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Basic Physics- Part 4 

• The fi r t record of an in telligent h ypothesis as to 
the compo ition o f m atter d a tes back to the fifth 
century B.C . when Luo·et ius and Demoa·itus, 
Greek p h ilosophers, suggested that ali matter migh t 
be composed o f discre te par t icles of the sa me ele­
menta l ubstance. Two thou sand yea rs later scien­
t ists found thi concep t a power ful tool in expla in­
ing the composition and action of matter und er 
\'a rying cond itio ns of temperatu re and pressu re. 
T he kinetic theory ex tension o f this concept offers 
a logica l explana t ion o f such phenomena as the dif­
fel·cn t of matter (solid, liqu id, and gaseous), 
p1·es!'>u re in gases and liquids, diffusion of gases, 
cha nge in tcmperawre, and the na ture of hea t. 
T he theory has been substan t iated by such a wea lth 
of experi men tal C\' iclencc tha t tod ay it is accep ted 
as an e!>tablished fact ra th er than as a theory. 

The kinetic theory stem from two basic assu mp· 
a- a ll ma tter is composed o f d iscrete par­

ticles ca ll ed molecu le ; b-a t norma l tempera tures 
and a ll molecules arc in a constant state 
of motion or agitation. 

.\ molecule is defined as the mallcst par ticle of 
m;llter th"t retai ns a ll the origin al chemical prop­

of tha t matter. If a small drop of wa ter is 
continttou5ly subdivided , a m olecu le of water will 

ic-ld and oxygen , two substances tha t 
han· q u ite· di!Terent propert ies compared to those 
of \l'ater. 

\ vi' icl imagina tio n is necessary to \' isuali1.c mat­
u·r in tnms o f particles of extremel y small size and 
mass. Tt \n: ll to bear in m ind that the idea of 
the ol a gi\C·n quan ti ty o f matter is rela tive, 
d ependi ng upon th C' magn itude o f the u n it of meas­
Ul'!' . \'\'hen mea!'.un·d in tons, a g iven pile of sa nd 

might represen t only a few u ni ts, w hereas, when 
measured in grains of sa nd, the pi le represents a 
relatively large number. 

In this chap ter the molecu le w il l appea r to be 
so small as to represen t pract icall y negligible size 
a nd mass. In a subseq uent chapter the size o f a 
molecule will be compared with t hat of cYen 
smaller par ticl es, atoms and electro ns. T he mo lc­

is a relatively large par ticle when an e lectron 
IS used as a unit o( measu rement. In t he study of 
molecules, atoms and electrons the fa ct th a t s ize is 
relative is very importan t. ' 

T he best optical microscopes with m agnifications 
o ( 10,000 times or more fall far short o f making 
even a g iant molecule visible. A minu te droplet 
of o il on a smooth water will to 
coYer such that, if the fi lm is o nly o ne 
molecule thick, the d iameter o f mo lccuk lll iiSt 
be Jess th an one-m ill ion th in ch. T he amoun t of 

solutio n in a soa p b ubble suggests <I molecular 
d Jametcr less than one-ten-mil l ionth of a n inch. 

accurate measurements based upon elcctro­
Jyu c fi lms and the o [ an electron in d ica te 

the mo lecu le has a diame ter in th e order o f 
(l.OOOOOOO I centimeter. 

T he number of molecu les in a cu b ic cen ti­
nJctcr of air under normal concl it io ns o f tempera­
ture .pressure is about 2.7 X IO 'o, a n u no ber so 

It IS best ap prox ima ted by the nu m ber 
of sand that could be packed into one 

m dc o( space. In a gas the mo lecules are Widely 
sepa ra ted, the average or mean dista nce between 
molecu les being about a thousand t imes grea ter 
th an the spacing between the molecules o f a solid. 
In a cu bic cen t imeter of l iq ue fied oxygen there are 
abou t 2 X 10"2 molecules, about a thou sand times 

more than a rc present in a cubic centimeter o f oxy­
gen gas under normal conditions. These figures 
are not particularly important, and are given solely 
to establish the almost infini tely-small size of an 
individual molecule and the enormous number that 
can exist in a small volume of space. 

The second assumption upon which the k inetic 
theory is based has been ver ified in a n umber of 
ways. If a small quantity of anil ine dye is d is­
solved in a suitable l iqu id and a microscope focused 
upon an ind ividual dye par ticle, the particle will 
be observed perform ing a series of erratic move­
ments. These movements are exactly the type that 
would be expected if the particle were being 
bu ffeted by rapidly-moving molecular particles. 
Th is movemen t of colloidal particles is cal.!ed the 
Brownian movemen t, after its discoverer, and, when 
anal yzed quan titatively, gives a good approxima­
tion of the number of molecules per u ni t volu me, 
the average distance between molecules, and the 
average or mean veloci ty of the molecules. Figure 1 
typifies the erratic motion of a colloidal particle 
in the Brow1iian movemen t. 

FIGURE 1- Bmwninn Movemen ts. 

The velocity of a molecule under normal con­
d itio ns is primarily a fun ction of temperature. Ni­
trogen gas molecu les a t normal pressure and tem­
pera tu re (76 em o f mercury and ooq have an 
average Yclocity o( 1000 to 1300 feet per second, 
which in creases to 1900 to 2300 feet per second a t 
100oc: and the same pressure. Under normal con­
di tions a nitrogen molecule will coll id e with other 
molecules abou t f1vc b ill ion ti mes per second, the 
nu mber of collisions increasing with temperature. 

STATES OF MATTER 

Solids. T he kinetic theory offers a logical expla­
nat ion for the existence o[ mau cr in any of three 

solid, l iquid, or gaseous. A solid is any sub­
sta nce tha t offers appreciable resistance to forces 
tendi ng to change its shape or ,·olumc. The mol-

cculcs in a solid are so closely packed that, i n all 
probabi lity, they are almost in contact. T his 
close confinement l imits the movement of th e 
molecules to a to-and-fro, or vib ratory, type of mo­
tion . '\•Vhen the temperatu re of a solid is increased, 
'the vibratory motion of the molecules increases, 
and the greater force exerted by colliding molecules 
tends to expand the substance. I n most solids vol­
ume ina·eases and density decreases with an in­
crease in temperature. 

The nature of the cohesive forces that bind 
molecu les together is not yet thoroughly under­
stood . At one time they were though t to be a com­
bination of gravitational and electrical forces, but 
now they are believed to be primarily electr ical 
forces. The nature of these forces will be explained 
when the in ternal structure o f the molecule is d is­
cussed in a subsequen t chapter. 

i\J any of the proper ties of ma tter can be ex­
p lained in terms of the binding force act ing be­
tween molecules. In a normal solid this force acts 
to ho ld a molecule in equ ilibrium. Matter is elastic 
because the binding force tends to return the mol­
ecu les to a position of equilibrium when an ex­
ternal force stra ins them ou t of position. ' "Then 
the b inding force is incapab le of returning all the 
molecules to their original posi tion , plastic defor­
ma tion occurs. I n a hard mater ial, the b inding 
force is very strong, and it is d ifficult to ch ange the 
position of the molecules unless large externa l 
forces are ap plied. In a bri ttle substance. frac­
ture takes p lace quickly wi th little p last ic d e­
formation , indicating that the b ind ing force is 
greater in some directions than in others. Malleab le 
and d uctile su bstances may be though t of as break­
ing in a series of ind ividua l fractures between small 
grou ps of molecules, with the molecules fi ndi ng 
new posi tions of equ il ibrium for each change in 
d imension of the material. 

;\ fo t sol ids and many l iq uids have their mol­
ecules arranged i n a regular order like bricks in 
a wa II. Crysta I growth suggests that molecu les ar­
range themselves in rank-and-fil e order much like 
sold iers in mili tary forma tio n. Each molecule faces 
in the sa me d irection and is separated from ne igh­
boring molecu les by a distance determined by the 
components of the b ind ing force acting upon it 
from all d irections. P ract ica lly a ll metals have this 
crystal line structure, and i t will be shm\'ll later 
th at th is peculiar arra ngement expla ins '"hy metal. 
arc good cond uctors of electrici ty. 

Some substances, o f wh ich glass and rubber arc 
typica l examples, have no regu lar molecu lar ar-
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rangement. T h ey are called am orphous solids to 
distinguish them from solids exhibiting crystalline 
structures. A principal characteristic of amorphou s 
solids is tha t they have no well defi ned melting 
point. As glass, for example, is heated , it will 
gradually soften instead of m elting at some fixed 
temperature. 

X-rays have been used to de termine the arrange­
ment of the molecules in a large num ber of sub­
stances. T he results indicate that the arrangement 
varies from simple cubes, as in ord inary table salt, 
to exceed ingly complex geo metric formations, such 
as are found in snowfl akes. Crystal structure p lays 
an important role in determ ining th e mechanical 
properties o f matter. The ma ny d ifferen t grades 
of steel d iffer primarily in t he crystalline arrange­
ment of their molecules. 

\CH~~NE ATOM 
~fUM ATOM 

FIGURE 2-ATrangement of m olecules in table sal/ 
crystal. T able salt molecule equals sodium atom 

plus chl01·ine atom . 

Liquids. A liquid is a su bstance that offNs little 
oppositiOn to forces tending to change its shape, 
bu t strong opposition to forces tending to change 
its volume. The molecules in a liquid may be 
likened to a swarm of bees in a hive, continually 
crawling over, u nder, and around each other in all 
d irectio ns. Liquids tend to d iffuse slowly because 
i t is difficult for an individual molecule to make 
an appreciable advance in any o ne direction against 
the hclter-skelter motion of adjacent molecules. 

T he binding forces acting between liquid mol­
ecu les are much less than those existing in a solid, 
bu t arc st ill appreciably greater than the forces 
act ing between gas molecules at normal pressures. 
Viscosity is a rough measure of the magnitude of 
these binding forces . T he great variation in freez­
ing and vaporization temperatures of variou s 
liquids is indicative tha t the b inding forces may 
\'arv over a wide range. 

rhe surface tension of a liquid acts to compress 
thC' l iquid into a minimum volume of space. I t 

results from the unequal forces acting upon mol· 
ecules on the surface of a liquid . As shown in fig. 
ure 3, a molecule within a liq uid is acted upon 
by forces from all d irections; these forces tend to 
counterbalance each other. A molecule at the su r· 
face, however, is not subject to a bind ing fm·ce 
from above, hence the downward components of 
binding force tend to exert an elastic force to mi ni­
mize the volume of the liquid. 

---~----- . ..: . . · - - · ··· ··- ·-
··--~ -- -· ... . ·· ...... ::·.::~~~~--:~·· · · · · · 
. .. . . ...----"'.:.::=. :· 
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· -:::.~ ·-·-- -=.· _ .• ~ -~~-

FIGURE 3-Surface tension of a liquid results {TOm 
uncancelled m olecule {01·ces at the su1·{ace. 

A molecule of a liq u id is capable of three types 
of motion: transla tional or point-to-point move­
ment, vibra tional or to-and-fro movement, and ro­
tational or circular movement. In all probability, 
a molecule of a l iquid undergoes a ll th ree types of 
motion simultaneously. Highly volatile liquids 
(wh ich evaporate rapidly at normal temperatures) 
have molecules with h igh translational velocity. A 
\'iscous liqu id like a heavy oil is probably made up 
of molecules wi th h igh vibra tional velocities. Such 
properties as flu idity and "oiliness are functions of 
the sp inni ng motion of the molecules. 

P1·essU1·es in L iquids. A liqu id offers stro ng op­
posit ion to forces tend ing to change i ts volume . 

... 
\ 

A 8 c 
F JGURE 4-Tin-ee possible tyfJes of motion of a 
molecule: (A) tmnslational, (B) v ibrational, and 
(C) m lational. Combinations of any o1· all of these 

types m·e also com mon. 

. t ~--------------------------------------------~--------------------~~--------

T his fact is of primary importance in hydraulics, 
for it indicates a liquid is an efficient med ium for 
transmitting a force. 

T here are two pressures to consider· when investi­
gating the na ture of pressures in liquids: the pres­
sure exerted by the liquid upon the container in 
which i t is confined and the pressure acting a t 
various points within the liquid. Molecules possess 
weigh t by virtue of their mass, and hence are acted 
upon by the force of gravity. T he resulting pres­
sure exer ted by water u pon the bottom of a tank 
varies d irectly as the volume of water in the tank. 
Consider a tank with a bottom cross-section of one 
sq uare foot. Since one cubic foot of water weighs 
62 pounds, the volume of water exerts a pressure 
of 62 Ib/ ft2 on the bottom of the tank. T wo cubic 
feet of water will exert a pressure on the bottom of 
the tank of 124 lb/ ft2, three cubic feet 186 lb/ ft2

, 

etc. At an oceanic depth of one m ile, the p ressure 
is more than 160 tons per square foot. The down­
ward pressure exerted by a liquid increases directly 

as th e dep th. 

Consider now the pressure exerted at various 
po ints within a liquid. T he statemen~ tl~at the_pr~s­
sure is the same in all directions wtthm a hqmd 
does not seem to agree with the ino·ease in p ressure 
with depth. What is mean t is th~t, ~ ( the p~ess~tre is 
measured at any selected point wrtlun the hqurd, no 
matter in what direction the pressure force is meas­
ured it will be the same at least for a l iquid of 
the :arne temperature tlu·oughout. If this were not 
true, a movement of the liqu id wou ld take p lace in 
the direction of the least .p ressure. In figure 5 is 
shown a rectangular tank with a bottom area of one 
square foo t. The downward pressure of the weigh_t 
of the water var ies from zero at the sur face to maxi­
mum at the bottom of the tank. H owever, note that 

MAXIMUM -::.~:: ::-......:_~--=-._ ,..=.. ~ • • - .: 

PRESSURE 

FIGURE S-P1·essu1·e acting on a molecule of a liquid 
of uni{o1·m tempemtttre is the same in any direction. 

pressure gauge A reads the pressure acting upward 
in the middle of the tank, gauge B the pressure act­
ing downward, gauges C and D the horizon tal pres­
sure in opposite di rections. All gauges read the 
same value, ind icating tha t the p ressure acting on 
any given molecule in the liquid is the same if the 
temperatu1·e of the liquid is uni form throughout. 

H owever, movement in the direction of least 
pressure often occurs when the tempera tu re of th e 
liquid is not uniform. In the gravity type hot 
water heating system, the boiler is placed at a lower 
level than the radiators. T he wa ter in the radia tors 
is cooled by radiation , wh ich causes it to contract 
sl igh tly, increasing the density (weight per u ni t 
volume) . The greater weight of the cooler water 
forces the hot water in the boiler to move upward 
toward the radiators, while the cooler water re­
turns to the boiler for reheating . 

Gases. A gas is defined as a substance which, a t 
normal pressures a nd temperatures, offers very little 
opposition to forces tending to change either the 
shape or volume. The bind ing forces between gas 
molecules at normal pressures are so small that, for 
all practical purposes, the molecules may be as­
sumed to be free to move in any d irection at any 
time. T he small value of these forces is a direct 
result of the wide spacing between gas molecules 
a t normal temperatures and pressu res. An "ideal 
gas" is one in which the cohesive forces can be as­
sun).ed to be zero. Such an assumption makes i t 
somewhat easier to analyze gases in terms of the 
kinetic theory. H owever, compressing a gas redu ces 
the d istance between molecules, and at very high 
pressures the cohesive forces can no longer be con­
sidered negligible. In fact, if a gas is sufficiently 
compressed and cooled , it will liquefy, and if the 
process is carr ied still further, it will even tually 
sol id ify. The dry ice of commerce is solidified car­
bon dioxide, which gradually returns to the gaseou s 
state as heat is absorbed from the surrou nding 
atmosphere . 

I n a gas, a t any given insta nt of time, there will 
be a few molecu les moving at very high velocities 
and a few at very low velocities. A d isproportion­
ately great number will be moving at velocities 
lying between these extremes. T he mean or average 
velocity of the molecules is primar ily a function of 
temperature. Although it is conceivable that a gas 
molecule m igh t be brough t to rest by a series of 
head-on collisions, it would remain in such a state 
only for an instant before other collisions set it 
in motion again. The idea of an average or mean 
velocity of the gas molecu les is importan t in con-
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sidering the act io n o f a gas under different condi­
tions of temperature and pressure. 

A second important factor in the actio n of a gas 
is the mean-free-path between molecules. If in a 
given volume of gas under constant pressure, all the 
molecules were evenly sp aced throughou t the con­
tainer, the distance between molecules would be 
equal to the mean-free-path-the average distance 
which a moving molecule could traverse before 
collid ing wi th another molecule. The mean-free­
path is primarily a function of pressure, the length 
o f the path decreasing as the gas is compressed into 
a sma ller volume. The m ean-free-path of the mole­
cules in a gas is a thousand or m ore times greater 
than in a liqu id or a solid. Because of thi!:, mole­
cule can accelerate to velocities in the order of 
several thousand feet per second before colliding 
with another molecule. 

Since 
mv2 

KE =-- . 
2 

even though the mass of an individu al molecule 
may be very small, it can store up considerable 
kinetic energy b y virtue of the high velocity at­
ta ined over a long free-path. T he ability of a gas 
to expand rapidly and to generate large forces o f 
expan ion (such as occu r in an explosion) is a di­
rect resu lt o f the hig h molecular velocities. T he 
long free-path and high molecular velocity also ex­
plain wh y a gas may diffuse rapidly. Brownian 
mo\'ements are greatly exaggerated in a gas. caus­
ing rapid intermingling of the molecu les when two 
or more gases are mixed. 

Ga es have little weight because of the ir low 
den ities (accounted for by the wide spacing be­
tween individual molecules) . As a gas is com­
pressed, the density ina·eases, but the we ight re­
mai ns co nsta nt. Compression decreases the spacing 
between molecu les but does not affect the total 
number of molecules in the gas. 

Gas pressure is the effect produced by myriads 
of high-velocity m olecules beating against the walls 
of the container. Our a·ude senses and instruments 
measure tbe millio ns of individual collisions as a 
continuous force or pressure. 

The kinetic theory encountered many stumbling 
blocks before it was realized that gas molecules 
were capable of the three previously-mentioned 
types of motion: translational, vibrational, and rota­
tional. Because o ( the freedom o f movement ef 
individua l gas molecules at normal pressures, 1t IS 
possible for the moleu1le to shift from one type 

of motion to another very quickly. Normally, gas 
molecules will have components of a ll three types 
of motions, and the magnitude of ea;:h component 
will vary con tinuously. It shou ld be evident that 
gas pressure is primarily a (unction of translational 
motion. 

The Fundamental Gas Laws. If the temperatu re 
of a gas is maintained constant, the mean veloci ty 
of the molecules will be constant. Under these con­
ditions, if a gas is compressed into a sma ller volume, 
a grea ter number of molecules will s trike per unit 
area of the container, and the pressure increases. 
The relation between volume and pressure for an 
ideal gas is given by Boyle's law, which states that, 
if the temperature is constant, the gas pressure will 
.vary inversely as the volume, or 

Pressure X volume = a constant. 

Expressed in another way: 

Initia l pressure X initial volume = final pressm-e 
X fin al volume 

P;TI, = P1V1 (if temperature is constant) 

Boyle's law does not hold true at pressures wh ere 
the cohesive forces be tween molecul es become ap­
preciable. 

A ·second gas law is important because i t 
a quantitative defi nition o f temperature. 
kinetic energy of a gas molecu le 1s 

m v" 
KE = -

2 

o ffers 
The 

If m is the mass and v the average velocity of all 
m v" 

the molecules, then the quantity -- is called the 
2 

temjJemtU1·e of the gas. 

The second law states that if the volume of a gas 
is constant, th e pressure will vary directly as th e 
{I !Jso/ute temjJeratuTe,· 

initial pressure 

fin al pressure 

ini tia l temperatu re 

final temperature 

P, T , 
- =-(if volume is constant) 
P1 T 1 

111 11~ 

The reason u nderlying this law is simple. If 2 
defin es the temperature of the gas and the mass of 
a molecule is constant, then temperature must vary 
d irectly as velocity or, stated another way, velocity 
varies d irectly as the temperature. As we know, 
pressure is a measure of the force of impact of 
molecules colliding with the walls of the conta iner 

and this force will var y directly with the velocity 
and hence with the temperature of the gas. 

A third law of gases concerns the variation of 
volume with temperature when the p ressure is 
constant: 

initial volume 

final volume 

in itial temperature 

final temperature 

V, T , . ) _ = _ (if pressure JS constant 
V1 T 1 

This law indicates tha t volume must vary directly 
as the temperature for constant pressure. As the 
temperature of a gas ino·~ases, the molecular 
velocity increases, tending to 1qcrease the pressure. 
By increasing the volume of ~pace in which the 
gas is confined, this increase m pressme can be 

counteracted. . 
If the volume of gas is held constant, an in-

crease in temperature of 1 °C will cause the pres-
1 

sure to increase by an amount equal to 
273 

of the 

at Ooc SJ.ITII·larly if the pressure is held pressure · . ' 
0 

• • 

constant, a temperature mo·ease of I C will 111-
. 1 

crease the volume by an amount equal to 273 of 

1 . al 
the volume at ooc. The constant 273 (as a deetm 

0_00366) is called the pressure-volume coefficie~t 
of an ideal gas. The origin of tl~e !1Umb:r 273 wtll 
be evident when absolute zero IS m vesugated. 

Absolute Zem. Since temperature is a measm:e 
of the mean velocity of the molecules, and this 
velocity deo·eases as a body is cooled, there should 

b t 11perature at which the molecules are at e a e1 . . " 
rest. This temperature exists, and IS called abso-
lu te zero." A body at absolute zero temperature 
would be devoid of all kinetic energy. It should be 
eviden t that absolute zero temperature would be 
a d ifficult va lue to measure with any man-made 
temperature measuring device. Indirect me~sures 
must be resor ted to to find the temperature m de­
grees Centigrade corresp01~ding to absolute zero. 
T he me thod by which th1s value may be deter­
mined wi ll be described here because it represents 
a dodge often used in electronic~ work to find a 
va lue that can not be measured du·ectly. 

Into an evacuated metal cylinder equipped with 
a pressure ga uge sufficient helium gas is introduced 
so that, when the cylinder is packed in cracked ice 
(0°C), the pressure gauge reads normal atmos-

pheric pressure (14.7 lb/in~) . If the cylinder is now 
packed for a time in dry ice, the temperature will 
be lowered to -7S°C, the m elting point of carbon 
dioxide. At this temperature the pressw·e gauge 
will read 10.5 lb/in~. The pressure at 0°C and that 
at -7S°C are all that is needed to d etermine abso­
lute zero because two points determine the posi­
tion or location of a straight line. However, as a 
check, an additional point should be d etermined. 
If the cylinder is immersed in liquid niu·ogen, the 
temperature will drop to -l96°C, and the pressure 
to 4.14 lb/in~. By collecting the measured results 
the following table ,may be consu·ucted: 

TempemtU?·e 
in °C 

0 
-7S 
- 196 

Pressut·e 
in lb j in2 

14.7 
10.5 
4.14 

These values are plotted in figure 6. Since pres­
sure varies directl y with temperature, when the 
volume is constant, the plotted curve will be a 
straight line. Extending the curve to the point 
where i t intersects the temperature axis-at which 
point the p ressure is zero, indicatin~ zero molec­
ular velocity-will enable the value of absolute 
zero to be read. I t is about -273°C, more accu­
rately -273 .18°C. H elium gas was selected for the 

TEMPERATURE 'c 

PRESSURE 
LBS/ INl 

FIGURE 6-Experimental determination of absolute 
zero tem perat tn-e . 
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experiment because it liquefies at -268.9°C and 
solidifies at -272.2°C. In laboratory experimental 
work, temperatures slightly lower th:m -273° have 
actually been a ttained. 

THE NATURE OF HEAT 
The elecu·onics engineer has a primary interest 

in h eat energy, because the capacity of electrical 
and electronic devices to accomplish work is in­
variably limited by the heat en ergy developed in 
converting energy from one form to another. The 
preceding discussion of gases was intended to pre­
condition the student for instruction in heat energy 
concepts. 

Since supplying heat to a gas increases the tem­
perature of the gas by increasing the kinetic energy 
of the molecules, it is a reasonable assumption that 
heat energy is precisely this energy of motion. It 
would appear tha t a g iven quantity of heat energy 
should affect equal volumes of different gases in 
the same way, but experimental results do not sup­
port this theory. T he quantity of heat required to 
raise the temperature of a one-gram mass of gase­
ous carbon dioxide 50°C will only increase the 
temperature of an equal mass of hydrogen gas 3°C. 
Eventually the conclusion was reached that the 
heat energy could be absorbed by a gas in three 
ways: a-by increasing the translat~onal motion 
of the molecules, b-by setting one part of a 
molecule into vibration with respect to another, 
much in the way that a small section of a spring 
will vibrate while o ther portions remain at rest, 
a nd c-by increasing the rotational velocity of the 
molecules. It is the translational motion of the 
molecules that determines their mean velocity, and 
hence their temperature. In the above example, 
more heat energy is converted to translational 
velocity in the case of carbon dioxide than occurs 
with hydrogen; hence a g iven quantity of heat will 
cause a greater rise in the temperature of the car­
bon dioxide. 

A point that often confuses the student, and 
one that many elementary texts fai l to clarify, is 
the reason why the moving molecules do not 
eventually come to rest of their own accord. Mov­
ing bodies in our everyday world are always brought 
to rest by frictional forces unless energy is sup­
plied to overcome such forces. Friction does not 
act to decrease the velocity of the molecules be­
cause no overall energy conversion takes place. The 
kinetic energy of the moving molecules is hea t 
energy to beg-in with. Friction between molecu les 
can produce only heat energy, so no energy conver­
sion takes place. Therefore, the velocity of the 

molecules is maintained in accordance with New­
ton's first law of motion, because there is no ex­
ternal force accomplishing work against the mole­
cules. 

MEASUREMENT OF HEAT 

It should be evident that the average velocity, 
that is the temperature, of a group of molecules is 
independent of the number of molecules. A group 
of ten million molecules can have the same average 
velocity as a larger or smaller number: Therefore, 
temperature cannot be taken as a measure of the 
quantity of heat energy. A quart and a pint of 
water may have the same temperature, a nd hence 
the same average molecular velocity, but to raise 
the temperature of the quart of water 1 °C would 
require more heat energy-in fact twice as much­
as that required to raise the temperature of the pint 
the same amount. That tl\e quantity of heat energy 
is a function of both the quantity of· matter and the 
average velocity of the molecules is evident from 

1nv" 
KE=-

2 

which defines heat energy as the average kinetic 
energy of all the molecules. A unit of hea t energy 
involves both temperature and mass. 

The two units of heat energy in commo n use are 
the calorie and the British Thermal Unit (BTU)· 
T he calorie, a C.G.S. unit, is that quantity of hea t 
required to raise the temperature of one gr am (one 
cubic centimeter) of water 1 °C. The appropriate 
M.K.S. unit is the kilocalorie, equal to 1000 calo­
ries. The British Thermal Unit, an F.P .S. unit, is 
the quantity of heat required to r a ise the tempera­
ture o{ one pound of water 1 °F. Can you demon­
strate tha t one BTU is equivalent to 252 calories? 

T he quantity of heat required to raise the tem­
perature of a given mass of water 1 °C varies with 
the initial temperature of the water. T h e mean 
calorie is defined as one one-hundredth of the heat 
required to raise the tempera ture of one gram of 
water from oo to 100°C. The mean calorie is found 
to be eq ual to that heat required to raise the tem­
perature of one gram of water from 15 to l6°C and 
the calorie is often defined at that point on the 
tern pera ture scale. 

Mechanical Equivalent of Heat. In the course 
of several years of investigation J ames Joule of 
England demonstra ted that no matter how me­
chanical energy is converted to heat energy by ro­
tat ing paddles in a liquid, by forcing liquids 
through pipes, by friction between rubbing sur-

faces, e tc., the ra tio of mechanical energy input to 
heat energy output was always the same. Precise 
measurements indica te tha t 4.186 joules of me­
cha nical energy is equal to one calorie of heat 
energy. T he constant 4.186 is called the mechan i­
cal equivalent of h eat, and represents the num ber 
of units of mech anical work that must b e accom­
plish ed to generate one unit of h eat energy. 

1 calorie = 4.186 joules 

' "' i th this relationship it is possible to evaluate 
electrical and mechanical energy in terms of heat 
energy. For example a kilogram (abou: 2.2 lb) of 
water elevated against the force of gravtty th rough 
a distance of 1480 feet represents the mechanical 
work which, if converted to heat energy, would 
r a ise one kilogram (about a quart) of water 1 °C. 
This is indicative of the u·emendous quant~ty of 
heat energy tha t may be stored in a small quantity 
o f wa ter. 

T emperatw·e Nleasurement. Temperatures of in­
terest to science r ange from absolute zero to thou­
sands of deo-rees Centigrade. T emperature-measur­
ing devices,

0

however, are capable ,of measuring o~ly 
a limited p or tion of this total range. The destgn 
of such devices is strongly influenced by the range 
of temperatures to be measured, as well as the ~oint 
in t he temperature scale where measurement IS de-
sired. 

Pract ically any physica l phenomenon that varies 
with temperature may be used as the p rinciple o f 
a temperature-measuring device. Such devices are 
usually called thermometers or pyrometers. A 
regulating device designed to m~asu_re ~emperature 
in eq u ipment and to hel~ mam tam It a t a pre­
determined temperature IS called a thermostat. 
T he mercury thermometer is a familiar device. 
Since mercury freezes a t -39°C and boils a t 357°C, 
the mercury thermometer is limited to temperature 
measurements with in these limits. E thyl a lcohol, 
which freezes at - l 30°C and boils at 78°C, . is o ften 
used as a su bstitu te for mercury when i t is necessary 
to measure temperatures below the lower limi ts of 
the mercury thermometer. 

T he principle of uneq ual expansion in a bime­
ta lli c strip is of in terest because bimetallic ther­
mostats arc often used in temperature-regulated 
e lectroni c eq u ipment. The basic prin cip le o f the 
thermosta t is the d ifference in expansion with tem­
pera ture of two dissimilar metals. Copper has a 
linear coefficient of expa nsion about sixteen times 
grea ter than invar, an alloy of 64% iron and 36% 
nickel. H a strip o f copper is securely riveted to a 
sin1ilar strip of invar at some reference tempera-

ture, 0°C, for example, then an ina·ease in tem­
p erature above this level will cause the copper to 
expa nd more than the invar. This will force the 
strip to warp or bend in the d irection of the invar. 
A decrease in temperature below the reference level 
will cause the su·ip to bend toward the copper. By 
rig idly clamping one end of t he strip, the move­
ment of the free end, through a suita ble m echani­
cal amplifying mechanism, can be u sed to opera te 
an indicating device. Although the bimetallic 
thermometer is not as sensitive as the mercury or 
alcohol type, it possesses great ruggedness, and 
hence finds wide application in industry. 

T here are various other methods of measuring 
temperature. The resistance-type tl1ermometer 
fun ctions on the basis of the variation of resistance 
with temperature. The thermocouple thermometer 
functions on the principle tha t, if the junction of 
two d issimilar metals is heated, a difference of 
poten tial or electromotive force will be established 
aa·oss the junction. A series of thermocou ples so 
arra nged that the genera ted electromotive forces 
are additive is called a thermopile. Such an insu·u­
ment may be used to measure tem perature ch anges 
of less than one ten-millionth of a degree. The 
optical pyrometer, a device for measuring high tem­
peratures, compares the color of a heated fil ament 
with that of a high-tempera ture body. T he color 
of the hea ted filament may be controlled by vary­
ing the electric current used to heat i t. , ,Vhen the 
two colors agree, the fil amen t and glowing body are 
at the same tem perature. T he temperature of the 
filament is then determined from a tempera ture 
calibration char t. 

T empera/ uTe Scales. The Centigrade scale is 
considered a part of the metric system, and is used 
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ftGURE 7- Priuciple of bimetallic thermometer. 
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rn most scientific work. The Fahrenheit scale, 
commonly used in the United States and Great 
Britain, may be considered as the standard tem­
perature scale of the F.P.S. system. The Kelvin or 
absolute temperature scale is u sed mostly in work 
with gases. 

The student should b e familiar with the methods 
of converting from one temp erature scale to an­
other. There is no n ecessity for m emorizing tem­
p erature conversion formulas if a few basic facts 
concerning the different scales a re memorized. 
Zero degree Kelvin corresponds to -273°C, so 
conversion from ° C to ° K is accomplished by simply 
adding 273 degrees to the given Centigrade tem­
perature. Similarly, ° C = ° K - 273. 

FAHRENHEIT 

WATER 
BOILS --

NORMAL 
ROOM - ­
TEMPERATURE 

ICE 
MELTS -- -

ABSOLUTE 

CENTIGRADE 

ABSOLUTE 
OR 

KELVIN 

ZERO ------~~~------~~~~----~~~-

f iGURE 8-Com pa1·ison of tempeTatm·e scales. 

The melting and boil ing points of water at 
normal pressure are the basic calibration points of 
the Centigrade and Fahrenheit scales. I ce melts at 
0° C or 32° F, and water boils at l00° C or 2l2° F. 
Between mel ting and boiling point, the change in 
temperature is l00°C or l80°F, h en ce an increase 
in temperature of 1 ° C is equivalent to an increase 

180 
of - or l .8° F. Keep in mind that 1 ° C change 

100 

in temperature = 1.8°F change in temp er a ture. 
For example, the problem is given of converting 
60° C to °F. To increase water from 0° C to 60° C 
involves a change of 60° C, which corresponds to 
an increase of GO X 1.8 or l08° F above the m el ting 
point of wa ter. Since 32° F is the m elting point of 
water, a change of 108° above this point r epresents 
a temperature of 32 + 108 or l40°F . Therefore 
60°C = l40°F. A second example: Required to 
convert 36°F to °C. A tempera ture of 86° F is 
86 - 32 or 54° F above the melting point of water. 
A change of 54°F corresponds to a change of 
54 

EX ERCISES, PART 4 

1. At what depth in feet below the surface of the 
sea will water pressure equal normal atmospheric 
pressure? Density of sea water is 64.2 lb/ ft3. 

2. A vacuum pump reduces the pressure in a 
vacuum _tu_be from normal atmospheric pressure to 

0.001 mrlllmeters of mercury. \Vhat pressure in 
pounds per square inch does this degTee of vacuum 
represent? 

3. What is the maximum tempera ture rano-e of 
. I ~ 

mercuna type Fahrenheit thermometers? 

4. Rubber covered wire should n o t be subjected 
to t~mpera~ures in excess of 50° C if r apid d e teri­
oratiOn of msulation is to b e avoided. What does 
this temperature correspond to in oF? 

5. At what temperature will a Fahrenheit and a 
Centigrade thermometer h ave the sam e numerical 
reading? 

6. A tank ten feet d eep is filled with fresh water. 
At what depth will the pressure be 3.5 lb j in2? 

7. If _a . fixed volume of gas exerts a pressu re of 
10 lbj m - at 68°F, at what temperature in ° C will 
the pressure be 20 lbj in"? 

8. H ow ~~ny foot-pounds of work are equivalent 
to one Bnush T hermal Unit? 

9. A motor delivers I 0 hp for 8 hours. If the 
motor is 85% efficient, how much e n ergy in kcal is 
wasted as heat d uri ng the operating period? 

ANSWERS TO EX ERC ISES, PART 3 

(1) 
(2) 
(3) 
(4) 
(5) 
(6) 

1,230,000 ff l. 
362 Jbs. 
10.5 lbj in2. 
0.8 gmj cm". 
l l 30 short tons/ ft", o r 
4.78 em. 

I 000 long tonsj [t". 

OBSOLETE TUBES 

JAN specifications for the tube types listed be­
low have b ee_n cancelled by the Joint Army-Navy 
Tube Commrttee as the greater major ity h ave be­
come obsolete and are no longer availab le. 

OZ4 1F4 2E5 31 
OlA 1F5G 2V3G 49 
1B4P 1H4G *GAHGT 70L7GT 
IC6 lH6G **6BGG 79 
I C7G 1J6G 6C7 ttS3V 
ID5GP IJ6GX t6V7G 89Y 
1D7G 2A4G GY7G 117Z4GT 
IDSGT 2A5 GZ7G ttGF6G 
IE5GP 2AG~: :!:] 2A/ 11 2A 6UGGT 
1E7G 2B7:~: 12A5 

* I ntercha ngeable with adapter for GFSC or 

GSN7GT. 
'~ '~ Interchangeable with adapter for 6T7G or 

6Q7GT. 
t In tercha ngea ble with adapter for 85. 
tt Interchangeable with adapter for 5V'1G. 
:~:Directly intercha ngeable for 71A. 
H Directly interchangeable for GFGGT. 

A few of these types are being constructed in 
l im ited quantities for special applica tions but will 
no longer be available for general use. It is sug­
gested th at equipments uti lizing these types o[ 
tubes be declared obsolete where practica l, that is, 
where no JAN interchangeable tubes ex ist or where 
it is not feasible to adapt the circuits to utilize the 
presen t JAN type tubes. 

In general , equipmcnts utilizing these types of 
tubes are very old and h ave a lready been declared 
obsole te but, as is indicated by purchase requests 
received by the Burea u, they are in a few cases sti ll 
being u sed. Electronic cquipm ents other than the 
established navy types which use these tubes must 
either be declared obsolete or be modified to usc 
JAN type tubes. 

WATCH THAT OVERLOAD SWITCH 

A large p ercentage of the failures in our elec­
tronic equipments can be traced to overloads which 
occur in the circuits and remain undetected . A 
very good example is a recent trouble which oc­
cu rred in the SP Radar. 

Selenium rectifiers, CR-3210 and CR-3211 and 
transformer T-3210 which supply field voltage to 
the training motor shorted out. The trouble was 
not d etected , and after a period of time the d ynamo 
amplifier which was overloaded due to the trouble 
caught fire and was damaged . Possibly this trouble 
could h ave been avoided, especially since the equip­
ment is provided with a safety device designed to 
e liminate this type of trouble. 

In the Power Control Unit, lavy Type CG-
23AEM, a unit of the SP console, there is a n over­
load selector switch which affords ::t method of 
overload selection when u·ouble is indicated b y the 
overload indicator lamp, 1-141 5. This selector 
switch is of the rotary typ e h avi ng twelve p ositio ns, 
two fun ctioning as NORMAL p ositions, nine u sed to 
indicate overloads at nine differc:nt points in the 
radar system, and the remaining one used to indi­
ca te the position of the antenna safety switch (open 
or closed ) . \ Vi th th is switch in the NORl\ lAL posi­
tion a n overload on any of the nine circu its will 
be indica ted by the lamp . The location of the over­
load may then be determined by rotati ng the switch 
unti l the ind icator lamp again lights. 

T his switch and the associated indicator circuits 
were designed for the specific purpose of fores tall­
ing overl oad troubles and are capa ble of d oing this 
job if given the cha nce. R emem ber thi s swi :ch and 
lamp a nd save yourself a lot of trouble. 

CAUTION: THE OVERLOAD SELECTOR 
SWITC H i\ TUST ALWAYS BE KEPT I N T H E 
NORi\ !AL POSITION EXCEPT \•VHEN DE­
TERi\!INING A SPECIFIC OVERLOAD. 

* U. S. GO VERNM ENT PRIIHIN G OFFICE , 1111 1StlU 
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A leaf is a small part of a tree, 
but without it s leaves a tree would 
die. Large and small, they all con­
tribute to the strength and growth 

of the tree. 

The ETM, himself a small part of 
the navy, performs a vital service 
to it by maintaining his electronic 
equipment in order. By learning his 
equipment and doing his job well, he 
adds substantially to the strength 
and efficiency of this fighting force. 
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