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Further progress toward the satisfactory solution of the
difficult oroblem of the distribution and atomization of the
injected fuel was made by extensive experimentation with vari-
ous fuel valves, nozzles and atomizing devices. Valuable in-
formation was also obtained through numerous experimental re-
searches on the combustion of oils and the manner of introduc-
ing the combustion air into the cylinder, as well as on the
physical processes of atomization, the determination of the
size of the drops, etc. These researches led to the conclusion

that it is posesible, even without producing great turbulence

e

n the cqmbustiOQ chamber and at a moderate pump pressure, if
the degree of atomization and the penetrative power of the
fuel jet are adapted to the shape of the combustion chamber
and to the dimensions of the cylinder ("Zeitschrift des Ver-
eins deutscher Ingenieure," 1925, p.1361). In order to pre-
vent the fuel jets from striking against the piston and cylin-
der walls, the Deutz and the Augsburg engine companies both

employed concave piston heads and so rezulated the penetrative

*From "Der Motorwagen," of September 30, (pp. €49-654) and
December 10, (pp. 841-850), 1226.
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power of the fuel jets by means of suitably shaped nozzles,
that the oil droos were burned before reaching the piston head

(Fig. 11). In this way very good combustion was obtained at

moderate compression pnressures, although accompanied, at the |
viston dead ¢enter, by a pressure increase approaching explo- |
sion and by corrcspondingly high working stresses. ‘
|
The Eyupp Diesel engine (Fig. 12) works at approximately
constant combustion oressure. In contrast with the above-
mentioned erngines, thz comhustion space is relatively flat in
LA S engiﬁe. Not only is there no attempt to nrevent the jet
from striking the walls, but it is made to do so by elevating
the middle of thne piston head so that the angle of incidence
of the fuel jets, which at first are nearly tangential to the
surface, gradually increases during the injection. The Kruvp
Company based this method on the assumdtion that the conical
fuel jet is dispersed by striking the piston head and is thus
distributed throughout the combustion chamber in the form of
a fine mist. It is hard to say whether this assumption is cor-
rect. Fuel drops with a diameter of 20-30 K already have
such a surface tension that any further atomization would hardly
be effected by the nearly tangential contact. It is more rea-
sonable tc assume that the central portion of the piston head
remains very hot and therefore Qaporizes, through the effect
of heat alone, the fuel drops which strike it at a lower veloc-

ity. The efficiency of this type of engine is largely due to
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civing the combustion air a circular motion, as already proposed
by Hesselman (N.A.C.A. Technical Memorandum No. 312). This
circular motion of the &ir around the cylinder ax}s is produced
by a directing surface at the intake valve. The circular mo-
tion oroduced by the intake stroke continues to the end of:the
compression stroke and even during combustion, as demonstrated
by experiments ("V.D.I.," 1925, p.673). It is worth noting in
this connection that the efficiency of the combustion bears a
quite definite relation to the velocity of the circulating air,
as demonstrated by Hintz in his lecture at .the 1935 annual
meeting of the Association of German Eﬁgineers in Augsburg.

As regards stationary engines, the mechanical and ignition-
chamber injection methods have proved equally successful.

If the former method is more efficient with respect to economy
of fuel and varying load, the ignition-chamber engine is less
sengitive and easier to tend, on account of its lower pump
pressure end lower maximum combustion pressure.

We rmst now consider as to which of the two systems is
better adapted for high-speed vehicle éengines. -In this connec-
tion I wish %o eliminate the annular-whirl method as unsuitable
(at least as it has hitherto been used in so-called "displacer
engines"), due to the low pressure and coarse atomization, and
because the desired change in the ignition timing ‘is not possi-
ble under the variable operating conditions of vehicle engines.

On the other hand, a combination of the annular-whirl method
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and the mechanical-inj:ction method can be advantageously used,
as will be more fully explained farther on:

As for the ignition-chamber method, this bes, Eivet of all,
the exceptional advantage of enabling unifomrm functioning and
smooth transition from compreseion to ignition and expansion.

The low maximum pressures render it vossible to make the
driving parts relatively light. Moreover, the ignition-chamber
method enables lower pump orescures and correspondingly iarger
.nozzle openings, a circumstance which is very valuable for the
reliability of an engine, on account of the impurities In the
fuel, which are unavoidable even with the vest filvering. On
the other hand, it is more difficult to regulate, due in part
to the fact that the walls of the ignition chamber tend to be-
come coated with oil carbon, which absorbs a portion of the
fuel and ceuses after-combustion: The endeavor to diminish
the heat-conducting walls of the combustion chamber as much as
practicable leads to making the ignition chamber as small as
possible. This is accompanied by the disacvantage, however,
that it can be but poorly cleaned out and still contains com-
bustion residueg after the charging of the cylinder with ailr
whose small residue of oxygen is often insufficient to insure

jonition. This apnlies, however, only to engines in which the

0]

fuel, coarsely atomized in the ignition chamber, is injected

through narrow channels into the comblistion chamber by the
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partial combustion with.considerable excess preSSufe. Recently
a modification has been introduced in the Diesel engines of

De La Vergme Engine Company and of the Falk Corporation by mak-
ing relatively larger passages between the ignition chamber
and combustion chamber, so that there is no great pressure dif-
ference between the two. These engines, which in general em-

o
L

ploy the Price method-of fuel injection (Fig. 13), are charac-
terized by the fact that the combustion space, which is connect-
ed with the working cylinder by a wide round or rectangular
neck, is divided into two chambers, each with a fuel nozzle,
whose axes are inclined to the cylinder axis ("V.D-I., " 1935,
p.1084). The shape of these chambers (conical or rectangular)

is adapted to the shape of the fuel jet (conical or fan-sheped) .

+

he claim +that o supnlementary atomization is produced by the
impact of the two fuel jets can hardly be maintained, in view
of the great stability of very small drops. The success of
these encines is due rather to the good adaptation of the fuel
jet to the combustion chamber, as well as to the air turbulence
caused by this manner of construction. Of course the enlarg-
ing of the connecting passage OT neck necessitates a finer atom-
ization in the ignition chamber. Instead of projecting unburned
0il drops into the combustion chamber to be burned there, by
far the greater portion of the injected fuel is already burned
in the ignition chamber. The air entering the combustion cham-

ber, under violent agitation produced by the constriction, pro-
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duces a rapid and complete vaporization of the fuel drops, as
well as a rapid propagation of the ignition waves and the in-
troduction of new portions of air into the combustion zone.
The cood experimental results, which were recently obtained

(according to an American communication, the Banner engine of
D - | { -

L) $iie . . N
the Falk Corporation attained a mean pressure of 156 I dudin. ),

have sufficiently demonstrated that the motion of the air which
propagates the combustion in the combustion chamber 1is, under
certain conditions, more important then to have very compact

combustion chambers with small wall areas in contact with the

2
8%}

flames. As 2n analogous case, reference is here made to the

J

(Mo

experiments of Riccardo (The Internal Combustion Engine, Vol.

i 1,88 ff. who dermonstrated that, even with explosion en-

;
gines having laterally located valves, i.e., with relatively
large heat-conducting wall areas, it is entirely possible to
obtain excellent combustion conditions by the favorable utiliz-
ation of the whirling motion of the gaseous mixture.

Although it is possible to build engines suitable for ve-
hicles on the ignition-chamber principle, I nevertheless be-
lieve that in future the mechanical-injection method will be
preferred. As contrasted with the ignition-chamber method,
there is here only a single atomization and combustion process,
whereby the relations are clearer and easier to control. Here-

by, the same as in the stationary hollow-piston engines of

Deutz and the M.A.N.  the fuel jet is given such a direction
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ond penetrative force, that it burns without impinging on the
piston or cylinder walls. Any contact with the metal walls,
especially when they are coated with lubricating oil, is %o Be
avoided, not only on account of the direct heat transmission,
but also on account of the catalytic action of the wall mater-
iel, which accelerates the pyrozenic decomposition of the fuel.
The same is true, in a still greater degree, of the contact
with the o0il carbon deposited on the plston head, since this

abgorbs the fuel, causes misfires and after-burning, and great-

0

amps the control. The modern vehicle engine seems to be

1y
developing within the limit represented by these fiducial lines.
The fact thet the pnroblem has not yet been fully solved, 1is

due to the extraordinary difficulties arising when one tries to

reach the goal simply by making slight changes in the dimen-
sions of stationary engines. The successful development of the
high-soeed engine must be based rather on a thorough investi-
gation of the whole orocess, whose individual phases must fully
conform to the changed conditions.

For the obtention of high revolution speeds, i.e., high
piston and combustion sveeds, two conditions ere requisite,
namely, cuick ignition of the injected fuel and rapid combus-

tion. As regards the ignition, we know that the fuel drops

B

g .

P : ; ! o et
injected into the cylinder receive heat by conduction from the
hot compressed air. The vrocess is very similar to the combus-

tion process in the coal-dust furnace investigeted by Nusselt.
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to Riehm ("V.D.I.," 1924, p.B844), the simultaneously

heat absorption by radiation can be disregarded,
gas and wall temperatures are relatively low from

The heat avbsorbed by conduc-
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temperature of fuel drop (°C),

initial temoere ture of fuel drop (°C),
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specific heat of liquid (keal kg ' 9C77),
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density of liquid (kg m™2),

ionition time of drop after jet leaves nozzle (h).
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The absorbed heat raises the temverature of the fuel drops

so that

g vkl - tLF % B meYy %% (1a)
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For +the limiting condition t = %5 for 2 = 0 the inte-

equation gives
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From this equation the time 2, Teguired to reach & tempera-

)

ture + of the fuel drop, can be eomputed.
The question ag to what temperature is necsssary for start-
ine the iznition, cannct be answered with certainty, so lonz as

g ek )
we do not know whether a subetantial vortion of the fuel is
e

changed into the form of vapor or gas shortly tefore the igni-
tion of the Grop, or whether the drop burns in the liquid form-.
Ovinions’differ on this point and no complete answer can be ex-
pected very soon, owing to the difficulty of investicating the
phenomecna experimentally. Probably no congiderable amount of
gas or vapor is formed before ignition occurs, because the

available time (about 0.0C4 sec. in high-speed engines) is too

short and the temperaturec at ithe instant of ignition is too
iow. On thc other hand, an envelope of vapor and eir will Dbe
formed on thc surface of the drop by the partiel veporization
of the more volatile components of the fuel. This envelope

has the lowest possible ignition temperatufe and consequently
fgnites firset, oroducing a sudden increase in temperature of
the whole drop which then burns in the liquid form. Sinee, 1in
this case, almost all the heat imparted to the drop is ligquid
heat, the ignition point of the liquid iteelf can be unhesitat-

ingly wut for t in equation (2). Even if this assumption
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wene incerrect and 2 censideraplesportion. of the Gropleveper—
gted previougly, %the correctness of the numerical wvalues calcou-
lated from the equation would be but slightly affected. Re-
gardless of rhether the heat imvarted to the fuel drop is chief-
17 tiguid heat or partially vaporizafion heat, the above for-
rnula shows the zreat effect of the compression temperature on
the ignition instant. The attainment of 4 high air tempera-
ture is therefore an important meéens for shortening the Igni-
tion delay. The egige of the drop is 8till wore important,

howeéver, its effect on the ignition speed being *to. Iincrease 2

=

the drop radiusi The combined ef-

L_
O
ck
)

according he square o
tect of both factors is shown in Table I, whith giveés the ig-
nition deleys for drops of various sizes at different air and

fgnition temperatures, on the acsumption that there is no

previous veapor formation.
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Tabl edme
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Repid combustion of the injected fuel is just as Important

ag guick ignition. According to the Wenzel law, the rapidity

like thc specd of any other chemical Teac-

pf the combustion,

tion in diispersion systems, is proportional to the area of the

0')

reacting surfaca, The best way to accelerate the combustion

is therefore ‘the obtention of thec greatest possible reaction

giirtace of the tgtal injected fuel, 1i:e., the formation of the

larzest possible number of fuel drops of the smellest possible

diameter. The djrection to follow is plainly indicated sincc,

mith decreasing sizk, the volume of every fuel drop decreases
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with the third power, but the surface erea only with the sec-
ond power.
Aside from the chemical vrocess, the ravidity of the com-

[ s

(@0

bustion also depends on the physical orocesses and the
sion of the oxygen. Around cvery drop an envelope is first
formed out of the combustion products H_O and CO,, through
which the fresh air must vass. A rapid diffusion is favored
by a minimun size of the drops, as well as by a vidlent rela-
tive motion of the fuel and air. This last reguirement brings
use directly to snother important condition, namsly, the most
unafeorm pogssible g@%f&sion of the fuel in the combustion air.
Though the formation of a homogeneous mixture of air anc
the vavors of the easily ignitible fuele offers no grest diffi-
culty in explesion enzines, a like condition is not easily ef-
fected in Diesel engines. What eifect, however, the finest
posgsible diffusion of the fuel in the combustion air has on
the whole combustion vrocess has been shown by Haber's experi-
ments ("Zeitechrift fur ancewandte Chemie," 1923, p.661), which
led to the imnortant_conciusion that, in the combustion of o0il
vaoors with theoretically sufficient air, much CO 1is always
formed instecd of C€O,. The reason for this ie to be sought in
the fact that liquid sorays, cspecially when the size of the
suspenied drops varies greatly, are much less uniformly Cis-

tributcd than a mixture of zases and vapors. Thelr ignitionm,

as likewise the propagation of the combustion, is therefore




N«A.C.A. Technical Memorendum lic. 403 THE

gsilower and requires a greater excess of air. All efforts to

gbtain rapid combustion with only a small excess of air or,

in other words, high revolution speeds with small cylinder di-
mensions, rust therefore culminate in the effort to produce
the most homogeneous possible mixture of very finely atomized
fuel and air and to burn it very guickly.

There have been only a few theoretical investigations of
the nature of the atomization of a fuel jet injected at a high
velocity, and we are dependent on the work of hydrodynamic en-
gineers who have experimentally investigated the outflow and
turbulence oroblem with water ("Zeitschrift fur angewandte
Mathematik und Mechanik," 1931, p.438). Kuehn investigated
the nature of atomization in his article "Atomization of Liguid
Fuels" (N.A.C.A. Techaical Memorandum No. 331), but his atten-
tion was devoted more to the determination of the size of the
fuel drops then to the real atomization problem. Very recently
Trieonigg has attempted to solve the problem of atomization
and determiné'the physical foundations of the injection process
on the basis of the capillary theory ("Der Einblase- und
Einspritz¥organg bel Dieselmaschinen," Vienna, 1926).

We know that, up to a certain critical velocity, the flow
of liquids through small tubes is laminar, with an approximate-
1y parabolic velocity curve over the whole cross section. The
upper 1imit for the laminar flow is given by the Reynolds for—

mula
s SLutE !
c = ] (3)
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wherein R represents a constant which is dependent on the tub-
Lz Redethlions < U the kinetic vwiscosity of the liguid; and

>

d, the diameter of ths tube. Above this critical velocity,

of about 35 m (115 ft.) per second for fuel , oils and cus-
tomary tubular cross séctions, there begins, through viscosity,
an increase of velocity in a vortical peripheral layer, which,
on leaving the nozzle, causes the eliminstion of the capillary
forces of the jet components. The atomization of the jet is
greatly affected bv the shape of the nozzle opéning, whose

~

peripheral action decidedly affects the splitting up of the
jet. As a means for obtaining very fine atomization, it is
now sought almost exclusively to increase the peripheral action
of the nozzle for given cross—-sectional areas by means of the
greatest possible extension of the periphery of the nozzle op-
ening and very narrow spraying slots. The question as %o
whether any further atomization is effected by the friction

of the jet (as it leaves the nozzle at & high velocity) against
the surrounding compressed air, can be answered negatively (at
least for high outflow velocities and small drops) according to
recent researches. Lenherdts experiments on the deformation
of water drops at high velocity showved that only drops wifh
diameters of more than 0.5 mm (0.02 in.) were so far deformed
by friction with the air as to split in two. Smaller drops

could not ne deformed on account of their greater surface ten-

0Q

gpion. Theé poseivility of further disintegration of finely




N.A.Cih. Technical Menorandum No. 4C3 1.5

atomized oil drops is &all the less probable, since their sur-

n

face tension is about six times &s great as that of the water
drops tested by Lenhardt. Even the compression ratio of the
air has no effect on tiie atomization, since the viscosity con-
stant of the air, which is y = 0.000172 according to Len-
hardt, depends only on the temperature end not on the pressure.
The atomization can be affected by the compression only in so
far as (through the temperature increase caused by the compres-
sion) the size of the drops is increased by the absorption of
heat or by the fommation of vapor envelopes. It will express
itself in a change in its resistance and a. corresponding devi-
ation from the computed distance of travel. The reaction of
the air on the structure of the whole jet can not, howewer, be

entirely disregarded on this account, since it favors the sep-

b

aration of the closely collected fuel drops as they leave the
nozzle and the spiitting up of the jet into many smaller jets.
If the jet leaves the nozzle 1in the form of & conical spray
(as is, for example, the case with single-hole nozzles), drops
are thrown off both internally and externally, especially at
the beginning of the spray cone. Atomization pictures there-
fore almost always show & scattering of very srall droos near
the axis of the cone, as likewise on the periphery.

The gizg of the fuel drops is & funchion of the pressure
to which it is 2lmost directly propocrtional. With increasing

pump pressure, the uniformity of the individual fuel drops in-




N.A.C.A. Technical Memorandum No. 403 16

creases with respect to size. If we start with the assumption
that, under otherwise llke conditions, the excellence of com-
buetion is a function of the atomization and that, on the other

hand, the latter is improved by increasing the pump pressure,

&
it ies wvery natural to test the fuel consumption of an engine in
terms of the injection pressure. €fuch experiments were per-
formed by Heidelberg ("V.D-I. Y 1934, p.1047), with the result
that .the fuel consumption was, in fact, nearly inversely pro-
portional to the increase in the irjection pressure, but that,
gabove a certain point, the fuel consumption wa.s not affected
by a further increase in this vressure (Fig. 14). Heidelberg
offers no explanation for this "constancy range," which differs
greatly in extent for the several nozzles tested. Buchner Dro-—
posed a hypothesis, which, if logically thought out, leads to
very interesting results.* He proceeds from the well-known
phenomenon, which has been corroborzated by experimental inves-
tigations on the behavior of air near moving projectiles, that
the coefficient of resistance { increases rapidly in the
vicinity of the velocity of sound, cnly to fall suddenly after
exceeding this velocity. Since he further assumed that the
friction of the air also exerts an immediate influence on the

atomization, he concludes that this can take place best when

the exit velocity of the fuel jet is the same as the velocity
i J

*"Beitrac zu den Grundlagen der scinellauvfenden Halbdieselmo-

i 5= : \ A :
toren," Halle, 1926. For translation, sece N.A.C.A. Technical
Memorandums Nos. 356-358.
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of sound. A calculation of the velocity of sound, with the aid

of Lanlace's formula

o ks m P , (4)

(in which P represents the pressure at the nozzle mouth, ¥

the density of the air and m the exponent of the adiabatic
change of state), gives values for ¢ which would correspond

to multivles of the injection pressure as measured by Heldelberg.
If, on the contrary, we take for granted the outflow velocity
corresponding to the best measured fuel consumption and control
the exponent m, we then obtain the surprising result that

the magnitude of the exponent varies for single-hole nozzles be-

tween 0.198 and 0.248, according to the kind of nozzle used.

=
B

g propagation of the kinetic energy in the kot air can ne
longer take vlace adiabatically, when any noteworthy transfer

of heat occurs between the hot air and the bearer of the energy,
but there'will be a polytropic change of state lying far below
the isotherm. Thnis view is justified when it 1s considered

that the cold fuel is . injected into the hot compressed air and
absorbs heat from its environment, the amount of heat being quite
large, due to the increase in the coefficient of heat conductiv-
ity at high relative veloo}ties, The correctness of Buchner's
hypothesis would have to be experimentally verified. At any
rate 1t encourages us to give due consideration to the heat
iransference between the fuel j=bt ard thé compressed air when

investigating injection and atomization phenomena.
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Since the finest possible atomization im an important,
though not essential, condition for rapid and complete combus-
tion, especial attention has always been given to determining
the size of the drops.  Attempts to determine the gize of the
drops directly by measuring the dynamic pressure exerted by
them on a flat v»late placed at different distances from the
nozzle were made by Riehm, under conditions claimed fo appTroxXi-
mate very cloesely the conditions obtaining in the compression
chamber of an engine. In Riehn's experimental apparatus, how-
ever, the accuracy of the result was considerably impaired by
the fact that the surrounding air was set in motion by the re-

sistance of the fuel drops. There were accordingly developed,

in the exverimental cvlinder, air flows and pressure differences

which were also registered on the impact plate. Moreover, the
air resistance of the drops varied in a hardly determinable
manner, as soon as the relative motion against the air acceler-
ated in the direction of the jet appeared, instead of the abso-
lute motion against the still air.

Extensive researches on the direct determination of the
size of the fuel drops were made by Xuehn (N.A.C.A+ Technical
Memorandum No. 331). His measurements were made by allowing
the fuel jet to fall for a very short time on a sooted glass
plate by pasging through a shutter held directly below the
mouth of a spray nozzle. The number of the clearly visible

drops on the plate was found by counting and their weight was
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found by weighing.” THI& metho@ 18'very difficult to apply
practically (as in testing any given nozzle), since it necessi-
tates complicated apparatus for catching the drops. The weigh-
ing is especially difficult, because the various conditions,
such as the humidity of the air, temperature, etc., must be de-
termined and the weight correspondingly corrected. Moreover,
the sigze of the drops thus determined is only the mean size

and furnishes no basis for the determination of the number and
size of the smallest and largest drops and their distribution
17 the jet picture.

Another method, developed in the laboratory of the "Gesell-
schaft fur Kohlentechnik," at Esseh, for determining the size
of -the drops, has been suggested by Hiuser and Strobel ("Zeit-
schrift fur technische Physik," 1924, p.154). Hereby the fuel
jet immediately after leaving the nozzle, is caught on a glass
plate covered with glycerine. The fuel drops remain longer in
susvension in this liquid and can be obeerved and measured
with &2 microscope. Since the drops sink slowly to the bottom
and there run together, the accuracy of the observation is lim-
ited. No report has yet been made of comprehensive measure-
ments by this method.

Much more reliable than the above methods is the one of
ngtjen, who, in his dissertation "On the Fineness of the

il Engines" ("Ueber die Feinheit der Brenn-

@

n

(=g

Fuel Atomization

" g :
stoffzerstaubung in Oelmaschinen," Technical Hochschule, Darm-

stadt, 1935), proposed an exceptionally practical method for
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determining the sizes of the drops. WB]tjen atomized the fuels
under conditions as similar as possible to those prevailing in
the engine and photoxraphed the drops thus obtained. Starting
with the method emploved in the chemistry of colloids, the fuel
was injected into a receiving liguid in which it remained un-
changed for a long time- The dispersing liguid wag & mixture
of 70% distilled water and 30% "Queol D," a taming extract of
the Colonial Dyestuff Compnany, XKarlsruhe. In order to avproxi-
mate as closely as vossible the conditions obtaining in the en-
gine, the fuel was injected into a steel "bomb," which was
partially filled with the dispersing liquid and whose air space
was kept, by means of compressed alr, under the pressure pre-
vailing in the engine. Since the oil injected into the bomb
first passed through the compressed air before entering the
dispersing liquid, certain effects of the friction of the air
on the size of the drops could be observed. The emulsion of
the o0il and receiving liquid could then be examined under the
microscope with sufficient accuracy, whereby not only the size
of the individual drops could be determined, but also the pro-
portibnate numbers of the drops of different sizes. Plates I
and II show microphotographs of atomization experiments, a-d
being photos of atomizations produced ty air injection and If-k
by airless injection. The pictures plainly show the effect of
increasing the injection pressure on the size and uniformity

of the drops. For comparison with the artificial emulsions
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obtained by o0il injection, Plate Ie shows a natural emulsion,
namely, cow milk, whose suspended fat globules have about the

same size as the finest oil drops obtainable by atomization.

0))]

Since the combustion vrocessg in an engine and consequently
its whole structure are decidedly affected by the choice of a
certain size of drops, a critical discussion of the atomization
picturés is of interest. The large drops, which are numerous
at low pressures, decrease in mumber with increasing pressure;

the number of medium-sized drops increaces; the number of the

small drops increases still more; and the atomization becomes

more uniform. A comparison of Tables II and III shows the dif-

ferent injection pressures required in air-injection and airless-

injection engines for producing the same medium-sized drops.

Tabibe “LE.

Size of drops with air injection.

Tigte 1. Injection Qutflow Drop
" pressure p, velocity w diameter dy
Figs e, - - in m/sec in ©.001 mm

a 75 372 4.37

b 55 345 1220%

c 50 386 17.50

d 40 320 25.00
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Table 211.
Size of drops with airless injection.-
Plate iI. Injection Cutflow Drop
pressure p, velocity w diemeter 4,
Fig, 10 abns in m/sec. in 0.001 mm
g 300 56 4.37
h 250 355 Hoel's
i 300 210 20.00
i 150 133 26.25
k 100 149 CLE S
3 50 LiLe 40.00

It is remarkable that, according to W%ltjen‘s experiments,
the finest atomization (Plate Ia), which produced drops of
4.87 b diameter at an injection pressure of 75 atm., did not
have the anticipated favorable effect in the engine, which
showed a tendency to detonate, with the emission of dark-colored
exhaust gases. We are tnerefore led to conclude that, in spite
of the considerable energy of the injection air, the finely
atomized fuel is not carried far enough into the combustion
chamber, but. remains immediately in front of the nozgle, in
part causing preignitions and in part passing out unburned with
the exhaust gases. If the combustion of such small drops meets
with diffiéulties in air injection, 8till greater difficulties
may naturally be anticipated in airless injection. It is ger-
tain (as will subsequently be more fully explained) that the
distribution of very finely atomized fuel throughout the whole

possible only with the aid of special aux-

combustion space is

iliary devices. One method consigts in effecting the atomiza-.
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tion through a suitable nozzle and pressure in such a way as to
yield e greater number of coarse drops in proportion to the
number of fine drops. The latter will then serve as tinder for
starting the combustion, while the former, due to their greater
momentum, will penetrate the compression space and propagate
the combustion. There will be something more to be said later
on the value of this method and its suitability for high-speed
vehicle engines.

To return to the faulty combustion in the normal Diesel
engine at an air-injection pressure of 75 atmospheres, it
should be remarked that it is not necessary to conclude there-
from that drops of the chosen order of magnitude should be un-
conditionally avoided. The experiment simply shows that the
engine was not structura’ly suited for working at such an in-
jection oressure. I ar confident that, through careful adapta-
tion of the size and shape of the combustion chamber, on the
one hand, and the suitable guidance of the fuel jets and air,
on the other hand, even very finely atomized fuel can be: com-
pletely burned.

Just as there is a lower limit to the size of the drops,
there is also an upper 1limit. The experiment at an injection
pressure of about 40 atm., corresponding to a mean drop diame-
ter of 25 u (Plate I d) showed that a full loading of the en-
gine was impossible at this low injection pressure. A minimum

working prescure of 47 atm. was found to be necesgary, at which

D
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the engine worked, however, with a high fuel consumption and
véry smoky exhauet. This was due to the coarse atomization,
because the larger drops did not have time to ignite and burn.
The fact that the experiments described were performed
with an air-injection engine, does not affect their importance.
It must be assumed that similar experiments with airless—
injection engines would give similar results, since they lie
within the theoretical limits. The incompleteness of the com-
bustion of very large drops is to be expected on account of the
ignition delay undergone by drops of this order of magnitude.
Table I shows that, even in normal low-speed Diesel engines
with a combustion time of 0.01-0.02 second, drops of 50 UL or
more diameter do not have sufficient time for complete combus-—
tion, but leave the engir= unburned with the exhzust gases.
Formula (2) gives information on the limiting'wélue Tor
the size of the drops which will be ignited within a given
time, when it is solved according to the radius of the liquid

drop. We then have

Tmax = T

For a vehicle engine with a revolution speed of n = 1200,
let us make the assumption that the ignition delay must not ex-
ceed the duration of the injection process. We then have, for

an injection period covering a crank angle of 30°, 0.004 sec.
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available for ignition and

Tmax = 8:5 M, Qpgx = 17 M.

according to equation (5).

That such a size of drop represents only an extreme Fimik,
to be avoided if possible, follows from the consideration that
the ignition period of the oil drops last injected would extend
over another 30°. Poor combustion with a high final expansion
temperature would be the result of this doubtless excessively
coarse atomization. It is therefore necessary to restrict the
lgnition delay at the outset to the smallest possible magnitude,
estimated at about 0.0004 sec., corresvonding to a crank angle
of 3°, and from this to determine the diameter of the drops.

In the above example, we chen obtain a mean drop dizmeter of

4 = 5.6 p. Henece this order of.magnitude must be maintained
for the diameter of the fuel drops of a high-speed engine. The
number of drops of the above-computed limiting magnitude must
be kept as small as possible.

Woltjen's method affords the poseibility of determining,
in a relatively simple manner, the atomization attainable with
a given nozzle and a predetermined pump preSSuré. We can ob-
tain drops of any desired magnitude by changing one or the other
or both of these factors. Thus the purely empirical method
hitherto emloyed is replaced by a reliable, much simpler and

cheaper method. The fact that the injection into the receiving
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ligquid takes place under conditions corresponding somewhat to
thoge prevailing in an engine, affords a guarant& that the
method is suited not only for comparing differently shaped noz-
zles, pumps, etc., but also has an absolute value, in that it
closely approximates the actual atomization processes. Since
ngtjen chiefly used cold compressed air in his experiments,
the conditions may have deviated somewhat from the actual condi-
tions in a combustion chamber, due to the fact that the mass of
the drops, injected at high velocity into the hot combustion
air, is increased by the condensation of vapor on their surface
or that their coefficient of resistance is affected by heat ab-
sorption. As to how far this is really the case can be deter-
mined by substituting hot nitrogen for the cold compressed air
in the bomb.

With the determination of the size of the fuel drops much
has already been accomplished since, on the basis of the known
mass of the oil drop and its outflow velocity (as computed from
the pump pressure), we can determine the length of its path,
as likewise its wvelocity in the combustion chamber, whereby we
must, however, assume that the mass and volume of the drop
have not changed much during its journey. Nevertheless, we
can always determine with sufficiet accuracy how far from the
nozzle the combustion chamber is swept. In this calculation
we must always consider in what manner the velocity imparted to

each drop as it leaves the nozzle is diminished under the in-
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fluence of the friction of the air. While-the resistance at
low velocities increases according to Stokes' formula in pro-
vortion to the velocity, it changes at high velocities according
to Newton's law of resistance approximately as the square of
the velocity and proportional to the density of the alr and the
projection of the drop in the direotiom of wotiom. The upper
1imit ‘of Stokes' formula’' depends on the Reynolds Humber, which
was determined from Lenhardt's experiments on the final veloc-
ity of freely falling water Grops @t R = 50. For fuel drops
with diameters of about 30U and a kinetic viscosity of the
air of v = 0.15 cm?/sec., wec obtain the lower limiting veloc—
ity for the apvlicability of the quadratic law of resistance

at about 15 m (49.2 ft.)/sec. The outflow velocity of the

fuel jot far excceds this figure. Kuehn's calculations showed
thot, under *the assumption of a drop having a diamecter of

20 & and an initial velocity of 250 m (830 ft.)/sec., it would _
still have a velocity of 30 m (98.4 ft.)/sec. after 0.00001
sec. in comprecesed air at 32 atm. The distance traverscd dur—
ing this ;iﬂc is at first.B m. .After 0.0001 second, the ve-
locity has fallen %o about 4 m (13.1 ft.)/sec. (here Stokes'
law of resistance rust already apply),'and the distance has
increascd to 16 mm (.63 in.). The result of this calculation
is hardly affcected by the fact that Newton's law of resistance
does not apply in the vicinity of the velocity of soind, but

that changes in the resistance, as already mentioned, take
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vlace acemEing to other laws, On takimg this facth into consid-
eration, we come¢ to an interesting result, if, in working out
the above-mentioned Buchner hypothesis, we give the jet a veloc-
ity greater than the velocity of sound, in order for it to have
a high penetrating power with low resistance values. Although,
according to what has been seid, en increase in the coeffici-
ent of resistance can vroduce no further atomization, it does,
however, congiderably affect the attainable distance of travel
of the drops, their deflection from the axis of the jet, and
their veriation in volume through the absorption of heat. The
most favorable distribution of the atomized fuel ;et would
thereby be moved a 1little farther from the nozzle toward the
center of the combustion chamber and consequently the conditions
for the formation of a homogensous mixture would te improved.
If, according to the above inﬁestigation, drops of 30 WM
diaméter show such a rapid decrease in their initial speed,
the conditioné will ‘be still less favorable for smaller drops,
a necessary requirement for high combustion speeds in vehicle
engines. This would mean that the very finest fuel drops,
which are the best adapted in size for favorable combustion,

<

could not penetrate far enough into the compressed air in the
combustion room, but would be mostly stopoed near the nozzle.
This would result in the accumulation of the drops near the

nozzle, where there would not be enough oxygen for quick com-

bustion. If this condition does not actually occur in the de-
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scribed mass, it is due to the faeét that the instituted consid-
erations were based on the mass of only one drop and the assump-
tien of an infinitely great mass of s%ill air. In reality, how-
ever, we have to reckon with the kinetic energy of the whole
fuel jet, which imparts to thke air the momentum of all the drops,
thereby making it the bearer of the fuel spray. The energy of
the jet is imparted so much the better to the surrounding air,
the closer the form in which the jet enters the air and the
emeller the quantity of air, to which it must impart its veloc-
ity. The practical result of this argument for the comnstructoar
I8 therefore to conduct the fuel Jjet Be thaf, in gpite of the
finest atomization, the component parts will be held together

in as close a cone as possible, and that this cone can be util-
ized for accelerating or maintaining the desired air circula-
tden. It is imposgible to produce a perfect circulation

throughout the whole combustion chamber, as in -the air-injection

‘
)

method, simply through the kinetic energy of “the fuel jet.
Entirely apart from the fact that, in air injection, there is
added to the mass of the fuel the not much smaller wrass of the
Ipjection alr, the latter is also greatly'acgelerated by its I
expansion. In erder to obtain a like energy of flow in airless
injection, pump'oressurazwould have to be‘ewployed which would

be multiples of those now customary. We would then obtain an
‘extremely short injection period and explosive combustion,

which would result in overstressing .the already highly stressed

driving gear.
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If the requisite énergy for distributing the fuel drops
cen not be fully obtained from the fuel jet, some other way
must be found to replace the mixing action of the air-injection
method. One of these means has already been mentiohed. it
consists in so conducting the atomization that, along with a
number of small drops, a sufficient number of large drops will
be produced, which, due to their greater momentum; will pene-
trate far into the combustion chamber and propagate the combus-
tion begun by the small drops. This method may be suitable for
stationary engines, although the production of drops of desired

diameter, venetrating power, etc., can be but very imperfectly

>
accomplished with the means now available. For high-speed ve-
hicle engines, however, any method which delays the combustion
process must be avoided ‘as far as possible. This method will
therefore be employed only to a limited degree and more atten-
tion will be concentrated in the direction of imparting such a
motion to the combustion alr as to make it the bearer of the
fuel drops and thus distribute them throughout the combustion
chamber. &Even the first compressorless Diesel engines, namely,
the Déutz displacer engines, had such a motion of the combus-
tion air, whereby, however, more value was attached to the atom-
izing effect of the annular whirl than to the forced circula-
tion of the air itseif. Only of late has proper attention been
given this question and has the endeavor been made so to direct

the combustion air that it can be perfectly regulated and
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trought, at a calculated velocity, to the place of combustion.
Here it is accelerated by the fuel jet, carries away the fuel
drops during the combustion period, drives the combustion gases
ahead of it and furnishes fresh oxygen until the combustion is

completed. The circumstance that, through the violent whirl-

>
ing of the air, more heat is imparted‘to the cylinder walls,
1s unimportant, in view of the fact that an increase in the
revolution speed of vehicle engines 1s of much more importance
than any possible better utilization of the fuel through less
heat transmission.

In ignition-chamber engines the distribution of the fuel
in the cylinder offers no great difficulty. .On the one hand,
it is comparatively easy to distribute the fuel sufficiently
(esvecially when not too rinely atomized) in the relatively
small ignition chamber. On the other hand, the effect of the
combustion gases, which are expelled at a high velocity from
the ignition chamber into the cylinder, is to a certain degree
comparable with the effect of the injection air. Even when
(for example, in wide necks) the pressure difference between
ignition chamber and cylinder is not very great, the burning
gases will nevertheless undergo manifold changes in their direc-
tion.of motion on their way to the working cylinder. These
doubtless produce sufficient turbulence in the combustion cham-
ber and consequently a good distribution of the fuel in the

combustion air.
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The production of the whirling motion for distributing
the fuel is not so easy in mechanical-injection engines as in
ignition-chamber engines. It is clear that the shape of the
combustion chamber greatly affects the strength, direction and
velocity of the air whirl sought. All recent endeavors have
therefore been in the direction of forecibly mixing the fuel
and combustion air by means of suitably shavred cylinder heads,
pistons and ingenious arrangements of the nozzles. A combina-
tion of the annular-whirl method (Deutz-Brandis) with fine at-
omization was provosed by Bielefeld (Fig. 15). The fuel is in-
jected under high pressure at the dead center in the finest
state of atomization and is distributed by the air whirls,
which are purposely generated as shown by the arrows in the fig-
ure ("Autotechnik," 1925, No.13, p.26). The annular concave
shape of the cylinder cover and of the displacer head of the
piston generate a whirling motion of the air which is maintained
during the whole combustion period. It is worthy of note that
in this construction the jet energy is not utilized to acceler-
ate the revolving air, but that the fuel injected through a cen-
tral nozzle in the fomm of a flat circular spray, strikes the
alr nearly at right angles and is carried away by it. The
Krupp Diesel engine has a nozzle with several holes and guides
the combustion air, by means of a circular "director" located
at the inlet valve, in a circle around the cylinder axis (Fig.

16y By measuring the velocity of the ecirculating air current,
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it was demonstrated that the most favorable combustion lay at

a certain definite air velocity (about 8.5 m/sec. in +the case
investigated). At this veiocity, which, in order of magnitude,
agrees well with the velues found by Hesselman in similar ex-
periments, air molecules lying near the cylinder wall describe
exactly a quarter circle. .. It mav be assumed that the combug-
tion is the most favorable when the air charge during the injée-
tion veriod describes the sxact angle at the center which is in-
cluded between two adjoining jets from the multiholed nozzle.
Fig. 17 is a picture of the mushroom piston head of the Krupp
Diesel engine at this favorable air velocity and plainly shows
the strong scattering of the flames by the directed air flow.
(The light spots on the viston head are devosits of zinc oxide
due to keeping the fuel in galvanized-iron containers.) The
more lightly built compressorless Diesel engine of the M.A.N.

( "Maschinenfabrik Augsburg—ﬁ&rnberg,”) in which the fuel is in-
jected tangentially through two nozzles, likewise has a circu-
lar air flow and a disk-shaped combustion space (Fig. 18).

This engine has the advantage of leaving the cylinder cover
free from fixtures and enables the installation of such larg
inlet and outlet valves as to supply good air charges even at

high revolution speeds. Above all, however, the kinetic energy

Y]

of the fuel jets is here favorably utilized, because the turn-
ing moment of the injection energy efficiently supports the

circular air flow. It is important for both nozzles, which are
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supplied by one and the same pump, to have the same resistance.
This is accomplished by equalizing the pipe resistances by
means of exchangeable perforated plates in the distribution
portion of the pipe. The high-speed two-stroke-cycle Diezel
engine made by the "Henmoverische Waggonfabrik" (Fig. 19),
likewise works with a circular motion of the air around the
eylinder axig, due to the fact thet the air, oreviously com-
pressed in the crank case, is forced by a suitable disposition
of the overflow vorts to enter the cylinder in a tangential
direction. Since the outlet valve is located in the eyl inder
head (contrary to the customary two-stroke arrangement), no
disturbance is caused in the spiral motion of the air by the
flow enersy of the exhaust gases, so that the zenerated air
whirl avparently versists throughout the whole duration of the
injection and combustion orOCGSSL The fuel is injected toward

-

the cylinder axis through nozzle located in the side of the

)

cylinder head.
In addition to the above-described devices, the paten
literature of recent vears shows a large nunber of more ox

less practical provosels for automatically directing the com-

5

bustion air. ©One icdea recurs in many variations, namely, the

guidance of the air column, driven by the piston toward the

~

combustion space, by the archlike shape of the cylinder cover
e > o £

o

8. PEYEBrSc
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T

in such a rvay that its metion eand given the .same

direction as the fuel jet. Fig. 20 represents a solution pro-
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posed by myself, in which the combustion space is divided into
two chambers, each having the shape of a paraboloid of revolu-
tion. The nozzle openings are located at about the foci of

the paraboloids. As to whether the expected result, namely, a
good cdistribution of the drops (produced by air whirls at the
foci), will in fact come to pass can not be safely predicted,
for the lack of experimental bases. The diminution of the air
space to be swept by a nozzle, effected by dividing the combus-
tion space into two syrmetrical chambers, may nevertheless
prove to be a suiltable means for completely filling even larger
combustion chambers with fuel drops.

On account of the importance of the question regarding the
effect of the shape of the combustion space on the strength,
ddirection and velocity oi the desired air circulation, it
would be desirable to investigate thoroughly, by systematic ex-
periments, the laws of this whirling motion. in go far as the
air flow can not be made visible by smoke, powdered wood, etc.,
it might be advisable to measure with a Pitot tube the air ve-
locities in the compression chamber of an experimental engine
throughout the whole cross section of the cylinder. It should
thus be possible, by the systematic testing of the whole com-

ression svace to obtain, in a comparatively short time, a
by > b

gilleg r pilctire of. the alr cireculatien.

The complicated processes in the cylinder heve been recent-

1y rendered accessible to direct wvisual observation. At the
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Junkers works in Dessau, the combustion process in a compressor-
less Diegel engine was successfully photographed, through a
quartz window in the cylinder head, by means of a stroboscope
(Fig. 21). The pictures obtained (Figs. 22-24) plainly show
the scattering of the flame under the influence of the motion
of the air (which is circular in this case). The full-load
pictures (Figs. 32-23) were taken in point of time, very near
the dead center and shortly after the beginning of the igni-
tion. The relatively small amount of fuel already injected
was blown from the nozzle toward the right by the circulariy
moving air in the cylinder. The ignition had started at about

the tip of the fuel jet and had then been quickly propagated

2). After 0.0005 second, the

)

backward to the nozzle (Fig.
flame had spread still ferther (Fig. 33). On the other hand,
Fig. 24 shows the final phase of a low-speced combustion. The
correspondingly small low-speed flame had here already made
one complete revolution in the combustion air and had been éep—
arated into several component flames ("V.3*I. " October 31
i 20, p.1378).

After the aboyve detailed description of the injection and
combustion »rocess, something should also be said regarding
the compression ratios suitable for vehicle engines, and on|
the shape of the combustion line in the indicator diagram. It

=

ig, of course, degirable to obtain a diagram which shows the

greatcst possible area at low maximum and expansion final pres-
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sures. One way to de this, and which is best suited to the
nature of vehicle engines, is to reduce the work of compression
to a minimum, thereby making it easier to start the engine,
whether by hand, compressed air or electric motor. In opposi-
tion to this, however, is the need of a high compression tem-
perature for shortening the ignition delay and guaranteeing the
ignition in a cold engine and at a low temperature of the in-
flowing air. The compression femperature must, of course, al-
ways be higher than the ignition temperature. For the correct
adjustment of the former, it is therefore necessary to know
the exact ignition temperature of the fuel to be used. Till
very recently, the ignition point was restricted to the temper-
ature at which self-ignition occurs in a unifom current of
air or oxvgen. Probably the most accurate values obtained by
this method are the ones given in Table IV, as determined by
Otto Alt, with the Krupp ignition-point tester (see N.A.C.A.
Technical liemorandum No. 281, - Combustioniof Liquid Fuels in

Diesel Engine).
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following

reasons.

for the engine are all

411 previous in-

vestigations of the self-ignition temperatures are inadequate

because they were based on the assumption that the ignition
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point is a simple conception. The investigations by Tauss and
Schulte* demonstrated, however, that the same oil has differ-
ent ignition points at different pressures and that these igni-
tion voints becore lorer with increasing oressure (that is,
mith increasing air density). In Fig. 25 the ignition points
of several fuels are plotted against the vressures. According
to the above-rentioned investigations, the assumption that the
lgnition temperature in thc engine is about 100°C higher than
in the open ignition-voint tester can not be maintained. The
question as to whether the ignition voint is affected by the
greater reclative velocity between the 2ir ernd fucl drops in
the combustion chamber of the engine still requires experimen-
tal elucidation. It is possible that the increased transfer-
ence of heat from the air to the fuel drops not only shortens
the time required for igﬂition, but also lowers the ignition
temperature itself. In any case, homever, the compression tem-
perature must, on account of the ignition delay, be about 50°0
higher than the experimentally found ignition voints of the
fuels. The lowering of the compression temperature, due to
leaks (piston play in cold engine), must be accounted for by
a8 supplementary calculation.

On the basis of these assumptions, we can pass to the cal-

culation of the compression pressure, whereby it must be borne

Tam s TR S e .
*"Ueber den Zundpunkt und Verbrennungsvorgang im Dieselmotor."
Mitteil. Chem. Inst., Techn. Hochschule, Karlsruhe, No.3, 1934.
See also L.A.C.4. Technical Memorandum No. 299.
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in mind that a vehicle engine should be able to function under
the most unfavorable conditions. If we assume that in winter

it must be able to start at an air temperature of ~36°9 (14°F)
and if we adopt 300°C .(i.e., the mean value between the ignition

m

temperatures of Alt and of Teuss and Schulte) as the lower limit

16F Blie ignitlon temperature of ga8 o0il, we then have, on the

assumption of adiabatic compression,

i 1]
/?;_ (8)

If m = 1.3 is chosen as the exponent of the compression and

B = 0.95 atm. as the initial pressure (for engines up to abouf
1200 R.P.i.), we have = 28 atmospheres.

=2

If we consider that the compression line apnroaches the
igotherm at low revolution speeds, due to the cooling effect of
the cylinder walls, and that, above all, the unavoidable piston
leaks, which are more unfavorable in the small bores of vehicle

ce the final compres-

o

than 1n lerger engines, gtill further re
sion pressure, we will not then be inclined to go below the
galeculated value. If, however, this generally hepoens, 1t can
only be made possible by net requiring the engine to start at
such low external temperatures without some special auxiliary

device and by limiting ourselves to calculating with air temper-
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atures of at least 10°C (30°F). At lower temperatures, therc-
fore, the combustion air must be previously heated by electric-

i%y, or the start must be made with the aid of an igaition

v

gaptricege or easlly inflammable paraffin oils. The great effect
gi wreviously heatine the air is shown by the calculgtion; which,
at an inflowing-2ir temperature of 0°C (32°F) under the same

conditions 2g above, gives a final compression pressure of 234.9

\

Elm-, or 30.7 atm. at 109 (50°F}.

In the warm running condition of the engine, the inflow
temperatures of the air increase creatly and reach 80-30°C

at full loac. In most cases 2 final compression vressure of

25 atm. is regarded as sufficient to asgure the starting of
the engine without any speclal auxiliary device. We ean gzo to

thie extreme limit, because the cooling effect of the injec-
tion air is eliminated. At the small safety factor, the great-
egt vossgible tightness of the valves and vistons is a prerec-
uigite condition.

The further functioning, after compression, devends en-
tirely on the method of introducing the fuel. The pressure
line of the indicator diagrem will ascend, move horizontally,
according to the timing and duration of the injec-

or descend

>

tion. Its shape is therefore chiefly determined by the nature

h

of the nozzle or by the pump-pressure diagram. If the fuel is

A

injected very quickly at about 40-%3° before the upoer dead

center, there is an explosion similar B¢ the one in a carburetor
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engine, as shown by the pointed indicator diagrams. Injection
at 35-37° tefore the dead center produces, on the other hand,
according to Heidelberg, a constant-pressure combustion. If
the mean pressure is not allowed to fall below 5.5 atm., the
usual valve for modern carburetor engines (a necessary condi-
tion for vehicle engines, due to spatial oonsiderations), ma x—
imum pressures of about 80 atm. are vroduced in a purely ex-
vlosive functioning. Such a pressure increase is impossible,
however, due to the great stressing of the working parts and
the consequent necessarv increase in their weight. A constant-
vressure combustion, similar to that obtained by air injection,

is indeed eas

[

ly attainable in compressorless Diesel engines,
but experiments have demonstrated that this form of the combus-
tion line is neither prautical nor econorical. The slight ig-
nition delay, unavoidable in airless injection, can best be ac-
counted for by a short constant-volume combustion, followed by
constant-pressure combustion (Fig. 26). This kind of mixed
combustion, which occurs chiefly in engines with mechanical
injection, produces a maximum oressure of 45-50 atm., on the
assumption of a mean electric pressure of about 5.5 atm., and
& ‘compresgion of "85 atm.

The maximum vressure of the working diagram therefore de-
termines the size of the connecting rodes, while the dimensions
of the crank shaft are determined ty the tangential-pressure

diagram. In & connecting rod of circular cross section, the
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diameter of the rod is proportional to the sguare of the maxi-
mum pressure and its weight is directly proportional to the

pressure. These values throw some light on the weight rela-

tions of a Diesel vehicle engine in comparison with a carbu-
retor engine and vartially determine its structure. In com-
parison with an ordinary motor-truck engine with & final com-
pression pressure of 5.5 atm., and a maximum combustion pres-

sure of about 27 atm., we obtain, with a Diesel engine of 1like

mean pressure and like revolution speed, an increase of about
60% in the weight of the connecting rods and of about 35% for
the crank shaft. Dr. W. Riehm, in hig lecture on "High-Speed
Diesel Engines for Vehicles,”*delivered before the Association
of German Engineers at Augsburg, in 1935, qivés considerably
smaller values for the increase in the weight of these parts.
His assumption that the diameter of the conmnecting rods (having
a perfectly round cross section) should be proportional to the
fourth root of the maximum pressure, is based, however, simply
on their resistance to buckling and not on their admissible
compressive stress. In the dimensioning of the other engine
parts, the increasing of the combustion pressure does not neces-

sitate so great weight increases, because the pistons, cylin-

gere, crank cases, etc., nave more than sufficient sirength,
for reasons pertaining to the casting and finishing. The fuel

pumps, which taxe the place of the .mgnetos and carburetors,

"
*"Schnellaufende Dieselmotoren fur Fahrzeuge," published in
Iy o : ge,  p
S Del. " Avigust B9, 1925, pp- 11251184
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are about twice as heavy as those parts, so that, all in all,
a Diesel engine weighs 50—55% more than a carburetor engine of
the same vpower and revolution speed.

There is hardly anything to be said on the structure of
vehicle Diesel engines; since it is fully based on modern car-
buretor engines. Of course the different operating conditions
necessitate corresponding modifications in the various engine
parts. Since the reliability of the ignition depends largely
on the final compression pressure, much attention should be
given to making the valves and piston as tight as possible.
While the former can be protected from harmful heat stresses
by the use of suitable material and by cooling the valve seats,
the piston, in addition to stronger dimensioning of the piston
head and piston pin, can be made longer and be provided with
a gre:fer mumber of rings. The use of lighi-metal pistons is
not desirable, at least so long as there is no harmful heat
accumulation with cast-iron pistons. The piston play, which
must be rather large with aluminum, on a2ccount of the high

coefficient of heat expansion, expresses itself, in a cold en-

gine, in leaks which may impair the starting ebility. Horeover,

the larger dimensioning of the piston pin and the avoidéance of
inadmisgible surface vrescures in the piston-»in bearings in-
volve certain strugtural difficulties.

The fact that, due to irregpierities 4dm +the pump, faulty

atomization, etc., misfires occur and that subsequently the
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tilves corbustion «of greater 'guegntilhies of fuel wigh execessive

pressure increase can follow, raises the question of oroviding

5

er.: Entirely aside from the

-~

eisaf ety valve for every cylin

(OGN

faet, however, that there is seldom room enocugh for such a
¥Blve in the cylinder cover, I believe that the danger of &
sudden strong precsure increace, which could be cisastrous for
the engine, should not be over-rated, because the condensed,
unburned fuel in the cvlinder would be only slightly consumned
in a subsequent ignition, while most of it would vass unburned
into the exhaust-

The impossibility of cranking the engine against the full
compression wressure necessitates the use of reduction gearing.

It is cenerally customary to raise the startinz valve either

by a special lever or, better, by the axial shifting of a cam

h

glmft orovided with auxiliary cams. If these auxiliary cams
are conical, the velves in starting can be partially or com-
pletely openet =24t +ill. The energy stored up in the flywhecl
in starting under diminished pressure then facilitates throw-
ing the engine into gear against the full compression pres-
sure. The comvressed-air method of starting, customary with
stationery engides, cen at nost be used only on such motor
vehicles as'carry compressed-air cylinders for special reasons,

such as for air brakes and gear shifting. Since 2n electric

generator is essential on a modern moitor vehicle, the engine
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is generally started by a rather large starting motor:  Pro-
vision must also be made for starting by hand in an emergen-

ey. (To be followed by Part IED.]

Translation bty Dwight M. Miner,
National Advisory Committee
for Aeronautics.
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Wozzle with 3 holes of O.omm diameter.
Jet angle 20°.
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Fig.18

Airflow dirsctors and fuel jets in the M.A.W. station—

ary Diesel engine. r
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Mushroom piston head of
Krupp Diesel engine.
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Fig.19 Diesel
engine
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Plate I (Air injection). Compression pressure,30 atm.

f)

ey dm = 13,75 ¢

Cow-milk cream Airless injection with
dispersing nozzle.
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Plate II (Airless injection). Compression pressure,30 atm.

. h) pe = 250 at
g) e 20307?: dm = 13,75 p.

3 pe = 200 at J) Be— 1150 at
dm= 26,25

pe = 100 at
k ) dm = 33,75 p.




