UNIVERSAL
LIBRARY

OU_164812

AdVvddl T
1VSHIAINN






©OSMANIA UNIVERSITY LIBRARY
call No. D51 5/// 92 f WM/S'L‘(}

i
Tite ﬂg,,:bz;/ﬁ mr j

"This book shguld be réturned on or before the duu: last marked












PHYSICS OF THE AIR






PHYSICS OF THE AIR

BY

wW. J. HUMP oYS, C.E.,, Pu.D.
Meteorologrcal Physicast, United States Weather Bureau; Author of

‘““Weather Proverbs and Paradozes,” ‘*Rawn Makhing and Other
Weather Vagarics,” *“Fogs and Clouds,” elc.

SEconp Eprrion
Revisep aAND ENLARGED
SecoND IMPRESSION

McGRAW-HILL BOOK COMPANY, Inc.

NEW YORK AND LONDON
1929



CoryriauT, 1920, BY
Tur FRANKLIN INsTITUTE

CoryriGHT, 1929, BY
W. J. HUMPHREYS

PRINTED IN THE UNITED STATES OF AMERICA

THE MAPLE PRESS COMPANY, YORK, PA.



PREFACE TO THE SECOND EDITION

The first edition of this book is out of print. It also is out of date,
hence a new edition is in order. An additional Part, Meteorological
Acoustics, has been included, and many paragraphs and topfes have
been added. Nothing in the older work has been discarded, though
various portions have been rewritten and rearranged. For the con-
venience of the special student, references are given to important original
sources—not all, but enough at least to start him in the right direction.

It would have been more consistent and elegant, perhaps, if the metric
system of units had been used exclusively, but that was impracticable,
as it would have required numerous awkward conversions of original data;
and also unnecessary, since every scientist who, musically speaking, has
begun to play tunes and quit just running scales, is quite familiar with
both systems.

In the course of this revision, many helpful suggestions were accepted
from my friend and colleague, Mr. E. W. Woolard, whom I carnestly
thank for his unfailing kindness and ever ready cooperation.

W. J. HUMPHREYS.

W asHINGTON, D. C.
December, 1928.



PREFACE TO THE FIRST EDITION

The physical phenomena of the earth’s atmosphere are exceedingly
numerous and of great importance. Nevertheless, the explanations, even
of those well understood, still remain scattered through many books and
numerous journals. Perhaps this is because some of the phenomena have
never been explained, and others but imperfectly so, but, however that
may be, it is obvious that an orderly assemblage of all those facts and
theories that together might be called the Physics of the Air would be
exceedingly helpful to the student of atmospheries.  An attempt to serve
this useful purpose, begun in a course of lectures at the San Dicgo Avia-
tion School (Rockwell Field) in 1914, led to the production of the follow-
ing chapters—revised and reprinted from the Journal of The Franklin
Institute, 1917, 1918, 1919, 1920.

The author begs to express his indebtedness to Prof. C. ¥. Marvin,
Chief of the United States Weather Bureau, for numerous helpful criti-
cisms; to Dr. C. F. Brooks, Editor »f the Monthly Weather Review, for
many excellent suggestions; to Prof. . F. Talman, Librarian of the
United States Weather Bureau, for valnable aid in locating original
sources; and to Major R. B. Owens, D. 8. ., Secretary of The Franklin
Institute, for his encouraging interest in the vork and invaluable atten-
tion to the details of its publication.
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PHYSICS OF THE AIR

PART 1

MECHANICS AND THERMODYNAMICS OF THE
ATMOSPHERE

CHAPTER I
QBSERVATIONS

Before discussing any of the physical laws of the atmosphere, it will
be instructive briefly to consider the kind of observational data upon
which they are based; that is, to enumerate the metcorological phe-
nomena which commonly are measured, and to indicate in each casc the
type of instrument generally used. No effort will be made to describe
apparatus in detail, nor to discuss the minutiz of every correction.
These important matters are fully taken care of by observers’ instruc-
tions issued by the United States Weather Bureau and other meteoro-
logical services.! Besides, they pertain to the technique of the collection
of data rather than to the science deduced therefrom, which latter, and
not the former, is the object of the present discussion.

MEASURED PHENOMENA

Temperature.—Probably the most obvious, satisfactory definition
of temperature describes it as that thermal state of an object which enables
it to communicate heat to other objects. Whenever the heat interchange
that always takes place between two objects in thermal communication
results in a net loss to the one and gain to the other, the temperature of
the former is said to have been higher than that of the latter. If, how-
ever, there is no net loss or gain by either, the objects are said to have
the same temperature.

Detection of net loss or gain of heat may be accomplished in any
one of many ways, some of which are change of volume, change of state,
change of electromotive force, and change of electrical resistance. All
these, according to circumstances, afford convenient means ‘of comparing
the temperatures of different objects, and of establishing a scale for

1 See also Coverr, R. N, “ Meteorological Instruments and Apparatus Employed
by the United States Weather Bureau,” J. Optical Soc. Am. and Ren. Sci. Insts.,
10; 299425, 1925.

1
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Fi1c. 1.—Thermometer shelter and rain gage for cooperative observers.
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ready reference. Thus, the ordinary mercury thermometer, the alcohol
thermometer, adapted to low temperatures, and others of this nature,
are based on the fact that the coefficient of volume expansion of the
contained fluid is greater than that of the vessel. Such thermometers,
though capable of a high degree of accuracy, are not adapted to cheap
and convenient registration, except of extremes; that is, the maximum or
minimum temperature reached since last adjustment. Nevertheless,
differential expansion does afford several means of obtaining continuous
mechanical registration of temperature. The most compact and satis-
factory apparatus of this kind in general use consists essentially of a
curved closed tube of oval cross-section—a Bourdon tube—completely
filled with a suitable liquid. Inequality of expansion between tube and

Fi16. 2.—Thermograph.

liquid in this case demands change of volume, and that in turn changes
the curvature of the tube.! Hence, by making one end of the tube fast
and connecting the other with a tracing point, a complete record of tem-
perature changes may be obtained on a moving surface. The unequal
expansion of the two sides of a bimetallic strip is also utilized in obtaining
temperature registration.

Variation with temperature of clectrical resistance, and of the electro-
motive force at a thermal junction, both provide means of measuring
temperature changes to a high degree of accuracy.

In the case of the atmosphere, however, temperature commonly is
measured at fixed times, and whenever desired, by the readings (cor-
rected when necessary) of a good mercurial, or, in very cold regions,

1 For the theory of this extensively used gage, see Lorenz, H., Z. Ver. deut. Ing.,
64 ; 1865, 1910.
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alcohol, thermometer exposed to full circulation of the air, but protected
from both solar and sky radiation. An excellent shelter for this purpose,
with maximum and minimum thermometers in place, is shown in Fig. 1.
Normally, of course, the door is closed. A continuous but less accurate
record of atmospheric temperature may be, and very commonly is,
secured by the use of either a bimetallic or a Bourdon tube thermograph
(Fig. 2). The connection between the thermal element and the tracing
point may be either mechanical, as shown, or electrical. In the latter
case, the two may be separated any desired distance, the first placed
outdoors, say, and the second conveniently located in an office.  Other
methods of measuring and even of continuously recording the temperature
of the air have been devised, though at present they are but sparingly
used, and then, as a rule, only for special purposes.

Pressure.—The pressure of the atmosphere, upon the distribution of
which winds and storm movement so vitally depend, ordinarily, is not
determined. Mecasurements, however, equally good for intercomparison,
are made to which it is directly proportional, and from which pressures
readily might be computed in dynes per square centimeter, or any other
specified units.  On land, the measurement usually taken for this purpose
is the height of the barometric column; that is, the difference in level
between the two free surfaces of a continuous mass of mercury, one of
which is open to the atmosphere, the other ¢n vacuo, slightly corrected
for temperature effects, capillarity, scale errors, and degree of vacuum.
From this corrected height and the local force of gravity, the actual
air pressure is casily computed. Further, by reducing the barometric
heights simultaneously obscrved at different places to what they presum-
ably would be if the stations all had a certain common level—for which
operation appropriate equations are used—data are obtained which,
when plotted on a map of the region concerned, show the approximate
pressure distribution, from which, in turn, the strength and course of the
winds during the next 12 to 24 hours may be closely predicted.

As a rule, the mercurial barometer is read by eye and only as occasion
may require, but it also has been so constructed as to give excellent
continuous records.

The aneroid, or, as its name implies, non-liquid, barometer, though
involving many sources of error, is conveniently portable and capable of
fairly satisfactory use in many places—on kites, aeroplanes (as altimeters)
etc.—where the mercurial barometer would be wholly impracticable.
It consists essentially of a disk-like vacuum cell, or series of such cells,
a few centimeters in diameter, whose corrugated, flexible top and bottom
are held apart by a short, stiff spring. Any change in the atmospheric or
external pressure obviously must lead to a corresponding flexure of the
spring, which motion may be communicated to either an index hand or
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a recording pen. In the ordinary barograph (Fig. 3) the pen commonly
is actuated by a number of aneroid cells placed in series.

Most aneroids, whether single- or multiple-celled, require careful
attention and frequent comparison with a standard mercurial instrument.
They also are inherently subject to lag errors due to the imperfect elas-
ticity of the cells that vary according to the pressure conditions and the
characteristics of the particular instrument, and which, for accurate
readings, must always be allowed for.

F1g. 3.~ Barograph.

Wind Velocity.—The velocity of the wind may be determined by
triangulation on most, but not all, types of clouds, balloons, and other
floating objects; by noting the speed of rotation, casily automatically
recorded, of a windmill anemometer, air meter, or other similar device,
and applying the necessary corrections; by the pressure on a flat surface
squarely facing the wind; by the difference in level between the two free
surfaces of a liquid in a U-tube or equivalent vessel when one surface is
protected and the other exposed to the full force of the wind; and by a
great many other but gencrally less accurate methods.

The Robinson cup anemometer, especially the threc-cup form!
(Fig. 4), appears to be the most convenient and reliable wind-velocity
instrument wherever it can be properly exposed. The theory of its
action, however, is but imperfectly understood.? Rapid velocity changes,
manifesting themselves in irregular puffs, and of great importance to the

! PATTERSON, J., Trans. Roy. Soc. Canada, January, 1926.
2 CHREE, Phil. Mag. 40; 63, 1895,
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aviator, the architect, and the engineer, gencrally are observed and
recorded by some quick-acting pressure apparatus, such as the Dines
pressurc tube anemometer, or the Pitot tube, or Venturi tube.

The Pitot tube, of which the Dines anemometer is a modification,
consists of a tube with a ‘“dynamic’’ opening facing the wind, or current
of other fluid, and one or more “‘static” openings facing at right angles
to the direction of the flow. When the respective openings communicate
with closed chambers the head h of the fluid in question that would
balance the difference between the dynamic and the static pressures in

T 16. 4.—Three-cup anemometer.

a perfect instrument (the best gives very nearly theoretical values) is
found by applying Bernoulli’s principle, p + 1pV? = constant, at cach
of the openings, assuming p constant; or from the fact that it must be
such as alone would give a back velocity out of the tube cqual to the
forward velocity into it. Hence,

Ve
= 9"
in which V is the velocity of the current, and g gravity acceleration; all
in c.g.s. units.

In practice, the pressure difference is given by a column of liquid, a
compressed spring, or other device, differentially connected with the
two chambers, dynamic and static. In cach case

V = v/2gcp,

h



OBSERVATIONS 7

when p is the corrected reading of the indicator in whatever terms, and
¢ the value of & per unit of p. If, for instance, p is dynes per square
centimeter, ¢ is the thickness in centimeters of a horizontal layer of the
air, say, that would produce a gravity pressure of 1 dyne per square
centimeter; and similarly for other types of graduation.

The Venturi tube, which measures velocity of flow in exactly the
reverse manner to that of the Pitot tube, that is, by decrease of pres-
sure, consists of two oppositely directed hollow cones joined together
coaxially by a short throat of uniform cross-section. The angular
opening of the receiving cone, which may have a short cylindrical mouth,
is relatively large, while the discharge cone is comparatively long and
tapering.

Let this tube be mounted parallel to the wind whose velocity Vit is
proposed to measure, and let r be the ratio of the cross-section of the
mouth to that of the throat, in which the velocity, therefore, is 7V,
nearly (change in density being slight), if V is mouth velocity and r is
small. If the flow through the tube is smooth (in good tubes it is very
nearly so), the pressure against the wall of the mouth cylinder and that
against the throat are each less than the outside static pressure. Further-
more, if hy, he, and h; are the heads of the current atmosphere that would
give the static (without velocity), mouth, and throat pressures, respec-
tively, then, if density is constant, and it is, nearly, when the constriction
is slight,

2)72

Vi r
h2+20 =h3+"29 _hly

and

R N T = )
V= v/l = k) = | /30 — ) = 4200 T ).
To determine V by this method, it clearly is only necessary to connect
the mouth and throat cylinders through small openings to the opposite
sides of a manometer, or either opening to one side of a manometer the
other side of which is connected to a static chamber. If, as in the Pitot
tube, p is the manometer reading and ¢ the value of & per unit of p,

s 1 g (%amn

V = V20p1 = V2eps = (|5~

T r?—1

for the several connections, as indicated.

When the throat constriction is small, it may be assumed that the
wind velocity Vo is substantially the same as the mouth velocity V.
Similarly, a small flat disk, sct parallel to the wind, and provided with

a tube running from a minute opening near its middle to a suitable
manometer, also gives the wind velocity.



8 PHYSICS OF THE AIR

Let h; and h, be the static and tube pressures, respectively. Then, as
before

Ve
29 + he = hl,

and
V = v/2¢(hy, — hy) = V,, closely.

When the Venturi tube is decidedly constricted, r = 10, say, the
density of the passing air, or other gas, has one value in the open, another
in the mouth, and a third in the throat. Hence, the equations that give
the relation of velocity to pressure are different from those above for
constant density.

Let Vi, po, po; Vi, p1, p1; and Vs, ps, pa be the velocity, density, and
pressure outside, in the mouth, and in the throat, respectively. Let, at
ﬁI’St, Vu = 0.

Since the air passes through the tube adiabatically, the sum of the
potential and kinetic energics of the unit mass remains constant, hence
(see Chapter II)

Po _ 14 Ve _ P2 V22.
wr =D -0 2 T -nt 2

Since, if T is absolute temperature,

pr_ i Te _ pofpe\ 1 (P2
p2 P2 Ty p\m D2

(see Chap. II), and, if A is area of cross-section
AlPlVl = Azpzvz,

Y41 r-1
- (P) ’

thercfore

2po
V= :
! (Po(‘Y -1

¥ 4]

Ve = 1;»«&2’;’.‘?-15}”‘1 - G-

Since
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































