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AERONAUTIC SYMBOLS
1. FUNDAMENTAL AND DERIVED UNITS

»

’ Metrie English
Srbl Abbrevi Abbrevia.
$ revia- : revia-
Unit tion Unit tion
Length. <. __ l meter. sEs i g el m foot (or mile) . . - _.___ ft. (or mi.)
Timec Calos t secondi st sl e s 8 second (or hour)____.___ sec. (or hr.)
Horcal L5t F weight of 1 kilogram_____ kg weight of 1 pound._.___ 1b.
Power v (a0 : Te? horsepower (metrie) . ___|-.______-._ horsepower___________ hp.
Stead v kilometers per hour______ k.p.h miles per hour________ m.p.h.
e ek iy meters per second._______ m.p.s feet. per'second”x == _.. f.p.s.
2. GENERAL SYMBOLS
Weight =mg v, Kinematic viscosity
Standard acceleration of gravity=9.80665 p, Density (mass per um.t volume)
m/s? or 32.1740 ft./sec.? Standard density of dry air, 0.12497 kg-m—%=s? at
M w 15° C. and 760 mm; or 0.002378 Ib.-ft.~* sec.?
L g Specific weight of “standard” air, 1.2255 kg/m® or

Moment of inertia=mk? (Indicate axis of
radius of gyration k by proper subseript.)
Coeflicient of viscosity

0.07651 Ib./cu.ft.

3. AERODYNAMIC SYMBOLS

Area

Area of wing
Gap

Span

Chord

Aspect ratio
True air speed

Dynamic pressure = %sz

Lift, absolute coefficient Oy, = &

qS
Drag, absolute coefficient (), = Q%
Profile drag, absolute coefficient C,,,=]q%§’,
Induced drag, absolute coefficient O, =%
Parasite drag, absolute coefficient (', = i%"

Cross-wind force, absolute coefficient () S

gS

Resultant force

Uiy

Angle of setting of wings (relative to thrust
line)

Angle of stabilizer setting (relative to thrust
line)

Resultant moment

Resultant angular velocity

Reynolds Number, where [ is a linear dimension
(e.g., for a model airfoil 3 in. chord, 100
m.p.h. normal pressure at 15° C., the cor-
responding number is 234,000; or for a model
of 10 em chord, 40 m.p.s. the corresponding
number is 274,000)

Center-of-pressure coeflicient (ratio of distance
of c.p. from leading edge to chord length)

Angle of attack

Angle of downwash

Angle of attack, infinite aspect ratio

Angle of attack, induced

Angle of attack, absolute (measured from zero-
lift position)

Flight-path angle
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THE QUIESCENT-CHAMBER TYPE

By H. H.

SUMMARY

The performance of a single-cylinder /-stroke-cycle
compression-ignition engine having a vertical disk form
of combustion chamber without air flow has been deter-
mined. The number, size, and direction of the orifices
of the fuel-~injection nozzles wused were independently
varied. A table and graphs are presented showing the
performance of the engine with different nozzles; results
of tests at different compression ratios, boost pressures,
and coolant temperatures are also included.

The best unboosted performance was obtained at a
compression ratio of 15.3 at an engine speed of 1,500
revolutions per minute, using water as a coolant. The
inerease in indicated mean effective pressure with boost
pressure was proportional to the increase in weight of
inducted air for equal air-fuel ratios and comparable
maximum cylinder pressures.  The engine operation was
smoother with boosting.

The engine power and fuel economy obtained with a
G-orifice nozzle was equal to or better than that obtwined
with nozzles having any other form, number, or combina-
tion of orifices. The optimum value for the number,
direction, or size of the orifices is not sharply defined.
Results indicate that impingement of the fuel spray on
the piston and chamber walls, although it may be detri-
mental to efficient combustion, may aid distribution and
consequently increase the power output. Although the
results do mot afford a rational basis for nozzle design
that can be reduced to an analytical or empirical formula,
they do show that engine performance can be improved
by careful design of the injection nozzle.

The large percentage of the total fuel in the relatively
solid spray core injected from round-hole orifices and the
short time available preclude the probability of obtaining
a homogeneous mixture of the fuel and air in a quiescent
combustion chamber wusing a multiple-orifice mnozzle.
The resultant inferior performance compared with that
obtained from the same combustion chamber with forced
air flow, despite the easy starting, easy scawvenging, low
mechanical losses, and freedom from knock, renders the
quiescent-chamber engine wnattractive for aircraft-engine

use.

COMPRESSION-IGNITION ENGINE

Fosrer

INTRODUCTION

In the course of the general investigation of the
possibilities and limitations of the compression-igni-
tion engine for aireraft use, the N. A. C. A. has been
investigating the performance of a single-cylinder
4-stroke-cycle test engine with a vertical disk-shaped
combustion chamber. This combustion chamber has
been designated “quiescent’ because there is evidence
that any air movement that may occur in the chamber
has no marked effect on the distribution of the fuel
(reference 1). In order to obtain as nearly a homo-
geneous mixture of the fuel and air as possible, it is
therefore necessary to meter and distribute the fuel
to the air in the combustion chamber by means of the
injection system.

Determination of the optimum distribution of the
fuel to the air in this combustion chamber was under-
taken in two ways. The first was the commonly used
method of conducting a series of engine-performance
tests and systematically varying the number, size, and
direction of the orifices until the test results indicated
an optimum value in any series of changes. The
second method consisted in mathematically propor-
tioning the area of each orifice to the volume of air
into which the spray from this orifice would be injected.
As a matter of convenience and in order to have a basis
of comparison, results from the first method were used
as a starting point for the second. Some of the results
of nozzle investigations, started in 1927 and continued
into 1933, have been published as technical notes (refer-
ences 2 and 3). The purpose of this report is to sum-
marize the nozzle investigations and to present further
results obtained at different compression ratios, boost
pressures, and coolant temperatures. All the data
presented were obtained at the N. A. C. A. engine-
research laboratories at Langley Field, Va.

APPARATUS AND METHODS

The test unit used in this work is shown in figure 1.
The engine has a 5-inch bore and a 7-inch stroke and is
connected to an electric dynamometer. Necessary

1




2 REPORT
auxiliaries and apparatus for obtaining the performance
data are shown grouped about the engine. Parts of
the engine are, as far as practicable, the same as those
of the N. A. C. A. universal test engine (reference 4),
the main exception being the cylinder head, which has
a vertical disk-shaped combustion chamber between
the heads of horizontally opposed intake and exhaust
valves, as shown in figure 2. Changes in compression
ratio were obtained by varying the length of the
removable throat-orifice ring between the combustion
chamber and the cylinder while keeping the mechani-

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

period was 27 crank degrees; and a high rate, in which
the injection period was 20 crank degrees at an engine
speed of 1,500 r. p. m. for full-load fuel quantity. The
pump was driven from the crankshaft through a re-
duction gear in which there was an adjustment for
changing the angular relation between the crankshaft
and the pump cam. A spring-loaded automatic injec-
tion valve, set to open at 3,000 pounds per square inch,
was installed in the top hole of the combustion chamber.
The valve and pump were connected by a steel tube
36 inches long and of one-eighth inch inside diameter.
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FIGURE 1.—Test engine and auxiliary equipment.

cal clearance between the piston crown and eylinder
head at about 0.032 inch.

A detail drawing of the injection pump is shown in
ficure 3. It differs from the pump as actually used
only in having micrometer screws instead of levers for
controlling the position of the start-and-stop cam
and opening of the
time and period of

blocks, which control the closing
bypass valve, thus changing the
Shifting of the position the
with the variable-velocity cam,
varies the quantity and the rate of fuel discharge.

injection. of control

blocks, combined
Figure 4 shows a comparison of two representative
rates of injection: a low rate, in which the injection

Figure 5 shows enlarged sections of the nozzles.
The length-diameter ratio of the orifices is 2. The
fuels used were conventional Diesel engine fuels
described in reference 5 as fuels 1 and 2. The rate of
fuel consumption was obtained by timing the con-
sumption of 0.50 pound of fuel. Full-load fuel quan-
tity (zero excess air), 0.000325 pound per cycle, is the
fuel quantity required for a chemically correct mixture
with the quantity of air inducted per cycle by this
engine at a volumetric efficiency of 82 percent.
Information regarding spray penetration and spray
interference in the combustion chamber was desired
as an ald in nozzle design; accordingly, a full-scale
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model following the outline of the disk-shaped com-
bustion chamber was placed in the N. A. C. A. spray-
photography pressure chamber and photographs of
the spray formation in this chamber were obtained.
The edges of the combustion-chamber shape were
slightly obscured in the photographs by the pressure-
chamber cover plate. Injection pressures were of the
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engine. Motoring tests showed the optimum length of
air-intake pipe for maximum charging efficiency at an
engine speed of 1,500 r. p. m. to be approximately 6
feet, which determined the height of the surge tank
above the engine. Air consumption was determined
by timing the displacement of 80 cubic feet of air from
a 100-cubic-foot gasometer by means of an electrically
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FiGure 2—Combustion chamber.
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FI1GURE 3.—Fuel-injection pump.

same order as those used in the full-load engine tests.
The spray-chamber air density was made to approxi-
mate that of the combustion chamber at the time of
injection.

Figure 6 is a schematic diagram of the air system
used in this investigation. Rubber diaphragms were
placed over the ends of the overhead drums to damp
pulsations and to give a smooth flow of air to the

operated stop watch. The inlet-air temperature was
maintained at 95° F. Water and oil temperatures
(out) were maintained at 170° and 140° F., respec-
tively. For the special variable-coolant temperature
tests Prestone and glycerin were used.

Maximum ecylinder pressures were indicated by a
calibrated Bourdon spring gage connected to an N. A.
C. A. disk-type check valve operated by the pressure
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of the gases in the cylinder. This instrument, desig-
nated a “trapped-pressure” indicator, was used be-
cause 1t afforded an easy and reliable means of directly
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F1GURE 4.— Comparison of the injection rates used in the engine-performance tests;

full load; 1,500 r. p. m.
observing the pressure readings as the engine controls
were changed. Trapped-pressure readings are usually
5 to 25 pounds per square inch lower than those of the
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FIGURE 5.—Fuel-injection nozzles.

balanced-diaphragm type of indicator in the range of
permissible rates of pressure rise. The difference in
readings increases with an increase in the rate of
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pressure rise. Indicator cards were taken with the
Farnboro electriec indicator (reference 6) during the
course of its remodeling.

No attempt was made to operate the engine at a
particular value of maximum cylinder pressure in the
early test work, inasmuch as undesirable knock was
encountered before objectionable cylinder pressures
were reached; instead, the fuel pump was adjusted to
give the desired fuel quantity and then the timing was
advanced until a faint knock was heard. Immediately
after a power test the engine was motored and friction
readings were obtained to which were added the brake
readings in order to calculate values of indicated mean
effective pressure and fuel consumption.

Engine speed was determined by a revolution counter
and a stop watch, both of which were electrically

£ £ £
s Ly
[ B [ T3
7‘ -
F Gasometer

A, air duct, 5-inch diameter.

B, air heater.

C, exhaust stack, 5 feet long; 3-inch-diameter section, 2 feet 8 inches long; section
2 feet 4 inches long tapering to 1%4-inch diameter

D, exhaust trench.

E, rubber diaphragm.

F. surge tank, 18-cubic-foot capacity.

G, tapered section, perforated.

H, test engine.

J, thermometer.

K, water sprayer.

FIGURE 6.—Diagrammatic representation of air system.

operated. The standard test speed of 1,500 r. p. m.,
unless otherwise noted, was used in all the tests.

TESTS AND RESULTS
PRELIMINARY INVESTIGATION

The test results obtained on the engine with different
arrangements of fuel-valve nozzles are presented in
chronological order in table I, which lists the nozzles
used, the number, size, and direction of their discharge
orifices, and their corresponding engine performance.
The nozzles are classified into different series, each of
which is discussed in detail and for which variable
fuel-quantity performance curves are shown.

Miscellaneous series.—The first experimental noz-
zles were built with the idea of injecting fuel into the




QUIESCENT-CHAMBER TYPE COMPRESSION-IGNITION ENGINE 5

available air without impingement on either the piston
crown or the combustion-chamber walls. Figure 7
shows the engine performance obtained with nozzles
3,4, and 7 and the limited fuel-quantity range imposed
by the use of the relatively small orifice areas to pre-
vent impingement; it also shows the engine perform-
ance with both the high and low rates of injection.

sprays from the small orifices with their shorter pene-
tration would distribute fuel to that part of the com-
bustion chamber nearer the injection nozzle and thus
give a more uniform mixture of the fuel and the air.
A comparison of the performance curves for the high
and low rates of injection of nozzle 9 (fig. 7) shows that
they are quite similar except for the maximum cylinder
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F1GURE 7.—Comparison of engine performance using preliminary nozzles.

(See fig. 4.) The fuel-quantity range of the small-area
nozzles 1is slightly extended by the use of a lower rate
of injection and the accompanying longer injection
period.

Seven-orifice series.—The design of nozzle 9, the
first of the 7-orifice type having alternate large and
small orifices, was based on the assumption that the

pressure, which is higher for the low rate of injection.
Engine operation was considerably smoother with the
low rate of injection but the exhaust was smokier tor
the same air-fuel ratios. The high rate of injection
with its shorter injection period resulted in earlier
completion of combustion, a cleaner exhaust, and.
somewhat higher rates of pressure rise with conse-
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quently rougher engine operation. The high rate of
injection was adopted for all subsequent tests and
fuel nozzles were developed for its use.

The engine performance obtained with nozzle 9 war- |

ranted the continuation of tests to determine the effect
on engine performance of varying, first, the two main
orifices that deliver fuel to the air charge in the rectan-
gular throat and directly above the piston crown and,
second, the other orifices that deliver fuel to the air in
the upper part of the combustion chamber. Figure 8
shows comparative engine performance for a range of
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FI1GURE 8.—Effect of changing the diameter of the two main orifices B on engine
performance at full load.
sizes of the two main orifices B (fig. 5) from 0.010 to
0.021 inch diameter. The results show that 0.018 inch
is the optimum diameter for the two main orifices of
this combination.

An inspection of the carbon formation on the piston
crown showed that the sprays from orifices of 0.012-
inch diameter or larger impinged upon the piston crown.
Inasmuch as the specific fuel consumption decreased
as the B orifices were enlarged to 0.018 inch, it is con-
cluded that impingement of a spray does not necessarily
affect the combustion adversely. The larger quantity

ADVISORY COMMITTEE FOR
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of fuel injected from the 0.018-inch orifices, compared
with that injected from the 0.012-inch orifices, was
apparently necessary for the utilization of the available
air.

Variation in volumetric efficiency with fuel quantity
1s shown in figure 9. The decrease in volumetric
efficiency is attributed to an inerease in the quantity of
residual gases in the combustion chamber and also to
an increase in temperature of the combustion chamber
and cylinder walls, as the fuel quantity or load is

| increased.
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‘ F1GURE 9.—Effect of load on volumetric efficiency.

Figure 10 shows the effect on engine performance of
changing the diameters of only the outside orifices D
(fig. 5), which deliver fuel to the air in the uppermost
part of the combustion chamber, from 0.006 inch to
0.012 inch in nozzles having two 0.018-inch-diameter
main orifices.  From the results, 0.010 inch appears
to be the optimum diameter for the outside orifices.
An increase in diameter of these two orifices from 0.010
to 0.012 inch caused a slightly smokier exhaust with
no measurable change in power output. Table I shows
the effect on engine performance of changing the C
orifices from 0.005 inch to 0.012 inch. The difference
in performance between nozzles 17 and 18 indicates
that the C orifices should be considered as fillers when
used in combination with the larger D orifices. This
‘ change from 0.005 to 0.012 inch decreased the power
output and increased the fuel consumption. Spray
photographs (see fig. 19 (b)), taken afterward, showed
that the spray tips from orifices C and D were projected
into the same space, which probably resulted in local-
ized overrich mixtures of fuel and air and a consequent
decrease in engine performance.

PROPORTIONAL-AREA INVESTIGATION

Nine-orifice series.—The 9-orifice series was so de-
signed that the orifice areas were proportional to the
volume of air served by each orifice. The two main

' 0.018-inch-diameter orifices, which were apparently a
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better established optimum than the other sizes of
orifice and which could be compared with previous
data, were used as a beginning for the investigation.
When the air volume for each orifice was computed,
the air in the clearance between the piston erown and
cylinder head was included in that served by the main
sprays. The angular spacing of the orifices in this
series was slightly closer than that used in the 7-orifice
series and an additional orifice was added on each end
of the line, making a total of nine in one plane. Nothing
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F1GURE 10.

either in the performance data or in the spray photo-
graphs (see fig. 19(f)) indicates that these additional
orifices discharged enough fuel to make any difference
in performance; therefore their addition is considered
an unwarranted complication.

The first nozzle of this series was built without the
small center orifice A (fig. 5) (which has no place in
the proportional-area arrangement) in an attempt to
determine its value. The increase in engine per-
formance (see fig. 11) showed the effect of this center
orifice. The center spray of this particular orifice
combination and angular spacing apparently reached

75513—36

9

7

air that had not been reached by the two main
sprays.

Effect of number of orifices, & series.—Figure 12
gives a comparison of engine performance with one of
the best 7-orifice and one of the best 9-orifice nozzles.
It was decided to continue the use of the proportional-
area prineiple but to substitute for the original angular
spacing (fig. 5) one based upon the spray-photography
data. The spray photographs showed that the spray

cone angle for sprays under comparable conditions,
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FiGUuRrEe 11.—Effect of the center orifice A on engine performance.

except for temperature, varied from 18° to 22°.  Ac-
cordingly, 20° was adopted as the angular spacing of
all the orifices.

In order to determine just how far it was advisable
to follow the proportional-area principle, comparative
performance tests were made with nozzles designed to
extend the idea beyond practicable limits in the con-
struction of nozzles for commercial engines. Before
these tests were started the throat orifice connecting
the eylinder and combustion chamber (fig. 2) was
enlarged by increasing its width. This alteration
increased the clearance volume and thereby decreased
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the compression ratio from 13.6 to 12.6. It was de-
sired to continue to use a nozzle design that would be
comparable with the designs used in former tests;
therefore the diameters of the two main orifices were
maintained at 0.018 inch and the volume of air in the
mechanical clearance space between the piston crown
and the cylinder head was added to that served by the
main orifices. These nozzles are designated by the
letter 1; the subseript denotes the number of orifices
in the nozzle at the time of test. Thus this series was
started with nozzle E,, which contained only the two
main orifices. The number of orifices was increased
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FI1GURE 12.—Comparison of engine performance using one of the best 7-orifice and

one of the best 9-orifice nozzles.

by increments of two and the nozzle performance tested
for each increment. At the end of the series there
were 6 orifices in one plane and 5 orifices in a plane on
sach side of the first, with angular spacing of 20°
between orifices and 10° between planes. (See fig. 13.)

There is a slight deviation from the proportional-area
principle in the E series after E,, because it was con-
sidered impracticable to use orifices smaller than
0.005-inch diameter. This deviation is not serious
because the percentage of the total orifice area in-

COMMITTEE FOR AERONAUTICS

volved is smaller than the experimental error. The
performance tests shown in figures 14 and 15 indicate
that no justifiable gain would be obtained by using
more than six orifices for this combustion chamber.
The test points of figure 14 have been omitted to save
confusion. These results simplified subsequent nozzle
design.

Effect of angular spacing, I series.—There were a
number of indications during these tests that the 20°
angle between sprays was not the optimum. About
this time the results of the work on dispersion at Penn-
sylvania State College were published (reference 7)
and, according to the method outlined by Schweitzer,
the boundaries of combustion were laid out for the K
nozzle as shown in figure 16. If the volumes within
these boundaries are assumed to be the minimum space
requirements for combustion, it is evident that the
sprays overlap and probably interfere with each other
during combustion. An investigation was accordingly
made of the effect on engine performance of varying
the angle between the spray axes of the individual
sprays; the corresponding orifice sizes were maintained
constant.

When the series of nozzles using different angular
spacing of the orifices was designed, it was again neces-
sary to deviate from the proportional-area principle
because the volume of air served by each orifice changed
with the angle. The fact that the corresponding orifice
sizes were maintained the same for all angles caused a
departure from the proportional-area principle of
about 1 percent, which was neglected as it was less
than the error in the determination of performance
values.

The nozzles of this series are designated by the letter
F with a subscript denoting the angle between the axes
of the orifices. Thus, the E; and the K, are identical
nozzles, with six orifices spaced at 20°.  The perform-
ance tests of these nozzles showed very little variation,
as evidenced by the curves in figure 17, but observation
of the exhaust gases and the sensitiveness to controls

led to a decision to standardize on an angle of 25°
for further work with this combustion chamber. As a

check on this decision, two 0.005-inch orifices were
added to the center of the Fyy nozzle to see if any unused
air remained between the two main sprays. The re-
sulting increase in performance, as shown in the curves
of figure 18, indicated that the small filler sprays are
effective when the angle between the sprays on either
side 1s too great.

From the test results it was concluded that a nozzle
having an angular spacing of 25° would give the best
performance and that any increase which could be ob-
tained by further refinements in nozzle design would

not be commensurate with the complication involved
in its construction.
show angular spacing to be very critical within the
-ange covered in these tests, possibly because of the

The results, however, did not
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small percentage of fuel in the outer part of the spray
as shown by the dispersion data in reference 7.

Effect of total orifice area, I series.—In anticipation
of boosting tests to be started with this eylinder head,
it was considered that an increase in total orifice area
should be investigated because, with more air available
for combustion, it would naturally follow that more
fuel should be supplied.

The nozzles of this series were designated by the
letter H. The increase in the total orifice area over
that of the best of the E and F series, E; was 24
percent, 39 percent, 15 percent, and 65 percent, for
nozzles H-1, H-2, H-3, and H-4, respectively. The

Section A-A

Plan view of nozzle

The nozzle-area requirements, then, depend not
upon air density but rather upon the combustion
chamber size and shape, the injection period desired,
the rate of injection, the engine speed, and the capacity
of the injection pump.

Correction to proportional-area design.—One of the
assumptions in the application of the proportional-area
principle in nozzle design is that the same discharge
pressure will be acting on each orifice in a multiplee
orifice nozzle. Observation of the fuel spray in ths
atmosphere indicated that, as the areas of the orifice-
were increased for greater discharge area, the flow of
fuel from the large main orifices reduced the effective

Section B8-8
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FI1GURE 13.—Projected spray distribution using nozzle Eiq.

increase in air density for 9 inches of mercury boost
pressure is about 24 percent. The corresponding
orifices in nozzle H-1 were therefore increased 24
percent in area. In nozzles H-2, H-3, and H-4 the
two large orifices were chosen to give successive
increases in discharge area and the smaller orifices
were proportionally increased.

The nozzles of this series produced but little differ-
ence in the unboosted performance (table 1) or in
subsequent tests with boosting. They did, however,
give smoother engine operation than the nozzles of
smaller area owing to localized overrich mixtures in
the combustion chamber, resulting in lower rates of
burning and consequently lower rates of pressure rise.

pressure on the other orifices and, therefore, the fuel
distribution did not fulfill the requirements expected
of the particular nozzle. This lack of proportion was
verified by catching sprays from individual orifices in
a container with a long neck (reference 8). The sum
of the weights of the sprays from the individual orifices
caught in this way checked within -£1 percent the
weight of the sprays from all the orifices caught simul-
taneously under the same conditions. The areas of
the orifices discharging insufficient fuel were increased
until all spray discharges were in the proper ratio. A
nozzle designed for a shortened combustion chamber
(compression ratio 15.3) and designated K-4 was
developed by this procedure and is considered the
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best of the development series. Knowledge gained
from the tests of the preceding H-series nozzles and
of the original K nozzle with its subsequent alterations
aided in determining the final orifice sizes of nozzle K—4.

SPRAY PHOTOGRAPHS

The spray photographs shown in figure 19 were taken
during development work with the 7- and 9-orifice
series.  Figures 19(a) and 19(b) show photographs of
the sprays from nozzle 9 with injection pressures of
4,750 and 3,200 pounds per square inch, corresponding
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F1GURE 17.—Effect of spray spacing on engine performance, F nozzles.

to the maximum injection pressure at full load for the
high and low rates of injection, respectively.

Figure 19(c) shows a photograph of the sprays from
nozzle 17-1, which is similar to nozzle 9 except that
the outer orifices are of 0.012-inch diameter instead of
0.008-inch. The outer sprays in this nozzle struck the
sides of the chamber and were deflected downward into
otherwise unreached air, thereby aiding the fuel dis-
tribution.  Figure 19(d) shows spray photographs for

nozzle 16-2 with 0.008-inch-diameter outer orifices.

11

Figure 19(e) shows photographs of sprays from noz-
zle 12, which had two main orifices of 0.010-inch di-
ameter as compared with an 0.018-inch diameter for
all other nozzles. Owing to the reduced orifice area,
the pressure at the high injection rate was 6,800 pounds
per square inch as compared with 4,750 pounds per
square inch for other nozzles.

Figure 19(f) comprises photographs of sprays from
the 9-orifice nozzle C—2. TLack of a more pronounced
outline of the sprays may be caused by crowding these
comparatively large sprays.

160 .
5‘13{‘/1" ic]e no‘lzz/e, l2.9"} |
between orifice axes : 2
| Two 0005 inch orifices ! Indicated
added e
120 / P e
g
d‘ t———O
2 / f/ Broke
q 80 A
v
NEF
40 l
8 g
)
a 600
'“k) 'g ’/ /D'A’_’_—o
‘g g v /
“ )
SN o
o9 M/
§ 400
B
o x&
~S \\ /g’rake
‘: 4
&< % = L=
5§ i Indicated
% :: Y ) \w_r—v/')vq/ /e‘ ALO
8 < “w&j M
BN
<R \
3
/ ! 3 | Full load
T 4 J/z J T W |
4 1.0 20 3.0 st

Fuel quantity, 1b./cycle

FiGURE 18.—Eflfect on engine performance of adding auxiliary orifices to nozzle Fag

Owing to the very uneven distribution of the fuel in
the sprays, visual observation of fuel injected into the
air or photographs of sprays from multiple-orifice noz-
zles are not to be relied upon as bases for judging the
fuel distribution in a combustion chamber or for esti-
mating the relative engine performance of a particular
nozzle design. This conelusion is based on the gen-
eral results obtained with this quiescent combustion
chamber and is borne out particularly by the E-series
nozzles.
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MISCELLANEOUS ENGINE TEST RESULTS

Variable engine speed.—Figure 20 shows engine per-
formance for a speed range of from 700 to about 1,700
r. p. m. for a compression ratio of 15.3 and full-load
fuel quantity, using the K—4 nozzle. Operation at full
load below 700 r. p. m. was not satisfactory, although
the engine could be idled at 175 r. p. m. The down-
ward trend in the indicated mean effective pressure at
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F1GURE 20.—EfTect of engine speed on engine performance at full load; nozzle K—4;
i.a.a., indicated.

the higher speed is caused by decreased volumetric
efficiency because the valve timing was better suited
to the 1,200-1,500 r. p. m. range than to the higher
speed range.

The effect upon performance of increasing the in-
jection advance angle and therefore the maximum cyl-
inder pressure is shown for the 1,200-1,500 r. p. m.
speed range. Although mechanical limitations made
it inadvisable to operate the single-cylinder test engine
at higher speeds, there was nothing in the fuel-system
or engine-combustion characteristics to indicate that
higher speeds could not be advantageously used.

Boosting.—The effect of boosting when the quiescent
combustion chamber is used will be only briefly men-
tioned since a complete report of the boosting results
with and without valve overlap has already been pub-
lished (reference 8). The indicated power generally
increases proportionately with the increase in weight
of the inducted air charge available for combustion.
This proportionality is, of course, affected by air-fuel
ratio, injection-advance angle, and scavenging. Boost-
ing, then, merely extends the performance curves and
does not essentially change their characteristics.
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Fi1GURE 21.—Effect of injection advance angle on engine performance at full load;
nozzle K—4.

It was found that the engine operated considerably
smoother when boosted. The balanced-diaphragm
maximum-cylinder-pressure indicator showed that the
difference in maximum cylinder pressure between in-
dividual cycles becomes considerably less than when
the engine is unboosted. This condition is again in-
dicated by the smooth, even line and by the absence
of scattered points on the indicator card.

Compression ratio.—In addition to performance
tests at the adopted standard compression ratios of
13.6 and 12.6, performance tests were conducted at
compression ratios of 10.6 and 15.3, which are about
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the practicable limits obtainable with this eylinder
head. The preliminary test results showed little differ-
ence in specific power output and fuel consumption for
compression ratios of 10.6, 12.6, 13.6, and 15.3 for the
same ratio of maximum cylinder pressure to compres-
sion pressure. The engine-operating characteristics,
however, were found to be quite different. At a com-
pression ratio of 10.6, starting was difficult and the
ignition lag under standard test conditions was more
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FiGURE 22.— Effect of coolant temperature on engine performance; i. a. a., 21°; nozzle

H-1.

than one-third longer than that obtained at a compres-
sion ratio of 15.3. The rate of pressure rise at the
lower compression ratio as determined from indicator
cards was nearly double the corresponding values ob-
tained at a compression ratio of 15.3. Starting was
wasy at the higher compression ratio, the explosion
pressures were more uniform, and the engine operation
was considerably smoother than at the lower compres-
sion ratios.

The shortened, compact combusion chamber at the
compression ratio of 15.3 simplified fuel distribution.

REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

The more homogeneous mixture of fuel and air and
the shorter ignition lag permitted the use of higher
eylinder pressures, which resulted in better engine
performance.

Figure 21 shows the effect of injection advance angle
on engine performance. This performance, with the
K—4 nozzle, is the best obtained with the quiescent
chamber with normal aspiration. The valve timing
was changed to give a very small overlap, which prob-
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F1GURE 23.— Effect of coolant temperature on engine-operating chereeteristics;
i. a. a., 21°; nozzle H-1.
ably aided in scavenging the combusion chamber and
improving combustion. (See reference 8.)
High-temperature cooling.—Figures 22 and 23 show
some of the effects on engine performance and operating
characteristics of increasing the coolant temperature
from 150° to 300° F. in an attempt to reduce the
ignition lag. The test results and observations showed :
a 4-percent decrease in volumetric efficiency, objection-
able breather smoke from the hot piston at full load,
difficulty in maintaining the high boiling point of the
coolant due to absorption of nioisture, an S-percent
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decrease in power and a corresponding increase in fuel
consumption at full load, a 12-percent decrease in
friction mean effective pressure, a decrease in ignition
lag, a decrease in the rate of pressure rise in the
eylinder, and smoother engine operation. Obviously
the gain obtained from the decreased friction losses and
probably lower losses to the coolant when using high-
temperature cooling cannot compensate for the loss
in performance occasioned by the lowered volumetric
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FI1GURE 24.—EfTect of boost pressure on engine performance at a coolant temperature
of 265° F.; nozzle H-1.
efficiency and the adverse effect on combustion. The
reduction in the ignition lag resulted in a correspond-
ingly earlier occurrence of high temperatures in the
combustion chamber, which probably caused fuel from
the latter part of the injection to pass through regions of
high temperatures which, in turn, reduced the penetra-
tion and prevented some of the fuel from reaching
sufficient air for combustion. These results and
conclusions are in agreement with those of Rothrock

and Waldron (reference 9) regarding the effect of
engine-jacket temperature on combustion in a compres-
sion-ignition engine.

Because of the high temperatures and the small
volume of the coolant used, it was not practicable to
investigate the heat losses to the coolant. With water
as the coolant and at standard operating temperatures,
however, the heat loss to the coolant was about 24
percent of the total heat of the fuel and changed little
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F1Gure 25.—Effect of boost pressure and coolant temperature on engine-operating
characteristies; nozzle H-1.

with change in load. Figures 24 and 25 show that
boosting did not change the trend of the curves for the
general operating characteristies or for the performance
at high coolant temperatures.

Indicator cards.—Figure 26 shows a typical pressure-
time card of the quiescent combustion-chamber engine
for a compression ratio of 15.3, full-load fuel quantity,
and 1,500 r. p. m., with both an optimum and a re-
tarded injection advance angle. The line cut was
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made from a copy of the original card recorded directly
on a special thin white paper. With the optimum
mjection advance angle, two general rates of pressure
rise may be noted—in this case 40 and 20 pounds per
square inch per degree; the breakaway occurs about
4° before top center. The earlier occurrence of the
higher rate is believed to be caused by comparatively
rapid and uncontrolled combustion when burning
starts, owing to the ignition lag and the more favorable
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FiGure 27.—Comparison of engine performance with and without air flow.
Double-passage displacer; 1,500 r. p. m.
conditions in the combustion chamber for air and fuel
mixing. Fuel injected after the burning starts reaches
the remaining available air with increasing difficulty;
hence there are slower burning and lower rates of
pressure rise for the last part of the fuel injected.
These conclusions are in agreement, generally, with
those of Ricardo (reference 10) and with those regard-
ing the behavior of this engine observed over a wide
range of test conditions.

Remarks.—No trouble was experienced on account
of the clogging of the small orifices in the fuel-valve
nozzle. The fuel was usually centrifuged and the test
runs were intermittent rather than of long duration,
rarely exceeding 4 hours. The engine tests indicate

COMMITTEE FOR

AERONAUTICS k7

that orifices smaller than 0.008 inch or larger than 0.020
inch need not be used.

A study of fuel-dispersion data (reference 11) shows
the very uneven fuel distribution in the fuel spray and
the large percentage of the total fuel contained in the
relatively solid core of the spray; these factors are re-
flected in the values of specific fuel consumption, power
output, and cloudy exhaust. These results show the
futility of trying to obtain a truly homogeneous mixture
of fuel and air in a quiescent combustion chamber with
a nozzle having round-hole orifices. Random tests
with two injection valves, the other two valve locations,
and nozzles having other types of orifices, such as the
impinging jets, the pintle, and the slit (reference 11),
resulted in engine performance considerably inferior to
the performance obtained with nozzles having round-
hole orifices in one valve in the top location. It thus
appears that the quiescent combustion chamber has
inherent limitations that prevent it from attaining the
high performance ultimately expected of the compres-
sion-ignition aircraft engine.

At the beginning of 1934 this quiescent chamber was
converted into an air-flow chamber by the use of a dis-
placer piston. The preliminary performance results
(reference 12) were so satisfactory and so far superior
to those obtained with the quiescent chamber (fiz. 27)
that work with the quiescent chamber has been dis-
continued. The air-flow type of combustion chamber
apparently offers considerably greater possibilities of
development than the quiescent chamber.

CONCLUSIONS

The results of these investigations indicate that:

1. The engine performance obtained by proportion-
ing the areas of the orifices to the volumes of air to be
served by each orifice was approximately the same as
that obtained by varying all the orifice sizes and deter-
mining from the engine power the optimum combina-
tion. Neither method, however, is complete in itself;
the use of both should yield the best results.

2. In a multiorifice fuel-injection valve nozzle for a
vertical disk-type quiescent combustion chamber,
there is no sharply defined optimum value for the
number, direction, or size of the orifices. A 6-orifice
nozzle gave power and economy equal to or better
than that obtained with any other number and arrange-
ment of orifices.

3. The rate of injection influences the rate of pres-
sure rise in the cylinder and apparently the severity
of combustion shock.

4. Although the results do not afford a rational
basis of nozzle design that can be reduced to an
analytical or empirical formula, they do show that
engine performance can be improved by careful design
of the injection nozzle.




18

5. There is little difference in the power output for
compression ratios of 10.6, 12.6, 13.6, and 15.3. The
sase of starting, the smoothness of engine operation,
and the somewhat better fuel economy, however, war-
rant the use of the 15.3 compression ratio.

6. The use of coolant temperatures higher than can
be obtained with water as the coolant results in a
net decrease in performance because of their adverse
effect on volumetric efficiency and combustion.

7. Boosting extends the performance curves but does
not essentially alter their characteristics; however, it
tends to make the engine operate more smoothly. The
increase in indicated mean effective pressure is pro-
portional to the increase in the weight of inducted
air for equal air-fuel ratios and comparable maximum
cylinder pressures.

8. The inferior performance compared with that
obtained from the same combustion chamber with
forced air flow, despite the easy starting, easy scaveng-
ing, low mechanical losses, and freedom from knock,
renders the quiescent combustion chamber engine
unattractive for aireraft-engine use.

LANGLEY MEMORIAL AERONAUTICAL LLABORATORY,
NATIONAL ADvIsSORY COMMITTEE FOR AERONAUTICS,
LancrLeY FieLp, Va., April 30, 1936.
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MISCELLANEOUS SERIES—LOW RATE OF INJECTION FOR THIS SERIES ONLY

N [A=0.008 | 2
c( Jc 3| 0.00013 ‘ B=.006
B ‘l(‘= ~004
o T T
\ 1 |
\ [B=.008 | B=35.9
1 | oo |[{EZ - DE

Research. R. A. S. Jour., July 1928, pp. 555-595.

ENGINE PERFORMANCE; ENGINE SPEED,

7
‘ I.m.e. p. ‘ Indicated fuel
o ‘ consumption

Full-load

= — ‘\(If\‘.'l\}l:""l'(f;“ fuel with | Compres-

[ ) ) DressiTe clear | sion ratio |

| 34 tullload | Fullload | % fullload | Fuilload | gy, joq in)) | exheush | ‘
| (Ib./sq.in.) | (Ib./sq.in.) qit I)[L-‘lll".) ‘ I

| hp.-hr.)

0. 52

Orifice area too small
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TasLe [.—NOZZLE CHARACTERISTICS AND CORRESPONDING ENGINE PERFORMANCE; ENGINE SPEED,
1,500 R. P. M.—Continued

I. m. e. p. Indicatedt_fuel e
consumption s ull-loa:
(’)I;%xgé Orifice |Total orifice hﬁ;ﬁfﬁ‘éﬁ“ fuel with Compres-
Orifice arrangement Nozzle e diameter area fietihe clear sion ratio
o (inch) (percent) | 5, 34 fullload | Fullload | PresSul exhaust
(sq. in.) 34 fullload | Fullload 1b./i. (Ib./i. (Ib./sq. in.) (percent)
(Ib./sq. in.) | (Ib./sq. in.) hp.-hr.) hp.-hr.)
7-ORIFICE SERIES—HIGH RATE OF INJECTION FOR THIS AND SUBSEQUENT SERIES
A=0.007 | A= 558
g (fofooosolN ESEISRIE - S0 7 112 124 0.380 0. 460 575 66 13.6
D= .008 | D= 7.25
A= .007 | A=17.26
o, [ .oonss: {B=1008 (I B =052 100 121 430 490 550 64 13.6
D= .008 | D= 9.42
A= .007 | A= 9.52
10 oot D= Ba e U 97 12 435 520 500 62 13.6
D= .008 | D=12.3
A= .007 | A=11.5
12, | st iD= B EEIEE=E 0 92 101 460 580 460 58 13,06
. D= .008 | D=14.9
A= 007 | A= 4.43
= oo =230 7
T4 || ooosz Al LB = UsL D S 8000 106 123 405 465 550 66 13.6
D= .068 | D= 5.75
A= .007
16| 00064 l?z S } 07 11 460 500 490 L 13.6
D= .006
A= .007 l
16-1 | 00069 {?‘Z S0 112 124 380 450 575 66 13.6
D= .008 J
A= .007
162 | .0007: {('fz s 10 123 370 455 535 68 13.6
D= .008
A= .007 ]
17 E000ra NIl B = le I Be [ 112 125 370 450 520 81 13.6
D= 010 | D=10.6
A= 007 | A= 4.75
= ; B= .018 5 :
17-1 | o081 {8018 : 112 124 360 445 500 71 13.6
D= .012 :
A= .007 | A= 414
18 | Joooes |WB= 08B =8 95 11 440 500 510 72 13.6
D= 010 | D= 845
A= 010
18-1 | 00097 (?: i } 111 440 500 510 72 13.6
D= .010
A= .012
18-2 | 00107 {?i o 112 400 500 475 67 13.6
D= .012
9-ORIFICE SERIES
A
B=0.018 | B=30.2
C |0.0008 {C=.010 | C= 935 104 118 0.410 0.480 540 74 13.6
D= .008 | D= 508
E=.007 | E= 4.58
A=.007 | A= 4.37
B=.018 | B=288
C-1 | .00088 [{C= 010 | C=8.91 112 125 360 460 540 74 13.6
D= .008 | D= 5.69
E= .007 | E= 4.37
A= .010 | A= 853
B=.018 | B=27.60
Cc-2 | .00092 [{C=.010 | C=852 111 125 380 .450 535 73 13.6
D= .008 | D= 5.44
E=.007 | E= 418
A= .007 | A= 4.93
B= .018 | B=3250
C-3 | .00078 |{C= 008 | C="6.40 102 122 415 460 500 71 13.6
D= .007 | D= 4.94
E=.006 | E= 3.63
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CHARACTERISTICS AND CORRESPONDING ENGINE PERFORMANCE; ENGINE SPEED,

1,500 R. P. M.—Continued
| o - I T T i
‘ I. m.e. p. Indicated fuel e 1
st consumption i ull-load
| l‘-"-",l Orifice |Total orifice ‘““j‘»"”“m fuel with ol
| Orifice arrangement Nozzle | n.r‘lrl‘y;e diameter area c,};h‘l:tlerr clear (j.""”r’rfi"
‘ e ) (inch) (percent) | 5: (uil1oad | Fullloaq | %4 fullload | Fullload (llh f;‘l“i:) exhaust | S'onratio
| ‘ ‘ (Ib./sq. in.)| (I1b./sq. in.) (b./i. (b./i. PR (percent)
‘ ! hp./hr.) hp.-hr.)
— - - | = —_ — — = - —_— - - — S— —
E SERIES
o ‘, ‘ — | . o N —
s 0.00051 | B=0.018 | B=50 ‘ 08 99 0. 440 0.570 530 55 12.6
- | I L
| [ ( = T o
- - [/B=.018 | B=37.9 |\ . . . - s o
‘ Eq ‘ 00067 { Zoow |Coiy |f 104 120 . 390 .470 570 73 12.6
e —=———F = R - —
\ w [(B=.018
‘ Es | 00072 lez -010 | 112 127 L1380 450 550 73 12.6
‘ ; {1): 006 | D= 392 || |
See figure 13 | B | 00080 ""“*)‘(}B‘f b 110 | 124 380 450 590 62 12.6
\ ‘
‘ { o o B ‘ - o i = o =
‘ ;
Do Eio | 00084 ‘J] 5*’(‘):)‘)' |}, 112 126 . 390 . 450 590 68 12.6
DY —ooe| En 00088 "“+0‘(‘)‘O‘L" 1} : 104 | 120 420 480 560 65 12.6
‘ | B | S . . |
| \
Do | Eu . 00092 \ [Er 2 E)‘“)‘)’ ‘} ,,,,, 100 113 420 . 490 530 66 12.6
- . [ l I [ S [ — —
\ [ | [
Do ‘ Es ‘ - 00096 4”‘ T)'r‘)‘(;)» } ) i 100 | 113 430 500 570 7 12.6
= - [ = _— . S - e e ee———
L |
| = .018
| Es | 00066 \I = 014 | 114 123 .370 460 550 75 12.6
\ i e = oos ‘l
| | - - o L D .
F SERIE
| (1 | B |
‘ \ [[B=0.018 =35.25
| Fa | 0.00072 -l(‘ =010 | C=IC I 112 127 0. 380 0. 450 550 73 12.6
D= 006 | D= 302 |
\
B R o ,}, . i‘ S (- e [
WO | , |B=.018 |
Bl F . 00072 '(‘ = 010 | 114 128 .365 . 440 600 75.5 12.6
\ D= .006
Clpip © '
D D B=.018 | B=3525 |
/ Fa . 00072 l(‘ = .010 ‘ C=10. [ 114 126 380 450 550 80 12.6
& 5 [D= 006 | D= 392 |f
B B |
| |
I S o ‘ e | =
D NN ‘ ’11 = 018 ‘B_SH 2% |
b “ay Foo | 00072 [!C= 010 | C=10.90 114 124 375 . 460 570 74.5 12.6
b= l006 | D= 3902 |
B B ’
H SERIE
T ] i T ] o | N
DA, \ND ‘ [B=0.020 | B=3510 ‘
( E5d i) H 1 0.00089 |{1C = .011 | C=10.60 119 128 0. 360 0. 440 600 73 12.6
R D= .007 | D= 4.30
B B ‘
— e . S S - S
| [(B=.022 B =38.00 |
| H-2 . 00100 1J(‘= 01l [ C=09.¢ It 115 128 . 360 450 600 70 12.6
|D= 006 | D= 2.83 |
‘ B=.020 | B=37.80
| H-3 . 00083 I(‘ =010 | C=942 117 124 . 360 .450 600 72 12.6
J ; |ID= 0035 | D= 2.85 | ‘
_——¥77‘77 —_— | —— — - - S — =
B=.024 | B=37.80
[ !
| H-4 .00119 -l(‘ Z 02 | C= 945 | 114 128 .365 . 445 590 64 12.6
‘ ‘ |D= .0065 | D= 2.77
‘
; = L= i
‘ [(B=.019
} K-4 ‘ 00097 l«i(‘: L014 ll 123.5 136 . 340 .410 880 ‘ 737 ‘ 15.3
D= .008
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Positive directions of axes and angles (forces and moments) are shown by arrows
Axis Moment about axis Angle Velocities
Force
(parallel Linear
Designation | Sy™- o a’ﬁisi Designation | Sym-| Positive | Designa- | Sym-| (compo- | xpoyjar
g bl ;200 g bol | direction tion bol |nent along | &
axis)
Longitudinal .. _| X X Rolling...__| L Y—7Z Rolls afias ¢ P
Lateral . _______ ¥ X; Pitching..__| M Z——X Piteh L) 50 v q
Normalo:solscs Z Z Yawing..___ N X—>Y Yaw izt v w r
Absolute coeflicients of moment Angle of set of control surface (relative to neutral
C L o, -M C o position), 3. (Indicate surface by proper subscript.)
T gbS ™ qcS " qbS
(rolling) (pitching) (yawing)
4. PROPELLER SYMBOLS
D, Diameter . P
e B Power, absolute coefficient Cp=—575
, Geometric pitch 2 2 2 pnPD?

p/D, Pitch ratio g AL )
Voo Tl ooy C;,  Speed-power coefficient P
V.,  Slipstream velocity n, Efficiency

T n, Revolutions per second, r.p.s.

i Thrust, absolute coefficient Cp= S

Q @, Effective helix angle =tan™! (%)
Q, Torque, absolute coefficient C’Q=m

5. NUMERICAL RELATIONS

1 hp.=76.04 kg-m/s =550 ft-1b./sec. 11b.=0.4536 kg.

1 metric horsepower =1.0132 hp. 1 kg=2.2046 Ib.

1 m.p.h.=0.4470 m.p.s. 1 mi.=1,609.35 m=5,280 ft.
1 m.p.s.=2.2369 m.p.h. 1 m=3.2808 ft.



