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THEORY OF HEAT 

MEASUREMENT OF BEAT 

NATURE AND SOURCES OF BEAT 

1. Nature of Heat.-In order to do work, it is necessary 
to use some form of energy, because energy is that which over
comes resistance. There are different kinds of energy, such as 
electrical energy and energy of motion. Electrical energy is 
the power possessed by the electric current to do work. A 
falling hammer has energy of motion, and is able to do work 
in driving a nail or flattening a bar of iron. Heat is also a 
form of energy, and, according to modern theory, it is the 
energy that a body has, due to the continual motion of the 
molecules of the body. Every substance is supposed to be 
made up of a very large number of small particles, or mole
cules, that are always vibrating to and fro; and since each 
molecule has some weight, although very small, it has a cer
tain amount of energy of motion. The total energy of all the 
molecules in the body, due to this continual vibration, is the 
heat energy of that body. Energy of one form can be con
verted into another form . For example, if a strip of iron is 
laid on an anvil and pounded rapidly with a heavy hammer, it 
will become hot. In this case, the energy of motion of the 
hammer is converted into heat energy in the strip of iron. 

2. T he molecules of a solid body are supposed to move 
with comparative slowness in fixed paths, and these paths are 
supposed not to change so long as the body remains solid. 
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This is due to the fact that in a solid the molecules are close 
together and attract one another very strongly. If a piece 
of iron is heated, the molecules vibrate faster and through a 
greater distance, the attractive, ~r cohesive, fore~ b~tween 
them being reduced by the heatmg. If the heatmg ts con
tinued, a point will finally be reached at which the iron will 
melt, or change from a solid to a liquid. The heat added to 
the iron causes the molecules to vibrate so fast and so far 
that the force of cohesion is overcome to such an extent as to 
give the molecules greater freedom of movement, and the 
state of the iron is changed from a solid to a liquid. If the 
liquid iron is allowed to lose heat, or to cool, the molecules 
·will vibrate less rapidly, the original force of cohesion will 
make itself felt, and the liquid iron will again become solid. 

3. When a liquid is heated, the vibratory motion increases 
until finally the attractive force that holds the molecules 
together is overcome, and the molecules pass off into space. 
The substance is then known as a vapor or gas. The mole
cules of a gas vibrate much more rapidly than the molecules 
of ·a solid or a liquid body of the same substance. Further
more, the mol~ules of a gaseous body have no fixed paths 
of motion. Consequently, when one molecule strikes another, 
it rebounds and keeps moving in the direction of the rebound 
until it strikes other molecules, thus causing the gas to expand 
indefinitely unless confined in a vessel. Hence, gases are 
said to be expansible and elastic. 

4. Sources of Heat.-Heat may be derived from three 
sources, known as physical, chemical, and mechanical sources. 
The earth and the sun are physical sources of heat; the burning 
of wood, oil, or coal is an example of a chemical source of heat, 
since burning is a chemical action; and the rubbing together 
of two pieces of wood until they become warm by friction, and 
the hammering of a piece of iron until it becomes hot, are 
examples of mechanical sources of heat. 
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MEASUREMENT OF TEMPERATURE 

5. Temperature.-The term temperature is used to indicate 
how hot or how cold a body is; that is, it is a measure of th~ 
velocity of vibration of the molecules of a body. A body 
having a high temperature is said to be hot; a body having a 
low temperature is said to be cold. When a body, as, for 
example, an iron bar, receives heat from any source, the vibra
tions of its molecules become more rapid and its temperature 
rises; on the other hand, when a body loses heat, the vibra
tions of its molecules become less rapid and its temperature 
falls. 

6. The temperature is not a measure of the quantity of 
beat a body possesses. Temperature may be considered to 
be a measure of the velocity with which the molecules of a 
body vibrate to and fro, while the quantity of heat may be 
considered to be the total energy of the molecules composing 
the body. A small iron rod may be heated to whiteness and 
yet possess a very small quantity of beat. Its temperature 
is very high, but this simply indicates that the molecules of 
the rod are vibrating with an extremely high velocity. An 
iron ball 1 foot in diameter and an iron ball I inch in diameter 
may have exactly the same temperature, but the larger ball 
would have by far the greater quantity of heat. 

7. Sensible Heat.-The simplest way by which heat is 
recognized is by the sense of touch. If a particular object 
contains a large amount of heat, it feels hot; and between two 
objects made of the same material, the sense of touch is an 
approximate guide to their relative temperatures. The heat 
that manifests itself to the touch is called sensible heat, 
because any change of the same body from any state to a 
hotter or colder state is indicated at once by the sense of 
feeling, or with the aid of instruments called thermometers. 
The more sensible heat a body possesses, the hotter it is; the 
more sensible heat that is taken away from it, the colder it is. 
On the other hand, between two objects made of different 
materials, as, for example, iron and cloth, the sense of touch 
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may reveal nothing at all concerning their relative tempera
tures. The reason is that the sense of touch indicates not the 
temperature directly, but rather the rapidity with which heat 
is given up by the object to the hand, or is taken from the 

band if the object is colder than the hand. 

8. Construction of Thermometer.-As already 
stated, temperature is measured by means of an 
instrument called a thermometer, one type of 
which is shown in Fig. 1. It consists of a glass 
tube, closed at both ends and having a bulb at the 
lower end. The bulb and the lower end of the 
tube are filled with mercury, which, on being 
heated or cooled, expands or contracts in propor
tion to the change of temperature. This expan
sion or contraction causes the top of the mercury 
column to rise or fall ; and, since equal changes of 
temperature make the mercury column rise or fall 
equal distances, the graduations on the scale are 
made equal throughout. 

9. Graduating a Thermometer.-The gradua
tions on the scale of a thermometer are obtained as 
follows: The thermometer is first placed in melting 
ice, and the point to which the mercury column falls 
is marked and called the freezing poi,t; the ther
mometer is then placed in steam that is escaping 
from an open vessel, and the point to which the 
mercury rises in the tube is marked and called 
the boiling poimt. These are two fixed points; 
that is, the mercury column will always register 

these same points when the thermometer is placed in broken 
ice or in steam, under the conditions mentioned. 

10. The freezing point marks the temperature at which, 
under atmospheric pressure, water freezes and forms ice, or 
at which ice melts and forms water, since water freezes and 
ice melts at exactly the same temperature, as heat is removed 
or added. 
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The boiling poi11t marks the ternperat~e at which water 
boils and forms steam under atmospheric pressure. 

Having fixed these two points, the distance between them is 
divided into equal parts, the number of divisions depending on 
whether the scale is for a Fahrenheit or for a centigrade 
thermometer. 

11. Fahrenheit Thennometer.-The Fahrenheit ther
mometer is made by dividing the distance on the scale between 
the freezing and boiling points into 180 equal divisions, called 
degrees. The freezing point is marked 32, and the boiling 
po~t 212; 32 divisions are marked off from the freezing 
pomt downwards, and the lowest one is marked 0; this is 
called the zero point of the scale. The graduations may be 
extended above the boiling point, or below the zero point, as 
desired. 

Instead of writing the word degrees after each reading of 
te~per~ture it is customary to represent it by the symbol 0

, 

which 1s placed above and to the right of the figures. Also, 
the word Faltrenlteit is usually represented by the letter F. 
Thus, 32° F. means the same as though it were written 
"32 degrees Fahrenheit," and 8° F. means the same as "8 
degrees Fahrenheit." In the Fahrenheit thermometer there 
are 212 equal divisions, or degrees, between the zero point and 
the boiling point. The Fahrenheit thermometer is the one 
commo.nly ~sed ~ the United States; therefore, all tempera
tures given m th1s and succeeding lessons are to be considered 
as Fahrenheit temperatures unless they are otherwise indicated. 

12. Centigrade Thermometer.-ln the centigrade ther
mometer ~he freezing point is marked 0 and the boiling point 
l?O: ~e d1stan~ between the two being divided into 100 equal 
div1~1ons. As m the Fahrenheit scale, the divisions may be 
earned above the boiling point or beiow the zero point. The 
word centigrade is usually abbreviated and written c· 
f 

., as, 
or example, 10° C., 28° C., etc. 

. 1~.. Thermometer Readings.-Beginning with 0°, the 
divisions on both the Fahrenheit and the centigrade scales are 
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__ , 1 2 3 4 etc. both above and below the zero point. 
nusnbcn;u • • ' ' ' · f th •t · 

f · ·ving the lower readings o a ermometer, 1 ts There ore, ln gl d h h h 
t tate t he number of degrees an w et er t ey are necessary o s . . 

b I zero To distmgwsh temperatures below zero above or e ow · . . 
h hove the minus stgn ts always placed before the from t ose a • o o • 

Thus on either scale, 12 means 12 above zero, while fonner. • 
_ 12o means 12° below zero. 

14. Absolute Temperature.-Th~ freezing point was 

h S the zero point of the centigrade scale. When the c oscn a . 
Fahrenheit scale was invented, the ze~o pou~t of the ther-

tcr was placed 32° below the freezmg pomt, as that was 
momc b · d d. 
the lowest temperature that could then be o tame , an tt was 

Posed that it was impossible to obtain a lower one. From 
sup . h .t 
the results of experiments and from calculat10ns, owever, 1 

h been concluded that at 460° F. below zero, or 492° F. below 
t~= freezing point, there is absolutely no vibration of the 
molecules and consequently no heat. This point is therefore 
called the absolute zero, and all temperatures reckoned from 
this point are called absolute temperattlres. Although absolute 
ero has never been reached, the lowest recorded temperature 

~s only a few degrees above the theoretical absolute zero 
temperature. 

15. Reckoning Absolute Temperature.-Between oo abso
lute and 0° F. there are 460 Fahrenheit degrees; between 0° 
absolute and the freezing point there are 460+32 = 492°; while 
between 0° absolute and the boiling point there are 460+212 
=672°. Between 0° absolute and 0° C. there are 273! centi
grade degrees. The absolute tempe~ature of a_ body, in 
degrees Fahrenheit, may be found from tts Fahrenhett te~per~
ture by adding 460 to it, when the thermometer reading ts 
above zero· if the thermometer reading is below zero, subtract 

• oF the reading from 460. Thus, 150° F. =150+460=610 ., 
absolute; -23° F. =460-23 =437° F., absolute. 

If the absolute temperature of a body, in degrees Fahren
heit, is given, its temperature on the ordinary Fahrenheit 
thcnnometer can be found by subtracting 460 from the abso
lute temperature. If the absolute temperature is less than 
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460, subtract it from 460, and the result will be the tempera
ture below zero on the Fahrenheit thermometer. 

16. To find the absolute temperature of a body from its 
centigrade temperature, add the centigrade temperature to 
273! when it is above zero, and subtract it from 273! when 
below zero. Thus, 60° C. =273!+60=333!° C., absolute; 
-10° C.=273}-10=263}° C., absolute. 

To find the centigrade temperature of a body from its 
absolute temperature, subtract 273! from the absolute tem
perature. Thus, 300° C. abso:ute=300-273!=26j° C. If 
the absolute temperature is less than 273!, subtract the 
absolute temperature from 273!, and the result will be the 
centigrade temperature below· zero. Thus, 250° C. absolute 
=273!-250=23!° C. below zero, or -23}° C. 

17. Changing From Centigrade to Fahrenheit.-It is 
frequently necessary to change from one scale to the other. 
Since the number of degrees between the freezing point and 
the boiling point on the centigrade scale is 100, and on the 
Fahrenheit 180, 1° F. will equal ffi° C. =j° C. Likewise, 
lo C. will equal ffi° F. =*° F. 

Rule.-To ji11d tlte Fahre11heit temperature (a) when tlte given 
centigrade temperat11re is above zero, m1tltiply the centigrade tem
perature by * and add 32 to the prodttct. (b) When the giveu. 
centigrade temperatttre is below zero, atrd * times that temperature 
is equal to or less than 32, tm1ltiply it by -t aud subtract the 
product frmn 32. (c) When the givm cetttigrade temperattlre is 
below zero and* times that temperature is greater than 32, multi
ply it by * and subtract 32 from the prod11ct. The result in (a) 
or (b) is the Fahrmheit temperature above zero and in (c) it is 
the Fahrettheit temperatt~re below zero. 

EXAMPLE.-Find the Fahrenheit temperature corresponding oo: (a) 
100° C.; (b) -15° C.; (c) -30° C. 

SoLUTION.-Apply the rule, and the se\•eral solutions are as follows: 
(a) lOOX-!+32=180+32=212° F. Ans. 
(b) _15X-!=27. As the given temperature, -15° C., is below zero, 

and 27 ts less than 32, the product of 15Xf=27 must be subtracted from 
32; hence, 32-27=5. Therefore, -15° C.=5°F. Ans. 



HEAT 

,) 30X! =54. As the given temperature is below zero centigrade 
( '" . t than 32 it is necessarY to subtract 32 from the product; 

and 5-t 1s grea cr • . " , 
3
.,- ?? This is the Fahrenhett temperature below zero. 

hence .,..- ----~· 
Therefore, - 30o C. = -22° F · Ans. 

18
. Changing From Fahrenheit to Centigrade.-Tempera

tures in degrees Fahrenheit may bechanged to the correspond
ing temperatures in degrees centigrade by the useofthefollow-

ing rule: 
Rule.-To jittd the centigrade ten~peratttre (a) whet' the given 

Faltre
11

heit temperature is 32" or ·greater, st1btract 82 from the 
Fa1lreuheit temperature atul multiply the remai11der by j. 
(b) ll'lrett the given Fahrenheit temperatme is between zero 
and 82", subtract it from. 82 attd mnUiply the remainder by j. 
(c) Whett tire give1~ Fahre11lreit tem.perature is below zero, add 3~ 
to it a11d multiply the s11m by j. The reS1.tlt in (a) is the ce~tti
grade temperature above zero, atul i1£ (b) or (c) it is the ceutigrade 

temperature below zero. 
EXJU~PLE.-What will be the reading on a centigrade thermometer 

if a Fahrenheit thermometer indicates a temperature: (a) of 60° F.? 

(b) of zoo F.? (c) of -zoo F.? 

SoLUTION.-Apply th~ rule. 
(a) 60-3Z=28; 28X-i=l~° C. Ans. 
(b) 32-20= lZ; 12Xt= 6j° C. below zero, or -6-~° C. Ans. 
(c) 20+32=52; szxt=ZS!-0 c. below zero, or -Z8f0 c. Ans. 

19. High-Temperature Mercurial Thermometers.-Until 
recently, instrument makers removed, as far as possible, the 
air from the thermometer tubes and left the space above the 
mercury a nearly perfect vacuum. The boiling point of the 
mercury was lowered thereby, and, in consequence, mercurial 
thermometers could not be used for measuring temperatures 
much in excess of 500° F. Mercurial thermometers are now 
made, however, that are serviceable and accurate up to 900° F., 
although the ordinary boiling point of mercury is 662° F. 
This re:ult is accomplished by filling the space above the 
mercury with a gas that does not combine with mercury, such 
as nitrogen. The gas is under high pressure, and thereby 
raises the boiling point of the mercury. Great care is neces-
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sary ~ using these instruments a t high temperatures in order 
to av01d breakage. 

20. Use and Care of Thermometers.-All thermometers 
should be very carefully handled, because they are easiJ 
broken. Much annoyance and vexation may be avoided by 
always keeping the instruments in their cases when not ~ 
actual use. 

Before using a mercurial thermom- @ @ 
eter, make sure that it is clean. Find 0 .Q 
out whether the thread of mercury in 
the tube is parted or displaced. The 
force that draws the mercury back into 
the bulb is quite weak, and if the 
column is parted, it can be restored to 
proper working order by holding it at 
ann's length, bulb downwards, and 
swinging it a few times, vertically. 

c 

In measuring atmospheric tempera
ture, the thermometer should be exposed 
to unobstructed circulation, and should 
be protected from the direct rays of the 
sun and from radiation from all warm 
~es in its vicinity. It must be kept 
stnctly dry. Any moisture on the bulb (a) (b) 

will evaporate and cause the mercury F •G· 2 

b 

to fall to a lower point than the true temperature of the air. 
Glass thermometers should always be carried with th te · h ·d e s ms 
ng t s1 e up, as otherwise the mercury column may separate. 

21. To ascertain the temperature of steam wate · h · . • r, vapor, 
?r arr t at 1s passmg through a pipe, a thermometer well that 
1s. properly ~dapted ~the situation should be inserted in the 
p1p~. In F1g. 2 (a) 1s shown a plain thermometer well of 
ordin~ry . construction used for measuring the temperature 
of a liqwd or saturated vapor in a pipe, duct, or chamber. 
The upper p_art a of the well is made square so that a wrench 
may be applied to screw the well into a tapped hole in the pipe. 
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The threaded portion of the well is provided with American 
Standard pipe thread; and the diameter of the bore is drilled 
~ inch. For gas or superheated vapor the form of ther
mometer well shown in view (b) should be used. It differs 
from that shown in (a) in that the outside surface of the well 
that projects into the pipe is provided with fins b. 

22. In order to prevent the thermometer from being 
damaged by direct contact with the hot walls of the well, 
it is the usual practice to fill the well with oil before inserting 
the thermometer. Care must be taken to keep the oil free 
from water to prevent the formation of steam which might 
cause an explosion of sufficient force to throw out the ther
mometer. 

If the temperature to be measured is higher than that at 
which the oil begins to vaporize, some other substance may be 
used in the well. In iron wells mercury may be used up to 
500° F.; from 500° F. to 1,000° F. solder may be used, and 
from 1,000° F. to 1,800° F. tin. It is a good plan to wrap the 
stem with waste or fit a cork loosely over the stem so as to 
make it impossible for the thermometer to come in contact 
with the walls of the well. It is especially important to pre
vent radiation of heat from the well to the outside by protect
ing the portion of the well outside the pipe with non-conduct
ing material. The object of the i -inch hole c, Fig. 2, drilled 
in the side of the well is to relieve any pressure that may be 
built up in the well owing to vaporization of the oil. 

23. Thermometer wells are usually left in place as perma
nent fixtures. The thermometer should be allowed several 
minutes' time in which to attain its maximum temperature 
before any readings are taken. The projecting stem of the 
thermometer should be guarded against currents of air, hot 
or cold, that might influence the indications of the instrument. 
In locating thermometer wells, care should be taken to avoid 
all places where air might collect around the stem, and also 
any pockets that might be filled with partly cooled fluid. 
An air bubble around the stem of the well will prevent the 
thermometer from indicating the correct temperature. 
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24. Pyrometers.-Mercurial thermometers cannot be used 
for the measurement of extremely high temperatures h . . fu T . , sue 
as eXJst m maces. he mstruments used for work of this 
character are called pyrometers. Their action usually dep d 

kn ff 
~s 

on the own e ects of heat on various substances as L 
• ' ' LOT 

example, the lengthernng of metal rods, the expansion of gas . f es, 
the contractton o clay blocks, and the change of color of 
some substances. 

25. Thermo-Electric Pyrometer.-The thermo-electric 
type of pyrometer depends for its action on the electric cur
rent generated when the joint between two dissimilar metals 
is heated. The metals used to make the joint for measuring 
moderate temperatures are 
iron and copper-nickel; for 
the highest temperatures, 
platinum and rhodium are 
used. The instiUment con- h 

sists of the dissimilar
metal joint, or thermo
couple, located in the heated 
area, and an indicating 
device with insulated wires 
connecting these two so 
that the observer may 
read the temperature on FJc. 3 

the indicator scale at a safe and convenient place. 

26. A portable thermo-electric pyrometer is shown in 
Fig. 3 (a). The element to be inserted into the heated fur
nace or molten metal is in the form of a long slender tube a, 
which can be easily manipulated by the handle b. The indi
cator c is similar to the voltmeter used on electric circuits, and 
the connecting wires d are of the flexible insulated type. 

A section through the element is shown in (b). The welded 
joint e joins the end of the tubular wire f with that of the cen
tral wire g. A layer of asbestos h insulates these wires from 
each other for their full length above the heated joint. For 
very high temperatures a protecting sheath of metal or clay 
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products is used over the metal joint. The indicators for 
· p)~ometers are often made to record the tempera-stattonary • . 

tures during the length of the heat, to operate a high and 

)ow alann, etc. 

27. Electrical Resistance Pyrometers.-Electrical resis
tance pyrometers operate on the principle ~hat ~ increase in 
temperature of certain metals increases therr resJstance. to the 
flow of an electric current. The metal generally used 1s pure 
annealed platinum. A coil of platinum wire is p:aced in an 
electric circuit through which a small current IS made to 
flow by means of one or more electric cells. When this cir
cuit is exposed to the temperature to be measured, the change 
in resistance to the flow of the electric current is measured 
by a very sensitive instrument, which is usually graduated 
so as to record the temperature in degrees. 

28. Mechanical Pyrometers.-Mechanical pyrometers 
depend for their operation on the different rates of expansion 
of two substances, such as iron and brass, or graphite and iron. 
When an iron rod and a brass rod are subjected to the same 
temperature, each expands at a different rate. The rods are 
connected by gears and levers in such a way as to transform 
the unequal expansion into a rotation of a pointer on a dial, 
which is graduated to record temperatures in degrees. 

29. Optical Pyrometer.-The pyrometer shown in Pig. 4 
is used to determine the temperatures of heated metals, fur
naces, etc., by comparing the color of the heated object with 
that of the filament of an incandescent lamp. The range of 
the instrument is for temperatures from about a dull red, or 
1,400° F., up to about 2,800" F. The instrument is portable, 
and it may be located at any convenient distance for the 
observer from the heated object. 

As shown in the illustration the outfit consists of a tele
scope a of light-weight construction and easily held in one 
hand, and a case, or control box, b slung from the observer's 
shoulder and containing a battery and a milliammeter with a 
rheostat. A cord c with a plug connects the control box to 
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the lamp in the telescope. Each division on the scale is two 
milliamperes and corresponds to about 18° F. A chart is 
furnished with each instrument to show the temperatures 
corresponding to the scale readings, the chart in each case 
depending on the lamp used in the telescope. 

30. Details of Optical Pyrometer.-The details of an 
vptical pyrometer are shown in Fig. 5 {a). The lamp a has 
a single coil tungsten filament set flatwise to the vision. The 
eyepiece b is backed with red glass c to protect the observer's 
eye from the blinding light. A second colored glass d may be 

FIG 4 

thrown in or out as desired. Also, in order to reduce the light 
from the hot body, when it has a greater brilliance than prac
tical for the lamp filament, an absorbing glass screen e is placed 
between the lamp and the object. At the end of the telescope 
is a large lens f that focuses the radiation from the object in 
the same plane as the filament of the lamp. 

The control box has two batteries g, a variable resistance 1£ 
for regulating the current through the lamp and thus making 
its filament have the same brilliancy as the object, and a mil
liammeter i for measuring the current. 

31. Operation of Optical Pyrometer.-To determine a 
temperature by the use of an optical pyrometer, the telescope 
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is held like an opera glass, as shown in Fig. 4, and focu~ed for 

di t from the obJ. ect. The knob d on the case b 1s then the s ance . 
d t .l the color of the lamp filament fades away mto turne un t . 

h t f the object, and the reading on the scale 1S then noted. 
t ~n ~ig. 5 (b) are shown examples of the images of the fila
ment. In No. 1 the dark filament indicat~ that n~t enough 
current is being used; in No. 2 the filament 1s too bnght from 
the use of too much current; and in ~o. 3 the adjustn:ent. of 
the current is about right and the reading on t~e scale will g~ve 
a close estimate of the temperature of the obJect. 

32. Seger Cones.-Clay cones, also known as Seger co11es, 
are used to determine high temperatures with a fair degree 
of accuracy. They consist of different compositions of clay, 
each composition having a different melting temperature. 
They are furnished in a series of cones, each provided with a 
number. These cones are placed at the point where the tem
perature is to be measured; the desired temperature lies 
between that indicated by the last cone that has melted and 
the next one that remains intact. The number on the cone 
corresponds to a certain melting temperature which is fur
nished by the manufacturer. 
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HEAT TRANSMISSION 

33. Methods of Heat Transfer.-Heat may ba transmitted 
from one place to another in three different ways, namely, 
by conduction, by convection, and by radiation. 

34. Conduction.-Gonduction is the transfer of heat from 
a place of higher temperature to a place of lower tempera
ture in the same body, or from one body to another with 
which it is in contact. Thus, if one end of a short iron rod is 
placed in a hot fire, the other end will soon become warm. 
This is due to the conduction of heat from one end of the rod 
to the other. The rate at which heat is conducted varies 
greatly in different substances. All metals are good conduc
tors of heat, though some, such as silver and copper, are better 
than others, such as zinc and lead. Stone and glass are poor 
conductors of heat, but they are even better than wood, hair 
felt, or asbestos. Substances that are poor conductors of 
heat are commonly cailed nou-co11d~1ctors. Examples of non
conductors, or non-conducting materials, are the coverings of 
magnesia, asbestos, mineral wool, etc. that are put around 
steam pipes and boilers to reduce the loss of heat. 

35. Convection.-Gonvection is the transfer of heat by 
motion of the particles of the heated substance itself. It takes 
place only in liquids and gases. For example, if heat is 
applied to the bottom of a vessel containing water, the water 
in contact with the bottom becomes heated and rises, while 
the colder water above descends. A circulation is thus set 
up by which the heated portions of the water continually carry 
heat to other points in the vessel. Thus, by process of con
vection, the entire mass of water at length becomes heated. 

36. Radiation.-Heat may pass from one body to another 
across an intervening space. A person standing in front of a 
fire, but at some distance from it, feels a sensation of warmth, 
which is not due to the temperature of the air; for, if a screen is 
plar.ed between him and the fire, the sensation immediately 
ceases, which would not be the case if the surrounding air had 
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8 
high temperature. Hence, bodies can send out rays of 

heat that can pass through the air without heating it. This 
heat is known as ra.Ciant heat, and the process by which it is 
transmitted is known as radiation. The best example of 
radiant heat is that received from the sun, the intervening 
space in this case be og 93,000,000 miles. 

37. When heat is transmitted by conduction or convec
tion some material substance forms the medium by which the 
transfer of heat is made. In the case of radiation, no such 

FIG. 6 

material medium is required. Radiant 
heat can be transmitted through a vacuum 
as well as through air. 

The fact that radiant heat can be trans
mitted through a vacuum may be shown 
by the following experiment: In the top 
of a spherical glass vessel, Fig. 6, a ther
mometer t is fixed in such a manner that 
its bulb occupies the center of the vessel. 
The tube at the lower end of the vessel is 

then attached to a special kind of pump, 
known as an air pump, and all the air is 
drawn out of the vessel by the pump. A 
vacuum is thus produced inside the glass 
sphere. If a cloth is dipped in hot water 
and then wrapped around the vessel, the 
mercury in the thermometer will be seen to 
rise at once. Since glass is a poor conduc
tor of heat, it is evident that the immediate 

rise of the mercury was not due to heat conducted along the 
glass itself, but instead to the passage of radiant heat through 
the vacuum in the spherical vessel. 

38. Intensity of Radiation.-The intensity of radiant 
heat received by a body varies inversely as the square of its 
distance from the source of heat. This is easily seen by a 
study of Fig. 7, in which a and b are two plates placed at 
distances of 1 foot and 2 feet, respectively, from a candle 
flame, which is the source of heat. The square plate b has 
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twice the length and breadth and, consequently, four times 
the area, of the plate a; and the centers of both plates lie on 
the straight line oc passing through the source of heat. The 
heat rays radiate in all directions from the flame, but always 
in straight lines; and, since straight lines passing through the 
center of the flame and the edge of the plate a also touch the 
edge of plate b, it follows that the same number of heat rays 
fall on the plate b as fall on the plate a. If the plate a were 
placed 2 feet from the flame, that is, in the position of the 
plate b, it would receive only one-fourth the number of heat 
rays that previously fell on b, since it has but one-fourth the 
area of b. Now, the amount of heat transmitted is directly 

proportional to the number of heat rays. Consequently, by 
moving the plate twice as far away from the flame, it receives 
only one-fourth the amount of radiant heat; if it had been 
moved 3 feet away, it would have received only one-ninth the 
heat; and at a distance of 4 feet, it would receive but one
sixteenth the amount of heat that it received at a distance of 
1 foot. Hence, the intensity of radiant beat, or the number 
of heat rays falling on a given area, varies inversely as the 
square of the distance from the source of heat. 

39. Reflection and Absorption of Heat.-When radiant 
heat falls on the surface of a body, a part of the heat is reflected 
and the remainder is absorbed. The condition of the surface 
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atTccts largely the proportion of heat reflected or absorbed. 
Thus, a highly polished surface will reflect most of the heat 
that falls on it and will absorb very little, while a dull rough 
surface will absorb much, and reflect little, of the heat. A 
surface that reflects much heat will not radiate much heat. 
A brightly polished teakettle filled with hot water will remain 
bot for a longer time than a dull or tarnished kettle. In t.he 
same way, a surface that absorbs heat readily will also radiate 
heat readily. For example, a stove coated with lampblack 
will give out heat much more rapidly than if it had a polished 
nickel surface, because lampblack radiates heat more readily 
than any other known substance. It likewise readily absorbs 
heat. From the foregoing it follows also that the exposed 
heads of gas- and steam-engine cylinders should be smooth 
and polished in order that the cylinders may retain their heat 
as much as possible, while the heating surfaces of the plates 
and tubes of steam boilers are left dull and rough, so that the 
transfer of heat to the water will be accelerated . 

M ETHOD OF BXPRBSSING HEAT VALUES 

40. Measuring Heat Quantities.-Although heat is not a 
material substance, it may be measured. If a quart of water 
is placed over a gas or oil flame, it will be found that it takes 
practicall)r five times as long to raise the t emperature of the 
water 5° as it does to raise it 1°, because five times as much 
heat has been added to the water in the first case as in the 
second. Now suppose that, instead of 1 quart, 2 quarts of 
water are placed in a vessel over the same flame. It ·will be 
found that it takes twice as long to raise the temperature of the 
2 quarts 1° as it did to raise the temperature of 1 quart the 
same amount. The burning oil or gas below is giving off heat 
a t a uniform rate, and of this heat twice as much has been 
absorbed by the 2 quarts of water as t;he 1 quart absorbed in 
acquiring the same temperature. For any given substance, 
it may be said that the amount of heat contained in any quan
tity of that substance is proportional to the product of 
the weight of the given quantity and its absolute temper
ature. 
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41. Definitions of Heat Units.- The unit by which quan
tity of heat is measured is not the same in all countries. The 
heat unit commonly employed in the United States of America 
and in England is the British thermal unit, which is the quan
tity of heat required to raise the temperature of 1 pound of 
water 1° Fahrenheit. Hence, 10 British thermal units will 
heat 1 pound of water 10°, or 10 pounds of water JO. For 
convenience, the term British thermal unit is commonly 
abbreviated to B. t . u. The heat necessary to raise the tem
perature of a pound of water one degree does not remain the 
same throughout any great range of temperature. The American 
Society of Mechanical Engineers, therefore, has defined a B. t . u. 
as rh- of the heat required to raise the temperature of a pound 
of water from 32° F . to 212° F. at atmospheric pressure. This 
is the accepted standard in the United States and is used in 
most engineering calculations. 

Another heat unit that is often used is the mean calorie or 
gra-m calorie, which is rlo- of the heat required to raise the 
temperature of 1 gram of water from 0° C. to 100° C. In 
countries that have adopted the metric system, the kilogram 
calorie is the standard heat unit. It is the equivalent of 1,000 
gram calories, or 3.968 B. t. u. 

EFFECTS OF HEAT 

EXPANSION 

42. Forms of Expansion.-The volume of a body that is 
free to expand-solid, liquid, or gaseous-is always changed if 
the temperature is changed; nearly all bodies expand when 
heated, and contract when cooled. In solids, expansion may 
be considered in three ways; first, expansion in one direction, 
as the elongation of an iron bar; this is called li11ear expattsum; 
second, surface expatrsiou, where the area is increased; third, 
cubic expcmsiott, where the increase in the whole volume is 
considered. 

43. Because of the change of dimensions that occurs when 
a body is heated or cooled, engineering structures must be so 
designed and erected that the expansion or contraction will 
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not set up stresses great enough to cause damage to any of the 
parts. For exam~le, the grate bar~ that suppo.rt the fuel ~ 
the furnace of a bo1ler must not fit tightly at therr ends; for, if 
they do, the expansion resulting from the heat absorbed from 
the fu·e may bulge or crack the brickwork of the boiler setting. 
Long, straight pipes carrying steam, water or gas must be 
provided with slip joints or with bends of sufficient elasticity 
to take up the expansion or contraction under a change of 
temperature. Flexible staybolts are used extensively in 
staying the sheets of locomotive boilers, to offset the breaking 
that occurs through expansion and contraction when solid 
staybolts are used. 

44. Expansion of Solids.-In speaking of the expansion of 
solids, expansion in one direction, or linear expansion, is 
usually meant, although it should be understood that solid 
bodies expand in all directions. In the case of liquids and 
gases, since they have no definite forms, only cubic expansion 
can be considered. As a rule, the expansion of liquids for a 
given rise of .temperature is greater than that of solids, and 
the expansion of gases is considerably greater than that of 
liquids. There are exceptions to this mle, however. Some 
liquids with low boiling points, especially liquefied gases, 
expand very rapidly. For example, liquefied carbon dioxide 
expands four times as much as air for a given change of 
temperature. For equal amounts of beat added, nearly all 
solids and liquids expand by equal increases of volume. This 
is not a rigidly exact rule, but it is practically true of the 
great majority of substances. The expansion and contraction 
of a substance is a reasonably good guide to its changes of 
temperature. This is the case so long as the temperature does 
not closely approach that at which a change of state is pro
duced-as from the solid to the liquid state, or from the liquid 
to the gaseous state, or vice versa. The change in the volume 
of any substance caused by a change of temperature bears a 
fairly definite and constant relation to the change of tempera
ture. This does not mean, however, that all substances 
expand ami contract at the same rate. Different solids expand 
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and contract at different rates, and the same is hue of liquids. 
For example, copper expands and contracts much more than 
platinum, and alcohol more than water, for the same change 
of temperature. 

45. I n Fig. 8 is shown an apparatus for exhibiting the 
linear expansion of a solid body. A metal rod a is fixed at 
one end by a screw b, the other end passing freely through 
the fork c, held in the post, and pressing against the short 
arm of the indicator f. The rod is heated, and its elongation 
causes the indicator to move along the arc de. 

FIG. 8 

46. An illustration of surface expansion is afforded in 
engine construction when crank~sks are shrunk on to shafts. 
The hole in the crank~sk is bored a little smaller than the 
shaft and the disk is then heated until it is expanded enough to 
go over the shaft. The disk is then cooled with water, when it 
contracts, tending to regain its original size, but is prevented 
by the shaft. This causes the disk to grip the shaft with great 
force, and prevents it from coming off. 

47. Cubic expansion may be illustrated by means of a 
Gravesaudes' ring, which consists of a brass ball a, Fig. 9, 
that at ordinary temperatures passes freely through the ring m, 
of very nearly the same diameter. When the ball is heated, it 
expands so much that it will no longer pass through the ring. 

48. Coefficients of Expansion.-The expansion of a body 
for each degree of increase in temperature bears a definite 
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ratio to the original length of the body. For example, assume 
that a metal rod at 60° F. is 10 feet long. Suppose that when 
the rod is heated to 61 o F . its length is -duo inch greater. The 
expansion for an increase of 1 o F . in temperature is n\o inch 
in a length of 10 feet, or 120 inches. The expansion per inch 
of length, therefore, is ~+ 120 = .00000694 inch per degree 
of rise in temperature. This number .00000694, is the coeffi
cient of linear expansion of the metal of which the rod is 
made. In other words, the coefficient of linear expansion is 
the ratio of the increase of length of a body to its original 
length for an increase of 1° F. in temperature. The second 

FIG. 9 

column of Table I gives the coefficients of linear expansion 
of various solid substances. Strictly speaking, the expansion 
per degree is not the same at all temperatures, and so the 
coefficient of expansion as given in the table is not absolutely 
constant. Although the values in the table are based on 
experiments conducted within a temperature range of from 
32° to 212° F., they may be used without appreciable error for 
ordinary temperatures reaching beyond that range. 

49. The coefficient of surface expansion is the ratio 
between the increase of area and the original area for an 
increase of r F. in temperature. It is twice the value of the 
coefficient of linear expansion. Values of the coefficients of 
surface expansion of solids are given in the third column of 
Table I. 
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The coefficient of cubic expansion is the ratio be-tween the 
increase of volume and the original volume for an increase of 
1° F . in temperature. It is three times the value of the 
coefficient of linear expansion. Values of the coefficients of 
cubic expansion of various substances are given in the last 
column of Table I. 

TABLE I 

COEFFICIENTS OF EXPANSION . 
Name of Substance Linear Surface Cubic 

Expansion E xpansion Expansion 

Aluminum (cast) . . .. .. .00001233 . ()()()()2466 .00003699 
Bronze ..... ... . . . . .. .00001024 .00002048 .00003072 
Cast iron ... . .. . . .. .. .00000617 .00001234 .00001850 
Copper ..... .. .. .. ... .00000926 .00001852 .00002778 
Brass ..... ... . .... . . .00001037 .00002074 .00003112 
Silver ...... . . .... . . . . .00000690 .00001390 .00002070 
Wrought iron .... .. ... .00000686 .00001372 .00002.058 
Soft forged iron .... . .. .00000672 .00001344 .00002.016 
Iro . n Wli'e ........ ... . .00000800 .00001600 .00002400 
Steel (soft) .......... . .00000599 .00001198 .00001798 
Steel (hard) .. . ... .. .. .00000702 .00001404 .00002106 
Phosphor-bronze .. . ... .00000940 .00001880 .0000'2820 
Zinc . . . .... . .. ....... .00001634 .00003268 . ()()()()4.903 

T' m ..... .. . . . ... • .... .00001410 .00002820 .()()()()4229 

Mercury ..... . . ...... .00003334 .00006668 .00010010 
Alcohol. ... .. . .... . .. .00019259 .00038518 .00057778 

Gases ..... .... . ... . . . .00203252 

50. Calculations of Expansion or Contraction.-The 
amount of expansion or contraction of a body due to heating 
or cooling, may be found approximately by mult iplying the 
length, area or volume of the body, as the case may be, by the 
coefficient of expansion and this product by the change in 
temperature, as shown by the following formulas. 

l=LC1t (1) 

a= AC!t (2) 

v = VCst (3) 
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in which L=length of any body; 

l =amount of expansion or contraction due to heat
ing or cooling the body; 

A =area of any section of body; 
a =increase or decrease of area of same section after 

heating or cooling the body; 
V=volume of body; 
v=increase or decrease in volume due to heating or 

cooling the body; 
cl =coefficient of linear expansion, taken from 

Table I; 
c2 =coefficient of surface expansion, taken from 

Table I; 
C3 =coefficient of cubic expansion, taken from Table I; 

t = difference, in degrees Fahrenheit, between original 
temperature of body and temperature after it 
has been heated or cooled. 

A point to be observed is that the result will be in the same 
units as those used in expressing L, A, and V. If L is taken 
in feet, the expansion or contraction l will be in feet; if L 
is taken in inches, l will be in inches; and so on with A and V. 

EXAYPLE 1.-How much will a bar of untempered steel, 14 feet long, 
expand if its temperature is raised 80° F.? 

SoLUTION.--sinoe only one dimension is given, that of length, linear 
e:~pansion only can be ronsidered. From Table I, the roefficient of linear 
expansion is found to be .00000599 for untempered steel. Hence, substitute 
the known values in formula I, and l=l4X .00000599X80=.0067088ft., or 

.0067088X12=.0805056 in. Ans. 

EXJUIPLE 2.-A wrought iron rod I! inches in diameter and 100 feet. 
long is used as a tie-rod in ronstructing a bridge. It was put in place and 
securely fastened to two rigid supports during a warm day in summer when 
the temperature in the sunlight was 110° F. On a rold day in winter, when 
the thermometer registers zero, how much will the bar tend to short-en owing 
to this change in temperature? 

SoLUTlON.-Apply formula I, making C1=.00000686, L=IOO ft., and 
1=110°; then,l=IOOX.00000686Xl10=.07546ft., or .91 in. Ans. 

ELUJPLE 3.-The wheel center of a loromotive driver is turned to 
exactly 50 inches in diameter. If the steel tire is bored 49.94 inches in 
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diameter, to what temperature must the tire be raised in order that it 
may be easily placed over the center? Assume that the diameter of the 
tire is increased until it is .025 inch larger than the center, and that the 
original temperature is 60°. 

SoLUTION.-The e.'rpansion of a ring or hollow part may be ronsidered 
as the expansion of a solid circular plate of the same diameter as the out
side diameter of the ring, and may be measured by the e:~~:pansion of the 
diameter of the solid plate. Therefore, formula 1, which applies to cases 
of linear expansion, may be used to solve this problem. 

The increase in diameter is /=50.025-49.94=.085 in.; L=49.94 in. 
and C, = .00000599. Substitute in l=LC,t. Then, 

.085=49.94X.00000599Xt, or t 49_94~~0599 284°, and 284° 

+60°=344°. Ans. 
EXAMPLE 4.-What is the decrease in volume of a ropper cylinder 30 

inches long and 22 inches in diameter if cooled from 212° F . to 0° F.? 

SoLUTION.-The volume is lf=22•X.7854X30=11,404 cu. in. Apply 
formula 3, and 

v=ll,404X.00002778X212=67.16 cu. in. Ans. 

51. Expansion of Water.-As a rule, liquids shrink, or 
contract, when they freeze, and most solids expand when 
melted. Water is a marked exception to the general rule. 
If water is cooled from its boiling point, it continually con
tracts until it reaches 39.1° F.; then it expands until it freezes 
at 32° F. On the other hand, if water at 32° F . is heated, it 
contracts until it reaches 39.1° F., when it commences to 
expand. Therefore, the density of water is greatest at the 
point where the change occurs, or at 39.1° F. The importance 
of this exception is seen in the fact that ice forms on the sur
face of water, since it is lighter than the warmer body of water 
lying at varying depths below it. Were it not for this fact, 
all the large bodies of water would freeze solid, and would 
thereby so seriously affect the climate of the earth that it 
would be Wunhabitable. The coefficient of expansion of 
water varies through a wide range depending on the temper
ature of the water. 

52. Expansion of Gases.-Buppose that a cylinder a, 
Fig. 10, is closed at its upper end by a piston b having an area 
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of 200 square inches and weighing 1,060 pounds. The pres
sure on the air due to the piston only is therefore 1,060+200 
= 5.3 pounds per square inch. If the pressure of the atmos

phere is 14.7 pounds to the square inch, there is a total pres
sure of 14.7+5.3=20 pounds per square inch acting at the 
bottom surface of the piston. The contained air will, there
fore, be w1der an absolute pressure of 20 pounds per square 
inch. If the temperature of the air in the cylinder is raised 
} 0 , it will be found that the piston has moved upwards a 
certain amount, while the pressure has, of course, been 
unchanged. If the air is warmed 10°, or from 32° F. to 42° F., 
the upward movement of the piston will be ten times as great; 
and for an increase of temperature of 100°, it will be one 
hundred times as great. The expansion of the air for an 
increase of 1° in temperature at any point on the scale, as, for 
example, from 200° F. to 201° F., is practically the same as 

FIG. 10 

from 32" F. to 33° F. Similarly, for tem
peratures below 32° F., the contraction is 
in the same pmportion. The amount of 
this change of volume, whether by expan
sion or contraction, is Th of the volume of 
the air at 32° F., for each degree of change 
in temperature. The fraction Th is there
fore called the coefficient of expansion of 
air. The result of this experiment is 

embodied in the law of Gay-Lussac, as follows: 
If tire presst~re of a gas remains constant, the itzcrease of 

volume per degree rise of temperature is Th of the wlume 
at 32° F. 

From this, it is apparent that when a gas is heated or cooled 
at constant pressure, the volumes will be directly proportional 
to the absolute temperatures. 

Gay-Lussac's law may be supplemented by two others, a~ 
follows: 

1. All gases have practically the same coefficiettt of expan
SJOII, at coltslmzt pressure, as air, that is, rt~· 

2. This coe{Jicieut is the same, whatever the pressure to 
wllicll tire gas may be sttbjected. 
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53. The laws just mentioned are not absolutely exact, 
since they express the expansion of gases approximately only. 
However, unless a gas is compressed very highly or is cooled 
to a point near that at which it liquefies, these laws are quite 
nearly true. The fact that all gases have practically the same 
coefficient of expansion as air is important, inasmuch as it 
simplifies the work of investigating the changes in volume of a 
gas under changes of temperature and pressure. 

For example, if a quantity of oxygen at 32° F., under 
atmospheric pressure, occupies a volume of 1 cubic foot, and 
the temperature is raised to 2,000° F., the pressure remaining 
constant, the increase in volume is Th cubic foot for each 
degree rise of temperature and the total increase of volume 
is Th (2,000-32) = 1,968+492=4 cubic feet. Hence, the 
final volume of the gas is 1 +4 = 5 cubic feet. 

54. The volume of a gas at constant pressure is, from the 
foregoing, proportional to its temperature on the absolute 
scale. For this reason, when the expansion or the contraction 
of a gas, due to changes in temperature, is to be calculated, 
only the absolute temperature is considered. For convenience, 
the absolute temperature is generally represented by T, while 
the ordinary temperature is represented by t. The word 
pressure will be used to signify absolute pressure in pounds per 
square inch, and v the volume in cubic feet, unless otherwise 
stated. 

55. In all that has been said, it has been supposed that the 
pressure of the gas is constant. If, however, the gas is 
restrained from expanding or contracting by keeping the 
volume constant, and heat is added as before, it is found that 
the pressure of the gas increases at a rate proportional to the 
rise i11- temperatme, just as the volume did when the pressure 
was maintained constant, the increase in pressure for a r.ise 
of 2° being twice that for 1°. 

56. The condition or state of a quantity of gas may be 
altered by changing its pressure, volume, or temperature, and 
a change in any one of these will produce a change in one or 
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both 0 ( the others. In the case of any given quantity of gas 
•hose condition is changed, it is always true that the product :r the absolute pressure and the volume, divided by the abso

lute temperature, before the change takes place, is equal to 
the product of the absolute pressure and the volume divided 
by the absolute temperature after the change. This is ordi
narily expressed by the formula 

fnJ Pt'lh 
T= Tt 

in which p, v, and T represent the absolute pressure, the 
volume, and the absolute temperature before the change, 
and p~, 'Vt, and T1 represent the absolute pressure, the volume, 
and the absolute temperature of the same gas after the change. 
This formula is true for any of the so-called permanent gases, 
and by its use, when the pressure, volume, and temperature 
of a given weight of gas are known for any particular moment, 
the pressure, volume, or temperature can be calculated 
for any other case in which the other two factors are 
known. This is best shown by the following illustrative 
examples. 

57. Assume that a certain quantity of gas has a volume v, 
an absolute pressure p, and an absolute temperature T. 
Assume further that the pressure and temperature of the gas 
are changed to the values Pt and T1, respectively. Let it be 
required to calculate the value of the new volume 'Vt. Accord-

ing to the formula in the preceding article, 'j =P~1 • Now, 

when two quantities are equal to each other, theequalitywill 
not be disturbed if each of the quantities is multiplied or 
divided by the same value. Thus, in order to cancel the 
denominator T1 in the second quantity of the equation, multi-

ply both quantities by T1, or ~T1= Pt~ T\ from which, by 

carrying out the cancellation, 

m•T1 
T=Pt'lh 
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Then, since '111 is the value to be solved, divide both sides of the 

equation by Pt. or pvTT1 =Pt'~h. But, Pp•'lh ='ih. Hence, 
Pt PI 1 

pvT1 
Vt= PtT 

ExllLPLE.-A quantity of gas has a volume of 18 cubic feet, an absolute 
!>ressure of 54 pounds per square inch, and a temperature of 188o F. 
What will be its volume when the pressure has fallen to 36 pounds per 
square inch, absolute, and the temperature is 20° F.? 

SoLUTION.-Apply the formula in Art. 57, making p=54lb. per sq. in., 
v=18 cu. ft., T=188+460=648° F., p,=36 lb. per sq. in., and T,=20 
+460=480° F. Then, 

54X18X480 
Vt= 

36
X

648 
=20 cu. ft. Ans. 

58. If the volume and the temperature of the gas are 
changed, the resulting pressure may be calculated as 
follows: 

From Art. 56, P!J.=P~1• Since the value of Pt is to be found, 

multiply both sides of the equation by T1 in order to cancel 

the denominator T1 in the second member. 
Pt'lh T, 
=~,or 

pvT. 
-r=Pt'Vt 

Divide both sides of the equation by 'Vt: 

pvT. PtVJ 
VtT=~ 

pvT1 
Hence, Pt =-T. VJ 

frtJTt 
Thus, -r 

EXAl!PLE.-The quantity of gas in the example of Art. 57, after the 
change, has a volume v=20 cubic feet, a pressure P=36 pounds per square 
inch, absolute, and an absolute temperature T=20+460=480° F. H the 
gas is allowed to expand until its volume is 9! cubic feet and its tempera
ture is 10° F., what will be its absolute pressnre? 
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-The initial conditions are: v=20 cu. ft.; P=36 lb. per 
SOI..U UOS. f d fi 
in . T=480o F. The final volume u,=94 cu. t.; an the nal absolute 

sq. ·' t T - 10+460=470° F. Apply the formula; then 
tempera ure •-

36X20X470 7! lb. per sq. in. Ans. 
P• 94X480 

59. Similarly, if the pressure and volume of a quantity 
of gas are changed, the resulting temperature may be calcu
lated in the following manner: 

· pv- P•'~h s· th 1 f T According to Art. 56, T- Tt . mce e va ue o 1, 

which is in the denominator of the right-hand side of the 
equation, is to be found, this unknown term is first transposed 
to the numerator of the other side of the equation by multiply
ing both sides by T.. Thus, 

frVTt PtVtT1 pvTl 
--:y-=~· or --y- =PtVt 

Next, to clear this equation of fractions, both sides are multi
plied by T. Then, 

TpvT. T T T --T-= Pt'ih , or pv 1 = PtVt 

To solve this equation for Tt, divide both sides of the equa
tion by pv, which is the coefficient of the unknown term. Thus, 

frVTt=Pt'VtT or Tt=ptvlT 
frV pv • frV 

ExAMPLB.-The quantity of gas in the example of Art. 57 has a final 
volume of 94 cubic feet, a final pressure of 7! pounds per square inch, and 
a final temperature of 10° F. H the gas is compressed until its pressure 
is .>l pounds per square inch, absolute, and its volume is 18 cubic feet 
(the original conditions of the gas stated in the example of Art. 57), what 
is its final temperature? 

SoLUTION.-The initial values are 11=94 cu. ft.; p=7.5 lb.per sq. in.; 
T = 10+460= 470° F. The final volume v, = 18 cu. ft., and the final pres-

. MX~X~O 
sure p1 =54 lb. per sq. m. Apply the formula, then T, 

7
.
5

X
94 

"'M8° F. As T, is the absolute temperature, the final Fahrenheit tempera. 
ture is MS-460= 188° F. Ans. 
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pv PtVt Ar . 60. From the formula T = Tt of t. 56, 1t follows that 

the product of pressure and volume divided by the absolute 
temperature is the same for all conditions of a gas. This 
quotient is therefore constant and may be denoted by R. 
The formula may then be written 

/Y}j. = R (I ) 

If the gas considered is air, R has a value of .37 and the 
formula becomes fr!J=.37T. This formula should be used 
when the quantity of air considered is 1 pound. If the 
weight of gas is more or less than 1 pound, the weight may be 
deSignated by W and the formula may be written 

pv =WR (2) 
T 

or pv=WRT (3) 

I t should be noted that the value of R is .37 when the 
pressure p is expressed in pounds per square inch. When the 
pressure is expressed in pounds per square foot, the value of R 
is 144X.37 or 53.3. 

Ex..utPLE.-A cylinder contains 2.7 cubic feet of air at a pressure of 
54 pounds per square inch, gage, and a temperature of 210° F. Find the 
weight of the air. r 

SoLUTIO:s.-Apply formula 3. For air, R=.37; and according to the 
conditions of the example, P=54+14.7=68.7lb. per sq. in., v=2.7 cu. ft., 
and T=210+460=670° F. Substituting these values, 

68.7X2.7= TVX.37X670 
Solving for W, 

61. Laws of Gases.-Beginning with Mariotte's law, the 
several laws of gases may be restated as follows: 

I. The temperature remaining coustant, the pressure of a 
givm weight of a perfect gas varies itwersely as its oolmn.e; or, 
the prod~tct of the presSttre aud volmue 1·s a co1matu. 

pv=Pt1h =a constant (I) 
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u. Tile pressure remaining consta11t, the volttme of a given 
weiglrt of a perfect gas "'·aries directly as its absol1Jte temper-

alurc. 
v T 
;;;= T1 (2) 

m. Tire 'i!Olume rematmng constant, the pressure OJ a 
giPCII weight of a perfect gas varies directly as tll6 absolute temper-

alztre. 
p T 
~=T1 (3) 

EXAliPLE I.-Two cubic feet of air at a pressure of 14 pounds, gage, 
is compressed at constant temperature until the pressure is 65 pounds per 
square inch, gage. What is the final volume? 

SOLUTION.-As the temperature remains unchanged, formula 1 is 
used: that is, fn!=p,v,. Substitute P=14+14.7=28.7 lb. per sq. in., 
t•=2 cu. ft., and p,=65+14.7 =79.7 lb. per sq. in.; then, 

28.7X2=79.7Xv1 

from which 
28.7X2 

v1=~=.72 cu. ft. Ans. 

EXAMPLE 2.-Air having a volume of 3 cubic feet and a temperature 
of 1,000° F. is cooled at constant pressure to a temperature of 300° P. 
What is the final volume? 

SOLUTION.-Apply formula 2, making v=3 cu. ft., T=1,000+460 
=1,460° F., and T,=300+460=760" F. Then, 

3 1,460 
;.= 760 

3X760 
from which v,= 1,

460 
= 1.56 cu. ft. Ans. 

EXMIPLB 3.-A quantity of gas having a temperature of &0° F. and 
a pressure of 150 pounds per square inch, gage, is heated until its pressure 
is 350 pounds per square inch, gage. What is its final temperature, if 
the volume does not change? 

SoLUTION.-Apply formula 3, making P=150+14.7=164.7 lb. peJ 
sq. in., p,=350+14.7=3&!.7 lb. pei sq. in., and T=80+460=540° F. 
Then, 

164.7 540 
364.7=y 

from which T, 
364i~~;40 1,195.7° F. 

Heuce, the final temperature is 1,195.7-460=735.7° F. Ans. 
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EX.UlPLE 4.-A quantity of gas having a pressure of 75 pounds, gage 
and a temperature of 200" P. is heated at constant volume to a tempera
ture of 1,300° F. What is the final pressure? 

SoLUTION.-Apply formula 3, making p=75+14.7 =89.7lb. per sq. in., 
T=200+460=660o F., and T,= 1,300+460= 1,760° F. Then, 

89.7 660 
---p.-=1,760 

from which 

Hence, the final gage pressure is 239.2-14.7 =2'>4.5 lb. per sq. in. Ans. 

EXAMPLE 5.-suppose that from a tank containing 200 cubic feet of gas 
at a pressure of 150 pounds per square inch, absolute, 10 cubic feet at the 
same pressure is withdrawn. What is the absolute pressure of the reJOain
der of the gas in the tank? 

SoLVTION.-The removal of 10 cu. ft. at 150 lb. pressure from 200 cu. 
tt. at that pressure would leave 200-10= 190 cu. ft. at 150 lb. pressure, 
and this 190 cu. ft. would e.-q>and to 200 cu. ft. and fill the tank, but at a 
lower pressure. Hence, apply formula 1, making P= 150 lb. per sq. in., 
v=190 cu. ft., and Vt=200 cu. ft. Then, 

150X190=p,x200 

from which 
150X190 . p, 

200 
142.5 lb. per sq. 1JL Ans. 

EXAMPLE 6.-A tank holding 10 cubic feet is pumped full of air at 
200 pounds per square inch, absolute, from a receiver containing 200 
cubic feet at 150 pounds per square inch, absolute. What is the final 
absolute p!'C$ure in the receiver, the temperature remaining constant? 

SOLUTION.-lt is first necessary to find bow many cubic feet at 150 lb. 
will be required to produce 10 cu. ft. at 200 lb. This can be done by 
applying formula 1, making P=200 lb. per sq. in., p, = 150 lb. per sq. in., 
and v= 10 cu. ft. Then, 

from which 

200Xl0=150XvJ 

200Xl0 
v,=~= 13i cu. ft. 

In other words, 13l cu. ft . at 150 lb. is removed from the receiver to 
fill the tank at 200 lb. The remainder of the air in the receiver, or 200-13! 
= 186i cu. ft., at 150 lb. pressure, C.'l:pands to the full volume of the receiver, 
or 200 cu. ft., and its pressure is found by the use of formula 1, and making 
p= 150 lb. per sq. in., 11= 186i cu. ft., and v,=200 cu. ft., Then, 

150X 186t = p, X200 

from which 150X 186~ = 140 lb . p, 
200 

. per sq. rn. Ans. 
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EXAMPLES FOR P RACTICE 

1. A ring of soft steel is 36 inches in diameter at \l2° F. Wbat is its 
diameter at 1,270° F.? Ans. 36.26 in. 

2. A sheet of brass measuring 16 inches by 24 inches a t 50" F. is 
heated to 482° F. Wbat is its area at the higher temperature? 

Ans. 387.44 sq. in. 

3. A straight line of cast-iron pipe has a length of llO feet 6 inches at 
20° F . What will be the increase of length when it is heated to 123° F.? 

Ans. .84 in. 

4. Find the increase of volume of a bar of silver 2 inches square and 
8 inches long, when heated from 70° F. to 800° F. Ans . .48 cu. in. 

5. A vessel contains 25 cubic feet of gas at an absolute pressure of 
18 pounds per square inch; if 125 cubic feet of gas having the same pres
sure is forced .into the vessel, what will be the resulting pressure? 

Ans. 108 lb. per sq. in. 

6 . A pound of air has a temperature of 126° F . and an absolute pres-
sure of 14.7 pounds; what volume does it occupy? Ans. 14.75 cu. ft. 

7. A certain quantity of air has a volume of 26.7 cubic feet, a pres
sure of 19.3 pounds per square inch, absolute, and a temperature of 42° F.; 
what is the weight? Ans. 2.77 lb. 

8. A receiver contains 180 cubic feet of gas at an absolute pressure 
~ of 20 pounds per square inch; if a vessel holding 12 cubic feet is filled 

from the receiver until its pressure is 20 pounds per square inch, what 
will be the pressure in the receiver? Ans. 18llb. per sq. in. 

9. Ten cubic feet of air having an absolute pressure of 22 pounds per 
square inch and a temperature of 75° F. is heated until the temperature is 
300° F . ; the volume remaining the same, what is the new pressure? 

Ans. 31.25 lb. per sq. in. 

SPECIFIC HEAT 

62. Definition of Specific Heat-If balls of iron, zinc, 
copper, lead, and tin, of equal weights, are exposed to heat 
for a short, but equal, length of time, as by being arranged 
in a row before an open fire, it will be found that the lead ball 
is the hottest. Since all the balls are in a position to absorb 
equal amounts of heat, it is evident that the lead ball requires 
less heat to raise its temperature to a given point than the 
other balls. Different substances require different amounts of 
heat to raise equal weights of those substances 1 o, water 

y 
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requiring more than most other substances. Hence, it is 
taken as a standard of comparison. Thus, the rat1"o between 
the quantity of heat required to warm a body r a11d tlr.e quantity 
of Jr.eat required to warm an equal weight of water r is called 
tlze specific lr.eat of the body. This ratio is always expressed as 
a decimal. Hence, if the specific heat of a substance is said 
to be .1375, the amount of heat required to raise a given weight 
of that substance 1° is only .1375 times that required to raise 
the same weight of water 1°. The specific heats of a number 
of substances are given in Table II. 

63. Heat Required for Given Change of Temperature. 
The amount of heat in British thermal units that must be 
added to a body to raise its temperature a given number of 
degrees, or that must be removed from a body in order to 
lower its temperature a given number of degrees may be found 
by multiplying the weight of the body, in pounds, by the 
specific heat of that body, and this product by the change in 
temperature, in degrees Fahrenheit, as shown by the formula : 

Q=cW(tt- t) (1) 

in which Q=number of British thermal units; 
c=specific heat of body; 

nr =weight of body, in pounds; 
t1 =higher temperature, in degrees F.; 
t =lower temperature, in degrees F. 

The weight, in pounds, of a given substance that can be 
changed from one temperature to another by adding or remov
ing a certain quantity of heat may be found by dividing the 
given quantity of heat, measured in B. t. u., by the product of 
the specific heat and the change in temperature of the body, 
!-s shown by the formula 

W = c(t~-t) (2) 

in which the letters have the same meaning as in formula 1. 
The change of temperature, t1- t, produced in a body of 

known weight, W, by adding or re~oving a given quantity of 
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heat Q, may be found by dividing the given quantity of heat 
in B. t. u. by the product of the specific heat and the weight of 
the body in pounds, as expressed by the formula 

Q 
tt-t=cw (3) 

EXAMPLE 1.-How many British thermal units are required to heat 
20 pounds of lead from 50• F. to 400• F., the specific heat of lead being 
.0314? 

SoLOTiox.-substitute values in formula 1, and 

Q=.0314X20X(400-50)=219.8 B. t. u. Ans. 

EXA1rPLE 2.-A bar of wrought iron weighing 60 pounds has a tempera. 
ture of 800° F. How much heat must be removed to cool it to 50• F.? 

SoLUTION.-Apply formula 1. From Table II, c= .1138 for wrought 
iron;andaooording to the example, 1,=800°, t=50°, and W=60lb. Then, 

Q=.ll38X60(800-50)=5,121 B. t. u. Ans. 

EXAlrPLB 3.-A boiler requires 1,000 pounds of water per hour. If 
the water is heated from 50o to 180• F. before it is fed to the boiler, find 
bow much beat is required per hour. 

SoLUTION.-Apply formula 1. The specific beat of water is c=1; 
W = 1,000 lb.; t, = ISO•; and t= 50°. Then Q= 1 X 1,000(180-50) = 130,000 
B. t. u. per hr. Ans. 

ExAMPLE 4.-How many pounds of water can be raised from 48° F. to 
192• F. by 12,960 B. t. u.? 

SoLUTION.-Apply formula 2. The spec:ifk heat of water is c=1; 
Q=l2,960B. t. u.; t,=I92• ; and 1=48°. Then, 

W 12,960 12,960=90 lb A 
1(192-48) 144 . ns. 

64. Variation of Specific Heat.-Although Table II would 
seem to indicate that the specific heats of various substances 
are constant in the case of many solids there is a slight increase 
with increase of temperature. For example, the mean specific 
heat of iron between 32° F. and 21ZO F. has been found to be 
.1098; and between 212° F. and 570° F. it has been found to be 
.1218. Different substances show a variation in this respect, 
and theredoesnotseem to be any common Jaw governing them. 

The specific heat of a substance varies according to its state, 
whether solid, liquid, or gaseous. The specific heat of water is 
nearly twice as great as that of ice, and is more than twice as 

HEAT 37 

ce Nt-f""')\0000 
00.&-C"'OOIOU') 
0\U')NN\011)('1') 

~.:! \OU'>t---~r-u, 
---~M-,...... ~ co .. "N ... " 8> .. 

II: 
0 

"' ·a _.._.ocooo K .... 
\1')1.1')0001.1')0.0 "k (/) !l" t--o. r- t'f')0\0 t- t-.. :::: f") ...... -..::t"C>«>-.:fl-"~ ,.., 
~~C"'!:~~~ 8.t 



38 HEAT 

great as that of steam at constant pressure.. In general, . a 
substance in the solid state has a smaller specific heat than m 

the liquid. 

65. The specific heat of a gas may be measured in two 
ways: First, the temperature of the gas may be changed 
while the pressure is kept constant and the volume is allowed 
to vary. This would be the case, for example, if the gas were 
contained in a cylinder provided with a moving piston. As 
the weight of the piston does not change and the pressure on 
the piston due to the atmosphere remains unchanged, the 
pressure exerted on the gas in the cylinder is constant. If 
now the gas is heated, the piston will move out in the cylinder 
and the volume of the gas increases, but the pressure remains 
constant. By raising the temperature of one pound of the 
gas 1° and dividing the quantity of heat required to do so by 
the quantity of heat required to raise the temperature of an 
equal weight of water 1°, the specific heat at co1rsla1tt pressure 
of the gas is obtained. By keeping the piston locked so that 
it does not move, the volume of the gas is kept constant while 
heat is being applied, thus causing the pressure of the gas to 
increase. The specific heat of the gas obtained under this 
condition is known as the specific Jzeat at c01rstant volmne. 

Let Cp and c. represent, respectively, the specific heat at 
constant pressure and at constant volume. Then the relation 

between these two specific heats is given by the ratio Cp. This 
c. 

ratio is usually expressed by the letter k; that is, Cp = k. For 
c. 

dry air the value of k is 1.405. 

66. The specific heat of a gas at constant pressure is 
greater than that at constant volume, as will be apparent from 
the following: Consider a cylinder partly full of gas and closed 
by a piston, so that the gas sustains a constant pressure due to 
the pressure of the atmosphere plus the weight of the piston, 
and heat is applied until the temperature of the contained gas 
has been raised, say, 10°. If the piston is not permitted t<1 
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move, the heating will then take place at constant volume, and 
all the heat required to heat the gas the 10° is used in raising 
the temperature. Now suppose that the piston is free to move 
and the gas is heated at constant presSure until the tempera
ture is again raised 10°. As the gas is heated it expands, rais
ing the piston against its own weight and the pressure of the 
atmosphere, thus doing work. It will be found that much more 
heat is required to raise the temperature the same amount in 
the second case than in the first. 

67. The heat conveyed to the gas when heated under con
stant pressure may be divided into two parts, one part being 
used in heating the gas and the other in doing work. If 
now the piston is pressed down until the volume is the same 
as the original volume, the energy given up by the gas in 
doing work will be restored to the gas in the form of heat and 
the temperature will be further raised. This indicates that 
the amount of heat conveyed to the gas when heated at con
stant pressure was greater than when it was heated at con
stant volume and the specific heat at constant pressure is 
therefore greater than the specific heat at constant volume. 

EXAMPLES FOR PRACTICE 

1. How much heat is required to raise the temperature of a 15-pound 
iron casting from 58° to 720° F.? Ans. 1,288.9 B. t. u. 

2. A tool of hard steel, weighing 1! pounds, cools from 973° F. to 62° F. 
How much heat does it give up? Ans. 160.6 B. t. u. 

3. How many pounds of lead can be heated from 70° to 617° F. by 
44 B. t . u.? Ans. 2.56 lb. 

4. How many British thermal units are needed to heat 11 pounds of 
silver from 60° to 70° F.? Ans. 6.27 B. t. u. 

5. Find the increase of temperature produced by adding 26 B. t. u. to 
12 pounds of copper. Ans. 22.8° F. 

6. How much heat is required to change the temperature of a 300-
pound block of ice from 20° to 32° F.? Ans. 1,814.4 B. t. u. 

7. The water in a tank weighs 640 pounds and has a temperature of 
65° F. What will be its temperature after 51,200 B. t. u. is added? 

Ans. 145° F. 

8. It is found that to raise the temperature of 20 pounds of iron 
from 62° F. to 63° F. requires 2.276 British thermal units; what is the 
specific heat of the iron? Ans .. 1138 
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PROPERTIES OF MIXTURES 

68. Mixing Bodies. of Unequal Temperature.-If quan
tities of substances having different specific heats and dif
ferent temperatures are mixed, or are brought into close 
contact, and no change of state occurs in any of the sub
stances (such as, for example, the condensing of steam or the 
melting of ice) the resulting temperature of the mixture will 
depend upon the weight, specific heat and temperature of 
each of the substances. 

Rule.-To fimd tlte final temperatt~re of tlw mixture, first .fi11d 
the product of the weight, the specific heat an~ tlu; tem.perattcre 
of each substance and add these products. This sum will be 
1tsed as tire numerator of a fraction. Next find the product of 
the weight aud the specific lwat of each substance atul add tJwse 
products. This sum then becot1ws tlte detwmi11ator of the 
fractum. Tlw reS1tlting quotie11t will be the .fitzal temperature of 
the mi:A-1ure. 

This may be expressed by the formula 

t= W1c1t1 + J!V2cz~+ Waeata+etc. 
W1c1 + W2C2+ WJca+etc. 

in which t =final temperature of mixture; 
W1, Ct, and t1 =weight, specific heat, and temperature, respec

tively, of one body; 
Wz, cz, and t2 =same for second body; 
nr3, Ca, and ta=same for third body, etc. 

. EXAMPLE 1.-If 21 pounds of water at a temperature of 52° is mixed 
With 40 pounds of water at a temperature of 160°, what is the temperature 
of the mhrture? 

So~UT£ON.-8ince the specific heat o£ water is 1, it may be left out in 
applymg the formula, and the temperature is found to be 

t 21X52+40X160 
21+ 40 122.82°. Ans. 

EXAM~E 2.-A copper vessel weighing 2 pounds is partly fiUed with 
water ha~mg a t:m~erature of 80° and weighing 7.8 pounds. A pieoe of 
wrought ~on w~ghmg 3t pounds and having a temperature of 780° is 
dropped mto th1s water. What is the final temperature? 
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SoLUTION.-8ubstitute the given values in the formula, remember that 
the original temperatures of the copper vessel and the water that it coi.'
tains are the same; then, 

t=2X.0951X80+7.8X80+3.25X.l138X780 11097o I 
2X.0951+7.8+3.25X.l138 · ,neary. Ans. 

EXAMPLE 3.-A wrought·iron ball weighing 1 pound is placed in a fur
nace; when it has attained the t~mperature of. the furnace, it is taken out 
and placed in a C?Pper vessel weighing ! pound and containing exactly 
2 pounds of water at a temperature of 75°. Assuming that no water 
escapes as steam, and that the temperature of the ball, water, and vessel 
after mixing is 156°,. what is the temperature of the furnace? 

or, 

SoLUT£ON.-8ubstitute the given values in the formula, and 

156 IX .1138Xtt+2X75+.5X.0951X75 
1X.1138+2+ .5X .0951 

156 .1138!,+ 153.5~ 
2.16135 

and clearing of fractions, 156X2.16135=.1138t1+153.566; hence, 

.1138tt = (156X2.16135) -153.566 = 183.604 

or, t _183.604 0 ,_ .llas = 1,613.4 F. Ans. 

69. Temperature, Pressure, and Volume of Gaseous 
Mixtures.-If two liquids of different densities that do not 
act chemically on each other are mixed together and allowed 
to stand, it will be found that after a time the two liquids 
have separated, and that the heavier has fallen to the bottom. 
If two vessels of equal volume and containing gases of dif
ferent densities are put in communication with each other, the 
gases will be found after a short time to have mixed in equal 
proportions. If one vessel is higher than the other, and the 
heavier gas is in the lower vessel, the same result will occur. 
The greater the difference between the densities of the two 
gases, the quicker they will mix. It is assumed that no 
chemical action takes place between the two gases. When the 
two gases have the same temperature and pressure, the pres
sure of the mixture will be the same; this is evident, since the 
total volume has not been changed, and unless the volume or 
the temperatw·e changes the pressure cannot change. This 
property of the mixing of gases is a very valuable one, since, 
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if gases acted like liquids, carbon dioxide (the result of com
bustion), which is H times as heavy as air, would remain 
next to the earth instead of dispersing into the atmos
phere, and as a result no animal life could exist. 

70. Mixtures of Equal Volumes of Gases Having Unequal 
Pressures.-!/ two gases haviug equal voltmuts and tempera
tures, but different pressures, are mixed in a vessel wlzose wlume 
is equal to one of tlte equal voltmU!s of gas, tlut presS1tre of the 
mixtme will be equal to tlut sum of tlut two pressures, provided 
tlze temperature remains the same as before. 

EXAYPLE.-Two vessels, each containing 3 cubic feet of gas at a tem
perature of 6()° F. and subjected to pressures of 40 pounds and 25 pounds 
per square inch, respectively, are placed in communication with each 
other, and all the gas is compressed into one vessel. If the temperature 
of the mixture is also 60° F., what is the pressure? 

SoLUTION.-According to the rule just stated, the pressure will be 
40+25=65 lb. per sq. in. This may be proved by applications of 
J\lariotte's law; thus, compress the gas whose pressure is 25 lb. per sq. in., 
until its pressure is 40 lb.; its volwne may be found thus: /Jfi=P•'~'•• or 
25X3=40Xv; whence, v =1.875 cu. ft. Let communication be established 
between the two vessels, then the pressure will evidently be 40 lb. and 
the total volume 3+1.875=4.875 cu. ft. If this is compressed until the 
volume is 3 cu. ft., the temperature remaining at ooo throughout the whole 
operation, the final pressure may be found by the formula pv=p,v1• 

b f 40X4.875 65 lb . 
Thus, 40X4.875=p,X3; and, as e ore, p, 

3 
= . persq.m. 

Ans. 

71. Mixture of Two Unequal Volumes of Gas Having 
Unequal Pressures.-Let Pt and 'ilt be the pressure and 
volume, respectively, of one quantity of gas; 'P2 and t/2, the 
pressure and volume, respectively, of the other quantity of 
gas; and P and V, the pressure and volume, respectively, of 
the mixture. Then, if the temperature remains constant, 

PV = P1-.:1 + 'P2t12 (I ) 

That is, if tlze temperature is comta11t, tire vohmze, after mix
tnre, multiplied by tlze resulti11g presmre, is equal to the vol11me 
of 01re quantity of gas, before mixture, 1tt11ltiplied by its pressure, 
plus tlze wlmtU! of tlut other quantity of gas multiplied by its 
pressure. 
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From this formula, by dividing both sides of the equation 
by v. 

p-PI'ill +'P2112 (2) - v 
and, dividing both sides of the equation by P, 

V P1v1 +'P!'Il2 (3) 
p 

EXAMPLE 1.-Two quantities of gas of the same temperature, having 
volumes of 6 cubic feet and 4t cubic feet, and pressures of 26! pounds and 
18 pounds per square inch, respectively, are mixed together in a vessel 
whose volume is 10 cubic feet. The temperature of the two gases and of 
the mixture being the same, what is the resulting pressure? 

SoLUTION.-Use formula 2, and substitute the given values; then, 

P 26iX6+18X4i 159+8I_241b · An 
10 10 - · per sq. m. s. 

:ExAMPLE 2.-If the two quantities of gas in e.umple 1 are mixed in a 
vessel in which the resulting pressure is 30 pounds, what is the volume of the 
vessel, the temperature of the two gases and of the mixture remaining the 
same? · 

SoLUTION.-Use formula 3 and substitute; then, 

V p1v1+p2v2 26iX6+18X4t 159+81 8 ft. 
p 30 30 cu. Ans. 

72. Mixture of Two Quantities of Air Having Unequal 
Pressures, Volumes, and Temperatures.-If a body of air hav
ing a temperature t1, a pressure Pt. and a volume f1t is mixed 
with another volume of air having a temperature h, a pres
sure 'P!. and a volume 'll!, to form a volume V having a pressure P 
and a temperature t, either the new temperature t, the new 
volume V, or the new pressure P may be found, if the other 
two quantities are known, by the following formula, in which 
T1, T2, and T are the absolute temperatures corresponding to 
t~, h, and t: 

PV = (Pt'~lt +P!t12) T 
T, T2 

It follows from this formula that 

P= (p,v1+'P2'il2) T 
T1 T2 V 

(I ) 

(2) 
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V = (Ptvl +P2~2) T 
TL T2 p 

(3) 

and T PV 
(4) 

(
P tVL +P27!2) 
T1 Tt 

EXAMPLE 1.-Five cubic feet of air having a pressure of 30 pounds per 
square inch and a temperature of so• F. is to be compressed, together with 
11 cubic feet of air having a pressure of 21 pounds per square inch and a 
temperature of 45• F., in a vessel whose contents is 8 cubic feet; the new 
pressure is required to be 45 pounds per square inch. What is the tem
perature of the mixtcre? 

SoLUTION.-8ubstitute the given values in formula 4; then, 
45X8 360 • 

T 30X5 21Xll .7352 489·7 'nearly 
(540 + 505) 

Then, t=T-460=489.7-460=29.7° F. Ans. 

EXAMPLE 2.-Fourteen cubic feet of air at a pressure of 80 pounds 
and at a temperature of 100° F., is compressed with 26 cubic feet of air 
at a pressure of 60 pounds and at a temperature of ·oo· F. into a volume 
of 20 cubic feet; what is the resultant pressure, if the final temperature 
is 140° F.? 

SoLUTION.-8ubstitute the given values in formula 2; then, 

@X14 60X26)600 . 
P= rooo+---s2Q 20= 150 lb. per sq. m. Ans. 

EXAMPLE 3.-Twelve cubic feet of gas at a pressure of 120 pounds per 
square inch, and at a temperature of 260" F., is compressed, together with 
25 cubic feet of the same gas at a pressure of 81 pounds and a temperature 
of 215° F., until the final temperature is 40" F . and the pressure is 100 
pounds; what is the final volume of the gas? 

SoLUTION.-8ubstitute the given values in formula 3; then, 

V= (120Xl2+81X25) 500. = 25 ft. Ans. 
720 675 100 cu. 

EXAMPLES FOR PRACTICE 

1. A soft steel tank weighing 56 pounds contains 1,280 pounds of water 
at 70" F. A number of cast-iron blocks having a total weight of 265 pounds, 
and at a temperature of 200° F., are dropped into the water. Find the 
final temperature of the blocks, water, and tank. Ans. 73.4° F. 

2. Two vessels contain air at pressures of 60 and 83 pounds per 
square inch. The volume of each vessel is 8.47 cubic feet. If aU the 
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air in both vessels is removed to another vessel and the new pressure 
is 100 pounds per square inch, what is the volume of the vessel, the tern 
perature being the same throughout? Ans. 12.11 cu. ft. 

3. A vessel contains 11.83 cubic feet of air at a pressure of 33.3 pounds 
per square inch. It is desired to increase the pressure to 40 pounds per 
square inch by supplying air from a second vessel, which contains 19.6 
cubic feet of air at a pressure of 60 pounds per square inch. What will be 

· the pressure in the second vessel after the pressure in the first has been 
raised to 40 pounds per square inch? Ans. 55.96 lb. per sq. in. 

4. If 4.8 cubic feet of air having a pressure of 52 pounds per sqt.are 
inch and a temperature of 170° is mi:"ed with 13 cubic feet having a pres
sure of 78 pounds per square inch and a temperature of 265", what mu!;t 
be the volume of the vessel containing the mixture, in order that the 
pressure of the mixture may be 30 pounds per square inch and the tem
peraturtt 80"1 Ans. 32.31 cu. ft. 

THERMODYNAMICS 

BEAT AND WORK 

73. General Remarks.-Heat may be changed into work, 
or mechanical energy, and work may be changed into heat 
The subject that treats of the laws under which heat is 
transformed into work, or by which work is transformed 
into heat, is called thermodynamics. An illustration of the 
conversion of mechanical energy into heat is given by the 
experiment shown in Fig. 11. A brass' tube about 7 inches 
in length and t inch in diameter is attached to a small wheel, 
and is rotated by means of a cord passing around this wheel 
and around a larger one turned by a handle, as shown; the 
tube is three-fourths full of water and is closed with a cork. 
The tube is held by the clamp and is made to rotate rapidly 
by means of the larger wheel: considerable friction is generated, 
which causes the water within the tube to be heated; the 
temperature rapidly increases, and part of the water is con
verted into steam, whose pressure becomes so great as to force 
out the cork. Another example of the conversion of work 
into heat is that, when a bar of iron is hammered rapidly 
with a heavy hammer, it will become hot, because the work 
done in hammering is changed into heat. The conversion of 
work into heat appears in many mechanical operations. 
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74. Having shown that the mechanical work can be 
changed into heat, it will now be demons~ated .that heat can 
be changed into mechanical work. In F1g. I2 ts represented 
a cylinder ac partly filled with gas or air confined within the 
cylinder by means of the piston b. The gas is then under 
the pressure of the atmosphere, and has also an additional 
pressure due to the weight of the piston. If heat is applied 
to the bottom of the cylinder, the piston will gradually rise 
in proportion to the amount of heat supplied. In expanding, 
the gas will have to do work in order to raise the piston. 
Now, if the gas within the cylinder is cooled, the piston 

FtG. 11 

will fall, owing to the combined weight of the piston and the 
pressure of the atmosphere, thus performing work. If the 
piston were held in its upper position while the gas was being 
cooled, the pressure of the gas would fall in proportion to the 
amount of heat withdrawn; but since the piston is free, it 
falls and maintains a constant pressure of the gas. That is, 
it moves downwards against a force equal to the pressure of 
the gas, thus doing work. In the first case, a certain amount 
of heat was supplied to the gas to do work; in the second 
case, heat was taken away from the gas in order that work 
might be done. In both cases, the amount of work done was 
proportional to the amount of heat supplied or taken away, 
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and, had the work done been the same, the amount of heat 
supplied or taken away would also have been the same. 

The heat of the fuel burned in the furnace of a steam 
boiler produces steam that drives an engine and does work, 
and thus the heat of the fuel is converted into work. 

75. Mechanical Equivalent of Heat.-A definite ratio 
exists between the unit of heat, or British thermal unit, and 
the unit of work, or foot-pound. The latter unit represents 
the work expended in raising a weight of I pound vertically 
through a distance of I foot. The work, in foot-pounds, 
done by lifting a body may be found by multi-
plying together the weight of the body, in 
pounds, and the height of the lift, in feet. 
Thus, if a body weighing 1,250 pounds is 
raised a distance of 8 feet, the work done is 
1,250X8= IO,OOO foot-pounds. One British 
thermal unit is equivalent to approximately 
778 foot-pounds of work, and this value, 778 
foot-pounds, is called the mechatzical equivale11t 
of heat. The exact value is 778.57, but 778 is 
accurate enough for most practical purposes, 
and is used except in cases where extreme 
accuracy is required. 

76. Conversion of Heat and Work.- The 
equivalent of a given quantity of heat in foot- FIG. 12 
pounds of work may be found by multiplying 
the quantity of heat in British thermal units by the mechanical 
equivalent of heat, 778, as expressed by the formula 

W =778Q (1) 

in which W =equivalent work, in foot-pounds; 
Q =quantity of heat, in British thermal units. 

The amGunt of heat represented by a given amount of work, 
in foot-pounds, may be found by dividing the work in foot
pounds by 778,· as in the formula 

w 
Q=778 (Z) 
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EXAMPLE 1..-.Find the equivalent of 11,450 B. t . u . when converted 

into work. 

Sot.UTJON.-Apply formula 1, and make Q= 11,450; then, 

ll'=778Xll,450=8,908,100 ft.-lb. Ans. 

Ex,urPLE 2.-Wbat equivalent amount of heat is represented by :!66,076 

foot-pounds of work? 

SoLlJTION.-Apply formula 2, and make l¥=266,076; then, 
266,076 

Q=--ng-=342 B. t. u. Ans. 

EXAMPLE 3.-A hammer weighing 200 pounds falls vertically 6 feet 
and strikes a bar of metal. If half of the energy is converted into heat, 
how much heat is developed by the blow? 

SoLUTION.-The energy possessed by the hammer at the moment it 
strikes is 200X6=1,200 ft.-lb. Half of this energy is! X 1,200= 600 ft.-lb. 
which is converted into heat. Thus, by formula 2, 

600 
Q=

778
= .77 B. t. u. Ans. 

77. Internal and External Work.-When a body free to 
expand is heated, two operations are performed: first, the 
temperature is raised and its volume is increased; second, the 
body, in expanding, overcomes the outer pressure and thus 
does work. Suppose that 1 cubic foot of air is confined in a 
cylinder having a sectional area of 1 square foot. The height 
of the column of air in the vessel is then 1 foot. Let the 
original temperature of the air be 70° F., and let it be heated 
until the temperature is 100° higher, or 170° F . As the pres
sure remains constant, the increased volume due to the heat
ing may be found by formula 2, Art. 61. Substitute v = 1 cubic 
foot, T=70+460=530° F., and Tt= 170+460=630° F.; then, 

!
1 
= ~~~· from which 'lit= 1.19 cubic feet. The increase of 

volume is therefore 1.19- 1 = .19 cubic foot; and as the cross
section is 1 square foot, the piston will rise .19 foot to give the 
increase of volume of .19 cubic foot. 

78. The piston moves outwards against the pressure of the 
atmosphere, which is 14.7 pounds per square inch. As the 
area of the piston is 1 square foot, or 144 square inches, the 
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to~l pressure _on the piston is 14.7X144=2,116.8 pounds. 
This pressure lS overcome through a distance of .19 foot· 
hence, the work done is 2,116.8X.19 = 402.19 foot-pounds' 
which is known as the extemal work. The greater part of th~ 
heat was absorbed by the gas as shown by the increase in 
temperature. The work equivalent of the heat expended in 
raising the temperature is known as the itlkmal work. 

79. The weight of a cubic foot of air at atmospheric pres
sure, 14.7 pounds per square inch, and at a temperature of 
70° F., is found by means of the formula 

W=:r 

in which W =weight, in pounds; 
p=absolute pressure, in pounds per 

square inch; 
v=volume, in cubic feet; 

R =a constant= .37 for air; 
T =absolute temperature, in degrees 

F. 
Substituting the values of p, v, R, and T, 

W= 14.?Xl .07496 pound, nearly 
.37X530 

The specific heat of air at constant pressure 
is .23751; hence, the total heat required is 

.07496X100X.23751 = 1.78 heat units 
1. 78 X 778 = 1,384.84 foot-pounds Ftc. 13 

Since the external work required 402.19 foot-pounds, the 
internal work will require 

1,384.84-402.19 =982.65 foot-pounds. 

80. This shows that, in the case of air and gases, the 
external work is a little less than half the internal work. Since 
the force of cohesion has no perceptible effect in the case of 
gase:', no work is required to drive the molecules apart, and 
the mternal work tends only to raise the temperature or, in 
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other words to increase the vibratory movement of the mole
cules. Con~equently, if the piston in Fig. 13 were fastened 
down so that the volume of the gas would remain the same, 
there 'would be no external work, and the total work required 
to raise the temperature 100° would be 982.65 foot-pounds; 
or, to raise the temperature 1°, 9.8265 foot-pounds. ~he 
internal work may also be calculated by using the spec1fic 
heat at constant volume, which is .16902. Thus, the internal 
work is equal to the increase of heat multiplied by 778. Then 

cW(t1-t) X778 = .16902X.07496X100X778 
=985.7 foot-pounds 

The symbol c represents the specific heat, t and t1 the 
temperatures, and W the weight, in pounds. 

The slight difference in results is due to the dropping of 
decimals in the calculations. 

EXAMPLES FOR PRACTICE 

1. Find the equivalent of 50,000 foot-pounds in British thermal 
units. Ans. 64.27 B. t . u. 

2. The performance of a certain amount of work requires 926.5 
British thermal units; what is the amount of work done, in foot-pounds? 

Ans. 720,817 ft.-lb. 

3 . A pull of 125 pounds is required to move a loaded car on a level 
track at a uniform velocity. (a) How many foot-pounds of work are done 
in moving the car a mile? (b) What is the equivalent of this work in 
British thermal units? Ans {(a) 660,000 ft.-lb. 

. (b) 848.33 B. t. u. 

4. To what height could a weight of 720 pounds be lifted by the work 
equivalent of 60 British thermal units? Ans. 64.83 ft. 

EXPANSION AND COMPRESSION OF GASES 

81. Heat Engine.-The steam engine and the gas engine 
are in reality heat engines, because they depend for their action 
on the heat contained in the steam, or gas, used. The work 
done in either case is obtained by transforming some of the 
heat in the working substance into work. It is the heat that 
does the work. A gas possesses the property of expanding 
so as to fill the vessel in which it is contained, no matter 
whether that space is large or smalL This tendency to expand 

HEAT 
51 

causes the gas to exert pressure on the sides of the containing 
vessel. The higher the temperature of the gas, the more heat 
it contains and the greater is the pressure that it exerts. H 
gas is admitted to a cylinder in which is a movable piston 
the tendency of the gas to expand results in pressure on 
the piston. If the force that resists motion is less than this 
pressure, the piston will be pushed outwards against the oppos
ing force; the expansive force of the gas overcomes a resist
ing force, and in so doing does work. 

82. Work Done by Expansion of Gas.-To show that 
heat is the force that moves the piston, suppose that the 
cylinder is so made that no heat can get to the gas as it expands; 
under these conditions a thermometer in the gas would show 
that it gets colder as it expands and pushes the piston along. 
The work has been done at the expense of a part of the 
heat of the gas and its temperature falls. In accordance with 
the theory of heat, the fall in temperature means that the 
molecules of the gas move slower; part of the kinetic energy 
represented by their rate of motion at the beginning of expan
sion has been expended in doing the work of pushing the 
piston against the resisting force. 

If the cylinder is so arranged· that enough heat can be 
added to the gas during expansion to keep its temperature 
constant, and a careful measurement of the heat added and 
the work done is made, it is found that the quantity of heat 
added is exactly equal to the heat represented by the work 
done. 

83. Relation of Work to Heat During Expansion.-No 
cylinder can be so made as absolutely to prevent the transfer 
of some heat to or from the gas, and it is difficult to impart 
or abstract heat so as to keep the temperature uniform. In 
any case, however, it is always found that there is a definite 
relation between the work done and the sum of the quantities 
of heat represented by the change in temperature of the gas 
and the heat imparted to or abstracted from it. This relation 
shows conclusively that the work done by an expanding gas 
is always a change of heat to work. 
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84. Isothermal Expansion and Compression.-If a quan
tity of gas is placed in a cylinder fitted with a piston, and the 
piston is forced down quickly so as to confine the gas in a much 
smaller space, it will be found that the temperature of the gas 
is increased. This is due to the fact that it requires work to 
compress the gas, and the work thus done appears as heat, 
raising the temperature of the gas. However, if the piston is 
moved very slowly, the heat will pass through the cylinder 
walls into the surrounding atmosphere as fast as it appears, 
and the enclosed gas will have the same temperature through
out the change of state. A change of state like that just 
described is known as an isothermal compression-that is, 
compression without change of temperature. If a gas is 
allowed to expand, and its temperature is kept constant through
out the change of state by adding heat, the operation is known 
as an isothennal expansion. 

85. Adiabatic Expansion and Compression.-If it were 
possible to find some material that would not allow heat to 
pass through it, and a quantity of gas was allowed to expand in 
a cylinder made of such material, the expansion would be 
adiabatic expansion; and if the gas were compressed in such a 
cylinder, the compression· would be adiabatic compression. 
An adiabatic change of state of a gas, by either expansion or 
compression, is one in which no heat is either added to or 
removed from the gas as heat, but heat is converted into work 
or _vice _versa .. When a quantity of gas is allowed to expand 
adiabatically, 1ts temperature falls, because a portion of its 
heat is used in doing work and no heat is added to make up 
~or the lowering_ of ~mper~ture that results. When the gas 
ts compressed adiabatically, tts temperature rises because work 
is ~one_ in compressing it, and this work is conv~rted into heat, 
whtch ts added to the heat contained by the gas and which 
cannot get out of the cylinder. The heat thus added is known 
as the heat of compression. 

86 •. Relation Between Expansion and Compression.-The 
qu~nttt~ of wo~k that must be done in compressing a gas 
adiabattcally or tsothennally from a given volume to a smaller 
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one is exactly equal to the work that the gas can do when 
expanding, in the same way in which it was compressed, from 
the smaller volume to the original. Also, the rise in tempera
ture during adiabatic compression and the quantity of heat 
that must be abstracted when the compression is isothermal 
are, respectively, equal to the corresponding fall of tempera
ture and the quantity of heat that must be added during adia
batic and isothermal expansion. 

87. Expansion Diagrams.- The relation between the pres· 
sure and the volume of a gas during expansion may be repre
sented by means of a graphical diagram. 
To illustrate, consider a cylinder A, 
Fig. 14, in which a piston P fits. The 
cylinder is attached to a reser
voir R by a pipe T that permits 
gas from R to enter the space 5 
when the valve V 
is opened. A 
gauge G graduated 
so as to indicate 
absolute pressures, 
that is, so that the 
pointer stands at 
zero when there is 
a perfect vacuum 
in the space 5, F1c. 14 

shows the pres-
sure in the cylinder; a cock C, when opened, permits any gas 
in the cylinder to escape when the piston is pushed back. 
Now, with the valve Copen, push the piston clear back to the 
end of the cylinder, thus forcing out all the gas; then close C 
and open V, so as to admit gas from R, in which there is a con
stant pressure. Permit the piston to move slowly to the left 
with V open, and the gauge shows a constant pressure of the 
gas in the space 5 . When the piston has moved a certain dis
tance to the left, close V, so as to stop the admission of gas 
from the reservoir. Now, as the piston is permitted to move 
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farther to the left, the gauge shows that the pressure falls. 
If the temperature in the cylinder is kept constant, it is found 
that when the piston is twice its original distance from the 
end and the gas has expanded to twice its original volume, the 
pressure, in accordance with Mariotte's Ia":, is only ~ne-half 
the original pressure. When the volume IS three tunes as 
great as the original volume, the pressure is found to be one
third the original pressure. Wheq the volume has increased 
four times, the pressure is one-fourth as great, etc. 

88. To represent this action graphically, draw a line OM, 
F ig. 14, to represent the piston motion and divide this line 
into a number of equal parts, 01, 1- 2, 2-3, etc., each of which, 
to some convenient scale, represents a motion of the piston 
through a distance equal to that through which it moved 
while V was open. Since the volume of gas in the cylinder 
is proportional to the distance of the piston from the end of 
the cylinder, each of the sections 01, 1-2, etc. , represents 
a volume equal to the original volume of gas admitted to the 
cylinder from the reservoir, and the distances 01, 02, OS, 
etc., represent the volume of the gas in the cylinder for piston 
positions corresponding to the points 1, 2, S, etc. 

From 0 draw a vertical line Oa, and, to some convenient 
scale, make its length represent the pressure at the beginning 
of the piston stroke. Draw other vertical lines from the 
points 1, 2 , S, etc., and, to the same scale as that to which Oa 
was drawn, make their lengths represent the pressures corre
sponding to the piston positions represented by the points 
1, 2, S, etc., and to the volumes represented by the distances 
01 , 02, OS, etc. Since the pressure, when the piston is at 1, 
is the same as the pressure at t he beginning of the stroke, the 
length of the perpendicular 1 b is the same as the length of Oa. 
At 2 the volume is 02, twice the original volume, and if the 
expansion is isothermal, the pressure is one-half the pressure 
a t 1 ; consequently. the length of the line 2c is one-half the 
length of Oa or 1b. 

89. Any desired number of points c, d, e, f, etc., Fig. 14, 
can be located and a curve drawn through them. The distance 
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of any point x, on the line OM, from the pointO represents, 
to the scale of volumes, the volume of gas in the cylinder when 
the piston is in the position corresponding to this point; like
wise, the vertical distance xz from the point x to the curve 
represents, to the scale to which the pressures were laid off, 
the pressure for the corresponding piston position and volume. 

90. Isothermal Expansion Line.-If the temperature of 
the gas expanding in the cylinder A, Fig. 14, is kept constant 
while expansion proceeds, the curve that shows the relation 
between the pressure and volume of the gas is called the iso
thermal expansion line. This curve is exactly the same as the 
curve known in mathematics as the equilateral hyperbola, and 
it is therefore often 
d esigna ted by the 
latter name. 

T he isother mal 
change of state of a 
gas is shown in Fig. 15 
by means of a curve 
AK plotted by using 
the numerical values 
of volume and pres
sures representing the 
several states through 
which the gas passes 
in changing from one 
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pressure and volume to the final pressure and volume. Since 
t he temperature of the gas remains constant, the product of 
the pressure and volume is always the same; that is, p1J = Pt'ih 

=a constant. Hence, this formula must represent the law 
governing all isothermal changes of state.. The curve AK 
r epresents the isothermal expansion of a volume of 2 cubic 
feet of gas at an absolute pressure of 50 pounds per square 
inch to a volume of 10 cubic feet at a pressure of 10 pounds 
per square inch. 

91. The method by which the curve AK, Fig. 15, is 
obtained, may be explained as follows: Two straight lines 0 P 
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and OV are drawn at right angles to each other, equal distances 
are laid off from 0 along each line, and from these points Jines 
are drawn parallel to OP and OV, dividing the diagram into a 
number of small sq~ares. The line OP is called the axis of 
pressures, and all dtstances measured parallel to it represent 
pressures. The line OV is called the axis of volumes, and all 
distances measured parallel to it represent volumes. Each 
division measured vertically, or parallel to OP, represents a 
pressure of 5 pounds per square inch, and each division 
measured horizontally, or parallel to OV, represents a volume 
of 1 cubic foot. The point 0, therefore, represents zero 
volume and zero pressure. A point A is two divisions to the 
right of line OP, and since distances to the right of OP repre
sent volumes, the point A indicates a volume of 2 cubic feet. 
This point is ten divisions above OV, and since distances above 
OV represent pressures, the point A represents a pressure of 
50 pounds, also. In other words, the point A represents 
the state of Z cubic feet of gas at an absolute pressure of 50 
pounds per square inch. 

92.. When a gas expands isothermally, its temperature 
remams unchanged, and under such conditions, the product of 
the pressure and volume remains constant; that is, jnJ=a con
stant. At the point A, Fig. 15, the gas is represented as hav
ing a pressure p=50 pounds and a volume v =2 cubic feet: 
hence, pv=50X2=100, and the constant during the isother
mal expansion of this gas is 100. At every point in the 
expansion, therefore, the product of the pressure and the 
volume must be 100. Suppose that the volume increases to 
3 cubic feet; then in the formula, IJ=3 and pv=pX3 = 100, or 
p=100+3=33! p~unds. In other words, when the gas has 
expanded to 3 cubtc feet, the pressure is 33} pounds. This 
state of the gas is represented by thE.. point B, because B is 
three divisions to the right of OP, corresponding to 3 cubic feet 
and at . a dist~noe above OV corresponding to 33! pounds: 
The pomt B IS therefore a second point on the isothermal 
~xpansi~n curve. Let the expansion continue until the volume 
ts 4 cub1c feet, or v = 4. Then, pv=pX4=100, or p=100+4 
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= 25 pounds; that is, when the gas has a volume of 4 cubic 
feet, the pressure is 25 pounds. Locate the point C four 
divisions to the right of OP, corresponding to 4 cubic feet, and 
five divisions above OV, corresponding to 25 pounds, and c 
will be a third point on the isothermal expansion curve. 

93. In the same way as the foregoing, let the gas expand to 
volumes of 5, 6, 7, 8, 9, and 10 cubic feet in succession. Then, 
the pressures corresponding to these volumes, and the points 
representing these states of the gas, will be as follows: 

v= 5, p=100+ 5=20 pounds; point D 
v = 6, p = 100 + 6 = 16! pounds; point E 
v= 7, p=100+ 7=14f pounds; point F 
v= 8, p=100+ 8=12t pounds; pointG 
v= 9, p=IOO+ 9=11-i pounds, point H 
v=10, p=100+10=10 pounds; point K 

When the remaining points D, E, F , G, H, and K have been 
located so as to represent the state of the gas at the correspond
ing pressures and volumes, a smooth curved line is drawn 
through all the points from A to K. This curve is the isother
mal expatzsior~ wrve of the gas, and the distances of any point 
on this curve from OP to OV show the volume and pressure 
of the gas at that point in the expansion. 

This same curve is also the isothermal compressum curw of 
the same gas. For, starting with 10 cubic feet of gas at 10 
pounds pressure, and compressing it isothermally, the product 
of pressure and volume would have to be pXv=a constant, or 
10 X 10 = 100; hence, if the 10 cubic feet were compressed 
isothermally to 9, 8, 7, etc. cubic feet, the pressures would be 
lit, 12!, 14-f, etc. pounds, and the points would be H, G, F, 
etc., as before, but in reverse order. The curves of isothermal 
compression and expansion are therefore the same for the 
same weight of any given gas. 

94. Adiabatic Expansion Line.-If no heat is added to the 
gas as it expands, that is, if the expansion is adiabatic, the 
gauge G, Fig. 14, shows a more rapid drop in pressure as the 
piston moves away from the head under the action of the gas 
pressure in the space S; each vertical line representing the 
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pressure in the cylinder after expansion begins is shorter 
than the corresponding line of the isothermal curve; the curve 
drawn through their upper ends will, therefore, fall below 
the isothermal curve. The curve representing adiabatic 
expansion is called the adiabatic expansion line. Because the 
temperature changes with the adiabatic change of state it is 
evident that the law of adiabatic expansion or co~pres
sion is not according to the formula fnJ =a constant as in 
isothermal changes of state. ' 

95. The formula that indicates adiabatic change of t t 
. " T . sa e 
JS jr<J =a constant. his means that when a gas expands · 

d d
. b . 

11 
or 1s 

compresse a 1a attca y, the product of the absolute pres-
sure and the nth powe_r of the volume is the same for all 
states of the gas; that 1s, the product of the initial pressure 
and the nth power of the corresponding volume is equal to the 
product of the absolute pressure and the f'th power of the 
volume at any other state. Expressed as a formal thi 

b 
~ ~ 

statement ecomes. 

fYV" =ptut (1) 

in which P =absolute initial pressure, in pounds 
inch; 

v =initial volume; 

Pt =absolute pressure at some other state· 
'lit= volume at the pressure p1 ; ' 

per square 

1~ =a number obtained by dividing the specific heat 
of the gas at constant pressure by its specific 
heat at constant volume. 

The value of n for air is 1.405 and for steam it varies from 
1.11 for wet saturated steam to 1.28 for superheated t F th . s earn. 

or o er gases 1ts value is correspondingly different. The 
values of v an~ VI may be in cubic inches or cubic feet, but 
both must b~ rn the same units. If formula 1 is transformed 
so as to obtam a value for p1, it becomes 
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This formula is used to calculate the absolute pres 
resulting from the adiabatic expansion or compression ~~r: 
volume v of gas at an absolute pressure p, to some other 

volume "~~t· 

96. If a given weight of gas is compressed adiabatically 
from a certain pressure and volume to a new volume, its final 
pressure will be higher than when it is compressed isothermally 
to the same final volume, because the heat developed by the 
compression is not able to escape. Similarly, if a given weight 
of gas is allowed to expand adiabatically, its final pressure will 
be lower than in the case of isothermal expansion, because no 
heat is added in adiabatic expansion, but some heat is used in 
doing work and the amount of heat contained by the gas is 

therefore lessened. ' 
When, in the formula for adiabatic change, the value of 1~ 

is 1, fnl' = fYV1 =fYV, and the formula becomes pu =a constant, 
which is the formula for isothermal change; in other words, 
when t~ = 1, the change of state indicated by the formula, 

fYV" =a constant, is isothermal. 

97. The final pressure resulting from the expansion or 
compression of a gas according to the formula pv" =a constant 
can be found by using formula 2, Art. 95; but since the value 
of n in this formula may have a decimal value, as 1.405, 
the value of the final pressure Pt cannot be calculated by ordi
nary arithmetic. Instead, it is necessary to use logarithms; 
and as a table of logarithms is not always at hand when needed, 
and as its use is not always clearly understood, Tables III 
and IV have been prepared to enable the final pressure to be 
found readily without the use of logarithms. To find the 
final pressure Pt by the use of formula 2, Art. 95, the value of 
the initial absolute pressure p is multiplied by the value of 

(~) ". The values of (!!..) " for various values of n a re given 
Vt V1 

in Table III for expansion and in Table IV for compression. 
Hence, all that is necessary is to find from one of these tables 

the correct value of (;,) n corresponding to the given value 

~SSB-5 



TABLE m-VALUBS OF (~)"FOR EXPANSION lli ENGINE CYLINDER 
I 

TABLE lV-VALlJBS OF (~)" FOR COMPRESSION IN ENGINE CY!.mDER 

Values of 11 

\"alues of n 

Values 
\'alues of 1.11 I 1.26 I 1.28 I 1 .30 I 1.32 j J.34 I J.-1{)5 

" o{ l'l 

"' Values or(~)" 
--

1.00 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 
1.05 .952! .9473 .9404 .9395 .9386 .9377 .9367 .9338 
1.10 .9091 .8996 .8868 .8852 .8835 .8818 .8801 .8747 
1.1.'5 .8696 .8563 .8386 .8362 .8339 .8316 .8293 .8217 
1.20 .8333 .8167 .7947 .7918 .7890 .7861 .7832 .7740 
1.25 .8000 .7806 .7549 .7515 .7484 .7449 .7415 .7275 
1.30 .7692 .7473 .1185 .7147 .7110 .7073 .7035 .6916 
1.35 .7407 .7166 .6851 .6810 .6770 .6729 .6689 .6560 
1.40 .7143 .6883 .6545 .6501 .6457 .6414 .6371 .6233 
1.45 .6897 .6621 .6261 .6215 .6169 .6123 .6078 .5933 
1.50 .6667 .6376 .6000 .5952 .5903 .5856 .5810 .5657 
1.55 .6452 .6148 .5157 .5707 .5657 .5607 .5558 .5402 
1.60 .6250 .5935 .5531 .5479 . .'»28 .5377 .5327 .5167 
1.65 .6061 .5736 .5321 .5268 .5215 .5163 .5112 .4948 
1.70 .5882 .5549 .5124 .5070 .5016 .4963 .4911 .4744 
1.75 .5714 .5373 .4940 .4886 .4831 .4778 .4724 .4555 
1.80 .5556 .5208 .4769 .4713 .4658 .4603 .4550 .4379 
1.85 .5405 .5051 .4606 .4550 .4494 .4439 .4385 .4213 
1.90 .5263 .4904 .4454 .4398 .4341 .4286 .4231 A058 
1.95 .5128 .4765 .4311 .4254 .4197 .4141 .4087 .3913 
2.00 .5000 .4633 .4175 .4118 .4061 .4005 .3950 .3776 
2.10 .4762 .4389 .3926 .3869 .3812 .3755 .3700 .3526 
2.20 .4545 .4167 .3702 .3644 .3587 .3531 .3476 .3302 
2.30 .4348 .3967 .3502 .3443 .3386 .3289 .3276 .3110 
2.40 .4167 .3784 .3319 .3261 .3205 .3149 .3094 .2923 
2.50 .4000 .3617 .3152 .3095 .3038 .2983 .2929 .2760 
2.60 .3846 .3462 .3000 .2943 .2887 .2833 .2779 .2612 
2.80 .3571 .3189 .2732 .2677 .2622 .2,569 .2516 .2353 
3.00 .3333 .2954 .2505 .2450 .2397 .2345 .2294 .2136 
3.2-5 .3077 .2703 .2265 .2212 .2161 .2110 .2061 .1909 
3.50 .2857 .2489 .2063 .2012 .1962 .1913 .1866 .1720 
3.75 .2667 .2306 .1891 .1842 .1794 .1747 .1701 .1562 
4.00 .2500 .2146 .1743 .1696 .1649 .1604 .1560 .1426 
4.33 .2309 .1965 .1577 .1532 .1487 .1444 .1403 .1274 
4.67 .2141 .1807 .1434 .1391 .1348 .1307 .1268 .1147 
5.00 :2000 .1675 .1316 .1274 .1234 .1195 .1157 .1042 
5.50 .1818 .1.'507 .ll67 .1128 .1090 .1054 .1018 .0933 
6.00 .1667 .1369 .1046 .1009 .0974 .0940 .0907 .0807 
7.00 .1429 .1154 .0862 .0829 .0797 .0767 .0737 .0650 
8.00 .1250 .0994 .0728 .0698 .0670 .0643 .0616 .0538 
9.00 .1111 .0872 .0627 .0601 .0575 .0550 .0526 .0456 

10.00 .1000 .0776 .0550 .0525 .0501 .0479 1 .0457 .0394 
11.00 .0909 .0698 .0487 .0464 .0443 .(}.!22 .0-102 .0344 
12.00 .0833 .0634 .0437 .0415 .0395 .0376 .0358 .0304 
13.00 .0769 .0580 .0395 .0375 .0356 .0338 .0321 .0272 
14.00 .0714 .0534 .0359 .0341 .0323 .0307 .0291 .0245 
15.00 .0667 .0495 .0330 .0313 .0296 .0280 .02-66 .0223 
16.00 .0625 .0461 .0304 .0288 .0272 .0257 .0243 .0203 
17.00 .0588 .0430 .0281 .0266 .02-51 .0237 .0224 .0187 
18.00 .0556 .0-105 .0262 .0248 .0234 .0221 .0208 .0173 
19.00 .0526 .0380 .0245 .0231 .0217 .0205 .0193 .0160 
20.00 .0500 .0359 .0229 .0216 .0204 .0192 .0181 .0149 

Values 
Values of 1.11 I 1.28 I 1.30 I 1.32 I 1.34 I 1.36 ., 1.405 , 

of"' -
Values of (~)" " 

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
.950 1.053 1.059 1.068 1.069 1.071 1.072 1.073 1.075 
.900 1.111 1.124 1.144 1.147 1.149 1.151 1.154 1.159 
.850 1.176 1.197 1.231 1.235 1.239 1.243 1.247 1.256 
.800 1.250 1.281 1.331 1.337 1.343 1.349 1.355 1.368 
.750 1.333 1.376 1.445 1.453 1.461 1.470 1.478 1.498 
.72-5 1.379 1.429 1.509 1.519 1.528 1.538 1.548 1.571 
.700 1.429 1.486 1.579 1.591 1.602 1.613 1.62~ 1.651 
.675 1.481 1.546 1.653 1.666 1.679 1.693 1.706 1.736 
.650 1.538 1.613 1.735 1.750 1.765 1.780 1.796 1.831 
.625 1.600 1.685 1.825 1.842 1.860 1.877 1.895 1.977 
.600 1.667 1.763 1.923 1.943 1.963 1.983 2.004 2.050 
.575 1.739 1.848 2.030 2.053 2.076 2.099 2.122 2.176 

.550 1.818 1.942 2.149 2.175 2.201 2.228 2.254 2.316 

.525 1.905 2.045 2.282 2.311 2.341 2.372 2 .402 2.473 

.500 2.000 2 .158 2.428 2.462 2.497 2.532 2.567 2.648 

.480 2.083 2.258 2.558 2.596 2.634 2.673 2.713 2.804 

.460 2.174 2.368 2.702 2.744 2.787 2.831 2.875 2.978 

.440 2 .273 2.488 2.861 2.908 2 .956 3.005 3.055 3.170 

.420 2.381 2.619 3.036 3.089 3.143 3 .198 3.254 3.383 

.400 2.500 2.765 3.231 3.291 3.352 3.414 3.477 3.623 

.380 2.632 2.928 3.451 3.519 3.587 3.658 3.721 3.895 

.360 2.778 3.108 3.698 3.774 3.852 3.932 4.013 4.202 

.340 2.941 3.312 3.978 4.065 4.154 4.244 4.337 4.552 

.320 3.125 3.542 4.388 4.490 4.595 4.703 4.812 5.069 

.300 3.333 3.805 4.669 4.783 4.899 5.019 5.141 5.427 

.290 3.448 3.951 4.876 4 .999 5.124 5.2-52 5.384 5.692 

.280 3.571 4.108 5.100 5.231 5.366 5.505 5.647 5.980 

.270 3.704 4.278 5.344 5.486 5.632 5.781 5.935 6.295 

.260 3.846 4.460 5.608 5.761 5.919 6.080 6.246 6.636 

.250 4.000 4.659 5.897 6.063 6.233 6.409 6.589 7.013 

.240 4.167 4.875 6.214 6.394 6.579 6.770 6.966 7.428 

.230 4.348 5.111 6.562 6.757 6.959 7.166 7.380 7.885 

.220 4.545 5.369 6.944 7.158 7.378 7.605 7.839 8.391 

.210 4.762 5.654 7.372 7.605 7.847 8.095 8.352 8.960 

.200 5.000 5.968 7.847 8.103 8.368 8.642 8.925 9.595 

.190 5.263 6.318 8.379 8.661 8.954 9.259 9.569 10.312 

.180 5.556 6.709 8.980 9.294 9.618 9.954 10.301 11.127 

.170 5.882 7.148 9.660 10.001 10.370 10.744 11.132 12.056 

.160 6.250 7.646 10.440 10.830 11.235 11.654 12.089 13.128 

.150 6.667 8.214 11.341 11.779 12.235 12.708 13.199 14.375 

.140 7.143 8.868 12.387 12.883 13.400 13.937 14.497 15.83S 

.130 7.692 9.627 13.618 14.186 14.776 15.392 16.033 17.575 

.120 8.333 10.522 15.088 15.741 16.423 17.134 17.877 19.667 

.110 9.091 11.589 16.653 17.400 18.183 19.000 19.853 21.917 

.100 10.000 12.883 19.055 19.953 20.893 21.878 22.908 25.410 

.090 11.111 14.480 21.805 22.881 24.010 25.194 26.437 29.463 

.080 12.500 16.503 25.345 26.665 28.050 29.503 31.031 34.767 

.070 14.286 19.140 30.075 31.718 33.450 35.278 36.358 42.127 

.060 16.667 22.712 36.642 38.763 41.007 43.380 45.891 52.085 

.050 20.000 27.806 46.272 49.129 52.162 55.384 58.803 67.290 

6t 

60 
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of 11 for the gas under consideration and the degree of expan
sion or compression, and multiply it by the initial absolute 
pressure. The results will be the final absolute pressure of the 
gas. 

Q8. In Table III the initial volume v of the gas is assumed 
to be one unit. This unit of gas is assumed to expand suc
cessively to 1.05, 1.10, etc. times its volume, until it reaches 
a volume 20 times the initial volume. The first column 
gives the values of the final, or expanded, volume v1, consider-

ing the initial volume v to be 1; then, the ratios of v to v1, or.!., 
'lh 

given in the second column, are simply the decimals obtained 
by dividing 1 by the corresponding values of v1 in the first 

column. The remaining columns give the values of (~) 71 

for 

the several values of n given at the beads of the columns, and 
corresponding to the twenty different degrees of expansion 
represented by the values in the first column. 

Table IV is arranged in a similar manner. The initial 
volume is one unit, and this is assumed to be compressed 
successively to. 95, .90, .85, etc. times its original volume, down 
to .05 its original volume. These values are given in the first 

column. The ratios of v to Vt, or .!., in the second column, are 
Vt 

the values obtained by dividing 1 by the values of ~h in the 
first column. The remaining columns give the values of 

(~) 
71 

for different values of n and different degrees of com
'ilt 

pression. 

99. The methods of using Tables III and IV may be made 
clear by examples. Suppose that 18 cubic inches of gas at a 
pressure of 262 pounds, absolute, expands to 162 cubic inches, 
according to the formula trou =a constant, and that the final 

pressure is to be found. In this case, ~=~~~ =~= .1111, 

"= 1.3, and p = '262 pounds. From Table III, the value of 
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{;;.) " \s .0575, because that is the value in the column headed 

1.3, opposite the value .1111 in the second column. Then, 

since p1=p(~) ",it follows that P1=262X.0575=15 pounds, 

absolute. As a further example, suppose that 185 cubic inches 
of gas at a pressure of 14.7 pounds, absolute, is compressed to 
37 cubic inches according to the volume pvl·3'=a constant. 

In this case,!.= 1
3
8
7
5 =5, u= 1.34, and p= 14.7. From Table 

'ill 

IV, the value of (~) 71 

is 8.642, because that is the value in the 

column headed 1.34, opposite 5 in the second column. Then, 
PI=14.7X8.642=127 pounds, absolute. 

100. In case the exact value of the ratio!. does not appear 
'ih 

in the second column of the table, the nearest value given there 

may be taken and the corresponding value of (~)"found. For 

example, suppose that v=47 .5 cubic inches and 'ilt = 140 cubic 
inches and that expansion occurs according to the formula 

P""I.
32 

=a constant. The value of.!. is 
4
1
7
;
0
5 

= .3393. This value 
v, "::1:. 

is not given in the second column of Table III, and the nearest 

value there shown is .3333. The value of (~)" corresponding 

to .3333 fort~= 1.32 is .2345; hence, .2345 may be taken as the 

value of (.!.)" for the given conditions, without much error. 
'ilt 

If the value of.! lies about midway between two values in the 
'i)J 

second column, a somewhat closer result may be obtained by 

finding the values of (~) 71 

corresponding to those two values 

of.!. ·and taking their average. For example, suppose that 
'Ut 

36.5 cubic inches of gas expands to 132 cubic inches according 
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1.28 ('j})" to the formula pv =a constant, and the value of v;- is to 

be found. The value of .! is 36·5 = .2765, which lies about 
'ilt 132 

midway between .2857 and .2667 in the second column of 

Table III. The values of (.!)" corresponding to .2857 and 
'<It 

.2667 for 1'=1.28 are .2012 and .1842, respectively, and their 
average is ! (.2012+ .1842) = .1927; hence, the approximate 

value of (~)"for the given conditions is .1927. 
v1 

101. The method of using Table IV is the same as that 
employed in the use of Table III. The first step is to find the 

value of the ratio~ for the given conditions, and then, opposite 
'ilt 

this value and in the column headed by the assumed value of t~, 

locate the corresponding value of (~) ". For example, sup

pose that 175 cubic inches of gas at a pressure of 14 pounds, 
absolute, is compressed to 56 cubic inches according to the for
mula pvt.32 =a constant, and that the pressure at the end of 

compression is to be found. The value of~ is 
1
;: =3.125, 

and tt= 1.32. In Table IV, the value on a line with 3.125, in 
the column headed 1.32, is 4.595; hence, Pt = 14 X 4.595 = 64.33 

pounds, absolute. In case the value of ~ does not appear in 
'lit 

the second column, take the nearest value given; or, if the value 

of.! falls about midway between two values given in the second 
'Vl 

column, take the average of the corresponding values of (~) ". 

102. Plotting Curves of Expansion and Compression .-The 
values given in Tables III and IV can be used to advantage in 
~onstructing curves showing the expansion or compression 
of a gas according to the formula pv" =a constant. The con
struction of a curve in this way is called plotti1lg the cm'Ue 
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because it is done by first plotting, or locating, a number of 
points, and then drawing a smooth curve through these points. 
To illustrate, suppose that a curve is to be drawn to represent 
the expansion of 36 cubic inches of gas at a pressure of 225 
pounds, absolute, to 120 cubic inches, according to the formula 
pvt.3 =a constant. First of all, draw two straight lines OP 
and OV, Fig. 16, at right angles, to represent the axes of 
volumes and pressures. Cross-section paper, ruled into 
squares measuring 1 inch on a side, and these subdivided into 
tenths, is very useful for this work. On the axis OV let each 
small square represent 3 cubic inches, and on the axis OP let 

.. 
I I 

It 

50 

0 

lfl 

68f' ]( 

54 
44 

.. a D B w 
6 • 7,2 9 IO .'f-12 

T' 
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each small square represent 10 pounds. Then OA, or 12 small 
squares, represents 36 cubic inches, and AB, or 22.5 small 
squares, represents 225 pounds, and B is the starting point of 
the curve, because it represents 36 cubic inches of gas at 
225 pounds, absolute. Along OV mark off the points C, D, E, F, 
and Gat equal distances, each equal to! OA. Then 0C=1! 
OA, OD=2 OA, 0E=2} OA, and so on; that is, OC=1!X36 
=54 cubic inches, OD=2X36=72 cubic inches, and so on. 

103. The gas expands according to the formula pvl.s=a 
constant; so n=l.3. When it has expanded to the volume 
OC, or 1! times its original volume, its pressure is lower. To 
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find this pressure, use Table III. In the first column locate 
1.50 and on a line with this, in the column headed 1.30, will 
be found .5903. The pressure corresponding to 1.50, or H 
expansions, is therefore p1 = 225 X .5903 = 133 pounds. From 
the point C, Fig. 16, measure vertically 13.3 squares, corre
sponding to 133 pounds, thus locating the point H; then H 
is a second point on the required curve. When the gas has 
expandeq to the volume OD, it has twice the initial volume 
OA. Opposite 2.00 in the table, in the column headed 1.30, 
is .4061; hence, the pressure corresponding to the volume OD 
is p, =225X.4061 =91 pounds. Above D measure off 9.1 
squares to represent this pressure, and the point I thus located 
is a third point on the curve. In the same way, find the pres
sures at the volumes OE, OF, and OG, as folJows: 

v, (~ 1.3 Pres:mre Poi11t 

2.50 .3038 225 X .3038 = 68 pounds J 
3.00 .2397 225 X .2397 =54 pounds K 
3.50 .1962 225 X .1962 = 44 pounds L 

Lay off EJ=68 pounds, FK=54 pounds, and GL=44 
pounds, to the scale chosen, and through the points B, H, I, 
], K, and L draw a smooth curve, as shown. This curve is 
then the expansion curve of the gas according to the 
formula pvt.3 =a constant. Locate the point M correspond
ing to 120 cubic inches, and draw a vertical lines at M until 
it cuts the curve at N. Then BN is the curve of expansion 
of 36 cubic inches, at 225 pounds pressure, to 120 cubic 
in-;hes, when n = 1.3. 

104. As a further example, let it be required to plot the 
curve of compression of 47 cubic inches of gas at a pressure of 
14 pounds, absolute, which is compressed to 14 cubic inches 
according to the formula pvt.3'! =a constant. The construc
tion is shown in Fig. 17. Draw the axes OP and OV and let 
one small square represent 1 cubic inch of volume and 4 pounds 
of pressure. Locate A at a distance of 47 small squares 
from 0 , and B at 3~ small squares above A, corresponding to 
14 pounds. Then B represents the pressure and volume of 
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the gas at the beginning of compression. Divide 0 A into 
eight equal parts, and mark the points of division C, D, E, 
F, G, H, and I. When the gas is compressed to the volume 
OC, its volume is -I. or .875, times the original volume; at D 
the volume is i. or .750, times the original volume; and so 
on for the other points, as marked. The pressures at these 
several volumes are found by multiplying 14 by the values of 

(~) n• taken from Table IV, corresponding to the values 

.875, .750, etc. in the first column. As .875 is exactly midway 

, 80 

!R 
.6 

·M 
35 

0 
.or " 

47 

Fie. 17 

between . 900 and .850, the value of (.!) " is taken as the 
~II 

average of 1.149 and 1.239, or l (1.149+1.239) = 1.194. The 
several calculations are then as follows: 

lit (;) 1.32 Press11re Poirzl 

.875 1.194 14X 1.194= 17 pounds J 
.750 1.461 14X 1.461 =20.5 pounds K 
.625 1.860 14 X 1.860 = 26 pounds L 
.500 2.497 14X2.497 =35 pounds M 
.375 3.587 14X3.587 =50 pounds N 
.250 6.233 14X6.233 =87 pounds s 



68 HEAT 

As .375 does not appear in the first column, and the nearest 

value is .380, the value of (~) " corresponding to .380 is used, 

or 3.587. Locate the points corresponding to these calculated 
pressures, and draw a smooth curve through them, and this 
curve will be the compression curve of the gas. From the 
point Q, representing 14 cubic inches, draw a vertical line to 
the cw·ve at R; then R represents the volume and pressure 
of the gas at the end of compression according to the stated 
conditions. 

105. Comparison of Curves.-The relative locations of 
four curves of expansion of a quantity of gas are shown in 
Fig. 18. The curve ABC is the isothermal expansion curve 
of a volume of gas at 200 pounds, absolute, expanding to 
20 times its initial volume. It follows the formula pvn =a 
constant, in which 1t= 1, so that the formula becomes pv 
=a constant. The curve ADE is the adiabatic expansion 
curve for air, which follows the formula PiJn =a constant, in 
which 11 has a value of 1.405. This curve is plotted according 
to the method explained in connection with Fig. 16, a value 

of tt= 1.405 being used for finding the value of (~)" from 

Table III. The curve AFG, Fig. 18, is the expansion curve of 
gas that expands according to the formula frV"=a constant, 
in which t~ has a value of 1.3. This curve, also, is plotted by 
the use of Table III. The curve AH I, which is also plotted 
by the use of Table III, is the expansion curve for steam, the 
value of u being 1.11. It will be observed that the isothetmal 
curve ABC is the highest, and the adiabatic, ADE, the low
est, while the curves AFG and AHI lie between the other two. 
This is to be expected, since n = 1.3 and n = 1.11 lie between 
tt = 1 and tt = 1.405. The greater the value of tt, the closer 
the curve comes to the adiabatic; and the smaller the value of n , 
the closer the curve comes to the isothermal. 

106. A comparison of the compression curves of a quantity 
of gas compressed from the same initial pressure and volume 
according to different formulas is given in Fig. 19. The cur ve 
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AB is the isothermal curve of compression of a volume of gas 
at 14 pounds, absolute, to .1 of its initial volume. The curve 
AC is the adiabatic compression curve for air. The curve AD 
is the compression curve of a gas that is compressed according 
to the formula pv1·3 =a constant, and the curve AE is the 
compression curve for steam, n having a value of 1.11. It will 
be observed that the adiabatic curve AC is the highest and 
the isothermal, AB, is the lowest, while AD and AE lie 
between these two. If the value of tt = 1.3 is increased, the 
corresponding curve will lie closer to AC, the adiabatic; and 
if the value of tt = 1.11 is decreased, the corresponding curve 
will lie closer to the isothermal AB. From the foregoing it is 
seen that the expansion and compression curves for steam 
approach quite closely the true isothermal expansion and 
compression curves. For this reason the theoretical expansion 
and compression curves of steam in an actual engine cylinder 
are generally represented by equilateral hyperbolas. 

VAPORIZATION OF LIQUIDS 

THEORY OF VAPORIZATION 

107. Heat Required for Vaporization.-Vaporization, or 
evaporation, is the process of changing a liquid into a vapor. 
Nearly all liquids evaporate, even at ordinary temperatures, 
but the rate at which evaporation occurs depends on the nature 
of the liquid and on the temperature. A cupful of alcohol or 
gasoline left standing in the open air will soon disappear 
because of evaporation; but a cupful of water under the same 
conditions w'ill evaporate much more slowly. On the other 
hand, if any of these liquids are heated, the rate at which they 
evaporate will be greatly increased. 

The evaporation of a liquid, or its conversion into the form 
of a vapor, requires heat. Thus, when water evaporatei from 
a dish in the open air, the heat required to cause the evapora
tion comes from the surrounding air. If the surrounding air 
does not supply heat rapidly enough, heat will be taken from 
the liquid itself, and the liquid will be cooled. This cooling 
effect is observed in starting a gasoline engine in cold weather. 
The evaporation of a part of the gasoline cools the remainder 
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so that it will not vaporize readily, and it then becomes neces
sary to heat the gasoline so that the vaporization will be rapid 
enough to supply vapor to the engine. 

108. Saturation Point.-In a perfect vacuum, all volatile 
liquids, that is, liquids that vaporize very readily at ordinary 
tcmper~tu:es, begin to ~vaporate at once. As soon as part 
of the hq wd has passed mto vapor, the space in the containing 
vessel ceases to be a perfect vacuum, and for any given tem
perat~re ~here is a point_ reached in the density of the vapor of 
that hqutd beyond whtch no further evaporation will take 

place. This point is 
called the saturatiou 
point for that vapor. 
For example, if a 
quantity of water is 
placed in a vacuum, a 
portion of the water 
instantly passes into 
vapor, and the vacu
um, instead of being 
an absolute vacuum 
becomes only a par~ 
tial vacuum, since the 
space contains a cer-FtG. ID • 
tam amount of water 

vapor .. After a t~e, no further vapor will be given off, and 
there will be a certam definite pressure in the vessel. If how
ever, the vapor given off by the water is removed co~tinu
ousl~, and a ~acuum is constantly maintained, the water will 
contmue to gtve off vapor indefinitely, or until so much heat 
has been abstracted from the water that it will freeze. Water 
may ?e frozen by its own evaporation, as may be shown b 
experunent. y 

109 .. A flat dish, F ig. 20, containing a small quantity of 
water, ts supported on a tripod in such a way that little or 
no heat can ~~ carried to it. Beneath this dish is placed 
a nother contatmng sulphuric acid, which has a strong affinity 
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for water vapor. Both dishes are placed under·a glass vessel a 
and the air is removed from the inside of this vessel through 
the hole b in the plate c, by means of an air pump not shown 
in the illustration. Although the water may be at the tem
perature of the outside air, it will presently begin to boil. 
The vapor given off will be, t~ a large ext~nt, absorbed 
by the acid and if the air pump ts worked raptdly the water 
will boil actively for a time and then freeze into a cake of ice. 
The reason for this action is easily explained. The heat 
required to boil the water could come from only one source, 
namely, the water itself, being the only_ source of heat 
that is available. Consequently, after constderable heat had 
been abstracted from the water by its own evaporation, the 
water would become so cold that it would freeze. 

110. T he saturation point for any given vapor depends 
on the temperature. If the temperature is increased, more 
vapor will be given off, and a reduction of the temperature 
will cause a portion of the vapor to condense. An increase 
in the quantity of vapor in a given space causes an increase 
in its pressure, and the pressure at which saturation occurs 
depends on the temperature. 

Every vapor exerts a certain pressure, although the pres
sure may be much less than that of the atmosphere. Even 
the mercury vapor in the almost perfect vacuum of the 
barometer exerts a slight pressure. The vapors of volatile 
liquids, or liquids that vaporize readily, are given out much 
more abundantly, and their pressure under the same condi
tions is therefore much greater. For the same temperature, 
each liquid has its own vapor pressure At 68° F., the 
pressure of saturated ether vapor is twenty-five times the 
pressure of saturated water vapor. The pressure exerted by 
any vapor in its saturated state is often spoken of as the vapor 
tettsiot~ for that temperature. 

111. Dalton's Laws.-The relation between the vapor 
tension and the quantity of vapor is expressed by two laws 
known as Dalton's laws as follows: 
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. I. The pressure a11d quantity of vapor that will saif,ra:c a 
gz:ue" space are the same for the same temperat1tre, whether the 
space coutai11s a gas or is a vac1mm. 

IT. The pressttre of the mixture of a gas and a vapor is equal 
to the sum of tire pressures that each w011ld exert if it occupied 
the same space alone. 

. 112._ If a volatile liquid is added to a gas, and the result
mg mncture of g~ and vapor is ~llowed to expand so that 
the pressure rernams unchanged, the volume of the · t ·n eed h . . rrux ure 
WI~ ' exc t e ongmal volume of the gas. The ratio of 
thts new volume to the original volume of the a · 1 . · g s IS equa 
to the rat1o between the combined pressure of the gas and 
vapo~ and the pressure of the gas alone, had the volume 
rernamed const>ant. 

113. According to the first of these laws, it makes no dif
ference whether a given space is a vacuum or is filled with air 
or some other gas; the amount of any certain vapor that will 
satw:ate t_hat space is the same in both cases. By the second 
law, ~a g1ven s~ace is filled with air at a known pressure and a 
~uffic1ent qu~nttty o~ some vapor to saturate that space is 
mt~oduced wtth th_e atr, the absolute pressure in that space will 
be mcreased; that IS, the pressure of the mixture will be gr te 
~han that of either the air alone or the vapor alone. It e:illr 
m fact, be ~qual ~ the sum of these two pressures. If, how~ 
ever, the mtxture IS free to do so, it will expand into a larger 
space and the pressure will remain unchanged. 
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114. Latent Heat of Fusion.-The fusion or melt' f 
I'd bod ' mg, o a 

so 1 . y, whether it is ice, steel, or any other solid capable 
of bemg ~elted, is due to the fact that, when a certain tem
perature IS reached, the rapid vibration of the molecules 
overcomes that_ force of attraction of the molecules for one 
another by '_Vhtch ~he_ body was enabled to retain its solid 
state. If a p1ece of 1ce 1s placed in a suitable vessel a d h t · 

li d th . . n ea IS 
app e , e tee Will gradually melt; but the temperatur f 
the water surrounding it will not rise above 32° F. until et~e 
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ice is fully melted. The ice has received heat constantly, but 
the heat has been utilized in changing the body from a solid 
to a liquid state. 

115. The heat that is added to a body to change its state, 
without changing its temperature, is called latent heat. If 
the state is changed from a solid to a liquid, the heat required 
tu accomplish it is called the latent. heat of fusion It is 
customary to use 1 pound of a substance as the basis for 
comparing latent heats of fusion. A pound of ice at 3~ F. 
requires 144 British thermal units to convert it into water at 
32° F. Hence, the latent heat of ice is said to be 144. Every 
substance capable of being liquefied has its own latent heat 
of fusion which is the number of heat units required to con
vert 1 p~und of it from the solid to the liquid state without 
change of temperature. 

ll6. Latent Heat of Vaporization.-!£ a quantity of water 
is boiled in the open air and its temperature is noted, it will l?e 
found that the temperature remains at 212° F. until the water 
entirely disappears. The water has absorbed a large quantity 
9f heat while being converted into vapor without change of 
temperature. The amount of heat thus expended in convert
ing a pound of water at the boiling point into steam at the 
same temperature is called the latent heat of vaporization of 
steam. The value of the latent heat of steam at 212° F. has 
been computed as 970.3; that is, it requires 970.3 British 
thermal units to convert 1 pound of water at 212°. F. to steam 
at the same temperature, under atmospheric pressure at sea 
leveL The latent heat of vaporization of any other liquid is 
the amount of heat required to change 1 pound of it from the 
liquid to the vapor state without increase of temperature. 

• 
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EXAMINATION QUESTIONS 

Notice to Students.-Stttdy tl1e lnstructicn Paper tlzoroughly before 
yo" atJempt to answer t/zese qrteslions. •· Read each question carefully and 
be sure you understand it; J/w~ write .the best answer yot~ can. When your 
answers are comf>letd, examim: them closely, correct all the errors yotl ca11 
find, and see that every question is answered; 1/zen mail yonr work Jq 1~ • 

(1) Twelve cubic feet of gas at 65° F. and a pressure of 
20 pounds, absolute, is heated to 390° F. without change of 
volume. What is the increase of pressure? 

Ans. 12.38 lb. per sq. in. 

(2) Explain the difference between isothermal and adia

batic change of state of a gas. 

(3) What is the Fahrenheit temperature corresponding to: 
(a) 40° C.? (b) -20° C.? 

(4) A quantity of gas expands to 4 times its initial volume, 
according to the formula jlvt.u =a constant. If the initial 
pressure is 125 pounds, absolute, what is the final absolute 
pressure? Ans. 21.2 lb. per sq. in. 

(5) (a) Define British thermal unit. (b) What is the 
mechanical equivalent of heat? 

(6) How many B. t. u. will be required to raise the tem
perature of 100 pounds of air from 70° F. to 240° F. if the 
volume remains constant? Ans. 2,873.3 B. t. u. 

(7) What are the absolute temperatures corresponding to: 
(a) 96° F.? (b) 32° C.? (c) 180° C.? (cl) - 24° F.? (e) 650° F.? 
((\ -40° c.? 
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(8) What is the weight of 100 cubic feet of air having a 
temperature of 80° F. and a pressure of 16 pounds per square 
inch, absolute? Ans. 8.008, say 8, lbs. 

(9) A brass casting weighing 45 poun9s was heated from 
175° F. to 425° F. How much heat was required? 

Ans. 1,056.4 B . t. u. 

(10) What is meant by the saturation point of a vapor? 

(11) What is the centigrade temperature corresponding 
to: (a) 68° F.? (b) 14° F.? (c) -40° F.? 

(12) (a) In what three ways may heat be transmitted? 
(b) How does convection differ from conduction? 

(13) A quantity of gas is compressed from 144 cubic 
inches to 40 cubic inches, according to the formula pvt-M =a 
constant. If the initial absolute pressure is 14 pounds, what 
is the final absolute pressure? Ans. 77.1 lb. per sq. in. 

(14) How many British thermal units will be required to 
raise 71

5
6 pounds of copper from 78° F. to 2,100° F.? 

Ans. 1,406 B. t. u. 

(15) Twelve cubic feet of gas is heated from 65° F. to 
390° F. at constant pressure. What ~s the final volume? 

Ans. 19.43 cu. ft. 

(16) One cubic foot of air is free to expand in a cylinder 
having a sectional area of 1 square foot. If the air is heated 
from 90° F . to 200° F., calculate the difference between the 
external and internal work done. Ans. 623.7 ft.-lb. 

(17) Fifteen cubic feet of air having a pressure of 60 pounds 
per square inch and a temperature of 190° F. is to be com
pressed, together with 28 cubic feet of air having a pressure 
of 40 pounds per square inch and a temperature of 60° F., in a 
vessel whose contents is 20 cubic feet. "What will be the tem
perature of the mixture, if the pressure of the mi.xture is 100 
pounds per square inch? Ans. 105.2° F. 

(18) H ow much will a soft steel-wire rope 900 feet long 
shorten if cooled from 90° F. to 2-8° F.? Ans. 4.01 in. 
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(19) A quantity of gas having a temperature of 120° F. 
and a pressure of 300 pounds per square inch, gauge, is heated 
until its pressure is 800 pounds per square inch, gauge. If the 
volume of the gas remains constant, what is its final tempera
ture? Ans. 1,041.5° F . 

(20) A cast-iron piston is to be shrunk over a soft-steel 
piston rod. If the hole in the piston is bored to a diameter of 
3.995 inches, to what temperature must the piston be heated 
to allow the rod to enter freely, assuming the original tempera
ture to be 80° F. and the diameter of its bore after heating to 
be 4.001 inches? Ans. 323.4° 

Mail your work on this lesson as soon as you have finished it and 
looked it over carefully. DO NOT HOLD IT until another lesson 
is ready. 






