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In terminating the study of the adaptation of tho engino to the air-
plana, wo will examine thes problem of the turbo-compressor, the first
realization of which dates from the war; this will form an addition to
the indications already given on supercharging at various altitudas.

Wa will begin by giving the experimental results at prossnt determined
relative to the influonce on the power of a back pressurc at the exhaust
greatoer or less than the pressure in ths admission manifold,

This subject is of great importance for tho application of tha turbo~
compressor worked by the oxhsust gases. As a mattor of fact, a comprsssor
increasing tho pressure in ths admission manifold may be controllaed dy the
sngine shaft by means of multiplication gear or by a turbino operatod by
the >xhaust gas. Assuming that the inorsase of pressurc in the admission
manifold is the same in both cases, the pressure in ths exhaust manifold
would bs greater in the case in which the compressor is worked by the ax4
haust gas and there would result a certain reduction of engine powsr which
wo must be abl: to calculats. On tha oth.r hamd, if the compressor is con-
trollsad by the :ngine shaft, a ¢artain fraction of the uvxcass powet sup~
plisd is utilizod for the rotation of the compressor., In ordar to compa?s
the two systoms, it is theroforo necessary to det:rmins ths value of tho
reduction of powor due to back pressurse whon the turbine is smployed.

THE INFLUENCE OF BACK PRESSURE AT THE EXHAUST ON THE POWER,

A sorics of tests has been made with a 220 HP engine, 1,600 r,p.m. wab-
er c¢irculation, 12 cylinacers 114 x 139, volumetdic ratic 4.7, At the outlet
of the exhaust pipe this ongine was fitted with a throtile valve, so that
the positive back prassure could be regulatod as desirsd. Thz nsgativs back
pressurys worec obtained by connocting the oxhaust with a doprossion chambur,
In thos. tosts the air.admitted was at the temporaturs and pressurc of the
atmosphere, tho carburctter inl:ts opsning dirsct into the surrouwrding air,

The gen:ral conclusions drawn from thosa tests worc as follows:

1st. If the prossurc in the inlst manifold be raised abovz the
prossure in the oxhaust manifold, the effect is an increaso of pow:r in
dircct proportion to tho sxcess of inlet prassure over exhaust prossure.
It is practically independent of the spseod of the =ngina,
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2nd. If the pressure in the inlet manifeld be maintained at
the normal atmospheric pressure on the ground, the exhaust pres-~
sure being below it, as in the case of the compressor worked by
the crankshaft, the percentage of increase of power with respect to
that on the ground is given pretty accurately by 18p, p being the
excoss of pressure in ths inlet manifold over the pressure in the
exhaust manifold, expressed in kilograms per square centimeter.
It should be remarked that the results vary slightly according to
the type of engins and even with engines theoretically identical.
The reason is probably to bs found in differences in the regulation
of the valve gear.

3rd. A positive back preseurs at the exhavst reduces power
more than a corresponding negative back .pressure increases it.
As the back pressure increases, the effect becomes rapidly more
marked . The mean results of tests made on two engines of the same
type, gave in percentage a loss of power egual to 18p + 24;92, be)
being the excess of pressure in the exhaust over that in the admis-
sion, expressed in kilograms per squars centimeter.

Tests on engines of other types have shown that results differ
notably with different engines.

.The very marked effect of a positive dack pressure, even a
comparatively small one, probably arises from the fact that, when
the exhavst pressure is appreciably greater than the admission
pressure, non-esteped exhaust gas remains under pressurs in the cyl-
inder. When the admission valve opens, this gas deteriorates the
mixture in the admission manifold. In the extreme case in which
the carburotor might be affected by such a counter-siroke, the ef-
fect might be to expel ths gasolins. .

The effect produced depends partly on the compression ratio
and on valve adjustment, but more especially on the shape of the
inlet menifold.

4th, Increase of pressure in the inlet manifold or of nege~
tive back pressure in the exhaust, improves the volumetric effic-
iency by reduzing the proportion of exhsust gas remaining in the
cylindsr. The consumption of gasoline per h.p./hour may be slightly
reduced in conseguence.

Thus, for a normal consumption of 230 gramres, we have noted
a specific consumption of 220 grammes with a back pressure of -0 kg.
600. o

A positive back pressure has the contrary effect. A back
pressure of +0.500 kg. raised the specific consumption to 250 grs.

Sth. Increase of pressure in the admission manifold increases
thermic efficiency and reducss the proportion of hest carried off
by the water circulation. This point is of great interest in de-
siguing radiators for supercharged engines.

We may admit that the total amount of keat to be evacuated by
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the radiator is constant for all negative dack pressures, the ratie
of this quantity tc the calorific equivalent of the power dimin-
ishing as the negative back pressure increases.

Fig. 393 (p. 8§75 of original text) gives the results of tests
meds on two engines of the same type.

APPLICATION. -~ Let us consider an engine fitted with a compressor
which, at all altitudes, maintains the pressure in the admission
manifold equal to the normal pressure on the ground level. With the
foregoing figures, the power developed will be greater than ths
power on the ground level by 18p # of this power, p being the
difference between the pressure in the admission and exhaust mani-
folds, expressed in kilcgrams per square cenbtimeter,

The Bateau device, presenting a turbine driven by the exhaust
gases, provides for the maintongnce of pressure in the admission
and exhaust manifolds ak the preseure on the ground level, thus
keeping vp the powsr of ths engine. In this cass, the power devel~
oped by the engine at e given altitude will be less by 18p % Aef
its value than th8 power which would be developed at the same alfi-
tuds if ¥hs engine were fitted with a compressor operated by muiti-
plication gear.

We will consider the 220 HP engind wuséd in the tests previously
menticred, and the altitude of 4,000 meters for which the relative
atmospheric pressurs is 0.61. With the turdbine werked by exhaust
gas, the engine wovid give a horsspowsr of 220, equel to that on the
ground levei. With the compressor worked by multiplication geav,
which also maintains the iatake prassurs at the level of the pres-
sure on the ground, we shall have a pegative back pressure at the
exhaust p =1 - 0.6 = 0.39, whence a gain of powsn of 18 x 0.38 =
7 % of the power on the ground lsvel), that is, 0.07 x 220 = 15
horsepower. The power developed would thus be 235 HP instead of
220 as in the £irst case. To obtaln the effective power, we must
deduct that required for the control of tae compréssor, that is,

14 horsepower according to measurements made on the bench,

The availables power is thus the same in both cases and no rea~
son indicates a priori that one solution is better than the other.

TEE FROBLEM OF THE TUREO~COMPRESSOR. - The object of the Rateau
turbo~compressor, realized during the war, is to re-establish in
the carburetor, wp to an altitvde of 5,000.meters, the atmosphsric
pressure on the ground level, the exhaust gases being svacvated
into a chamber in which the pressure is practically the same as

on the ground level. The conditioms of flight near the ground will
thus be re-established vwp to 5,000 meters.

We will call Py the atmospheric pressure on the ground lsvel,
ard p, the atmospheric pressure at the altitude Z. The oxhaust
gas escaping into a chamber in which the pressure is the saxe as
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on.the ground level, the remaining calories are utilized for turning
a single-rotor, axial flow turbine, the exhaust gas expanding in
this driving turbine from the pressure p, to the pressure p,.

The turbine is coupled directly to a centrifugal compressor
which compressedfhe air charging the carburetor, making it pass
from the surrounding pressure P, to the atmospherio pressurs on
the ground level, Pge.

IN SHORT, the energy corresponding to the expansion of the ex-
haust gas from p, to p, through the driving turbine, is utilized
in a centrifugal compressor to make tke inlet air pass from a press-
ure of p, to a pressurs Pg-

The problem being thus stated, it remains to bg seen whether
' the energy which can be collected by the turbine is sufficient to
obtain the integral compression of the air admitted to the carburstor.

EXPANSION OF THE EXHAUST GASES THROUGH A4 CONVERGING NOZZIE.

We would recall the prineciples relating to the flow of gas
through a nozzle. The flow of ges through a non-diverging nozzle
depends only, ousside of the coefficient of contraction, on the
ratio p/P of the leeward pressure p to the windward pressure P.

1st. p/P > 0.52.

If the leeward pressure p is greater than 0.52 P, the rate
of flow depends on the ratio of the pressures and increases as
this ratio decreases., The pressure of gas at the outlet of the
. nozzle is equal to the lseward pressure.

' zm. p/P = 0.52.

If the lesward pressure p is egqual to 0.52 P, the rate of flow
reaches its maximum value at the velocity of souwl in the gas con~
sidered for the presswe 0.52 P. The pressure at the outlet is esqual
to the leeward pressure . -

In the two cases just considered, the gas may expand completely
in a converging nozzle.

-

ard. p/P . < 0.52 ' \

If the leeward pressure p is less than 0.52 P, rths expansion
cannot descend lower than the limit velus 0.52 P. The pressure of
gas at the neck is greater than the leeward pressure p and is
equal to 0.52 P. At its outflow, the fluid then paneirates into a
medium of which the pressure p is less than its own pressure 0.52 P.

There results a sudden expansion and the stream of gas
4% jssues making a loud noise.
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The rate of flow is egual to the velocity of sound in the fluid,
and the output depends entirely on the windward pressure P.

In order that there may be complete expansion in this case,
the nozzle must be first coxwverging, then diverging, and the speed
at the outlet may then resach considerable values.

APPLIGATION TO THE TURBO-COMPRESSOR. - The diffuser of the Rateaun
turbine is formed of converging nozzles; the above considerations
way, therefors, be applied to it.

The ratio pz/po is practically equal to 0.52 at an altituds of
5,000 meters. Under these conditions, assuming that windward
pressure must remain conStant and egual to the atmospheric pres-
sure p, on the grourd level, there will ba two cases of function-
ing to consider.

1st. FROM O to 5,000 METERS: p/P = p,/p, > 0.52. - The
exhaust gases expand completely through the diffuser. The speed
and output of gas, as well asthe efficiency of the turbine, in-
erease with altituda.

2nd. ABGVE 5,000 METERS: p/P = p,/p,. < 0.52. - On leaving
the diffuser the exHaust gas is expanded only up to s pressute of
0.52P: Complete eapansion only takes place aftenr the passage of
the fins at the tubbine exhaust valve.

This part of the expansion is lost, effieiency is lowered.
In this case we shall either take a windward pressurs equal to Por
and, consequently, incomplete exXpansion, or we shall be sabisfied
with a windward pressure P = _Pz_ in order toc keep complete ex-~
0.52
pansion. In any case, the power supplied by the engine will be
reduced at altitudes above 5,000 metexrs.

CONCLUSION. - With the single-rotor turbine and converging nozzle
the exhaust gas can be completely utilized at ground level pres-
sure only up to an altitude of 5,000 meters.

Por higher altitudes, a converging-diverging nozzle must be
used, involving eithber turdines of greater rim speeds or the adop-
tion of a multiple rotor turbins.

ESTIMATION OF RECOVERAFLE ENERGY IN EXBAUST GASES. - We will taks
the cass of complete expansion when p,/p, = 0.52, that is, at the
altitude of 5,000 meters, and will estimate the available energy
corresponding to this expansion for 1 kilogram of gas.

We will calls
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'1‘1 THE ABSOLUTE TEMPYRATURE OF THE GAS YN FRONT OF NOZZLE, that
is, the temperature in the axhaust manifold. Prom measurements taken
direct, we may ndmit a tewmperature of 700° G, whence T; = 973.

T,, THE ABSOLUTE TEMPERATURE TO REAR OF NOZZIE.

7 ., RATIO OF SPECIFIC HEATS; as the mean value for expansion
we will adopt the figure 1.293.

By the adiabatic law we have:

P p\ X -1 0.226 ,
(1) = = ("E') 7y  =o0.52 = 0,863

From this we deduce Ty = 840, whence a fall in temperature
Tl - Tz = 1330 C.

Tos kinetic energy brugght $0 the rotor by the gas after ex-
pansion in the nozzle is g_g. , ¥V being the velocity of the gas.

If C 1is ths specific heat of the gas at constant pressure, we know,
by formula (44) ofChapter II on Thermodynamics, that this available
energy corresponding to the asdiabatic expansion considered, is
exprossed in calories.

(2) Q= 0(Ty - Tpl.

We will take for C the value of the specific heat of ths ex-
haust gas at 600° C, that is, C = 00,3075, whence :

(3) Q = 0.3075 x 133 = 41 calories.

Admitting a loss of 5%, there remains an ensrgy of 0.95 x 41 =
39 calories or 425 x 39 = 16,575 kilogrammeters. ’ '

Consequently, an output of 1 kilogram of gas per second would
give rise to a power of lﬁ;g.'lé = 221 horsepower,

If we now take /o as the efficiency of the turbine, the energy
available on the shaft For actuating the compressor will be, in
kilogrammeters:

(4) E =16,57% /3.

The fall in calories being 39, the ratéa- of flow of the gas at
the Qutlet of the nozzle will be given by the formulas

(s} x2=23x425x39

whence

(6} ‘ x = 91.3 \V 39 = 570 meters per second.
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~ Counting on a loss of speed of about 2% by friction, we fin-
ally obtain a speed of 558 meters per second.

THE COMPRESSION STRESS OF THE AYR AIMITTED TO TEE CARBURETOR.

We kuow that 15 grammes of air are required for consuming 1
gramme of gasoline. In order to obtain 1 kilogram of exhaust gas
w8 must therefore have %65 = 0.940 XgR. of air. Iset us assume a

lenkage of 10% in the pipes. For 1 kilogram of exhaust gas, we
must thus compress 1.034 kgs. of air.

The compression, assumed to be adiabatic, is effected by means
of a contrifugal fan.

The initial absolute pressure and temperature of the air are
those of the atmosphere, that is, p, and T;; the final pressure
and temperature are pg and T,. po should be practically equal to ths
atmospheric pressure on the ground level. -

Wo will take 77 = 1.4 as ratio of the spscific heats C/c.
Wo shall have:

) T - (29,) i . (EQ) 028
T, Py Py

For the altitude of 5,000 meters greviously considered, we may
admit a surrounding temperature of - whence

T, = 273 ~ 13 = 260.

P
Then by substituting 5—1'52— for 5% we have:

(8) T, = 1.21 T, = 315

that is, a temperature of 12° C. We thus obtain an increase of tem-
peraturesd ’

— o)
(e) T, - T, =855

Let us now take as a basis 1 kilogram of air. The kinetic encrgy

gz. of the air at the outlet of the centrifugal fan is transformed
g

into pressure. By eguation (43) of Chapter II on Thermodynamics,
the evolution being assumed adiabatic, the energy corresponding to
this kinetic energy is, in calories:

(20) Q' = 6(T, - Ty)

€ = 0.24 being the specific hsat of the air at constant prossurs.
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Q' represents the compression work of the fan; it is, with the
figures assumed, 0.24 x 55 = 13.2 calories, that is, 425 x 13.2 =
5,610 kilogrameters.

But, as the weight of the air to be considered per kilogram
of exhaust ‘gas is actually 1.034 kg., we shall have to consider ta>
aTeTgy.

(11) E' = 1.034 x 5,610 : 5,800 kilogrammeters.’

With an cutput per second of 1 kilogram of exhaust gas giving
221 horsepower, the power utilized for compressing the equivalent
weight of the air admitted would be 2202 = 77.4 EP.

If t‘i stands for the efficiency of the fan, the emergy re-~
guired for its rotation will be, in kilogrammeters:

(12) R = '5""%‘09'
v

REQUIRED EFFICIENCY OF THE TURBO-COMPRESSOR SET. - Making express-
ion (4),umeray supplied by the turbins, equal to expression 12),
snirgyabsorved by the fan, we bave finally:

. 5.8
(13) 18,57 13 = ___.__Q_va

The product /= /O /J is the overall efficiency of the aysiom
We thus obtain the required. conditlon-

P 5.800 - g 35,
(28) = K R =wms =03
maintain
This requires the turbire to . an efficiency of 0.64,

assuming that the compressor has an efriciency of 0.55.

It appears that at the present time we carmot count on a tur-
bine afficiency, 1» greater than 0.53, and therefore, with a
compressor efficisncy /O‘r = 0.565, not on an overall efficiency of
more than 0.29.

In the tests made on the Brdguet 14 with Renault 300 HP en-
gine, it was not found possible to re-establish ground levsl pres-
sure in the carburetor at an altitude of 5,000 meters. It has been
shown by calculation that, in ord.er to obtain this result, very
careful adjustment is necessary and also special care in reducing
losses to a minimum.

Still placing ourselves in the conditions of an altitude of
5,000 meters, let us now seek the valve of the pressure P, Wwhich
we may hope to obtain in the carburetor with an overall effic~ -
iency /9 = 0.29 of the set corresponding, say, to /{ = 0.53 for
the turbine and to /5 = 0.55 for the fan.
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We will still assume the same available emergy of 16,575 kilo-
grammeters in the exhawst gas per kilogram of gas consumed. The
force utilised for compressing the corresponding weight, 1.034 kg.,
of air admitted, will be 0.29 x 16,575 = 4,800 kilogrameters, that

. 800 - 650 s
is, f@z = 4,650 kilogrammeters of ““—"425 = 10,94 calories per

kilogram of air.

’1‘ being the finel absolute temperature of the air and T its
imtlal temperature squal to the atmosrpheric temperature, the ener-
gy ubilized in compressidm is, in calories, C(T - T,), C = 0.24
representing the specifid heat of the air at conste.nt pressure,
From this we can immediately deduce the rise in the adiabatic tem-
peraturs

-p = 10:9¢ _ o.
(15) T, ~ Ty o oa = 456

As before we will take a suri-ounding temperature of -13° giv-
ing Tz = %O,'whsnca:

T 45.6
=1+ = 1.175
(16) ol oe0

s

The ratio between the fimal pressure P, and the initial
pressure p,, which is the atmospheric presstre , is then given by
the adiabatic formula in which 77 = 1.4 is the ratio of specific

heat:
2, __(TQ‘) Z 5

= =tz 7-1 = 3-5 = 1.758
(17) 2, “tz, 7 1.175

The atmospheric pressure at 5,000 meters being 407 millimeters
of mercury, we shall havs re-sestablished in the carburstor s
pressure of only 407 x 1.758 = 716 millimeters of mercury instead
of the ground level pressure equal to 760 millimeters of mercury.

Assuming that a pressure of 760 millimeters has been main-
tained to windward of the turbine, we shall have a positive back
bressure at the exhaust of 760 - 716 = 41 millimeters of mercury,
that is, 0.08 kg, per square centimeter. From what we have sesn
in studying back pressure at the exhaust, there is a resulting loss
of engine power of about 1,2% with respect to the power it would
supply if the pressure at the exhaust valve were 716 millimeters
as at the inlet valve.

GENERAL FORMULA OF THE TURBO-COMPRESSOR. - In order to summarize
the preceding statements, we will deduce from them the general form-
ula of the turbo-compressor theory.

Notation:
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‘I‘l, Absolute temperature of exhaust gas to windward of
the diffuser.

Tz, Absoluts temperaturs of exhaust gas to lesward of
the diffuser.

Po» Pressure of exhsust gas to windward of the diffuser,
to be maintained at ground level pressure.

Py, Pressure of exhaust gas to leaward of the diffuser,

equal %o atmospherie pressurs, expansion being as-

sured complete.

I,, Absolute temperature of atmospheric air.

TO, Absolute temperature of air after compression.

Po, Pressure of air after compression, to be maintained
equal to pressurs on ground level.

Q, Efficiency of turbius.

Py» Efficiency of fan.

» Efficisncy of turbo - compreseor set.

Taking 1.293 as ratio of the spscific heats of the exhaust
gases and 1.4 for the inlet air, we have:

T Q284"
(18) 2 . ( Ez)
'Zl'.‘1 Py
Q.29
(19) Lo - {2
Tz PZ

The specific heat C at constant pressure is taken as equal to
Q.3075 for exhaust gas and to 0.24 for inlet air.

At the outlet of the nozzle the emergy of 1 kilogram of ex-
haust gas completely expanded is:

0.226
(20) ©(P} -~ Tp) = 0.3075 Ty |1 - (I_’Z.) :

Po

The energy utilized for the compression of the corresponding
weight, 1.034 kg., of inlet air, is of the valus:

p. \0-29 .
(21) 1.0340(T, - T;) = 1.034 x 0.24T, || —*- -1
2z

oRs¥gy
Putting the fooox supplied by ths turbine as equal to thefaxux
absorbed by the fan, we have:

0.226 0.248T7 P} 0.29
(22} /io.zo?sTl 1- ( ?.Z.) = ———2 55' -1

Pg

whence , finally, taking x = ‘%9- H
Z



0.226 (x0-29 - 1)
- (33} p = /;) pv = (0.81 ?.E. X :

Such is the general formuls giving the reguired efficiency /3 .

Teking as before 3

L
0.52

-—
-

= 1,923, T, =260, Ty = 973,

we find a required efficiency of 0.23 and, still assaming about 5%
loss in the nozzle, we again find an efficiency of 0.38.

THE EFFICIENCY /g OF THE TURBINE. - In the single rotor turbine
which we are considering, the gas is completely expanded in the noz-
zle and possesses, as we have seen, a kinedic enmergy equal to the
heat it has lost, and it is this energy which is transformed into
mechanical force in the mobile rotor. THE NET EFFICIENCY /9, is
the ratio of the powsr on the crankshaft to that contained by the
gas which has supplisd it.

Let /7 be the INTERNAL EFFICIENCY or efficiency proper of
the fins and /é) the EXTERNAL BFFICIENCY corresponding to the loss
by friction of the disk on the gas apd to loss in the thrust bear-
ings; we shall have: .

(24) R=R R
ESTIMATE OF THE INTERNAL EFFICIENCY /9. - We would recall the graph-
ical method invented by M. Rateau, whicl}z consists in plotting on

the same diagram the triangle of speeds at the inlet and outlet of

the rotor, taking as modulus of the length scale the absolute veloc~
ity V of the gas at the outlet of the nozzls.

We will call: (See Fig. 394, p.883 of origimal text)

U, the rim speed of the finms.
V, the velocity of the fluid at the ocutlet of the nozzles.
(C: the angle of injection of the fluid or outlet angle of the
diffuser.
/3, the outlet angle of the fins.

Intersect the rotor by a median cylinder whose aexis is the axis
of rotation ani develop this cylinder; the extremity B of ths
fin system falls on the straightv line XX'. The nozzles throw cut
the gas at a velocity V which ws will plot in magnitude and direc-
tion from the straight line XX!' with which it forms the angle of in-
jection {r . We obtain the vector AB which will represent the
unit of length. On the other hand, the mobile rotor is given a
driving speed AC = U which we have laid off pn the line XX'. The
relative velocity Vy of the gas with respsct to the rotor is, in mag-
nitude , direction, and sense, ths resultant of V and -U.
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It is represented by the vector CB to which the mobile fin
should be tangent in order that thers may be no .shock at the inlet.
ACB 1is the triangle of speeds at the inlet.

The losses by friction a2nd by eddying in the fin system have
the sole effect of reducing the relative spsed V., by about 20%; at
the outlet this speed -is only V, = 0.8 V;, the condition of tan-
gency at the inlet being assumed to be realized.

From C now lead the vector CD egual to V5 and meeting XXt
at the known cutlet angle 3 .

Then project DB in DE in a direction parallel to XX'. The
value of the internal efficiency is:

(25) /<i> =2AC x IE

the two lengths AC and IE being, as already said , estimated
with V as unit of length.

For the turbine fitted on the Renault 300 EP engine, the speed
of rotation provided for is 25,000 r.p.m. with a mean diameter
of 0.158 m.

The rim speed U of the fins is thus 207 meters per second,
and &ssuming for V. the calculated valus V = 558 meters/second,
we £find AC = %%% = 0.37. The angle of injection OC is 22° and
the outlet angle /P 35°. e diagrem gives us DE = 0.95, from
which, finally, /3 =2 x 0.37 x 0.95 = 0.70.

Taking .an external efficiency /: of 0.80, the net efficiency
will be /g= (G /2=0.56. We may sdd that in the tests
hitherto me.ae we have not been able, owing to the care required
to be taken of various organs, to keep a speed of 25,000 revolutious,

and therefore the efficiency /‘é’ was below the mark.

THE EFFICIENCY /3 OF THE CENTRIFUGAL FAN.

TEE NET EFFICIENCY /o of the centrifugal fan is the ratio of
the power: employed on the crankshaft to that which would be re-
quired for obtaining compression pressure without loss and follow=-
ing the adiabatic cycle. In what follows we ignore the loss by
radiation through the walls of the bodies of the apparatus.

We will call / THE INTERNAL EFFICIENCY corresponding to all
losses resulting in a&ditional heating of the air, and /2 THE
EXTERNAL EFFICIENCY corresponding to leakages and friction in the
thrust bearings.

The overall efficiency will therefore be:

(26) R= L2 L

v
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THE TRUE EEATING OF THE AIR AND INTERNAL EFFICIENCY /.

Calls
T,. the initial sbmsolute temperamuzs of the air, =qusl do the
atmospheric tempsrature.
st the initial pressure of ths air, egqual to atmospheric
prossurs.
P__ the thecretic absolute temperature of thes air after com-

pression, corrssponding to ths adiabatic eycls,

¢} , the trus absclute temperature of the air after compres~
sion,

P,, the pressure of the air after compression.

C = 0.24, the specific heat of the air at constant pressurse,

7 = 1,4,rati0 of epeoifiobpate’ therefore ¥ « 1 = 0428,

?f

As we have seen, if the cycls were rigorously adiabatic and
without loss, .the heating 6, = T, - T, would be such that?

0.29
(27) To ={%o
p P,

But by the principle of the conservation of energy, internal
loss of energy is shown as an additionsl heating of the air, so that
the trus heatmg B = ‘N ~ T, is greater than the theorstic adiabat-

ic hee.ting 6
(28} 8, =8,

/¢ being a coefficient less than unity which is none other, as we
shall show further on; than the intermal effieiency.

¥e ashall thus hava:
e & 0,29

- T P ~1
(es) V- ()

/Q is uswally comprosed bstween 0,60 and 0,70; according to mesasure«
meni;s rade on the banch, 0,60 should be assumed for airplane centrifu=-
S&l fans,

In the case of a fan operating at an altitude of 65,000 metera, the
surrounding temperature being ~13°C or T; = 26Q° a.bsolute. and Py being

1
equal to 0—_2- g W obtain adiabatic heating ea = 55°, giving a P;final
temperature of 42°C, The real heating, still igunoring loss by radiation
through bodies, will be €, =55 = 92°, giving a final temperature of
79%¢, 0,60



The mechanical force aupplied to ths orenkshaft PER KILOGRAM OF
AIR and reducsd by external losses, leakages, and friction in the
VYhrust bearings, is utilized for three purposes::

lat. To produce compression of the air, which, if it took
Dlace adiabatically without loss or rad_iation, would require an
amount of energy in caloriee:

(z0) Qt=¢C 8&

This relation shows that the energy Q' is equivalent to the
quantity of heat necessary for producing, at constant pressure, &
rise in temperature equal to the adiebatic heating 53.

-2nd. To heat the air at CONSTANT PRESSURE by the quantity

31. - Ba, the difference betwsen the real and adiabatic heating.

This energy corresponds to the transformation into heat of all the
inter_nal losses of the apparatus: its valus is

(31) P =0 Qr'- 8,)

3rd. To heat the exterior organs of the turbine by radiation
and conducticny

If there is no cooling by injection or water circulation,
the amount of energy thus lost 1s negligible as compared with those
previcusly mentioned .

The total amount of energy supplied is therefore:

(32) QP+P=C g +06( .- §)=¢ é,
and the internal efficiency is, by definition:

_ -9 = G
(33) = a3 o

THE INTERNAL EFFICIENCY /?_:sIS THUS CLEARLY EQUAL TO THE RATIC
EETWEEN THE ADIABATIC EEATING (&, AND THE REAL HEATING 61"

Lastly, introducing the coefficient of external efficiency, /3 ’
we see that the force supplisd to the shaft per kilogram of air will
be, in calories:

c A cr o} 0.29
(34) Ex —2 = Tz =2 -1
AR R (Pz}

In the conditions of operating of the airplame fan, we may take
/J = 0,92 to 0.95.

Wo thus ses that with an internal efficienc)% of 0,60, we may
practically count on a net efficiency ﬁv = N /? = 0,.55.
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EXAMPIE OF A TURBO-COMPRESSOR ADAPTED TO AN ENGINE.

As an example we will take the Renault 300 HP 12 cylinders
125 x 150, on which the Bateau turbo-compressor was fitted. As be~
fore, we will examine the question for an altitude of 5,000 m.,
assuning for the turbine a net efficiency /%, = 0.53 and for the
fen /2 = 0.55, that is, an overall efficiency of L= /g R=
0.29. . v
We have sean that; under these conditions, we can re-establish
in the carburstor a pressure of only 716 millimeters of mercury.
The adisbatic rise of temperature given by fotmula (15) is @&, =
45,6, from which, with an internal efficiency of 0.60 for the cen-

o
trifugal fan, a real heating &, = g%—"-g? = 76°,

The initiel absclute temperature T, of the air being 260 at
5,000 meters, its finsl real temperature will be T', = 260 + 76 =
336, that is, 63° C.

Assuming that there is no air radiator, the inlet air will thus
have a pressure of 716 millimeters of mercury at the carburetor
and an abesolute temperature of 336°, Under thess conmditions of
pressure and temperaturs, the weight of a liter of air is:

_ 716 278 - 0.99 gr.
(35) a=1.298 o5 T o 0.99 gr

Ths total cylinder capacity of the engine is 22.1 liters; this
is the gecmetrical volume taken in by suction in two revolutions.
Ths speed of rotation being 1,600 revolutions, the gecmetrical vol-
ume taken in by suction per second is

-22.1 x 1,600 = 295 liters Par second.
2 x 60 '

We know that 1 gramme of air corrssponds té % grammee of

carburetted mixture. Assuming a £illing coeffidient of 0.90; the
cutput of exhaust gas per second will be i

%g, x 0.90 x 0.99 x 296 = 280 grammes per second.

¥s know that the power supplied to t}ie turbine by an output of
exhgust gas of 1 kilogram per second is 221 horsepawsr. The net
efficiency of the turbime being 0.53, it will supply the crankshaft
with:
221 x 0,53 x 0.280 = 33 horsepower.

Steam tests made on the bench of the Rateau turbine fitted on
the Renault engine now under consideration, have indlicmted a power
on the crankshaft of about 40 horsspower.

_ ¥e have alroady. assumed that, per kilogram of carburetted gas,
we should compress 1.034 kg. of air in ordsr- to maks good the inev-
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itable leakages in the manifolds. The centrifugal fan should there-
fore have an output of eir per secord of ¢

280 x 1.034 = 290 grammes per secound.

Ist us see whethsr, with 33 borsepowsr on the cramkshaft, we
roally gst a carburetsr pressure of 716 millimeters of mercury.
The atmospheric pressurs at 5,000 meters being 407 millimeters of mer-
cury, we shall have, for this rate of compression,

\ 0.2
Po = 736 _ 1 758, whence [Po ® - 11775,
Pz 4Q7 pz

By formula (34) we know that the energy in calories reguired on
the fan shaft is:

(36) E=z — —

Substituting 0.24 for C, 260 for T,, 0.55 for /‘3 and 1.1775

0.29
for o

; w8 find E = 20.18 caleries.
Pz ’

The horsspowsr required on the fan shaft for compressing . 290
grammes of air per second will thus finally be:

425

20.1 0.280 x — 33 h.pe.
5x 5 ]

CAICULATION OF THE SECTION OF THE DIFFUSER. - We assume that the
weight of a liter of gas carburettad at O° and 760 millimsters is the
seri®e as for non-carburetted gas under the sazmwe conditions of tem~-
perature and pressure, which comes to the same thing as igmoring the
molecular expansion caused by combustion.

Wo know that 16 grammes of carburetted mixture correspond to 15
grammes of air. Under these conditions, at 0° and 760 mm., the
waight of a liter of exhaust gas will be:

s =1legr2o8 2 =1.38¢r.

The exhgust gas at the nozzle outlet is at an atmospheric pres-
sure of 407 millimeters of mercury and at a temperature of T, = 840°
absolute , whence e weight per liter:

_ w7 2w _

The output at ths exhaust being 280 grammes per second, we con-
clude that the output in liters per second at the outlet of the nozzle
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will be:
280 = 1.165 liters per second.
Q.24

Bub we have found that the velocity of the gas at that instant
is 558 meters por second. The section s of the diffuser must thus
be, in square centimeters:

1.165

s = 10 558

= 20.8 square centimeters.

The tests on the Bréguet 14 4y were made with a diffuser having
a section of 20 sguars centimeters.

ENGINE POWER. -~ The Psnault engine in guestion gives 340 h.p. on the
ground level at 1,600 revolutitns. -Withouwt back pressure at the ex-
haust valve, we may assame that the powsr remains proportional to
the inlet pressure; therefore, in tbe conditions of opetation stude
$6d and without back pressure, it would be: .

T =320 28 =320 by
760

. In reality, there is a bdtk pressure at the exhaust of 780 =
716 = 44 millimeters of mtbouty, that is, 0.06 kg. pb# sduare &dntd
imeter, redusisg this pbwel, &S we have seen, by abblib 1.2%, wHidh
gives a corrected horsepowsr of 316.

-

ADAPTATION QF A SUPERCHARGED ENGIKE TO AN AIRPLANE,

Leaving for a moment the question of what manufacturers have
succeeded in accomplishing up to date, we propose to bring out, in
the following lines, as definitely and clearly as poessible, what
may be hoped for in the future from superchargers.

THE PROPELIER. - We take an altitude 2 for which the propeller will
be determined; n 3is the number of revolutions at that altitude.

Ths compressor, assumed to be perfect, enables the engine to
work at altituds.Z in the same conditions as on the ground level.
Let T be the motive power devsloped, egual to that given on the
ground level at the same speed n.

The ratie n—g—» will still be designated by J , V being the

Speed of advance of ths airplame and D the dismeter of the propel-
ler. Also, let 4’ be the coefficient of power of the propeller

in the atmospheric conditions of the ground level and & the rela-
tive density of the air. -

We sHall have:
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(27) ? = & /3805
with
(38) Y= 3
whencs, by elimination of first D, 'then n:
(29) 2 o L
| §v  7F
3
(40) O . 7
7 A

As-we indicated in the preceding chapter, we shall considsr s
feaily of propellers defined by the shepe of the blads and differ-
ing from eack other by the ratio of pitch to diameter. For each of
them the values of the efficiency O in function of 7 (Fig. 375,
P. 820 of originsl text) have been determined experimentally. The
envelope of the efficiency curves will defirs the points of func~
tioning to be adopted.

We have seen that with the best propellers having a ratio of
0.075 to 0.08 between width of blade and diameter, this enveloping
curve may practically be represented by the equation:

4
(41) = 0.565\/ 10°

the speed V being expressed in kilometers per hour.

Assuming the law of proportiomality of /¥ to 7 along this
enveloping curve as given in the preceding chapter, we find that
the pfficiency attainable for each of these points and the corres~
pouding diemeter of the propeller are expressed as follows:

16 5
(42) A= 0.54 \/—ézv—
nT
(43) D = 1,04 \4/.:-0’___511_
' ' 5n2V

This theory shows that ths equations relating to the rropeller
are ths sews as for an ordinary engine having a power _T_ on the
ground levsl.

COMPARISON OF AN AIRPLANE WITH COMPRESSOR AND AN ORDINARY ATRPLANE
OF THE' SAME TYPE. ~ We will now compare two airplanes of the same
type, oms fitted with an ordinary engine and the other having the same
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engine with the addition of a supevcharging device bringing the en- N
gine to ground level conditions at each altituds of flight considersd.

The propeller of the supercharged engine will be determinsd
for each altitude at a constant speed of rotation n, equal to.that
of the propeller of the ordinary engine. The powery of the engine
on ground level at this speed will bs called 7.

Write the general equations of the airplane, introducing a
coefficient (¢ of decrease of powsr, equal to unity in the case
of a supercharged engire. We shall have:

(44) P= 0 ESV ;
(45) PRV = 75 QU T;
(48) mr= 8 R
(7) Y 2 -

As can be immediately verified, these equations show that the
quantities: )

28 = P8
w 3E p/l\/g‘na**—ys' and "&%

ARE THE SAME FOR THE TWO AIRPLANES WHEN THEY ARE FLYING AT THE SAME
ANGLE OF ATTACK.

Therefore, for the non-supercharged engine, call:

o, the coefficient of decrease of power for the altitude
" counsidered.

/. the efficiency of the propeller.

Do, its digmeter.

Vo: the speed of the airplane.

Bo and 7’0', the values of ﬁ and ) .

For the engiz:;e fitted with a compressor the same gquantities
become 1, A, Dy, V3, A5 and 7’1. The altitude of flight

corresponding to the angle of attack considered is then character~
ized by the value ¢, of the relative density of the air. We
shall therefore have: '

o, 2 e
(48) A A - M ’Og &
7 A



(49) 51 = _. ﬂ'o25° /ijn

3
(50) 0 =02 £48 _ N

(51) vl = 2 -

Propellers being always detergined for the points of efficiency
of the envelope of the curve, /O°4  amda 2
¥ S

are functions of efficiency perfectly determined for all these
points.
%3
Enowing the valus of 7,5 in the case of ths ordinary en-

gins, equation (4B} gives the new ¥alue suitable for flying at the
same angle of attack and the sams speed of rotation of the propeller
with the supercharged engins.

Ry
From this we deduce the efficiency Q and -—-——L-g——
71

The following relations (49, 50 and 51) then determine the alti-
tude of flight, the diameter of the propeller, and the speed of the
airplans.

The problem is thus completely solved by taking as a basis
the results given by an airplane of the same type fitted with an
ordinary engine.

PRACTICAL FORMULAS. - We have seen that, for all the points used
practically of the envelope of the efficisncy curves of the best pro-
pellers, the efficisncy A increases as the fourth root of Y

and the coefficient of powsr_ 47 remains practically proportiiomal
to 7 . Consequsntly, _7 varies as ¥, that is, as R &

Under these conditions formula (48) becomes:

(52) /.{ = g{;ﬁrﬂ

Equation (49) giving the altitude of £light, then becomes:
(53) 6 = §:3§°
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The coefficient of decreass of power fL, is practically equal
to the relative atmospherid pressure,’

Taking ¢ and [ es equal to this pi‘essuré, we Fihd the ap-
proximate correspondence: .

(54) Ay =4 208

Ths current barometric law

Z = 18,400 Log —+-
(55) g o

then gives the practical relation, sufficient for a first analysis,
betwesn the altitudese

On the other hand, with the hypotheses mads, T varies

as 7’2, therefors ag* /38.

Formula (50) indicating the correspondence between the diameters,
becomes: ;

3.5
/91 D
(57) D=2, —5 =5 78—54—
o 3
Lastly, the relation (51) between the speeds enables us to write:
¥
(58) Vi = —TisT

4s a conclusion we see that, for the airplane fitted with a
compressor, THE EFFICIENCY OF THE PROPELLER, ITS DIAMETER, AND THERE-
FORE THE RATIO OF PITCH TO DIAMETER, WIEL INCREASE WITH THE ALTITULE
OF FLIGHT. On the other hand, the speed V_ of the reference air-
plane aiminishing much less rapidly than Ao THE SPEED OF THE
AIRPLANE ALSO YNCREASES WITH ALTITUDE,

Assuning that power can be maintained constant at this altitude,
we seé that THE CEILING WILL BE ABOUT 3.3 TIMES TEAT QF THE AIRPLANE
FITTED WITH AN ORDINARY ENGINE, ]

. Moreover, if we exceed the angle of attack corresponding to
flight at the ceiling, we know that the speed V., the efficiency /5
and the altitude %2, will diminish. We should then obtain, for cor-
responding flight with the compressor, a speed V;, an efficiency /01
ard an altitude Zl which would also gradually diminish.

Under these conditions, the maximum speed V, which canwt be ex-
ceeded, would bs obtained for ths angle of attack of flight at the
ceiling.



The following Teble gives the results which would be furnished
by a perfect compressor, compared with those furnished by an air-
plane fitted with an ordinary engins.

ATRPLANE WITH COMPRESSOR.

REFERENCE 3
ATRPLANE -~
ALTITUIE : VALUE :: A : P Dy 2V 1
H cr Lo A Z.=3.3 2 : = ——0—5-1 v, ,1.154

Z, N P ,Oo #:'154: 1 °. D 4 :vo ‘u'o
meters . .. . meters . .
1,600 : 0.838 :: 1.02 > 3,300 1.06 : 1.14
1,600 : 0,83 :: 1.03 : 4,950 : 1.10 : 1,23
2,000 : 0.78 :: 1.04 : 6,600 = 1.14 ; 1.33
2,500 : 0.74 :: 1.05 : 8,250 1.18 : .42
3,000 : 0.692 :: 1.06 : 9,900 : 1.23 : 1.54
3,500 ¢ 0.65 :: 1,07 : 11,550 @ 1.26 : 1.65
4,000 : 0.61 :: 1.08 : 13,200 : 1.30 : 1.77
4,500. : 0,57 1.09 t 14,850 : 1.35 : 1.91
5,000 : 0.53 :: 1.10 : 16,500 : 1.40 : 2.08
5,800 : 0.50 :: 1.11 i 18,150 = 1.45 : 2.23
6,000 : 0.47 :: 1.12 + 19,800 ¢ 1.50 : 2,39
6,600 : 0.44 :: 1.13 ¢ 21,450 : 1.56 : 2,58
7,000 : 0.41 :: 1.14 : 23,100 < 1.62 : 2.79

As example, we take = Bréguet 14 A, fitted with a Renault 300 EP
engine turning at 1,600 revolutions,

Tests with an ordinary engine gave the following results, ths
ceiling bteing at 6,000 msters.

‘ AITITUDE: SPEED ' ALTITUDE: SPEED

. 4, V4 ‘s z, : V, :
* meters , km/h ,, meters km/b ¢
: 0: 180 i: 4,000 : 163 :
s 1,000 ¢ 177 2 5,000 = 155
: 2,000 : 174 :: 6,000 : 140 :
: 3,000 : 170 ::(ceiling): :

By calculating as just indicated, the corresponding altitvdes
and speeds for the same alrplane fitted with a perfect compressor
and having the same speed of propeller, we obtain the following
figurass:



ALTITUDE : SPEED:: ALTITUZDE:_ SPEED:: ALTITUIE: SPEED:: ALTITULE: SPEED
Z A S 2, ¢ ¥y oz 2; Wy Z; : 0%
moters . km/h ., meters . km/h .. meters , km/h ,, meters , lm/h
O : 180 :: 6,000 : 227 :: 12,000 ¢ 285 :: 18,000 : 327
1,000 : 187 :: 7,000 : 236 :: 13,000 : 295 ir 19,000 = 331
2,000 : 193 :: 8,000 : 245 :: 14,000 * 305 :: 19,800 : 334
3,000 @ 200 :: 9,000 : 255 :: 15,000 : 312 ::(ceiling):
4,000 : 210 :: 10,000 : 265 :: 16,000 : 318 i: :
5,000 : 220 :: 11,000 : 275 :: 17,000 : 323 :: :

The diameter D_ is 2,94 m., and the efficiency R is about 0,75
at Z, = 3,000 meters. Ths efficiency /2 will therefore practically
be 1.06 x 0.75 = 0,79 at Z2; = 10,000 meters and the propeller should
have a diameter D; = 1.22 x 2.94 = 3.58 m.

With & propeller of this dimension instead of 2.94 m., the engine
when near the ground level will turn at only a low speed on account
of the drag of the propsller. The power of the engine being propor-
tional to its speed, the take-off and climb would certainly be diffi-
cult. On thes contrary, above the normal altitude of fl:.ght. the en-
gine would race as altitude increases.

We thus see that the utilization of a propeller, determined for
horizontal £light at a certain altitude , may provoke the following
phenomenad

a) If the altitude chosen is too high, the airplane may not bte
able to get off the ground, or will do sc with difficuity.

b) If this altitude is low encugh to enable the airplans to
get off the ground easily, the engine will race at high altitudes.

With a propeller of variable pitch and diameter we could obtain
a uniform speed of rotation and best efficiency for each altitude.
If absolutely necessary, we might utilize sz propeller of wvariable
pitch only, but should lose in efficiency. The tests made up to
date on such propellers have not been satisfactory, although the me-
chanical realization of the problem does not seem to be insurmountable.

CONCLUSIONS. -~ It is only with a supercharged engine set designed for
very high altitudes that the speed Vi reaches interesting values of
the order of 300 kilometers an hour. If, as in the case of the rateau
turto-compressor tested during the war, the ground level pressure 1is
not re-establishad in the carburstor above 5,000 meters, no gain in
speed is realized above that altitude. The besi results obtainsd

up to date in the flying tests at Villacoublay are as followss



¢ ALTITOIE : SPEED :
: : §ITHOUT :  WITH :
: : SUPERCHARGING : TURBO-COMPRESSOR:
) . meters m/h : kn/k :
: 3,000 : i7Q H lg2 H
5 4,000 ¢ 163 : 200 :
: 6,000 = 186 . s 198 :
: 6,000 160 : 180 2
: 7,000 : 160 :

We ses that we ars still far from tie results which may be given
by & perfect turbo-compressor with the best adapted propeller at 5,500
meters. The meximum speed realized at an altituds of 4,500 meters
is "205 kilometers an hour, While the greatest speed obtainable at
the altituds/is about 215 kildmeters an hour.

5500 motsrs, ) ' '

Before leaving this subject we may remark that the:present day
aviation #xngines, constructed during the war, pressent s certain se-
curity in operation because they are almoet always utilized at high
altitudes; this has the effect of reducing mean pressure and, conse-
quently, the stress on the parts.

_' at incraasing

If the torque were maintained constant/! - altitude of flight,
present day enginmes would not bs strong enough to withstand the
strain. :

THE MAXIMUM DISTANCE WHICH €AN. EE COVERED BY AN ATRPLANE WITH COM~
PRESSOB., - We will assums that.the initial altitude of flight is that
for which the engine is in theiconditions of working on ground level,
end that the flight is madé AT CONSTANT ANGIE OF ATTACGK.

From what has been sstablishéd in the preceding chapter (p.845
of original text), the efficiency of the propeller, assuxed to be
of jnvariable shape, is constagt, as well as the coefficient of power
s and the spead of advasod’ ¥V is proportional to ths mumber of
revolutions n.

Formale (92) or p. 847 (of original text) established without

;.;ay hypothesis as to the law of variation of power, is still applica-
8,

We may remark that, with respect to the simllar ordinary air-
plans, we may obtain an appreciable gain on the distance covered,
owing 4o the fact that the efficiency /O is increassd and that the
specific consumption m must be smaller for an engine operating un-
der ground level conditions than for ome working at a pressure of re-
duced compressien,
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For an injtial altitude of 3,000 meters for an ordinary air-
plane, the correspording altitude for the second would bs about
10,000 meters. Assuming a gain of 6% on efficiexcy and a reduction
of 12% in specific consumption, we obtain a gain of 20% on the
distance covered .

Thers are, as for the ordinary airplane, two methode of making
the flight.

lst. If we wish to maintein the CONSTANT SPEED OF ROTATION
n and, consequently, the speed of advance V, the power must, at
each instant be reduced in proportiom to the total weight. By the
equation of lift, the altitude will be known at each instant by the
proportionality of the total weight to the demsity of the air.

2nd., If we wish to maintain CONSTART ALTITUIR, the speed ¥
and the mumber of re.yolutions will be reduced as the square root
of the total woight. As in the first case, the engive torque must
be reduced in proportion to the weight, which will bave the sffect
of lowering the powsr in the propog tiocn of 3/2 of the weight.

Formulas (116} and {130) of the preceding chapter {pp. 855 and
858 of origimel text), relating to the durationm of flight, are ap-
plied, unity being substituted for the coefficient of decrease of power
at vthe initial altitude.

Let us then compars two airplanes, ons ordinaty, the other with
compressor, having st the start the sams weight of gasolinme in pro-
portion to the total weight, and assuming the same specific consump-
tion m and the same weight per horsspower 77 . Ths first air-
plane begine its flight at a certain altituds whsre the coefficient
of decreass of power is fl_ ; the other takes the corresponding al~
titude at the same angle of attack. The duration of its flight is
equal to that of the first airplame multiplied by the coefficient ‘uo'

ATMOSPEERIC CONSTANTS AT HIGH ALTITUDES.

If we wish to determins the characteristics of the atmosphere at
very high altitudes, we must abandon the law of Radau generally ad-
mitted for the decrease of temperature, this law being insufficient
for altitudes above 6,000 or 7,000 meters.

By numerous sowndings, Professor Gamba, Director of the Pavia
Observatory, bas found that uwp to 11,000 meters the temperature
practically decreases according to a linsaer law of altitude. At al-
titude Z, the absolute temperature is T; according to these ro- .
sults, which agree with the most recent observations made in England
and France, the THERMIC GRADIENT G = 4T would be constant up to

dz
11,000 meters and practically equal to 6.5° per kilometer. Morsover,
this law is, within a very little, that now accopted by English
specialists,



Lbove 11,000 meters, the observations made lead to the assumption
of constent $#mperatars, that 18, a zero gradient.

‘Admitting these laws, we find.' for pressures and demsities sim-
ple analytical forme in function of the altitude which are very con-
venient for certain computations. :

Let dP be the differsntial of pressure, dZ the differential of
altitude , and e, the specific - weight of the air.

We have:
(59) ~ dP = g,d2
The law of per_fect gases gives us:
= =
(s0) &, = %

where R = 29.27 for the air. We shall thus have:

ap _
(51) - £ QR%

Let T, be the absolute temperaturs on the ground level. The
gredisént-: G being assumed constant, we have up to 11,000 m.:

(62) T=T - GZ
from which, by immediats integration: ﬁ
P = & 2
63) = = =il- )
( M~ P T,
On the othsr hand, the ratic of darixsities is:
= -1
P T GR 1-GR
(64) 0= Do &z = M
P, T T

Teking the meter and kilogram as units and asswning a ground
level tempsrature of 15°C.: G = 0.0065; T, = 288; R = 29.27; whence!:

a 5.285

. 4.2585 0.81
(&) 5= (1- wZ=a

Above 11,000 meters the te.mperature is assumed to be uniform
and of & value T;. The presswe at 11,000 being P, formula (61)
gives, by immedliate integration:
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Z - 11,000

(67) L BT,

v L_‘"U

Teking Ty = 273 =~ 57 = 216 and passing to camnon logaritims,
we have:

y 24 Z - 11,000
(68) og 2 =g 1 o= EEEERR-

y7i

With a ground level tempsrature. of 15° C the law of densities
above 11,000 is:

Loom
(69) 0= o B _ 2By
T, B 216
with
P
(70) g8z _
2 By

"As pointed out by M: Toussaint, it is interssting to compare
the régime of temperatures in the atmosphere with the régime of the
winds. Studying the results of numerous soundings, M. Ch. Maurain *
has found that the mean velocity of the wind in clear weather in-
creases regularly and in an almost linsar fashion, from 5 meters
per second at an altitude of 500 meters, up to 15.6 m/sec. at 11,000 m.,
then decreasing to about 8 m/sec. at 19,000 meters.

The following Table gives the atmospheric constants up to 20,000
meters, tabulated according to the foregoing hypotheses. It has
been drawn up by M. Toussaint and has been proposed by him for the
Standard Atmosphere.

¥ Mimites of the Acaddmie des Sciences, July 15th, 1919.
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ATVOSPHERIC CONSTANTS AT HIGH ALTITUDES.

FEISHT

ALTITUDE :TEMPERATURE: PRESSURE : - :
z % : H :of 1ster : U=_HE : §= 2z
H : : of air ° 760 < a,
i = o= ;
meteps : degrees 6 mm of : grammes : :
: .meroury . : :

0 15 : 760 i 1,225 S | : 1
1,000 : 9 : 673 : 1,112 : 0.886 : 0,906
2,000 2 : 5% : 1.008 : 0,784 :  0.823
3,000 : - B : 526 ¢ Q.907 : 0.692 : C.740
4,000 : -11 T 462 : 0.820 : 0.608 1 0.665
5,000 : <18 T 405 t Q735 : 0.533 :  0.600
6,000 : - 24 : 354 : 0.860 : 0,465 T 0.540
7,000 : -~ 31 : 308 : 0.588 T 0.405 T 0.480
8,000 : - 37 : 267 : 0.525 : 0.351 : 0.429.
2,000 : - 44 : 230 T 0.467 : 0.303 : 0.382

10,000 : - 50 : 198 : 0,413 T 0.2500 @ 0.337
11,000 : - 57 ¢ 169 : 0.364 : 0.223 : 0.297
12,000 : 1 . 145 : 0,311 ¢ 0.190 ;. 0.254
13,600 =: m : 123 i Q.265 : 0,163 : 0.217
14,000 : = : 105 : Q.227 T 0.129 T Q.185
5,600 : ® 3 20 : 0,193 : 0.119 :  0.158
16,000 : =@ : 79 T 0.1869 D 0,104 :  0.138¢
17,000 =: = : 66 T 0.141 : 0.086 :  0.115
18,000 : » : 56 : 0.120 i 0.074 @ 0.098
8,000 : = : 48 : 0,103 : 0.063 T 0.084
20,600 : = : 41 T 0.088 : 0.054 : . 0.072




