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‘NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS.
TECHNICAL MEMORANDUM NO. 2359.

FATIGUE OF INTERNAL COMBUSTION ENGINES.*
By P. Dumanois.

Internal combustion engines comprise two categories, those

whick follow the cycle of combustion at constant volume, com-

monly called. the explosion cycle, or the cycle of combustion
at constant nressure, derived from the Diesel cycle.

From the kinetic viewpoint, both classes work on the same
principle as the steam éngine, namely, the transformation of
the altérnating motion of a piston into a circular motion by
means of a crank and connecting-rod.

The analogy with the steam engine ceases here, however.

In a steam engine, the temperature of the steam rarely exceeds
200° ©.(392° F.), which is too low to affect the structure of
the metals in contaét with it. When the parts have been calcu-
lated in conformity with the customary rules regarding the
strength of the materials, with suitable safety factors, the
problem has been solved and we have an engine whose functioning
ig assured without other time limit than that resulting from
the normal wear cf the moving parts.

With a well-designed lubrication system (vhich presents
no difficulty at the functioning temperatures attained) and

R
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* From "La Revue des Combustibles Liquides," January, 1924,

pp. 3-15. The June, 1923, number of this same magazine contains

a paper by Mr. Dumanois on "The Diesel Cycle and Aircraft En-
gines" ("Le Cycle Diesel er le Moteur d'Aviation").




_.suitable cosificiente of wear, it may be congidered that the en-
.tire fatigue of a steam engine depends solely on the mechanicel
phenomena of its functioniag.

‘Such, however, is not the caée with interval combustion
ehgines. Here the combustion temperature attains 1600° ¢.
(2912° F.). The cylinder-head and wall, piston-head, valves
and spark plugs of explosion eungines are periodically in con-
tact with very hot gases. In order to render the mechanical
functioning possihle, i.e., for the piston to be avle to slide
in the cylinder without jamming, it is obviously necessary to
keep the teuperaiure of the inner wall below that which would
cause decomposition of the lubricants. Whence the necessity
of vigorous exterior cooling. It follows that the inner and
outer walls of the cooled parts have very différent teﬁperatures.
Thus internal stresses are produced, which are added tc those
resulting from the mechanical fatigue produced by the combus-
tion pressure, the latter being more than doudble that produced
in the cylinders of steam engines. From another viewpoint and
in spité of energetic cooling, the temperature of the walls in
cbntact with the hot gases oscillates at each piston stroke
about the mean temperature produced by the cooling. Certain
parté, such as spark plugs and exhaust valves, wvhich are diffi-
cult to cool or remain long in contact with the hot gases, may
even reach critical temperatures for the mechanical prowerties

of the materiale composing them, thus causing rupture or defor-




:‘%\ E ,mation and stopping the engine. Moreover, the periodic action
o of the hot gases on the walls produces, with time, a molecular
ﬁ g 'A ‘tfansfprmetion which modifies their mechanical characteristics
V and gradually'weakens them.

From the above considerations, it follows that, contrary
to what takes place in steam engines, the general fatigue of an
internal combustion engine is not determined simply by the
knowledge of the mechanical data of its functioning. The fa-

N tisue depends both on the temperature reached and on the period
for which it is maintained.

We can therefore appreciate the importance of this fact

for high-powered engines, in which it ie¢ sought to obtain, with
the minirmum material, the perfect combustion of the maximum of
fuel in the minimum of air, i.e., for light engines with high

temperatures. This is the case of submarine Diesel engines and

L airplane explosion engines, as a result of the conditlons %o
which they are restricted.

Either a submarine or airplane engine can hardly be gotten
into the bvest working order (which sometimes requires several
years) before it becomes obsolete. The designing of new engines
handicaps the future and enteils large expenses. We can, there-
fore, understand how important, in such study, is the possibil-
ity of feferring to a coefficient of fatigue which shall take

-~ account of the above oconsiderations.
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Conditions which mugt be satisfied bg any criterion of genérgl
v fatigue.

The usual coefficients of mechanical similitude employed
in steain engines not only do not take account of thermal phe-
nomena; but even give results contrary to those sought.

On the other hand, the practical utilization of a genefal
coefficient of fatigue necessitates the preliminary determine-
tion of numerical values'for satisfactory existing engines, for
the sake of comparison.

It is evident that the absolute value of such a coefficient
varies with the type of engine considered and the conditions
of its employment An engine which would function onlv 100
hours without a hitch would be of extraordinary endurance for
an aviation engine, but of little use in an industrial estab-
lishment. It is also evident that, for a given 1ist of engines,
the choice of the engine type, which determines the numerical
' value of the coefficient, rests on a question of valuation,
since it is a question pf representing a quality, estimated
chiefly in a subjective manner, by a coricrete number. It
must therefore be based on the mean of a large number of obser-
vations. Lastly, as regards the algebraic expression of the
coefficient,:it is evidently a function of the temperature of
the inner wall. We have seen that it is the increase in the
temperature of certain parts in contact with the hot gases, which
caus2s the deterioration of those parts and the consequent in-

jury to the engine.
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To put it in other words, let us imagine a-high-powered
engine running coniinuously. At the end of a certain'period,
the above-mentioned causes of fatigue will produce phenomena,
such as cracks in the cylinder head, warping of the valves, rTup-
tures of spark pluge, etc. Let us now suppose that we cause
the engine to produce more power. The mean temperature of the
inner wdils will increase and the above phenomena will be pro-
duced more rapidlv. The general fatigue of the engine has
therefore increased with the mean temperature of the walls.
Since, on the other hand, heavy high-powered engines are made
for functioning with as high mean temperatures as possible and
just stiong enough to obtain the degired endurance, a. slight
increase in temperature will cause an excessive gereral fatigue.
A direct relation between the general fatigue and the tempera-
ture may therefore be agsumed. On the other haud, the coeffici-
ent must be adapted to geometrically similar engines, whose
mechanical cdimensions must therefore be independent of the unit
of length.

Lffect varying the averase pressure.

We will now consider the effect on the fatigue of the en-
2ine exerfed by cach of the different quantities entering into
the value of the power. fhe effective power ol the engine,
which we will designate by m,, 1s defined by the formula
Me = AnD*C N p, in which A 1is a funogion of the organic

R




efficiency, D represents the bore, C the stroke, I the R.P.M,,
o n the number of cylinders and P the mean ordinate of the dia-
grame
- » Let us first examine the effect of varying p. Since it is
preportional to the meanlcouple, it mav be made to represent
the mean fatigue resulting from the wechanical functioning, but
it ig necessary tc determine the effect of its variation on the
thermal faticue. The vwroblem differs for the Diesel encine and
the explosion engine. In the former, the pressure, at the end
of the comnression, is already so high that it should not be
increcsed above the point necessary for the automatic ignition
of the fuel. On the other hand, we cannot increase indefinitely
r the quantity of fuel consumed per cylinder charge, since the
| method of fuel injection employed (by introducing it into the
air without previous mixing) renders it imrossible to utilize
- more than half of the oxygen in the char?e.

Hence all Diesel engines, using the same fuel, will have

practically the same pressure at the end of the compression.
Thig is the combustion pressure which remeing practically con-
etant during one neriod of the cycle. Hence the value of the
combustion pressure and of the mean ordinate are vractically
the same for these cngines at their maxirum power. It is quite
¢ different, hovever, for expnlosion engines. For the latter, it
sﬁffices theoretically that the pressure p,, at the end of the

compression, be less than the pregsure which would cause auto-
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matic ignition. Since the volumetric compression m in existing
engines is far below this poin%, there ié evidently ccnsiderable
margin for variations of the maximum pressure and consequently
of the mean ordinate, thus necessitating the study of the possi-
ble'resulting thermal conditions. Ve find that the thermal effi-
clency p=1 - ;%:1; increases with the compression, but that,
for a llke increase in the coefficient of volumetric compres-
slon, the increase in thermal efficiency is inversely vproportion-
al to the given increase in volumetric compression. Thus, in
passing from the compression 4 to the compression 5, the effici-
ency increase is 0.049, while it is only 0-.024 (i.e. half as
mich), in rassing from compression 7 to compression 8. From an-
other viewpoint, when the volumetric coefficient increases, the
pressure of combustion and the pressure during the whdle expan-
sion increase alike. The same is true of the stresses on the
bearings and consequently of the effects of friction. Conse-
quently, the organic efficiency has a tendency to diminish.
Under present conditions, it may be considered that, beyond a
coefficient of volumetric compression equal to 10, the gain in
total efiiciency would be quite small. It vemains no less true
that there is a considerable scale of variations betwesn the
values 5 and 10, the former value corresponding practically to
thgt of existing airplane engines. Whatever the piven compres-
sion pressure may be, if we desipgnate by T, the absolute tem-

perature 2t the end of the compression on starting from the same
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exterior temperature, the temperature increase t,, Tesulting
from the combustion, is.pr actically constant (within specific
"heat variations vhich may be considered negliglble), since it
corresponds to the conbustion of the sam° quantity of the fuel
mixture. The following table gives the principal combustion
characteristics, when the coefficient of volumetric compression
varies from 4 to 8, on assuming the absolute exterior tempera-

ture to be 283 C.

n P, T, T,=T,+t, P T, e
4 6.957 493 2393 33.83 1375  0.426
5 9.52  538.8  2438.8  43.09 1381 0.475
6 12.3  579.5  2479.5  53.57 1M1 0.512

7 15.26 ©16.4 2516.4 €2.35 1156 0.541
8 18.38 650.2 2550.2 72.1 1110 0.565

| The above table chows that the abeolute temperature T, at
the end of the combustion, which is equal to the absolute tem-
perature T, at the end of the compression increased by 190000,
increases less rapidly than the temperature T, (at the end of
the expansion) decreases. Thus, in passing from compression 5
to compressgion 8, everything else being equal, T, inereases
111.4%°c vhile T, decreases 171°C. The mean temperature of
the cycle tends to decrease. The decrease of T, causes a de~-
crease in thevtempeiature of the exhaust valves, so that it may

be considered that the thermal fatigue, save perhaps for the
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spark,ﬁlug,* does not vary apprreciably with the compression.

It is quite different with the mechanical fatigue. 1In
fact, for the same change in compression (from 5 to 8), the max-
imum pressure P, passes from 43 to 72 kg, an increase of 67%,
which greatly affects the conditions of the mechanical work of
the engine.

Because of the importance of the increase in the compres-
slon prescure for aviation engines, we are going to study this
case more closely. |

Let P, represent the intake pressufe, i.e., in the cylin-
der at the end of the intake.

Let P, and T, respectively represent the absolute pres-
sure and temperature at the end of the compression.

Let P, and T, represent the same at the end of the com-
bustipn.

Let T, represent the exterior temperatﬁre.

Let t represent the rise in temperature produced by the
combustion.

Let KX represent the ratio

ol

of the specific heat

C at constant pressure of the gases in the cylinder to the

~specific heat ¢ at constant volume.

: +
Let n represent the ratio of volumetric compression XVI“;

v being the volume of the dead space or clearance and large V

* In reality, the trouble with the spark-plugs seems to be chief-
ly the mechanical difficulty of withstanding the high pressure,
rather than any thermal difficulty.
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~the stroke~volume.

In combustion at constant volume, we have

P, e '

—— ) 1
il (1)
Rv_op (V+yv) | (2)
Ty, 9 To

T, =T, +1 (3)
P _ Iz | |

P, T (4)

whence we deduce:

.t e %
P, =P, (1 + E-\ = P, 'll‘(ll + mry)‘

on designating by d the quantity

n¥ (1 *"Ef?] ;w\='nk+5‘i~n-

On the other hand, if Q denotes the quantity of heat lib-
erated by the combustion and m the ﬁeight of the combustible -
mixture, we have ¢ = % and, for a given cycle and a given
fuel, % is a constanf. ‘The same is true of t.

In the case under consideration, we can take 6.71 as the
mean numerical value of the ratio %; ‘

We will designate by the same symbols, with the index ' ,
the bame quantities relating to the same engine, but with a dif-
_ ferent degree of compression, on supposing 7m' to be greater

than n.




- 11 -

The commression, intake temperature and revolution number
remaining constznt, the indicated power ™ and, consequently,
the couple I' are practically propértional to the thermal output.
Thus we have .
' P =b Py, | (6)
b being avconstant.

For theféame,intake pressure P,, we will have

Plg _ 4L _ e f
B 4 O T (8)

If we wish a high-compression engine to work uncer the same
conditions of maximum mechanical fatigue as an ordinary engine,
i.e., at the same explosion pressure, it will be necessary, by.
reason of formila (5), to reduce the intake pressure to a value

P'g, 5O that
Plog = Py S5 (9)
Under these conditions, the corresnmonding couple I'of a
high-compression engine and that of an ordinary engine are con-

nected by the ratio

o)
!';b

| L
T ° (10)

|

If we assume that we wish to obtain the same value of the

couple for both engines, it will then be necessary to give a

value P," to the intake of the high-compression engine, so that

[' = bPy" P'=Db Pyp

whence . 0

Py" = Po "5', (11)
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and the cdrresponding combustion pressure will be

& =5 55 (12)

LU =
Pz Polt ar Podl 5 Y

In the particular case of functioning on an airplane, if it
is desired to obtain, with a high-compression engine, an engine
vhich has, on the ground, the same couple or the same explosion
pressure as an ordinary engine, it suffices to throttle, on the
ground, the intake of the carburetor, so as to obtain, according
to the case sought, the intake pressure P’, or P'g. In climb-
ing; it is possible, by gradvally opening the throttle, to keep
either the couple or the explosion pressure constant up to an al-
titude defined by the condi%ion that uz* be equal to {%0: in
the case of a constant couple, and to %T » in the case of a
congtant explosion pressure.

It is interesting to note, whén the engine is provided with
a device enabling it to maintain a2 constant couple up to the al-
titude of wide-open throttle, how the resistance of the propesller
diminishes with the density and how the revolution speed and,
'conseQUéntly, the engine power increase with the altitude up to
the moment wvhen the throttle is wide open.

We can likewise envisage the take-off, not with a couple,
but with%a power equal to that of an ordinary engine. 1In this
case, the opening of the throttle near the ground is greater

than vhen functioning with a constant couple and the power re-

* My ig the ratio of the density of the air, at the altitude z,
to its density near the ground corresponding to Pg.
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mains constant untii the carburetor is wide open, i.e., at the
same altitude as in the case of functionihg with a consiant
couple. |

Hence the power at this altitude can be obtained either by
maintaining, after leaving the ground, a power equal to that of
an ordinary engine, or by maintaining a2 couple equal to the
couplé"of an ordimarTy engine.

It is, moreover, important to note that, in both cases, the
explosion pressure near the ground is considerably higher than
with an ordinary engine and that it is greater in the case of
constant power.

The foliowing table'sgms up the comparative results we may
éxpect according to these different hypotheses, by taking, as
the basis of the comparison, an ordinary engine giving, on the
ground, 300 HP at 1800 R.7.M. with N = 5, when the pressure is

carried to a value defined by 7 = 7.

Intake Comhus- R.P. M. Altitude
pres- : tion “of full
sure -pressure on ground HP intake
. Uit m
Ordinary engine 1 . 42,85 1800 300 0
High-compression : : »
engine.
Equality Of RoPoM- i : !
on ground. 1 63.25 - 1800 343 0
Equality of power 0.9166 57.06 - 133 300 1380
Equality of couple . 0.8776 . 54.63 1686 2363.3 = 1380

Equality of explo- , ! 3
sion pressure 0.6884 ; 42.85 = 1493 - 195.3 . 3700
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Thus far we have assumed that it is possible tg increase
the coefficient of volumetric compression, by reinforcing the
crankcase and other parts of the eagine, so as to enable them
to ﬁithstand, wvith sufficient margin of safety, the correspoﬁd-
ing explosion pressure.

In practice, it is not vosgsivle t¢ increase arbitrarily the
pressure at the end of the compression for a reason, which {s,
moreover, essentially a function of the fuel used. Exnerience
has, in fact, shown that, for a given fuel, if the compression
pressure is increased, there comes = moment vhen the combustion
takes place in a form vhich ceusss a ghock phenomenon producing
the impression of =n explosion. In reality, this phenomenon,
which the English call "piaking," is the result of undulatory‘
pressures in the cylinder, of which the following is the com-
monly accepted explanatione.

When the charge iz ignited at any point, by means of an
eleptric spark, for example, there is produced a local pressure
increase in the vicinity of this point, which coumpresses the
rest of the charge at the same time that the combustion is
gradually spreéding. If this compression is propqgated with
sufficiént rapidity to be adiabatic and if, at the same time,
the "coibustion spreads slowly enough, there comes a woment,
wvhen the unburned portion of the charge acquires the temperature
of ‘spontaneous ignition and burns instantly, with a local in-

crease in prescure and temperature proportional to the adiabatic
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compression necessary to cause this spontaneous ignition. This
4 -suddenly increased local pressure is greater than that of the
burned mixture, since it occurs at a higher initial compression,
and therefore causes, in its turn, the compression of the por-
tion of the charge already bLurned. This gives rise to a partic-
glarly destructive dynamic phenomenon causing a metallic shock
similar to thai which would be produced by a blow on the com-
bustion ohaﬁber.' | |
Experiments, now become classic, performed by Ricardo on his
~ variable-compression engine with different fuels, showed clearly
that the phenomenon of the production of the explosive wave is
essentially a function of the compression pressure. This result
may be readily explained by the following considerati on.
When; in an engine with -a given compression ratio, a fuel
is used, which, with the throttle wide open, produces the phenom-
enon of undulatory combustion, it is found that the combustion
can be made normal by partially closing the throttle. This does
not affect the temperature at the end of the compr®ssion, if the
intake temperature remains constant, since the former depends
simoly on the ratio of volumetric compression. On the contrary,
the pressure at the end of the compression is reduced, since.it
is related to the intake pressure by Poisson's law and since the
intake pressure is reduced by the throttling.
This phenomenon can be analyéed etill further. Tat us im-
agine an exnlosion chamber in which a epark is produced and let us

consider what takes place with different combustibdle mixtures
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havi@g increasing combustion speeds. In mixitures with a low com-
bustion speed, the compression produced by the initial combustion
}ncreases s0 slowly that it ceases to be adizbatic and conse-
quently the temperature of spontaneous ignition is not reached.
This is the case with very heavy fuels, whose spontaneous ignition
temperature is very high.

When the combustion speed increases, the increase in the in-
itial pressure is greater and the compression of the rest of the
charge is more rapid, so that there comes a moment when the com-
bustion spesd is too low to ignite all the charge refore the adi-
abatie comp;ession is produced, causing the phenomenon of undu-
latory combustion. If the coﬁbustion speed increacses still fur-
ther, it reaches a point where it is greater than the propagation
speed of the adiabatic compression and the phenomencn of undula-
tory combustion disappears. In the case limited by infinite
combustion soeed, we center the theoretlical cycle of combustion
at conatant volume, without undulatory phenomena.

From another viewpoint, account is taken of the effect of
the absolute values of the compression pressure and combustion
préssure on the nature of the phenomenon. The higher the com-
pression pressure, the smaller the space ocoupled by a gilven mass
of ras and, consequently, the smaller the_portion of the walls
of the combustion chamber in contact with it. The possibility
of losing heat is consequently diminished and the probability of

realizing adiabatic compression of the unburned portion of the
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charge is increased. Generally everything which opposes the tem-
perature elevation resulting from the adiatatic comoression, in-
creases the rate of compression. This is especially the case,
when the fuel has a high latent heat of vaporization, like alco-
hol, for example, the vaporization of which prevents the tem-
peratu%e from going hich enourh to produce spontaneous ignition.
For a similar reason, the injection of water or an excess of
fuel gives the same result. A4lso for a similar reason, the
critical rate of compression, for a given fuel, increases when
the bore is diminished. 1In fact, the mass of the fuel mixture
varies as the cube of the linear dimensions and the surface
area of the combustion chamber varies as thelr square. Hence,
if we pass from a certain bore to one half as large, the ratio
of the radiating surfaces to that of the number of calories
liberated is doubled, the compression is less adisbatic and a
higher pressure is required for spontaneous ignition. Thus the
maximum rate of compression for gasoline, which is 5 for a
140 mm bore, may reach 7 for a 70 mm bore. Another probable phe-
nomenon is the resistance to penetration offered by the unburned
vortion of the charge to the products of the initlal combustion.
. The phenomenon may be explained, moreover, by the follow-
ing analogy. If we consider a Diesel engine with a two-stroke
cycle, we find that, as the scavenge pressure is increased, the
expulsion of the burned gases imoroves, passes through a maximum
at a certain pressure, beyond which it diminishes and remains at

practically the same value regardless of the scavenge pressure
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employed. This phenomenon is explained as follows:
1;! A When the scavenge pressure is sufficiently small, the scav-
| | énge alr drives before it the burned gases without penetrating
them, by p}aying a ro}e analogous to that of a piston. If, on
the contr@xy, the poressure is high enough, the jet of scavenge
alr penetrates the burned gases‘after the manner of a projectile,

in order to take the shortest path from the scavenge ports to

the exhaust ports, thus renlacing by fresh air only that vortion

of the exhaust gases thus traversed. It is conceivahle that an

v analogous phenomenon may take place in the case we are consid-
-ering.
If the instantaneous pressure resulting from the local ig¥
nition is sufficiently high, i.e., if the combustion speed is

great enough, the burned gas, instead of compressing the rest of |

the}cha:ge,vpenetrates and ignites it, thus rendering the phe-
nomenon of "pinking" no longer possible. If, on the contrary,
the local pressure increase is too small, this penetration will
cease and give place to adiabatic compression, sﬁsceptible of
producing undulatory combustion.

There are other causgses due to the inherent peculiarities of
the engine and which cause, for a given fuel, the critical coef=-
ficient of compression to vary for different engines.

We have indicated that the produetion of undulatory combus-
tion depended on the pressure at the end of the compression.

" This is determined, however, not only by the coefficient of vol-

- umetric compression resulting from the geometrical dimensions




of the engine, but also by the effective filling of the engine
cylinders. The latter depends on the 1ift of the intake valves,
the shape of the pipes and the revolutlon speed of the engine.
Thus, a fuel, vhich, with the throttle wide open, normally burns
rapidly, may produce undulatory combustion, if the revolution
gpeed decreases, as a result of the increase in the resisting
couple, because the filling improves. This sometimés occurs in
automobile engines while climbing a hill.

It is likewise clear that the location of the ignition
point, with reference o the combustion chamber, and the shape
of the combustion chamber are of considerable importance and
that a central ignition in a hemispherical chamber, by diminish-
ing the maximum distance to be traverced by the combustion, is
preferable to a lateral ignition. For the same reason, simmlta-
neous ignition at two opposite points is better. It would be
advantageous to increace the number of ignition points even fur—‘
ther, since, at the limit, the simultaneous ignition would pro-
duce the theoretical cycle without undulatory combustion. It
might be poselble to approach thie ideal by igniting the charge
net by a spark but by a jet of buraning gas at high speed as‘we
have had occasion to propose.

Lastly, it is not improbable that the molecular cunsgtitu-
tion of the fuel may have a certain affect and that phenomena
analogous to cracking may take place as we suggested in 1216, in

connection with Diesel engines, in an article which was awarded
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a prize_by the Academy of Sciences. This effect nust be slight,
however, in a combustion whose total duration is only about
1/300 of a second.

On analyzing the above considerations, we arrive at the
following:COnclusions, confirmed by experience, for petroleum
fuels. For very light and homogeneous fuels, the admissible
coefficient of volumetric compression; in order to obtain nor-
mal combustion with the present bores of aviétion engines, is
about 5. It is lowered to 4.5 by the employment 6f heavy fuels
and below 4 if mixed with kerosene. If very heavy fuels are ém_
ployed, the phenomenon ceases. In a phenomenon of the same
order, we likewise find the explanation of the back-fires or
rather of the local explosions which occur in some engines and
which come from the lack of homogeneity of the fuel.

In this cage, the non-homogeneous portion takes fire by
spontaneous ignition resulting from the adiabatic compression
produced by the more rapid combustion of the homogeneous portion.
The final temperature of this localized spontaneous combustion
1s higher than the combustion temperature of the rest of the
charge. If, for example, the normal volumetric compression is
5 and thelcompression of spontaneous ignition is 12, the temper-
ature difference at the end of the combustion is 26°C (502°F)
with a local explosion pressure of over 150 kg, instead of 42,
capable of producing destructive local effects. Thus undulatory

combustion produces more serious consequences with lesz volatile
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fueis or, more exactly, when the temperature of spontaneous igni-

tion is higher, but ceages altogether with very heavy fuels.
Since the temperature increase produced by.the combusiion

is practically constant, the final temperature of comhustion is,

in fact, as nuch higher as the initial temperature is higher, i.e.

as the fuel is less inflammable and the compieseion required for

spontaneous ignition isjcorrespohdingly greater.

- In oxrder to avoid such disadvantages, a.nhomogeneous fuel must
be used inihigh-compression a&iation engines. Thus, if we re-
move by distillation both the lightest and heaviest constituents
from a given fuel,.the product has about the sume density as the
. mixture of these lightest and heaviest portions, but is not o

volatile and hence not &0 liable to produce the abore-mentioned
phenomena,. If the coefficient of cbmpressionAfor spontaneous
ignition is eo0 high that the corresponding pressure cannot be
attained by the ini%ial combustion of the charge, the phenomena
will cease to be produced.

In' contrast with gasoline, certain other fuels admit of very
high compression. This is the case with benzol and alcohol,
which stood, in tests recently made by the Washington Bureaun of

- Standards on a Liberty cylinder, a compressioh of 14 without dis-
advantage. It is reasonable, however, on ths2 basis of the above
considerations, to suppose that when these fuels reach the orit-
ical pressure, they will produce partiocularly destructive phe-

nomena.
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The maximum 1limit of the compréssion pressure is not gener-
'a11y imposed vy sndntaneouslignition, but rather by undulatory
combustion. These two limits may be quite different, according
to the fuel. Thus, for some kerosenes, the second is less than
.4, while the first is above 10. While the first depends solely
on the;ratio of volumetric compression and a well-determined
physical characteristic of the fuel, its temperature of spontan-
eous ignition, the second depends similtaneously on the absolute
value of the compression pressure, the shape of the combustion
chamber, the ignition, the heat of vaporization of the fuel and
especially on the combustion svneed. )

The increase in the compression pressure is very lmportant.
To say, in fact, that the thermal efficiency increases with the
compression, is equivalent to sayiné that, for the same number
of calories, more heat is converted into work, i.e., that the
couple is greater, dr that, with the same couple, the fuel'con-
sumption is less. The question is one of thermal efficiency,
ag expressed by the mechanical efficiency of the engine itself.
The mecﬁanical efficiency is diminished, however, by friciion.
When the compression is increased, the pressure on the bearings
and, consequently, the friction increases, thereby éiminishing
the mechanical efficiency. There remains, however, at the com-
pressions now attainable, an appreciable gzaln in the net effici-
ency of the engine.

The comparative tests made with alcohol on a 180 HP Hispano-




 Suiza engine gave, in passing from ttie compression 4.7 to 7.4,
an increase of 11% in the couple and a decrease of about 20% in
fuel consumption. This increase in the value of the couple con-
firms the results previously obtained with gasolirie on a Clerget
rotary engine with variable compression. Mr. Clerget was, in
‘fact; the first to solve the problem of varying the compression
during flight by varying the distance of the common crank-pin
from the axis of rotation. Thus both the length of the stroke
and the compressiop were increased at the same time.

During the flight tests made with this engine mounted on a
Liore-Olivier airplane, October 3C, 1918, in passing, at an al-
titude of 3000 m (about 100C0ft.), from the cbmpression 5.3 to
7.33, thereby inereasing the stroke from 170 mm (6.7 in.) to
190 mm (7.48 in.), the R.P.M. increased from 1210 to 1300. The
ratio of the powers is practically (1300/1210)° or 1.24. After
deducting from thie quantity the part due to the variastion in
the stroke, or 190/170 = 1.118 there remains 1.122 due to the

variation in the compression. This increase, by itself, would

give an R.P.M. of 33 o
1210 / 1.12 = 1256

corresponding to a ratio of the couples of

1.12 (1210/1259) = 1.07
or an increase of 7% in passing from the compression 5.2 to the
compression 7.33, a result which agrees perfectly with the one

‘previouslywindiéated.
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Thus, as we have already seen, the increase in compression,

vhich increases the explosive pressure, has no appreciable effect

~on the mean temperature of the cycle, but greatly increases the

mechanical stresses undergone by certain parts. It is therefore
necessary todstrengthen certain parts of the engine, thus en- |
tailing an increase in weight. Let us investigate the impor-
tance of this increagse, by comparing two like engines in vhich
the ratio of the exvlosive compressions is A. 1In passing from
an ordimary to a hizh-compression ehgine, we find that the
welght of some parts does not vary with the explosive pressure.
Such are the pumps, valves, carburstors, camshaft and generally
the cylinders and pistons, since tieir thickness, for existing
bores, is deternined notkby the mechanical conditions oif resis-

tance .to the explosive pressure, bvut by local strength consider

ations, which conduce to a greater thickness than that result-
ing from the preceding consideration. Othér parts vary in pro-
portion to the coefficient A. They are the ones subjected to
traction and compression stresses. This 1s the case of the
ocrankcase attachments. St1i1l others vary in proportion to the
cube root of M. Thess 2re the ones which are subjected to the
stresses of toresion or flexure, such as the crankshaft or a por-
tionn of the crankcase. lasgtly, it way be considered that the

percentage weight of the high-compression engine is given by the

formula

5 —
65 + 1.0A +25 /A
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~ which, in passing from the compression 5 to the compression 7,
corresponds to an increase of about 8.4% in weight. The gain

~in the couple or vower is at least as much for the same R.P.M.

and the weight per HP will therefore tepd to dedrease. _The fuel
consﬁmption is also diminished, thereoy caving both weight and
expense. The latter point is important, since it is in the dim-
inution of the fuel consumption, rather than in the extreme
lightening of the engine, that any considercble saving in weight
can be made without compromisihg safety. A eaving of 30 érams
per HP amounts to 36 kg for a 300 HP engine or 12% of the weight
of the engine, for a radius of only four hours.

Unfortunately gasoline, which is the most powerful fuel

(with a heat content of nearly 11000 calories per kilogram),

'hardiy admits of a compression of over 5 at sea level. Benzol,

which has a calorific content of 9000, can stand greater com-
pression, but its consumption is a 1little larger and it begins
to yleld crystals at -4°C (25°F). As for alcohol, which stands
high compressions and remains liquid at the lowest tomperatures,
it contains only 6900 calories per kilogram and accordingly
necessitates the consumption of a considerably greater weight
of fuel per HP, Even with a compression of 7, it is necessary
to count on a consumption of 350g per HP, or over 100g more
than the weight of gacsoline consumed in an ordinary engine.
Special dispositions must accor&ingly be mede in order to
ég&ble the use of high-compression engines. Let us first note

that, whatever be the degree of compression, there is an altitude
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at which, because of the decrease in density, the pressure at
the end of the compression is no greater than in an ordinaxy
engihe at sea level. Hence gasoline may e used after attaining
this éltitude. This solution, recommended by some, isvﬁéry
simple. |

A second solution consists in a special assemblage of the
engine parts, enabling thé variation of the compreesion during
flight. This method has been employed on the Clerget engine, of
which we have already spoken.

A third solution, which has likewise been tried, consists
in the employment of an under-fed, high-compression engine. The
throttle is only partially opened on the ground, co as not to
exceed the critical precsure at the end of the compression. Un-
fortunately, this method has the disadvantage of limiting the
nossible increase in compression. On referring to the results
already given, we find that a 300 HP ergine, using gaeoline,
with a compression of 7, is thus limlted, on the ground, to less
than 200 HP, a decrease of over 30%, which may make 1% vervy dif-
ficult to teke off.

In our opinion, however, these three methods all have one
disadvantage, namely, the necessity for the pilot to execute a
meneuver at a certain altitude. Even if this is admissible on
commercial alrplanes, where the pilot has nothing to do but fol-
low his course, such is not the case on military airplanes, |

where the pilot rmust fight at a constantly varying altitude.
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His task then requires his entire attention and it is inoppor-
tune to recuire of him a supplementary maneuver, the neglect of:
which may have particularly serious consequences. After a de-
scent at low eagine speed, to pick up near the ground would en-
| . tall the destruction of the engine in a very brief space of tine.
We can, indeed, imagine this maneuver to bhe executed by an
automatlic device actuated by the changes in pressure caused by
changes in altitude. PBut if such a device can give catisfactory
results for maneuvers requiring a very slight effort, »y acting,
for example, on the carburetor or throttle, as in the third
method, the case is quite different when a grecater effort is
¢ required, which is the case for a maneuver of variable compres-
sion or of adjusting the fuel cocks. In any casge, noreover,

there would be danger of serinous damege to the ensine, 17 the

automatic device should Ffail to function.

We think there is a simpler way to seek the immediate
amelioration of the available power of an aviation engine, name-
ly, by increasing the compression, not Dy changing the engine
(except to reinforce it locally), but by .cdifying the fuel,
which is really at the bottom of the difrficulty. Ricarde's ex-
periments have shown, moreover, that it is poseible to prevent
undulatory combustion by adding certain substances to the gaso-
line, To be sure,.this method has not yed been practically ap-
rlied in aviation and the substances suggested have a low calo-

rific content or form rather unstable mixtures with gasoline.
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This is particularly true of ethyl alcohol which is an anti-

‘detonant of the first oréer. It should be noted, however, that

in replacing gasoline by a mixture of gasoline and alcohol, the
consumption per HP does not vary in proportion to the ratio of
the calorific contents. The power exerted on the crankshaft de-
pends, in fact, not only on the thermal and mechanical efficiency,
but also on the efficiency of.the cycle actually obtained, as
compared with the thecretical cycle. ‘

This efficiency is increased by the improvement in the com-
bustion speed dues to the preseﬁce of the alcohol and it is
thought'that, for certain proportions of alcohol, the improvement
thus effected would more than offset the loss in calorific con-
tent. We have recently demonstrated the correctness of this sup-
position on an engine which gave, with gasoline, 532 HP at 1530
R.P.M. A simple maﬁipulation of the fuel cocks replaced the gasn-
line, having a calorific content of 10800 calories, with a mix-
ture of 90% alcohol and 10% absolute alcohol having only 10300
calories, thus increasing the R.P.M« for the same consumption, to
1535 andrthe HP to 540. 1In order that false conclusions may not
be dravn from this experiment, it must be added that the employ-
ment of this mixture is not practicable in aviation, because a
very small proportion of water or a temperature only a few de-
grees below freezing'(ooc or SBOF) suffices to separate the con-
stituents. The alcohol would then sink to the bottom of the tank
and alone enter the carburetor adjusted for the mixture and thus

cause back-firing. This is the reason which led the "Comite
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Scientifique du Carburant National!" to recommend +to the French
Goveinment, for the application of the law of February 28, 1923,
mixtures containing 40 to 50% of absolute alcohol, whose stabil-
1ty is satisfactory. The presence of such a large proportion of
alcohol has the further advantage, by reason of ite anti-detonat-
ing properties, of enabling the use of heavy and non~-homogeneous
0ils having just the right volatility for starting a cold automo-
bile engine without risk of undulatory combustion.* With the
above proportions, whiie improving the efficiency of the cycle,’
the consumption on the bench is, in weight only, 8-10% greater
than that of pure gasoline, although a simple comparison of their

calorific contents would indicate an increase of 16-18% in the

‘fuel consumption. An increase of even 8% is nnt admissible,

however, for aviation engines. On the contrary, this increase
in fuel consumption, as determined on the bench, is not so great
in the ordinary use of an automobile. Since the engine is more
constant with the alcohol mixture and does not knock, it is pos-
sible to avoid speed adjustments which increase the fuel consump-
tionrand which are necessary with gasoline.

We accordingly believe the solution of the problem should be
sought in the study of anti-detonants. We have thus been able
to use a 300 HP Hjspano-Suiza engine compressed to 6.5, with a

mixed fuel containing about 10000 calories per kilogram, which

* ‘Je have pushed the problem even further and are now using an au-
tomobile which consumes a mixture of alcohol and kerosene (the
morst detonating fuel) and vhich detonates less than with pure

gasoline.




gave no trouble atove -20°¢ (—4°F). It should be noted, more-
over, that with such a method, the only danger is that of ob-
taining too high powers at ground level. 1t may, therefore, be
desirable, simply for diminishing the fatigue of both material
and pérsonnel, to employ some device for regulating the throttle
up to a given altitude. It should be remembered that, from the
physiological viewpoint, a swift ascent which removes the pres-
sure from the body, is more dangerous than the descent and also
that it is of prime importance to improve the performances at

the altitude of utilization.

In an explosion engine, the variation of the compression
pressure, provided it does not produce undulatory combustion,
only very slightly affects the thermal fatigue of the engine.

On the other hand, it causes variations in certain local stresses
and consequently in the work of the corresponding parts.

Furthermore, both in explosion engines and in Diesel engines,
the general fatigue of the engine and its endurance depend not
only on the maximum pressure, but also on the length of time this
maximum pressure is exerted'or,'in other words, on the couple
furnished by the engine.

We may, therefore, as.in the case of the steam engine, con-

sider the value of P as expressing the mechanical fatigue of
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simila; engines running at the same speed with different couples.

Variation of the thermal fatigue in terms
of the revolution sgpeed.

The amount of heat absorbed by the wall during a cycle, var-
les as the length of the cycle itself, i.e. inversely as U.
This loss of heat diminishes the temperature of the combustion

products or, in other words, creates a certain difference 46,

- varying as N, between the actual mean temperature of the gases

and their theoretical temperature.

If the revolution speed of the engine increases, A8 de-
creases or ih other words, the mean temperatuée of the gases in-
creases by a A6 equal to the variation of A6 with the oprosite
sign, on approaching the temperature obtained in the theoretica
cycle. This increase in the mean effective teﬁperature of the
gases causes a correlative increase in the temperature of the
inner walls of the combustion chamber and in the corresponding
tensions.

For a given engine of fixed mode of construction and running
with wide-open throttle, we consider that the thermal fatigue,
previously defined, is diminished in proportion to the reduction
of the temperature of the inner walls of the combustion chamber
or, in other words, in proportion as the difference increases
between the mean temperature of the inner wall (or, what amounts

to the same thing, between the mean temperature of the gases) and




FEL Y

- 32 -
the theoretical temperature with an athermanous surface.

We may consider that the endurance will be just as much
greater as the difference AP between the actual mean temperature
of the wnses and the mean theoretical temperature, with an ather-
manous surface, is creater. We can accordingly determine a cri-
terion of thermal fatigue by the condition A6 greater than a
given value, or (what amounts to the same) with N smaller than
a given value. '

Since we have the fundamental formula

"; =AnND®Coyp

n being the number of cylincers, the above inequality becomes

mi/A n D°C p smaller than a given limit or me/ a n D° 0 p
smaller than a given limit, on designating by me }the pover ex-
erted. on the shaft and on neglecting the variationé in the or- |
ganic efficiency.

The original hypothesis is that the couple and, consequently,
the mean ordinate p are constants, regardiless of N. The quen-
tity A p is accordingly a constansy B. Under these conditions,
the above inequality may be written ‘

| n

e < AB
m A2 m

The denominator of the first member is the total volume of
the cylinders and the quotient thus obtained consequently renre-

sents the power per liter of the stroke-volume, which is the

 standard generally employed for automobiles. It is of value only
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for a given engine of constant.cduple with variations in the revo-
lution speed alone.

Cage of geometricallv similar engines.

If we compare two geometrically similar engines, whose pis-
tons have the same linear speed, and if W represents the ratio
of the linear dimensions of the two cylinders, the power and the
areas will vary as p2 and the thickness will vary as 4, which
satisfies the law of geometric similitude and the law of equality
of mechanical) resistance, although, in order to maintain the same
conditions of calorific exchange, the thickness would have to
remain the same.

In fact, the quantity of heat imparted bty the gases to the
inner well of the combustion charber varies as the irea of con-
tact S, i.e. as MU The seme is true of the quantity of heat
imparted by the outer wall to the cooling water. Tae two quanti-
ties et e equal and must also equal the cuantity of heat which
pa.gges through the mall of thickness e. The latter quantity
varies as S/e, 4i.e. as u.

In order that the equations of calorific exchange or (which
amounts to the same thing) the temperatures of the walls remain
constant, the thickness e of the wall of the combustion chamber
~would have fo be indenendent of u. There is therefore a contra-
diction between the mechanical similitude and the maintenance of
coqlihg conditions. The condition of mechanicsl resistance inter~
feres with the flow of heat and inoreases the thermal fatigue of
the mlls.
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Detlermination of a criterion of general fatigue.

The mechanical fatigue of an engine may be expressed by the
mean value of the ordinate p. Its thermal fatigue follows from
the above considerations which it will vary as N and e. As the

coefficient of general fatigue we will therefore adopt
pNe=moo

The thickness e 1is related to the bore D by the condi-

tion'of mechanical resistance

= £D
ar

e

in which P denotes the maximum relative pressure of combustion,
r the unitary fatigue of the metal and a, a constant, s0 that

on neglecting the constants, we finally have

§ = —To

n c

H |*u

It may be objected that the reasoning which led to this coef-
ficient is not strictly mathematical and that it would be possible
to imagine other coefficients which would lead to different re-
sults: Aside from the fact that mathematical analysis cannot be
strictly applied to the study of phenomena so little known as the
temperature exchanges under consideration, without non-verified
hypotheses, which render the results doubtful, the above coeffici-
ent, being the result of logical hypotheses on mes:us in accord

with experimental results, has the advantage of brung particularly

S



From the mechanical viewpoint, in order to be valid in com-
raring engines of different dimensions, it miet be independent
of the unit of length. Nqw the dimensions of

2 1

@:p Ne are ML—] T ° 7T L= MT-as

which are ﬁractically independent of L.

“Lastly, the application of this coefficient to existing en-
gines, especially high-compression engines, leads to a method of
classgification in general cqnfqrmity with that practicel 1y ob-
tained from the endurance.

In the special case of engines of the same construction and
folloﬁiﬁg the same cycle with the same volumetric compression,
P and r are the same. It suffices to take, as the crite;ion

of fatigue, the value u of the variable part of ¢:

This is, in particular, the criterion applicable to most of
the Diesel engines, which all have practically the same volumetric
compression and a similar structure.

Lastly, the general -criterion of fatigue can, in this case,
be represented by the simple condition Te/nDC, smaller than a
fixed value, and we have had occasion to find that it agrees
with the reality. Its value does not exceed 4 for four-stroke
industrial engines of current type, D and C being expressed in

decimeters and me in HP. When it exceeds 5, the endurance is

often less. Above 5.5, the engine would probably be too weak.
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In the general case of comparing similar engines of the same
construction and cycle, but of different compression and different
- mechanical fatigue, it is necessary to use the complete formla

¢=..._ni_
nDC

H|d

On remarking that P = (B - Py), taking Po =1 and re-

ferring to formula (5), we have

k

©
I
’
I

In the cycle of combustion at constant pressure, we have

R =HK =P, nk and

w
6 = —5% [ -1]

nCD r
Conditiong for employing the nower per liter of gtroke-volume ag

the criterion of general fatiBue.

Up to this point, we have assumed that the thickness e
could be replaced by the proportional quantity D. The relation
which D bears to e, in terms of the maxirmum combustion pres-
sure P and of the fatigue r c¢f the metal is r =P D/ a e.

The admissible fatigue for the metal used may happen to lead,
by the application of this equation, to a thickness so small as
to ve practically impossible and expose the cylinder, at the
least shock, to local defnrmations which, by cgmpromising the

functioning, without considering that the decrease in thickness,

o
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due to the oxidation of the walls in contact with the cooling

“water, would cause very appreciable local increases in the

fatigue.

~Let us consider, for example, a2 steel cylinder of 120 mm
bore. The pressure P being 40 kg per sd.cm., with an admissi-
ble fatigue r of 15 kg per sq.mm., the thickness deduced from
the formula would be hardly a millimeter for the cylinder and
still less for its head, which is insufficient for giving the
cylinder a suitable rigidity and which would make the vork of
construction extremely difficult and expensive.

:Let us then consider different engines of increasing bore,
of the same structural type and cycle and with the same maximum
pressure or (which amounts to the same thing, as we have seen)
having the same volumetric compression. Let r represent the
admissible fatigne for the metal of the cylinder and let e, Dbe
the requisite @inimum thickness. Let D represent the bore, as

defined by the equation

ae T
P

For all the engines of the type considered, with a bore lees
than D,, we will retain for the thickness the constant value
e,, the unitary fatigue diminishing with the bore. The coeffici-

ent of the general fatigue, for such an engine, is

Ma ©
= N e, = ,._ﬂ.“L_
P ' AnD* o
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We can therefore take, as the coefficient of general fatigue,

the quantity

Now fhis is precisely the case of most automobile and avia-
tion enginesrfor which the structural requirements lead to cylin-
der thicknesses well above those required by the condition of
mechanical strength.

The above conditions therefore justify the employment, as the
criterion of general fatigue, of the coefficient of nower per
liter of stroke-volume, commonly employed for automobiles, it
being understood that it will only give comparable results for
similar engines of the same compression; materials and thickness
of wall and of the same volumetric compression.

For engines of the type under consideration, with a bore
excecding D,, <the thickness is determined by the condition of
constancy of mechanical fatigue. Since the thickness is propor-
tional to the bore, we return to the case of utilizing the coeffi-

cient @ already examined.
Conclusgions.

The above conditions enable *he employment of a criterion
of general fatigue which simultaneously takes account of both
mechanical and thermal conditions, for the sake of comparing any

projected engine with engines of the same type already in use.
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Whatever the case examined, the coefficient of general fa-
tigue can be considered only as giving a relative indication.
The numerical value determined by experiment is not absolute.
It is a valid 1limit, at the instant considered, for the structur-
al processes actually employed, but is susceptible of modifica-
tion, as warranted by progress in metallurgy and methods of con-
struction. This is true of most of the coefficients used in
applied mechanics and here lies their fundamental importance
from the viewpoint of the engineer. They put in concrste form,
at any given epoch, the results of the knowledge acquired and
the experiments made. In thus enabling a clear appreciation of
the difficulty of the new problems presented, they prevent too
bold leaps and conduce to the technical prucence indispensable in

industrial progress.

Translated by Dwight M. Miner,
National Advisory Committee
for Aeronautics.




