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1. Scope.—a. This manual treats the factors involved in the 
study of aerostatics as applied to airships and balloons. Each factor
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will be analyzed separately, then all collectively so that their cause 
and effect can be thoroughly understood. In order to facilitate 
advance of the beginner, successive factors will be treated in an 
elementary way, leading up step by step to complete development of 
the formulas and to the harder problems.

b. The subject matter has been so arranged that this manual is at 
the same time a text for the student and a reference book for the 
airship pilot or designer, covering briefly the most important aero-
static problems with which they may be confronted.

2. Definition of aerostatics.—Aerostatics treats of the gravita-
tional factors which affect the equilibrium of a body which is freely 
in suspension in the atmosphere.

3. Types of lighter-than-air aircraft.—a. There are in reality 
three different types of lighter-than-air aircraft and special aerostatic 
considerations are required for each type. They are as follows:

(1) The free balloon.
(2) The captive balloon.
(3) The airship or dirigible balloon.
b. The balloon and airship are distinctly lighter-than-air machines 

filled with a gas which is lighter than air, such as hydrogen or helium, 
which by displacement of an equal volume of air gives a buoyancy 
or flotation the magnitude of which is determined by the volume of 
the gas container, the kind and purity of the gas, the atmospheric 
conditions, etc. When the term “free balloon” is used it means that 
the balloon is floating freely in the atmosphere with only static means 
of control. Then the piloting of a free balloon resolves into the study 
of the static forces affecting the equilibrium of a balloon freely sus-
pended in the atmosphere and the practical methods of weighing the 
balloon (at each instant) in order to keep the forces of buoyance and 
weight correctly related at all times. This is accomplished by the 
proper expenditure of ballast (which is a part of the load used for 
ballooning purposes) and a judicious use of the valve for the expendi-
ture of gas when desired. The dirigible balloon or airship is a balloon 
of streamline shape, equipped with propelling mechanism and steering 
apparatus.

4. Differences in construction that must be taken into con-
sideration in aerostatic problems.—a. Airships are constructed in 
three different types as follows:

(1) Nonrigid.
(2) Semirigid.
(3) Rigid.
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b. These type designations refer entirely to the construction and 
the combination of the gas container and framework supporting the 
weight of the craft and its load. There are special considerations for 
each type of airship in aerostatics due to differences in their con-
struction. In the nonrigid and semirigid the ballonets and then- 
capacity must be considered, whereas this is not the case in rigid 
airships in which ballonets are not used.

c. To assist those who may not be familiar with the construction 
of the different types of lighter-than-air aircraft to a clearer under-
standing of the expressions and terms used in the text, a brief explana-
tion is given below.

(1) The envelope of a nonrigid or semirigid airship contains one or 
more small bags inside which are called ballonets. These ballonets 
are inflated with air by means of the airship propeller or by an auxiliary 
blower to help maintain a constant internal pressure and volume by 
which rigidity of shape of the envelope is maintained.

(2) When an airship ascends and as the altitude increases, the 
atmospheric pressure and density decrease, thereby allowing the gas 
to expand or to increase the relative internal pressure of the gas. In 
order to take care of this expansion, air is valved from the air compart-
ments or ballonets, which can be so regulated by the valves as to 
keep the internal pressure constant during the ascent.

(3) If the airship should leave the ground full of gas there would 
be no available space in the ballonets for air; therefore, it would be 
necessary to valve gas during ascent.

(4) Upon descending from any altitude the opposite effect to ascent 
is experienced; that is, the airship is descending into atmosphere of 
increasing density which has the effect of compressing the gas and 
lowering the relative internal pressure. In this case, to maintain a 
constant internal volume or pressure it becomes necessary to force air 
into the ballonets.

(5) In small airships having two ballonets where the weight is con-
centrated in a single car and where shifting weights is not practicable, 
the airship is trimmed by shifting the air in the ballonets, thereby 
shifting the center of buoyancy of the envelope. Airships having but 
one ballonet cannot be trimmed in this manner.

Not e .—Nonrigid and semirigid airships are sometimes referred to as pressure 
airships as they must be operated constantly under internal gas pressure. The 
preceding discussion is applicable to either semirigid or nonrigid types of airships.

(6) In rigid airship construction, as rigidity and shape are main-
tained by the rigid structure of the framework and not by internal gas 
pressure, no ballonets or air compartments in the gas cells are used.
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This simplicity of gas cell construction greatly simplifies the opera-
tion of rigid airships in that there is no necessity for constant attention 
to pressure when the rigid airship is flying below pressure height.

5. Importance of aerostatics and types of problems involved 
therein.—a. All airship pilots must master thoroughly the subject 
of aerostatics, and must become so familiar with the relations between 
the gas and the supporting air that they will know immediately the 
effect of any change in any of the factors of lift. Accuracy becomes 
more and more important as size of airships increases and an error, 
negligible perhaps for a small airship of 250,000 cubic feet capacity, 
might prove to be disastrous for the airship and its crew in the case of 
an airship with a volume of 2,500,000 cubic feet or more. The rules 
developed for the airship of the first-mentioned size prove to be satis-
factory for airships of larger volume but must always be used with 
utmost caution, and when errors are found to exist they must be over-
come by quick and intelligent application of the fundamentals treated 
in this text.

b. A few of the problems of greatest importance are to—
(1) Determine total lift or buoyancy of an airship when—
(a) Air and gas temperatures are the same.
(6) Air and gas temperatures are not the same (with superheat).
(c) There is a change in lift due to changes in the superheat value 

while in flight.
(2) Determine percentage of fullness (F) when necessary to—
(a) Lift a given load.
(6) Reach a given altitude without loss of gas.
(3) Determine altitude at which the airship will become full of gas 

(pressure height) under any set of atmospheric conditions and percent-
age of fullness.

(4) Determine maximum altitude of airships.
(a) Ballonet ceiling (for nonrigids and semirigids).
(6) Ballast ceiling (for all types).
c. Study of the foregoing problems requires an understanding of— 
(1) Causes effecting changes in gas volume.
(a) Temperature effects.

1. Isothermal expansion.
2. Adiabatic expansion.

(6) Pressure changes; the changes of pressure with altitude.
(c) Superpressure.
(2) Physical properties of gases.
(a) Density (D).
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(6) Specific gravity (S).
(c) Purity (F).
(d) Humidity (e).
6. Resume of symbols.—The following is a resume of all symbols 

used in this manual:
a= Coefficient of expansion.
B= Ballonet ratio.
b=Disposable weight.

Cg = Constant (used in determining gas density).
Da=Density of air.
Dg=Density of gas.
Do=Density under standard conditions of P and T.

e=Vapor pressure.
F= Percentage of fullness.
Gr=Glaisher’s factor.
H= Homogeneous height.
A—Height in feet.

K= Constant (used in determining the density of air).
L= Gross lift of gas=Gross load.
m=Mean or average.
P= Pressure in inches of mercury.

P. H. = Pressure height.
S'— Specific gravity of gas.
T= Temperature absolute.

Ta=Temperature of air (absolute).
Tg=Temperature of gas (absolute).
t=Temperature recorded by thermometer (not absolute).

U= Static efficiency.
V= Initial volume, but used in the lift formulas to indicate 

displaced volume of envelope or cells when full of 
gas.

V'=Actual volume of gas under any given set of conditions. 
v=Volume of ballonet.
Y= Purity of gas.

&L=A. change in lift.
AT= Temperature difference (or superheat).
AV=A change in volume.
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Section  II

ATMOSPHERE AND PHYSICAL PROPERTIES OF GASES
Paragraph

Atmosphere_____________________________________________________ 7
Physical properties of gases________________________________________ 8
Laws governing aerostatics______ __________________________________ 9

7. Atmosphere.—a. For a complete understanding of the subject 
of aerostatics which deals with flotation of lighter-than-air aircraft by 
the buoyancy arising from the differences in weight between the air 
and the inflating gas used, it is necessary first to make a brief study 
of the atmosphere which is the sustaining medium.

b. The atmosphere is defined as the gaseous envelope which sur-
rounds the earth. It is composed of a mixture of gases and at mean 
sea level under average conditions, excluding water vapor, consists of
approximately—

Nitrogen________________________________ 78. 00
Oxygen_________________________________ 20. 95
Argon_________________________  . 91
Carbon dioxide__________________________ .03
Hydrogen_______________________________ .01
Other gases_____________________________ . 10

Total_____________________________ 100. 00
As can be seen from the foregoing, nitrogen and oxygen are the two 

principal components, hydrogen and other gases being present in very 
small quantities. At an altitude of about 30,000 feet the amount of 
hydrogen is about double that at the earth’s surface. From this 
point up to about 50 miles the proportion of hydrogen and helium is 
supposed to increase until the atmosphere is composed almost entirely 
of these two elements.

c. The atmosphere is subject to changes in condition, but only in a 
very small degree to changes in composition near the earth’s surface. 
For purpose of study of aerostatics it is assumed that pressure, tem-
perature, and humidity of the atmosphere alone affect aerostatic 
computations. Of these three the first two affect only condition of the 
atmosphere, while the third affects both condition and composition. 
Any effects of latitude upon gravity will be neglected as they are 
negligible for practical purposes. The causes which operate to alter 
pressure, temperature, and composition of the atmosphere are treated 
in the study of meteorology. These causes can be traced and, to a 
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certain extent, changes in condition of the atmosphere can be fore-
told. The barometric pressure curve (fig. 1) shows the rapid drop in 
pressure during ascent up to about 6 miles where the curve changes less 
rapidly; also that about half of the earth’s air, by weight, lies below 
20,000 feet, or less than 4 miles. The pressure is reduced by approxi-
mately one-half for every 3%0 miles of ascent.

8. Physical properties of gases.—a. As it is necessary to use 
gases for inflation of lighter-than-air aircraft, it is necessary to make a 
study of some of their physical properties. The ideal balloon would 
be one containing a vacuum, but due to the tremendous value of the 
atmospheric pressure it is impossible to build a balloon strong enough 
to contain a vacuum and yet be light enough to float in the atmosphere. 
In reality the gas in a balloon (by opposing the external or atmospheric 
pressure) serves as a medium by which internal pressure or shape is 
maintained in the balloon or airship envelope.

(1) Both liquids and gases are fluids. A fluid does not offer perma-
nent resistance to forces tending to produce a change of shape, that is, 
its modulus of shear is very low. The resistance or friction to distor-
tion is called the viscosity of the fluid. The three important differences 
between gases and liquids are—

(a) Gases are compressible.
(6) Gases change volume rapidly with changes in temperature.
(c) Gas atoms or molecules appear to have the same electrical 

charges or to possess the property of repelling each other.
(2) Density.—The weight of the unit of volume of a body is called 

the “density” of that body. The density is thus the force of gravity 
acting on the mass of a unit volume.

Dcnsit,._ weight of body _Ly l  y i p i iJ volume of body
In the metric system the unit of volume is the cubic meter and the 

unit of force the kilogram; the density is expressed in kilograms per 
cubic meter. For water and air the densities are, respectively, 1,000 
kilograms per cubic meter and 1.293 kilograms per cubic meter. In 
the English system of units, the unit of volume being the cubic foot 
and the unit of force the pound, the density of gas is expressed in 
pounds per cubic foot. For air under standard conditions the density 
is 0.08072 pound per cubic foot, or 80.72 pounds per 1,000 cubic feet. 
In the case of gases conditions of pressure and of temperature are of 
such importance that it is impossible for them not to be taken into 
consideration. The gas used for purposes of comparison is air under 
established conditions of purity. The composition of atmospheric 
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air is remarkably constant, as previously stated, except for the propor-
tion of water vapor it contains. This variability is eliminated by tak-
ing dry air as a standard of comparison. In determining the standard 
densities or specific gravities of air and other gases, the temperature is 
supposed to be maintained at 0° centigrade (32° F.) and under a 
constant pressure of 760 millimeters of mercury (29.92 inches). Under 
these conditions of P and t the standard density of dry air is 1.293 
kilograms per cubic meter (0.08072 pound per cubic foot) and is the 
standard of comparison from which specific gravities of all gases are 
determined.

(3) Specific gravity.—The ratio of the density of a given substance 
to the density of some substance adopted as a standard) both being 
subjected to identical conditions of pressure and temperature, is 
known as the specific gravity of the given substance. This ratio is 
independent of the system of units employed, but both densities must 
be expressed in similar units. Dry air is the standard of comparison 
for determining the specific gravity of gases. The specific gravity of a 
g.as is the ratio between the weight of a unit volume of that gas and 
the weight of the same volume of dry air taken under the same con-
ditions of temperature and pressure.

$ _Dg_weight of unit volume of gas
0 Da weight of unit volume of air

For instance, the densities under standard conditions of dry air and 
hydrogen are, respectively, 0.0807 and 0.0056 pound. Therefore, the 
specific gravity of H is

_0.0056 
Sg 0.0807 °-069<

The ratio thus obtained is practically constant whatever may be 
conditions of temperature and pressure. In other words, the coeffi-
cients of expansion of all gases are the same.

b. The following are the constant densities and specific gravities 
for some gases under standard conditions of pressure and tempera-
ture:

(1) Standard density.—(a) Air=0.08072 pound per cubic foot.
(6) Hydrogen= 0.00562 pound per cubic foot.
(c) Helium=0.0111 pound per cubic foot.
(2) Average density of illuminating gas=0.0323 pound per cubic 

foot.
(3) Specific gravity.—(a) Dry air=l.
(6) Pure hydrogen = 0.069.
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(c) Pure helium—0.138.
(4) Average specific gravity of illuminating gas=0.4 (approximate).
Note .—Gas produced in large quantities as for inflation of balloons cannot be 

obtained chemically pure in manufacture. Its specific gravity will therefore be 
higher than the preceding.

9. Laws governing aerostatics.—The science of aerostatics is 
derived from the following laws and fundamentals:

a. Archimedes’s principle.—The buoyant force exerted upon a body 
immersed in a fluid is equal to the weight of the fluid displaced.

b. Boyle’s law.—At constant temperature the volume of a gas 
varies inversely as the pressure.

c. Charles’ law.—At constant pressure the volume of a gas varies 
directly as the absolute temperature.

d. Dalton’s law.—The pressure of a mixture of several gases in a 
given space is equal to the sum of the pressures, which each gas would 
exert by itself if confined in that space.

e. Joule’s law.—Gases in expanding do no interior work.
fi Pascal’s law.—The fluid pressure due to external pressure on the 

walls of the containing vessel is the same at all points throughout the 
fluid.

Note .—Effects of latitude and altitude upon the force of gravity are neglected 
in practical operation and will therefore be omitted from this manual.

Section  III

THEORY OF LIFT OR BUOYANCY
Paragraph

Force producing lift or buoyancy___________________________________ 10
Lift or buoyancy of gases__________________________________________ 11

10. Force producing lift or buoyancy.—a. The Archimedes’s 
principle states that the buoyant force exerted upon a body immersed 
in a fluid is equal to the weight of the fluid displaced. When a body 
is completely submerged in water it displaces a quantity of water 
equal to its own volume. If the weight of the water displaced is 
greater than the weight of the body it will rise to the surface of the 
water, but if the weight of the water is less than the weight of the 
body submerged the body will sink to the bottom.

b. If a cube is immersed in a vessel filled with water a pressure 
will be exerted on all of its six faces or sides. This can be represented 
graphically as shown in figure 2.

(1) There are two vertical forces acting on the cube, one pressing 
on top and tending to force the cube to the bottom and one force 
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acting vertically against the bottom of the cube and tending to cause 
it to rise to the surface. There are additional forces acting horizon-
tally against the four sides of the cube which can be regarded as crush-
ing forces only, producing no buoyant effect.

(2) Water pressure is transmitted equally in all directions. Hence 
the force / directed upward on the lower surface of the cube is equal 
to the weight of a column of water of the same cross section as the 
cube and extending from the level of its lower surface to the top of 
the water. The force P is equal to the weight of a similar column of 
water extending from the top surface of the cube to the surface of the 
water. The difference between these two,/— P, must equal the weight 
of a volume of water equal in size to the cube itself. This explains 
Archimedes’s principle, since/— P is the resultant upward force of the 
water.

(3) If the specific gravity (or density) of the body should be the 
same as that of water it would be in a state of equilibrium, in which 
case the force F+W—/,/ being the total force of the pressure acting 
upward. The above condition is necessary for equilibrium, for if 
P+W is greater than / the cube will sink, or if P+ W is less than/ 
the cube will rise to the surface of the water.

c. The fundamentals of operation of a submarine and an airship are 
very similar as both are submerged in a fluid and derive their buoy-
ancy from the weight of the fluid displaced. Their methods of con-
trol are almost identical and both use ballast to vary their buoyancy.

(1) If a submarine weighs less than the weight of water equal to 
its own volume it will float upon the surface of the water, but by 
pumping water into her ballast tanks she can be brought to a state of 
equilibrium which is the point at which the weight of the submarine 
exactly equals the weight of the water displaced. When in equilibrium 
the submarine can submerge beneath the surface of the water, but it 
is impossible to admit ballast so accurately as to leave her in a state of 
stable equilibrium. This difference between the characteristics of a 
submarine and those of an airship, in that the airship may ride at 
equilibrium and the submarine cannot float in equilibrium when 
submerged under ordinary conditions, is due to the difference of air 
and water characteristics. The density of the water is practically 
constant while descending or ascending, that is, its density changes 
very little under changes of pressure and temperature, but the density 
of the air varies greatly with these changes during ascent or descent. 
Hence, when a submarine is submerged it is necessary to maintain 
dynamic means of control at all times to maintain the desired level 
beneath the surface of the water.

10
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(2) Figure 3 shows the forces acting upon a sphere filled with gas 
and floating in the air.

11. Lift or buoyancy of gases.—a. The most important subject 
in airship flights is determination of lift and how it will vary under

11
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I
different conditions. Lift is very simply defined, and is under all 
conditions merely an algebraic relation based on the principle of 
Archimedes.

(1) The two forces to be considered are the weight acting downward 
and the thrust of Archimedes upward. The thrust of Archimedes is 
the lift and for equilibrium must equal the weight. Then, per unit 
volume—

Da=upward buoyant force due to displacement of the air. 
Dg=downward pull of gravity on the unit volume of gas.

The resultant of these two forces directed upward equals Da—Dg.
(2) It is this difference which is called the lifting power of gas per 

unit volume. The lifting force of gas, however light and rarefied, 
can never be equal to or exceed Da. Its value varies with conditions 
of pressure and temperature just as the two densities which enter into 
its expression. For the unit volume—

L=Da—Dg.
b. Static lift —Gross lift or buoyancy of an airship is dependent upon 

the volume of the gas-containing envelope and the lifting force of the 
gas employed, and in its simplest form is expressed by the equation:

L—V(Da—Dg), in which
L—Gross lift, or buoyancy in pounds
V= Volume of gas-containing envelope in cubic feet 

Da=Air density or weight of 1 cubic foot of air 
Dp=Gas density or weight of 1 cubic foot of gas.

(1) The net lift (useful load) at any instant is the difference between 
the gross lift at that instant and the dead weight (which is fixed) and 
is expressed by the equation:

D=Dead weight+net or useful load.
N=L—dead or fixed weight.

x2) From the foregoing it is seen that the gross lift or buoyancy is 
a variable, depending upon varying conditions of atmospheric density 
and of the gas employed, and consequently upon changes in atmospheric 
pressure, temperature, superheating of gas, purity of gas, and to a 
small degree on humidity of the air.

c. Determination of lift therefore becomes a matter of determining 
densities of the atmospheric air and the gas used. However, it 
becomes too cumbersome to be compelled to compute separately the 
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two densities whenever it is desired to determine the lift; therefore, 
special formulas will be developed which will enable lift to be deter-
mined by a single computation. Complete development of lift 
formulas will be given in a later section after discussing the different 
variables to be used. The following will be adopted as the standard 
lift formulas:

T T FVK(P—0.386) , .LF\', L=————jr--------- (1—o) without superheat

F VK(P-0.38<?) (Ts— TaS) ... ,LF2 -, L—------------- T J---- -------- - with superheat
-< a / o

TF T) —TV— ISao p
T o

4Q2°K=0.08072 2g g2P~ for English units 

K=1.2932^ 0.46446 for metric units.

is 
ty 
ic

a

ng 
it

he

The subscript (0) used above indicates that D, P, and T are taken 
at standard conditions.

d. The words “variable” and “constant” will be used often through-
out the following discussions of aerostatics. Therefore the following 
explanation may prove helpful:

(1) A number that has the same value throughout a discussion is 
called a “constant.” Example: Po, To, Do, K, Cg, are all constants.

(2) A number which under the conditions imposed upon it may 
have a series of different values is called a “variable.” Example: 
P, T, V, D, S, Y, e are all variables.

(3) The sign of variation is oc. It is read “varies as.”
(4) One quantity or number is said to vary directly as another or 

simply to vary as another when they depend upon each other in such 
a manner that if one is changed, the other is changed in the same 
ratio.

(5) One quantity or number varies inversely as another when it 
varies as the reciprocal of the other.

e. The different factors used in the standard lift formulas will next 
be explained. The following sections will show the effect of a change 
in any one of these variables and how the formulas are developed by 
treating separately all the variables entering into the computation, 
then combining them into the standard lift formulas.
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Section  IV

PRESSURE AND TEMPERATURE

(Variables “P” and “T”)
Paragraph

Absolute temperature scale and theory of heat________________________ 12
Application of Charles’ law________________________________________ 13
Application of Boyle’s law-------------------------------------------------------------- 14
Superheat_______________ __________________________ ____________ 15
Computation of effects of superheat_________________________________ 16

12. Absolute temperature scale and theory of heat.—a. Heat 
is caused by an extremely rapid vibrating or rectilinear motion of 
molecules, and the hottest bodies are those in which the energy of 
this motion is greatest. The heat which a body contains is measured 
by the-mtrgy of motion of all its particles. To increase the tempera-
ture of ibg body is to increase this energy; to lower the temperature 
is to de^eftse it. Temperature is not the amount of heat energy but 
the measure of hotness in a body. A cup of water may bear the same 
temperature as a pail of water, still the quantity of heat energy in 
the pail far exceeds that in the cup as much more energy was expended 
in raising the temperature of the larger vessel.

b. In applying Charles’ law to the contraction of a gas a very 
interesting discovery is made. If a given volume of gas having an 
initial temperature of 0° F. or C. is cooled under constant pressure it 
is found that for each degree that the gas is cooled it contracts by 
%6o of its original volume for each degree drop in temperature Fahren-
heit or ^73 of its original volume for each degree drop in temperature 
Centigrade. Hence, if the cooling were continued until a temperature 
of —460° F. was reached (or —273° C.) and the same rate of con-
traction continued up to this point the volume of gas wopld be reduced 
to nothing. This point, determined on the thermometer scale by 
theoretical considerations, is called the absolute zero, beyond which 
a further decrease in temperature is inconceivable. A temperature 
reckoned from this point instead of from the zero of the ordinary 
thermometers is called absolute temperature. So low a temperature 
has not been reached, but Charles’ law is nearly accurate up to the 
point where the gas becomes a liquid. To find the absolute tempera-
ture in degrees F. or C., add 460 to number of degrees F. or 273 to 
number of degrees C., for example, to find the absolute temperature 
of the freezing point of water (32° F. or 0° C.)—•

460+32=492° absolute temperature F., or 
273+ 0=273° absolute temperature C.

14
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c. In solids, due to molecular cohesion a molecule does not change 
its position in the body. In liquids and to a much greater extent in 
gases, the molecules are not held in position but are continually 
changing their position inside any container in which they may be 
inclosed, and it is easy to picture them as continually colliding with 
one another and the sides of the container. The total kinetic energy 
of a volume of a gas varies directly with the absolute temperature, 
and an increase of the temperature of an inclosed gas will either cause 
the pressure to rise due to the fact that a greater number of molecules 
strike a given surface in a given time and each molecule strikes at a 
greater average speed than before, or cause the volume to increase 
to the point where the same striking force, that is, the number of 
molecules per unit volume times weight of each molecule times 
average velocity of each molecule, will be exerted upon a given surface 
as before the temperature increase took place.

13. Application of Charles’ law.—a. The first mathematical 
statement of the law governing the expansion of gases is credited to 
Charles, and stated mathematically is

VxT.

If the temperature of a gas is increased the volume will be increased, 
and if the temperature is decreased the volume will be decreased in 
direct proportion to the absolute temperature. Since the volume of 
a gas varies inversely as the density, it follows that the density varies 
inversely as the absolute temperature. Stated mathematically

1 Dg^T'

b. In accordance with Charles’ law

TAt constant pressure V—V07p’ 0

which shows that an increase in temperature will increase the numer-
ator of the fraction

T
T0

15
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and therefore increase the original volume (Vo) to equal the expanded 
volume (V). Similarly when a temperature change takes place, the 
density of a gas is changed as follows:

TAt constant pressure Dg—Dg0-^-

(1) If 1,000 cubic feet of gas are inclosed in an elastic container at 
32° F. and the temperature is increased 18° F., what will be the volume 
of the gas after expansion (assuming constant pressure)?

Solution.—The volume varies directly as the absolute temperature. 
The absolute temperature is 492° F. before the temperature increases. 
The absolute temperature becomes 510° F. after the temperature 
increases.

Then the volume becomes
y 10

= 1,0001,000XI.036 =1,036 cubic feet.
J- Q

The change in volume or the additional volume is proportional to 
the change in temperature, or

AV=UO-^=1,000^ = 1,000X0.036=36 cubic feet.

(2) If the density of the 1,000 cubic feet of gas above mentioned 
was 0.0111 pound per cubic foot before the temperature increased, 
what will be the density of the gas after the temperature is increased 
from 32° F. to 50° F.?

Solution.—The density varies inversely as the absolute temperature:
T 492

^=£>^=0.0111^=0.0111 X 0.964 = 0.0107 cubic foot.

The density after the temperature increase is 0.0107, or a reduction 
of 3.6 percent, exactly the same percentage by which the volume was 
increased.

c. (1) Substituting the values of air and gas densities at standard 
pressure in the lift formula results in the following for a fixed volume 
of gas:

Z=V(Da-Dff)

at standard pressure

To= V{Dao—Dgo') at standard pressure.

/ T T— V(T) ——T) — v \^ao y y
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From this last equation it may be seen that the lift of a fixed volume 
of gas varies inversely as the absolute temperature.

(2) Where the volume is free to expand or contract the volume 
varies directly as the absolute temperature so that under the changes 
above

T TL=vjr(Da-Dgo)

= V(pa-D0oY

As long as gas and air temperature remain the same a change in air 
and gas density caused by a change in temperature is accompanied by 
and opposite and compensating change in volumetric displacement 
and there is no change in the lift of a volume of gas which is free to 
expand or contract. For this reason atmospheric temperature does 
not affect the lift of an airship which is below pressure height.

14. Application of Boyle’s law.—a. The foregoing discussion 
showed the effect of a change in temperature upon volume and den-
sity, assuming that the pressure remained constant. But in actual 
practice the barometric pressure changes are almost as frequent as 
changes in temperature. In figuring lift it is necessary to take into 
consideration all changes in atmospheric pressure.

Boyle’s law can be stated mathematically as follows:

Voc p-

In accordance with Boyle’s law—
p

At constant temperature V=V0-p'

Similarly, when a pressure change takes place, the density of a gas 
is changed as follows:

p
At constant temperature Dg=Dgo^p- 

• ° ^0

b. (1) Given a volume of air, the temperature of which is main- 
tained at 32° F. Under a pressure of 29.92 inches its density is known 
to be 0.08072 pound per cubic foot. If the pressure is changed to 
“P” inches of mercury, the density will be changed as follows:

D„=0.08072

262726°—40----- 2 17
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The volume is also changed by the change in pressure until

29 92"

(2) Consider 1,000 cubic feet of air inclosed in an elastic container, 
under standard conditions as stated above, and assume that the pres-
sure changed to 30.5 inches. What would be the density of the in-
closed air?

30 5 Da=0.08072

= 0.08072X1.02
= 0.08230.

What would be the volume after the pressure increase?

V= 1,000 X 29.92
30.5

= 1,000X0.98
= 980 cubic feet.

c. Substituting the values of air and gas densities at standard tem-
perature in the lift formula results in the following:

L=V(Da—Ds)

\ 0 0/
at standard temperature

p
= V(Dao-Dffo')^p- at standard temperature.

It is apparent that an increase in atmospheric pressure increases 
the lift of a fixed quantity of gas. However, where the gas is free to 
expand and contract the volume is changed in inverse proportion to 
the density, and the lift is unaffected by changes in atmospheric pres-
sure.

d. Let the temperature and pressure both be varied in any manner. 
The effect on the volume can be found by the laws of Boyle and 
Charles and is the same as if first the temperature be changed at con-
stant pressure and then the new volume so obtained be subjected to 
a change in pressure with the temperature held at the new tempera-
ture.

18
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Denoting by V' the volume at the end of the change in tempera-
ture—

TBy Charles’law: V'=Vox4*
J- 0

Now varying Po to P with T constant:

By Boyle’s law: PV—P0V

f T\ =PoV0(~)
\ 0/

or^=^-
1 1 0

This formula characterizes the most general transformation that 
any one gaseous mass can undergo. Two of the three elements, 
volume, pressure, and temperature, may be varied in an arbitrary 
manner and the third results therefrom. If the pressure and tempera-
ture, in particular, be arbitrarily varied, the volume is given by the 
following formula:

P TV— V ° Av V°P To

Let V, P, T denote the volume, pressure, and absolute temperature 
of a gas, and let the values P and T be changed to P' and T', respec-
tively. Then V assumes the new value V', so that—■

VP V'P' 
T T' 

VPT' = V'P'T.

This known as the isothermal expansion formula.
e. Sometimes it is more convenient to use a variation in the form of 

the expression for the change in volume caused by temperature changes 
at constant pressure. Suppose a volume of gas at standard conditions 
is subjected to a temperature change, the new temperature being 
i°, while P remains constant. By Charles’ law—

Tv=v°4~o

_vT°0+(t°-32°)

----- V 0 rri
-L 0

/ __Q9°\
=k(i+—

But 77O=492°.
H ence V— Vo [ 1 + a (t° — 3 2 °) ] where a

19
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For every degree change in temperature starting at standard con-
ditions, pressure remaining constant, the volume will vary %92 of its 
original value, “a” is called the coefficient of expansion of gases. 
The formula above is accurately true for all gases used by the airship 
pilot, including air and water vapor, through the range of all tempera-
tures encountered in flight.

15. Superheat.—a. It is the heat from the sun that warms the 
earth’s surface, also the air, as well as the gas in the balloon. It 
might be expected that the temperature of the gas in a balloon floating 
in air would be the same as the temperature of the atmosphere itself, 
in the same way that the temperature of a body immersed in a liquid 
soon equalizes and the temperatures of the body and the liquid become 
the same. This is not the case, however, as a balloon or airship may 
contain gas that has exactly the same temperature as the air upon 
leaving the hangar, but a short time after the sun’s rays have played 
upon it the temperature of the gas in the envelope increases to a much 
higher value than the atmospheric temperature. In the case of a 
rubberized envelope not in motion in reference to the atmosphere, 
the increase of temperature may be as much as 30° F. in extreme cases, 
and a much greater increase is possible in the case of a varnished 
free balloon.

b. This increase in gas temperature is due to the light rays being 
changed to heat as they pass through the envelope. It is the same 
effect that takes place in a greenhouse or tent. On a sunny day the 
temperature in a greenhouse or tent that is not ventilated is always 
higher than the temperature of the surrounding air. The pilot will 
notice changes in lift as the sun disappears behind the clouds, or after 
sunset, which are caused primarily by the reduction in superheat 
and not by changes in atmospheric temperature.

c. The subject of superheat is one of the easiest parts of aerostatics, 
and at the same time, one of the most important. The effects of an 
increase or decrease in superheat are directly noticed and are always 
of sufficient magnitude to render them of importance. Whenever 
the temperature of the gas inside an airship envelope becomes greater 
without a corresponding change in that of the surrounding air, the 
airship pick's up additional lift due to the increased volume and de-
creased density of the expanded gas. On clear days when the sun is 
shining brightly, the temperature of the gas inside an airship envelope 
is always higher than that of the surrounding air and the lift is con-
sequently greater than that computed by using the air temperature 
only. This difference between the temperature of the gas and that 
of the outside air is called superheat. Superheat may be either 
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positive or negative. It is always positive during hours of sunshine 
and reaches the negative condition at night.

d. If sunshine strikes the outer cover of the rigid airship or the 
envelope of the nonrigid, some of its heat energy will be absorbed 
by the gas and the temperature of the inclosed gas will be increased. 
As soon as this happens, the inclosed gas will begin to expand, and 
when the airship is not full of gas (below pressure height) the volume 
of gas will be increased.

16. Computation of effects of superheat.—a. (1) In the case 
of a rigid airship with superheat, no gas is lost due to expansion until 
the cells become full. The weight of the gas thus remaining constant 
while the airship is below pressure height, the increase in lift equals 
the weight of the additional air displaced. Above pressure height, 
the increase in lift equals merely the weight of gas valved since the 
air displacement remains constant. In the case of a nonrigid air-
ship, as soon as superheating takes place and the inclosed gas begins 
to expand, the pilot will have to valve (air when possible) to keep 
down the manometric pressure. Since both air and gas have weight 
and the phenomena of superheat has no effect upon the weight of 
the outside air displaced by the airship, the lift of the airship will 
be increased by an amount exactly equal to the weight of the air 
(or gas) valved. Cusomarily any superheating of air in the ballonets 
of nonrigids is negligible.

(2) If the volume of gas inside the airship without superheat is 
called V, the volume of gas after superheating, V', the absolute 
temperature of the air, T, the superheat ATg and the additional lift 
gained from superheating AZ, then below pressure height—

yZ yZ4-ATg yT^g 

V V T v Tg

and the increase in volume of the gas= V'— V=AV

AV^V^^^-V

/T-YATg T\
\ T Tj

A T= yP±i.v T
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The increase in lift due to superheating will be equal to the weight of 
A V of air, or—

AL=AV Da
at =DaV^

If the air is dry the additional lift— 
p AT 

AZ= 1.327

_ 1.327 VP (ATg) 
T2

This formula involves a simple slide rule or logarithmic computation 
which can best be understood by a practical problem.

Example. An airship of 300,000 cubic feet capacity is brought out 
of its hangar on a day when the sun is shining. The atmospheric 
temperature is 50° F. and the pressure 30 inches of mercury. The 
airship has 50,000 cubic feet of air in its ballonets, which leaves the 
volume of gas 250,000 cubic feet before superheating. How much 
lift will the airship pick up if the gas in the envelope is superheated 
15° F. before the airship takes off?

Assuming the air to be dry—

T ,r,. 1.327 V P (ATAIncrease of hft=---------12

__1.327X250,000X30X15
(510)2 —^><4 pounds.

b. The superheating which interests us most directly is caused by 
the sun’s rays over which no control is had. But if a heating arrange-
ment is provided whereby the gas can be heated by the exhaust from 
the motors or the airship is held in the sun until a certain lift is accom-
plished, the necessary amount of superheat can be computed directly 
as follows:

AL=Da V

AL T 
DaV'

1
< 
( 
j
1

s
V 
n 
s] 
w 
b 
a] 
di
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And for dry air the necessary superheat becomes—

ai° V 1.327 P
T

_&L T2
V 1.327 P

c. When an airship is brought out of its hangar into the sunshine the 
manometric pressure will be seen to rise immediately the airship 
begins to emerge from the shade of the hangar and within a very few 
seconds the pilot has to valve air to prevent overpressure. Each 
pound of air valved from the ballonet becomes one more pound of 
added lift; and if no other means is provided the amount of super-
heating can be determined before leaving the ground by the gain in 
lift as determined from the difference in the weigh-off in the hangar 
and outside, using the formula given above.

d. If the maximum lift is desired, the airship will be held on the 
ground until no more superheat is being gained and the manometer 
reading remains practically constant. As soon as the airship takes off, 
cooling begins and the airship will become somewhat heavy, and this 
added weight must be carried dynamically. If the dynamic load is 
too great, speed of the airship will be reduced greatly. Also, if the 
airship becomes too light due to superheating, it becomes necessary to 
counteract the positive buoyancy by downward or negative dynamic 
force, which will also greatly reduce the speed. It may be seen readily 
that it is not an economy to let the airship get too heavy or too light, 
but is advisable to keep it as nearly as possible at equilibrium in 
order to accomplish the maximum headway. A very interesting 
example of this is given in the log of the trans-Atlantic flight of the 
R-34- It may be seen easily that the effect of superheat is not always 
helpful.

e. Normally when taking off in a nonrigid airship, a pilot flies to a 
sufficiently great height to clear all obstacles in his immediate vicinity, 
valving air to take care of the pressure as he climbs; he then climbs 
more slowly to equalize his manometer reading as the superheat is 
slowly reduced by conduction. If the pilot knows the altitude from 
which he started climbing without valving air and the altitude which 
he reached in equalizing pressure due to superheat loss, it is possible to 
approximate closely the amount of lift lost. This loss of lift is the 
difference in weight between the total volumes of displaced air at the 
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two altitudes, or the loss in lift is equal to the weight of V Da at the 
first altitude minus the weight of V Daf at the final altitude.

/. Obviously, if the air in*an airship’s ballonets becomes heated, this 
air will weigh less than the outside air and will add-lift to the airship. 
The effect is exactly the same as in the case of the old “hot-air” 
balloon. The ballonet lift is the difference between the weight of the 
inside air and that of the outside air. The weight of the outside air 
is—

v Da, where v is volume of air in the ballonets.

The weight of the inside air is—
/ T \

V D ( -  1 v "V+tAiv

The lift of the superheated ballonets becomes—

T v Da v Dafjj |

v Dt AT ' 
T+AT,

For the sake of simplicity, the following formula is sufficiently 
accurate:

ATBallonet lift=z? Da-jr-

For dry air this becomes—

p ATBallonet lift=«? 1.327^7- 

1.327 v P AT 
— T2

Example.—Compute the additional lift of a 300,000-cubic-foot air-
ship originally having 50,000 cubic feet of air in its ballonets if the gas 
becomes superheated 15° F. and the air in ballonets becomes super-
heated 10° F. Consider air to be dry, pressure 30 inches of mercury, 
and temperature 50° F.
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T . , u . f L327 PV' (A^)Lift due to superheat of gas=-------

1.327X30X250,000X15
(510)2

= 574 pounds.
525Final volume of gas=250,000 Xvyx (Charles’ law) o 1U

=257,300 cubic feet.
Air in ballonets=300,000—257,300 cubic feet 

=42,700 cubic feet.
Lilt due to superheat m ballonets=------ ---------

_1. 327X42,700X30X10
~ 510X510
= 65. 3 pounds.

Total gain in lift=639 pounds.
The small value of the ballonet lift shows that this computation is 

not necessary.

Section  V

HUMIDITY 

(Variable “e”)
, Paragraph

Effects of atmospheric humidity____________________________________ 17
Methods of determining humidity factor_____________________________ 18
Correcting for humidity___________________________________________ 19
Relative humidity________________________________________________ 20
Correcting density constant for humidity_____________________________ 21

17. Effects of atmospheric humidity.—All the calculations 
which have been made so far in explaining effects of the different 
variables entering into the lift formula have been made on the assump-
tion that the air is dry. This is permissible for approximate calcula-
tions, but in practice the atmosphere is never found dry or completely 
without moisture. The small amount of water vapor held in suspen-
sion in the atmosphere is almost negligible under certain conditions, 
but conditions do arise in practice where it is of the utmost importance 
to know actual conditions of the atmosphere with respect to its vapor 
content. It should be realized by the pilot that it is always important 
to know condition of the air as to relative humidity and the possibility 
of picking up weight by collecting moisture from the air which is near-
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ing the dew point. He should know at all times the probability of the 
air reaching the saturation point and of his encountering rain.

18. Methods of determining humidity factor.—a. The correc-
tion is very easy to make and consists of two steps; first, to determine 
the humidity factor; second, to correct the lift formula for humidity. 
First it will be shown how “e”, the humidity factor, is determined.

(1) There are several methods of determining the moisture content 
of the atmosphere, but only two practical methods will be mentioned 
here. The method adopted by airship pilots is by reading the wet- 
and dry-bulb thermometers. The theory of this method is that an 
evaporating liquid absorbs heat. Thus, if the mercury bulb of a 
thermometer is kept moist (which is usually accomplished by covering 
it with a piece of absorbent cloth dipped in water) and the thermometer 
is swung around in the air, the temperature registered by the ther-
mometer will drop until it reaches a definite value, which is always 
lower than the temperature of the dry-bulb thermometer swung with 
it, except when the relative humidity is 100 percent and the air is 
completely saturated with water vapor. This is due to the fact that 
when the air is completely saturated no water will be evaporated 
from the saturated cloth on the thermometer bulb. Then the drier 
the air and the higher the temperature the faster will be the evapora-
tion of the water.

(2) It was stated that evaporating liquid absorbs heat which is one 
way of stating the phenomena, but the actual theory of lowering of 
temperature by evaporation is that in order to vaporize liquid it must 
be expanded and thrown off into space in small particles of matter 
(or vapor) and whenever a gas or vapor is expanded without addition 
of heat energy temperature of the mass is lowered. Therefore, the 
temperature of the (expanding) vaporizing water on the bulb lowers 
the temperature of the water, and this is recorded by the thermometer. 
The difference in the reading between the wet and dry bulb depends 
entirely upon the amount of water vapor present in the air at a given 
temperature.

(3) Another method of determining accurately the amount of water 
vapor in the air is by hygrometers. One type of hygrometer de-
termines the humidity by weighing the water vapor contained in a 
volume of moist air after such water vapor has been absorbed by 
absorption tubes carefully calibrated. This amounts to direct 
measurement of the density (D) of the water vapor.

(4) For any given temperature “e” is equal to a certain value, 
which is called the maximum vapor pressure of water vapor at that 
temperature. When such value has been attained the water vapor 
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begins to condense and form small drops; in other words, it rains. 
Inversely, if the tension of water vapor in a gaseous mass is lower than 
saturation, water, when brought in contact with the gas, vaporizes. 
At the end of a sufficient time a gaseous mass in contact with water 
will be saturated. The maximum vapor pressure of water vapor 
continues to increase steadily with the temperature; that is to say, 
the higher the temperature the greater the amount of water vapor the 
air will sustain.

b. The most accurate method and the method which is recom-
mended for determining “e” is by use of the psychrometric tables 
published by the United States Department of Agriculture, which 
give “e” for every condition of pressure and temperature found in 
practice. As there is a probability of being without a psychrometric 
table at a time when it is desired to determine the humidity factor, a 
table has been provided in section XIV by which the value of the vapor 
pressure or the partial pressure of the water vapor present in the air 
can be determined, as follows:

Look in Table I for the figure corresponding to the dry-bulb ther-
mometer reading in degrees F. in the column headed “Reading of dry 
bulb.” Then look in the column to the right and find the “Glaisher’s 
factor” corresponding to this temperature. Multiply this “Glaisher’s 
factor” by the difference between the dry-bulb thermometer reading 
and that of the wet-bulb thermometer in degrees F. Subtract the 
the result from the dry-bulb thermometer and that gives the “dew 
point” or the temperature at which the atmosphere would be saturated 
completely with water vapor with the existing amount of this vapor. 
Then look in the column headed “Temperature of dew point” for the 
number corresponding to the “dew point” in degrees F., and in the 
column to the right of this number will be found a figure which is 
three-eighths of the water-vapor pressure.

19. Correcting for humidity.—The method of correcting the 
lift formula for humidity will best be understood by developing the 
formula as follows:

a. The molecular weight of water vapor is 18 and the approximate 
molecular weight of air is 28.8. This shows that moist air is lighter 
than dry air. Water vapor from the figures given above will be seen 
to weigh x %8.8 as much as air, or roughly % as much as air. This 
means that the portion of the atmosphere which consists of water 
vapor weighs 1%, or % less than it would if it too were dry air. From 
the theory of partial pressures of a mixture of gases, the weight of a 
cubic foot of wet air is equal to the weight of the dry air in the space 
plus the weight of the water vapor therein. Hence when the space of 
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1 cubic foot is occupied by both air and water vapor the mixture will 
weigh less than an equal volume of dry air, as a certain portion of the 
dry air has been displaced by water vapor, and the total weight of 
this mixture will depend upon the amount of water vapor present.

b. To correct the density of the air volume for the amount of water 
vapor contained therein, the practice has been adopted of correcting 
the atmospheric pressure by subtracting from it %e, three-eighths of 
the vapor pressure.

c. The pressure of the water vapor contained in the atmosphere is 
the pressure wliich the water vapor would have sustained in a deter-
mined volume, supposing that it occupied all that volume alone. 
Such pressure is called tension of water vapor in air and is denoted by 
the letter “e.” According to the law, the pressure of dry air contained 
in that volume and made to occupy alone the whole volume would 
thus be P—e, where P is the atmospheric pressure, that is, the pressure 
to which the mixture is subjected. If the temperature of the moment 
be denoted by T, the weight of dry air contained in the volume is 
equal to

D= VX 1.327^-jr—

and the density of the water vapor contained in the same volume is

D'=VX1.327|,x|

or % density dry air would have at pressure lleP The density of the 
mixture is equal to the sum of the densities of dry air and water vapor, 
or

Da=D+D'
which may be expressed as follows:

Da=(1.327X^^)+(1.327Xyfe

/ P\ / / 5/^\=1.327 X .327 X-y )+( 1.327 X-^ 1

= 1.327P~^^

= 1.327X^r^

= 1.327 XP~y38--
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20. Relative humidity.—Relative humidity is the ratio of the 
actual existing condition of vapor pressure to the vapor pressure at 
saturation under the same conditions of pressure and temperature.

Relative humidity Vapor pressure (actual) 
Vapor pressure (saturated)

21. Correcting density constant for humidity.—a. If the aver-
age is taken, it is found that 60 percent relative humidity is the most 
frequent condition found. Therefore this figure will be adopted in 
the following approximation. By adopting this average humidity 
condition and correcting the density accordingly the maximum error 
will be small.

b. What will be the correction for the density constant of air when 
the temperature is 50° F., the barometer 29.92 inches, and the relative 
humidity 60 percent?

K' = 1.327

= 1.327

Po—0.38g
Po

29.92-0.38X0.216
29.92 

= 1.323.

c. It is desirable to take the effect of 60 percent relative humidity 
at a mean temperature of 50° F. so that actual errors resulting in the 
lift formula will not always accumulate in one direction.

(1) When the temperature is higher than 50° F. the resultant lift 
solution will be too great.

(2) When the temperature is lower than 50° F. the resultant solu-
tion is too small.

(3) When the relative humidity is greater than 60 percent the result 
is too large.

(4) When the relative humidity is less than 60 percent the result is 
too small.

d. When a practical degree of accuracy is desired apply the following 
rule:

(1) Use the dry formula for temperature below freezing (32° F.).
(2) Use corrected K' for temperatures from 32° to 50° F.
(3) Use actual humidity corrections for all higher temperatures.
e. It is desired to correct the idea that humidity is a negligible factor. 

The larger the airship the more important is the humidity factor. 
Unfortunately the effect of humidity is greatest when the total lift of 
the airship is the least.

29



TM 1-325
21-23 AIR CORPS

/• A very simple method of getting the relative humidity in flight is 
as follows: Read the dry-bulb temperature at the airship’s ventilated 
theimometer, then wet the bulb and keep it wet for a time by sprinkling 
and read the temperature after a couple of minutes. The second 
reading will serve as a wet-bulb reading for use in the tables.

Section  VI

PURITY AND SPECIFIC GRAVITY OF GAS

(Variables “F” and “$”)
Effect of gas purity upon lift_______________________
Application of purity factor________________________
Use of 1 —xS as lift factor________________________
Determination of gas density and specific gravity

Paragraph 
___ 22
---- 23

24
---- 25

22. Effect of gas purity upon lift.—a. The gases used to inflate 
lighter-than-air aircraft are seldom free from impurities. The pressure 
of these impurities increases the density of the inflating gas and 
decreases its lift.

b. Although the impurities may be composed of various substances 
such as dry air, water vapor, or carbon dioxide, for purposes of lift 
calculations all impurities may be considered to be dry air. The error 
so introduced is negligible and on the side of safety.

c. The ratio of the total volume of pure gas to the total volume of 
gas is called the gas purity and is denoted by the letter F. Since the 
volume of impurities is considered to be air, it exerts no lift but is 
self-supporting in air, merely acting to reduce the displacement of the 
pure gas. Thus a volume of gas, V, which has a purity of 95 percent 
is considered to contain a volume of pure gas equal to 95 percent V 
exerting the lift of pure gas and a volume equal to 5 percent V of air 
giving no lift at all.

23. Application of purity factor.—a. Take, for instance, 1,000 
cubic feet of impure hydrogen which is of 95 percent purity.

(1) Then F equals 0.95 and 1—F equals 0.05, and the mixture is 
0.95 by volume pure hydrogen and 0.05 by volume air.

VD0=VDgoY+VDao(l-Y)
VDg= (5.62X0.95) + (80.71 X0.05) 

= 5.34+4.03 = 9.37 pounds 
=weight of the impure gas.
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Under the above conditions the 1,000 cubic feet of impure gas will 
lift—

L=VDa—17^=80.7-9.4=71.3.

80.7 is the weight of 1,000 cubic feet of dry air.
(2) Pure hydrogen will lift an amount equal to the difference 

between the weight of air and of pure hydrogen.
For 1,000 cubic feet of the pure gas under standard conditions—

7=80.7 — 5.6=75.1 pounds
Lift of the impure gas_71.3_ _
Lift of the pure gas 75.1 ' —

The lift of pure hydrogen multiplied by the purity factor equals the 
lift of the impure gas.

75.1X^=7=75.1X0.95=71.3 pounds.

b. This suggests one method cf determining the purity factor Y by 
determining the density of the gas in question and determining the 
ratio of its lift to that of the pure gas, as follows:

Suppose the gas has been tested and found to have a density of 
0.0094 under standard conditions and it is desired to determine Y, 
then—

. Dao—D'g _0.0807 —0.0094_0.0713
runty-^_p^ 0.0807-0.0056 0.0751

c. Another and simpler method of determining the purity factor 
“Y” is accomplished by the use of the specific gravities of the impure 
and pure gas. Substituting the value of the specific gravity of gas 
in the above expression—

Purity

Y

Dao-D'g_Dao (1-S')
Dao—Dgo Dao (1-S) 
1-S'
1-S

where S' is the specific gravity of the impure gas and S that of pure gas.
24. Use of 1 —S as lift factor.—a. It was shown above that in 

order to determine the factor Y the specific gravity or density must 
first be determined; then by use of the given formulas, the purity. 
The process can be greatly simplified by eliminating the use of Y and 
substituting the value (1—S), which takes care of all the impurities 
and humidity of the gas.
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b. Substituting the value of Dg in the lift formula—

L=V (Da—Dg)
L=V (Da-DaS)
L=VDa (1—N)
l=VKy(l-S)

if the superheat and humidity factors be ignored.
25. Determination of gas density and specific gravity.—a. It 

has been determined by scientific experimentation that two equal 
volumes ofl two gases under the same pressure require time in proportion 
to the square roots oj their densities to flow through a capillary opening, 
or, the time required for a gas to flow through a capillary opening 
varies as the square root of the density.

b. This measurement is accomplished by the Schilling apparatus. 
If r and R represent the time required by equal volumes of hydrogen 
and air in flowing through the orifice, the statement of the law 
becomes—

R \Da
from which it is possible to compute the density of the gas. Squaring 
both sides of the equations—

r2 D specific gravity of the gas.

c. The density of the gas at 32° F. (0° C.) and 29.92 inches (760mm) 
is computed from the formula above.

2 2
Z>„=Z»„„X^=0.08072Xj 2-

Note .—In order to simplify computations it is convenient to have a table in 
which the lifting power is given in terms of r/7?. Such a table is furnished with 
the Schilling apparatus and will not be furnished in this manual as it would never 
be of service to the pilot in flight.

Section  VII
COMPLETE DEVELOPMENT OF LIFT FORMULAS

Paragraph
Simple lift formula_______________________________________________ 26
Lift formula with humidity correction_______________________________ 27
Lift formulas with corrections for superheat__________________________ 28
Three problems of determining lift__________________________________ 29

26. Simple lift formula.—As indicated in paragraph lie, all the 
variables entering into the solution of the lift formulas have been 
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treated separately under the headings of the variables, P, T, Y, S, D, 
and e, and will now be combined into development of the standard 
lift formulas.

a. The lift of any volume of buoyant gas contained within an 
envelope is equal to the difference between the weights of the displaced 
air and the weight of the buoyant gas, or—

Lift= V (D-DgY
b. Determination of lift therefore becomes a matter of determining 

densities of the atmospheric air and of the gas used. The densities 
of air or gas can be determined as follows:

TP PT) — T) ± °r _ a — J~7aOp p—

TP Pn _ T) r_.°< — p .‘'a — o0p y—

As previously explained, the value Dao T0IP0 is always the same 
and can therefore be combined into a constant for either air, hydro-
gen, or helium, as follows:

T 492K=Dao^=0.08072^=1.327

T 492and 00562 0.092-A Q zy.yz

T 492x Then Ca=Dgo^=0.01114^^=0.183.
■L 0 zy.yz

c. By substituting the specific gravity of the gas used for the den-
sity value the formulas can be simplified and the need for subtract-
ing the two densities can be eliminated, at the same time taking care 
of the impurities and the humidity of the gas.

L=V(D — DJ 
L=V(D—DaS) 
L=VDa(l-S)

Z=VKy(l-S).

Since airships are not always completely full of gas, the expression 
FV gives the gas volume. Substituting FV for V, the formula 
becomes—

Z=/VKy(l-S).
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This formula is accurate at all times when the air is dry and the air 
and gas temperatures are the same.

27. Lift formula with humidity correction (ZP-1).—Since the 
atmospheric density varied with humidity for moist air—

r,P-0.38eU a — rji

Hence the lift formula is changed by humidity as follows:

L=VKP~^e

Since $ is based on dry air, this formula contains a slight but negli-
gible error.

28. Lift formulas with corrections for superheat.—a. Super-
heat has two different effects on the lift, according to whether the air-
ship is flying partially or completely full of gas.

(1) Below pressure height, when the gas at atmospheric tempera-
ture becomes superheated its volume increases and its density de-
creases. The lift is still the difference between the weight of the air 
displaced and the weight of the gas. Hence

Z=PF(Da-D'J
where D'a is the gas density and F the percentage of fullness after 
expansion.

1 a -L g

Hence L=Fv(Da-DaS^\
X 1 g/

=FVD„(1-S^\
\ 1 gz

FVKP (Tg-TaS\ (LF_2 )
TaXTg

(2) Correcting this last statement for humidity gives the formula— 
T_ FVK (P—0-38e) (Tg—TaS)

This formula is very useful in rigid operation during flight because 
F can be determined by inspection of the cells.

b. When the airship reaches pressure height, expansion due to super-
heat cannot increase the volume, so gas must be valved to maintain 
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constant pressure. The remaining gas occupies the same volume but 
has reduced density. As before, the basic lift relation holds as does 
the derived formula—

T (P—0.38e) (Tff—Ta S)L=FVK --------- t t '-------- F being 100 percent.
-I a X -I g

In this case, however, the increase in lift caused by superheat is due 
solely to the decrease in Dg and not due to an increase in F, as is the 
case when below pressure height.

c. When below pressure height the gain in lift is exactly equal to 
the gain in the weight of the air displaced.

AT
a

Hence AL=AVDa
_FV&T K(P—0.38e)

rT 2 
± a

d. When the airship is full of gas the gain in lift equals the weight 
of gas valved; in other words, the difference between the total weight 
of gas in the airship before and after expansion.

AZ=U(P,-D',)
/ T \ / T\= V( SDa—Da )= VSDA 1 ~ or )
\ -Lg/ \ ±g/

P= VSKTXTJ-
-L a J- g

e. Combining the lift formula without superheat with the formula 
for the gain in lift due to superheat below P. H. results in the follow-
ing formida for the lift with superheat:

L'=FVK^^^ (l-Sj+FVK (P~°-882e)APg-

Note .—In this formula F is the percentage of fullness without superheat.

/. If a certain amount of superheat, Tg, exists, and a further change
in the superheat, Tg, is encountered the new lift is given by the 
formula—

L'^FVK ^P~°-38g^-^~PaS) FFV K (P~y38e)- (ZF-3.)

35



TM 1-325
28-29 AIR CORPS

g. A close approximation of the lift after superheat can be made by 
assuming the lift to vary directly as the volume before and after 
expansion. Then

T L'=L 4/-
-L a

29. Three problems of determining lift.—There are in reality 
three different types of lift problems as shown in the preceding devel-
opment of the lift formulas.

a. Problem No. 1 (LF-P).—To determine the lift of an airship 
when the air and gas temperatures are the same (or without superheat). 
A nonrigid airship of 250,000 cubic feet capacity is filled with helium 
gas having a specific gravity of 0.213. The atmospheric temperature 
is 60° F., and the barometric pressure is 30 inches of mercury.

(1) What is the lift of the airship full of gas?
Solution:

r_250,000X1.327X30 n O1Q.
L 460+60 °'213)

= 15,060 pounds.
(2) What will be the lift when the relative humidity is 75 percent? 
Solution.—From Table No. I, the value 0.38g at saturation is 0.19. 
With 75 percent relative humidity, 0.38e=0.75X0.19=0.142—

y ,250,000X1.327 (30-0.142) _n
520 U.2IJJ

= 15,000 pounds.

b. Problem No. 2 (LF-2").—What will be the lift of the airship given 
in Problem No. 1 (a (2) above) if the superheat value (ATff) is 20° F.?

Solution:
r ,250,000= 1.327 (30-0.142) (540-520X0.213 jL--------------------------------------------------- ------- -520X540
= 15,160 pounds.

c. Problem No. 3 (ZF-3).—The same airship of 250,000 cubic feet 
capacity leaves the surface in equilibrium, without superheat, and 90 
percent full of gas with a specific gravity of 0.213. After flying for 
a short time, the superheat value reaches 20° F.

(1) What is the lift at the time of leaving the surface?
Solution.—As the airship is now only 90 percent full at surface and 

has no superheat—
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T 0.90X250,000X1.327 (30-0.142)
L —--------------------------------52Q-------------------- (1 — 0.213) = 13,500 pounds.

(2) What is the increase in lift after the superheating takes place 
and what is the total new lift?

Solution.—No gas is lost in flight due to superheating or ascent.

AZ=A V Da=FV^K^P~^38e^ 
-*■ a a

/-_0.90X250,000X20X1.327X29.86
- 520X520

= 660 pounds
L'=L-\- AL

= 13,500 + 660=14,160 pounds.
Problem No. 3 (2) is capable of solution by LF-2.
After expansion

F=0.90X^ ^^^=0.935
-Z d o2l)

T ,0.935X250,000X1.327X29.86 (540-520X0.213) 
520X540

= 14,160 pounds.

Section  VIII

SUPERPRESSURE OR INTERNAL GAS PRESSURE
Paragraph

Effect of interor gas pressure upon lift_____________________________ 30
Correction of lift formula to include effects of superpressure___\_________ 31

30. Effect of interior gas pressure upon lift.—a. In the pre-
ceding sections in considering the pressure sustained by gaseous 
volumes and the effect upon the density of the lifting gas caused by 
changes in pressure, no account has been taken of the additional 
internal pressure sustained by the gas in nonrigid airships. Just 
as the internal heat of the gas over the outer air was termed super-
heat, this internal excess of pressure will be called superpressure of 
the gas.

b. The superpressure is the pressure as shown on the manometer 
and is additional pressure over any existing atmospheric pressure. 
As the manometric reading is in inches or millimeters of water and 
the barometric reading is in inches or millimeters of mercury, the 
pressure indicated by the manometer is very small in comparison to 
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the atmospheric pressure. For instance, the maximum mano-
metric pressure of airships in flight is 1.5 inches of water. A mercury 
column of 29.92 inches is equal in weight to a water column of 34 feet, 
or 408 inches. Hence the interior superpressure in comparison with 
the total atmospheric pressure of 29.92 inches is

1 5"40877 = 0.0037

which shows that the density of the gas is changed only 0.0037, or 
approximately one-third of 1 percent by the total supercompression 
under the above conditions. But actually the internal gas pressure 
will be greater than that recorded on the manometer due to the 
error in its reading caused by the manometer being located below the 
gas container. On account of the difference between the density of 
the gas column above the manometer and the density of the surround-
ing air, the superpressure varies from its lowest value at the manometer 
to its highest at the top of the envelope. Where the manometer is 
100 feet below the highest point of the envelope this increase in super-
pressure amounts to 1.4 inches of water pressure.

c. Suppose an airship ascends to an altitude where the atmospheric 
pressure is reduced to 15 inches of mercury, then the superpressure of 
1.5 inches of water will affect the density as

1 5777=0.0073

or approximately seven-tenths of 1 percent. This shows that the 
small change in lift due to the internal manometric pressure is negli-
gible, except where extreme accuracy is desired. This change in 
density can always be determined by the ratio of the superpressure to 
the atmospheric pressure.

AP Percentage change in gas density=-p-

where AP is the superpressure.
31. Correction of lift formula to include effects of super-

pressure.—The following formulas are given more as a matter of 
interest than of practical value, but will enable the determination of 
the effect upon lift when extreme accuracy may be desired.

t_FVKP, when there is no differential pressure
P ? between the air and gas.
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_ZL-- rji -{y-s y ) with superpressure
__FVKP( QP'\

T \ P /
_FVK (P-P'S)

T
_FVK[(P—0.38e)— P'/S] including the humidity 

T correction.

Section  IX

ATMOSPHERIC VERTICAL TEMPERATURE AND PRES-
SURE GRADIENT AND DETERMINATION OF ATMOS-
PHERIC DENSITY AT ANY ALTITUDE

Paragraph
Atmospheric vertical temperature gradient----------------------------------------- 32
Homogeneous height_____________________________________________  33
Accurate altitude-pressure relations-------------------------------------------------- 34

32. Atmospheric vertical temperature gradient.—The tem-
perature of the atmosphere is not the same at different altitudes. 
Instead of remaining constant, its decrease is almost constant with 
increase of altitude.

a. The gases composing the atmosphere have very small absorbing 
power. Although very pervious to heat they retain very little. They 
do not heat by radiation but by conductivity. Thus the lower strata 
of the atmosphere by contact with the ground assumes the average 
surface temperature. The following layers by contact with the latter 
and by circulation are also heated to a lesser degree, which creates a 
constant temperature decrease. But the phenomenon is not always 
regular due to differences of temperature at different points on the 
earth’s surface and consequent circulation and mixing of the atmos-
phere. To this must be added disturbances caused by clouds which 
absorb the heat rays and heat the masses of air by contact. Heat 
from the rays of the sun is only collected when intercepted. If the 
rays meet an obstruction they are arrested in their travel and heat 
collects on the intercepting object. The earth’s surface and clouds 
floating in the air obstruct the rays and readily collect heat.

b. It has been found by experiment that for every 300 feet increase 
in altitude the temperature decreases 1° F. Actually the temperature 
gradient does not hold true under all conditions near the earth’s sur-
face, but is reasonably accurate above the first 2,000 feet of altitude, 
and the rate of decrease remains almost constant until the stratosphere 
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is reached, which is between 30,000 and 40,000 feet, after which the 
temperature remains almost constant in ascending.

33. Homogeneous height.—The atmospheric density decreases 
with altitude due to the constantly decreasing head of atmospheric 
pressure. If the total mass of air in the atmosphere had a uniform 
density equal to the density at the surface, the height to which this 
atmosphere would extend would be materially reduced. This height 
is called the homogeneous height.

a. Dividing the standard atmospheric pressure per square foot by 
the standard air density gives—

tt _ 14.75X122_26,300 feet, the homogeneous height 
0.0807 under standard conditions.

b. In such atmosphere the pressure drop between any altitude h 
and the surface is to the surface pressure as the height h is to the 
total homogeneous height, thus:

h P—P'
26 300=—P~’ w^ierc is Pressure at altitude h.

However, this formula is not sufficiently accurate for altitude-
pressure computations.

34. Accurate altitude-pressure relations.—a. It has been de-
termined by Halley that the actual decrease in pressure with increasing 
altitude is a logarithmic law. He gives the following formula:

A=26,300 Loge^«

To change to the system of common Logs—

A=26,300 ( Loge ^°X---- t -A-t ----
\ b P modulus Log10/

= 26,300 ^Log10 p?X2.30259^

= (26,300X2.30259) Log10^

= 60,600 Logiop?-

With an increase in barometric pressure at the earth’s surface there 
will be no increase in the homogeneous height as originally obtained 
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for the reason that as the pressure increases the atmospheric density 
increases directly in proportion. This fact enables use of any given 
surface pressure P instead of the original standard condition of pressure 
Po without a correction to the value 60,600. Hence, Halley’s formula 
assumes the form:

p 
h=60,600 Logp7«

b. At 60,600 the value P)P' becomes equal to 10 and its logarithm 
is equal to 1. Therefore, the height where the pressure becomes 
Xo surface pressure is equal to 60,600 feet, and is called height at Xo.

c. The above formula makes no allowance for variations in atmos-
pheric temperature or humidity. The complete formulas are as 
follows:

7=60,600 [1 + 0.00203 (7,-32)] (1+0.38 p) Log pz

Log P'=Log P---------------------------—---------
60,600 [1+0.00203 (U-32)]

where tm is the mean temperature between the surface and the altitude 
h, tm is given by the relation

_ surface temperature+temperature at h feet 
2 *

The columns headed P of Table II were computed using these 
formulas.

Example.—Calculate the barometric pressure at 3,000 feet, where 
the ground pressure is 30.50 inches of mercury, the temperature 80° F. 
and the relative humidity 75 percent.

Solution.—If the relative humidity were 100 percent the air would 
be saturated with water vapor at 80° F. and this temperature would be 
the dew point. Since it actually is only 75 percent saturated, the pres-
sure of water vapor in the air is 75 percent of the saturation pressure. 
From Table I it is found that at 80° F. is 0.38 inch of mercury, and 
the actual vapor pressure of water present in the air is

0.38X0.75=0.285"
„ %e_0.285Hence p 30 5Q

^-32=^^-32 = 75-32=43° F.
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The formula for determining the value of P' becomes—

t o- P'-T o P_______________3,000________________
g D0g7 60,600 (1 + 0.00203X43) (1 + 0.285/30.5)

= 1.439080
P' = 27.48".

Section  X

PRESSURE HEIGHT (P. 77.) AND PERCENTAGE OF FULL-
NESS (P)

Paragraph
Definition of pressure height_____________________________________ 35
Determination of percentage of fullness, “F”________________________ 36
Determination of pressure height, “P. H.”__________________________ 37

35. Definition of pressure height.—The term “pressure height” 
originated in the operation of rigid airships and is the height at which 
the cells become full of gas or under pressure and is determined by the 
percentage of fullness (P) upon leaving the ground and by atmos-
pheric conditions. The “pressure height” of a nonrigid or semirigid 
airship is the height at which the ballonets become completely emptied 
of air and the envelope completely filled with gas, which is also de-
termined by the percentage of gas fullness at the surface and atmos-
pheric conditions.

36. Determination of percentage of fullness, “F”.—a. In rigid 
airships where the cells can be seen at all times from the keel it is 
possible, through practice, to estimate very closely the percentage of 
fullness of each individual gas compartment by studying the con-
formity and shape of the bottom portion of the cells. It is possible 
to obtain accurately the percentage of fullness by going to pressure 
height and obtaining the condition of pressure and temperature at 
that altitude. It is then easy to get the percentage of fullness for any 
other condition, or air density, by simple comparison with the de-
termined conditions where the cells were full.

b. In nonrigid airships it is possible to determine approximately the 
gas content by weighing off. It is also possible to determine the 
factor “F” by flying the airship to pressure height and determining 
the air density at the altitude reached and comparing it with that at 
the surface. This will be more fully explained in the succeeding 
paragraphs.

c. In the operation of helium-inflated airships it is customary to 
take off with such a value of F as will enable the airship to climb to 
anticipated altitudes without valving gas unless this value of F is too 
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low to lift the required load. The F adequate to lift necessary loading 
is determined by use of the lift formulas.

37. Determination, of pressure height, “P. H.”—a. If the factor 
“F” is known and the density of the air at the point of starting is 
known, it is possible to determine the altitude at which the airship 
will be full of gas (P. Hi) by determining the altitude at which the 
airship will reach atmosphere which is of such density as will permit 
the volume to expand to the total gas capacity of the airship; that is, 
where F will become 100 percent.

b. The volume of gas in the airship in accordance with the isothermal
T . .expansion formula varies directly as , which in turn varies inversely

as Da. V' F D'Hence —= =—— where V and F are the gas volume and 
V 100 Da

percentage of fullness at the surface and D'a the air density at P. II. 
Accordingly D'a=FDa, or the density at P. H. equals the surface 
density multiplied by the percentage of fullness at the surface. Know-
ing D'a, the altitude of P. H. may be taken from Table II, as illus-
trated in the following example.

Example.—Given a rigid airship leaving the ground with known 
volume of 75 percent fullness when the condition on the surface 
happens to be standard. It is desired to determine what height the 
airship can reach without loss of gas.

V' _ 75 _Volume at surface, 
V 100 Volume at P. II.

An airship leaving the ground 75 percent full will be full at an alti-
tude where the air density is 75 percent of that at the surface, or 

Da surface XF= D'a at P. H.
D'a at P. H. = 0.0807X0.75 = 0.0605=9,000 feet (approximate).

Secti on  XI

MAXIMUM ALTITUDE AND STATIC EFFICIENCY
Paragraph

Definition of certain expressions used in altitude problems------------------- 38
Methods of determining static efficiency of airships---------------------------- 39
Factors limiting maximum altitude of airships---------------------------------- 40
Ballonet ceiling problems________________________________________ 41
Ballast ceiling problems_________________________________________ 42

38. Definition of certain expressions used in altitude prob-
lems.—There are certain terms used in altitude and static efficiency 
problems that should be defined more fully to enable a complete 
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understanding of the succeeding problems. These are defined as 
follows:

a. The absolute weight is the total weight of the airship and its com-
plete load; or the absolute weight equals the gross lift or buoyancy 
when the airship is in equilibrium plus the weight of the inflating gas.

b. The dead weight is the fixed weight of the complete airship with 
her fixed armament without gas, crew, ballast, fuel, oil, supplies, or 
bombs. In other words, the dead weight is that part of the absolute 
weight which is fixed and invariable.

Note .—The oil in the crank case of engines and water in the radiators should 
be considered as part of the fixed or dead weight of the airship.

c. The load of the airship is equal to the gross lift and includes the 
useful load and the dead weight.

d. The useful load is that part of the load which is not a fixed part 
of the airship but which is carried for useful purposes. The useful 
load includes crew, ballast, fuel, oil, and all supplies.

e. The disposable load is that part of the absolute weight which can 
be disposed of as ballast in case of emergency and usually includes all 
ballast, bombs, and a part of the fuel, oil, and supplies.

f. The indisposable load is that part of the absolute weight which is 
indisposable, and which includes the dead weight of the airship, the 
crew, a small reserve of fuel, and any part of the supplies which may 
be too valuable to dispose of as ballast in case of emergency.

g. The gross lift is the total lift of the gas in the airship, or 
FV (Da-Dgfi
' h. The ballonet ceiling is the maximum altitude to which a pressure 

airship may ascend and return to the surface under pressure.
i. The ballast ceiling is the maximum altitude to which an airship 

may ascend and return to the surface in equilibrium.
39. Methods of determining static efficiency of airships.— 

There are two methods that have been used in the past for determin-
ing static efficiency of an airship, which is very confusing as each 
method gives a different result. To be able to determine the per-
formance to be expected from a certain airship with stated static 
efficiency, it is necessary first to determine which method has been 
used. A description of both methods follows:

a. The first method is the method in which the static efficiency is 
taken as a percentage of the gross lift when the airship is full of gas 
and is the ratio of the useful load to the gross lift of the gas.
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U= static efficiency=ratio of useful to gross lift 
_gross lift—fixed weights 

gross lift
— 1 fixed weights 

gross lift
Problem No. 1.—After completing a rigid airship of 5,000,000 cubic 

feet and totaling the weight statements, it is found that the complete 
airship weighs 135,000 pounds. It is desired to determine her static 
efficiency when filled with—

(1) Helium lifting 60 pounds per 1,000 cubic feet.
Solution:

^ 300,000-135,000_ 165,000
300,000 300,000

=0.55=55 percent static efficiency.
(2) Hydrogen lifting 68 pounds per 1,000 cubic feet.
Solution:

^340,000-135,000_205,000
340,000 340,000

=0.60=60 percent static efficiency.
Note .-—Large airships are usually designed for operation with one of the two 

gases, hydrogen or helium, but seldom for both.

b. The second method is the method in which the static efficiency of 
the airship is considered a percentage of the weight of the air dis-
placed and is the ratio of the useful load to the weight of the air dis-
placed when the airship is full of gas.

U'—static efficiency
_ useful load with full ship 

weight of air displaced
_ ____________ useful load____________  

useful load+fixed weight+weight of gas
__ 1 fixed weight+weight of gas 

weight of air displaced

Problem No. 2.—Take the same problem as given in a above, in 
which the 5,000,000-cubic-foot airship has a dead fixed weight of 
135,000 pounds. It is desired to determine the static efficiency 
when—

(1) Da is 0.07800 and Dg is 0.018 (helium).
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Solution.—With helium—
TJ/ /dead weight + VDg\
U -1-V VDa J

/135,000 + 90,000\ /225,000\
-1 \ 390,000 / 1 \390,000/
= 0.423 = 42 percent static efficiency.

(2) Da is 0.07800 and Dg is 0.010 (hydrogen). 
Solution.—With hydrogen—

TT, /dead weight + VDA
u -1 \ VDfi~ J

/135,000+50,000\ /185,000\
— 1 \ 390,000 / 1 \390,000/
= 0.526 = 53 percent static efficiency.

Not e .—In the remainder of this manual the first method of determining static 
efficiency will be used.

40. Factors limiting maximum altitude of airships.—a. The 
maximum altitude that a rigid airship can reach under any given 
atmospheric conditions and still return safely to the surface is deter-
mined by one factor only, the disposable load, which is always limited 
by the static efficiency of the airship.

b. The maximum altitude that a nonrigid or semirigid airship can 
reach and return safely to earth under pressure and in equilibrium is 
limited by two factors—the ballonet capacity and the disposable 
weight. The former is seldom designed to allow a higher ballonet 
ceiling than the maximum altitude that the disposable weight will 
allow, as it would not be economical to have a larger ballonet than 
could be used.

c. If a pressure airship ascends higher than the limit prescribed by 
the ballonet capacity it does so by valving gas. Thjs gas can not be 
recalled to maintain pressure and compensate for the contraction 
consequent to descent. Hence, when the airship has descended a 
distance approximately equal to its ballonet ceiling it will be unable 
to descend further without loss of pressure. This is attended by loss 
of shape, loss of control, and the necessity for free ballooning the 
airship to a landing, which is a dangerous maneuver.

d. To obviate the possibility of the pilot exceeding the ballonet 
ceiling airships can be designed so that the ballonet capacity is suffi-
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cient to take care of the highest altitude the airship could reach both 
statically and dynamically. This is unusual, but many airships do 
include rip panels which allow air to be pumped into the gas cells 
should necessity require.

e. To insure a margin of safety in landing, the pilot should allow 
1,000 feet in altitude. For instance, if the maximum altitude is 
10,000 feet the airship should not ascend above 9,000 feet.

/. As an airship descends from ballonet ceiling to the surface the 
volume of gas varies inversely as the air density. Hence the volume 
relations at the two altitudes are given by the equation

V'_Da 
V D'a

where D'a is the air density at ballonet ceiling and V the volume at 
that altitude. However, the gas volume at the surface is limited by 
the ballonet capacity. Hence

V=V'(1-B) where B is the ballonet ratio.
Then

Z>'a=Z>a(l-B).
Knowing D'a, the altitude of ballonet ceiling may be taken from 

Table II by interpolation.
g. When an airship which is full of gas at the surface takes off in 

equilibrium its lift is given by the equation (neglecting superheat 
and humility)—

z=vz>0(i-S).
At any altitude above the surface the lift is given by the equation 

Z'=VZ>'a(l-S).

Hence L' = L~’- (See fig. 4.)
L'a

(1) Where b is the disposable load and L' the lift at ballast ceiling
L'=L—b

-jr=percentage of disposal load

D'~Da from above. Hence substituting the value at L':

D'a=(l-j}Da
\ Z/

=Da(l —percentage of disposable load).
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Ballast ceiling may be found from this formula, using Table II.
(2) When the airship is not full of gas at the take-off, Da in the 

above formula is the air density at P. H., as the lift is invariable below 
P.H.

h. As shown in figure 4, the airship leaves the surface 100 percent 
full. Hence the airship is at P. H. all the way up to 9,000 feet, the 
ballonet ceiling, since B is 25 percent. During this time the lift, 
varying directly as Da, decreases to 75 percent. The curve of the 
lift is shown as a straight line, since the air density curve is approxi-
mately a straight line up to 9,000 feet. On the descent the volume, 
varying inversely as Da, decreases to 75 percent, whereas the lift 
remains constant because the gas is free to contract.

i. As shown in figure 5, the airship is always below P. H., so the 
lift is unchanged throughout, while the volume varies between (1-B) 
percent and 100 percent.

j. Figure 6 illustrates the various conditions of an airship rising from 
the surface 85 percent full with 24 percent ballast. At 5,000 feet 
due to 15 percent decrease in Da, the ship reaches P. H. Here she 
drops her bombs and due to her rapid rise assisted by her motors 
she does not stop at ballast ceiling but continues to 20,000 feet, from 
which altitude she cannot land in equilibrium.

41. Ballonet ceiling problems.—a. Problem No. 1.—An airship 
is designed with a ballonet ratio (B) of 25 percent. The barometric 
pressure is 30.5 inches and the surface temperature is 50° F.

What is the ballonet ceiling?
Solution:

Df a=DaQ.—B')
= 0.07920(1 — 0.25) = 0.07920X0.75
= 0.05940.

Interpolating from Table II, the altitude corresponding to 0.05940 
is found to be—

t o nnn r + i Z+06000-0.05940V nnn t h 9,000 feet + (^0.06000 —0.05802J1’000 feet

=9,000 + 303
= 9,303 feet=ballonet ceiling.

b. Problem No. 2.—An airship is to be designed with a ballonet 
ceiling of 15,000 feet when the surface temperature is 60° F. and the 
pressure 30 inches.
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(1) What will the ballonet ratio be?
Solution:

D'a=Da(l-B)
Da-D'a

P Da
_0.07625-0.04808

0.07625
=0.369 = 36.9 percent.

(2) What will the ballonet volume be if the airship is to have a 
gas capacity of 250,000 cubic feet?

Solution:
v=ballonet volume
= 250,000X0.369
= 92,250.0 cubic feet=ballonet capacity.

42. Ballast ceiling problems.—a. Problem No. 1.—A nonrigid 
airship of 100,000 cubic feet capacity is completely filled with hydrogen 
having a specific gravity of 0.1 when the barometric pressure is 30 
inches, the temperature 50° F., and the relative humidity 60 percent, 
as in tables. The available ballast is 2,000 pounds; the ballonet 
ratio 0.333.

What is the maximum altitude?
Solution:

L=VK^(S-S)

29 92= 100,000X1.327 (1-0.1)O -LU 
= 7,010 pounds.

The lift at ballast ceiling will be 7,010—2,000=5,010 pounds, then

Ua V(f-S)
5,010 _ _ p.rr,-7p.

= 100,000X0.9“
By interpolating from Table II, the ceiling is found to be

i aaq  , /0-05727—0.05570x/ \A-10,000+^0 05727_0 05545Xl,000^
= 10.863 feet=ballast ceiling.

b. Problem No. 2.—A rigid airship of 5,000,000 cubic feet capacity 
has a disposable load of 100,000 pounds when fully inflated with 
helium gas of 0.2 specific gravity. The surface temperature is 60° F., 
barometric pressure 30 inches, and average relative humidity 60 
percent.
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What is the ballast ceiling? 
Solution:

on on
L=5,000,000X1.327 (1-0.2)

=305,000 pounds
£' = 305,000-100,000=205,000
L'__D'a
L Da

D'a=0.07625X
=0.05125

205,000
305,000

Interpolating from. Table II, the altitude of D'a is found to be

A—12 000 I /0 05295-0.05125 \' 12,000+^0 05295_0,05120X1’000/
= 12,971 feet=ballast ceiling.

Section  XII

ADIABATIC INFLUENCES UPON EQUILIBRIUM OF AIR-
SHIPS AND BALLOONS

Paragraph
Adiabatic expansion and compression of gases_________________________ 43
Adiabatic vertical atmospheric temperature gradient___________________ 44
Equilibrium of atmosphere________________________________________  45
Effect of conditions of atmospheric vertical temperature gradient upon static 

equilibrium of airships and balloons______________________________ 46
Ballonet ceiling adiabatic__________________________________________ 47

43. Adiabatic expansion and compression of gases.—a. Adi-
abatic expansion of compression takes place when air or other gases 
are expanded or compressed without a transfer of heat energy to or 
from them.

b. The law that the volume of gas varies inversely as the pressure 
maintained assumes that the temperature is kept constant, otherwise 
temperature change must be considered. For instance, if the pressure 
is halved the volume will be doubled, provided sufficient heat energy 
is supplied to the expanding mass to keep the temperature constant. 
But according to the definition of adiabatic expansion no heat energy 
can be added to or lost from the expanding mass of gas. This prevents 
the gas temperature from remaining constant and prevents the volume 
expanding to the full amount which it would reach under constant 
temperature.

(1) For instance, for a pressure reduction of one-half, by the iso-
thermal law-
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P_U' Original pressure. Final volume ,2
P' y or pjnai pressure Original volume 1

(2) Under the restrictions imposed upon adiabatic expansion—
p /y'y.4i

P7 \U/

(3) In general, gases under adiabatic expansion or compression fol-
low the equation—

PVC= constant

where c=CP!Cv, the ratio of the specific heat of the gas at constant 
pressure to its specific heat at constant volume. These ratios have 
been determined as follows:

1.41 = Cp! Cv for air 
1A1==CP/CV for hydrogen 
1.66=CP/CV for helium

c. The following formulas give the exponents for all adiabatic varia-
tions in P, T, and V for air, which are sufficiently correct for other 
gases as the true adiabatic condition cannot be realized in airships 
and balloons.

/y y -4i p'=p(v)

/p \ 0 .71
V'=V\^')

/v \0-41 
t  
p'=p\jr)

/ rp \2-44
v'=v\r)

/ p/\0.29

where P=initial pressure in inches of mercury.
V= initial volume in cubic feet.
T= initial absolute temperature in degrees F.

P'—Pressure in inches of mercury after compression or expan-
sion.

V'=Volume in cubic feet after compression or expansion.
7"=Absolute temperature in degrees F. after compression or 

expansion.
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d. If P is 30 inches and T is 500° at the surface, at 1,000 feet P' 
will be 29 inches and T' 496.6°, approximately.

(1) If then 1,000 cubic feet of air rises isothermally—

V —------ 29 X500---- = l>027.5 cubic feet

(2) If T' had remained at 500°—

T7, 30X1,000 , n_. , . ,V —---- 2g----= 1,034 cubic feet

(3) If the air had risen adiabatically—

V'=1,024 cubic feet
(4) The loss in volume between the isothermal and adiabatic expan-

sions is due to the temperature relation between the normal gradient 
and the adiabatic gradient, since the pressure change is the same in 
both cases. Hence, the temperature after adiabatic expansion 
equals or 495°, a decrease of 5° in 1,000 feet.

44. Adiabatic vertical atmospheric temperature gradient.—■
a. Variations of the inner gas temperature are produced by the 

ascending or descending motions of an airship or balloon in partial 
accordance with adiabatic laws. Were it not for conduction through 
the envelope, the expansion would follow the adiabatic laws exactly. 
When an airship or balloon ascends and the gas is free to expand within 
the container without a loss or gain in heat energy, the decrease of 
gas temperature is approximately 1° F. per 200 feet of ascent, but 
the outer or atmospheric temperature decrease averages about 1° F. 
per 300 feet of ascent. The inverse effect is of course experienced in 
descending. A condition of adiabatic superheating thus arises which 
is negative in ascending and positive in descending and has a marked 
effect on the conditions of equilibrium after a rapid ascent or descent.

b. While the changes of the inner gas temperature closely follow 
the adiabatic rate where rapid ascents and descents are made, there 
are three conditions of the vertical atmospheric temperature gradient 
to be considered, stable, unstable, and neutral. These are discussed 
in detail in paragraph 45.

45. Equilibrium of atmosphere.—a. Neutral.—The atmosphere 
is said to be in neutral equilibrium when the vertical temperature 
gradient is the same as that of the adiabatic rate of temperature 
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change. So long as this condition exists the temperature of a mass of 
air rising dynamically would always be the same as the temperature of 
the suiTounding atmosphere, provided it be initially the same at the 
plane of starting, and consequently there would be no tendency to 
either increase or decrease the initial velocity.

b. Stable.—(1) The atmosphere is in stable equilibrium when its 
vertical temperature gradient is less than that of the adiabatic, that 
is, the rate of temperature decrease with altitude is less than the adi-
abatic rate. When this condition exists a mass of air, rising dynam-
ically, is cooled at the adiabatic rate, which, being greater than the 
existing vertical temperature gradient, causes the rising column of air 
to cool at a greater rate than the surrounding atmosphere. Due to 
the greater density of the colder rising mass of air than that of the 
warmer surrounding air, there is set up an increasing downward 
force, which, as soon as the initial dynamic force is overcome, will 
cause the rising mass of cooler air to descend and heat at the adiabatic 
rate until its temperature and density become the same as that of the 
surrounding air.

(2) At night the earth radiates its heat to space and cools the air 
near the earth by conduction. This produces a temperature inversion 
and consequently a condition of very stable equilibrium. At night, 
also, there is little unequal heating of the earth’s surface such as is 
experienced during the sunlight hours. Hence there are few convec- 
tional currents and these are rapidly halted by the extreme stability 
of the atmosphere. These facts explain the so-called nocturnal 
stability.

c. Unstable.—The air is in unstable equilibrium when the vertical 
temperature gradient is greater than that of the adiabatic, that is, 
when the rate of decrease in temperature with increase in altitude is 
greater than the adiabatic rate. Though this condition seldom exists, 
it is possible under extreme conditions of excessive heating near the 
surface of the earth. A mass of air rising dynamically and cooling at 
the adiabatic rate would always have a higher temperature than the 
surrounding atmosphere. The rising air due to its greater temperature 
and lesser density would continue to rise of its own accord after the 
initial dynamic force had ceased to exist and as long as the unstable 
condition existed.

46. Effect of conditions of atmospheric vertical temperature 
gradient upon static equilibrium of airships and balloons.— 
Eliminating from the present discussion the sometimes enormous 
effect of superheating of the gas from the sun’s rays, the following 
conclusions are established.
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a. Neutral.—When the vertical temperature gradient is the same as 
the adiabatic the temperature of the gas in an airship or balloon re-
mains the same as that of the surrounding air. Therefore during an 
ascent the lift remains constant below P. H. An airship or balloon 
starting statically light and not under power would rise to P. H. 
with constant lift and due to its momentum would continue until it 
had exceeded its altitude of equilibrium sufficiently to overcome the 
momentum. At this point it would be heavy and would return to the 
surface with constant heaviness.

b. Stable.—When the vertical temperature gradient is less than the 
adiabatic the gas in the ascending envelope is subjected to negative 
superheat, which causes a temporary reduction in lift. Therefore the 
airship or balloon in rising statically strikes a point below its altitude 
of equilibrium at which its momentum is arrested by a temporary 
heaviness. It starts to descend, but almost immediately due to 
conduction its negative superheat is partially lost and it rises again, 
gradually oscillating into its altitude of equilibrium.

c. Unstable.—When the vertical temperature gradient is greater 
than the adiabatic the gas in the ascending envelope is subjected to 
positive superheat with resultant increased lift. Hence the rising 
airship will overshoot its altitude of momentum even more than in the 
case of neutral equilibrium.

47. Ballonet ceiling adiabatic.—Example.—Compute the bal-
lonet ceiling (adiabatic) of an airship whose ballonet capacity is 
31.35 percent of the total capacity on a day when the ground pressure 
is 30 inches of mercury and the ground temperature is 50° F.

Let V= volume of gas in airship on ground. 
P=pressure on ground.

V and P'=the volume and pressure at the ceiling. 
Then y'=100 per cent.

V= 100—31.35 or 68.65 per cent.

30 inches 
“ZibbToov-4

k 68.65/ 
__30 inches 
~(L457)1J 
_30 inches 
~ 1.693 
= 17.72 inches.
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Ballonet ceiling (adiabatic) = 13,740 feet. (See Table II.)
a. In this case the isothermal ballonet ceiling is 12,180 feet, or about 

1,500 feet lower than the adiabatic ceiling. Just how much of the 
excess could be used and the airship returned to the surface under 
pressure is a mooted question, but experiments with superheat indicate 
that one-third would be available if the ascent were rapid. However, 
the airship should not remain at altitudes above the isothermal ceiling 
because air and gas temperatures quickly equalize.

b. The reverse effect obtains in a rapid dive, the gas being expanded 
by adiabatic superheat, assisting the pilot to land an airship which has 
overshot its ballonet ceiling or is statically heavy.

Secti on  XIII

RULES FOR SHORT-CUT METHODS OF COMPUTATION
Paragraph

Rules used in short-cut methods of calculation and for approximations in aero-
static problems___________________________________________ 48

48. Rules used in short-cut methods of calculation and for 
approximations in aerostatic problems.

a. Rule No. 1.—Lift of an airship varies as the volume if all other 
conditions affecting lift remain constant.

b. Rule No. 2.—Lift of a given volume of gas increases if barometric 
pressure increases and lift decreases if pressure decreases.

c. Rule No. 3.—Lift of a given volume of gas will decrease if atmos-
pheric temperature increases and will increase if temperature is 
decreased.

d. Rule No. J.—The higher the atmospheric humidity the less the 
lift.

e. Rule No. 5.—There is no change in equilibrium due to a change in 
barometric pressure when the gas is free to expand.

/. Rule No. 6.—Where air and gas temperature change an equal 
amount there is no change in equilibrium if the gas is free to expand.

g. Rule No. 7.—An airship in equilibrium at any altitude will be in 
equilibrium at the surface, providing no weight is lost or gained and 
the superheat value is not changed in descending.

h. Rule No. 8.—An airship rising from the surface in equilibrium 
will be in equilibrium at any altitude below pressure height if no weight 
is lost or gained and the superheat value does not change.

i. Rule No. 9 — Barometric pressure will decrease approximately 1 
inch for every 1,000 feet of ascent in the lower atmosphere.
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j. Rule No. 10.—Atmospheric temperature will decrease approxi-
mately 1° F. for every 300 feet ascent, or 3%° for every 1,000 feet 
ascent.

k. Rule No. 11.—Gas volume is changed 1 percent for every 5° F. 
change in gas temperature.

I. Rule No. 12.—Gas density is changed 1 percent for every 5° F. 
change in gas temperature.

m. Rule No. 13.—One percent change in gas density or specific 
gravity for hydrogen changes the lift one-tenth percent when at 
pressure height.

n. Rule No. 1^.—One percent change in gas density or specific 
gravity for helium changes the lift two-tenths percent when at pressure 
height.

o. Rule No. 15.—At pressure height the lift will change only 1 per-
cent for 20° F. superheat with helium and 1 percent for 45° F. super-
heat with hydrogen. This shows the danger in going from maximum 
daytime superheat conditions to zero superheat value at night if not 
properly understood and counteracted.

p. Rule No. 16.—Lift is changed 1 percent for every 5° F. change in 
superheat in flight if the gas is free to expand.

q. Rule No. 17.—(1) 5° F. superheat will lower the pressure height 
360 feet at altitudes below 7,000 feet.

(2) 5° F. superheat will lower the pressure height 400 feet at 
altitudes above 7,000 feet.

r. Rule No. 18.—In ascending under average atmospheric conditions 
the volume will increase 1 percent for every 360 feet of ascent in rising 
to 7,000 feet and increase 1 percent for every 400 feet above 7,000 feet.

s. Rule No. 19.—In going above pressure height lift is reduced 1 
percent for every 360 feet below 7,000 feet and 1 percent for every 
400 feet when above 7,000 feet.

t. Rule No. 20.—One percent of the original mass of gas is lost in 
going 360 feet over pressure height when below 7,000 feet and 1 per-
cent is lost for every 400 feet ascent above 7,000 feet altitude.

u. Rule No. 21.—If, when full of gas, 1 percent of the lift is thrown 
over as ballast, equilibrium will be reached when 1 percent of the 
gas has been valved.

v. Rule No. 22.—Loss of lift due to presence of water vapor in the 
atmosphere may be determined from the following table for short-cut 
or approximate calculations. First determine the lift for dry air from 
the lift chart, then correct for humidity by multiplying the lift by the 
value 1 — 0.38 e/P. Where the relative humidity is known, the value 
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given for 0.38 efP at saturation should be multiplied by the relative 
humidity value before subtracting from 1.

Air 
tempera-

ture
Loss in lift at saturation

Actual 
value of 
0.38 e/P 
at satu-
ration

LX (1-0.38 e/P) 
at saturation

0° F. percent of 1 percent___ 0. 0005 Lift x 0. 9995
20° F. Yio percent of 1 percent__ . 0013 Lift X . 9987
32° F. % percent of 1 percent . 0022 Lift x . 9978
50° F. percent of 1 percent________ . 0045 Lift X . 9955
70° F. 1 percent less than dry air_____ . 0093 Lift X . 9907
90° F. 1.8 percent less than dry air___ . 0178 Lift X . 9820

100° F. 2.5 percent less than dry air___ . 0250 Lift X . 9750

Section  XIV

AEROSTATIC FORMULAS, SYMBOLS, GRAPHS, AND 
TABLES

Paragraph
Formulas used in aerostatic computation_____________________________ 49
Explanation of graphs in figures 7, 8, 9, and 10________________________ 50
Aerostatic Tables I, II, and III____________________________________  51

49. Formulas used in aerostatic computation.—a. The for-
mulas that are used most often in practical aerostatic problems are 
listed for convenience as follows:

{1) For determining air and gas density.

Z>. = 1.327P~y386

m r n ..QQP — 0.38e helium =0.183--- y,----

Dk J nnnoP-°-38ehydrogen =0.092---- ------
(2) For determining lift.
LF No. 1: Lift when air and gas temperatures are the same:

L=FVK(P-^e) (1 _s>

LF No. 2: Lift with superheat:

_FVK(P -0.38e) (Tg - TaS) 
TaxTg
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LF No. 3: Lift with changed superheat in flight:

T = FVK(f—0.38e)(Tg — TaS') PUg(P-0.38e)AT' 
TaXTg + TaxTg

LF No. 4: Lift, taking into consideration the effects of superpres 
sure:

T_FVK[(P-038e) -P'S] rji *

(3) For determining altitude of any given pressure.

h =60,600 [1 + 0.00203(7 —32)](1 + 0.38e/P)Logp

(4) For determining pressure at any given altitude.

Loe- P' =Loe- P------------------------------------------—s og 60,600 [1 +0.00203(7-32)](l+0.38e/P)

(5) For determining temperature of any altitude.

7 =t— g-Q degrees F.

(6) Isothermal expansion.
VP V'P' 
T T' *

(7) Adiabatic expansion.

IV V-41

/P \0.71

y/==y(p)
IV \0-41T'=tU~A

/p/\0.29
T'=T\^)
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(8) For determining the percentage of fullness UF.”

p_L _Lift required for total load______
~L' Total lift if airship were full of gas

(9) For determining pressure height with any given percentage of 
-fullness at the surface.

D'a=Dayffi\

To determine altitude of D'a see Table II.
(10) For determining static efficiency of an airship.

U=static efficiency=ratio of useful to gross lift
_ useful lift 

gross lift

(11) For determining weight of ballast or expendable load necessary to 
reach a given altitude.

Ballast=ZPg~P/a- (Use Table II.) 
Ua

For determining the ballast ceiling:

D'a=Dakz*. (Use Table II.)

(12) For determining ballonet ratio required to reach any altitude.

(Use Table II.)"a
For determining the ballonet ceiling:

D'a=Da(l-Bf (Use Table II.)

b. The following constants are used frequently in computation:
(1) Standard density.—(a) Air=0.08072 pound per cubic foot.
(Z>) Hydrogen=0.00562 pound per cubic foot.
(c) Helium=0.0111 pound per cubic foot.
(d) Illuminating gas=0.0323 pound per cubic foot.
(2) Specific gravity.—(a) Dryair=l.
(6) Pure hydrogen=0.069.
(c) Pure helium=0.138.
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(d) Illuminating gas=0.4 (approximate).
(3) 7k= 1.327=density constant for air.
(4) Ck=0.092 = density constant for hydrogen.
(5) Cg=0.183=density constant for helium.
50. Explanation of graphs in figures 7, 8, 9, and 10.—a. Figure 

7 is a graphical chart for determining the lift of helium gas per 1,000 
cubic feet. With given pressure, temperature, and specific gravity 
(or purity), begin at the given barometric pressure and move pointer 
horizontally to the right until the line of the given temperature is 
intercepted; then move pointer vertically down until the given 
specific gravity line is intercepted; then move pointer horizontally 
to the right and read the lift per 1,000 cubic feet at the right margin.

b. Figure 8 is a graphical chart for determining the lift of hydrogen 
gas per 1,000 cubic feet and is read in the same maimer as the helium 
chart (fig. 7).

c. Figure 9 is a graphical chart showing the values of barometric 
pressure and the decrease in atmospheric temperature between the 
surface and 36,000 feet altitude under average conditions. The 
approximate pressure at any given altitude may be read directly 
from the chart. To determine the temperature at any given altitude, 
add the decrease indicated on the chart to the surface temperature 
algebraically.

d. Figure 10 is a graphical chart showing the variation in atmos-
pheric density with altitude under average conditions. From this 
density curve it is possible to determine the changes in gas volume 
with changes in altitude, also changes in lift when ascending from the 
surface with the airship full of gas.

e. Figures 11 and 12 show the conversion of specific gravity to 
purity, and vice versa, for helium and hydrogen. The charts are 
self-explanatory.
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Figu re  7.—Lift of helium in dry air per 1,000 cubit feet.
Example: From pressure 30", to temperature 60°, to purity 96. to lift equals 63.6 pounds.
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Figu re  8—Lift of hydrogen in dry air per 1,000 cubit feet. 
Example: From pressure 30", to temperature 60°, to purity 96, to lift equals 68.4 pounds.

64



TM 1-325
50AEROSTATICS

^-AfiOfiCL_________________________________________ ________ , ________ ________ ________

. ------- _------- ----- j_-------;-----I __J__________ L±l.|ZLJ n

———j——|—|——j—/_4 H2_Zz
__ ; ;________ 1 - ;.____________ 7 -r - -I J - ' I i .. । 

. ■' ■ ■ .' । ' ■; ' j "1 i / / i i '

...p ^^^z7tr“±zzrxtz~zzz_’ 
4^77pz_£___zn__ _ pi a  ~T~r
g—r-'' h  ; p n i___j  _ » ' j jja/.., . . ~\/ 1 i-iQfioa— i—2-- b—_k.. Al ; 1 i__ _
-J----------- ;---------- 4---------Z_..L—J--------- J__ J------------- .
4______ 4—I—...■ ‘ 1 ; Z L !// y i______ !____________________ ;

1< i 1 .-'i ffy J ' -.0/ ■ ’. .._r--- ------___ -1—---- y-...... - .
-T*—L7-1;;': Or—--------------------H——
—j 7—L—|——t~[ •;—- r L44<Jp~H~~—“1--------------r-— - •

-----------4—k——---------- -—/ -y/— ----- \--------- 1------------------------------ -

-LZpflQ ; I ' ' .'4 ■' ' [/ 4 ■ j I ■ ! '____________ >

,_4_.|4^--J-4-U^-4--i--t--i_---—.. -
———Z /-—,—-—_
^zH7--Hp4-^=tz- -. |TZL

4ZTI' *r
L^eaa LyA—-------------------------------------- 1------------ ----------- -----------------------------------------------f_j

I--..-/ 44H~4~-~n~~- ' ~ ~7 Zr—/ iz —— 71 I । I I-1—H——i 
L"7,^7?"“"? - no f 4 

; 0 -ilo 3o -3lo -4|o -SjO -6 0 -rtjo '-aO -sjo 3h  o -io
j- Atmospheric dAereoseUn Ae yeas rohranh eit----  ....
I___ _ 1™.------ :------- — -■ - i—., I i . . _ ‘----- ------------------------- --------------- i---------------------------- !

Figu re  9.—Pressure and temperature decrease with altitude (average conditions).

262726°—40----- 5 65



TM 1-325
50 AIR CORPS

azooo , ______ ____________________________
Ljft at (altitude K tn percentage c|f lift < it sea level | starbpq with full bhiper 

- pfWMntuftc-of ■■iirft.-trfe^reusa. I with - afetwdt ----------1. ~
____  too 9 Q ' 8 O i 7 O 6 O |  s|o  ! 4|o

L. . j__ ■ 1 ! i ’ \T
zgeee______ 1___ j______ 1______ 1_________ _______ \./. .
__________________________ j___________________ । __ ___  _ ■ _____ /\

■.................... i ' " " * ~F\
24000 _______________________ ! ■.__________ j_____________ ■______ ! / l——j ; -j | j
- -----  ; -■/ — i....
A' I ! i i /

gqooo____________ Il____________ •______ _______ t____________ j__________/ ‘
j : - ; " / -• ■ t—

+-------------- -------— • — - • ■ - ----- -- • >--------------------- -  ----/------ - —  ______ . . „
.<D /K ! I / ‘ !
ISPSg ____________ t_______  / _____________I

;____ L-.....L_
1 : / ' ' '

---------------------- 1-----------x----------- !----------- ------------L/_------------ I_____________ ’_____________.j.........

i ■ I / i >
.1/1 I i :

t I -vyy—[------- r-
AS22__________________________ i /________ j_____________ ______________ i_____________ ■

/ ■ i ‘ i—A—1——i—r
4020____________ 7 ______ I. /. ;____________ i

7 ■ i
7 \ I • • '

__ O 7_____ tjo_________ 2|O__________3jo__________4jo__________5]O__________60
Percentage of volume increase with altitude and constant mass of gas 
after starting from surface partly full of gas

Fig ure  10.—Atmosphere density curve showing the variation of lift and volume with altitude.

66



TH 1-325
50AEROSTATICS

||10giglgSSi|lW01MgH

■IBaSHMsRlBtE i®. -ripHr iqr|.iLr- :~rt . i:. :_::: : । r^r ^—7 777 rr— ^7^ -•'—H-X11 Trrr r~~r l :__I,j _ tEE “~

ff ^7 s |g|s HH S =S = 7#= =£?■IsjijiSiiiiiBjsJlt

SlisiMiifflliliilt 
SliilliHilllilia 
S-ii±#73i±44f7is 
-S-ii/-j-l— i J

-w----- j—^4/- "I..--M; -{'■■'■ 5 - -iz-a -96—
'!■ :X+BwMi; 47 as.yds .7

■ ,fD 7~ |. ~
•■ .z^'i <i' I1 J T’wfer j

Eiguee  11.—Curve for converting specific gravity to purity and vice versa when using helium gas.

67



AIR CORPS
TM 1-325

50

■8
 1 H H gi H S=|| =• •- ~+^

&Z n? 8f  W <SS ~=|=-~ “’" ' ~*

lilllliMiliillEif t

A--| U ■ - ^ ' L ■ ' - '

, .. i .f k--4—-  ——————-—:
Bi||||iil|||||g||lf||B3j|S3 

®se——=t = —?r <s— -^7 O+ —===—===9^-^

-T — V7 — A- = = I-+ -4+7 = -4- # WW

oi--3wEtis8ti=±Z-XSrl j. |^r K

Figu re  12.—Curve for converting specific gravity to purity or vice versa when using hydrogen gas.

68



TM 1-325
51AEROSTATICS

51. Aerostatic Tables I, II, and III.—The use of Tables I, II, 
and III has been explained in previous paragraphs.

Table  IA.—Humidity 
glaisher ’s factor

Dry 
bulb

Glaish-
er’s 

factor
Dry 
bulb

Glaish-
er’s 

factor
Dry 
bulb

Glaish-
er’s 

factor
Dry 
bulb

Glaish-
er’s 

factor
Dry 
bulb

Glaish-
er’s 

factor
Dry 
bulb

Glaish-
er’s 

factor

O p o p o p 0 F. O p ° F.
20 8. 14 32 3. 32 44 2. 18 56 1. 94 68 1. 79 80 1. 68
21 7. 88 33 3. 01 45 2. 16 57 1. 92 69 1. 78 81 1. 68
22 7. 60 34 2. 77 46 2. 14 58 1. 90 70 1. 77 82 1.67
23 7. 28 35 2. 60 47 2. 12 59 1. 89 71 1. 76 83 1. 67
24 6. 92 36 2. 50 48 2. 10 60 1. 88 72 1. 75 84 1. 66
25 6. 53 37 2. 42 49 2. 08 61 1. 87 73 1. 74 85 1. 65
26 6. 08 38 2. 36 50 2. 06 62 1. 86 74 1. 73 86 1. 65
27 5. 61 39 2. 32 51 2. 04 63 1. 85 75 1. 72 87 1. 64
28 5. 12 40 2. 29 52 2. 02 64 1. 83 76 1. 71 88 1. 64
29 4. 63 41 2. 26 53 2. 00 65 1. 82 77 2. 70 89 1. 63
30 4. 15 42 2. 23 54 1. 98 66 1. 81 78 1. 69 90 1. 63
31 3. 70 43 2. 20 55 1. 96 67 1. 80 79 1. 69 91 1. 62

Dew point=dry bulb—[GX (dry bulb —wet bulb)] where G is the Glaisher’s 
factor taken from above

% vapor pressure, or 0.38e

Dew 
point

Dew 
point • %e Dew 

point
Dew 
point

Dew 
point

Dew 
point %e

o p ° F. o p 0 F. 0 F. o p
20 0. 04 32 0. 07 44 0. 11 56 0. 17 68 0. 26 80 0. 38
21 . 04 33 . 07 45 . 11 57 . 17 69 . 27 81 . 40
22 . 04 34 . 07 46 . 12 58 . 18 70 . 27 82 . 41
23 . 04 35 . 08 47 . 12 59 . 19 71 . 28 83 .42
24 . 05 36 . 08 48 . 13 60 . 19 72 . 29 84 . 44
25 . 05 37 . 08 49 . 13 61 . 20 73 . 30 85 .45
26 . 05 38 . 09 50 . 14 62 . 21 74 . 31 86 . 46
27 . 05 39 . 09 51 . 14 63 . 22 75 . 33 87 . 48
28 . 06 40 . 09 52 . 15 64 . 22 76 . 34 88 . 50
29 . 06 41 . 10 53 . 15 65 . 23 77 . 35 89 . 51
30 . 06 42 . 10 54 . 16 66 . 24 78 . 36 90 . 53
31 .06 43 . 10 55 . 16 67 . 25 79 . 37 91 . 55
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Table  IB.—Relative humidity, percent, Fahrenheit scale

D
ry

 th
er

-
m

om
et

er
s Difference between dry and wet thermometers

0.5° 1° 2° 4° 6° 8° 10° 12° 14° 16° 18° 20° 22° 24° ' 26° 28° 30°

20°___ 92 85 70 41 13
30°____ 94 89 78 57 36 17
32°___ 95 90 79 59 40 21 3
38°___ 96 92 83 67 50 34 18 345°___ 96 92 85 71 58 44 32 19 750°___ 97 93 87 74 61 50 38 27 16 655°___ 97 94 88 76 65 54 43 34 24 15 660°___ 97 94 89 78 68 58 48 39 30 22 14 665°___ 97 95 90 80 70 61 52 44 35 28 20 13 668°___ 98 95 90 81 71 63 54 46 38 31 24 17 10 470°___ 98 95 90 81 72 64 55 48 40 33 26 19 13 7 175°___ 98 95 91 82 74 66 58 51 44 37 31 24 19 13 7 280°___ 98 96 92 83 75 68 61 54 47 41 35 29 23 18 13 8 390°___ 96 92 85 78 71 65 59 53 47 41 36 32 26 22 17 1395°___ 96 93 86 79 73 66 60 55 49 44 39 35 30 24 20 17100°___ — 96 93 86 80 73 68 62 56 51 46 41 37 33 28 24 21105°___ — 97 93 87 81 75 69 63 58 53 48 43 40 36 32 28 24110°___ — 97 93 87 81 75 70 65 60 55 50 46 42 38 34 30 26120°___ — 97 94 88 82 77 72 67 62 58 53 49 45 41 38 34 31
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