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By Kurt Neumann.

Many investigations have been made of the injection and
combustion processes in air-injection and airless—injection en—
gines. As much cannot be said, however, regarding ignition-
chamber engines. Since this type of engine, on account of 1its
structural advantages, is worthy of attention in these days of
endeavor to develop the high-speed Diesel ﬁehicle engine, it
seemed desirable to make a thorough investigation of the func-
tioﬁing process and injection and combustion characteristics
of ignition-chamber engines.

For these experiments, on account of the-neeessarily accu-
rate measurements, only a stationary engine could be used. The
experiments Wefe therefore‘performed exclusively on an engine
made for the institute by the Kgrting Brothers, of Hannover-
Linden. This single-cylinder, four-stroke-cycle 18 hp engine

has the following characteristics.

*"Untersuchungen an der Dieselmaschine. VII. Die Vorkammermas-
chine." From Dieselmaschinen IV, pp. 75-83, published by the
V.D.I. Publishing Company, Berlin, 1929. Abstract of a report
which was published in full in Forschungsheit No. 309.
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Stroke ' s = 316 mm
Gylinder.diameter a =120 "

Normal revolution speed n = 350 r.p.m.

Cylinder velume Vy = 8.9601, €p = 1.
Compression space Vg = 0.4441, € = 0.0495
Chamber volume V, = 0.13851, €, = 0.0218

The functioning of this engine differs considerably from
that of other ignition-chamber engines. The passage between
the igﬂition chamber and the cylinder has a small diamefer, in
drder to cause a great pressure drop during the compression and
a consequent high velocity of the air flow into the ignition
chamber (V.D.L., Vol. 70 (1936), p. 771, Fig. 13). Shortly be-
fore the dead center, the fuel is injected into the passage in
such é way that it impinges on the highly cooled wall of the
passage and dissipates its kinetic energy. The fuel spray is
furtherAatomized and driven back by the inrushing 2iT into the
ignition chamber, where it ignites and burns in an excess of air.

A high-pressure increase is thus suddenly produced in the
chamber, The flow is reversed and the principal combustion
takes place in the cylinder aided by the energy of the inflow-
ing air and the further injection of fuel.

In the conversion of the chemical energy of the fuel into
heat and useful work, the time available for the starting and

completion of the combustion is of decisive importance., In an
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air—injeétion Diesel engine, the injection air serves as the
“energy carrier and produces adequate atomization and combustion
of the injected fuel.

Since the flow produced by the injection air is, in a cer-
tain scnse, replaced in the experimental engine oy flows which
owe their origin not to externsl agencies but to the interaction
between the cylinder and ignition chamber, I am presenting, be-
fore investigating the normal functioning of the engine under
full load, an analysis of the flow in the cylinder and igni-
tion chawmber, in which the revolution spéed appears as a varia-
ble parameter and the effect of the combustion is temporarily
"eliminated.

The Flow in the Cylinder and Ignition Chamber

The injection energy of the liquid fuel is small in an 1ig-
nition-chamber engine, due toc the relatively low pressure of
the'pump; Hence the flow is here of cspecial importance. Since
the injcction occurs before the dead center of the piston, the
flow.during the compression is considered first.

If Vg, V,, and V, denote respectively.the volumes of the
compression space, ignition chamoer and cylinder (Fig. 1), two

compression ratios, ¢ = Vy ! Vy and =V, Vi must then

€z
be considered in the case of the ignition-chamber engine. Due
to the relatively small cross section f of the connecting

passage, the pressure p, in the cylinder rises more rapidly

during the compression then the pressure p, in the chamber.
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The higher pressure inlthe cvlinder produces a flow in the pass-—
age which is continued in the chamber.. The pressure variations
in the cylinder and chamber depend on the cross section f and
on the piston speed or revolﬁtion speed of the engine. If the
latter is very low, the pressures in the cylinder and chamber
are quickly cqualized, and the final compression pressure corre-
sponds to the compression ratio ¢ = ey + €¢,. At very high rev-
olution speeds (limiting case n = o) the final compression
pressure is determined only by ¢k, since the compressed air
in the cylinder does not:have time to flow into the chamber.

Figure 2 shows the pressure variation during the compres-
sion. The pressure at the beginning of the compression is 1
atm. abs. (absolute atmosphere), the compression taking place
according to the law PV 3% = constant. Three limiting
pressure curves are obtained. If equal pressures p = p  pIre-
vail in the cylinder and chamber, then p" = f(a) yields the
final pressure pp = 38.7 atm. abs. For infinitely quick cou- '
prcssion the cylinder pressure p,' = f{a) and the final pres-
sure p) = 61.5 atm. abs., while the chamber pressure p,' =
1 atm. abs. remains unchanged.

For revolution speeds between n = 0 and n = o corre-

sponding to the actual performances, the cylinder pressure

it

P, f(a) is generally above and the chamber pressure

P, f(a) below the limiting pressure curve p" = f(a), where-

by the difference Ap = p - p is inversely proportional to

2
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the cross section f and directly proportional to the revolution
speéd n. The velocity of the air flow from the cylinder into
the chamber and, consequently, the turbulence in the chamber in-
crease, as the value of Ap increases. he pressure in the
cylinder and chamber is a function of Vj ' Vh, Vy ¢ V,, and
f : n. The criterion for the turbulence of the chamber contents
is E, which depends on the weight and velocity. of the air
flowing into the chambver.

Thus, if the air mass 4 &, flows into the chambef with

the veloclt W, during the crank angle 4 o
) 2 & & ’

mM~—1 .
m P 1
P M - m
- 10 _—
GZ. - I Tlo en -é We Pz d a kg;
in which Plo, T,, refer to the initial condition in the cylin-

der at the beginning of the compression, the coefficient of dis-

charge being M and the veloclity being

B—E > m/s

which is determined from the indicated pressure curves for the
cylinder and the ignition chamber, respectively, p, = fa)
and p, = f(a). The momentary energy of flow is

2
W,
28

4 E, = d G

)

from which follows
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‘ P
EZ_ 10

— J w2 B da mkg

0f special importance during the compression, is the varia-

tion in the energy of flow (turbulence in the chamber), 4k,

da a
mkg per crank-angle degree, since it is desirable for the turbu-
lence to be‘as great as possible during the injection shortly
before the dead center of the piston.

For the determination of u, the connecting passage be-
tween the cylinder and chamber was used as the outlet of a com-
pressed-air tank, through which a measured quantity of air at
a known pressure was allowed to escape into the open air., The
value M = 0.81 was thus obtained. Figures 3-4 shéw, for a
constant revolution speed of n = 311 r.p.m., the quantity of
air @, flowing into the chamber, -the flow velocity w,, the
flow energy E,, and the variations d Gé/da: and d E,/da
plotted against the crank angle a. It is seen that these qQuan-
tities increase rapidly in the second half of the compression
stroke and regch their maximum values 14° before the dead cen-
ter. It is especially worth noting that the turbulence 4z, /da
is vefy great at this instant, but diminishes rapidlyvas the
piston;approaéhes the dead center.

Other conditions remaining the same, the flow characteris-
tics and consequently the conditions for the ignition and pre-

combustion vary as the revolution speed of the engine. The in-

vestigation of the engine at three different revolution speeds



N.A.C.A., Technical Memorandum ¥o. 589 ' 7

gave the results represented in Figure 5. The maximum value of
80

the air quantity. Z d G, forced over during the compression
was already exceedéd.at the normal T.p.m. of 350, while the tur-
bulence (dE,/da)pyax in the chamber during the injection was
the greatest at this T.peoi G. increases moderately with in-—
creasing T.p.m., wWhile the turbulence diminishes rapidly.

The pressure difference Ap = f(a) and the velocity of
flow w, = f(a) Ybetween the cylinder and chamber increase with
increasing engine speed. The flow energy E, produéed during
the entire compression stroke reaches the same magnitude as in
air-injection engines with highly compressed air. The turbu-
lence in the ignition chamber, due to its smaller capacity, is
greater than in the combustion space of an air-injection engine.
Since there is sufficient fresh air in the chamber and the tem-
perature is high enough, as will be shown later, all the condi-
tions are fulfilled, with the proper injection of the fuel,
for producing a quick and sure ignition and for starting the
combustion in the chamber in such mannef as to cause a high flow

velocity from the chamber and thereby an efficient combustion

in the cylinder for every compression stroke.
Investigation of the Fundtioning at Full Load

The engine was tested at nearly full load. The brake horse-
power was absorbed by an electric eddy-current brake and the air

used by the engine was. measured by an air meter. The cooling
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weter was measured separately for the qYlinder and ignition cham-
ber, The wall temperatures of the ignition chamber and 6f the
connecting passage were determined by thermocouples. Horeover,
the mean temperature of the.gas in the chamber was measured by

a platinum-rhodium thermocouple. The pressure changesiin the
cylinder and chamber were shown by ordinary and ofiset indica-
tor dioagrams. A third indicator described the needle-1ift dia-
gram. Gos samples could be taken from the chamber and cylinder
by means of electrically controlled valves at any désired crank

angle., The tests gave the following values:

Brake horsepower Ne = 17.8-b.hp
Mean indicated piston pressure p; += 7.15 atm.
p; - = 0.02 "
Engine speed n = 346 T.p.Me
Fuel consumption B =  4.32 kg/hn
Air consumption (15°C, 1 atm.) Ly = 75.53 m®/h
Cooling water: .
Cylinder Ky = 2385 kg/h
Chamber K, = 237 "
Inlet temperature te = 8.23%
Outlet temperatures: o
Cylinder tagx = 67.3°C
Chamber tay, = 67.0°C
Exhaust temperature ° t, = 436°C
Mean chamber temperature tay, = 872°C
Wall temperatures: o
Ignition chamber S = 950C
. ‘B‘g = 86 C
Connecting passage ' SJ‘ = 12880
Iz = 101°C



- Fuel, gas oil:
Lower heating value
Theoretical air quantity
(15°c, 1 atm.)

Gas components:
Exhaust gases (at room tewmp. )

Chamber and combustion gases in
cylinder according to crank
angle o . See Figures 9 and 10

Test results:
Indicated power
Mechanical efficiency
Epecific fuel consumption

Specific air consumption
(15°C, 1 atm.)

Mean effective piston pressure

Air-excess coefficient

Thermal efficiency

Volumetric efficiency

o
c
0

Lmin

0,
0z

m &
'_J- -
o ton

Mti
Nte

LON

>
wotonnn

1

1

3

1

0070 kcal/kg
2.29 m /kg

0.106
0.065

4,6 hp
0.724
0.176 kg/hpi/h
0.243 kg/hpe/n

7,48 m3 /kg
5.17 atm.
1.423

04357

0.259

0.812

Heat balance in fractions of the heat supplied

Useful work Qe = 11350 kcal/h, dg = Oe259}q1_0.358
Frictional work Qp = 4310 " Qp = 0.099f°
Heat in cooling water:
Cylinder Qkk = 16860 " dxk = 0.388}q1~0’434
Chamber Qkz = 1590 " Ay = 0.038f *
Heat in exhaust gases Q, = 10700 " qz = 0.246
Remaginder - Qr = -1310 " Qr = -0.0238
Heat supplied Bhy = 43500 kecal/h  Iq = 1000

Figure 6 shows the wall-temperature curves for the passage

and ignition chamber. Heat transmitted to the cooling water in
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fractions of the total amount:

Chamber Q' = 1594 kcal/h, dghamber = 0.60
Passage Q" = 1080 ", Qppssage = 0.40
Q- = 38654 kcal/h, 2q = 1.00

The cooling water test for the chamber alone gave Qkz =

1590 kcal/h in close agreement with the above.
Processes in the Cylinder and Ignition Chamber

Calculation methods.- The cylinder and ignition chamber

work together and are considerably affected by the form and work-
ing cycle. of the eﬁgine. The temperéture curve in the chamber
t, = f(a) can be determined from the measured mean gas tempeTra-
ture in the ignition chamber 1t = 672°C and from the indica-
tor pressure diagram of the chamber p, = f(a). This is

T, m-1
T, = "B p m Oabsg,

m-1 2
m
m
/

(e,
Figure 7 shows the pressure and temperature curves for the cham-
ber.

The combustion in the chamber is determined by the composi-
tion of the charge at the instant of ignition. The injection
proccss and the course of the combustion in the cylinder are
necessarily affected by the pressure increase in the chambeT re-

sulting from the combustion. - At the beginning of the compres-

sion, the chamber centains the qQuantity of air
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v
Gy = P20 Yz _ 0.091 g.
20 R T

The quantity of air forced into the chamber, up to the crank
angle o, is determined by Gy, = f(a), whereby the tempera—

ture in the cylinder at the beginning of the compression is

o = (Lt 5+ ¢5) B,
Tri Ty 24.4 X 30 0 Vg

= 366° abs.

or t,, = 93°:

Thie turbulence in the chamber varies during.the compression
stroke. The periodic variation d4E,/doe is a function of the
crank angle o . Hence the weight of the air ngo + G, in
the chamber is fixed for every crank angle «. Since the in-
stant of the ignition can be deduced from the offset indicator
diagram of the chamber pressures p, (It is 4.5° vefore the

piston dead center), the amount of the air in the chamber dur-

ing the ignition is also determined. For Gle = 1l.74 g 1it 1is

Gy + G, = 1.83 g.

20
The fuel present in the chamber at the same instant depends
on the law of injection. The injection time zg corresponds
to the crank angle ag ~ 0g. The fuel injected from oy to any

desired angle a is then

MYy a

B:'F—I{—i W‘Ddakg,

£

ey
A

Hence the injection velocity, derived from the pressure differ-
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ence detween the pump and the cylinder, is

2 g 1l0* A p /s

Wp = ,Yb

and the discharge coefficient p, derived from the quarntity of

fuel injected for each cycle, is

61 Byopa
b= -
ffo_/' W"bd.cL
O,

T:e mean injection velocity is 158 m/s and the correspond-
ing discharge coefficient is M = 0.64. If the amount of in-
jected fuel By 1is calculated for different injection angles

Q- Qo it is found that the former increascs directly as the

a’
latter. Hence, up to the beginning of the ignition in the chan~
ber (4.5° before the dead center), B, = 0.086 g of fuel is in-
jected. The mixture in the chamber is therefore characterized
by the excess-alr coefficient

Ly

—_— = 1.46.
Bz Lmin

A=

The combustion in the chamber accordingly occurs with con-
siderable air excess. From the beginning of the injection to
the instant of ignition, N decreases from A_;30 =% to
A_a 50 = 1446 (Fig. 8).

The presence of much excess oxygen in the chamber is also

known from the analysis of the gas .samples taken through the
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cbntrolled valvé; In these samples, no evidénce of inoompletely
burned hydrogen and carbon monoxide was found. The course of

" the combustion in the ignition chamber can be followed by taking
samples af different crank angles. This shoWs, in agreement
with the indicator diagram, thét the pressure increase in the
chamber cccurs only once during each cyclé. The combustion is
indeed completed, but does not reach its maximum value, which
would correspond to the maximum CO, content of the charge.
Carbon is liberated during the combustion.

Since the flow between the cylinder and chamber is reversed
at the instant of ignition; due to the pressure risé in the
chamber, there is no further transfer of air from the cylinder
to the chamber. At this moment therefore the combustion of a
definitely known quantity of fuel and air takes place in fhé
chamber. |

The prdblem is now to determine the Telation between the
course of combustion in the chamber and measured quantities of
. C0, and O, and the known air content L, = 0,00154 m® (15°,

1 atm:) of the chamber.

Let it be assumed that x kg of gas oil is completely
burned at the crank angle Q, wherebj, from the 1 kg carbon con-
tent, the portion ¢ is separated in the form of soot; and that
the portion ,B of the combustion gases flows from the chamoer to
the cylinder. The weight of the burned gas oil is then

o< ALz 0.31 - CO, - 0,
T 24.4mn1-0C0, -0,




N.A.C.4. Technical Memorandum Kg. 589 14

and the portion
' 3h . Cco
CP = 1 hand 0079 N - 2 .
' C 0.281 - CG, - O,

The weight of the separated carbon is
C = 0.866 ¢ x kg

_From Figure 9 it is evident that the combustion in the cham-
ber is completed in the time 2Zy = 0.0457 s. .During this time
the quantity of fuel Byoi,; - B, = 0.33 g further entering
through the nozzle, together with the separated carbon, is atom-
ized by the flow into the cylinder and there consumed.

Since the fuel jet has only a small kinetic energy in the
ignition-chamber engine, this energy must be increased by the
vlast from the chamber, so that the main combustion in the cyl-
inder will be quick and complete. The kinetic energy of the
d Gy"kg of the combustion gases, flowing from the chamber into
the cylinder at the velocity of w, m/s, is

d_E" = asc ] ng
1 8 g

If p,, as before, denotes the pressure in the cylinder at the

time =z or at the crank angle a, p, and T, the pressure and

temperature in the chamber, then the kinetic energy of the blast

from the chamber is
e

E' = i f Py w,° aa.
3 g6 nR %z m—1
m
T (E_l_\
7
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for the crank angle o - a,. If it is desired to take into
consideration the injected quantity of gas 0il Bgotal - Bz .in
addition to the gas weight G,", +the energy of the chambér is

increased only by the slight amount

1=

B - B, QO w2
total 0 4
b = g S ch =-d.0 mkg

(6]

The main combustion causes a‘pressure increase in the cyl-
inder, which affects the pressure A p = R - B between the
ohambe: and the cylinder, since it reduces Lp and consequently,
w,, and increaées the duration of the blast from-the chamber.

The time interval in which the complete combustion of the

Zar>
chamber contents takes place, happens'to coincide exactly with
the blowing-off time of the chamber; since Ap = 0 at about 90°
behind the crank dead centsr. |

The composition of the water-containing combustion gases
blowing out of the ignition chamber is changed by the progress-
ive combustion in the chamber. At the crank angle o, let a,
represent the carbon-dioxide content, a, the water vapor, aa'
the oxygen, and a, the nitrogen. The quantities a,, a,, a,,
and a, are known, since the quantity of gas oil burned x = {
(a) has already Dbeen determined for the chamber.

The progress of the main combustion in the cylinder can now

be described. When the piston is at the extreme dead center

(a0 = OO), q@ kg of air is enclosed in the cylinder, in which
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the slight combustion residues can be regarded as part of the
air. Up to the crank angle a,° (ignition point) Gez kg of
alr has been expelled from the cylinder into the chamber.

Since the direction of flow is reversed at the angle a,° G,"

kg of gas flows from the chamber into the cylinder between. the
angles a,° and o®. Simultaneously, By kg of fuel is injected.
into the cylinder and Cy kg of unburned carbon is introducéd

(o 0

from the chamber. At the crank angle o the cylinder charge

is therefore

- 0 i
Gy = Gyp = Gpp + G," + Bq + Cg kg

o

When we consider that the ignition-chamber gases consist of

C0., H,0, Op, and N,, corresponding to a, + a, + az + a, = 1,

that the portion x of the fuelA B injected into the cylinder

and the carbon C are burned in the cylinder; we finally arrive

at the formula

04331(G, -G, )+a,G," 0.769(G,, ~G, )+a,G," a,¢. " O
[ g+ gy 2—— 100,~(—" +T;>(1‘C02)
X= - -

BO;
T§(c + 3 h C0,)

in which CO, represents the carbon-dioxide content of the gas
sample taken from the cylinder at the crank angle a with the.
ald of the controlled valve. The quantity of fuel actually .

burned in the cylinder at the crank angle o is then
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B = x By kg

The mixture of the fuel charge By and the carbon Cy with the
air present in the cylinder vefore its coﬁbustion is denofed by
the excess-alr coefficient, Which'decreases with the progress of
the fuel injection from the value MA_ o =«  down to the lialt-
ing value Agzy;0 at the end of the injection. Of the fuel quan-
tity Bigtgy = 0-.416 g injected during each working cycle, the
portion -BZ % 0.086g is burned in the chamber and the remainder
Btotal - By = 0.33 g 1is burned in the cylinder. In Figure 10
the quantities involved inr the main combustion in the cylinder
are plotted against the crank angle a.

The course of the main combustion in the cylinder is‘thus
fixed in all its details. The quaﬁtitative determinations ex-
plain the ignition-chamber processes in detail., The investiga-
tions show the fundemental influences exerted by the flow phe-
nomena in the cylinder and ignition chamber on the functioning
of the engine.

The Experimental Results and Their Significance for

the Ignition—Chamber Process

An essential characteristic of the working process of the
engine is that the fuel injected during each cycle is divided by
the ignition in the chambér into two distinct parts. The first
part B, = 0.086 g 1is burned in the chamber with a considerable

excess of air (46%) and causes a single preliminary explosion,
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which effects the atomization of the second fuel portion
Btotal — By = 0,33 g in the cylinder. The atomization of the
first fuel portion is effected by the action of the high air
velocity in the connecting passage in its back flow into the
chamber, The high chamber temperature‘and the exceptionally
strong turbulence in the chamber greatly assist the incipient
combustion,

The danger of carbonizing the chamber and nozzle, which is
feared by all constructors, is effectively met by the presence
of a large excess of air in the chamber. Since the very swift
air flow simultaneously produces a very fine atomization of the
fuel in the chamber, all the essentials (large area of the in-
jected fuel, high temperature and high partial pressure‘of the
oxygen in the chamber) are present for producing rapid oxidation
of the fuel with rgpid disintegration of the oxygen compounds
formed and for promoting the ignition.

The immediate'ignition of the fuel as it leaves the nozzle
is prevented by fhe shortness of the distance from the nozzle
to the mouth of the passage due to the flat shape of the chamber
and by the fact that the fuel is injected into the passage as a
solid jet. The short time aﬁd small surface prevent the igni-
tion and any change in the fuel jet during the passage of the
'fuel through the chamber., Since, in the experimental angine,
the distance is 11 mm and the jet velocity is 158 m/s, the jet

traverses the chamber in 7 x 10”° s, a period about 100 times
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as small as required for the ignition of atomized fuel.

Another characteristic of this engine is the thorough water-
codling of the ignition chamber and connecting passage. The
' temperature measurements (Fig. 6) show that the inner-wall tem—
peratures are low and that they nowhere exceed the usual wall
temperatures of the water-cooled walls of ordinary internal com-
bustion engines. The ignition is not affected by the wall tem-
peratures eifher in the ignition chamber or in the passage.

The calorimetrically determined heat loss of the chamber
and passage and the temperature measurements enable us to calcu- |
late the mean coefficient of heat transmission from the gaseé
to the walls. For the ignition chamber this is o4 = 183
kX cal/m® h °C. The mean coefficient of heat transmission for
the chamber according to Nusselt's formula (Forschungsheft No.

364) is 720 o
Xy = 2 = 181 k cal/m? h °C

This value agrees remarkably well with the measured value. The
heat lost by radiation assumes some importance only at the maxi-
mum temperature, when it amounts to ag = 44 k cal/m® h °C. The
mean coefficient of heat transmission by radiation is ag =
9 k cal/m® h °C, so that the heat lost by the ignition chamber
through radiation is only 5% of the total heat loss.

The effect of the heat loss from the cooling of the ignition

chamber is generally much overestimated. It follows from the
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heat balance that only 3.68% of the heat content of the fuel is
lost by the cooling of the ignition chamber, while 38.8% is ab-
stracted from the cylinder by the cooling water. Here again it
has been found that the immediate heat loss through the walls
plays only a subordinate role, as long as the energy conversion
proceeds very rapidly.

The novelty is that the combustion in the ignition chamber
takes place with an excess of air. During the introduction of
the fuel B, = 0.086 g up to the time of the ignition in the
chamber, the coefficient of air excess décreases from A = o
to A = 1.46., The removal of the combustion products from the
chamber is facilitated by the flow, Moreover, the exhaust and
suction strokes of the engine piston exert a suction force on
the chamber gases, the weight of which remaining in the chamber
‘is small, due to the high temperature. The result of these cir-
cumstances is that the charging of the chanber with fresh air
during every working cycle proéeeds smoothly and produces the
same mixture ratio of fuel and air and consequent uniform aux-
iliary explosions.

Naturally the combustion in the chamber requires a certain
amount of time, if it is to be complete. This period, however,
does not exceed the time which would otherwise be required under
like conditions. As already mentioned, the time required for the
complete combustion of the chamber contents was.found to be

ZV = 0,045 second.
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Notwithstanding the established complete combustion in the
chamber (no CO and H, being discovérable in the chamber gases),
the CO, content remained below its maximum value. This can
only signify that the time was insufficient for the complete
combustion of all the carbon compounds in the chemically'non—
homogeneous gas oil. As shoWﬁ by all the observations of the
combustion phenomena, the combustion is never complete with the
ignition and first pressure rise. The carbon compounds, with
their . slower oxidation, require .a longer time to absorb the heaf
needed to cause their disintegration and'for the succeeding con-
version into CO, and H,0, thus resulting in an after-combus-
tion. In the calculation this condition was satisfied by the
assumption, on the basis of observations, that the combustion
takes place with the separation of carbon. This circumstance
is not necessarily unfavorable for the progress of the combus~—
tion, since glowing particles of carbon are excellent catalyzers
and consequently cazrry the combustion very effectively from the
ignition chamber into the cylinderf

With the same injeotioﬁ period, it is possible, by means
of the preinjection angle, to regulate the amount of fuel de-
sired for the chamber and thereby the mixture ratio of the fuel
and air, as also the explosion in the chamber, and consequently
the expulsive force. There always remains, however, an €XCess
of air, which is important for the ignition and combustion in

the chamber.
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While, in other ignition-chamber processes, the first por-
tion of the fuel charge is burned with a considerable lack of
air and consequently with incomplete pressﬁre rise in the igni-
tion chamber and the endeavor is made to heat strongly, in the‘
absence of oxygen, the main portion of the»charge just before
its injection into the ignition chamber, thus splitting up the
fuel molecules, if possible, the first portion of the fuel
charge here comes immediately in contact with excess oxygen in
a state of maximum turbulence. Thus the preliminary explosion
in the chamber can be fully controlled. The utilization of the
high velocity of the air flow in the chamber for atomizing the
injected fuel makes it possible, moreover, to work with a lower
pump pressure, éince the disintegration of the jet is not caused
by high pump pressure, as in ordinary airless-injection engines,
but by turbulence. |

Even the expelled ignition-chamber gases still contains a
large quantity of free oxygen, which immediately goes to aid
the main combustion in the cylinder. Ponsequently, the latter
combustion takes less time (Fig. 10).

The fact that the ignition conditions in the chamber are
extremely favorable for the chosen working cycle, explains why
- the engine, without structural changes, can quickly and surely
burn cven heavy oils having a high ignition point.

The kinetic energy of the air jet entering the chamber

serves as a criterion for the strength of the turbulence. For



N.A.C.A. Technical Memorandum No. 589 23

the compression stroke this erergy is 8.3 mkg or 0.46 mkg/hp.
For comparison, the values are quoted which I previouély re?ort—
ed (V.D.I., 19233, p. 755) in connection with the turbulence
produced by the injection air of a 50 hp engine, where the ki-
netic ené:gy was found to be 0.3 mkg/hp. It is evident that the
turbulence is 50% greater in the airless-injection engine under
consideration. Based on the total amount of fuel injected, the
effect of the air jet on the atomization seems to be more favor-
able for the ignition-chamber engine under consideration. The
turbulence in the ignition chamber and the expulsive power of
the chamber together produce a kinetic energy of 14.3 mkg. The
injected fuel weighs 0.418 x 1072 kg. Hence E = 34,300 mkg
for 1 kg of fuel, while only 8970 mkg/kg is available for the
air-injection engine.

Since, in both cases, the fuel particles during the atomi-
zation are preferably brought into contact with pure air, it is
obvious thaf the fuel in the ignition-chamber engine, up to the
beginning éf the combustion, is not more poorly prepared in any
case than in the air-injection eﬁgine. The ignition should be
even betfer in ‘the ignition-chamber engine on acoount'of the
elimination of the cooling effect of the injection air.

The fact that the relative.velocities of the fuel and air
in the investigated ignition-chamber engine are not smaller
than in thé original Diesel engine favors the good atomization

of the fuel, It is essential, however, for the fuel to be in-
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jected into the chamber at the exact instant that dE/da reaches
its maximum value.

The course of the main oombustion in the engine and hence
the real working process depend essentially on the blow-off
energy oif the chamber, calculated from the moment of the igni-
tion up to the pressure equalization between the chamber and
cylinder. This energy is

a

EY = K f.___. _& '___.__._Pl e d a mkg
2 g6 nR 9%z m-1

b

Py

m
T2

At constant r.p.m. the chamber pressure P, is a function
of the air excess with which the portion of the injected fuel
introduced into the ignition chamber burns. The smaller this
portion is, just so much smaller the heat content of the chamber
charge and the chamber pressure p, are. ‘Then, however, the
portion of the fuel left for the cylinder and the cylinder pres-
sure p, produoed by the combustion are greater. This reduces,
however, the exhaust velocit& LA of the burned gases, since
the latter depends chiefly on the pressure difference B -P-

In order to obtain the maximum blow-off energy of the cham-
ber, the injection ratioé (i.é., the division, for each working
cycle, of all the injected fuel Bigtgy into the chamber portion
B, and the cylinder portion Bggtgy — By kg) are so chosen that

P, in compagrison with R , and consequently w, are as great
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as possible. There is then the further advantage of a short
blow-off time whereby the main fuel charge 1s injected into the
cylinder near or slightly after the dead center, which promotes
quick combustion at the beginning of the expansion stroke. A
low chamber temperature T, increases the weight of the escap-
ing chamber gases and consequently the energy of the chamber,
but militdtes, on the other hand, against the certainty of igni-
tion in the chamber,

The energy of the escaping ignition-chamber gases varies
greatly, It is evident that d £ E'/d a has a decidedly maxi-
mum value near the dead center at the instant the fuel is in-
jected into the oyl%ﬁder. The mean value of the flow energy is
here greatly.exceeded, with a corresponding increase in the tur-
bulence which greatly promotes the main combustion in the cylin-
der. As in the ignition chamber, also here in the cylinder the
fuel injection coincides in time with the maximum turbulence,
which may explain the good combustion properties of this engine.

The succession of the combustion phases can be easily de-
termined for the ignition chamber. Since the beginning of the
fuel delivery by the pump is at 170, the beginning of the in-
jection at 13°, and the ignition at 5° before the dead center
and the ﬁaximum pressure in the chamber occurs at 5° after the
dead center, the injection lag is 1.92 x 107> s and the igni-
tion lag is 3.84 X 10~% s, corresponding to z = Aa/6n.  The

main combustion in the chamber is completed in 4.8 x 1073 s.
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That the ignition lag of about 1/350 s is rather large, de-
spite the high temperature and zreat gas denéity in the chamber,
is due to the fact that the fuel injected into the connecting
passage, must fifst be driven back into the chamber before it
finds the conditions for ignition. This requires, hbwever, a
crank angle of 8° or a time interval of 3.84 x 107° s.

No cetails can be given regarding the main combustion in
the cylinder. It is certain, however, that the preparation of
the fuel, up to the oombustion; is not accomplished during its
passage through the ignition chamber and the oonneéting passage,
sinc¢e both the distance and the time are much too small. The
lagging of the combustion behind the injection clearly shéws
that the vaporigzation of the originally liquid fuel occurs in
the cylinder. (Compare the x By curve with the By curve in
Figure 10.)

The course of the main combustion in the cylinder of an
ignition-chamber engine does not differ much from that in an
air-injection engine, as I have previously established (Forsch-
ungsheft No. 345, Fig. 14).. The combustion velocity EB%;J%&! g/s
can be calculated from the curve of the combustion in thg cylin-
~der by differentiation. From the beginning of the injgction
into the cylinder, the combustion velocity tends to approach
vefy rapidly a maximum which evidently coincides with the in-
stant of best atomization (maximum surface area of the fuel

cloud) and maximum temperature. Then the injection turbulence
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d Z E'/d o in the chamber and consequently the atomization de-
creases rapidly. Moreover, due fo tﬁe output of the engine, the
temperature of the eylinder contents drops, whereby the combus-
tion velocity decreases, the injection sometimes ending at a
crank angle of 31° and the easily oxidizable gas-o0il components
burning up very rapidly.

All these phenomena demonstrate .that the fuel designed for
the cylinder (Bgycle - Bp) obtains the heat required for its
preliminary.conversion'up to the combustion neither in the cham-
ber nor in the passage bqt onl& in the cjlinder.

The heat absorbed by the cooling water is greater in igni-
tion-chamber engines of small power than in ordinary airless-
injection engines of the same size. This, however, involves no
detriment to the economical efficiency Mt,, since the heat
lost in the exhaust diminishes with increasing heat absorption
by the cooling water. For the investigated engine, the ratio of
the heat absorbed by the cooling wgter to that carried away by
the exhaust was qy/q, = 1.73 (See "Heat Balance"). The igni-
tion chamber participates in the cooling loss only in a subordi-
nate degree. The cooling loss of the chamber is 8.6%, of the
connecting passage 5.7%, while the Temaining 85.7% belongs to
the cylinder. It can be easily demonstrated that, during a four-
stroke cycle, the heat is largely absorbed by the cylinder wall
. during the combustion, in which, as shown above,-the turbulence

developed in the cylinder by the.ignition-chamber combustion
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attains its meximum strength (d £ E"/d a)méx-

For a smaller combustion space, however, as in g low-
powered engine, the effect of the turbulence velocity of the
burning charge on the heat transmission to the corresponding
wall areas of the combustion space is more noticeable than in
large engines. This was demonstrated by experiments in 1925
with a 300 hp horizontal two-cylinder KBrting engine. This en-
gine had a stroke s of 850 mm, a cylinder diameter d of |
495 mm, a cylinder volume Vy of 163.7 liters, and a nominal
speed n of 160 r.p.ms The tests at full load gave the folloW—
ing heat bvalance.

Cylinder I Cylinder II

Useful work g, ,  0.356 0.359
Frictional work gqp 0.051 0.052
Cooling water q 0.286 0.280
Exhaust gases 'q, 0.268 0.301
Remainder qQp 0,039 0.008

Zq 1.000 1.000

Oﬁ the average thérefore, the heat absorbed by the cooling
water equals that carried off by the exhaust gases, somewhat as
in solid-injection engines of the same power. With an economical
efficiency of Mte = 36%, this engine shows that the ignition-
chamber process, even for large cylinder outputs, is equivalent
to pressure injection.

While the cooling loss for the 18 hp one-cylinder laborato-
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ry engine was 423.4%, it dropped to 28.3% (only about 2/3 as much)
for the 150 hp engine. For these engines the ratio of the sur-
face area of the combustion space is 0 : V = 150 and 44.8, re-
spectively. Iflwe put, as a first approximation, the cooling
losses directly proportional to this ratio and to the time, i.e.,

inversely proportional to the r.p.m., we get

that is, the same value as computed from.the measured cooling

losses

% 1emp

= 1.50-
Ak

150 hp

The greater heat consumption per horseﬁower of the laboratory
engine is due, therefore, not to greater cooling losses, but to
the relatively iong inj@ction time. On using another fuel-pump
cam, the fuel consumption returns to a value approaching that
for ignition-~chamber engines of this size.

In my presentation of the subject, I have referred to only
a few points, the elucidation of which seems to be the most im-
portant at the present time and for which the experiments afford
sufficiently reliable data. The high-speed development, which
now dominates engine construction, forces the dynamics of the

combustion process into the foreground of consideration, for the

shorter the available combustion time is (In high-speed engines
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it is only a few thousandths of a second), the quicker must be -
the chemical reaction in order to attain high fuel efficiency.

The ignition-chamber process must be advantageous for high-
speed Diesel engines, because quick heat transmission to the in-
jected fuel can be effected by simple means with good -atomiza~
tion through high temperatures and great turbulence. The more
quickly the beginning of the ignition is followed by- the forma-
tion of gas from the disintegration.of the molecules, just so.
much quicker the combustion will end and just so much less it
will be affected by outward heat losses.

The development of the ignition-chamber engine to its pres-
ent form has covered a'long period of time. In its beginnings
fhis development goes back to the work of Dr. Rudolf Diesel.

I believe the top of this ascending curve has not yet been
reached. As so often happens in technical matters, practical
construction has gone ahead of_scientifio information., It is
to be hoped, however, that the increasing insight into the na-
ture of the working process of this engine will help, in the
future, to increase the fuel efficiency even for this t?pe of
engine,

In the use of heavy oils with high ignition points and
large carbon content, the ignition-chamber engine is superior to
the airless—injectiom engine. 1Its reliability is beyond question
even under difficult conditions.

Translation by Dwight M. Miﬁer,

National Advisory Committee
for Aeronautics.
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