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Preface to the Third Edition.

In 1891 when the first portion of Vol. I appeared it was
certainly not my intention to defer the completion of it till now.
Had I then foreseen how little free time would be at my disposal
for transforming the earlier editions the third would never have
been undertaken at all. In my present position, which no longer
affords me the leisure for comprehensive study I formerly enjoyed
as a teacher, and hinders the acquisition of suitable matter for
the atlas of plates, I can, to my genuine regret make no binding
promise to the possessors of the portions already published as
to the date of completion of the entire work. All engineers
engaged in practice will understand and appreciate the difficulties
perpetually confronting me, more especially in the preparation
of the plates and in keeping them above the level of a mere
rechauffé of drawings already published in the technical perio-
dicals. I hope however that the treatment of the theory of
the steam engine and the construction of marine boilers will be
found sufficiently exhaustive to obtain popularity for the book
as it stands, the more so as a general index and an index of
the names referred to are appended to the first volume.

The very brief extract from the mechanical theory of heat
in the first edition has now been so extended as to render the
third division which is new, intelligible. This division is devoted
to modern investigation of the steam engine, giving due pro-
minence to the influence of the cylinder walls on the steam, a
more thorough knowledge of which has chiefly shaped the path
of advancement in marine engineering. An attempt has been
made to compile as tersely as possible the records of various
researches from the technical journals of the countries interested
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in engineering. Investigations based upon the indicator, which
faute de mieux still furnishes the most useful data, have re-
ceived thorough treatment.

The fourth division devoted to fuels, has been entirely
remodelled. The process of combustion and the losses of heat
in the still far from perfect furnaces of marine boilers, as well
as the extreme importance of the capability of the firemen have
been throughly gone into under the light of recent experiments.
Liquid fuels have been comprehensively treated of on account
of their extending application to warships.

The ffth division is practically identical with the former
fourth division. It relates to the performance and economy of
marine engines but upon a much more extended basis than
before as befits the development of the multiple-expansion
principle.

The sixth division is partially compounded of the former
sixth and twenty-second divisions. It has been thorougly-revised
and in its present form will be found practically useful in esti-
mating the L. H.P. for a proposed steamer especially by means
of interpolation in the table of actual recent performance-coefh-
cients. The selection of a suitable type of engine will be facili-
tated by the seventh division which contains numerous results
of compound and multiple-expansion engines.

The eighth division has been enlarged where it treats of
triples and quadruples. It is intended to show the inexperienced
how simply by means of Mariotte's law, a diagram can be con-
structed to represent the variations of pressure in the cylinders
and of the turning moments as well as to enable the degree
of uniformity of the working of the engine to be pre-judged.
The applicability of Mariotte’s law is specially referred to on
page 131.

The various types of marine boilers are very much more
exhaustively discussed in the ninth division than in the former
fifth division. The most notable water-tube boilers are closely
described and it is pointed out that as yet no final judgement
can be arrived at as to the superior fitness of any one system
for marine purposes.
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The rules of the principal Classification Societies which
relate to the construction of marine boilers have been brought
together and the measurements all reduced to the metrical system
thus simplifying calculation and facilitating rapid comparison.

In the eleventh division under the heading of furnaces the
various arrangements of induced and forced draught have received
due attention.

My best thanks are due to Herr Marine Oberbaurath von
Jaski for his excellent treatment of the final two divisions of the
volume, tke twelfth & thirteenth, on boiler mountings and the
disposition of boilers in the ship. He has exhaustively described
modern boiler mountings adapted to high pressures and discussed
the difficult question of boiler feeding.

The publishers have striven to maintain the same high
standard as before in the get-up of the book and the atlas of
plates.

Berlin, November 1900.

The Author.
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First Division,

Principles of the mechanical Theory of Heat.

§ 1.

Fundamental Laws.

1) Every phenomenon in the Universe, which can be definitely Fondamental

explained, has its ultimate cause in the existence of Matter
and Motion.

2) Matter can neither be created nor destroyed, but only trans-
formed. (Law of the conservation of Matter.)

3) Likewise Energy or capacity for doing mechanical work, which
is the cause of all motion, can be neither produced nor
extinguished, but only converted. (Law of the conservation
of energy.)

§ 2
Matter.

1) All bodies are composed of infinitely small particles which, in
the chemical elements are called Afoms i. e. indivisible, and in
chemical compounds molecules i. e. small masses. A molecule
is composed of at least two atoms.

2) The comparatively large spaces between the different mole-
cules of a body are filled by a very attenuated and extremely
elastic matter, etter, which pervades the entire Universe. The

elasticity and density of this matter are determined by the
BUSLEY, The Marine-Steam-Engine I. 1
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influence of the molecules of the body among which it is
disposed.

3) The molecules of matter and the ether atoms attract each

other, as is also the case with the molecules of matter them-
selves, but the ether atoms repel each other.

4) In consequence of these forces an atmosphere of ether atoms

is formed around each molecule of matter and such a mole-
cule with its ether-atmosphere has been called (by Professor
REDTENBACHER) a Dynamid.*)

5) All bodies therefore are composed of a system of dynamids.

§ 3
Energy.

1) Two free dynamids situated at any distance apart will attract

or repel each other under the influence of the above forces
until they reach their position of equilibrium. The work done
during this motion is called AZnetic energy, or encrgy of motion.

2) If two dynamids are kept by force in a position in which,

although subject to the influence of the before-mentioned forces,
they cannot obey them, then the work stored up in the dy-
namids and available at any moment is called potential encrgy,
encrgy of position, or tension.

3) When the two dynamids are in a state of motion (i. e. assuming

the removal of the detaining force just referred to) their potential
energy is gradually converted into kinetic energy, the sum of
the two energies always remaining the same during the conversion;
so that at the beginning of the motion with zero velocity and
the potential energy at its original magnitude, the kinetic energy
is also zero, whereas at the end of the motion and with the
highest velocity, the potential energy is wholly converted into
kinetic energy.

4) In consequence of this kinetic energy, two dynamids in motion

will approach each other within their distance of equilibrium,
then repel each other beyond it, again approch &c., that is to
say they will remain in oscillating or wibratory motion.

5) Two ether atoms of a dynamid behave towards each other

exactly as the dynamids themselves, because each ether atom
which is forcibly removed from its position of equilibrium, must
for the above reasons assume an oscillating motion.

*) F. REDTENBACHER. Das Dynamidensystem. Mannheim 1857.



§ 3. Energy. 3

6) As in every case the molecule of a dynamid can revolve about  Motion
its centre of gravity which is itself at rest when the molecule Molecules.
is in its position of equilibrium, it fallows that the atmosphere
as well as the molecule of a dynamid may possess kinetic energy.

7) The kinetic energy accumulated at any moment in a system of  Work
dynamids or in a body is called the work of wvibration 1V of vibration.
the body, from whatever sort of motions of ether atoms or
molecules of matter it may arise.

8) The potential energy contained in the same system of dynamids, Wk
as well as that portion of it which may have been used up in Disgregation.
bringing about the momentary condition of the system is called
the work of disgregation H.

9) In taking effect, the work of disgregation has two classes of WJ*
forces to overcome*): translation.

a) those which the particles of the body exert upon each
other and are therefore characteristic of it,
b) those which arise from external influences under which
the body is placed and are generally evinced as pressures
on its surface.
The work necessary to overcome the forces (a) is called the Ejfernal
work of translation I, and that necessary to overcome the
forces (b) the external work L.

10) As the work of vibration # and the work of translation / Internal Work
only bring about internal changes of condition in a body, itIntrivsicEnergy.
is usual to include them in the term internal work (or intrinsic
energy) U, as distinguished from the external work L.

11) As a system of dynamids can only experience a change of Chsnges o
condition by a variation of its kinetic and potential energy, so ir bodies.
a body can only suffer a change of state by receiving or part-
ing with work of vibration and disgregation or both simulta-
neously, of whatever kind the influences may be to which it

is subjected.

§ 4.
Equivalence of Heat and Work.

First Law of Thermodynamios,

1) It is a matter of experience that a body exposed to the in-Efect of Heat.
fluences of heat, i. e. having heat imparted to or withdrawn
from it, undergoes a corresponding increase or diminution of
temperature and volume.

*) R. CLAUSIUS. “Die mechanische Wirmetheorie'. Brunswick 1876. P. 29.
l*
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Heat in general.

2)

3)

7)

9)

T

The change of temperature is attributed to variation in the
work of oscillation, which is therefore called sensible encrgy.
In accordance with this view the scnusible or measurable heat
in a body is a motion of its smallest partieles. This highly
probable inference is justified by a series of investigations
which have demonstrated that radiant keat, like light, has its
cause in the transmission of oscillating motions of ether.
Change of volume of a body being mostly accompanied by the
overcoming of external resistance (pressure) leads in general to
a change in the arrangement of the component parts of the
body and can therefore only take place through the absorption
or the giving out of work of disgregation.
Hence we assume #hat the quantity of Heat which is imparted
to or withdrawn from a body is directly proportional to the sum
of the simultancously occurring variations of the work of oscilla-
tion and disgregation.
The correctness of the foregoing hypothesis has been shown
by experiments in which a certain quantity of heat was pro-
duced by a certain quantity of work and vice versa.

We therefore say

“Heat and Work are equivalent’.

This is the first law of Thermodynamics.
The unit of work is the quantity of energy which must be
exerted in order to raise one kilogram one metre high, it is
called the kilogrammetre, mk.
The unit of heat or thermal unit is the quantity of heat which must
be communicated to a kilogram of water in order to raise its
temperature from o® C.*) to 1° C.

Extraordinarily careful and numerous experiments of JOULE **)
and others have confirmed the probability of the relation
1 thermal unit = 424 mk = é .......... (1)

This work of 424 mk is called the
mechanical equivalent of heat,
or we may write
14 of a thermal unit=1 mk=4 .. ... .. (%)

and call A the /keat equivalent of the unit of work.
It may be inferred from the above that if a certain quantity
of heat 4 Q is communicated to a body from a source of heat,

a) one part of this heat A4 I is used in increasing the

work of oscillation, thus raising the temperature,

*) Whenever in this work degrees of temperature are used without further distinc-
tion, the Centigrade Scale is always referred to.
**) Philosophica] transactions for the year 1850. P. 1.



§ 4. Equivalence of Heat and Work. 5

b) another part 44/ changes the work of translation i. e.
causes a variation of the body’s cohesion,

c) the remaining part 44 L performs the external work
necessary to overcome the pressure resisting the expan-
sion of the body

codQ=A@W+dI+dL)* ....... ... (2)
or as dW+dl=dUand d/+dL=dH
dQ=AWdU+dL)=A(@W+dH) ....... (2%

If the quantity of heat 4 Q is withdrawn from the body, the
signs in these equations become negative.

10) CLAUSIUS **) describes the heat motion in the interior of bodies Mtion of Heat.
in different states of aggregation in the following manner:

a) In a solid the molecules oscillate in straight lines about
certain positions of equilibrium as influenced by the forces
they exert upon each other; revolving motions about
their own centres of gravity, as well as motions of the
atoms of each molecule can also arise.

b) In a /Jiguid an oscillating, rolling, and progressive motion
takes place, the kinetic energy of which is however not
sufficient to separate the molecules by overcoming their
mutual attraction; they therefore remain within a certain
volume without external pressure.

c) In a perfect gas (see § 6, 1) the molecules move rectili-
neally according to the law of inertia, while revolving
about their own centres of gravity. They are removed
entirely beyond the range of their mutual attraction.

11) If heat is communicated to or withdrawn from a body, we have Communication

dIW=0 cil?caul:::tunl::es.
when the body’s state of aggregation alone is changed,

dlI=0
when the body is a perfect gas,

dL=0

when the body’s Volume remains constant.

12) This scheme illustrates the changes arising in a body under  Scheme
of the changes

the influence of heat %’}’fi‘ﬁd
Heat imparted or withdrawn (4 Q) '
Sensible Energy (d V) Work of Disgregration (d H)

‘ Work of Translation (4 /) External Work (4 L)

Change of Temperature. Change of Cohesion. Change of Pressure.
Internal Work (4 U).

*) G. ZEUNER. Technische Thermodynamik. Leipzig 1887. P. 2I.
**) POGGENDORFF'S Annalen. Vol. 100. P. 353.
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§ 5
Specific Heat.
The quantity of heat i. e. the number of units of heat which

must be imparted to one kilo of any kind of matter to raise
its temperature 1° is called its specific heat for equal weights.

2) The quantity of heat i. e. the number of units of heat which

5)

6)

must be imparted to one cubic metre of any kind of matter to
raise its temperature 1° is called its specific heat for equal volumes.

The specific heat for equal volumes of any substance equals
its specific heat for equal weights multiplied by its specific
gravity.

As only the specific heat for equal weights is usually in ques-
tion, this is generally designated simply as the /kea? capacity
or specific keat C.

The water value CG of a substance is the product of its spe-
cific heat C and its weight G and represents the weight of
water in which any quantity of heat will produce the same
rise of temperature as in the weight G of the substance itself.

The foregoing definitions have come down to us from the
time when it was believed that heat was itself a substance,
and it was unknown that the specific heat of all bodies except
the perfect gases is more or less a function of their tempera-
ture.*) For such technical calculations only as do not require
a very high degree of accuracy,**) the specific heat C can be
taken as constant for each substance. For instance in the
case of water it has, according to REGNAULT, the following
relation to the temperature

C=1+ 0,0000 4 ¢ + 0,000000 9 2,

The following table shews the specific heats of the most

important substances for the engineer as determined by
REGNAULT.

*) According to G. ZEUNER. “Technische Thermodynamik™. Leipzig 1887. P. 141
it appears that the specific heats of the gases possibly vary with the Tempera-
ture and the Pressure.

**) More exact data as to the variability of the specific heat with the temperature

and state of aggregation are collated by PFAUNDLER in MULLER-POUILLET's
Lehrbuch der Physik. Vol. II. Div. II. P. 318.



§ 5. Specific Heat. 7

Table of specific Heats of Solids and Liquids.

Specific | Specific il Specific | Specific
heat with | heat with | heat with | heat with
Substance equal equal Substance equal equal
weight Volume weight Volume
1 2 3 } 1 2 3
Antimony 0,0508 340 Wrought iron o,1138 882
Lead 0,0314 357 Steel, hard 0,1175§ 916
Cast iron 0,1298 941 Steel, soft 0,1165 916
Wood, Oak 0,5700 439 Zink 0,0955 688
Wood, Pine 0,6500 280 Tin 0,0562 410
Copper 0,0951 833 Mercury 0,0333 —
Brass 0,0939 803 Water 1,0000 1000

7) In the case of gases, the specific heat under constant volume C, Specific Heat

8)

9)

10)

is distinguished from the specific keat under constant pressure C,,
according to whether they are heated under constant volume
or constant pressure.

If heat is imparted to 1 kilo of a perfect gas under constant
volume it can only produce sensible energy, as 4 L and 4/ are
zero, and if the temperature of the gas is raised 1° we have

dQ=AdW=C(,

If the temperature of a constant volume of a perfect gas rises
d T°, the sensible energy produced is in general

AdW=C,dT ........coo... ()

Specific heat

under constant

Volume Cv.

If the temperature of 1 kilo of a perfect gas is raised 1° under Specific heat

under constant

constant pressure the imparted heat is converted into sensible Pressure Cp.

energy and external work only, because 4 /= 0. The sensible
energy is by 8)=(, and the external work is in this case
constant and = R, as is shewn in § 6, 18. From this follows

G=G+A4R
Q—G=AR} (4)
Finally, it ga.s been shewn by experiment and calculation thatomegiézmmc
the ratio C‘B for perfect gases is constant
Pmp=141 .. ... ... ... . (5)
v
From equation 4 and ;5 it follows that
G AR .
-CT" == Tv + 1=%x............. (5 )
R=(l—1)%— ..............(6)

AR=(x—1)G =G —C «.vvvve... ()
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11) The following table gives the specific heats of several gases
and gaseous mixtures of the greatest practical importance

. Specific Specific ‘ Specific heat
Density | heatunder | heat under C¢. | under constant
Gas compared | constant | constant | » — — P  pressure compared
to air o pressure | Volume v to the specific
Cp C, heat of air==1
1 2 3 4 | s | 6
i .
Atmospheric Air 1,0000 | 0,2375§ 0,1684 1,410 1,0000
Oxygen 1,1056 | 0,2175 0,1550 1,403 0,9158
Nitrogen 0,9714 | 0,2438 0,1727 1,412 1,0265
Hydrogen 0,0693 | 3,4090 2,4119 1,413 14,3537
Carbonic Oxide 0,9673 | 0,2450 0,1736 1,411 1,0316
Carbonic Acid at 0° 1,5291 |0,1870 0,7874
. w 1009 - 0,2145 %...0,1714 § 1,205 5 0,9032
” w 12000 — 0,2396 s & 1,0088
Marsh Gas 0,5527 | 0,5929 0,4679 1,267 2,4964
Olefiant Gas 0,9672 | 0,4040 0,3326 1,215 1,7011
Steam (moderately super-
heated) 0,6219 |[0,4804 0,3694 1,301 2,0232

§ 6.
Laws of the changes of state of perfect Gases.

Porfect Gases. 1) If a gas is so far removed from its point of condensation that

the following laws are applicable with exactness to its changes
of state, it is called a perfect Gas; for all other gases these
laws are only approximately correct.

The changes of state of a gas can be graphically represented
by placing the successive volumes as abscisse and the corres-
ponding pressures as ordinates in a system of orthogonal
coordinates. The ends of the ordinates for one and the same
change of state will then form a curve (Plate 1, Fig. 3) the
curve of pressure or temsion curve and the tension curves of all
changes of state which differ from each other enclose a space,
which is called a diagram of encrgy. The area of it represents
(to any particular scale) the external work produced or expended
through or during the changes of state of the gas.

GayLusac's  3) Gay-Lussac’s Law: A/ perfect gases expand equally when heated

under constant pressure.

Diagrams
of Energy. 2)
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4) If a volume #, of a perfect gas under the atmospheric pressure Coefficient
(i. e. with the barometer at 760 mm) is heated from o° to #° Fxpension.
it expands, according to the researches of GAY-LUSSAC,
REGNAULT and others, about ',., o, for each degree of rise

of temperature. The number '/,., = « = 0,003665 is called the

cocfficicnt of expansion of the perfect gases. At the end of the

heating process @, becomes increased to

v=0,(14+at) ... ... ... ..., (8)
5) If the same volume 7, be cooled to a lower temperature than . Zer

of Temperature.

o’ it must also decrease by !/,,, @, for each degree, so that

it will reach the zero limit of its volume at — 273°% It is
assumed that at this limit temperature ceases altogether to

exist and the temperature of — 273° is called the absolute zero

of temperature.

6) The temperature of a body measured from this zero is called Tommratuce.

its absolutc temperature, and this equals, if its temperature on

the centigrade scale is called ¢

T:—- 273 + 2 (9)
7) From 4) and 6) we may derive Lg;y-::;::;':d
71— + .noth;: way.
v_q,fl-{—qf) _a 2134t T (10)
v, v, (1+at) 1 T2, T, T

i1
a+'

that is to say
The Volumes of all perfect gases are, under constant pressure,
directly proportional to their absolute temperatures.

8) The external work which a perfect gas performs while expanding Extersal work
according to GAY-LUSSAC’s law from # to z, in consequence Os7Lussac's
of its temperature being raised from 7° to 7,° is calculated

from Eq. 18 (see below, 19)

dL=pdv
or as p is constant
(4
fll'L - pj‘d o
e v
L =p (v, — v) kilogrammetres (mk) .. ... .. (11)

9) The quantity of heat, which must be imparted to every Kkilo ofQuantity ofheat
the gas in order that it may perform the above work in Gaylumacs
accordance with GAY-LUSSAC’s law, is determined from the
general equation

dQ=A(d W+dI+dL)
In all perfect gases d /=10
dQ=A@dW+dL)



10 First division. Principles of the mechanical Theory of Heat.

and as, according to Eq. 3
Ad W=C(C,dT

T,
Afa’ W= C},j‘u' T
T

AW=C (T, —1T)
it follows that
Q=AW+ AL=C, (T, —T)+ 4p (v, — v).
remembering that p is constant, by Eq. 16 we have

T, =%i and T -—-/;{
so that
0=(%+4) s, —)=(3%+1) dp(r,—v)
from this follows by Eq. 7
Q= -{-:—1 Ap (s, —v)  units of heat ... .. (12)

Example  10) Example: 1 kilo of a perfect gas, the constant R of which
Gay Lussac’s is taken at 3o (see below 20) possesses an absolute temperature
T=300° and is under a pressure p = 40000 kilos per sq. cm.
Its volume v by Eq. 16 is then
v= RPT = 3043; ; 000= 0,225 cubic metres.
Let this gas expand according to GAY-LUSSAC’s law under
constant pressure to a volume
v, =4v=4>0,225 = 0,9 cubic metres
it will then perform the external work (work of expansion)
L=p (v, — v) = 40000 (0,9 — 0,225) = 27000 kilogrammetres.
The quantity of heat which must be imparted to it during the
expansion is

% 1,41 1 . .
Q = ;‘:—1‘ AP (‘}l — Z’) == m X-mx 27000 = 219,06unlt50fheat
7
of which 2—40)—ZQ = 63,68 are expended in the work of expansion

and 219,06 — 63,68 = 155,38 in the rise of temperature.
GayLusacs 1) The tension curve for GAY-LUSSAC’s law is a straight line
parallel to the axis of absciss®, because the pressure for the
successive volumes of the gas is constant. It is shewn in Fig. 2,
Plate 1 as the straight line 40 produced to the right past 0.
Mariotte's Lew.  12) Mariotte’s Law: 7/4e wolumes of all perfect gases at constant
temperatures are tnversely proportional to their pressures.
v _h
Uy D e (13)
Pv=pm7
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13)

14)

15)

The external work which a perfect gas performs in expanding External work
under a constant temperature 7° from v to 7, under MARIOTTE's Mariotte's Law.

law, is determined in the following manner by the help of Eq. 18

dL=pdv
in which p and v are variables. To eliminate p we put, by Eq. 16
RT
="
then JL—R Td_v

L = R T'log. nat.*) “_RT log. nat. 2 kilogrammetres . . (14)

v ¥
The quantity of heat which must be communicated to each kilo-  Quantity
gram of the gas in order that it may perform this work, isMsriotte's Law.
calculated as follows from the general equation
dQ=A@dW+dIl+dL)
in this case /=0 because it refers to a perfect gas
d W= 0 because the temperature is constant

then dQ=AdL

Q=AL
or referring to Eq. 14
Q = AR Tlog. nat. %‘ units of heat . . . . . .. (15)

Example: If the kilo of gas referred to in 10) expands Exsmple
according to MARIOTTE’s Law at constant temperature, the work Mariotte’s Law.
of expansion produced by it will be

L = R T'log. nat. E:‘ = 30.300.log. nat, 4 = 12476 kilogrammetres
v

and the quantity of heat communicated to it

1
Q=AL= 27 12476 - = 29,42 units of heat.

16) The expansion curve drawn according to MARIOTTE’s law jsMsriotte®s Curve

called an /Isothcrmal; it is an equilateral hyperbola whose Isothermal.
asymptotes are the axes of coordinates. It may be drawn
according to RANKINE**) for an initial volume v expanding to
v,, by dividing the distance v, — v (Plate 1, Fig. 1) into any
number of equal or unequal parts, erecting perpendiculars from
the points so obtained and then drawing a parallel to v, — v
through the end of the ordinate which represents the initial

*) log. nat. = logarithmus naturalis, the natural logarithm.

**) W. J. M. RANKINE. Miscellaneous Scientific Papers. London 1881. P. 456,
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17)

18)

pressure p. Join the points of intersection 1, 2, 3 . . . of this
parallel and the perpendiculars, with the origin O of the coor-
dinates. Through the intersections I, II, IIT . . ., of these oblique
lines and the ordinate p lay parallels to 7, — . Then the inter-
sections 1,5 2,.; 3y - - - Of these parallels with the respective
ordinates will be points of the required Isothermal. The proof
of this construction lies in the similarity of the corresponding
triangles O A 1 and Il 1.

The combined law of Gay-Lussac and Mariotte: /z a// pcrfect gases
the external work, produced by heating 1 kilo 1° under constant
pressure, is constant.

According to Eq. 8 let a kilo of a perfect gas at ¢° under
the atmospheric pressure have a volume v=7, (1 + a?); at a
pressure p its volume then becomes according to Eq. 1 3

(1+at)

and the volume v, of 1 kllO of a perfect gas at ¢°, and a
pressure p,.

vl=ﬂ(1+atl) so that
y A
1
v_p (1+al) _ ”1(&+’) _nT
1 1 T,
v p (14at) 1’(;4"1) ? 1
1’;=‘p‘T:}’ =R=const. .......... (16)
pv=RT ............... (7

Eq. 17 is called the eguation of state of the perfect gases; it
expresses the law that when 1 kilo of a perfect gas is heated
from the absolute zero to 7°° under constant pressure p it

-

produces an external work of pv kilogrammetres or ‘Y“} =R
kilogrammetres per degree. The infinitely small increment of
the external work amounts therefore to

dL=pdv (18)

...............

20) R is called the constant of the law of Gay- Lussac and Mariotte.

R = 29,272 for pure and dry atmospheric air, the density of
which at #=0° with the barometer at 760 mm is 0,0012932

(the density of water being 1). For other gases or

1
773
gaseous mixtures, whose density is d referred to the density
of the air at the same temperature and pressure (see table
on P. 8)

29,272
0
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According to REGNAULT, for

Nitrogen . . .. .............. R= 30,134
Oxygen................... R -~ 26,475
Hydrogen ... .............. R -~ 422,612
Carbonic acid at 0° ... ........ R 19,143
Steam at atmospheric pressure. . . . . R 47,023

21) Poisson’s Law: 7/ wolumes of all perfect gases in nonconducting Poissen’s Law.
vessels are inversely proportional to the »™ (1,41%) voots of their
pressures and to the (v — 1) (0,41) voots of their absolute

temperatures.

22) In a nonconducting vessel heat is neither imparted to nor Nenconducting
withdrawn from a gas during its change of state.

23) In such a change of state therefore, we have according to
dQ -A(dW+dIlI+dL)--0

in perfect gases d/--0;
Ad W~ C,dT and according to Eq. 18, dL. pdv

Eq. 2

Relations
betwecenPressure,
volume, and
temperature of
3: perfect gases

under
Poisson’s law.

further according to Eq.

. dQ=CdT+Apdv-—0
From this expression we may derive the following relations

between volume and pressurce of the

gas.

Differentiating Eq. 17, in order to | To eliminate p,

eliminate 7, we get
d7T = 112 (pdv+vdp)
and then by substituting this value
G G ) o
< vdp+ (3 +4)pdo=
Referring to Eq. 5*, we may put
for this
2 (vdp+uapdo)=
R vapg pav)=

Multiplying this Equation by
R

m. we get
V4 4 V4 v
y 21 n
f dp_ ”J‘ dv
) v
P v
log nat (p, —p) =—zlog nat (», —v)

2

1 t 71— 41 -’
ogna ;—x ogna :"

“1
»=G)

between volume and temperature of

the gas.
we put, by
| Eq. 16
T
r=—
then

C.,dT+ART‘—z:'=0

Referring to Eq. 7, this Equation
may be expressed as

G,[dT+(n—1) T‘%’]=0
Dividing this Equation by C,
we get

dT+(K—1)T%}=0;dT=—(x—1)Tde

Tl 1771
dT dv
f’f=_(”_’)f‘v

T v
lognat(7,—7)=—(x—1)lognat(z, -v)

- ‘. —_— — .7’,
T (» — 1) log nat o,

()

log nat

-
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Combining both these equations we get
1 1
fm () = ()
v, \p) \T

x x
2= () - (B
2 \v 7,
. x—1 x—1
L))
7, v v
24) The external work, which 1 kilo of a perfect gas performs in
expanding under Poisson’s law from @ to ¢,, while its tem-

perature sinks from 7'’ to 7,° is calculated from the general
equation

-----

dQ=A(@dW+dI+dL)
in which we have
d Q= 0, because heat -is neither imparted to
nor withdrawn from the gas, and
d 1= 0, because it is a perfect gas.

Therefore we have remaining
A@WH+dL)=0; AdlV=—AdL
AdW=C,dT

T

Ajd W=, [d 7= —'Aj‘a'l,
T

C(T,—T)=—AL

L=%(-1
Now by Eq. 19
%*—1 ]’ x—1
—7(% - _1_) x
h= (7,'1) T(p
C x—1 C x—1
° ——v —_— 1 = v 7 J— 2
=G| =7 |=a7|+-C)
If in this expression, we substitute by Eq. 17 7" /_;!;’ and by
C, x—1
Eq. 7 ARSI it follows that
V4 *1 2 2 bl kilogram
=271 (2 L% | 1 (£1) = i
L= (1/1) —1|! (p) metres  (2°)
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25) Example: the kilo of perfect gas referred to in 10) in ex-
panding under Poisson’s law from # to v, = 4v,. performs

the work
1,41 —1
I — 40000 . 0,225 0,?25)
T 1,4 — 1 0,9
9 0,41
L = 00497(1 — 0,25 ) = 9519,61 kilogrammetres.

To produce this work we require to expend a quantity of heat
1
24
26) The expansion curve drawn according to Poisson’s law isPoisson’s Curve
called the Adiabatic Curve and is similar to the Isothermal Curve. AdiabaticCurve.
BRAUER*) gives the following method of plotting it: it is

Q=C(T—T,)=AL=,, .9519,61 — 22,45 units of heat.

< x
evident from the equation };; - (;—) of the curve that if we
1
1

take two spots (p ) and (2, ¢,) so that — has any value we

e

-

choose, there is a corresponding value ofl;l .

Thence it follows that for a series of absciss® v, v, 7,, ¥,
in geometrical progression, the ordinates p, p,, #,, p;, must
also form a geometrical series.

For instance if

. v v, . .
A—-— f,‘- -2 . ... is the factor of the series for v we shall get,
T, Y Ty
=l Pl he factor of the series for p.
? P 2

In Plate I Fig. 2 let 0 be the given point with the coordi-
nates v and p through which the adiabatic curve is to be
drawn. Choose a value for v,, e. g. v, ®,v (in the Fig.
v Oa, v, =06, the Volumes V, I, and ¥V, do not refer to
this construction but to § 6, 29 and 30), through the terminal
point & draw a line at 45° cutting O« produced in the point
% and through O and /% draw the straight line O/, by means
of which the construction a/Zéick/ can be completed and the
abscisse cut off in geometrical progression. Now

hH = (4/’5)"})
is calculated, substituting the known value of » and thus the
point 1 is found. Then the point A in 1 B is determined by
the intersection of the line 4 A drawn at 45°, and by joining

*) Zeitschrift des Vereines deutscher Ingenieure. 1885. P. 433.
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27)

this point /A with O we get the construction line O /. How
the other ordinates are obtained can be at once seen from the
drawing. In this case x is taken - 1,41, so that

1,41
H—) p=0720p.

By exactly the same construction the curve can also be
continued backwards from 0. The points — 1 and — 2 are so
found. For z-=1 the curve becomes the equilateral hyper-
bola or isothermal curve (shewn by the dotted line) so that
the same construction can also bé used for that curve.

A purely graphical method of laying down the adiabatic
curve, which also avoids the above small logarithmic calcula-
tion, is given by TAUBELES*), but as this necessitates a more
complicated construction and for many values of x only fur-
nishes an approximation to the adiabatic curve, it is not further
described here.

Changes of state of less importance occur with permanent gases,
when

a) the volume remains constant, i. e. when the gas is heated

under a constant volume. In this case we have by Eq. 16

r_te 2 T
r 1, T,
Further, the external work L = 0, so that the quantity
of heat Q imparted to the 1 kilo of perfect gas only pro-
duces the sensible energy IV, the relation of which to Q
is worked out in ¢) as
Q=AW= C, (7T, — 7) units of heat.
For the gas as taken in 10) the quantity of heat necessary
to produce this effect, as there calculated, is
Q=AW=15538 units of heat.
The internal work U remains constant. For perfect gases,
this change of state is the same as that in which the
temperature 7" as well as the sensible energy I# are con-
stant, i. e. the change occurs in accordance with MARIOTTE’s
law, because with perfect gases the work of translation
/=0. For any other gases or vapours this is pot the
case, their curve of tension with sensible energy and work
of translation constant, is calied the isodynamic curve.

o

28) The difference (for 1 kilo of a perfect gas) between the quan-

tity of heat imparted, Q, and the external work produced 7,
during the above described changes of state, can be best seen
by placing side by side the respective tension-curves as in

‘'Fig. 2 Plate 1 or the calculated results as below:

*) Zeitschrift d. V. d. I. 1885. P. 675,
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a) v const., p & T variable: @ = 155.33 units of heat; L = 0.0 kgmetres ; heated with constant Volume.
b) p const, v & T w 1 @=209.06 , ., , ;L=270000 w3 Gay-Lussac's Law.

c) Tconst.,, p&v w @= 2042 ., , ., :iL=124760 . ; Mariotte's Law.

d) Uconst., p &v w Q= 2042 ,, , , ;L=124760 » 3 Isodynamic Change.

) Q=0,p,v&T , :Q= o0 , , , ;L= 95200 » ; Poisson’s Law.

29) The isothermal and adiabatic changes of state, that is those Compariton of

30)

~

5919.61

the isothermal

which take place under MARIOTTE’s and POISSON's Laws re- *nd adiabetic
spectively, are the most important in engineering. It follows expansion.
from the above comparative table that one kilo of a perfect

gas, in expanding to four times its initial volume, performs

12476 1.31 times as much work under isothermal as under
adiabatic expansion. Further, on looking at Fig. 2 Plate 1,

it is seen that a perfect gas of the initial volume J” and
pressure p, in expanding, first isothermally and then adiabati-

cally, to the volume J] has in the former case a greater
terminal pressure p,, than in the second case, where it is only

21a. The reason of this is that in isothermal expansion the
temperature is constant and therefore heat must be imparted

to the gas, whereas adiabatic expansion takes place without

the communication of any heat.

If, on the other hand, the same gas is compressed isothermally ﬁ:’;“i‘.’:&';’r“mg{

and adiabatic

. . . 1 .
to one fourth of its original volume, only 131 = 0.763 times  work ol

as much energy is required to accomplish this as would be
necessary for adiabatic compression. As Fig. 2 Plate 1 shews,
for the compression from V to V,, the terminal pressure p,; of
the isothermal is less than that of the adiabatic p,, because in the
former case heat must be withdrawn, to keep the temperature
of the gas constant, whereas the adiabatic compression is un-
accompanied by withdrawal of heat. From this follows —

A perfect gas, and atmospheric air is usually considered as one Fractical appli-
by engineers, performs the more work by expansion, the more sbeve conside-
heat we impart to it during the process. Without this addi-

tional heat the temperature of the gas sinks very considera-

bly during expansion, for (e. g.) if one kilo. of air at 17°

dilates to five times its orlgmal volume, the terminal tempera-

ture becomes by Eq.

7, = (273 + 17) (;) — 150
Tt =150 — 273 = — 123 °.
This circumstance is made use of for the production of cold

in freezing machines. The same gas can be compressed with
so much the less expenditure of work the less its temperature

BUSLEY, The Marine-Steam-Engine I. 2
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rises, hence it is profitable to construct air compressors, such
as are used for charging the air-chambers of Whitehead
Torpedoes, in such a manner that the heat arising from the
compression may be withdrawn from the air as rapgidly as
possible.

v
~

The equivalence of conversions.*)

II. Law of Thermodynamics.

\

1) If a perfect gas undergoes a series of changes of state, during

every moment of which the pressure and temperature of all
its interior particles are the same as those at its surface, and
at the conclusion of these changes resumes its original condition,
it is said to pass through a cycle. A cycle is called reversible
when the original state of the gas is produced by repeating
the whole of the series of changes of state, but in the reverse
order. The conversion of heat into work of expansion or the
conversion of work of compression into heat are changes which
may produce reversible cycles.

2) A non-reversible cycle occurs, when in the course of it, changes

arise in which heat passes directly from a body of higher
temperature to a body of lower temperature by radiation or
convection, or in which heat is produced by the work of
friction.

3) A cycle, in which a kilo of perfect gas undergoes only four

changes of state, two isothermal and two adiabatic, as explained
below, is called @ simple reversible cycle or Carnot's cycle.

4) In CARNOT's cycle (Fig. 3 Plate 1) one kilo of a perfect gas

is allowed to expand

a) isothermally from the volume v to v, the temperature 7°

*  being of course kept constant by imparting a quantity of
heat Q to the gas,

b) then adiabatically from @, to =, while the temperature
falls from 7" to 7, heat being neither imparted nor with-
drawn,

c) Hereupon the gas is compressed isothermally from v, to
v, during which compression the withdrawal of a quantity
of heat ¢, keeps the temperature 7, constant,

*) R. CLAUSIUS. Die Mechanische Wirmetheorie. Brunswick 1876. P. gs.
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d) and the process completed by further (adiabatically) com-
pressing the volume v, back to the original volume v,
while 7, rises to 7", as no addition nor withdrawal of
heat takes place.

5) A diagram of energy drawn in accordance with CARNOT’s Diagram of
cycle shews that during the process a certain external work L Caruovs cscle.
has been performed which is equal to the enclosed area F (see
§ 6, 2). This work can only be produced in consequence of

the heat imparted ( being greater than that withdrawn Q,.
Accordingly A L must equal Q — Q,.
If the process be carried out in the reverse order, the same
amount of work will be consumed and an equal quantity of
heat produced.

6) The encrgy produced or expended in a Carnof's cycle is calculated Vxternal Work
as follows: ‘ oycle.
according to Eq. 15 the quantity of heat imparted during

the isothermal expansion is

Q=ARTm%

and the quantity withdrawn, @, =4 R 7| In f.’!
Uy
thence follows Q:0, = ’[‘lnt:." : 7, In Y
T 7,'3
During the adiabatic change, the following relation exists, by
Eq. 19, between the absolute temperature and the volume:

. % —1 . z—1
?.'.l. J— l‘_ and gi p— (.{
2 1 v T,
hence D% o ﬁ___.i_’z,
v, v vy
. . r 7,
so that we get this ratio —Q—= — and we have: Q, = &
Ql [1 7
QT,
°. A L = -_— ——,"
¢ 7

AL=-TQ(T— 7,) units of heat

0 e (21)
L =—-"2(7T—17,) kilogrammetres
AT
7) From the above we see that during a CARNOT’s cycle two {htersnee from
conversions occur; — first heat is converted into work (or vice
versd) and secondly heat of a higher temperature is changed
to heat of a lower temperature (or vice versi). In other words:

if a quantity of heat is to be converted into work, it is necessary

4%
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that another quantity of heat be simultaneously brought from
a higher to a lower temperature.

8) Two conversions which exactly make up for, or balance eack other

(as in Carnof's cycle), without requiring any further permanent
change to be made, are called equivalent.
This is the second law of thermodynamics.

9) The production from work or energy of a quantity of heat Q

of temperature 7" has the equivalent value the transition of

T’
a quantity of heat @ from a higher temperature 7" to a lower

temperature 7, has the equivalent value Q ( ;, -— 71,)
1

10) ZEUNER calls the value 0 the Heat-weight, CLAUSIUS however

T
calls it the conversion value or Entropy*). The difference 7 — 7,
is designated by ZEUNER the Hrad of Temperature.

11) We may convert the equation ¢c_1~
g I
: Q_ o
into T=7

As Q represents the imparted or positive quantity of heat
and Q, the negative or withdrawn one, we may also write
e + 7 =0......... . ..., (22)
whence it follows that
“In any Carnol's cycle the imparted and withdrawn heatweights
or conversion values (or cntropies) are cqual to each other, or in
other words their algebraic sum equals zero’.

12) ZEUNER has expressed Eq. 21 in the following manner: “#ke

quantity of heat converted into external work in a Carnofs cycle
is equal to the heatweight (or entropy) multiplied by the head of
temperature”. He proves besides that**) of all similar cycles,
Carnof's produces the greatest external work.

13) The external work increases with the head of temperature,

which has a fixed value in many CARNOT’s cycles, because the
initial temperature 7 and the terminal temperature 7, are con-
fined within certain impassable limits. But as these temperatures
are directly proportional to Q and @, the heatweights imparted

*) R. CLAUSIUS. Die mechanische Wirmetheorie. Brunswick 1876. Pp. 111 and
204, also MCLLER-POUILLET's Lehrbuch der Physik Vol. II, Div. II, P. 468.
enlarged by PFAUNDLER. Brunswick 1879.

**¥) G. ZEUNER. Technische Thermodynamic. Leipzig 1887. P. 50.
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. and withdrawn, we arrive at the following important theorem
(particularly so for the theory of the steam-engine).*)
14) The cxternal work which it is possible to obtain from a Carnof's Perfect cycle.
cycle is a maximum when the whole communication of heat takes
place at the kighest temperature of the cycle, and the whole with-
drawal at the lowest.
Such a CARNOT’s cycle is called a perfect cycle.

*) H. v. REICHE. Der Dampfmaschinen-Constructeur. Aachen 1880. P. 20.
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3)

5)

Second Division.

Steam,

§ 8.
Different states of steam.

By wapour is meant a kind of gas which can be formed from
a fluid by communicating heat or lowering pressure and which
can on the other hand be made fluid by withdrawing heat or
raising pressure.
Steam occurs in two states of temperature, as

I. saturated steam,

II. superheated steam.
I Saturated Steam can only exist in contact with the fluid
from which it was produced, although the quantity of this
fluid may be very small. Its condition is a limiting one with
respect to the transition to the fluid state of aggregation, be-
cause the slightest cooling entails a partial condensation.
Saturated steam possesses for every pressure the lowest tem-
perature, the smallest specific volume, and the greatest specific
gravity; in other words it is always at its maximum density.
Its temperature corresponding to any pressure is called #ke
temperature of saturation.
With regard to saturated steam, a distinction is made in prac-
tice between

a) dry steam,

b) moist steam,

c) wet steam.
a. Dry steam is steam, the last fluid particle of which has just
been evaporated, it is in fact exactly at its point of conden-
sation. Dry steam can hardly be obtained except in super-
heaters, the purpose of which is, now-a-days, the production
of the driest possible steam. — When in the following pages
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6)

7)

8)

9)

“saturated steam” simply is spoken of, “dry stcam’ is always
meant.

b. Moist steam is a mixture of steam and water, regarding
which we do not yet know with certainty whether the water
or moisture it contains floats like fine cloud in the mass of
steam or precipitates itself in the form of dew on the walls
of the containing vessel. Steam, on entering the cylinders of
steam -engines, is usually moist; even when dried in super-
heaters, it again becomes moist through losses of heat occur-
ring before the cut-off. But here we may at once remark that
a degree of moisture of 10 to 20 °), at the boiler, as formerly
assumed, does not occur. According to recent investigations,
(see § 12) a good boiler, not over-driven, delivers steam which
is either completely dry or only charged with a very small
quantity Yat most 5 °/,) of water carried over.

c. Wet steam contains so much water that this is injuriously
noticeable in the cylinders, as in the case of priming or other
mechanical carrying over of the water.

Il. Superheated Steam can no longer exist when brought into
contact with the fluid from which it originated. It has a higher
temperature than saturated steam of equal pressure, as well as
a greater specific volume and less specific gravity. Very
highly superheated steam behaves like a perfect gas (see § 6, 1).

In practice, a mixture of superheated with saturated steam is
called mixed stcam and is produced before the steam is ad-
mitted to the cylinder in order to keep too highly superheated
steam away from the engine, for reasons to be explained
further on (see § 13, 18). As the watery particles of the
saturated steam are evaporatéd by the higher temperature of
the superheated steam, the resulting mived stcam is either
superheated steam of a temperature a little above that of sa-
turation, or mwoist steam of a low degree of moisture, according
to whether the above evaporation is complete or not.

§ o

Definitions.

Moist steam.

Wet steam.

Superheated
steam.

Mixed steam.

1) The pressure in kilos exerted by steam on every [Jcm of the Presure p.

walls of its containing vessel is called its spccific pressure,
pressure, or expansive force p.
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promane s 2) If the steam pressure is measured from a vacuum, i. e. from
“overpressure’’. zero, it is called absolutc pressure, but if measured from the

pressure of the atmosphere it is called “overpressure” (or
simply pressure). This latter pressure is shewn on steam-gauges.

A e 3) The atmospheric pressure which, at the mean barometric height,
balances a column of mercury 76 cm high, amounts, for every
(Jcm of the surface of the sea to 1.0334 Kilos, so that

1 Atm. == 1.0334 kilos per [Jcm.

o o e, 4) Steam pressure can be expressed either in atmospheres or in
kilos per [Jcm. Wherever the former is (exceptionally) the
case in this book p bears the signification p o/d Atm. This
distinction has become necessary since in the German Empire
“by atmospheric pressure, the pressure of 1 kilo per [ Jem” is
understood by law (§ 11, Section 2 “General Regulations as to
the fitting up of boilers”).*) In order to comply with the law,
2 is given in the following pages “in kilos per [Jcm absolute
pressure”’, or as it is sometimes expressed “in new atmospheres
of absolute pressure” and means p kilos per [Jcm or p atmo-
spheres. In a few places where the steamgauge pressure is
referred to, it is accentuated by being marked “overpressure”.
In reference to boilers and in conformity with practice, the
term Working Pressure or Boiler Pressure is made use of, as
signifying the legal pressure of a boiler and synonymous with
overpressure.

oe Dresstre ‘;‘ 5) The pressure p of saturated, as well as moist steam or of
rernperature & a mixture of steam and water is independent of the volume
and the degree of moisture or wetness and is to be regarded
as a function of the temperature ¢ only. The form of this
function has not yet been theoretically determined, and REGNAULT
gives the following empirical formula for it, based upon his
experiments :
Vogp=a+ba 47 ... ... (23)
in this expression are to be substituted

p the pressure in millimetres of mercurial column

a=47393707. . . . ... ... 0., fort= 0°to 100°
a=06.2640348. . . . ... ... .. . . ... for ¢ = 100° to 200°
+ & «F = — num. log (0.6117408 — 0.003274463¢) . . fort= 0° to 100°
+ b «F = — num. log (0.6593123 — 0.001656138 t) . . for t = 100° to 200°
+ ¢ 87 = + num. log (— 1.8680093 + 0.006564937 ¢) . fort-= 0° to 100°

+ ¢ ¥ = — num. log (0.0207601 — 0.005950708 ¢) . . for ¢t = 100° to 200°

*) Reichsgesetzblatt 1871, P. 122,

**) log = Briggs's or common logarithm.
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6) The wacuum, which is formed by the condensation of steam, Vacuum.

can either be expressed in actual atmospheres or in kilos per
[Ocm i. e. in new atmospheres. In the first case a vacuum of

1 old atm. =176 cm .
in the second case of
1 kilo per [Jem =1 atm. ==T73.551 ccntimetres

of the scale of a mercurial barometer.

ili 1 1 , Back pressure
7) The pressure prevailing in the approximate vacuum of condensers Pr

and the parts of cylinders in connection with them is called
the backpressure a. It is always given in kilos per [Jcm.

8) The weight in kilos of one cubic metre of saturated steam is Density of

steam.

called its density y. According to ZEUNER¥) it can be almost
exactly found by means of the empirical formula
1

ymap™ Rilos. . ... (24)
For the pressure p in old atm.

a=0,6061; ’11 = 0,9393
and for the pressure g in kilos per [Jcm. PINZGER gives

a = 0,5877; % = 0,939

9) The wolume in cubic metres taken up by 1 kilo of saturated Srecific Volume

10)

steam is called the specific volume s. It is of course the reci- o e
procal of the density
s 1, y— 1
7 s
The volume in cbmetres taken up by 1 kilo of moist steamSpgcific volume
or 1 kilo of a mixture of steam and water is called tke specific

volume v of the mixture.

11) The volume of 1 kilo of water = 0.001 cbmetres at 4 4% and Srecific volumo

of water.

is called the specific volume of water w. As water only expands
4.2 %, or about '/,, of its volume when heated from its (prac-
tically) mean temperature of 15 ° to 100 °, according to KOPP*¥),
and can only be compressed from atmosphere to atmosphere
of pressure 0.00005 of its volume at 0° and 0.000044 of its
volume at 53 * according to GRASSI**¥), the specific volume of
water as compared to that of the steam evolved from it is
regarded by engineers as constant, w = o0.001 cbmetres.

*) G. ZEUNER. Mechanische Wirmetheorie. ILeipzig 1877. P. 294.

**) Muspratts theoretische, practische und analytische Chemie, fortgesetzt von B. KERL,

%

ILI. Edition. Vol. 5. P. 861. Brunswick 1870.
*) Annales de chimie et de physique. III. Series. Vol. 3I.
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1)

§ 1o0.

Generation of saturated steam.

To convert 1 kilo of water at o? into saturated steam of #°,
a total heat of L units of heat must be communicated to it, of
which one part

g heats the water to 79, another part,
the internal latent keat ¢ changes its state of aggregation, and
finally a third part, the external latent heat A p u enables the
steam to make room for itself.

2) REGNAULT*) bases the following empirical formula for the

)|

dctermination of the total heat upon experiments.
A=606.5+0.305¢ .

for ¢ ==100"°

A= 606.5 4+ 30.5 = 637 units of heat.

The heat of the liguid ¢, which heats the water to the point at

which the generation of steam can begin, that is, produces the
sensible energy is, likewise according to REGNAULT

g =1+ 0.00002 t* 4 0.0000003 t*
for = 100":

g=100+ 0.2 4+ 0.3 = 100.5 units of heat.

The internal latent heat ¢, which produces the work of trans-
lation by so far loosening the cohesion of the fluid particles that
they pass beyond the range of their mutual attraction (see § 4, 10),
is according to ZEUNER*¥) '

=5754—0791¢ .. ... ... ...,
for t=100":

0=575.4 — 79.1 = 496.3 units of heat.

5) Zhe external latent heat A pu must produce the external work

*) Relation des expériences entreprises pour déterminer les lois et les données

necessary to overcome the pressure p on the surface of the
water which is equal to the pressure of the steam being formed.
If we call #==s—«w the difference in cubic metres between s
the volumes of a kilo of the steam and w that of a kilo of
water, then this external work amounts in kilogrammetres

to pu= Apu units of heat
and according to ZEUNER

Apu=311+4+1096t—qg .......... (28)
for t=100°:

Apu=31.1+ 109.6 — 100.5 = £0.2 units of heat.

physiques nécessaires au calcul des machines A feu. Vol. I u. II. Paris 1862.

*') G. ZEUNER. Grundziige der mechanischen Wirmetheorie. P'. 283. Leipzig 1877.
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\ : Combination of
6) From the preceding we get ombiuation o

=qg+to+Adpu .. ... ..., (29)
for ¢t = 100°:
L =100.5 + 496.3 + 40.2 = 637 units of heat.
7) As the quantity of heat .1« is immediately converted into Meatof the
work, it follows that only the “heat of the liquid” ¢ and the
internal latent heat ¢ are contained in the steam when formed.
These two parts ¢ and ¢ are therefore generally combined
under the term internal hcat or “heat of the steam” |
I=g+o=~L—Apu............ (30)
for = 100"
I =100.5 4+ 496.3 = 637 — 40.2 = 596.8 units of heat.
8) Only ¢ and A p « have to do with the evaporation of the water, Heat of Evapo-
because ¢ does no more than raise its temperature. To ¢ and
Apu together the name /Aeat of cvaporation r has therefore
been given

r=9o+t+Apu=»>~—gq ....... ... o (31)
for £==100"
r = 496.3 4 40.2 = 637 — 100.5 = 536.5 units of heat.
9) If we put :

Abbreviated
formula for r.

r=»~L—gq

we may write, by Eq. 25 and 26

r = 606.5 -+ 305 t — (¢t + 0.00002 ¢* 4 0.0000003 t*)

r = 606.5 — 0.695 ¢t — 0.00002 ¢* — 0.0000003 3
for which CLAUSIUS*) gives the much shorter and almost
equally exact formula
' r=0607 — 0.705¢ .. .......... (32)
According to this formula » for #-=100° is

y =607 — 70.8 = 536.2 units of heat,

so that the difference between the result we arrive at by this
expression and that of REGNAULT's much longer one is only
0.3 units of heat for /= 100"

10) The following scheme illustrates the distribution of the different [xvlanatory
quantities of heat to be taken into account when evaporation auajiities of
is considered; the values given are those corresponding to
t=100" (see § 4, 12).

Total heat A (637 units of heat)

\

heat of the liquid q (100.5 units of heat) Internal latent heat o ($96.3 units) External latent heat Apu (#0.2 units)

heat of the steam /(596.8 units  Heat of evaporation 7 (536.5 units)

1 v Notos on Table
11) These values, for the most important steam pressures, are given 920 (S0

in the annexed table, in which the numbers for pressures  ttom

*) R. CLAUSIUS. Die mechanische Wiirmetheorie. P. 137 u. 281. Brunswick 1870.
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Table of the properties of saturated steam.

Pressure | o 2| 2 - 3. 2. |ga g 1 ESe_|El%,
3.8 s & ll S:E| 33 | %33 izz| 5 | cis)| £ EiofiEies
Z82) E_3  E°% | 82 | g=2° | z3°| 8z gg° E 2522 585%
=] gsg & 5 % = s 2 =% 8 8T zzZ%

p | £ 2 ¢ q o |Apu| J | r i s T,
1 |; 2 3 __—‘4_4“ s | 6 | 7 . 8 _[ 9 10 o
0,000 4,60 0,00 0,00 | §75,43 | 31,07 | 575,43 | 00O, 50 606 50‘ 210,652 ' 0,0047
0,007 ‘ 4,94 1,00 1,00 | 574,65 | 31,15 | 575,05 [ 605,80 ‘ 606 80’ 196,672 ,0,0051
0,007 5,30 ‘ 2,00 2,00 (573,88 | 31,23 575,88 | 605,11 | 607,11 w‘ 183,699 , 0,0054
0,008 5,69 3,00 3,00 (573,10 | 31,31 | §76,10 | 604,41 | 607,41 | 171 718 0,0058
0,0081 6,10 4,00| 4,00|572,32|31,39 576,32 603,72 | 607,72 | 160 593 0,0062
0,009 653[1 5,00| 35,001571,55 | 31,48 576,55 | 603,02 | 608,02 | 150,224 | 0,0067
0,010 7,00 6,00 6,00 | §70,77 | 31,56 | 576,77 | 602,33 | 608,33 | 140, 637 Iooo7|
0,010 7,49' 7,00 7,00 | 569,99 | 31,64 | 576,99 | 601,63 | 608,63 | 131, 6,7 00076
0,011 8,02| 8,00 8,00 | 569,21 | 31,72 | 577,21 | 600,94 | 608,94 ,123,408 0,0081
0,012 8,57, 9,00 9,00 | 568,43 3 81 577,43 600,24 | 609,24 - 115,666 00086
0,012 9,16'| 10,00| 10,00]567,66| 31, 89 . 577,66 599.55 | 609,55 108 526 00092
0,013 9,79, 11,00| 11,00 566,88 31,98 577,88 | 598,85 | 609,85 11 101,863 , 0,0098
0,014 10,46“ 12,00| 12,00 566,10 32,06 578,10 598,16|610,16 95,598 0,0105
0,015 11,16 ' 13,00| 13,00]565,31| 32,15 578,31 (597,46 (610,46! 89,790 0,0111
0,016 11,91 I 14,00 | 14,00 564,53 | 32,23 | 578,53 (596,76 | 610,77 84.411]0,0118
0,017 12,70 ‘] 15,00 15,00 563 751 32,32 578,75 | 596,07 611,07 79,346 00126
0,018 13,54  16,00| 16,01 | 562,97 | 32,40 | 578,08 | 595,37 [ 611,38 | 74,673 10,0134
0,020 14,42| 17,00| 17,01 562,19 | 32,49 | 579,20 594,68 | 611,68 ! 70,254 0,0132
0,021 15,36 18,00| 18,01 561,40 32,58 | 579,41 | 593,98 6[1,99‘ 66,158 0,0151
0,022 16,35 19,00 _ 19,01 560,62 32,67 5/(),03 593,29 612 12,29 62 336 00:60
0,024 17,39 ! 20,00, 20,01 | 559,83 | 32,75 5/9,84 592,59 612,60; 58 724 00170
0,02 18,49 21,00| 21,01 | 559,05 | 32,84 | 580,06 | 591,89 | 612,90 | 55,370 | 0,0181
0,027 19,66 || 22,00| 22,01 (558,26 32,93 580,27 | 591,20 613,21‘, §2,239 , 0,0191
0,028 20,89 23,00| 23,01557,48 33,02 580,49 590,50 613,51 | 49,301 || 0,0203
0,030 22,18 24,00 24,02 556,69 33,11 580,71 | 589,80 | 613,82 46, 6,550 [0,0215
0,032 23,55 25,00 25,021555,91 33,20 580,03 | 589,11 |614,12 | 43, 3,965 ‘00227
0,034 24,99 || 26,00 206,02(3555,12 33,29 | 581,14 | 588,41 614,43, 41,553 0,0241
0,036 26,50 | 27,00| 27,02 554,33 33,38 | 581,35 587,71 1 614,73 | 39,275 0,0255
0,038 28,10 28,00| 28,02(553,54 33,47 | 581,50 587,02 615,04 37,146, 0,0269
o,o4o| 29. 78| 29,001 29,02 552, 76 33 56 581,78 586 32615, 615.34 , 35,149 <'00284
0,043 3:,55‘ 30,00 30,03 (551,97 33,66 582 00 | 585,62 615 65 1 33, 27zn 0,0300
0,045 33,41 31,00| 31,03|551,18 33,75 582,21, 584,93 6(5,95] 31,505 °0,0317
0,048 35,36~ 32,00 32,03 550,39| 33.84 58242 584,231 616 26‘ 29.849 10,0335
0,051 37,41 “ 33,00 | 33,03 ]549,60!33,93'582,03583,53|616.56 | 28,289 0,0353
0,054 39,50 3400 34,03 548,81 | 34,02 | 582,84 582 83 616,87 | 26,821 100373
0,057 41, 33 35,00 35,04 | 548,02 | 34,12 | 583,006 | 582.14 6'7-l7| 25,439 10,0393
0,060 44,20| 36,00 | 36,04 347,23, 34,21 583,27 581,44 1 617,48 24,137 0,0414
0,063 | 46,691 37,00 | 37,04 546,44 | 34.30 | 583,48 | 580,74 | 617,78 22,914 0,0436
0,067 49,30 38,00 38,04 |545,64 ' 34,40 | 583,08 | 580,04 | 618.09 = 21,761 | 0,0459
0071| 52,04 39.00| 3005544851 34:49 | 583.00|579.35 | 618.39| 206731 0,04
0,075 | 54.91.. 40,00 40,05 | 534,00 | 34,59 | 584,10 | 578,65 [ 618,70 | 19,646 0,0509
0,079 57,91 ‘\ 41,00| 41,05 |3543,27 | 34,68 | 584,32 | 577,95 | 619,00 18,679 0,0535
0,083 | 61,05 42,00| 42,00|542,47 | 34,78 | 584,53 | 577,25 | 619,31 17 764 |00363
0,087 64,35 43,00| 43,06 541,68 34,87 584,74 576,55 |619,61| 16,903 70,0592
0,092 67 79 44,00 44,06 540,88 13497 584.04 575,80 80 6!9 92 16087 0,0622
0,097 71,39 4500| 45,07 540,09 | 35,06 | 585,16 57,,16 620,22 1 15, 3:8 10,0653
0,102 75 16\‘ 46,00 | 46,07 539,30 | 35,16 | 585,37 | 574,46 | 620,53 | 14,590 . 0,0685
o108 79,10 47,00| 47,07 538,50 35,26 | 585,57 573,76 | 620,83 | 13,903 0,0719
0,113 83,20 48,00| 48,08|537,71 | 35,35 | 585,78 | 573,06 | 621,14 | 13,252 0,0755
o,119| 87,50 49,00| 49,08 536,91 | 35,45 | 585,09 ' 572,36 621,44 | 12,635  0,0791
0,125 91,98 \‘ 50,00 | 50,09 | 536,12 | 35,54 | 580,21 | 571,06 021,75 12,052 0,0830
0,131 96,66 51,00 51,09 | 535,32 35,64 | 586,41 ! 570,96 | 622,05 | 11,499 '0,0870
0,138| 101,54 §2,00| 52,10|534,53(35.74 | 586,63 | 570,26 | 622,36 | 10,977 0,0911
0,145 | 106,64 ' 53,00| 5§3,10(533,73 35,83 |586,83|569,56 622,66 10,480 0,0954
0,152 111,95, 54,00 54,111532,93] 35,93 i 587,04 | 508,806 [ 622,97.| 10,009 0,0999




§ 10. Generation of saturated steam. 29

ey | @ | e % - ] g

i L N PR PRI I IS
.5 Sp | 82 | SZ52E (322 SE | %E | 3 | Ees|EsS
SO fF | ER|ET TR BT R = sz B
p £= t q ] 0 Apu J r A | s . 70

'R 2 3 i 4 | s 6 7 | 8 9 xo_” 1t
0,160 117,481 §5,00| 55,11 532,14 36,03 587,25 568,16 | 623,27 ! 9,5643 || 0,1046
0,168 123,24 || §6,00| 56,11 ,531,34|36,121587,45 567,46 623,58 f 9,1420 ([ 0,1094
0,176 129,25 57,00 §7,12 530,54 | 36,22 587,66 | 566,76 ' 623,881 8,7404 | 0,1144
0,184 135,51 s8,00! 58,13 529,75 36,31 587,88 566,06 . 624,19 18,3588 0,1196
0,193 142,02 59,00! 59,13 | 528,95 | 36,41 ' 588,08 | 565,36 | 624,49  7,9973 |[ 0,1250
0,202 148,79 60,00 60,14 528,15 36,51 ' 588,29 | 564,66 | 624,80, 7,6535 || 0,1307
0,212 155,84 61,00! 61,14 (527,35 36,601 (588,49 563,96 | 625,10 7,3271|[0,1365
0,222 163,17| 62,00 62,15 (526,55 | 36,71 | 588,70 | 563,26 625,412‘,7,0164 0,1425
0,232 170,79| 63,001 63,15]|525,76| 36,80 | 588,91 | 562,56 | 625,71 6,7212 || 0,1488
0,243 | 178,71 || 64,00| 64,16 524,96 | 36,90 | 589,12 | 561,86 | 626,02 | 6,4403 | 0,1553
0,254 | 186,95| 65,00 65,17 524,16 37,00 589,33 (561,16 | 626,321/6,1725 | 0,1620
0,266 . 195,501 66,00 | 66,17 523,36 | 37,09 | 589,53 | 560,46 | 626,63 || 5,9182 | 0,1690
0,278 ' 204,38 67,00| 67,18 522,56 | 37,19 | 580,74 | 559,75 | 626,93 !/ 5,6756 | 0,1762
0,290 ' 213,60| 68,00 68,19|521,77 | 37,29 | 589,96 | 559,05 | 627,24 | 5,4448 | 0,1837
0,303 | 223,17} 69,00 69,19 520,97 | 37.38 | 590,10 | 558,35 | 627,54 15,2248 | 0,1914
0317 233,094 70,001 70,20 520,17 37,48 | 590,37 | 557,65 | 627,85 | 5,0153 10,1994
0,331 243,39 71,00| 71,21|519,37 | 37,57 | 590,58 | 556,95 | 628,15, 4,8154 | 0,2077
0,345 | 254,07 72,00 72,22518,57 | 37,67 1 590,79 [ 556,24 628,46“4,6247 0,2162
0,361 265,151 73,00 73,22517,78] 37,76 : 591,00 | 555,54 | 628,76 ! 4,4427 | 0,2251
0,376 276,62|| 74,00 74,23 (516,98 37,86 591,21 | 554.84 | 629,07 4,2693 || 0,2342
0,392l 288,521 75,00 | 75,24 | 516,18 137,95 591,42 | 554,14 | 629,37 1 4,1035 | 0,2437
0,409 | 300,84 76,00| 76,25 515,38 | 38,05 | 591,63 | 553,43 | 629,68 | 3,9454 || 0,2535
0,426 | 313,60" 77,00| 77,25 514,58 | 38,14 | 591,83 | 552,73 [ 629.98 || 3,7943 ;; 0,2635
0:444 326,81 78,00 78,26 |513.79 | 38,24 | 592,05 | 552,03 | 630,29 | 3,6499 || 0,2740
0463 | 34049 79.00| 79,27 512,99 | 38,33 | 592,26 551,32 | 630,59 13,5118  0,2847
0,482 | 354,604 ' 80,00| 80,28 512,19 38,42 | 892,47 | 550,62 | 630,90 [ 3,3799 | 0,2959
0,502 | 369,29‘1 81,00 | 81,29 (511,40 38,52 592,69 | 549,91 | 631,20 3,2537\0,3073
0,523 384,44 82,00| 82,30(510,60 | 38,61 592,90 | 549,21 | 631,51 3,1331]/0,3192
0,544 400,10 83,00| 83,31 |509.80 38.70'593,11 548,51 | 631,81 13,0177 [0,3314
o,566l 416,30, 84,00 84,32 509,01 38,79 | 593,33 | 547,80 | 632,12 [ 2,9071 | 0,3340
0,589 433,04 85,00| 85,33]3508,21 38,88 |593,54 | 547,10 632,42 2,8013 |{ 0,3570
0,612! 450,34 | 86,00| 86,34 |507,42| 38,97 | 593,76 | 546,39 632,73i 2,7000 (| 0,3704
0,637 | 468,22, 87,00| 87,35|506,62 | 39,06 | 593,97 | 545.69 | 633,03 | 2,6029 || 0,3842
0,662 1 486,69 88,00| 88,36 505,83 39,15 594,19 | 544,98 [ 633,34 | 2,5099 | 0,3984
0,688 | 505,76]| 89.00| 89.37 505,03 | 39:24 | 59440 | 54427 | 633,64 | 2,4208 |l or3131
0.714 | 52545l 90,00 90,38 504,24 | 39.33 : 594,062 | 543,57 | 633,95 | 2,3354 || 0,4282
0,742 54578| 91,00]| 91,39 | 503,44 | 39:42 | 594,83 | 542,86 | 634,25 || 2,2534 (10,4438
07711 566,76|l 92,00 92,40 502,65 | 39,51 | 595,05 | 542,16 | 634,56 | 2,1748 || 0,4598
0,800 | 588,411 93.00| 93.41 501,86 39,59 | 595,27 | 541,45 | 634,86 || 2,0994 | 0,4763
2,830 610,74 94,00 | 94,43 | 501,07 | 39,68 | 595,50 | 540.74 | 635,17} 2,0270 0,4933
0,862 633,78l 95,00 95,44 | 500,27 | 39,76 | 595,71 | 540,04 | 635,47 || 1,9575 || ©,5109
0894 657,541 96,00 96,45 |499.48 | 39,85 595,93 | 539,33 | 635,78 || 1,8909 | 0,5288
0,927 682,03 (| 97,00| 97,46 |498.69 | 39,93 | 596,15 | 528,62 | 636,08 || 1,82700,5473
0,962‘ 707,26 || 98,00 | 98,47 | 497,89 | 40,02 | 596,36 | 537,92 | 636,39 | 1,7658 | 0,5663
10001 73551 9909 99.58 1 497,05 | 40,10, 596,63 | 537,15 | 636,72 || 1,7012 | 0,5878
1,033 1 760,00 100,00 | 100,50 | 496,29 40,20‘5«,)(;,79 536,50 | 637,00 | 1,6508 || 0,6058
1,250 9|9.39l|05,41 105,98 | 492,00 | 40,66 | 597,08 | 532,67 | 638,65 || 1,3804 | 0,7244
1,500 | 1103,27( 110,76 | 111,42 | 487,76 | 41,11 | 599,18 | 528,87 | 640,28 1,1631 || 0,8598
1,750l 1287,14 [l 115,42 | 116,15 | 484,06 | 41,49 | 600,21 | §25,55 | 641,70 1,00063 || 0,9937
2,000 1471,02( 119,57 | 120,37 | 480,78 | 41,82 | 601,15 | §22,60 | 642,97 || 0,8877 | 1,1265
2250| 1654,90( 123,31 | 124,18 | 477,811 42,12 | 601,99 | 519,93 | 644,11 [|0,7947 || 1,2583
2,500 | 1838,78 126,73 1 127,66 | 475,11 | 42,38 | 602,77 | 517,49 | 645,15 | 0,7198 | 1,3893
2,750 2022.65 '129,87‘130.87 472,62 | 42,62 | 603,49 | 515,23 | 646,11 |[0,6582 1,5193
3.000| 2206,53| 132,80 133,85 | 470,30 42,85|6o4,15 513,15 | 647,00 | 0,6066 || 1,6485
3,250, 2390,41 135,53 1 136,64 | 468,14 43,05|604,78{51m9 647,84 0,5626 | 1,7775
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3,50 | 2574,29 138,10 139,27 | 460,11 43,24 | 605,38 | 509,35 | 648,62 [ 0,5248| 1,905
3,75 2758,16“140,52 141,75 | 464,19 43,41 | 605,94 | 507,61 | 649,36| 0,4919 | 2,033
4,00 | 2942,04 | 142,82 | 144,10 462,38'43 58|Oob 48 | 505,90 | 650,00, 0,4630 ; 2,160
425 | 3125,92 | 145,00 | 140,34 460,65'43,/4 606,09 504,39 | 650,73 0,4373 ! 2,287
4,50 33()9,80| 147,09 | 148,47 | 459,00 388 607,48 | 502,89 651,36‘(),4145 2,412
475| 3493,67, 149,08 | 150,52 | 457,43 | 44,02 | 007,95 | 501,45 | 651,97 | © 3940\ 2,538
5,00 3677,55|1150,99 152,48 | 455,92 | 44,15 | | 608,40 500,07 | 652,55 | 0,3,54‘} 2,604
5,25 | 3861,43] 152,83 | 154,30 { 454,47 44,28‘608 83 1 498,75 | 653,11 10,3586 ' 2,789
550 | 4045,31 [ 134,59 | 156,18 [ 453,07 | 44,40 | 609,25 | 497,47 | 653,65 [ 0,3433 " 2,913
5,75 |_4220,18]1156,30] 157,03 | 451,72 | 44,51 | 609,65 | 490,24 | 634,17 [ 0,3202 3,038
0,00 | 4413,00 | 157,94 | 159,02 | 450,42 | 44,02 | 610,04 | 495,05 | 654,671 0,3164 | 3,101
6,25 | 4596,94 | 139,54 | 161,26 | 439,16 | 44,73 | 610,42 | 49380 | 655,16 0,3045 ]| 3,284
0,50 | 4780,82 161,08 | 162.85 | 447,94 | 44,83 | 610,79 | 492,78 | 655,63 10,2934 | 3,408
6,75 | 4904.69 162,57 | 164,39 | 446,76 | 44,93 | 611,15 | 491,69 | 656,08 10,2832 | 3,531
7,00 | 5148,57 164,03 | 165,89 445,61 45,02 6[[,5(),40064 656,531 0,27371 3,054
7251 533,45 165,44 | 167,35 | 444,50 | 45,11 (611,85 489,61 656.9()'02648’ 3,776
7,50 ! §516,33| 166,81 | 168,76 | 443,41 | 45,20 1 612,17 488,61 | 657,38!10,2565 | 3,899
7)75 | 5700,20|/ 168,15 | 170,15 | 442,35 | 45,29 , 612,50 ' 487,64 | 657,79 "0,2488 || 4,019
8,00 | 5884,08 169,40 | 171,49 | 441,32 | 45,37 | 612,81 (486,69 | 658,18 0,2415 | 4,141
8,25 606796 170,73 1 172,81 | 440,32 4545, 01313 485.76‘658 57 0,2346 4,263
8,50 | 6251,84 171,98 | 174,00 | 439,33 | 45,53, 613,42 | 484,86 | 658,95 0.22811 4,384
8,75 | 643571 173,19 | 175,35 | 438,37 | 45,60 | 613,72 | 483,07 | 659,32 0,2220 4,504
9,00 6619,59 174,38 | 176,58 | 437,43 | 45,67 | 614,01 | 483,11 | 659,69 0,2162 4,625
9,25 | 6803,47 | l75 54| 177,78 | 436,51 | 45,74 | 614,29 | 482,26 | 660,04 0,2107 4,746
9,50 | 6987,35| 176,68 | 178,96 | 435,62 | 45,81 | 614,58 | 481,43 | 660 3()‘0 2055' 4,866
9,75 | 7171,22| 177,79 | 180,11 | 43473 | 45,88 | 614,84 | 480,62 660,73 [ 0,2005 ,987
10,00 | 7355,10( 178,89 | 181,24 | 433,87 | 45,95 | 615,11 . 479,82 | 661,06} 0,1958 | 5,107
10,25 | 7538,981 179,96 | 182,35 | 433,02 | 46,01 | 615,37 479,03 | 661,3910.1913 | 5,227
10,50 | 7722,86 | 181,01 | 183,44 | 432,19 | 46,07 { 615,63 478,26 | 661,71 || 0,1870 | 5,348
10.75 | 79006,73 | 182,04 1‘4451 431,38 146,13 615,89 477,51 (662,62 0,1830 5464
11,00 | 8090,61 || 183,05 185 56 430,58 46,19 616,14 476,77 | 662,33 0,1791 | 5,583
151,25 | 8274,49 || 184,05 | 186,60 | 429,79 | 46,25 ; 616,39 476,04 | 662,63 |l0,1753 5,704
11,50 | 8458,37| 185,03 | 187,61 | 429.01 | 46,31 | 616,62 475,32 | 662,93 0,1717 ' 5,824
11.75 | 8642,24 | 185,99 | 188,61 | 428,25 | 46,36 616,86 474,62 | 663,2310,1683 | 5,942
12,00 8826,12 186,93 189,59 | 427,51 46,41[617.10 473,92 663 51‘01650‘ 6,061
12,25 | 9010,00 187,87 190,56 | 426,77 46,37 | 617, 27 1 473,24 663, 80" 0,1 618‘ 6,180
12,50 | 9193,88| 188,78 | 191,51 | 426,05 | 46,52 617,56 | 472,57 | 664,08 ‘0,1588 6,297
12,75 | 937775 189,68 | 192,45 | 425,33 | 46,57 | 617,78 | 471,90 | 664, 35 [0,1559 1 6,414
13,00 | 9561,63 190,57 | 193,38 | 424,63 | 46,62, 61801 471,25 | 664,62 |0,1531 | 0,532
13,251 9745,51 1 191,45 | 194,29 | 423,94 | 46,67 { 618,23 | 470,60 | 664,89 || 0,1503 | 6,653
13,50 | 9929,39 (192,31 | 195,18 | 423,25 | 46,72 | 618,43 | 469,97 { 665,15 |/ 0,1377 | 6,770
13,75 | 10113,26 | 193,16 | 196,07 | 422,58 | 46,76 | 618,65 | 460,34 | 665,41 || 0,1452 6,887
14,00 | 10297,14 | 194,00 | 196,94 | 421,92 | 46,81 | 618,806 | 468,73 | 665,67 | 0,1428 | 7,003
14,25 | 10481,02 | 194,83 | 197,81 | 421,26 | 46,85 | 619,07 | 468,12 | 665,92 || 0,1404 || 7,122
14,50 | 10664,90 | 195,64 | 198,66 | 420,01 46,90 619,27 | 467,51 | 666,17 0,138| 7,241
13,75 | 10848,77 190,45 | 199,49 [ 419,98 | 46,94 | 610,47 | 466,92 | 666,42 | 0,1359 I 7,358
15,00 | 11032,65 197,24 | 200,32 | 419,35 | 46,99 | 619,67 ' 466,33 | 666,66 || 0,1338 ! 7,474
16,00 11768,13!2(x>,3| 203,54 | 416,91 | 47,14 | 620,345 464,05 | 667,59 [ 0,1295 | 7,724
17,00 | 12503,67 || 203,24 | 206,60 | 414,59 | 47,30 | 621,19 | 461,89 | 668.49 o,1223 1 8,176
18,00 | 13230,18 || 206,05 | 209,52 | 412,39 [ 47,43 (»21<)| 459,82 | 669,34 o,nsq' 8,627
19,00 | 13974,69 || 208,75 | 212,32 | 410,28 47,57 622,60 | 457,85 | 670,17 o102 9,076
20,00 |-14710,20 (211,34 | 215,06 408,23 7(;, 623,29 | 455,90 | 670,96 |[0,1049 | 9,527
21,00 | 15445,71 || 213,83 | 217,68 400,26 | 47,78 623 94 | 454,04 | 671,72 | 0,1003 | 9,975
22,00 | 16181,22 (| 216,23 | 220,20 404,36 | 47, 89 624,56 | 452,25 | 672,45 | 0,0960 10,416
23,00‘16916,73 218.55|222,64 402,53 147,99 625,17 | 450,52 | 673,16 o,ogzl'l 10,860
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24,00 | 17652,24 220,79 | 224,99 | 400,76 | 48,09 625,75[448,85 673,84‘.‘0,0885 11,31
25,00 | 18387,75 - 222,96 | 227,28 | 399,04 | 48,18 | 626,32 | 447,22 | 674,50 0,0854 1 11,745

26,00 19123,26 i| 225,07 | 229,50 | 397,37 | 48,28 | 626,87 ; 445,65 | 675,15 10,0821 f“ 12,185
27,00 | 19858,77 | 227,12 1 231,67 | 395,75 | 48,35 | 627,42 | 444,10 | 675,77 ; 0,0792 '12,625
28,00 | 20594281 220,11 1233,77 394,17 | 48,44 | 627,04 | 442,01 | 676,38 10,0766 [[ 13,063
29,00 | 21329,79 | 231,05 '235,82 ' 392,64 (48,51 | 628,46 | 441,15 | 676,97 | 0,0741 ; 13,501
30,00 | 220065,30 232,95 | 237,83 | 391,15 | 48,57 | 628,98 | 439,72 | 677,55 ' 0,0718 | 13,938

il | I

between o and 1 kilo. per [Jcm were calculated by PINZGER¥)
" according to ZEUNER'’s theories and with the help of REGNAULT's
original tables. The numbers from 1 to 15 kilos per [Tjcm
(except those ‘of s and 7) were taken from FLIEGNER’s table**),
These last values (s and ) have been re-calculated by PINZGER
for A4 =é4 , because the value of A= Zi)'_b
REGNAULT from the velocity of sound and adopted by FLIEGNER
has been in the meantime shewn to be incorrect. The numbers
from 15 to 30 kilos per [Jcm were determined by ALTHANS**¥)
for an enlargement of FLIEGNER’s table, so that in these the

deduced by

1
values of s and y are based upon A= 436" It was not con-
. . 1
sidered worth while to re-calculate these for A = 27 because

they are to a certain extent doubtful as it is, REGNAULT’s
experiments having only embraced temperatures up to 200°.
They are included here in default of better, exacter, and equally
for-reaching data.

§ 11

Principal laws of the changes of state of mixtures of steam
and water.

1 1 Mixture of
1) In considering the changes of state or saturated steam, we  Mixture of

must always assume a mixture of steam and water, if the steam

*) MEHRTENS. Technische Mechanik. IX. Mechanik der gas- und dampfférmigen
Korper, bearbeitet von L. PINZGER. P. 826. Berlin 1887.
**) Civilingenieur, Vol. XX, P. 442. 1874.
¥+*) Zeitschrift fir Berg-, Hiitten- und Salinenwesen, Vol. XXIII, P. 280. 1875s.

‘
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2)

3)

is to remain in a state of saturation at every moment. Either
moist steam alone, or the contents of a boiler consisting of
water together with dry or moist steam, is to be regarded as
such a mixture of stéam and water.

I. General Equations for reversible changes of state of a mixture of
steam and water. 7ke volume v of 1 kilo of such a mixturc,
whose pressure is p can be easily calculated, when the amount
of water it contains (or its “dryness-fraction”) is known. If x
is the weight of the dry steam and therefore 1 — x the weight
of the water, while s is the specific volume of the steam and
z that of the water, the volume of the mixture must be

v=a5+(1—x)w=x(s—w)+w
or, as according to § 10, 5: s—w=u

v=axu+w cubic metres . ......... (33)
The values of # are found from the Table on p. 28 to 31 by
deducting o.0o1 from the values there given for s. For in-
stance, the volume of 1 kilo of steam containing 5 °/, of moisture
(¥ = 0.95) for p =8 kilos per [Jcm
v==0.95(2.415 — 0.001) + 0.001

v=0.095,2414 4 0.001 = 2.2943 cbm.
The internal work d U produced by an infinitely small reversible
change of state of a mixture of steam and water is computed by
determining the heat value A4 U of the whole internal work

contained in the mixture. To do this we must add the “heat
of the liquid” of the 1 — x kilos of water, i. e.

(I — x) ¢ units of heat
to the “heat of the steam” (/) of the x kilos of steam,
27 units of heat
AU=(1—2x)qg+ 21
AU=q+x(1—9)
or, as by Eq. 30 I—g=0p
AU=¢g+ ro units of heat . ... ... (39)

We therefore have, for the heat value of the internal work of
an infinitely small reversible change of state

AdU=dg+d(xe) . ... ... .. ... (35)

and for the internal work itself

. 1
dU = i [a’q +d (v g)] .......... (35%
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4) The quantity of heat d Q to be communicated fo 1 Ailo of a Jerivation of
mixture of steam and waler for an infinitely small reversible change ;z:l::‘i‘;y"g“é’
of state is given by the general equation )

dQ=A(@dW+dF+dlL)
by Eq. 2*
dW+dF=dU
and by Eq. 35
AdU=dg+d(x9)
Further, — as during a reversible change of state the pressure
 must always equal the external pressure, therefore the external
work d L, corresponding to the expansion dv (the volume of
water in the mixture being regarded as constant) is
dL=pdv
whence follows
dQ=dg+d(xe)+Apdey . ... ...... (36)
If in this equation we express the weight » in terms of the
volume @« by Eq. 33,
v—w
u

a’Q=a’q+a’[§— (v——w)]-}-Apd'z/

A=

and differentiate, taking ¢ and —i— as functions of p, we get

= ple- g i (4 )i

dQ—dpq_uw-'_u‘ @ + 'u»+A/) o

or, substituting in the second term by Eq. 31,
o=r— Apu

_da e e,] r .
,zQ_dﬁ[q_,u,erua dpt v (369

If now we express in Eq. 36, the volume v in terms of the
weight x, and differentiate Eq. 33 in which w is constant

dv=d(ru)
we may put Apdv—=Apd (xu)
or Apdv=Ad(pux)— Axudp

hereupon Eq. 36 takes the following form
dQ=dg+d(xe)+ Ad(pux)— Axudp.
Substituting by Eq. 31
r=e¢+dpu,

the second and third terms of this equation may be combined
as d(rr). For the last term we may substitute after some
simplifications

zr
7 dt

BUSLEY, The Marine-Steam-Engine I, 3

Axudp =



Specific heat h
of saturated
steam.
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Second Division. Steam,

consequently
dQ—dg+d(rr)- ’,—’df=dq+7'd(’f_’ . (369

7
Calling the specific heat of water C and regarding this as
constant, which it is #of by § 5, 6, we may put, in the above
equation
dg==_Cdt.

Differentiating the second term, as indicated, we get

dQ="Cdt+ rdr + xdr — x ;,dt
or adding and subtracting x (¢ on the right hand and arran-
ging the terms accordingly,

. ‘ dar 7
dQ=(1—x) Cdt + rdz+x (C+ % — 7.) dt
and putting

. dr 7
Ctp— ="
we have
dQ=(1—x)Cdt+rde+axhdt ....... (36°)

In this expression

(1 — x) Cdt is the heat quantity which raises the temperature
of the 1 — & kilos of fluid & ¢ degrees,
r dr the heat quantity necessary for evaporating dx
kilos of the fluid, and
x i dt the heat quantity which raises the temperature
of the x kilos of steam @¢ degrees and produces
the increment of volume 4% corresponding to
this rise of temperature.

5) From the foregoing it is obvious that /% represents /e specific

heat of saturated steam under the particular circumstances of a
change of volume and pressure (caused by communication of
heat) such that the steam remains jus? saturated. ZEUNER?¥)
calls this “the specific heat of saturated stcam under constant steam
quantity”. CLAUSIUS*Y) gives the following formula for deter-
mining /4 at different temperatures ¢, in which he takes the
specific heat of water at z==100° as C == 1.013***), (whereas
ZEUNER™*¥)  taking into consideration that engineers always
have to do with higher temperatures than 100° puts C = 1.0224)

*) G. ZEUNER. Die mechanische Wirmetheorie. Leipzig 1877. P. 312,

**) R. CLAUSIUS. Die mechanische Wirmetheorie. Brunswick 1876. P. 136.
**+*) The same.

**¥*) G. ZEUNER. Die mechanische Wirmetheorie. Leipzig 1877. P. 322.
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r
F=0305— o .. (37)
Substituting in this the value of » by Eq. 32 we have
607 — 0.708 ¢
= (.3 —
h 0.305 273 + ¢
and this equation may be brought into the following simpler
form
800.3

according to which CLAUSIUS calculated the values below.

t=o0" 50° 100° 150° 200"

h=—1,916 — 1,465 — 1,133 — 0,879 — 0,676

The negative, and indeed large negative, values of the specific
heat of saturated steam are explained by the circumstance that
during the compression of the steam the work expended pro-
duces more heat than suffices to keep the steam at the satura-
tion temperature corresponding to its new density. If it is
only to be heated so far that it remains just saturated, part
of the heat generated (by the work of compression) must be
withdrawn from it. Consequently, during expansion more heat
is converted into work than is required to keep the steam just
cooled to its saturation point. If it is to remain at this point,
heat must be imparted to it during expansion. If the changes
of state of saturated steam take place in a nonconducting
vessel, it becomes superheated by compression and is partly
condensed during expansion.

6) The cxternal work or work of expansion d L performed by 1 kilo Exgmal mork
of a mixture of steam and water during an infinitely small mixture
reversible change of state, & Q being the communicated heat
quantity, is found from Eq. 36:

Apa’z-:dQ—[dq+d(rg)]=AdL;
substituting the value of 4 Q from Eq. 36® we get
Ap do— dg + I‘d( ) —[de+d(e] =1 d("') d(xo)—AdL
hence

dL— :i [Ta* (’T’) —d@o] (38)
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Il. Changes of state with temperature constant. The curve illustra-
ting the variations of the pressure with the volume of a gas,
at constant temperature ¢, is called the Isothermal, § 6, 16. As,
by § 9, 5 the pressure p of mixtures of steam and liquid
depends upon the temperature alone, therefore with constant
temperature the pressure must also be constant. Hence it
follows that the isothermal for mixtures of steam and wwatcr is
a straight line parallel to the axis of abscisse (Plate 1, Fig. 4,
Line I).

The external work L performed by 1 kilo of a mixture of steam
and water in expanding under constant temperature from @ to
¢, while the dryness fraction changes from x to 1, is deter-
mined from

dL=pdv

U
L =f/’ dv=p (v, — )

v
or, substituting
yy=xu+wand v=rvu+4w
L=pu(x, — x) kilogrammetres . .. .. ... (39)

The heat quantity Q to be imparted to 1 kg of mixed steam
in order that it may perform the external work expressed in
Eq. 39, is composed of the heat value 4 L of the latter plus
the heat value of the internal work. This last is given as
follows by Eq. 35, in which & ¢ now equals zero and g is constant
because the temperature is constant,

Uy €x,
AJ dU=f[a’q+a’(xg):| = gfdr
U x

AU, —U)=¢e(x, — )
in which U/ and a1, belong to the terminal state. Consequently

Q=AL+ AU, — U)

Q=Apu(r, — ) +e( —2)=(Apu+e) (s, — )
or, referring to Eq. 31:
Q=7 (x, —x) units of heat ... ...... (40)
Ill. Changes of State with constant volume. From Egq. 33 it follows
that when « is constant x« is also constant, or that, if x and «
represent the initial, and x, #, the terminal state of a mixture
of steam and water
u

ru=2xu;rx = x
u
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The heat quantity Q whick must be imparted to 1 kilo of mixed
steam to produce any particular change of state with constant volume
is simply the heat value of the internal work performed, be-
cause 4 L = 0. Then we have, by Eq. 35

dQ-=AdU-—=dg+d(xe);
integrating this and referring ¢ and ¢ to the initial, and ¢, o,
to the terminal state,
Q=¢,—q+x0 —re.
Substituting in this the value of x,, as determined above,
we find _ '
Q=q¢,—q+zxu 4 _ 9.) units of heat. ... .. (41)
u, u
11) With the help of this equation the time can be calculated in “etpers Boiler
which the pressure of steam in a perfectly closed and uniformly
fired boiler will rise by a certain amount, as the following
example shews. The pressure in a torpedo-boat’s boiler stands
at one atmosphere and is to be raised to 12 atmospheres. The
boiler contains 3.5 cubic metres = 3500 kilos of water and
2 dubic metres == 2 ><0.5878 (see table on Page 29) = 1.1756 kilos
of steam. The dryness fraction of the mixture is therefore
1.1756
* 3500+ 1.4736
Q which must be imparted to a kilo of this mixture to raise
its pressure from 1 to 12 atmospheres with constant volume,
we have only to substitute in Eq. 41 the respective numerical
values from the Table on Page 28 and 31, thus

427.51  497.05
0.1640  1.7002

—0.0003359. To determine the heat-quantity

Q=189.59— 99.58 4 0.0003359 >< 1.7002 )=88.7 units of heat
So that we must impart to the whole 3501.1756 kilos of mixture

in the boiler 3501.1756 >< 88.7 units of heat. If the boiler has

9o [Jmetres of heating surface, consisting chiefly of brass
tubes which will transmit at least 300 units of heat per [Jmetre

per minute from the furnace gases to the water, the required
pressure will be reached in

3501.1756 >< 88.7

SR Y 11.5 Minutes

assuming the boiler to be perfectly closed.

12) IV. Change of state with constant dryness fraction (x). If v is constant, Ssfuration
we can regard Eq. 33, in which # is a function of p, as the
equation of a curve whose coordinates are p and 7. Substi-
tuting in Eq. 33, the density of the steam from Eq. 24
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1

- 1 1 1
y = ap" = S0 that u=s—w=7 —w=  —w,

ap7
we get, as the Equation of the Saturation Curve
x
v=(1—x)w+ TR (42)
apn

This curve is a hyperbola (see Plate 1, Fig. 4, Curve IV) the
one assymptote of which is the axis of x, the other assymptote
a straight line drawn parallel to the axis of y at the distance
(1 — x) w from the origin of coordinates. For one kilo of
dry steam, x = 1, and the above equation becomes

P =a ... (42%)
in which, according to PINZGER,*)
for p in kilos per [Jcm,
n = 1.064963 to 1.065**)

a= 176133

for p in “old atmospheres’” ZEUNER***) gives
n=1.0646
a=1.704

RANKINE***¥) puts, for p in & per sq. inch and @ in cubic ft.
(english) at pressures up to 8 atmospheres and expanding up
to 16 times in jacketed cylinders,
17 .
= 1.0625 =-
n =1.06 16

a =475

13) The heat-quantity d Q, to bc imparted to 1 kilo of mixed steam
for an infinitely small change of state with constant dryness-
fraction, is by Eq. 36°, as dx =

dQ= [(1 —x) C-{-,rlz] dt ... (43)
for dry steam r=1
dQ=/hdt.............. (43%)

~

So long as [(1 — 1) C+ x/z] < 0, i. e. so long as x> C‘-i_ﬁ’

a negative value of d¢ corresponds to a positive value of & Q
and vice versa.

But by Eq. 37 /= 0.305 — ; is always negative because of

*) MEHRTENS. Technische Mechanik. Berlin 1887. P. 832.
#*) GIZYCKI. Untersuchungen der Dampfmaschinen etc. in Diisseldorf. 1880. Aachen
1881. P. 9. '
***) G, ZEUNER. Mechanische Wirmetheorie. Leipzig 1877. P. 204.
+i4%) J. W. M. RANKINE. The steam engine. London 1873. P. 403.
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the large value of Hence it follows that for x=1 (that

’
7
is for dry steam) with decreasing temperature and therefore
decreasing pressure d Q is positive and with increasing tempera-
ture and pressure 4 ) becomes negative. This remains the case
so long as

x> 0.5 with p < 2 atmospheres
and r>06 , p<15 "
As the steam acting in the cylinder of an engine is never so
wet that r-= 0.6, it follows that if the dryness-fraction is to
remain constant, heat must be imparted to the steam during
its expansion bekind the piston, and withdrawn during the com-
pression before the piston. If heat is imparted and withdrawn
in this manner, the conditions described at the conclusion of
5) must arise.

The internal work U of a mixture of steam and water diminishes
steadily during expansion with the dryness-fraction constant,
for by Eq. 35

AdU=dg+d(x9)
and therefore here A dU=dg+ xdp
Just below Eq. 36° it was shewn that we may put

dg = Cdt.
by Eq. 27 0 =2075.4 — 0.791 ¢,
so that Ad U= Cdt — 0.791 x dt
auv
and A-Z?=C—07914’.

As C and x can never exceed unity, the preceding value is
always positive, wherefore, as @¢ and dp are both negative
during expansion 4 {/ must also be negative, that is the internal
work must decrease. During compression it increases correspon-
dingly.
V. Change of state with internal work constant. If (" is constant,
we have, by Eq. 34
g+ xo —==const. = q, + x, ¢,

¢, %, o referring as before to the initial state and ¢,, x,, o, to
the terminal state. From this follows, for the equation of the
isodynamic curve which corresponds to this particular change
of state (see § 6, 27%)

vy=X, U +w
b9t —a
¢

Internal work

Isodynamic
curve for mixed
steam.
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because we can regard ¢,, ¢, and », as functions of the ter-
minal pressure p,. As by the preceding

_gtr—aq_ (Gtre)— (6 +xe)
& ¢

it follows that in the case of expansion

x, > xr, because in expansion with a constant dryness-fraction

(see 14) U must decrease and therefore we must have

ntrre<gtxe

Thus we see that isodynamic expansion (Plate 1, Fig. 4, Curve

ITI) is accompanied by the evaporation of water. On account

of this increase of x,, #, increases less (for a given increase

of #,) and therefore p, decreases less, than would be the case

if x, remained unchanged. This means that the isodynamic

curve approaches the 1 axis, with increasing abscissa ¢, less

rapidly than the saturation curve does.

1 ’

Hoatauantity  16) The heat-quantity d Q to be imparted to a mixture of steam
and water for an infinitely small change of state with internal
work constant, follows from Eq. 36

dQ=dg+d(ex)+ Apdv
as in this d¢+ d (¢ x) — Ad U and in the present case d {/ =0,
c.dQ=Apdv,

i. e. during expansion the whole heat supplied is converted
into work and during compression the whole work performed
is converted into heat.

Adisbaticcurve  17) VI. Change of state without communication or withdrawal of heat. If
steam, we put, by this hypothesis Q = 0 in Eq. 36

0—=dg+ Td (T’,;) ,
and divide the equation by 7, we have
49 (%)) =
7 +d )= 0.

If we abbreviate thus,
t

»
J(—;({=a and ;,=1:,

0
the change of state in question will be characterized by the
equation
a+bx=const. = a, + b, x,
in which a, 4, » refer to the initial, and «,, 4,, r, to the ter-
minal states.
Eliminating .,
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and substituting this value in Eq 33, we have

V=X, U W=

__a+ b_x_——_cél
| bl
1/
wt CTIETE

l

Prmcnpal laws of the ch.m;.,es of state of mixtures of stc'lm and water.

41

as a,, 6, and », are functions of p, Eq. 45 represents v,, as

a function of p,.

The curve which corresponds to such a change

of state is called the adZabatic curve (Plate 1, Fig. 4, Curve V).

18)

curve can be easily plotted by help of the table below.
the values @ and 4 up to 15 atmospheres were calculated by
FLIEGNER*), while the values of » were recently determined

 afresh by PINZGER*¥) with A —

30 atmospheres are due to ALTHANS**¥),

1
424"

The adiabatic curve of saturated stcam approaches the axis of x
more rapidly than the saturation curve does.

In it

The values from 16 to

A being taken

! (compare § 10, 11)
as = - 1I).
136 pare 3 10
Table of the values of a, b, and .
P | P
m l(g/ in kg/| @ b u in kgl [ @ b u
cm | Dcm ‘ Dcm
0,10 lo 1546 1,8041 l14 8904 5,50!0,4528 1 1634i 0,3423 12,25(0,5303‘1,0268 0,1608
0,20 ,0,1984 1, 697,‘ 7,7354 | 5,7510,4569]| 1 1559| 0,3282]12,50.0,5323 1,0234/0,1578
0,30 |0,2252 '1,63441 5,2798 600{0.4609 1,1488, 0,3154 112,75|0,5344 1,0199/0,1549
0,40 '0,2448 1.5893| 4,0279] 6,25'0,4647|1, 1419 0,3035 | 13,00 0,5364 1,0166(0,1521
0, 50' 0,2004 1,5341, 3, 2656» 60%&“‘_6“ I, 13,2‘_«_),_29 24113, 25‘0 5383 1,013310,1493
0,60 10,2734 11,5252, 2,7510| 6,75 0,4719 1 1283] 0,2822 |350‘o.,403 1,0100 0,1467
0,70 |o ,2846 | 1,5007 ¢ 2,3796| 7,00 0,4753 11,1227 0,2727 113,75 10,5422 1,0008 |0,1442
0,80 10,2044 |,4793| 2,0984 72_., '0,4786 1,1167| 0,2638 | 14,00/0,5440|1,0037|0,1418
0,90 0,3032 1,4605, 1,8779 7,50 0,4819 1 nml 0,2555 | 14,25 /0,5439 11,0006 |0,1394
__,(_»o 0311: ,4436 1,70021 7.750, 0485«) L1054 O, 2478 14, 5.(319,3477 ,997_6 0,1371
1,25 0,3282| |,4o76 1,3794 800‘0,4881 1,1000! 0 ,2405 114,75 0,5495 09946 0,1349
1, 5o|0,3424 l,3781| 1,1621) 8, 25‘0,4910 1,0947 ! 0,2336 ]15,00|0,5512|0,9917|0,1328
1,75 10,3547 1,3530 1,0053] 8,50 0,4939! 1,0896, 0,2271 16,00 '0,5581 |0,9804 |0,1285
2,00]0.3655 1,3312] 0,8867| 8.75 10,4967 1,0847| 0,2210 17,0010,5645 0,9698(0,1213
2,25 10,3751 (L3119, 07937 |_900, 04995 u)799‘ 0,2152 18_,9(2 (3»,5796» QQSﬁ 0,1149
2,50 10,3839 1,2946 0,7188 9,25 0,3022 10752‘ 0,2097 19,00;‘0,5765 0,9503!0,1092
2,75 0,3919,1,2789! 0,6572] 9,50 0’3(’48| 1,0706l 0,2043 | 20,00 0,58210,9413|0,1039
3,00 0,3993 11,2645, 0,6056 | 9,75 0,50731,0662" 0,1995 |21,000,5875|0,9327|0,0993
3,25 () 4061!1,25131 0,5616 | 10,00 0,,09«) 1,0618| 0,1948 22,()0'0,5927 0,9244 {0,0950
3,50 lo, 4125 1,2390 »o,3238 10,25 0,512311 1,0,76 0,1903 123,00 0,5977 ogﬁs_ 0,0911
3,75 ‘(»4185\1 2275 0,4909 | 10,50 (),,147\ 1,0334| 0,1860 | 24,00 '0,6024 [0,9090 |0,0875
4,00 04142(1 2168 0,4620]10,75 0,5171 10494 0,1820]25,00/0,6071 |0,9017{0,0844
4,25 '0,4296 '1,2067' 0,4363 | 11,00 0,5194 1,0454' 0,1781]26,00'0,6115|0,8948'0,0811
4,50 0,4347|1,1971, 0,4135 11, 25l052|6 1,0415| 0,1743 2700‘06159 0,888010,0782
475 04395 1, 1880 o, 13930 | 11,50 0_52301 1 0378 0,1707 28.00 06_2_9{ 088[5 (),0756
500 10,4442 1, |,94< 0,3744 11,75§ 0,5260{ 1,0340| 0,1673 29,00|n 6242 08752 0,0731
5,25 0,4480‘1 1712 0,3576 |12, 00|0,528” 1,0304| 0.1640 | 30,00'0,6281|0,8691 1007(;8
—T‘) Civilingenieur 1874. P. 447 to 434.
**) MEHRTENS. Technische Mechanik. Berlin 1887. P. 833.

**#¥) Zeitschrift fiir Berg-, Hiitten- und Salinenwesen.

1875

P. 280.

Table for
constructing the

The adiabatic adhbnic curve

mixed
ltelm



Exact calcula- 19 )

tion of the
extern;l work

Approximate

42

Second Division. Steam.

The external work L produced by 1 kilo of mixed steam in
expanding from v to v, without receiving or giving up heat,
while the dryness-fraction changes from z to z, and the
pressure falls from p to 2, is determined from Eq. 36

dQ=dg+d(x0)+ Apdv=10
Ap dv= — dg — d (z¢), this, when integrated gives
AL:q—% + @0 — 0,

I = jq (¢ — ¢, + 0 — r, 0,) kilogrammetres. . . .. (46)

In this ¢ and ¢ can be expressed in terms of p and ¢, ¢, in
terms of p,, while the value of z, is given in terms of &« by
the equation worked out in 17)

at+bx—a
S

Formulatorthe 20) From these formule we can compute the work produced by

adiabatic curve
of mixed
steam.

Index n.

the expansion of saturated steam in nonconducting cylinders.
But as a rule the initial state of the steam and the cut-off &
are the only data we have, so that it is desirable to be able to
express the work of expansion as a direct function of
the given quantities corresponding to the initial state of the
steam, and of the cut-off ¢, by means of an approximate for-
mula. For this purpose RANKINE first introduced the equation

p7/"= yA v," == constant for the adiabatic curve of mixed steam

analogous to that for perfect gases pv" = p, v,” = const. In
the equation for mixed steam however the index 7 is not, like
#, a constant, but depends upon the cut-off ¢ the initial pressure
2, and the dryness-fraction x. It varies, nevertheless, so slightly
with varying values of these quantities, that within certain
limits, as the following numbers shew, it may be regarded for
all practical purposes as a constant.

21) The value of the index n is determined by GRASHOF*) from the

formula
n=ua—pBp+ylogp+0bloge

in which e, 8, y and & are coefficients depending upon x. As
mean values GRASHOF gives, for

& =1 x=0.9 & =08
n = 1.1350 1.1264 11158

*) F. GRABHOF. Theoretische Maschinenlehre. ILeipzig 1875. P. 174.
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ZEUNER*) says n=1.035+0.1x
when z is between the limits 0.7 to 1.0.
From 1 to 12 atmospheres, RANKINE**) puts

10
n=11111 = 9

which corresponds with ZEUNER’s formula when = (.76, i. e.
when the steam contains about 25 °/, of moisture.

22) The external work or work of expansion L produced by the Approximate
adiabatic expansion of mixed steam, as based on the preceding the external

work.
approximate formula, follows by Eq. 20 (P. 15)

n-—1

L=2% 11— (.U ) kilogrammetres;
n—1 U
putting the cut-off : =¢
1
y X no-t .
L= w1 1—e¢ kilogrammetres . . . . . (46*)

The terminal pressure p, follows from

'”= T "
pr y 2R

v " n

PH=2p (:) =LPE (27)
“1

As u, is also determined by p, and can be taken from the

Table on page 28 to 31, we have by Eq. 33

it

3
'Z’l == c =J" l’l +{U

and the terminal dryness-fraction

-

—w

= W (48)

The energy which must be exerted, fo compress one Kkilo of
the mixture is by Eq. 46*

p 7] n—1
L= a1l — 1 kilogrammetres. . . . . . . (49)

23) In Fig. 4, Plate 1, the whole of the expansion curves are f:,““;;';:‘,’,‘,‘,:,f

placed together for comparison. They are drawn on the™"goimixed

*) G. ZEUNER. Mechanische Wirmetheorie. Leipzig 1877. S. 342.
**) J. W. M. RANKINE. The steam engine. London 1873. S. 392.
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assumption that @=—1 i. e. that the steam is perfectly dry,
and that just sufficient water is admitted to or withdrawn from
the steam during its expansion according to the different
curves, to keep it exactly at the saturation point. We see
that, on the above assumptions, the saturation curve and the
curve of constant internal work (isodynamic) nearly coincide.
The adiabatic curve (drawn with ZEUNER’s index » = 1.135)
also lies very near them and approaches them the more closely
the greater degree of moisture the steam possesses. RANKINE*),

who usually represented the saturation curve for z=1 by
17

p v =const. and the adiabatic curve of saturated steam by
10

pv® = const. (according to ZEUNER’s formula for steam of 259,

moisture), therefore recommends the use of the former curve
for dry or nearly dry steam and the latter for moderately moist
steam. But he says himself that the difference between the
results of both curves is so small that in practice he advises
the application of the former curve if we only have a table of
squares at hand (on account of the 16th roots) and the
latter if we only have a table of natural logarithms.

§ 12.

Determination of the degree of moisture of the steamn.

1) The determination of the degree of moisture of the steam as

it leaves the boiler is of great importance in fixing the capability
of a boiler as well as in measuring the steam used in the
engine. A whole series of the most diverse processes have
been employed for this purpose, without, however, unexcep-
tionably perfect scientific results being arrived at, although the
numerical values obtained have in many cases sufficed for
practical purposes and led to valuable inferences.

2) According to SEEMANN**), the different methods of investigation

may be divided into

L. Physical methods
a) the calorimetrical process,
b) the weighing process,
c) the superheating process,

*) J. W. M. RANKINE. Useful rules and tables. London 1867. P. 290.

#*) Zeitschrift deutscher Ingenieure 1885. P. 340.
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II. Chemical methods
d) the usual process
e) ESCHER's process
f) BRAUER's process, and
1. Meckanical methods, to which belongs
g) MOLLER’s process.

3) L. The physical methods are all founded on the mechanical theory
of heat. The oldest of them, the calorimetric method introduced
by HIRN thirty years ago, is still the most used on account
of the simplicity of its practical application.

4) a. The calorimetric method*) is based upon the view that the watery
particles carried over by the steam permeate it throughout in
the form of fine drops or bubbles, so that the steam and water
together form a mixture of uniform composition. At a con-
venient place a branch, provided with a stop-cock, is fitted to
the main steampipe and connected to a spiral terminating in a
rose. The steam to be examined passes from the rose into
a vessel partly filled with cold water and there condenses. The
increase of weight and rise of temperature of the water in the
vessel are measured and these determine the quantity of heat
given off by a certain amount of the moist steam. From this
quantity of heat the degree of moisture can then be calculated.

5) To calculate the degree of moisture, let

MM+ m = the weight of the steam to be tested, consisting of
A kilos of dry saturated steam and m kilos of water,
¢ = the temperature of the steam (centigrade),
N =the weight of water in the vessel before the experi-
ment,
¢, and ¢ = the temperatures of this water before and after the
admission of the steam respectively,
4, ¢ and 7 = the corresponding heat quantities in § 10.
If the heat contained in the bodies thus mixed is to be the
same before and after their mixture we must have
MA+mg+4+Ng =M+m+N)gq,
and referring to Eq. 31 and simplifying
— (M+m)(A—gq,) —N(g, — ql).
¥
As only low temperatures are in question, HIRN puts ¢, =
and ¢, = ¢, and writes
(M +m) (606.5 40305t — 8,) —N(t, —t,)
= 606.5 + 0.305 ¢ — g

m

m .- (50)

*) Bulletin de la société industrielle de Mulhouse. 1869. P. 543.

Physical
Methods.

The process.

Calculation.
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From this we get the quantity of water contained in one kilo
of the moist steam,
m

JI:AI—}- m’

6) The sources of error of the calorimetric mcthod arise chiefly from

the fact that Eq. 50 is only applicable up to the limiting value
of m — 0, which corresponds to perfectly dry saturated steam.
Therefore, in order to be certain that we have not to do with
superheated steam, we must measure not only the temperature,
but the pressure of the steam. Further — the quantity of
water in the vessel must not be too small; HIRN and HALLAUER
take 3o to 50 litres. The most scrupulous exactness must be
observed in taking the weights and the temperatures, the latter
must be observed to a tenth of a degree at least. There are
also losses of heat by convection and radiation, and by the
pipes and vessels taking up heat, all of which must be corrected
for. Lastly this method, like all those which depend upon
what may be called “sampling”, lies under the objection that
only a small quantity of steam can be tested, of which we are
not certain that its composition really corresponds with the
mixture of the main boiler steam. HIRN and HALLAUER found
in their experiments that the degree of moisture oscillated
between 2 %, and 5°, and varied considerably in every case.
STAHLSCHMIDT*) calculated degrees of moisture from o to 3 %,
in his experiments under the same working conditions as above,
so that he did not apply this method when testing the boilers
as the Diisseldorf Exhibition in 1880 as he had intended.
LORING and EMERY**) in their experiments on the steamer
“Gallatin”, to be further described in the sequel, got o.05 to
4.8 , of moisture with steam at 4.22 to 4.93 kilos per [Jcm
pressure. LINDE**¥), by continually condensing his test steam,
by means of a small surface condenser, obtained nearly dry
steam, while the condensation process of the engine shewed
7 to 8¢, of moisture. So that steam may be in fact more
moist than it appears to be by the calorimetric test.

7) b. The weighing method is of a strictly physical character and was

first employed by GUzzI ****) and KNIGHT-). Both make use of a
ploy y |

*) Untersuchungen von Dampfmaschinen etc. der Gewerbe-Ausstellung in Diisseldorf
1880. Aachen 1881. P. 13.

**) Engineering. 1876. 1. P. 125.
**%) Bericht iiber die 5. Versammlung des Verbandes der Dampfkessel-Ueberwachungs-

Vereine. Miinchen 1877. P. 43.

¥**+) Revue industrielle 1878. P. 102.

1) Journal of the Franklin Institute 1877. P. 358.
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copper globe as a measuring vessel which is placed in a receiver
connected to the main steam pipe, and after being filled is
taken out and weighed. GUZZI connects this receiver to a
branch off the main steam pipe and blows it through before
the experiment. KNIGHT inserts his apparatus bodily into the
main steam pipe and arranges the globe so that it can be
opened and filled, or the water blown out of it while it remains
in the steam pipe. Another new process of this sort was
introduced- by CARIO, but is less to be recommended than the
older ones of GUzzZI and KNIGHT.

8) To calculate the moisture, let

9)

J” = the volume in cubic metres of the mixture of 1/ 4 m kilos,
7 = the density of the dry saturated steam,
Jw = 9 » » n Water,
the other designations remaining as in 5). We then get
M + " v
Y Yw
_(Mtm)—Vy
17
7w
The volume of the water in the mixture is usually neglected,
so that

m

M="Vy
and. m=M+m)— Vy............ (51
The weight of water » thus comes out as the difference be-
tween the weight of (/4 m) as obtained by experiment and
the weight of an equal volume of dry steam. Therefore we
must measure the weight and volume of the mixture to be
tested as well as its pressure or temperature. The quantity
of water in one kilo of the moist steam is as before
— " gV
J”—J’I/[-i—m'_ M4+ m
For want of sufficient experiments it cannot yet be said how
far the weighing method may be regarded as of practical value.

C. The superheating method is based upon the following idea. A certain
weight of moist steam is enclosed in a cylinder, in which a
steam - tight piston can be moved at will. Heat can be com-
municated to the apparatus in such a manner that while the
piston is moved forwards (or outwards) the water in the moist
steam evaporates at a constant temperature. So long as any
water is contained in the mixture, the steam remains saturated
and the pressure constant, but if we continue the expansion
and the communication of heat far enough we shall arrive at

Calenlation.

Process.
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10)

a point where the dry steam becomes superieated, the sign of
which is that the pressure begins to fall. BROCQ's*) apparatus
is constructed on this basis. It consists of a brass cylinder
surrounded by a jacket which serves to heat the cylinder and
is connected so that the main steam passes through it. The
cylinder is provided with two slide valves which can be simul-
taneously opened or shut from outside. By means of the two
slide valves the steam is allowed to pass through the cylinder
until the latter is properly heated up, or in other words until
it has the same temperature as the steam. The slide-valves
are then closed, and the piston is moved slowly outwards until
an extremely sensitive steamgauge fitted to the cylinder and
connected with an electric bell announces a fall in the pressure.
The calculation of the degrec of motsture, after the volume swept
by the piston has been observed, the designations in 5 and 8
and the values of «, w and # in § 11, 2 being borne in mind,
now takes the following form.

If (74 m) kilos of moist steam of a dryness fraction z are
admitted to the cylinder, we have the volume I} of the mixture
at the moment when the superheating begins

Vi=(M+m)(w+u),
because the specific volume of the steam now become dry and
just saturated is @« -+ #; whereas the initial volume was by
Eq. 33

V= (M4 m)(w+xu)
Subtracting the latter equation from the former, we get y the
“specific quantity of water” or weight of water in 1 kilo of
the moist steam,

v,—V |4 V 1—¢
=1— =———1———= - 7-1-—-( _ _ — . S
Y N (MA+nm)u (M4 m)u ! V,) yu (52)
. . |2 M+ m .
in which ¢ = 7 1s the cut-off, and y = "- o the density, or
1 1

weight in kilos of a cubic metre of saturated steam of the
observed initial pressure, the corresponding value of # for
which is given in the steam table on pages 28 to 31. As
1 . 1

- == + » and, neglecting w = 0.001, we may put 7 ==, we

get approximately

W—v

e e e (52%)
L]

i. e. the initial degree of moisture is directly proportional to

the increase of volume up to the point of saturation, in other

words to the point where superheating begins.

y=1—¢=

*) Revue industrielle. 1881. P. 334.
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11) The sources of error of this method arise from the difficulty of Feiue of e
getting steam of the same moisture into the little cylinder as  method.
in the main steam-pipe and of extending the experiment over
a sufficiently long time. The piston must also be moved very
slowly because steam is a bad heat-conductor and the tempe-
rature in the cylinder and jacket may vary, thus rendering the

change of state no longer isothermal. .

12) Il. The Chemical Methods have the advantage over the physical Ghemical
ones that they can be applied with very simple apparatus.
They are founded on the assumption that pure steam is free
from any admixture present in the boiler water and that, on
the other hand, the water carried over with the steam contains
exactly the same ingredients as the highest part of the water
in the boiler.

13) d. The usual chemical method as employed at the Diisseldorf Exhibition  Process.
in 1880%) consists #mprimis in dissolving 20 to 25 kilos of
sulphate of soda (according to the size of the boiler) in the
boiler water. From time to time during the working a certain
quantity of water (at Diisseldorf !/, kilo) is drawn from the
boiler and simultaneously a certain quantity of steam from the
main steam-pipe. The steam can be best taken off by means
of a small pipe inserted into and across the main steam-pipe
and provided throughout its length with a number of small
holes whose direction is opposite to the current of steam. The
steam on passing from this small pipe is condensed in a copper
worm, and equal quantities of the resulting condensed water
and of the boiler water are reserved for examination. At
Diisseldorf this process was repeated ten times, after which the
ten samples of boiler water were mixed together in one vessel
and the ten samples of the water condensed from the steam
in another. The percentage of sulphuric acid (derived of course
from the sulphate of soda put into the boiler) in the two kinds
of water then gave a means of determining the degree of
moisture of the steam. For this purpose equal quantities of
chloride of barium were added to the two waters and the
resulting precipitate of sulphate of baryta weighed.

14) The calculation of the degree of moisture is very simple. If the Culoulation.
analysis shews £ kilos of dissolved salts (or as above, sulphate
of baryta) per kilo of the boiler water, we have, for the saline
contents 4 of the condensed water
d=yk

*) Die Untersuchungen von Dampfmaschinen etc. der Gewerbe - Ausstellung in
Diisseldorf 1880. Aachen 1881. P. 13.
BUBLEY, The Marine-Steam-Engine I. 4
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if y represents the degree of moisture of the steam (i. e. the
weight of water in a kilo of steam).

We may remark that in the Diisseldorf experiments*) the
moisture in steam of 5 atmospheres (75 #s) working pressure,
which on leaving the boiler escaped into the air, varied between
o.21 and 9 %, but in steam on its way to the engine, between
0.56 and 1.t °,. Mr. EICKENRODT of the Imperial German
Navy in some most unexceptionable experiments on board the
cruiser “Albatross” found it to be 1.65 ‘), in steam of 2 at-
mospheres or 3o #s working pressure.

15) The sources of error of this method arise principally from the

difficulty of getting a sample of steam of the same composition
as that of the steam in the main steam pipe, a fault common
to all methods in which only a sma/l quantity of steam is taken
for examination (see 6). And in order to get water of the
same strength (of solution) as the water in the boiler and not
a mixture of steam and water, we must draw it off into
a steam-tight vessel screwed on to a gauge cock or a separate
cock for the purpose. This cock must be closed after the
vessel is full and the latter not disconnected from the boiler
until it has cooled down. A still better arrangement is to
connect the vessel in such a manner with the boiler that the
boiler water can circulate through it for some time before it
is disconnected. Sometimes the water gauge glass itself may
be used for the purpose.

16) e. ESCHER's Method**) starts from the assumption that when a

boiler is first set to work, both the water in the boiler and
the water with which it is to be fed contain the same per-
centage of matter in solution (whatever it may be) so that
from time to time as the boiler continues to be fed with this
water and to give off pure steam, the degree of concentration
of the solution in the boiler rises. The law of this increase of
concentration, being observed, gives a measure of the quantity
of water carried over by the steam. This process has the
advantage of dispensing .with the repeated withdrawal of small
samples of steam.

17) The calculation of the degree of moisture is as follows. If s is

the weight of dissolved salts per kilo of the feedwater and £
the corresponding weight for the boiler water, we can regard

*) Die Untersuchungen von Dampfmaschinen etc. der Gewerbe- Ausstellung in
Diisseldorf 1880. Aachen 1881. Pp. 20, 25 and 26.

**) Civilingenieur 1879. P. s5I.
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s as constant, whereas £ varies with the time. Let £ then re-
present the weight of salt per kilo in the boiler water at the
end of the time ¢ reckoned from when the boiler was newly
filled and set to work, D the weight of feedwater per hour,
and K the total weight of water in the boiler. The boiler is
to be assumed to be in a “permanent state” of working, i. e.
the weight of feed supplied and steam delivered in unit time
are to be considered as equal, or in practical language the
water is to be just steady in the glass and neither to rise nor
fall. Accordingly we have, as the quantity of salt put into
the boiler with the feed water in the time 4¢
m, =D dts
In the same time the steam, the weight of water carried over
per kilo of which is y, takes out of the boiler the quantity
of salt
my=2Dydtk,
so that the increase of saltness in the boiler water during the
time 4 is
m, —m, =D (sdt—ykdt)=Kdk,
d k representing the increase of weight of salt per kilo of water
in the boiler.

If we put the ratio D=
we get the differential equation
dk+7 kdt — - dt=0
a a

the general integral of which is

B

b=
y+

o e

L
(4
To determine the constant C, we see that for

0 k== yc,
J

so that C=—-;-(1 —7)
and the complete integral

p=S(1_1=2
y Yt

This equation shews that the coefficient of concentration £
approaches assymptotically the limit

k=

maz , which it reaches

~
I
A

when
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The magnitude of y can only be determined from the equation
for # by gradual approximation. The duration of the period of
working, at the end of which the value of £ (weight of salt per
kilo) of the boiler water has been observed is #, and s is
known beforehand. As a first<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>