continuity (example, par. 49) requires that A, V,=
A, V, and since 4, is larger than A4,, ¥V, must be larger than T,

V. A

===. Since V, is larger than ¥V, the kinetic
ro 1/1 A2 r

7.2 5 72 :
energy term 2; will be larger than the corresponding term-;—;— . This

P / ; s
%—1 to be an equal amount greater than ;—2 Thus it is

seen that the velocity is smaller and the pressure is greater at point 1
or in the portion of the pipe having the larger diameter.

Erample: Let the diameter at point 1, figure 42, be 6 inches and
at point 2 be 8 inches, and let the velocity at point 1 be 10 feet per
second. Find the velocity at point 2 and the difference in pressure
at points 1 and 2, assuming the fluid in the pipe to be water.

in the same ratio, or -

will require
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Solution: The area of a circular pipe is equal to 8.1416/% Since

Ve _ A,
Vi A,
then
1
v, & 14m><(] ,) o
i 5 1416 )2 :
ek i b e T
or
V,=4V,=4(10)=40 feet per second.
Then
4 Y4 S P2
2{}—1- ftz-i- +
Ly 4+d U 64‘4+d,
or
1,600—100__p1—p2_ pr—pa
64.4 £ 624
2]
Py— Po= 0021((:1"_4_)* 1,454 pounds per square foot

difference in pressure between points 1 and 2. If p,—p. is desired in
pounds per square inch, divide by 144, thus obtaining 10.09 pounds
per square inch.

b. In water falling freely in air the pressure is zero. The potential
energy, A, decreases with fall and consequently the kinetic energy
must increase to maintain the same energy content. . Therefore the
velocity must increase with fall.

Erample: A pipe discharges horizontally with a velocity of 10
feet per second. What is the velocity of the water after falling a
distance of 60 feet?

Solution

V,=10 feet per second
h, =60 feet

Pi=p.=0
h,=0
bty +”‘ a2 +?j’j

10)
60+b44 +0= o-l-b4 4—1-0

3864 --100)
T’rg? ( (\]4 4 —64.4=3964

Va=+/3964=62.96 feet per second.
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o. In a waterfall the pressure will be approximately the same at the
top as at the bottom; the pressure terms will cancel. The potential
energy will decrease during the fall, but the kinetic energy will in-
crease, indicating an increased velocity as expected.

Lzample: The stream velocity at the top of a fall is 1 meter per
second. If the falls are 30 meters high, what will be the velocity of
the water when it reaches the bottom ¢

Solution:

V=100 em per second
hy=3,000 cm

hy=0

r2 72

gh:+ \o] =ghat5-

2 2

: S
980 (3,000 +12000_ g4 V2°
V,=1/5,880,000-F10,000= 2,420 ¢m per second
=24.20 meters per second.

d. Several applications of the Bernoulli principle are well known.
The Venturi tube (fig. 43) in a carburetor uses this principle for
injecting the gasoline into the air stream. At the point of maximum
construction the velocity of the air is highest and the pressure is re-
duced below that of the outside air, forcing the gasoline through the
injection tube.

e. The Pitot tube (fig. 44) on the outside of an airplane is used
for measuring air speed, and the foregoing principle applies in its
use. In use, the tube is pointed into the wind or straight ahead on
an airplane. The air blows rapidly by point A with approximately
the speed of the airplane and at point B the air is carried into the tube.

Constriction causes
recuced pressure|

Ficure 43.—8chematic diagram showing prinieple of carburetor.
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In the simplified case assume that the tube stands still and the air
is blowing by with a speed that one desires to determine. Port 4
is at right angles to the stream of air and therefore not subject to its
impact. The air pressure on port 4, and, hence, in tube 2, is accord-
ingly atmospheric pressure. Port B faces the air stream and receives
the full impact of the air reducing its velocity to zero and building up
a pressure head p, which is greater than atmospheric. From the dif-
ference in pressures in tubes 7, and 7,, the velocity of the air stream
can be calculated by using the following equation.

Pa__ V2 Po
+ % g 7 d

In this equation the potential terms have been omitted, as there is no
change in elevation. V. will be zero, ¥, will be the velocity of the
plane, and p, the atmospheric pressure. Solving for ¥, the equation

reduces to:
A7 _\f@’@:@
AT d

The air-speed indicator in an airplane is a sensitive pressure measuring
device which measures the difference in pressure between the two
openings and which has a scale so calibrated that it will read directly
in miles per hour. At high altitudes the density & of the air is reduced
and consequently the air-speed indicator will ordinarily indicate a
Jower speed than the plane is actually traveling, since d at high alti-
tudes is less than at the altitude for which the instrument is calibrated.

([ubes lesd to sensibrve
ressUrE EGEUrING

oq

17ty ImeEnt. /
____, I % %
v// IIFA A IS // YIS IS IS
S i ———

Ficure 44.—Schematie section of Pitot tube.
Ezample: If the difference in pressure at A and B, figure 44, is 15
inch of mercury, how fast is the airplane traveling? Assume air
density to be 0.0765 pounds per cubic foot.
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Solution: Since standard atmosphere is equal to 14.7 pounds per
square inch or 29.92 inches of mercury, 1 inch of mercury is equal to:
14.7 b
39.09 )= =.491 lbs. per sq. inch=p,—p,

Since d is .0765 pound per cubic foot, (p,—p.)will be in pounds per
square foot. This is 144 times the pressure difference in pounds per
square inch, or (144).491="70.704 pounds per square foot,

Then
Vo TP
[ (f

P \/f_;_:i_4__70 704)

V.=+/59508
V.=244 feet per second
V4=166 miles per hour

f. The lift of a modern airplane wing is developed upon the ap-
plication of the Bernoulli principle. The curvature of the top sur-
face (fig. 45) makes the air travel a longer path over the top of the
airfoil than over the bottom. Since the air’immediately on the top
has farther to travel, its velocity is greater, and therefore the pres-
sure is less on the top than on the bottom. Hence there is an in-

Hrah Ve/oaz_’y & Yoo, |
low pressure

—

Lower velocity ¢t éan‘écwz—l
hroher pressu-e.

Firoure 45.—Flow of air over an airfoil, |

duced lift because of the flow of air. At low angles of attack (angle
between the line of the air stream and the line from the front to the
back of the wing) (fig. 45) there is practically no pressure other than
ordinary atmospheric pressure on the underside of a wing with a flat
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undersurface. However, when the wing is tilted up (higher angle
of attack) there is also an upward pressure on the underside of the
wing caused by deflection of the impinging air stream as shown in
the two lower illustrations in figure 46. The air flow along the fore

ANGLE OF ATTACK

—

WIND DIRECTION

ANGLE OF ATTACK

WIND DIRECTION

i REGIONS OF REGIONS OF
% NEGATIVE % POSITIVE

PRESSURE
F1GURE 46.—Pressure distribution on airfoil surface.
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part of the upper surface of the wing is also speeded up resulting in
a still further decrease in pressure or still greater lift. Thus it is
seen that 1ift increases with the angle of attack as is clearly notice-
able when comparing the two lower illustrations in figure 46. How-
ever, when the angle of attack exceeds a certain amount, the air stream
along the top surface of the wing begins to break down or burble,
resulting in decreased lift. If the angle of aftack is still further
increased, a point i1s reached where the lift is no longer sufficient
to support the weight of the airplane. The angle of attack at
which this occurs is known as the critical or stalling angle. When
the angle of attack is negative, as shown in the upper illustration
in figure 46, the air stream toward the front portion of the upper
surface of the wing is slowed down causing a downward pressure on
this area while that along the forward portion of the lower surface
is speeded up resulting in a downward pressure or suction. As a
result of this action, there is a tendency for the airplane to dive.

52. Icing.—There is one dangerous condition to which the rapid
flow of air contributes. This is in the carburetor. In paragraph 46
it was shown that the pressure at the throat of the carburetor is less
than that at the entrance. The lowering of temperature due to this
sause and to increased evaporation is extremely marked. At air tem-
peratures between 60°-and 70° ¥. the air will cool to the freezing
point at the throat; the moisture in this air will then freeze and clog
the carburetor. Since it takes several minutes for the metal surface
of the throat to cool off, this icing is not always detected in the

warm-up, and the throat will clog just about the time the pilot

starts to climb steeply on the take-off. Many pilots are dead because
they overlooked this simple little fact. Today carburetor preheaters
aré employed, but the pilot still must know when to use them and
when not te.

QUESTIONS AND PROBLEMS

1. Considering the requirements for accelerated motion, give a
simple explanation why the pressure is reduced at a constriction in a
pipe carrying running water.

2. Cold air is denser than warm air. Will the air-speed indicator
give high, low, or correct reading in very cold weather if the instrument
is not eorrected for temperature?

3. If the wind blows up a steep-sided valley that becomes narrower
at the upper end, what will be the maximum wind velocity if the valley
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is 3 times as wide at the mouth as at the top and the entering wind
20 miles per hour?

4, The water surface of a reservoir is 200 feet above the level of
the turbine in a power plant. If water is discharged through a
turbine at the rate of 100 cubic feet per second, what power could be
developed if all the energy was taken out of the water?

5. What will be the difference in pressure between the static and
dynamic pressure tubes of the air-speed indicator of an airplane that
is traveling 300 miles per hour?

Secrony IX
TEMPERATURE AND HEAT
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53. Nature of temperature.—All are familiar with the sensations
that bodies produce when they are hot or cold. While these are un-
reliable except as rough indicators, they furnish a fairly consistent
system of temperature ranges in good agreement with other observa-
tions on the effects of heat. An object which feels hot can always be
made to show its heat in other ways also. For instance, a metal rod
is a little longer when hot than when cold; a quantity of gas exerts a
greater pressure when heated than before; ete.
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54. Definition of heat.—a. The supply of heat cannot be weighed ;
therefore it cannot be a substance (as was once thought), but must be
related in some way to motion.

b. When heat is applied to a body, it increases the energy of that
body ; and since no change can be detected in either the kinetic or the
potential energy of the body as a whole, it appears that the energy
must have been given to the molecules of which the body is made.
Molecules are known to possess both kinetic and potential energy.
This is true for the molecules which have been expanded by heat, for
work must have been done upon the molecules to separate them in
opposmon to the forces of cohesion. Heat is a form of energy which
in gases is practically the kinetic energy of molecules, and which in
solids and liquids also includes potential energy due to expansion.

¢. When a gas is confined to a vessel and the vessel is heated, the
gas molecules striking the heated side of the vessel in their incessant
motion rebound with greater speeds. These molecules then strike
others, and so on until the entire gas is heated. When one end of a
metal rod is placed in a fire, the entire rod becomes warmer as the heat
is gradually conducted along it. The kinetic theory of matter explains
this phenomenon as the result of the progressive transference of molec-
ular kinetic energy from one molecule to another throughout the rod.

55. Definition of temperature.—a. The application of heat to a
body causes an increase in its temperature unless there is a change of
state. The term “temperature” is used to express how cold or how
hot an object is; “cold” implies a low temperature and “hot” implies
a high temperature with reference to the surroundings. A more defi-
nite idea of temperature can be realized by considering what occurs
when a hot body is brought into contact with a cold one; for example,
a hot steel rod plunged into cold oil. The rod becomes cooler and the
oil warmer, an indication that the hot body gives up some of its en-
ergy to the cold one. This process continues until a state of thermal
equilibrium is reached, and this condition signifies that the same tem-
perature prevails throughout. Consequently, temperature is that
property of a substance which determines whether heat will flow from
it or toward it when it is placed in contact with some other body.

b. Terms such as “hot,” “cold,” “warm,” and “cool,” although used
in ordinary speech, do not express accurately the temperature of a
substance, and this fact has led to the adoption of certain thermometric
scales.

56. Measurement of temperature.—z. A thermometer is any
type of instrument made for the measurement of temperature. Pre-
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cisely, it measures its own temperature which is made to agree with
what it is desired to measure. All sorts of thermometers depend upon
heat effects (changes in dimensions, pressure, electrical resistance, heat
radiation, etc.), but these are so numerous that only a few types of
thermometers will be discussed in this study.

b. The action of the liquid, solid, and gas thermometers depends upon
expansion by heat ; for a liquid thermometer it would be the difference

of expansion of the liquid and the glass. When a substance is being,

heated, the agitation of its particles pushes them a little farther apart
because of the increased vigor of their impacts. Solids show but a
small change. A few alloys shrink with increase of temperature, but
this is unusual. Evidently no single explanation of thermal expansion
is adequate for all cases.

57. Thermometer scales.—Galileo is credited with the invention
of the first thermometer. His instrument, however, measured only
temperature differences. Later, Hooke proposed that the melting point
of ice should be taken as a standard on which to found a scale of tem-
perature. Still later it was discovered that two fixed points were nec-
essary for a successful scale. Consequently, the boiling point of
water was taken for the other fixed point. Various fixed points were
tried, but the boiling and freezing points of water were established as
a standard. -

a. Fiwed points—(1) The lower fixed point on the thermometric
scale, called 0° C. or 32° F., is the temperature at which pure ice and
water can remain in equilibrium without any change in their relative
amounts. '

(2) The upper fixed point on the thermometric scale, called 100° C:
or 212° F., is the temperature existing in the steam above boiling water
and under standard atmospheric pressure (1013.2 millibars).

b. Centigrade and Fahrenheit—(1) The centigrade scale, devised
by Anders Celeius, Swedish astronomer, is universally used for scien-
tific measurements. The Fahrenheit scale, named after the German
physicist Gabriel Fahrenheit, is used largely for engineering and
household purposes in England and the United States.

TEMPERATURE SCALES

Bollingpoiaf ol araler e s F. 212° C. 100°
Melting pointof-jce-c o 32° 0°
Number of divisions between fixed points______ 180 100

(2) It is frequently necessary to convert temperatures from one
scale to the other. In this process it must be observed that on the
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Fahrenheit scale there are 180 divisions, while the centigrade scale has
only 100 divisions for the same temperature range.

® ™ r
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Frourn 47 —Comparison of temperature scales : Fahrenheit, centigrade, and absolute.

For conversion from centigrade to Fahrenheit temperatures the fol-
lowing formulas will be useful :
T 97';

I +32 and

Tr=gtr,—32)

* (3) On the “absolute” or Kelvin scale, zero degrees is the lowest
temperature theoretically obtainable. That is, if all the heat energy
were taken from a body, the temperature of that body would be
absolute zero. This value would correspond to —273° C. or —459° F.
Absolute zero may also be described as that point where both the
temperature of a body and the quantity of heat which it possesses will
be zero, or that point where molecular motion ceases.

58. Mercury thermometer.—This thermometer consists of a
thick-walled glass tube with a very fine central hole down its axis
drawn as uniformly as possible and sealed to a thin-walled bulb,
usually cylindrical. The top of the tube is sealed off when the tube
contains nothing but mercury. The positions of the mercury at 0° C.
and 100° C. are marked off, and then the space between is graduated.
The scale may be extended beyond the fixed points if necessary.
Other liquids may also be used in thermometers; but as mercury pos-
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sesses many favorable properties, it is used extensively. Some of
these properties are the following: Freezing point—38.7° C., boiling
point +357° C., high specific gravity, low vapor tension, and a uniform
rate of expansion.

§ so-——0 1§ 59 30 _ae Jo __go 18 g8 90 00 1-.&...&:—_0

Ficore 48.—Mercury thermometer.

59. Alcohol thermometers.—Alcohol and some other liquids
have an advantage over mercury in their greater coeflicient of expan-
sion and smaller surface tension, but they are seldom used for accurate
thermometers. Since the freezing point of alcohol is —117° C., which
is lower than that of mercury, it is used frequently in thermometers
for measuring low temperatures,

60. Maximum thermometers.—A maximum thermometer is a
device used for recording the maximum point reached by the end of
the mercury column. There are two types of maximum thermom-
eters. In the first, a small metal index (usually iron) is pushed ahead
of the expanding mercury column. When the mercury column con-
tracts, the highest temperature is indicated by the position of the
lower end of the iron index. In the second type, a constriction is
made in the bore of the tube near the bulb, and at this point the
mercury breaks. When contraction occurs after the maximum tem-
perature has been reached, the mercury in the tube will not return
through the constriction. Thus, the highest temperature for any
period of time is indicated by the top of the mercury column. In
either type the thermometer must be set before a maximum reading
for a given period of time may be obtained.

NGNS

Minimum 7THerrrometer

IO NI
._ J)

Mavimom Therriomerer

MR

Figure 49.—Maximum and minimum thermometers.
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61. Minimum thermometers.—A minimum thermometer is an
instrument that records the lowest temperature in a given period of
time. It is made of glass and alcohol. Within the alcohol in the
tube is a small slider. When the temperature drops, this slider is
carried down with the top of the alcohol. If the temperature rises,
the slider will remain at the lowest position to which the aleohol
surface dropped, the alcohol flowing past the slider as the temperature
rises.

62. Gas thermometer.—a. Galileo discovered that gases expanded
with increased temperature, and one of the first thermometers based
on this principle was invented by him. There are two types of gas
thermometers. In one, the gas is allowed to expand under constant
pressure and the volume is measured. In the other, the volume is
kept constant and the changes in pressure are noted. Here the latter
will be discussed. :

b. In figure 50 the bulb 4 containing the gas is connected to ¢ by
a small glass tube B. The flexible tube CDE is attached to an open
glass tube #. The tube DEF is then filled with mercury. The
“volume of tie gas in the bulb, is held constant by adjustment of the
height of the tube # so that the mercury surface at € is always at
the same position. The height of the mercury surface in the tube
F is a measure of the pressure of the gas in the bulb and therefore
also a measure of the temperature of the bulb, pressure being pro-
portional to absolute temperature at constant volume. When prop-
erly calibrated, this device operates as an accurate and reliable
thermometer,

¢. There is a similar instrument in which the pressure is kept con-
stant so that the volume which the gas assumes may be measured.
As the volume of a sample of gas is proportional to the absolute
temperature at constant pressure, the volume of the gas may be used
as a direct measure of temperature.

63. Metal or resistance thermometers.—a. Metal or resistance
thermometers are coming into use more and more. In fact, for the
measurement of high temperatures they are the most accurate of all
types. It has been stated before that the resistance of a coil of wire to
the passage of an electric current changes with temperature, and from
these changes an instrument can be calibrated for measuring tem-
perature. -

b. The instrument consists primarily of a coil of wire (usually
platinum) mounted in a protecting tube of glass, metal, or porcelain.
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Ficure 50,—Gas thermometer,

A Wheatstone Bridge is connected in the circuit, and from the resist-
ance reading, the temperature may be calculated.

¢e. Metal thermometers offer several distinet advantages over other
types. They are very durable and reliable. They give reliably ac-
curate readings over a great range of temperature. They may be
used either for indicating or for recording at a distance from the actual
thermometer. Because of these advantages the metal resistance
thermometer is being used more and more in industrial and scientific
applications.

64. Bimetallic thermometer.—If two thin strips of different
materials are fastened together and one end is held fixed, the free end
will move with small changes in temperature. Such devices are used
as metallic thermometers; or their motions may be made to close
circuits automatically, as in the thermostat.

65. Thermoelectric pyrometer.—The word “pyrometer” is gen-
erally applied to devices for measuring high temperatures and for
that reason is sometimes applied to the resistance thermometer de-
seribed in paragraph 63. The most common types of pyrometers are
the thermoelectric, the optical, and the radiation pyrometer. Only
the first will be discussed here. The thermoelectric pyrometer makes
use of a thermocouple. A thermocouple is a pair of electrical con-
duetors of different material permanently joined at one end. Such a
device generates an electromotive force or voltage, the magnitude of
which varies with the temperature to which the couple is subjected.
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Fraure 51.—Schematic principle of bimetallic thermostat,

A sensitive galvanometer or millivoltmeter is connected by long
leads to the free ends of the thermocouple and calibrated to read in
degrees of temperature. The thermocouple itself is delicate and is in-
closed in a protecting tube. Like the resistance thermometer, the
thermoelectric pyrometer may be used for indicating or recording
temperatures at a distance from the place where the thermocouple is
placed.

66. Thermal expansion of solids.—A common method of meas-
uring the expansion of solids due to change in temperature is to heat
a rod of the material and observe the change in length by means of a
micrometer. The change in length depends upon the kind of mate-
rial, the change in temperature, and the length of the rod. The total
expansion divided by the length of the rod gives the expansion per
unit length. If this is divided by the number of degrees change in
temperature, the quotient is the change in length per unit of length
per degree change in temperature. This is known as the coefficient of
linear expansion. It may be given for a change of 1° C. or 1° F. The
coefficient for ¢he Fahrenheit scale is 34 the value of the coefficient
for the centigrade scale, since 1° C.=9° F. If K is the coefficient, L,
the original length of the rod, 7', the initial temperature, 7' the final
temperature, £ the change in length and Z the final length, then—

E=L,K(T-1T,).
or

L=L,+LE(T—T.).
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If 7 is greater than 7', this gives an increase in length; and if 7,
is greater than 7, the second term on the right is negative and gives
a decrease in length. A must be for the centigrade scale if 7" is centi-
grade and if 7' is in Fahrenheit units & must be for the Fahrenheit
scale.

TasLe IV.—Linear.coefficients (K) of solids

Material K for centigrade K for Fahrenheit
[ F ot + e A, S N L i YL T 0. 000011 0. 000006
TR b Easthelitee Peebdan b B E L AR e S 0. 000025 0. 000014
Rlatmiim . e o e e o IS 0. 000009 0. 000005
Brags. .o e e CEhiahor 0. 000018 0. 000010
Blaas (o) s o i e e 0. 0000085 0. 0000047
Gloas (Qeid) oo e JITTAR R AT s 0. 000003 0. 0000017

67. Calorimetry.—The process of measuring heat quantities is
called calorimetry. When two bodies of different temperatures are
placed in good contact with each other, the hot body gives up heat
and the cold body takes on heat until both reach the same tempera-
ture. This reaction may be stated thus: “Heat lost by one body
equals heat gained by the other body, provided no heat is gained
from, or given to, the surroundings.”

68. Unit of heat.—a. In the metric system.—In this system the
unit for measuring heat is the calorie. It is defined as the quantity
of heat required to raise the temperature of 1 gram of water from
14.5° C. to 15.5° C.

b. In the British engineering system.—In this system the unit of
heat is called the British thermal unit or Btu. It is defined as the
quantity of heat required to raise the temperature of 1 pound of
water from 59° F. to 60° F. One Btu=252 calories, approximately.

¢. Mechanical equivalent of heat—Heat is energy and so the calorie
and Btu are in reality units of energy. The number of units of
mechanical energy required to produce one unit of heat energy is
called the mechanical energy of heat and is denoted by the letter J.
In the metric system

J=4.187 joules per calorie

or 4.187 joules of mechanical energy can produce one calorie of heat.
In the British engineering system—
J=1178 foot-pounds per Btu
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Ezample: If a 30-gram bullet moving 1.000 meters per second is
imbedded in a block of wood, how many calories of heat energy will
appear?

Solution: The entire kinetic energy of the bullet will be converted
into heat energy.

__mV?

i

¥ is 100,000 centimers per second

m 1s 30 grams

30 (100.000)2
9

Kr

KE=- =150,000,000,000 ergs

15X 10" ergs=15 X 10° joules
15000 15000
T 4187

69. Specific heat.—a. The specific heat of a substance is the ratio
of the number of calories of heat required to raise the temperature
of 1 gram of the substance 1° centigrade to that required to raise the
temperature of 1 gram of water from 14.5° C. to 15.5° C. The specific
heat of the substance is therefore numerically equal to the number
of calories of heat required to raise the temperature of 1 gram of the
substance 1° C. since 1 calorie is required to raise the temperature
of 1 gram of water from 14.5° C. to 15.5° C. The definition in the
British engineering system is similar and specific heat in that system
is numerically equal to the number of Btu’s required to raise the
temperature of 1 pound of the substance 1° ', since 1 Btu is required
to raise the temperature of 1 pound of water from 59° F. to 60° F.
Specific heat is a ratio and has the same value for either the metric
system or the British engineering system. The specific heat of a
substance is not a true constant but varies with temperature and
generally average values are used.

b. The specific heat of water (which is 1.0) is higher than that of
most other substances. For this reason, oceans and lakes change
temperature more slowly than adjacent land masses. From night
to day, the temperature of an ocean surface seldom changes more than
1% or 2°,

70. Heat capacity.—a. The heat capacity of a body is the number
of calories required to raise the temperature of the body 1° C. It
is therefore equal numerically to the product.of the mass of the
body and its specific heat. This definition applies to the cgs system
of units. In the British system, heat capacity is the number of

=3.582 calories

100




ELEMENTARY PHYSICS FOR AIR CREW TRAINEES T0-71

Btu’s required to raise the temperature of .the body 1° F., and is
equal to the product of the weight of the body in. pounds and its
specific heat.

b. Let @ be the quantity of heat required, 7 the mass of the body,
s the specific heat of the substance, and 7' the change in temperature.
Then—

Q = msT

Example 1: 50 grams of lead in being raised from 20° C. to 100°
C. will absorb 50X 0.031 X 80=124 calories,

Exzample 2: 50 grams of lead are cooled from 200° C. to 50° C.;
‘the heat lost will be 50 X 031 X 150 = 232.5 calories.

¢. In the British engineering system, weight, w, is used instead of
mass : then—

Q@ = wesl

where @ is in Btu, w in pounds, and 7' in degrees Fahrenheit.

Ewzample: 1t 50 pounds of iron are raised from 50° F. to 150° F.,
the heat absorbed will be 50 X .113 X 100 = 565 Btu.

71. Method of mixtures.—a. If two substances of different tem-
peratures are mixed, an equilibrium temperature will be reached
by the mixture. For instance, if a ball of hot iron is placed in a
container of cold water, the water plus the container will gain heat,
and finally the mixture will have the same temperature.

b. If m, represents the mass, s, the specific heat, T, the tempera-
ture of one body ; m, the mass, 7. the temperature, s, the specific heat
of the liquid; and 7, the temperature of the mixture, the following
expression is true:

Heat lost=heat gained
(m'l.) : (31) i (?'JHTHL)Z(W--_{) B (82) * (T,,,_Tg)
Problem: How much heat is required to raise the temperature of
100 grams of tin from 20° C, to 200° C.?
@=ms(7,—71,)
=100 X 0.060 < 180
=108 calories

Problem: 100 grams of iron at 200° C. are placed in a copper calo-
rimeter containing 200 grams of water at 20° C. (The calorimeter
weights 130 grams and is at the temperature of the water.) Find
the temperature of the mixture:
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Heat lost=heat gained
100 (0.113) (200—77,) =200 (1) (Zm—20)+130 (.093) (7', —20)
2260—11.3 7,,=200 7',,—4000+12.09 7', —241.8
223.39 T'»=6,501.8
T'n=29.1°C.
¢. In the British engineering system a similar formula is used:
Heat lost=heat gained
101‘81(T1~T,,4)='Lt‘?2‘ Sl —T1) -

Ezample : 10 pounds of iron at 300° F. are placed in an aluminum
vessel weighing 10 pounds which contains 80 pounds of water at 50°
F. The vessel has the same temperature as the water. Find the
temperature of the mixture.

Solution:

Heat lost=heat gained i
10 (0.113).(300—7",,) =380 (1) (7', —50) +10 (.21) (7',,—50) |
339—1137,=307,,—1500+2.1 T,,— 105
33.23 I'n=1,944 :
7= 58.5°F.

72. Transmission of heat.—There are three ways by which heat
energy may be transferred from one place to another: radiation, con-
vection, and conduction. Each performs a significant role in the
heating of the atmosphere.

73. Radiation.—a. Radiation is the process by which energy is
transmitted through space without the presence of matter, Heat and
light are transmitted from the sun in this manner at the velocity of
light, which is 186,000 miles per second. It is unchanged in quantity
and quality until it is intercepted by matter. The solar radiation
which comes to the earth and which plays such an important part in.
our weather is given the special name of “insolation.”

b. Radiation is thought to be a wave disturbance analogous to the
waves which travel over a water surface. The characteristics of a
. radiation wave are the period and the wave length. Radiant heat and
light are alike, not only in that they travel at the same speed but also
in that they can both be refracted by lenses and prisms. These and
other facts prove that radiation waves are of exactly the same nature
as light waves. Light consists simply of radiation waves, which affect
the eye, and are between 0.0004 and 0.00076 mm in length.

74. Radiation, absorbtion, and reflection.—There is a direct
relationship between radiation, absorption, and reflection. = It has
been found that a body which is a good radiator is also a good absorber.
The hotter the body, the more rapidly radiant energy is sent out.
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Freven 52.—Radiation from the earth, showing intensity as a function of wave length,

Since every body is radiating (unless it is at absolute zero), every body
must also be absorbing. An easy way to prove that there is a close
connection between the absorbing power and the radiating power of
an object is to heat a piece of white china, with dark markings, in an
oven. At ordinary temperatures the markings look dark because
they absorb more light, but at high temperatures they look bright
against the china because they radiate more. The reflecting power
of a surface is the ratio of the radiant energy reflected from the surface
to the energy incident upon it. The reflecting power of a surface
is also different for different substances; that is, a polished silver sur-
face will reflect more than a polished iron surface.

75. Conduction.—a. Conduction is the flow of heat through mat-
ter unaccompanied by any motion of the matter; in other words, the
transfer of heat from molecule to molecule. The rate of flow from the
body of higher temperature to the body of lower temperature is de-
pendent upon the temperature difference. Heat will be conducted
faster if the temperature difference is greater. The rate of flow of
heat, other conditions being equal, also depends upon the material
through which it must flow; substances are roughly divisible into
“good conductors” which permit, under given conditions, a large
flow of heat and which in general are metallic, and “poor conductors”
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which permit a small flow of heat and are in general nonmetallic, such
as wood, glass, asbestos, leather, and linen.

b. The conductivity of liquids is, in general, about equal to that of
solids of low conductivity except that mercury, which is metallic,
is a good conductor. Water and some aqueous salt solutions have
conductivity coeflicients between the metallic and the nonmetallic solid
conductors.

¢. The conduectivity of gases is comparatively low. For this reason,
air layers inclosed in or between solids, such as air spaces in house
walls, in walls of refrigerators, in pores in cloth, and in fur or feathers,
are chiefly responsible for the low conductivity found in these cases.

d. Conduction is a major heat transfer process between the surface
of the earth and the thin layer of air immediately above the surface.
The earth and its vegetation are very good absorbers of solar energy
and are readily warmed when exposed to it. They are likewise ef-
ficient radiators of the earth’s energy and rapidly cool off after sunset.
The atmosphere in contact with these areas is warmed or cooled by
conduction. This heating and cooling would extend a distance of only
a few feet above the surface were it not for convection and surface
turbulence, which continually bring fresh air into contact with the
surfaces, Thermometers placed in the surface of the soil and a few
feet above the surface show a large difference in temperature, the
air temperature lagging behind that of the soil. This poor conducting
property of the air contributes to the formation of the temperature
inversion near the ground and often causes the ground fogs observed
early in the morning.

76. Convection.—Convection is the transport of heat by moving
matter, for example, by the hot air which can be felt rising from a hot
stove. In connection with weather, convection refers to the upward
or downward movement of a limited portion of the atmosphere, the
movement having been induced by thermal action. Gases upon being
heated, expand and become less dense.  'When the atmosphere is heated
at the equator or any localized area, it is pushed aloft by the colder,
heavier air in its neighborhood, thus carrying this surface heat to
higher elevations. Cumuliform clouds and dust whirls are visible evi-
dence of these vertical convections. Horizontal convection also occurs
in the local and general wind systems of the earth as a result of unequal
surface heating and cooling.
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i QUESTIONS

1. What is the nature of temperature?
2. Define heat : temperature.
3. How is heat measured?
i 4, Explain the principle of a thermostat.
l _I‘ 5. What are the “fixed points” of a thermometer and how are they
determined ?
6. Define and explain absolute zero.
8 7. Give the advantages of a mercurial thermometer.
‘ 8. When is aleohol used in thermometers?
9. Explain the maximum and minimum thermometer.
10. Name one type of thermometer used in measuring very high
_ temperature, Why is it used?
| 11. Name the three methods of heat transfer and give an example
. found in nature of each method.

12. From the standpoint of heat radiation and absorption (a) What
color should winter clothes have? (b) What finish should the sides
of a teakettle have?

. 13. Why should steam radiators be installed on the cold sides of a
il room!?

14. Would you expect bumpier flying conditions over land at night

| or in midafternoon? Over the ocean? Explain briefly. |

15. If a door is opened between a warm and a cold room, in what
direction will a candle flame placed at the top of the door be blown?

g | 16. The earth’s atmosphere has been likened to a greenhouse.
f ‘ Explain why higher temperatures can be expected inside the green-
' house than in the outside air.
' 17. Why does the fleece lining of a winter flying suit help keep one
M warm!
! PROBLEMS

1. Mercury solidifies at—88.8° C. and vaporizes at 356.7° C. Ex-
press these temperatures on the Fahrenheit scale. _
9. At what temperature are the readings of a Fahrenheit and a cen- |
tigrade thermometer the same numerically?
3. Find the centigrade temperatures corresponding to 10° F. and
60° I, 'i
4, A steel tape which is correct at 60° F. is used to measure a bridge '
at a temperature of 100° F. The bridge measured 1,000 feet long.
What was the error in measurement due to the expansion of the tape?
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What is the correct length of the bridge? The coefficient of expansion
of the steel tape is 0.00000645.

5. The steel cables of a suspension bridge are 2,000 feet long when
measured at 80° F. in summer. What will be their length in winter
if the temperature of the cables is—10° F.?

6. A brass meter bar is found to be 0.007 centimeters longer than
an iron one at 25° C. At what temperature will they be the same
length.

7. What will be the temperature of 1 liter of water at 30° C. if 500
calories of heat are added to it?

8. What will be the temperature of 1 cubic foot of water at 40° F.
1f 2,500 Btu are added to it?

9. An iron bath tub weighing 120 pounds contains 4 cubic feet of
water. Both the water and the tub are at a temperature of 45° F.
How much boiling water must be added to raise the temperature of
both water and tub to 85° F. ?

Secriony X

HEATING OF THE ATMOSPHERE

Paragraph
Sonrce of the earth’s heat- ... .. . .. e Te
Factors governing insolation received _________ __ ____ _ ___ bt e By
Lerrestrial and S0l A RO e e e e e e e e e LAY
Norfmal Iapss rate. .t = 0 ot o o el gy e et e Bl
Daily variation in temperature. . __ ___ et e LA 4 0 e i B

77. Source of the earth’s heat.—a. The sun is the source of all
terrestrial energy that has any practical significance for man. It is a
body 800,000 miles in diameter and has a surface temperature of about
5,800° C. or roughly 6,100° A. Tt radiates energy at the tremendous
rate of 60,000 horsepower from every square yard of its surface. The
earth 93,000.000 miles away, receives this energy at the rate of about 1
horsepower per square yard.

b. The energy which comes to the surface of the earth by conduc-
tion from the earth’s interior and that which comes from the planets
and stars of outer space is small in comparison. The unequal amounts
of solar energy absorbed by unit areas over the earth, from the equator
to the poles, and Nature’s method of equalizing this energy give rise
to all our wind movements, eyclonic systems, thundersterms, precipi-
tation, etc. In this chapter is discussed how the sun’s emergy is
received and distributed by the atmosphere.
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78. Factors governing insolation received.—a. The amount of
insolation that any particular area of the earth receives is dependent
on several different conditions. One of the most important of these
conditions is the angle of inclination. The more nearly overhead the
sun is, the greater will be the insolation.

b. The distance from the earth to the sun varies from 91,500,000
miles in January to 94,500,000 miles in July. This periodic variation
causes 7 percent more energy to arrive at the earth in January than
in July, and will have a tendency to make the winter temperature

SENE 2/ \\
~

PicURE 53, —Position of the earth with relation to the sun at different seasons.

higher and the summer temperature lower in the Northern Hemi-
sphere. The reverse effect would be observed in the Southern Hemi-
sphere. The moderating effect of the large water bodies of the
Southern Hemisphere, however, make it difficult to observe any partic-
ular difference in the annual range of temperatures of the two hemi-
spheres.

e. At the outer reaches of our atmosphere, insolation is coming in
at the rate of 1.94 calories (approximately 2.0) per square centimeter
per minute, and this value is known as the solar constant. It is equiv-
alent to 1.5 horsepower per square yard. It has been observed that the
solar constant varies over a period of years by as much as 2 percent
and that the period of its variation agrees somewhat with the sun-spot
cycle. The direct effect upon the world weather of this change is not
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known, but certainly some effects exist and in time will be known and
used in long range forecasting and in the study of world weather
trends.

d. Not all of the sun’s energy that is directed toward the earth,
reaches it. A great amount is reflected back by clouds. The amounts
of cloudiness, averaged for the entire earth for the whole year, has
been found to be 42 percent. This amount will be used to show the
transmission and absorption of the earth’s atmosphere in figure 54.

79. Terrestrial and solar radiation.—q. The difference in wave
lengths of the energy coming from sources of different temperatures
will now be considered. Because of the high temperature of the
sun, the bulk of the incoming solar radiation is of short wave length,
which includes the visible range of the spectrum. This short-wave
energy penetrates the atmosphere more rapidly and is absorbed in
less quantity than the long-wave energy. Also, it is scattered more
than the long infrared waves. Most of the energy which reaches the
earth is absorbed. It warms the material upon which it falls, and is
in turn radiated out into the atmosphere and into space. However,
this radiation is in the form of long waves, characteristic of a body of
the earth’s radiating temperature, which is about 280° A. There must
be a balance of the incoming short-wave solar radiation and the out-
going long-wave earth radiation, because the temperature of the atmos-
phere and earth remains approximately constant over a long period of
time.

b. This balance of energy is shown in figure 54. Of the total energy
radiated to the earth from the sun, 33 percent is reflected at once into
space by clouds, water vapor, and dust. Twenty-five percent is scat-
tered radiation through the atmosphere; of this amount 9 percent is
returned to outer space and 16 percent is reradiated to the earth. It
will be noted that the 33 percent reflected by the clouds-and the 25
percent scattered in radiation through the atmosphere will leave 42
percent of the sun’s energy bound directly for the earth’s surface.
Of this 42 percent, the atmosphere will absorb 15 percent before the
energy reaches the earth. Thus only 27 percent of the sun’s total
energy strikes the earth directly. But it will be recalled that of the
scattered radiation in the atmosphere 16 percent is reradiated to the
earth. The final total received and absorbed by the earth is, then,
43 percent, or the sum of the direct radiation from the sun and the
reradiation from the atmosphere. The 15 percent absorbed by the
atmosphere and the 43 percent absorbed by the earth are used to warm
the lands and water ; produce evaporation from soil, ocean, and clouds;
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melt snow; and produce the photosynthesis in plant life. Of the
43 percent absorbed by the earth, 8 percent is radiated directly into
space, 16 percent is radiated to the atmosphere and is absorbed, and 23
percent is transmitted to the atmosphere by water vapor and convec-
tion. Of this.23 percent transmitted to the atmosphere, 4 percent is
again returned to the earth by downward convection currents. The
atmosphere radiates the same amount of energy which it receives. If
this were not the case, there would be a building up or a lowering of
the temperature of the atmosphere, a phenomenon which is known not
to be true.
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Figure 54.—Balance of heat gained and lost by the earth and its atmosphere,

¢. This whole process is well illustrated in the principle operative in
a greenhouse, where short waves penetrate the glass roof and warm
the soil and vegetables. The warmed interior radiates long heat
waves to which the glass roof is opaque. The greenhouse is, there-
fore, warmed to a much higher temperature until by conduction and
radiation a heat balance is established with its surroundings.
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80. Normal lapse rate.—a. All pilots have probably at one time
or another noticed that as they rise in altitude the temperature of
the air decreases. If the amount of temperature decrease with in-
crease in altitude were averaged for a great many cases, it would be
found that the air temperature usually falls off 3.6° F./1,000 feet
increase in elevation (equal to 6° C./km). This is called the normal
lapse rate. As an example consider air over the North Pacific Ocean.
If the surface air temperature is 68° F., the air temperature at 10,000
feet will be 82°F. (3.6°/1,000x10=36°, the temperature drop at
10,000 feet). Similar computation is useful in determining the eleva-
tion at which a pilot may encounter icing. This decrease of tem-
perature with altitude continues up to the tropopause, which is a sur-
face separating the troposphére from the stratosphere above. In the
stratosphere there is no longer a lowering of temperature as the eleva-
tion increases. Figure 55, a free air sounding, shows how the temper-
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Figure 55,—Temperature of the upper atmosphere at night.
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ature drops off with inerease in altitude up to the tropopause; then the
temperature no longer decreases with increase in altitude.

b. As has already been pointed out, different parts of the earth,
such as the equatorial regions, are heated more than other parts, such
as the- polar regions. Since the atmosphere tends to get the same '
temperature as the surface, we find cold air masses over the poles and
warm air masses over the equator. The cold air is more dense and
hence will form a high pressure area; whereas the warm air, being
I less dense, will form a low pressure area. It is these differences in pres-

- || sure that cause the movement of air masses with their resultant winds.

The high pressure will tend to push down to neutralize the low pressure 1
areas.

; 81. Daily variation in temperature.—a, Over land.—Figure 56

: shows the changes in temperature in the atmosphere from night to day. |
During the day the temperature near the ground increases, and as |
warm air 18 light it tends to rise in convective currents. At night the

condition is reversed. The ground loses heat by radiation, cooling '
off the lower layers of the air. The cold air next to the ground is
heavy and tends to remain at the ground. This condition is called
an “inversion” because the temperature increases with height instead
of decreasing, as is usually the case. An inversion is a stable condi-
tion, and convective currents do not occur in stable air.

b. Ower ocean—~—There is little change in water surface temperature i
from night to day. Hence the surface air temperature does not vary |
much, but the atmosphere at the higher elevations can still cool off I
at night by radiation. If the upper air cools while the lower air re- .',
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FiourE 66,—Temperature of the lower atmosphere.
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mains at the same temperature, the effect is similar to heating from
below, though no actual heating has taken place. Under such con-
ditions the air becomes unstable and convective currents may arise in
the same way as over the land, where actual heating oceurs from below,
Thunderstorms are a result of convective instability and consequently
oceur over the ocean chiefly at night.
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Fraure 57.—Cooling of the air over the ocean,

QUESTIONS

1. Explain why the atmosphere receives more heat indirectly from
the earth than it receives directly from the sun.

2. Should bumpier flying conditions be expected over land at night
or in the afternoon? Over the ocean? Explain briefly.

3. If the surface air temperature over the Atlantic Ocean is 70° F.,
how high could one fly before getting into subfreezing air?

4, The earth is closer to the sun in the winter than in the summer.
Why, then, are winters in the Northern Hemisphere colder than the
summer months.
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82. Kinetic theory.—a. Molecular structure of a gas—Present-
day theories of the structure of gases are based on a great many differ-
ent methods of investigation. The kinetic theory, described below,
seems to explain best all the experimental evidence of the properties
of gases. This theory presupposes that a gas is composed of a great
many tiny molecules, each a unit in itself, separated by distances of
free space relatively large compared with the size of the molecules.
These molecules have almost no attraction for each other and move
with high velocity in purely random motion. The only important
interference with this motion is the frequent collision of the molecules
with other molecules and with the sides of the container which holds
the gas. These molecules are extremely small, and very large num-
bers of them are present in any normal quantity of gas. For example,
29 prams of air, 32 gramis of oxygen, or-18 grams of water vapor each
contain 6.06 X 10 28 molecules (606 followed by 21 zeros).

b. Pressure in gases—It is easy to see that a great number of colli-
sions oceur between these molecules and any solid wall. Each indi-
vidual collision causes a small impulse against the wall, but the col-
lisions oceur with such great frequency that there is a continuous effect
of force against the wall perpendicular to its surface. This force is
called the pressure of the gas, and every gas exerts a pressure in some
degree, even when highly rarefied. The pressure of the gas against
any wall will depend upon the number of collisions per second, upon
the mass of the molecules, and upon the velocity of their movement.

83. Boyle’s law.—a. From experience it is known that any gas is
compressible to some extent, and this compression is accomplished
only by exerting some force on the gas (that is, increasing the pressure).
Boyle’s law mathematically expresses the relationship between pres-
sure and volume : In any sample of gas the volume is inversely propor-
tional to the pressure if the temperature is held constant. This may be
expressed by the equation:

P1V1 =T jf":Vz
21 and V', are known pressures and volumes; p, and V. are some other
pressure and volume at the same temperature.

b. This may be explained by the kinetic theory, as follows: A de-
crease in the volume of a given quantity of gas results in a higher
concentration of molecules by causing a specified number to occupy a
smaller space. This higher concentration of molecules must of neces-
sity result in more collisions and therefore higher pressure.
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84. Charles’ law.—According to the kinetic theory of gases, the
temperature of a gas is determined solely by the kinetic energy of its
molecules. This means that the molecules are going faster at higher
temperatures than at lower temperatures. An increase of velocity
means that the molecules are going to strike the walls harder than
before and, furthermore, that there are going to be more collisions,
At a temperature of absolute zero the velocity of the molecules is zero,
As the temperature increases, the motion of the molecules increases in
such a way that the average of the kinetic energies of all the molecules
in a given mass of gas is directly proportional to the absolute temper-
ature. This results in an increase in pressure exerted by the gas if the
volume of the sample is held constant and the temperature is increased.
The relationship between pressure and temperature is expressed math-
ematically by Charles’ law :* In any sample of gas at constant volume.
the pressure is directly proportional to the absolute temperature. In
equation form this would be:

L. =p.T,
or i Ps
; G
p: and 7'; are some known pressure and absolute temperature; and
P» and 7', are some other temperature and pressure. These tempera-
tures are based on the absolute scale where 0° absolute corresponds to
—273° centigrade or —459° Fahrenheit and 300° absolute with cor-
respond to 27° centigrade or 80.6° F.

Ezample 1: If air is admitted to a telescoping cylinder at atmos-
pheric pressure (14.7 pounds per square inch), what will be the total
pressure on the air if its volume is reduced to one-fifth the initial
volume and the air cooled to its initial temperature,

Solution: Since the temperature is the same, apply Boyle’s law.
So—

PIV:I = PEV'.’
147V, =p, (1/5V,)
P2,=5 (14.7) =73.5 pounds per square inch.

A pressure gage reads the difference between the total pressure and
atmospheric pressure. Therefore the pressure-gage reading in the
preceding solution would be 73.5—14.7 or 58.8 pounds per square inch.

* Sometimes called Gay Lussae's law,
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Ezample 2: Automobile tires frequently blow out because of the in-
creased pressure caused by heating due to fast driving. If a tire
shows a gage pressure of 30 pounds per square inch at night when the
temperature is 30° F., what will be the gage pressure if the tire
reaches a temperature of 120° F. the next day?

Solution: In this example the temperature changes but the volume
is approximately constant so that the air obeys Charles’ law. There-
fore—

plTe=P2T1

The initial temperature 7', is the absolute temperature which is
+459° +80°=489° F, above absolute zero. The final temperature 7',
is 459° +120°=579° F. above absolute zero. Absolute pressure, which
is equal to the gage pressure plus atmospheric pressure, must be used
in the formula. Therefore p,=380+14.7=44.7 pounds per square inch.
44.7(579) =p.(489)
p.=52.9 pounds per square inch absolute pressure or
52.9—14.7=38.2 pounds per square inch gage pressure.

85. General gas equation.—Boyle’s and Charles’ laws are the
bases for a general equation of state for gases. This may be expressed
as follows:

pV=mRT

As before, p, V, and 7 are the total unit pressure, the volume, and the
absolute temperature, respectively. m is the mass of the gas, and ®
is a number whose value has been determined for every known gas.
This number is always the same for any one type of gas, but each
gas has its own R. If R is known for any gas, it is possible to deter-
mine the pressure, the volume, or the temperature if all the other
elements of the equation are known. In any given sample of gas, m
and R are constant, and the equation may be set up as follows:
2iVa_ piVs
_T1 N Tz
p1, V1, and 7'y are the pressure, volume, and temperature of a sample
of gas. ., Vs, and 7', are any other conditions in the same gas sample.
Exzample: In the preceding example of the gasoline engine assume
that the gas exploded at the compressed position and the temper-
ature changes from 20° C. to 1,000° C.
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Solution:

p1=14.7 1b. per sq. in., atmospheric pressure
7.=20°+273°=293° A.
7,=1000°+273°=1.273% A.
V,=1LV, from the data

Vi p.Vs

T, Py
145V, __pa(35V)

293 1273 .

e £i$§12£=3193 pounds per square inch

This is the absolute pressure and the gage pressure is 319.3 —14.7 or
304.6 pounds per square inch.

86. Adiabatic and isothermal processes.—a. According to
Boyle’s law, the pressure of a gas is inversely proportional to its vol-
ume if the temperature is held constant, Figure 58 is a chart shewing
how the pressure of a gas will increase with a decrease in volume if
the temperature is held constant. On the curve for the temperature
of 0° C., it may be seen that when the volume is reduced to one-tenth
of that at the far right-hand side, the pressure has inereased 10 times.
The same relation will hold at any other temperature, provided that
this temperature is held constant during the volume change. It should
be noted also that at the higher temperature the pressure is higher
for the same volume. Such a change in volume and pressure at a
constant temperature is called an Zsothermal process.

b. Ordinarily, when a gas is compressed the temperature does not
remain constant, but increases. If a compression or expansion is
carried out in such a way that there is no heat added to or taken away
from the gas, the process is called adiabatic. 'This is different from
the isothermal process in that heat must be added or subtracted during
the iscthermal process to keep the temperature constant. Almost
any rapid expansion or compression is approximately adiabatic.
Adiabatic compression of a gas is always accompanied by an increase
in temperature, and adiabatic expansion causes a cooling effect. In
Diesel engines air is rapidly compressed to a small fraction of its
original volume, and the temperature is increased thereby so greatly
that fuel sprayed into the gas will spontaneously ignite. The de-
crease in pressure on the upper surface of an airplane wing in flight
may cause a temperature decrease on that surface of as much as 7° C.
The student has probably noticed that air which is allowed to escape

116




ELEMENTARY PHYSICS FOR AIR CREW TRAINEES 86

from an automobile tire is very cold on the fingers because of a rapid
adiabatic expansion upon release from the tire.
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Ficune 58.—Variation of pressure with volume of a gas at temperature of 0° C,, 273° C,,
and 546° C.

e. The increase in temperature with adiabatic compression is caused
by the simple fact that work is being done on the gas to compress it
and thereby there has been an addition of energy to the gas which can
only result in an increase in its temperature. Figure 59 shows the
relationship between adiabatic and isothermal compression of a gas.
On the right-hand side of the diagram the same sample of gas is
taken as in figure 58, As the volume is reduced by compression (mov-
ing left on the curve) it is found that the pressure inereases to 10 times
its former value when the volume has been reduced to only one-fifth
its initial value. This is due to the fact that the temperature
has reached twice its former value at this point. Mathematically
the relationship between pressure and volume may be expressed as
follows:

228 (Trl)“/;}'r’".z (V2)y
p: and V; are the pressure and volume before the change and p, and
V, are their values after the change. ¥ *is an exponent which depends
upon the type of gas. Its value for air is about 1.4.

*y 18 the Greek letter gamma and is universally used to designate this exponent.
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87. Adiabatic processes in atmosphere.—Very often air in the
atmosphere undergoes a great deal of lifting. At higher elevations
the pressure is less and the air consequently expands. Such expan-
sion is usually approximately adiabatic in character and consequently
air cools as it rises. Conversely, air which descends from higher
elevations becomes warmer as it sinks. Air rising will cool approxi-
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Meurg 59, —Difference between adiabatic and isothermal compression of a gas.

mately 3° C. for every 1,000 feet. This partially accounts for the fact
that pilots find air at high elevations colder than at the ground. Such
cooling is very pronounced and is usually sufficient to cause the water
vapor in the air to condense and form clouds with a lift of the air of
only 1,000 or 2,000 feet. The formation of clouds and precipitation
in the atmosphere is almost always a result of this condensation. In
storms some of the air is forced to rise and expand adiabatically.
Clouds form in this air as a result of the cooling.

QUESTIONS AND PROBLEMS

1. What is an adiabatic process?
2. What is an isothermal process?
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3. If a paper bag containing 50 cubic inches of air is eooled from
100° C. to 0° C., what is the final volume ?

4. 1f the same bag at original conditions is compressed with the
hands until a gage reads 8 pounds per square inch, what is the new
volume ?

5. If the same bag has a capacity of 50 cubic inches, and 10 more
cubic inches are forced in from outside, what is the final pressure as
would be read by a gage?

6. If 20 liters of air at 10° C. and atmospheric pressure are first
raised to a temperature of 50° C. and expanded isothermally to twice
the former volume, what is the final total pressure? What would be
the gage pressure ?

7. In the adiabatie equation:

pe (Vi)y=p: (Va)y

assume that the value of v for a certain gas is 2. What will be the
pressure if 10 cubic centimeters of this gas is adiabatically expanded
to 14 cubic centimeters?

8. If the original temperature in example 7 were 27° C., what was
the final temperature?

9. Very dry air is blowing up over a mountain range 10,000 feet
high. A weather station on the windward side at an elevation of
5,000 feet reports a temperature of 0° C. What would be the tem-
perature at the top of the ridge? At a station on the other side at sea
level ?

10. The volume inclosed by the fabric covering of an airfoil is
100 cubic feet. Small holes or vents are provided in the lower sur-
face of the airfoil to permit the escape of air. How many cubic feet
of air will flow out of the airfoil while the airplane is rising from the
earth (atmospheric pressure 14.7 pounds per square inch) to an alti-
tude at which the atmospheric pressure is 10 pounds per square inch?
(Ignore change in temperature.)

11. If no provision had been made for the escape of air from the
interior of the airfoil mentioned in problem 10, how much force would
the difference in atmospheric pressure exert on the lower surface of
the airfoil if its avea is 75 square feet ?

12. Air at atmospheric pressure of 14.7 pounds per square inch
contains 21 percent oxygen. What would be the oxygen content in
percent of a sample of air at an altitude where the atmospheric pressure
18 8 pounds per square inch ? :
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13. Of the 14.7 pounds per square inch pressure exerted by the atmos-
phere at sea level, 3.09 pounds per square inch is the pressure exerted
by its oxygen content. What will be the oxygen pressure at an alti-
tude where the atmospheric pressure is 8 pounds per square inch ?

Seerron XII
CHANGE OF STATE
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88. Matter in three states.—There are three states of matter:
-gaseous, liquid, and solid. In the preceding chapters these three states
have been mentioned separately, but transformation of matter from
one state to another was not, consideredt. Most inorganie substances in
one state can be made to exist in the othey states under proper condi-
tions of temperature and pressure. Mercury is ordinarily liquid under
normal conditions. Yet it freezes at —39° C. and boils at 360° C.
Alcohol boils to vapor at 76° C. and freezes at —117° C. Also sub-
stances which are ordinarily solid can be melted to liquid. At suf-
ficiently high temperatures, solids may even be vaporized. Gases
under the proper conditions of temperature and pressure can be lique-
fied and solidified. Air can be made into liquid, and even into a solid.
In general, then, most substances can be made to exist in any of the
three states by proper regulation of pressure and temperature.

89. Three states of water.—Water may exist in the atmosphere
in any of its three states; gas, liquid, and solid.

a. Gas—Gaseous water s found mixed with the air in the form of
water vapor. This water vapor, or moisture, in the atmosphere is
picked up by evaporation as the air moves over water sources such as
oceans, rivers, and lakes. The amount of moisture in the air is
variable, depending upon the character of the earth’s surface over
which the air has moved.

b. Liquid.—Liquid water in the atmosphere is found in the form of
clouds and rain, formed by condensation of water vapor. Conden-
sation is the transformation from the gaseous to the liquid state.
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¢. Solid —The solid form of water (ice) is found in the atmosphere
in the form of ice clouds, snow, hail, etc. Ice may be found as a trans-
formation either from the liquid state (freezing) or directly from the
gaseous state (sublimation).

90. Transformation between the three states.—By increasing
the temperature it is possible to melt ice into liquid water, or evaporate
liquid water to water vapor; conversely, by lowering the temperature
it is possible to condense water vapor to liquid water, or freeze liquid
water into ice, What are these processes, especially with respect to
temperature and energy? Suppose we have 1 gram of ice at —5° C,,
a thermometer to measure the temperature, and a heat source whose
output (in calories) can be accurately measured.

a. Raising temperature of ice—The heat source is applied and the
temperature is raised from —5° C. to 0° C. Two and one-half
calories are required to warm the ice from —5° C. to 0° C., or 0.5
calories for each degree centigrade rise in temperature. The specific
heat of the ice, then, is .5 calories per gram per degree C. If the ice is
cooled from 0° C. to —5° C., 214 calories are given off. To increase
the temperature of a substance is to add energy to it; to cool a sub-
stance is to remove energy from it.

b. Change of state from solid to liquid—The heat source is again
applied, and ice at 0° C. melts to liguid water at 0° C. The melting
of the ice takes 80 calories. As the temperature does not rise during
this process, the 80 calories of heat are required for the change of
state alone. Conversely, when 1 gram of water freezes to ice, 80
calories are given off. This 80 calories of energy emitted by freezing
or absorbed by melting is called the latent heat of fusion. Latent
means hidden; 1 gram of water at 0° C. has 80 calories that will be
released when the water is frozen.

e. Raising temperature of water—The heat source is again ap-
plied, and the temperature of the water is raised from 0° C. to 160° C.
Raising the temperature 100° C. requires 100 calories. If a temper-
ature change for water is to be accomplished, calories (or energy)
must be added to or taken from the water. The change in temperature
is a direct change in energy.

d. Change of state, liquid to gas—The heat is again applied and the
liquid water at 100° C. is changed to water vapor at 100° C. This
evaporation requires 540 calories. Since the temperature does not
rise during this process, the 540 calories are required for the change of
state. Conversely, when 1 gram of water vapor is condensed to liquid
water, 540 calories are given off. This energy, 540 calories, required
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for this change of state, is called the latent heat of vaporization or
condensation. There are many examples of condensation and evapora-
tion in the atmosphere. The air picks up its moisture from the
evaporating lakes, oceans, and rivers. This moisture is then mixed
through the lower atmosphere by turbulence. Warm air can hold
more moisture than cold air, but any air can be cooled to a temperature
where the moisture or water vapor in that air will condense. This
temperature is known as the dew point. In the atmosphere warm,
moist air is lifted up over mountains or colder air masses, or is driven
upward as a result of the sun’s having heated the surface of the earth.
As this air is lifted, it cools adiabatically and condensation will occur
when the temperature reaches the dew point. Condensation will
produce clouds and may even produce precipitation. Dew forms on
the ground at night, because the earth’s surface cools and reaches the
condensation temperature, the dew point. Frost forms the same way
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except that the air is below the freezing temperature so that the water
vapor is frozen directly to ice, or frost.

e. Explanation of boiling—In the normal vaporization of water,
the vapor above the surface will exert a pressure which depends upon
the temperature. At low temperatures this pressure is small; but
at a temperature of 100° C. the vapor pressure will be 14.7 pounds per
square inch, equal to standard atmospheric pressure. At a temper-
ature of 100° C. bubbles of pure water vapor can form within the fluid
against the atmospheric pressure without. When bubbles of vapor
form in this way and rise to the surface we have the familiar process
of boiling. At high altitudes, where the atmospheric pressure is
reduced, boiling can take place at lower temperatures because less
yapor pressure is required to form bubbles.

f. Raising temperature of water vapor—The heat is again applied
and the temperature of the water vapor is changed from 100° C. to
110° C. Raising the temperature 10° C. requires 4 calories of heat;
consequently, the specific heat of water vapor is 0.4

g. Energy diagrem.—Figure 60 is a diagram showing the energy
relationships in changes of temperature and changes in state of water.

h. Sublimation.—Certain substances in the solid state pass directly
into the gaseous state, or conversely, gases may pass directly to the
solid state. This process is known as sublimation. Dry ice is a good
example.” Solid carbon dioxide goes directly to CO, gas without ever
liquefying. Todine and ice will also readily sublime. When ice at 0°
C. sublimes to water vapor, 680 calories per gram are absorbed. The
eighty calories which would ordinarily be needed to melt the ice and
the 600 calories which would be needed to boil the water at 0° C. are
added together to equal the amount needed to sublime the ice to
vapor. When the vapor sublimes to ice, 680 calories are given off.
In the atmosphere the sublimation process plays an important part
in producing rain, as will be explained in section XITI.

i. The foregoing was worked out with a gram of water, the centi-
grade temperature scale, and the calorie as the unit of heat. A simi-
lar problem worked in the British engineering system of units would
use 1 pound of water, the Fahrenheit temperature scale, and the Btu
as the unit of heat. The specific heats of ice, water, and water vapor
are the same in both the metric system and the British system of units,
since they are ratios and the heat unit in each system is the heat re-
quired to raise the temperature of 1 unit mass or weight of water 1° on
the corresponding temperature scale. However, the latent heats of fu-
sion, vaporization, and sublimation are not ratios and are numerically
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different for the two systems of units. The latent heat of fusion in
the British system is 144 Btu, which means that 144 Btu are absorbed
by a pound of ice by melting or emitted by a pound of water in freezing.
Similarly, the latent heat of vaporization is 970 Btu in the British
system and the latent heat of sublimation is 1.224 Btu.

91. Supercooled water.—It is possible under certain conditions
to cool water to temperatures below 0° C. without freezing into ice.
Woater in this state is called supercooled. If such water comes into
contact with even a very small ice crystal, or is violently disturbed,
freezing will take place rapidly, a sufficient. portion of the water freez-
ing to raise the temperature to 0° C. For instance, water at —5° C.
requires 5 calories per gram to bring the temperature to 0° C., and
these 5 calories will be obtained from the latent heat of fusion of
5/80 or 1/16 of this water, which be almost instantly frozen. Icing
of aircraft occurs when the supercooled droplets in the atmosphere
freeze on account of the violent disturbance produced by impact with
the plane.

92. Effect of pressure on fusion.—The normal melting point of
pure substances depends upon the pressure at which melting occurs.
An increase in pressure will lower the melting point of a substance
which contracts on melting, such as ice. If the substance expands on
melting an increase in pressure will raise the melting point.

93. Freezing point of solutions.—If salt is dissolved in water
the freezing point of the solution is lowered. Thus ice in a strong
solution of common salt wiil have its melting point lowered to about
—15° (. and the ice remains at this temperature until it is all melted
by heat absorbed from surrounding objects. Thus the old ice-cream
freezer froze the cream by extracting heat from it to melt the ice in
the brine solution surrounding it.

94. Boiling point of solutions.—The boiling point of a pure
liquid is always raised by dissolving a nonvolatile substance in it, such
as sugar. If the substance dissolved is volatile it may either raise or
lower the boiling point. Thus alcohol dissolved in water lowers the
boiling point below that of the water and also lowers the freezing point
of the water. For volatile mixtures, the boiling point may be raised
above that of both of the constituents. Nonvolatile dissolved sub-
stances (solutes), however, raise the boiling point in proportion to
the mass of solute added. For equal gram-molecular weights of
solute in a given quantity of solvent all nonvolatile solutes raise the
beiling point approximately the same amount.
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PROBLEMS

1. What would be the final temperature of a mixture of 1 liter of
water at 20° C. and 34 liter of water at 45° C.?

2. What would be the final temperature of a mixture of 100 grams
of ice at —12° C. and 60 grams of water at 25° C. 1

3. What is the final temperature of a mixture of 10 pounds of ice
at 20° E. and 20 pounds of water at 60° F.?

4. If 2 grams of superheated water vapor were passed into a 4-liter
bucket of water at 20° C., how warm would the water get if all the
vapor were absorbed by the water and the vapor was originally at
120° C.?

5. Suppose that into a calorimeter containing 100 liters of water
at 40° C. were dumped 5 kilograms of ice at 0° C. and 2 liters of water
at 0° C. What would be the final temperature of the mixture?

6. How much ice at 0° C. would be required to lower the tempera-
ture of 100 grams of water at 85° C. to 10° C.?

7. Assume that the cold water in a shower is 15° C. and that the
hot water is 85° C. Suppose that a shower is to be taken at 40° C.
What would be the ratio of hot to cold water flowing into the shower
nozzle?

8. What would be the final temperature of a mixture of 20 pounds
of water at 120° F., 5 pounds of water at 32° F., and 10 pounds of
ice at 28° F.?

9. Find the temperature of the folowing mixture: 10 pounds of
ice at 20° F., 20 pounds of water at 40° F., and 5 pounds of water vapor
at 250° F.

10. Give to the nearest degree the final temperature of the following

mixture: 50 grams of ice at 0° C., 30 grams of water at 15° C., and
3.3 grams of water vapor at 130° C.
v 11. An airplane flies through a supercooled cloud at —2° C. and
picks up ice by impact with the water droplets. What percentage
of each drop will have to freeze in order to bring the ice and water
to 0° C., which is the only temperature at which water and ice can
remain in equilibrium ?

12. An airplane flies throigh a cloud at —10° C., and picks up ice
on impact. What percentage of each drop will freeze in bringing
the water and ice to equilibrium at 0° C.%

18. In problem 9 how much of the remaining water at 0° C. must
evaporate in order to freeze the rest of the water?
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14. At high altitudes, water boils at less than 212° F. May any-
thing be added to the water to raise its boiling point; if so, what?

Secrion XIIT
WATER IN THE ATMOSPHERE
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95. Physical states.—Water is found in all three of its physical
states in the atmosphere. As discussed in section XII, these three
states are solid, liquid, and gaseous. At all levels at which tests can
be made, water vapor may be found in any sample of air. The
amount may vary considerably, but some is always present. Clouds
and precipitation may be composed of either ice or liquid water,
depending on their elevation, temperature, and history. Clouds con-
sisting only of ice particles exist at very high altitudes, but in very
cold weather may occasionally be found close to the surface of the
earth. Clouds with temperatures of 0° C. or higher are always water
clouds. Both types of clouds are composed of extremely fine droplets
of liquid water or particles of ice which because of their minute size
remain suspended in the air.

96. Water vapor.—a. Water vapor is a gas which in most respects
acts very much like other gases. As long as its concentration does
not exceed certain limits it obeys the normal gas laws. When mixed
with air it is normally unnoticeable, being colorless, odorless, and
tasteless. Its density at a given temperature and pressure is only
five-eighths that of air. Being colorless, it is invisible because
contains no particles which can reflect light. Steam jets are visible
because of tiny particles of liquid water which have condensed from
the vapor state,

b. When dry air passes over a water surface, a process called
evaporation takes place wherein water leaves the surface and becomes
mixed as a gas within the air. The reverse process of condensation
takes place when air which is moist (that is, it contains a large amount
of water vapor) comes into contact with a cold surface and water vapor
leaves the air and deposits as liquid water or dew on the surface. In
the free atmosphere, condensation takes place by the formation of
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small droplets on nuclei such as particles of sulfur trioxide or salt.
When there are a large number of these drops in the air, this air is
called a cloud or fog.
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Figure 61,—Curve showing relation between air temperature and saturation vapor pres- I
sure, (Subzero temperatures are over ice.) |

INCHES OF MERCURY

VAPOR PRESSURE

¢. Atmospherie pressure, as previously stated, is the sum of the
pressures exerted by those gases which compose the atmosphere— !
. nitrogen, oxygen, carbon dioxide, argon, water vapor, ete. If it were

! possible to take some humid air at atmospheric pressure p, confine it in |
an air-tight container, and then remove all the water vapor, it would I

be found that the pressure inside the container dropped by a relatively
small amount p. This small pressure p was the pressure exerted by
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' the water vapor and is what is known as vapor pressure. It is gen-
erally measured in millibars,

d. There is a limit to the amount of water vapor which the air can
hold at any given temperature. When this limit is reached the air is
said to be saturated. Figure 61 shows how the saturation water-vapor
pressure varies with air temperature. It will be noticed that the
maximum amount of water vapor which the atmosphere can hold in-
creases with the temperature, increasing more rapidly at higher tem-
peratures than at low temperatures. -If saturated air is increased in
temperature it can absorb more water vapor; if decreased in tempera-
ture, some of the water vapor condenses.

e. The curve in ficure 61 shows vapor pressures at subzero tgmpera-
tures over ice. Ice can vaporize directly without passing through the
liquid state and water vapor can solidify into ice without first becom-
ing a liquid. When ice vaporizes directly or when water vapor
solidifies directly into ice, the process is called sublimation.

. Water may be cooled to temperatures below 0° C. without freezing
if clean and not disturbed. Such liquid water at temperatures below
freezing is called “supercooled water.” If the subzero portion of the
curve in figure 61 had been drawn for air over supercooled water, the
saturation water-vapor pressures would be slightly higher.

97. Changes of state.—a. Ordinarily the air in the atmosphere
contains insufficient water vapor to cause saturation. This is known
as “dry” air. but “dry” in this sense does not mean that there is no
water vapor in the air. If for any reason this air becomes saturated,
it is then spoken of as “wet.” There are two fundamental ways n
which air may become saturated. One is by evaporation; that is, the
air picks up water vapor until it can hold no more. The other is
by cooling: that is, as the temperature of the air is reduced, its ability
to hold water vapor is reduced, the saturation point being reached
when the temperature drops to where the amount of water vapor
necessary to cause saturation is the amount originally present. In
this latter process no water vapor is actually added to the atmos-
phere. Either process or a combination of the two may cause at-
mospheric air to become saturated, cooling usually being the direct
cause. Evaporation is, of course, a very important process in
weather, but it seldom alone produces saturation.

b. Saturation of the atmosphere is a very important phenomenon
and is the direct cause of all precipitation such as rain, snow, or
drizzle. Saturation first forms clouds which with further cooling
may give precipitation. The cooling necessary for saturation may be
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caused in several different ways. Lifted air will expand adiabatically
and be cooled thereby. Warm air may be cooled by passing over
colder ground. The first condition will produce clouds and perhaps
rain, and the second condition may produce fog. If the air is moist
and warm, condensation will form small water droplets; but if it is
dry and cold so that the saturation temperature is below freezing,
sublimation will occur and ice clouds or ice fog will form. If a cloud
is already present and the temperature is raised, the water or ice
particles will evaporate and the cloud will disappear because at
higher temperatures the air can hold more water vapor.

98. Expressions for the amount of water vapor in the ain—
As shown in the preceding paragraphs, for any temperature there
is a limit to the amount of water vapor that may be present in the air,
Usunally the amount is less than this maximum, and it is often im-
portant to know the amount which is present in order to predict
certain weather phenomena. In the following paragraphs several
methods for expressing quantitatively the air’s water vapor content
are explained :

a. Vapor pressure—Vapor pressure has already been defined as the
partial pressure exerted by water vapor in the air. If the vapor
pressure and temperature are known it is a simple matter to use the
gas laws to find the amount of water vapor present in any known
volume or in any sample of air. '

b. Dew point.—The dew point is defined as that temperature to
which any sample of air must be cooled (keeping the total pressure
constant) in order to be brought to the saturation point. Because of
the unique saturation vapor pressure for each temperature, it may be
seen that air which will become saturated at a definite temperature
will have a unique amount of water vapor present at the original
conditions as well as at the saturation point. Dew point is a very
useful expression because it quickly shows the amount of cooling
necessary before condensation begins.

¢. Specific humidity—Specific humidity may be defined as the
mass of water vapor per unit mass of air and is generally measured in
grams of water vapor present in 1 kilogram of air. If there is no
condensation or evaporation, the specific humidity of any sample of
air will remain constant, even though the pressure, temperature, or
volume of the sample changes.

d. Relative humidity.—Relative humidity is the ratio, usually ex-
pressed in percent, of the actual amount of water vapor present to
that which the air could hold if the air were saturated at that tem-
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perature. If the vapor pressure of some sample of air is 2 millibars
and an inspection of the graph in figure 61 shows that at that temper-
ature the saturation vapor pressure is 4 millibars, then the relative
humidity is 50 percent. '

e. Absolute humidity—Absolute humidity is defined as the weight
of water vapor present in a given volume of air; for instance, it may
be expressed in grams of water vapor per cubic meter of air. It is
not a conservative property like specific humidity, as there will be
a change in its value when there is expansion or compression.

99. Methods af measuring humidity.—There have been devised
no really accurate indicating meters for humidity, but there are in use
several fairly convenient devices which give results sufficiently ac-
curate for most purposes. Three of these devices are deseribed
below.
 a. Wet and dry bulb thermometers—(1) Two thermometers are used
in this method; one is a normal thermometer for measuring the tem-
porature of the air, and the other is equipped with a moistened wick
around the bulb. With good air circulation around the thermometers
the wet bulb will normally cool to a temperature below that of the
dry bulb. Because of the energy required for evaporation, there is a
cooling effect which depends upon the rate of evaporation. If the
air is nearly saturated, the rate of evaporation is small, and the wet
bulb will have a temperature close to that of the dry bulb. In very
dry air (that is, air with low relative humidity) there is rapid evapora-
tion, and the wet bulb may be several degrees cooler than the dry bulb.
‘A set of tables must be used to convert these two temperatures into
an expression for humidity.

(2) Several different instruments have been devised using the above
‘principle, but the one in most common use is the sling psychrometer.
The device consists of the two thermometers attached rigidly together
and the combination attached at the top end to a handle arranged so
that the thermometers may be whirled vigorously about. The whirl-
ing provides the ventilation necessary to give accurate wet bulb
readings. In use, the wick is wet with pure water and the device
is whirled about. After the wet bulb has dropped in temperature
as far as it will, the two readings are taken and the table is consulted
to determine the dew point, relative humidity, or vapor pressure.
More complicated devices on the same principle may use a fan to
provide the necessary ventilation. A drawing of the sling psychrom-
eter is shown in figure 62.
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b. Hair hygrometer—A human hair, after it has been cleaned of its
natural oils, has the property of absorbing water from the air and
thereby increasing its length, The amount of water absorbed and the

Ory  Bulb

Moistened Wick /

F1GuRE 62.—S8ling psychrometer,

degree of lengthening depend upon the relative humidity. The
amount of this lengthening is not very great, but mechanical linkages
may be used for magnification of the movement. A needle may be
used to indicate the relative humidity on a scale. A drawing showing
an arrangement for an indicating hair hygrometer ig shown in figure 63.

V- @frofzp eter

|L Fleore 65.—Schematic diagram of magnification linkage for a hair hygrometer. !

¢. Dew-point indicator—If air is cooled to the dew point, condensa-

tion takes place. If a cold surface is at the dew-point temperature,
‘ water will condense on the surface as dew. An ice pitcher becomes
wet on the outside for this reason. The instrument used for indicat-
ing the dew point consists of a shiny, metallic surface which may be
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cooled to any desired temperature. The temperature at which the
surface first becomes fogged with dew is the dew point. In practice
the device is not. convenient to use because of the difficulties in deter-
mining just when the dew first forms and because of the difficulties
in keeping an accurate knowledge and control of the temperature,

100. Hydrometeors.—Water products, either falling or in sus- |
pension in the atmosphere, are termed hydrometeors. Clouds and
their precipitation products come under such classification and will
be diseussed in this section.

a. Olouds—The three major criteria for the classification of clouds
are composition, structure, and elevation. With respeet to elevation,
clouds may be either high, medium, or low. High clouds have ele- |
vations of their bases above 20,000 feet; medium eclouds, between |
6,500 and 20,000 feet; and low clouds, below 6,500 feet. With respect
to composition, clouds may be made up of tiny particles of ice, liquid
water, or both. With respect to structure, clouds may be classified
ag stratiform or cumuliform. Stratiform clouds are of a sheetlike
structure formed in layers of large horizontal extent. Cumuliform
clouds are those which seem to build upward in isolated patches,
usually with a pufly, caulifiower appearance. They may vary in size
from a small patch in the sky to the towering, mountainous mass
associated with thunderstorms. Stratiform clouds are formed in air
whose movements are almost entirely horizontal, while cumuliform
clouds are formed by irregular, up-and-down air currents. Listed
below are the major cloud types together with their elassifications and
a short description of each.

(1) Cirrus clouds are stratiform in structure, have a high eleva-
tion, and are composed of ice crystals. Cirrus forms in thin, wispy
streaks across the sky through which the sun or moon may be seen.
They are the highest of all clouds normally found.

(2) Cirrostratus is a high, ice, stratiform cloud. Tt forms in a thin
veil as a large sheet covering all or a large portion of the sky. It does
not blot. out the sun, moon, or bright stars. Its presence often causes
the halo sometimes seen around the sun or moon.

(3) Cirrocumulus is a high, ice, cumuliform cloud. It forms in
small patches of thin cloud, usually in some regular pattern like the
seales of a fish,

(4) Altostratus is a medium height, stratiform cloud of either ice
or water composition. It forms as a fibrous veil across the sky and
may or may not hide the sun or moon. It may cause a precipitation
of light rain or snow.
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(5) Altocumulus is a medium height, cnmuliform cloud of either ice
or water composition. It forms a layer of flattened globular masses
often arranged in some regular pattern across the sky. It may cause
a precipitation of light rain or snow. A mackerel sky is caused by
altocumulus. .

(6) Nimbostratus is a low, stratiform clond composed of either
ice or ice and water. It is a thick, dark, ragged cloud which gives a
continuous precipitation of either rain or snow, perhaps heavy.

(7) Stratocumulus is a low elevation, cumuliform, water cloud. It
forms in a layer of globular masses or rolls across the sky with limited
vertical development but often packed very closely together. Tt
ordinarily gives no precipitation.

(8) Stratus is a low, stratiform, water cloud. Tt is usually not
very thick and has a light gray color. Usually it is a local cloud
which forms at night and disappears in the day. The precipitation,
if any, will be a drizzle.

(9) Cumulus is a low elevation, cumuliform, water cloud. Tt forms
in scattered dense white masses with a cauliflower appearance and
flat, horizontal bases. It usually forms in the daytime as a result of
convective currents set up by the sun’s heating. When cumulus clonds
are of large size and grow rapidly they may develop into cumulo-
nimbus.

(10) Cumulo-nimbus is a cumuliform cloud with immense vertical
development. The base is of low elevation, but the top may extend
to 20,000 or 30,000 feet. The lower portion of the cloud will be com-
posed of water droplets, but the upper portion will contain ice crystals.
The upper portion of the cloud may spread out to form a characteristic
anvil shape. All such clouds produce showers, but in extreme cases
they may result in thunderstorms with hail and torrential rain.

(11) Fog is any cloud which touches the ground. Usually it is of
a local and temporary character, forming at night and disappearing
in the daytime. Fog is most commonly caused by nighttime cooling
of surface air to the temperature where condensation takes place. It
is a stratiform cloud usually composed of water particles, though ice
fogs oceasionally form. _

b. Precipitation—When air containing water vapor is cooled to a
temperature below the dew point, the first condensation products are
clouds. Ordinarily a large amount of water may condense in this way
without the tiny cloud droplets becoming of sufficient size to fall as
precipitation. The process by which precipitation is formed is not
too well understood, but it is generally conceded that particles large
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enough to fall as rain will not ordinarily be formed unless the upper
levels of the cloud are at temperatures below freezing. It is known
that the vapor pressure of ice is less than that of supercooled water at
the same temperature. As condensation ordinarily occurs in air which
is being lifted, some Ilqmd water will usually be found at levels where
the 1 temperature is below 0° C., together with new ly formed ice parti-
cles. Because of the dlﬁm ence in vapor pressure between these two
kinds of water, it is thought that there is a rapid transfer of water
from one to the other by evaporation of the supercooled water and
sublimation onto the ice particles, In this way the ice particles
could grow rapidly in size and soon become large enough to fall down-
ward. After the first large particles are formed, many changes may
take place, and the conditions of the air through which the particles
must fall will determine the kind of precipitation which will finally
reach the earth. Several of the different forms which precipitation
may take are described in the next few paragraphs, together with a
short deseription of the processes required for their formation:

(1) Rain is simply a fall of large drops of liquid water. The orig-
inal ice particle melts in warmer air below and may increase in size
by picking up more water in the clouds below. Raindrops have a
diameter greater than 14, of an inch.

(2) Drizzle is a fall of very small particles of liquid water. The
particles must have a diameter of less than 14, inch and will fall
with velocities of less than 10 feet per se wond. Drizzle does not
require freezing temperatures for its formation and is usually the only
type of rain which can fall from water clouds.

(3) Freezing rain and freezing drizzle is simply rain or drizzle
which falls through a layer of cold air so that the particles become
supercooled. Freezing rain or drizzle causes glazing because it
freezes upon impact with objects in the open.

(4) Snow is a fall of white or translucent ice erystals. It is formed
by direct sublimation from water vapor.

(5) Sleet is a fall of grains or pellets of ice. Tt is formed by the
freezing of rain when it falls through a cold layer of air below.

(6) Hail is a fall of ice balls or stones of a size which varies from
14 inch to 2 inches or more in diameter. Hail may be either trans-
parent ice or layers of opaque snow and ice. Hail is formed almost
exclusively in thunderstorms and requires violent upward currents of
air for its formation. It is very hazardous to aircraft and is one of
many reasons why thunderstorms should be strictly avoided by pilots.

(7) Snow pellets are falling grains of a snowlike structure, crisp
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but easily compressible; they rebound upon striking the greund.
Snow pellets form in npward air currents and are often found with
showers.

100

TasLe V.—Saturation vapor pressures and saturation speeific humidities at varioud

temperatures 4

= S _ITTT ki :I Saturation Bﬁmf&g:mic ;

. 1 vapor f_}ru;ssum level (grams per [
Centigrade Fahrenheit (millibars) kilogram)
—20 =l 1. 27 0. 77
—10 14 2. 86 1. 76
—b 23 4, 21 2 59
0 32 6. 11 3 TT
5 41 8 27 5. 36
10 50 12. 28 7. 58
15 59 17. 056 10. 50
20 68 23. 38 14. 40
25 77 31. 68 19. 50
30 86 42. 45 26. 10
35 95 56. 23 34. 60
40 104 74. 10 45. 60
45 113 95. 84 59. 10

At temperatures below freezing, these wvalues apply to supercooled water. For ice, the valoes will be
slightly lower.

QUESTIONS AND PROBLEMS

1. Why does warm, moist air cause more discomfort than warm,
dry air?

2. If air with a relative humidity of 50 percent is expanded adia-
batically, will the following quantities increase or decrease? vapor
pressure; relative humidity; specific humidity; absolute humidity ;
dew point.

3. If air in the free atmosphere at 25° C. has a dew point of 20° C.,
describe what will occur if the air is slowly cooled to —10° C,

4. If laundry is hung out to dry at temperatures below freezing,
what process is responsible for the disappearance of the water?

5. At a temperature of —5° C., which will transform into vapor
more quickly, supercooled water or ice? Assume gimilar conditions
for each.

6. If air in a small chamber has a temperature of 25° C. and 2
dew point of 16° C., what is the approximate vapor pressure?
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7. If air has a specific humidity of 5.25 grams per kilogram, at
what temperature would the relative humidity be 50 percent ?

8. If air has a dew point of 50° ¥., what will be the relative
humidity if the air is at a temperature of 104° F.,, 77° K., 68° F., and
50° F.1¢

9. If air has a temperature of 20° C. and the relative humidity is
52°, approximately how much water will condense if the temperature
is reduced to 0° C.¢

10. A kilogram of air is saturated with water at normal pressure
and then expanded to twice its former volume. If during this process
the temperature is reduced from 25° C. to 0° C., how many grams
of water will be condensed ?
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