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THE FUNDAMENTAL PRINCIPLES CF HIGH-SPEZ
SEMI-DIaSwl EIGINZS.*
By Dr. Buchner.
PART ' TL
A Piscussicn of the Semi-Diesel Principle
and Its Apolication to Various Tvpes
of Sclid-Injection Engines.
YcKechnie's indicator diagrams of 1910 differ but little
5 . from the constant-voressure diagrams of Diecsel engines with
air injection. This is comprehensible, since, at that time
the constert-orecsure line was still considered an escential
1
characterietic of the Diesel engine and licKechnie 4id not
contermplate changing the drinciples and limits of the Diesel
process, his icdea vecing only to replace the alr-injection
- . . . - . . . . 5 e A
method by simnle mechanical injection ("solid injection"),
while retaining the Ligh compression pressure unchanged.
L
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of "the so-called "solid-injection" Diesel -engines, now gradu-
ally coring into publicity, differ greatly from the diagrams
of the original Diescel engines and often remind us strongly

of the diagrams of explosion engines. They have decidedly

sharp-points and only a slight development in the direction of

the constant-pressure line, though the latter increases some-
what as the load is increased. Unlike the well-known indi-
cator diagrams of explosion engines, the compression pressures
aTe higher and the pressure increase (the ratio of the maximum
pressﬁre to the compression pressure) is less than in explosion
engines, though it is likewise affected by the engine loading.
It seems entirzsly appropriate to designate such engines, whose
cycleé lie between those of the older explosion engines and
those of the original Diesel engines (constant-~pressure en-
gines) an@ whose indicator diagrams are acccrdingly referred
to as "mixed diagr&ms,” as "semi-Diesel engines," after the
precedent of the Americans, English and French. It must be
remembered, however, that they constitute an engine type with
flexible limits, -in which the hot-bulb engines can be ineluded,
as is ofter done by Americans. |

Fig. 16 shows indicator diagrams of the Deutz Engine Works,
KOrting Bros. Co., and Ruston & Hornsby. For the Deutz VM and
the KOrting engines, so-called "shifted diagf&ms" aré given

alongside the regular indicator diagrams. In the Deutz VM, the

maximum pressure is 38-40 kg/om? (540-569 1b./sg.in.) at a..
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compression pressure of 25 kg/cm? (355.8 1b./sq.in.). The

s o . A . i
Korting engine shows a compression pressure of about 39 Kg/cm2

G

(554.7 1b./sg.irn.) and a raximum pressure of 44 kg/cm2 (625.8
1b./eg.in.). The Ruston & Horneby engine shows, at idling
speed, a mximum pressure of 32 kg/cm® (540 1b./sq.in.) and,
at normel load, a maximum pressure of 48 kg/cm2 (682.7 1bs/

8q.in.). Since there are no "shifted diagrams," the compression

ures can only be read approximately on the vertical scale.
op ¥

67}

pres

No further information on these three cengines is necessary
at thisg point, for these dlagrams are 6nly intended to help to
explain the nature of high-speed semi-Diesel cngines, which
are closely related to these engines. Although these engines
are distinguished by a very favorable rate of fuel consumption,
the fefe:ence to the solid injection and a certain form of noz-
zle affords' no adequate explanation of this fact, but their
success is largely due to the fact that technicists have
learned to control the character of the combustion line and to
determine the most favorable values for the beginning and end
and during the course of the fuel intake, which values, however,
are not always easy to raintain in actual engine operation un-
der greatly varying conditions.

Prof. Hawkes, of Armstrong College in Newcastle-on-Tyne,
has demonstrated, on a 300 HP. engine with reciprocating pis-

tons, that the fuel consumption is decidedly affected by the

shape of the indicator diagram and the latter, in turn, by the
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temporal course of the fuel delivery ("Engineering," 1920, No.
2, p- 786). Both of the stifted diagrams in Fig. 17 again show
the ascent of the corbustion curves in comparison with the com-
pression curves, at which the fuel is delivered. The motion of
the fuel valve is also represcnied and cmphasized by the hatch-
ing: Fuol cams of various shapes were tried, but the engine
was always adjusted to a maximum preesure of 44 atm. by a sim-
ple shifting of the cams. Everything else proceeds from the
foliowing table.
Experirents of Professor Hawkes.
Fuel Diagram Diagran

Pexas oil q AETL

Huel valve. I

Advance 10,07 18°
Retard 28.5° 51°

Fuel valve 2

Advance _ 5.5° 9°
Retard 38.0° 4
Bffective HP. 296 300
R.P. M. 296 : 300
Mean effective
pressure 6.0 5.9

Fuel consumption
per HR/hr. 212 _ 238
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Diagram III, with slowly opening fuel cams, shows a slow
v combustion in—-comparison with diagram I. The fuel consumption

was greater and the exhaust wac slightly smoky.

Dr. Heidelberg's preliminary experiments with the Deutz
VM engine also show that much depends on the adjustment of the
Tfuel cam. He fcuhd that the beginning of the fuel delivery
Alhas dan especially marked effect on the combustion line in tﬁe

direction of constant or exploslive pressure. An advance angle

(@]

of 40-45° croduced explosive combustion, while 85-37° gavc

constant-pressure combustion. The first indicator diagram in
Fig. 18 was wmade at an advance angle of the fuel valve of 359,
while the second diagram was made, with the same cam, for an
advance angle of 45°. 1In both cases the fuel pressure was
about 280 atm. and the compression pressure about 35 atm. ,The’
b indicator diagram for the first case shows conStant—presgure/
combustion, both the ignition pressure and the compression
pressure being 35 atm. The diagram for the second cése clear-
ly indicates an explosion which reached a maximum pressure of
57 atm. In the first case, the fuel consumption Wa$ 204z

(7.8 o2.) per HP, /hr. for n = 380 and Ng = 50 #P. In the
second cace, it was 180g (6.4 oz.) per HP, /hr. for n = 218
and Ne = 48.5 HP. It is therefore absolutely necessar? to de-
termine the most favorable angle of advance .or all high—speed
semi-Diescl engines for all revolution spegus and loads and,

if possible, to provide for the automatig adjustment of the
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most favorable angle for ony kiAd of engine, independcntly of
the cngine driver.

Acooriing tc Dr. Heidelberg, the magnitude of the compres-
siontpressure in explosive combustion affects thé fuel consump-

tion less than in constant-pressure comsustion. This fact

seems very significant, for it upens up the mdst promisinmgpros—

pects, that the compression pressure in high—sfeed semi-Diesel
engines can ve reduced to a magiitude practicable fowr high~
speed engines ¢nd that the totnl weight of the engine tan be
reduced and its life increased. It is advisable, however,

not to go too far with the explosive combustion. After having
fortunately overcome the prejﬁdice that the constant-pressure
line is the only goal worth striving for, we must beware of
the danger c¢f going to the other extreme. "The middle course
is the best," as Daedalus told his son Icarus.

In Dr. Heldelberg's article "Ueber Einspritz- und Verbren-
nungsvorstrge in kompressorlosen Dieselmotoren" (On Injection
and Combustion Procegsses in Solid~Injection Diesel Engines)
("Zeitscnrift des Vereines deutcscher Ingenieure," 1924, pe
1047 f£f), the erperiments on the shape of the combustion cham-
ber and on the magnitude of the injection pressure appear es-
pecially important and directive. No one who has anything to
do With-Diesel can afford to disregard the results of Dr.
Heildelberg'!s researches. Some of these results have been taken

from Dr. Heidelberg's original diagrams and arc shown in Fig.

19,
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At the top of Fig. 19, in the middle, there is shown the
final form of the combustion chamber with a No. 1 piston head,
which furnished the most favorable fuel consumption in the ex-
periments. On the lcff aniAright are dilagrams of the piston
heads Nos. II and ITI, which proved less favorable. The heavy
waaied I, 1T, 111 represent the fuel consumpticn.in grams per
HR, /hr. The cffective HP. varies betwsen 20 and 65 and the
MGén effective pressurs between 1.84 and 5.9 kg/em® (83.9 1b./
8g.1in.). Piston I furnishes, at about 50 HP. and a mean pres—
sure of 4.7 kg/cr® (65.g 1b-/sq.in-), the most favorable fuel
consumption of but little over 180g (3.4 oz.) per HP./hr. The
final compression pressure was 32 atm. in all ‘three cases.

The "nozzle b", shown in the middle diagram, was used. It is
a8 needle valve, which is provided with three spraying holes .
behind the valve seat. Tne fuel pressure in the nozzle was
200 atm., and the maximum combustion pressure ("ignitien prés—
sure”) under full load was 38-40 atm. at an advance angle of
40% for the pump cam.

The fine linep ascending from left to right represent the
‘exhaust terperatures obtained with the piston heads II and'IiI
and the "nozzle b". All the exhaust temoeratures, which were
obsexrved immediately after the exhaust valve, fall inside the
strip bounded by these lines. This strip is a pronof of the
"cold combustion" in solid-injection engines, for the low mean

temperature.
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You have all heard the objection that fuel-injection en-
gines would not last long on account of the high pressures in
the Tuel pump and injection nozzle. This objection will soon
be overcome by the further deveiopment of high-pressure fucl
pumps and injection nozzles. IV does not matter that not ev-
ery ocngine worke ig. now in position to make such pumps and
nozzles, vhich belong in the realm of skilled mechanics, since,
for this purpose, there 1s neczssary, among other important
things, the cizcation and training of a spccial class of work-
men and engincers. In any event, onec thing is certain that we
Germans have here an open field which is not closed to us by
the Treaty of Versailles. So let us grasp it!

lMioreover, I mizht refer tnose who consider untenable the
high pressures connected with fuel injection, to no less a per-
son than Dr. Forster, the famous shipbuilder, who delivered a
lecture in this room tefore the "Schiffbautechnische Gesell-
schaft," on experiments on recent ship lines and expressed him-
self to the effect that, in order to make progress, we must,
with full knowledge, study the extremes. It is a comparatively
simble matter for the practical constructor.to make a compro-
mise, but the knowledige of the extremes must first be acquired.

The value of the fucl-injection method becomes the more
manifest, the greater the fuel-injection pressure employed.
This is clearly demonstrated by the lower diagram‘in Pigs 1Y,

in which the effect of the pump pressure on the spegcific fuel




_phenomenon. Perhaps light may be shed on it by a hypothesis

pressed air at a velocity greater than that of sound- The
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consumption is represented. The diagram begins at the left
with an injection pressure of about 70 atm. and extends to 300
atm. It does not, therefore, reach the maximum pressures with
which McKechnie worked. 7For a civen engine power (In the dia-
gram, N, = 52 HP.), the following poeculiar course of the fuel-
consumption curves is shown. As the fuel pressure increases,
there first occurs a great improvement in the fuel consumption.
Then, with a further increcse 1a the fuel pressure, no appreci-
able improvement follows and then, following this "insensitive
zone," there occurs a still further diminution of the fuel con-
sumption. |

Dr. Heidelberg offers ro explanation for this remarkable

at which I arrived in considering the problem of how to sep-
arate thc fuel jet into the smallest possible drops. Among

other thinges, I found that the fuel jet must enter the com-

splendid photographic resecarches of E. Mach on the behavior of
the air in the vicinity of a moving bullet demonstrated experi-

mentally the sudden increase in the coefficient of resistance

§oc on excceding the velocity of sound. Siacci found a de-

crease in ¢{ for o further increase in the speed of the bul-
50 X

let beyond the velocity of sound (Compare Hans Lorenz, "Tech-

nigche Warmelehre," 1904, p. 147).

)
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The calculation of thie velocity of sound by Lanlace's for-
e T b
mila c¢ = /—=, in which ¢ denotes t

o

16 velocity of sound,
K  the exponent for adiabatic change of state, p .the pressure
and s the specific gravity (Ccmpare E. Crimschl, "Lehrbuch
der Physik," 1923, p. 883), gave extraordinarily high fuel pres-

sures, winich are much greater than the ones employed by Dr.

o]

ieidelbery. TFor a comprescion pressure of 22 atm. and an air
temperature of 70°¢ (158°F) 2t the heginning of the compression,
a sound velocity of nmearly 590 m (1936 ft.) per second (in air
cox ssed at 22 atm.) was found, which would give a fuel pres-
sure of at least 1500 atmospheres.

The action of the fuel jet on the surrounding air is, how-
ever, not exhausted with the assumption that the fuel jet en-
ters the comprecsed a2ir 1like a bullet and that the individual
particles formed by the breaking up of the fuel jet are also
comparable to bullets. Since the fucl jet penatrates the hot
cOmprecsed alr in a cold condition and is ignited 1like a watch
on a roug: curface, the bullet theory must be supplementead by
the agsurption +that the bullet is a cold bearer, whinh takes
heat from its surrounding medium. It is obvious that LaPlace's
formula doss not apply to this case. The assumption on which
it rests, that +the propagation of a longitudinal wave in a gas
is an adiabatical process must be replaced by the gengral as-
sumption of a polytropic change of state connected with the

progress of the longitudinal wave.




Hade b Tochnical Memorandum No. 3857 - - iy

LHence we have the formula ¢ = / P—S—Q for the velocity of
gsound, n being the exponent of the polytropic curve. ' Just as,
in the case of a bullet moving at about the velocity of sound,
there is quite an extensive region in which the air resistance
is very great, in like manuer, according to the above hypothe-
sis, critical conditions can also arise for a more extensive
pressure and velocity regiron in the case of fuel jets: The

circumstance that the regiuvn o° insaansitiveness is greater for
t .

Dr. Heidelberg's thrce-hole nounle than for a one-hole nozzle,

is not opposed to this, since the heat-transmission surface for

Hy

a triple jet is nearly 45% greater than for a simple jet inject-

ing the same amcunt c¢f fuel. The velocity of sound cdepends,
however, not only in a high degree on the initial temperature
of tlhe compressed air and on the compression pressure, but
also on the temperature of the injected fuel, especially on all
the factors affecting heat transmission.

The ursensitive region for the threce-hole nozélc, in
Dr. Heidelberg's experiments, lies between 140 and 360 a’u.,
which dorgr390n65 fuor gas o0il, to theoretical fuel velcaities
between 18C and 245 n (590-804 ft.), as calculated acccrding
to Dr. Kuchn's formia wth = 15.16Vf§_i/sec-, the aischarge
coefficient veing disregarded. The insensitive region of the
simple nozzle lies bctween 310 and 260 atm., and. the correspond-
ing theorctical velocitics being 220-245 m (722-804 ft.) per

second. If these velocities are sound velocities, they must
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have polytropic curves whose exponemts are between 0.133 and
0.248 for the three-hole nczzle and tetween 0.198 -and O;Bﬂaxfor
the simple nozzle. From *he ahuve consideration, it'follows at
least that the heat cxcharnge between the fuel jet and the com-
presced air exerts a decided influente on the atomization proc-
ess and thet, therefore, the t~uperaiure of the fueli jet and of
the hot air must be taken lnto account in all fuel-injection
experiments.

The_Avgsberg—Nurembe?g'Eugare #urks was induced to hcllow
out the piston heads in their verticel solid-injection four-
stroke-cyclé engines (of. Fig. 27, Part III - Technizal Memo-
randur No. 358). Regarding this form of piston, Professor
Nﬁgel expresses himself as follows: "Its success was largely

due to the perception that the injection of the fuel into the

cylinder under & pressure of secveral hundred atmospheres neces-

gitates for ito atomization a space of sufficient length in

the direci:on of the jet. If the jet strikes the pisiom head,
a portion of the fuel is precipitated and the reflecield narti-
gles of fudl hove largely lost their kinetic energy &ard “shere-
fore cscap: firiier ntomization. On the other hand, a jot of
small croo- seriicn, injected under great pressure, seems 10

be largely atomized by friction Qith the surrounding compressed
air.. This fact induced ovoth the engine works mentioned to give
their ‘piston heads tie form of a hollow hemisphere. In this

hollow hewniisphere the fuel jet is diseipated into a fuel cloud
J D
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which, due to the cessation of the cold cxpandihg injection air,
ig certain to ignite at & moderate compression ratio and (con-
sidering the smallness of the tested cylinders) to effect an
excellent thermal outcome in mechanical work (cf. "Dieselogs~
chinen," Publication Office of the V.D.I.; Berlin, 1933, p. 29,
BETY B)" '

The Deutz Engine Works seems, according to an article
"Fort mit dem Compressor" (Away with the Compressor), 1o hold
the aefleoting action of the piston on the fuel as not entirely
superfluous, but rather as an effective means for cooling the
piston. On Page 2 of the above-mentioned article, it says:
"The assumption that most of the fuel particles reach the pis-
d6n head in o liquid state is clearly indicated by its un-
changed appearance after long periods of operation. Heat is
continuously cbstracted from the piston head, which is threat-
encd with overheating, by the evaporation of the fuel drops.

It is regularly cocled by a fine spray before being again sub-
jected to the effect of another combustion. Since the cooling
spray and the heat requirement change approximately in propor-
tion to the increasing load, we here have an almost perfect
means for cooling the cylinders. It is not strange, tharefore,
that much larger cylirnders can be uscd in solid-injection en-
gines without piston cooling than in air-injection engines.!
Lower down on the same page it says: "The rebort-iike shape of

the piston head in the 'Deutzer VM' favors the retention of
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heat by the air in the depression in the piston head, so that
the fuel jet first strikes the hottest portion of the air."
The Deutz Engine Works accompanies these statements with two
diagrams (Fig. 20) intended to illustrate the atomization of
%he fuel jet and the temperature distribution in the piston
head. The representations of Prof Nigel and of the Deutz En-
gine Works are of general importance as regards the problemat-
ical individual engines.

On the one hand, the pure spraying action and, on the
other, the dissipation of the fuel jet, in which the impact on
the more or less heated walls acssists the atomization, consti-
tute two important boundaries between which the development of
Diesel engines has prngressed and is still progressing. Re«
cently, however, grourd has been gained for the view that the
contaet of the fuel with any metal surface, even when wet with

lubricating oil, only calses imperfect combustion and should

7

-

therefore be avoided as much as possible. In fact, an alr en-
velope which encloses the cbmbuétion zone on all sides offers
a suilteble means for restricting to 2 minimum the formation of
products-of incompleﬁe combustion and the direct transmission
-0of heat to the metal walls, even in much-divided combustion
chambers.

Chemists and engineers agree that the completeness of the
combustion in carburector engines is due to the perfectly uni-

form distribution of the fuel in the air in a definite propor-




N.A.C.A. Technical Mewmorandum No. 357 15

tion. ©Since homogeneous fuel mixtures can best be produced
with gases and vapors, they can also be most readily and com-
pletely burned to carbon dioxide and water, only a slight ex-
gBssof alr ‘being reguired. On the contrary, the situation is
much less favorable in the mixtures of fuel and air with which
we have to do in Diesel engines, the mixtures being less homo-
geneous and differing more in the size of the fuel drops.

There is therefore a less capacity for perfect combustion than
in gas and vapor mixtures. The combustion is less rapid ancd
requires a greater excess of air. 411 these disadvantages in-
crease with the mean size of the drops. With the ignition, how-
ever, there begins automatically a more rapid formation of va-
por in the neighboring layers of the mixture. To a certain
degree, the flame automatically generates the fuel mixture in
which it advances and contributes, though in an imperfect man-
ner, to the homogeneity of the mixture. The flame spreads more
rapicly in the portions of the combustion chamber where the
tuel mixture is richer than where it is poorer. Thus the fuel
drops in the richer portions are not allowed time enough for
complete conbustion. Consequently, the combustion will be com-
plete only in the poorer portions of the mixture, while in the
richer portivas, products of incomplete combustion will be

fTormed or th: [vel will remain unburned, namely, where too

large drops are present in too'large numbers.
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Technical engineers are not willing to accept these—condi-
tions as unalterable, but are sceking some practicable remedy.
Just as, in carburetor engines, the air stream in the intake
pipes, adjusted at certain negative pressures and velocities,
has proved to be the best means for distributing the fuel most
uniformly in the mixture, so air currents and eddies are also
utilized in many ways in solid-injection Diesel engines.for
equalizing the mixture, even after ignition. This method has
already met with such practical success, that many have reached
the conclusion that so0lid injection under high pressure, with
1ts sensitive nozzles and fuel pumps (or, in other words, the
fine atomization of the fuel when first introduced), is unnec-
essary and that the solid-injection process can be employed
with a comparatively coarse spray. Instead of the hitherto
widespread deplorable lack of dppreciation of the processes of
flow in the combustion chambers of Diesel engines, much interest
is now being manifested in these phenomena. There is still a
vartial lack in accurate information, so that mistakes are yet

pocsible. It has always been possible, however, to obtain

0

practical results by systematically altering the air currents.
Thus Hesselman détermined the effect of the circulation

of the air around the cylinder axis on the radially sprayed

fuel (Hesselmen, "Eochdruckdlmotor mit Einspritzung des Brenn-

gtoffes ohne Druckluft," 2.4.V.D.X., 1933, pp. 658-662. For a

translation of Hesselman's article, see N.A.C.A. Technical Mern~—
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orancum Fo. 318). Since be uscd only a simple, centrally lo-
cated injccticn aozzle, he was compelled bysthe diameter of the

ggilouetion charbber to work with round jeté. The nunber of

anles in the rnozzle was varied between 4 and 8, the best re-

gults8 veing obtained with 5 holes. The striking or carrving
gistance cf the individuel fuel jebts, aside from their mound

cross section, is probably alsc somcwhat increased by the fact
tant the piston is raised a little in the middle, whereby,

ward the end of the compression stroke

By turning the stem of the air-intake valve, which is pro-
lower right), a defi-
nite direction, with reference to the neighboring portions of
the cylinder wall can be imparted to the air flow during the
injection stroke, thereby changing its initial velocity (which
is approximately the component of the air-intake velocity fall-
ing in the direction of the cylinder circumference). The dia-

gram shows how the fuel consumption is affected by the adjust-

ment angle of the intake valve. It is obvious that the fuel

U

consurption is rost favorable when this angle is 75°. From

this fact, Hesselman concludes that the air charge during the
njection proccss must describe the angle at the center in-

cluded botween two adjacent fuel jets and estimates the circum-

ferential velocity et 8 m FoB - F8. ) per second. Therefore, this

does not represent the maximum eircumferential velocity which
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Hessclman could obtain in his experiments. The maximum circum-
.fcrcntial velocity moreover, increased the fuel consumption bﬁ -
about 30%.

Hesselrman's engine works with a compression of 38 atn.
Hessclman assumes, however, that larger engines could work with
25 atm. compression and perhaps with still lower compressions
in warmer regions.

The ignition voint affected the fuel consumption in Hes-
selman's experimental engine oaly in a subordinate dcgree.

The ignition point was so adjusted that the engine worked with-
out vibration and gave mixed indicator diagrams. Hesselman -
could discover no relation between the advance injection angle
and the revelution speed of the engine.

While Eesselman was determining the retardation of the ig-
nition with reference to the injiection point, with the aid of
a deflecting plate placed under the mouth of the injection
nozzle, he was also able to determine that the ignition begins
considerably sooner with a smaller number of holes than with a
larger number. The condensation of the o0il, as regards space,
and its greater concentration in the chemical sense also has-
tened the beginning of ignition in his experiments, or lessened
the so-called "ignition shift" (desipnated by Hesselman as the
"erank angle Y"), a very important facf, especially for high-
speed engines. EHesgelman established an angle of 2.5° (corre-

sponding to 1/700 second), as the minimum value for the "igni-
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tion shift," though ordinarily this angle is larger (corre-
sponding o 1/500 — 1/400 sec.).

In - connection with one of the many fuel pumps devised by
Hessclman, two important tesks connected with  the injection
process may be mentioned: first, how a very sudden beginning
of the conkustion, combined with heavy shocks, is to be-avoided
and, secondly, how the after-dripping of the injection nozzles
can be reduced to a minirum. |

Although changes in the mognitude of the injection pres-

sure during the vrocess of injection nced not be condemned on
princivle (because they cause the fuel jct to "breathe," i.e.,
to facilitate scattering laterally to its axis), special cau-
tion must, however, be exercised with respect to those parts

of the pressure curve within the pump diagram, where the pump

o

pressure, necessary for the most favorable fuel velocity, has
not been attained or has already fallen below. In order to
ssure thc requisite freedom of motion for the beginning and
ending of the injection process, Hesselman added a second pis-
taon to the pump shown in Fig. 33. It is loctted in chamber
mriediately adjoining the pressure valve of the pump and has a
swaller stroke volume than the main piston. Like the latter,
it is operated by a cam in such manner that it is driven for-
ward at the beginning of the injection process, then remains

stationary during most of the injcetion process and, at the con-

clusion of the injection process, it is returned by a spring to
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ite original position.

Since the curves of the cam can be changed independently
of one another and the total fuel delivery is composed of the
individual action of the pump pistons, there are many possibil-

ties to alter both the ascending and the descending curve of

i
il

the pump pressure diagram and to determine the most favorable
course for both. Hesselman statcs that it is desirable to keep
the fuel pressure small at first, to let it increase gradually
and, at the end, to let it fall rapidly. This is similar to
the fuel-injection process in air-injection Diesel engines,

for which a gradually ascending but rapidly descending cam has
been found to give the best results.

The close conncction betwecn the pump and the injection
mist, however, not be lost sight of. It is therefore advisable
to proceed with caution in generalizing from the above state-
ment of Hesselman.

In the designing of solid-injection engines, some foreigh—
ers have adopted devices which at first seem strange to the
Germen way of thinking. They deserve serious consideration,
howsver, since their success cannot be contested‘and no concluf
sion of their development is yet visible. I am thinking of the

-
[

engines of Frice and Banner. Americans are proud of these.

types, as Englichmen are of the Scott-Still engines. They think,

not entirely without reason, that something original has sprung

into existence on American soil.
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The nature of Price's engine is beést understood by corpar-
ison with ité forerunners, the American hot-bulb engines, es-
pecially with those of the De La Vergne Company with hot bulb
located 15ter§lly’and perpendicularly to the axis of the cylin-
aer, with which Price, from his employment as engineer for this
company, was thoroughly familiar, even with respect to the in-
jegtion nozzle. For lack of time, I cannot here go into the
bistory of the origin of Price's engine, but must confine my-
c£elf to a brief explanation of one engine made by the Price
Engine Company of Philadelphia. (Fig. 33).

Firet cf.all, it is moticeable that a flat, cooled plate,
or "heat shield," is placed between the working cylinder and
the cylinder head in which the inlet and exhaust valves are
situated. 1In its inner frontal surface, engaging in the cylin-
der liner, it has a circular opening whose cross section is
abou’ one-fifth of .the piston area, while on its outer surface
in cuntact with the cylinder head, it has @an oblong opéning,
which is 6omposed of a large central circle and two smaller
lateral circles, whose centers lie in the axes of the inlet
and erhaust valves. Adjacent to the openings in the frontal
surfaces thewa are short cylinder surfaces which, in turn, are
connected wih one another by conical surfaces. In this man-
ter, two orpcsite conical antechdmbers with inclined axes are
formed, which aajoin a diffuser with a circular neck.

The nheat shield, like the cylinder, is provided with chan-
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nols-fhrbugh whigh the cooling water flows close to all the heat
ed surfaccs. Thé ignition of the fuel is therefore far more
dependent on the tempercture of compressed air than on the temp-
grosure of the metal walls.

A spraying nozzle is located in the longitudinal axis of
each one of the two antechambers. The conical jets produced
by them have a medium apex angle, so that the direct wetting
0of the antechanmber walls by the jets is avoided. Inside the
jets the fuel 1s uniformly divided, according to Price, into

a wery fine spray, for the "uniformity of the jet" is, so Price

of the engine. For this purpose, the nozzles have inner spin-
dles provided with spiral grooves and the injection channel
preceding the mouth of the nozzle has a length which is a mul-
tiple of its diameter; the diameter of the nozzle opening be-
ing 0.036" for an engine of 19" cylinder diameter, 24" stroke
and 235 R.P.M. The fuel is injected into both antechambers
with quite & large advance. The real reason for this is prob-
ably o be found in the comparatively low compression of 11 -
12.5 atm. a7 norwal load and in the strong scattering action
of ths nozzies. The injection begins when the engine is over-

loaded, at an angle of 53° before the dead center and ends at

ot

29 after i At normal load, it begins earlier and ends later.
The two sprays encounter each other about in the cylinder

axis and since, on account of the inclination of their axes,
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they possess a small downward velocity component in the cylin-
der axis, they meet the air stream generated by the diffuser
during the compression stroke and mix with it principally in
the marginal region produced by the cylindrical neck. It seems
to be worthy of note that this neck is short and angular and
that the working piston, at the end of the compression stroke
comes very close to the surface of the heat shield, so that
all but a small fraction of the air charge is driven through
the neck and strong eddies are generated in the air stream on
both its inner and outer surfaces.
At the begimning of the combustion, the burning gases

press from both sides toward the cylinder axis and, since they

. suffer many changes in their direction of motion and mean cross
sections, on the way to the working cylinder, thus generate,
between the neighboring stream filements, strong displacements
and eddies, which assist the combustion. The fuel consumption
of 190 g (6.7 oz.) per HPg/hr. (converted to a lower heat value
of 10,000 heat units per kilogram at an engine pcwer of 100 HP.)
seems very favoragble. The combustion takes place, as shown by
the original indicator diagrams, in the form of a simple ex—
plosion. At a compression pressure of 11 atm. the combustion

; pressure was 37 atm. (Fig. 35, right).

This engine also resembles an explosion engine in two other

respects. The air charge introduced during the suction stroke,

which, moreover, helps to expel the cxhaust gases from the com—
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bustion chambers, can be regulated by an air shutter. Then,
however, there is installed in the axis of the cylinder head
an auxiliary spark plug, which is set in operation when the
compression pressure, in starting from the cold condition, is
not sufficient to effect automatic combustion of the fuel nmix-~
ture, and which remains in operation until the engine has be-

come sufficiently heated. This spark-plug is 2 proof that an

explosive mixture is formed by the two spraying nozzles in con-

=)

junction with the diffuser and that the air flow produced by
the neck forces this mixture against the cylinder nead and the
sperk plueg.

As follows from thc original indicator diagrams, spontane-

ous combustion often vegins at a considcerable distance from

tho dead center, which might give rise t0 heavy shocks in the
é 3 &2 > y

driving gear, a digadvantage which also occurs occasionally in
other solid-injecticn Diesel engines, when an explosive drive,

dependent on spontaneous combustion, is produced in too pure

Sa LT EPY

Bannerts cngine, built by the Falk Corporation in Miiwau—
kee (Fig. 24) forms a fine companion piece to Price's engine.
Banner's engine has a mixed indicator diagram, half Otto and
half Diesel, Viewed externally, it is similar to Price's en-
gine, in that it has the same arrangement of the inlet and. ex-

haust valves in the cylinder head, a heat shield, two opposite

coribbustion chambers, two injection nozzles and a diffuser com-
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mon to both combustion chantbers, but the shepes of the comﬁus—
tion charmbers, fuel jets and diffuser neck are logically adapt-
ed to one another. The combustion chambers are shallow with
rectangular cross sections; the fuel jets are flat and far-
shaped; the neck is marrow and rectangular. Not only has more
pains been taken to prevent the fuel from coming in contac
with the walls of the combustion chambers, but the pure explo-
gion drive ig intentionally lefi, £9r the uniform distribution
éf the fuel in the combugtion air, whieh Price thcught desir-
dble, can nc longer bc the question. The flat fuel jects and
thci} enveloping vaporg are, instead, bedded in air on ali
stdes until tho.combustion begins and are fifst disnersed and
mixed with the air as a recult of the combustion and during

their vasscge through the diffuser. This is shown in the mixed

79

form ot. the indicator diagram. For an eagine of 19" cylinder
bbore, 28" stroke and 200 R.P.M., the indicator diagram shows
é recsure of 27 atm. at the end of the compression (Fig. 25).
Thg first partial combustion, during which about 24% of the
beﬁf contained in the total fuel charge is liberated, raises

the pressure to 39 atm. (1.45-fo0ld), which is maintained, dur-

ing & piston stroke of 6%, to the beginning of the expansion,

4 B!

while the remaining 70% of the total heat in the fuel is being
liberated.
In Bammer's engine, the injection begins 8.5° before the

dead center. At this instant the air in the combustion cham-
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bers is moderately agitated and there is no further inflow of
the, combustion air from the working cylinder through the diffu-
gers Tho diffuser; therefore;, has relatively 1little cffect on
the formation of the mixture in its inception during the uﬁQ
ward stroke of the piston (in any event less than in Price's
engine), while it is of decisive- importance, during the down-
ward. stroke of the piston, for the further mixing of the air
with the partially éurning end vartially unburncd fuel charge.
Sincc the diffuscr neck is just as wide as both combustion
chamoers, but is narrow in the direction of the axis of the two

jets, there is (in comparison with the circular cross section

of the diffuser neck in- P

=

ice's engine having the same cross-
sectional area) an increased marginal action whose influence
extends at least as far as the middle of the rectangular cross
section.

Banner's engine is therefore characterized by an excellent
utilization of the air charge and functions without smoking,
with an air excess of 10-20%. It can, therefore, stand much
overloading. Ite mean indicated prescure, undecr normal load,
is 7 atm./cm® (2£.56 1b./sq.in.) and its mean effective pres-
sure is 6.3 atm./cm? (82.6 1v./s0.in.). According to recent
news from America, Banrer has succcedcd in obtaining mean pres-

sures up to 11 atmospheres, a result of especial importance

(@]

for auvtomobile enginss, becavse he 4id not have to make use of

the piston cooling, which was originally provided, and was
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also able tc dispense with scavoﬁging, for which he had like-
wise rode provision in his experimental engine. The heat
shigld, which helps to protect the piston against the high
corbustion temperaturcs, is rightly cntitled to its none.

This latcst important result was obiained by 2 modification of
the combusiion chawbers as shown in Fig. 24, which facilitates
their scavenging and improves the action of the diffuser.

The form and arrangement of the injoction rozzics, which be-
long tc thc type shown in Fig. 9 (Paurt I - Technical Memorandum
Yo. 556), were dlso improved. According to Banner, the shape
of the indicator diagram is ‘closecly related to the short in-
jeation period and the small injection angle, the shupe of the
fuell sprays, combustion chambers and diffuser. We are not in-
formed as to whether Banncr (like Heidelberg and Hawlzes) has
investigated the effect of the injection angle and of the

shape of the cam on the orocess of combustion.

Translation by Dwight M. Miner,
Tational Acdvisory Cormittee
ToApTonaatics..
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