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: RESEARCHBS ON DIREGCT INJECTION IN
INTERNAL GOMBUSTION ENGINES*

By Jean E,. Tuscher

Experiments carried out on two different types of en-
gines show that the laws relating injection and combdustion
"and, finally, the operating qualities of the engine itself,
are general, and are influenced neither by the shape of the
combustion chamber nor by a more or less strong turbulence
maintained in this chamber.

The study of retarded cycles, during which combustion
takes place entirely during the expansion stroke, has pro-
vided a means for reducing the comdbustion speed and for
increasing the concontration of the alr-~fuel ratio up to
saturation while maintaininz a hivh thermal efficiency.

The comblnatlon of a ehort 1n3ect10n perlod and re-
tarded. cycle will produce the greatest specific power from
a Diesel engine, while reducing, at the: same time, the
fatigue of its parts to within acceptable limits.

To sum up, these researches have adduced a solution
for reducing the fatigue of the Diesel engine by permit-
ting the preservation.of its components and, at the. same
time, raising its specific horsepower to a par with that
of carburetor engines, while maintaining for the Diesel
engine its prerogative of burning heavy fuel under opti-
mum econonical conditions. :

The feedlnr of Dies el engines by injection pumps ace-
tuated by enzine compression, achieves the required high
speeds of injection readily and permits rigorous control
.of the combustidble charge introduced into each cylinder’
and of the peak pressure in_ the resultant cycle.

The suppression of the mechanical control of the
pumps and the pressure lines simplifies the construction
of direct-injection engines and improves their dependabil-
ity in service,.

*"Recherches sur.l'injection directe dans les motéurs a
c0mbust10n." Publications Scientifigues et Technigues
du Ministeére de 1'Air, No. 89, 1939,
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Further industrial improvements in the injector-pump
units used in these tests should raise no insuperable dif-
ficulties, although the 50-~hour endurance test may not be
sufficient to give adequate assurance of perfect behavior
of the mechanism under a 20~ or 50-times longer duration,
ags is habitwal in industrial practice.

Nevertheless, the stability in operation, the total
absence of wear during these laboratory tests, together
with the simplicity of the device permit us to look for
no insurmountable difficulties.

PART I
Chapter 1
FEED SYSTEM CONTROLLED BY ENGINE COMPRESSION
The Winterthur IEngine
’ |
le Test _stand.- The experiments recounted below were
made on a test stand of the Research Laboratories of the
Air Ministry, involving a single-cylinder, two-stroke-
cycle Diesel engine (bore, 125 mm; stroke, 170 mm) with

direct injection, developing 8 horsepower at 800 rpm, and
10 horsepower when supercharged.

This engine, built dy the "Société S?issé pour la con-
struction de Locomotives et de Machines 5 Winterthur," is
normally operated by a Bosch pump and injector.

The exhaust ports are overlapped by the piston, the
piston displacement being 1500 liters, the volumetric
ratio of compression, 12. The compression of the scaveng-
ing air ig effected in the engine crankcase,

The engine is coupled to a dynamometer whose load is
regulated by a tadle of resistances. The arm of the balw-
ance is 716 millimeters long. Revolution counters and
totalizers, a 100-cubic-centimeter sample for measuring
the consumption, and a device for recording the diagrams
with Lehmann and Michels' indicator, complete the equip-
ment., :

2. Experimental procedure.- The Bosch equipment was

replaced by a device in which pump and injector form one
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mechanical unit actuated by the compres sion of the engine.

A feed 1ine leads the fuel without compre331on in the
device, which is mounted on the cylinder head in the cen=-
tral seat usually reserved for the injector,

This solution obviates the mechanical-pump control and
the fuel-pressure lines, and is applicadle to two-stroke-
cycle and four-stroke-cycle engines alike. For the com-~
bustion cycle following the injection, it offers the ad-
vantage of a duration of injection independent of the en-
gine speed.

The experiments comprised the recording of the power
and consumption curves of the engine for different pres-
gsure and duration of injection.

The results and conclusions discussed hereinafter
were arrived at after experimentation with more than 100
feed systems, all actuated by engine compression., The
principal characteristics of these various devicesg are de-
scribed in the patents filed by the author.

3¢ Description of device.- Figure 1 is an external
view of the injector-pump assemdbly tried out in the Air
Ministry; it is shown attached to the cylinder head of the
Winterthur engine.

The mechanism is shown in figure 2. A gupport 1, pro=-
Jecting from the gas cylinder 2, is clamped to the cylinder
head in place of the conventional injector. 4 sleeve 7,
sliding over a fixed plunger 8 of section §,, forms the

pump chamber 9, Thig chamber 9, empties into that of the

working chamber of the engine through the atomization noze-
zles 6, of total section S, procured in an injector 10,

carried on a shoulder of pump chamber 9.

The atomization orifices 6, are controlled by a dif-
ferential needle 11 of sections S, and Sy, with limited

positive opening. A spring R returns needle 11 to its
seat.,. (See the enlarged sketch, fig. 3. ) ”

Tho admission of the combustible in the pump chamber
is insured by automatic valve 12, guided in the hollow 13
of plunger 8, through which the combustible arrives.

The sleeve 7, is extornally engaged in the piston 14,
of section S, which, through a conical port, obdurates
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7z

Figure 1.~ Tuscher pump mounted on cylinder head of
S . Winterthur engine. _

1 support, 2 gas cylinder, 3 feed control, 4 injection
point control, 5 feed lius, 6 negzle
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Figure 2.- Tuscher pump-injector unit.

1 body, 3 gas cylinder, 3 feed control, 4 injection
point control, 5 feed line, 6 nozzles, 7 pump sleeve, 8 plunger,
9 pump chamber, 10 injector, 12 inlet valve, 13 feed, 14 gas
piston, 15 and 16 labyrinth and holes for returning leakages
toward feed, 17 elastic slippers, 18 rings, 19 spring,

20 labyrinth screw, 31 oil groove, A, return spring for
injection point, B, shock absorber.
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Figure 3.- Tuscher
pump-~

injection unit

(enlarged scale).

2 gas cylinder,

6 nozgles, 7 pump

gleeve, 8 plunger,

9 pump chamber, S, -

10 injector sleeve, ’

11 needle, 12 inlet valve, 13 feed, 14 gas piston, 15 and 16

labyrinth and holes for returning leakages toward feed,

17 elastic slippers, 18 rings, 19 spring, 20 labyrinth screw,

21 oil groove, R,needle spring.
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-:the-exitiof‘section*~si"of gas oylinder 2, toward the
working chamber of the engine.

The stroke of pump 7 and, conseguently, of piston 14,
is elastically limited in a damper B Dy an adjustadle
stop 3, screwing on support 1. The return of piston 14 to
its seat 8; 1in gas cylinder 2, is assued by spring A4,
whose initial force is regulated by screw 4 on' support 1.

The dimensions of the device are those of the ordi-
nary injector. Its total weight is 700 grams, and its
moving part weighs 50 grams.

4. Calculation of the operation.~ When the compres~
sion p, on section S, Tbecomes greater than the return

spring A

Do S, > A

piston 14 is raised from its seat S; and the pressure
of the compression becomes:

Pe 5, = P

The combustible admitted into the chamber of pump 9
is then compressed at a pressure Dpy:

P.::pc(Sg-Sl):P-—A (1)
* Sa Sy

To this pressure borresponds a well-defined rate of

flow v; through the section S, of the atomigzation noz-

zles 6. This rate is given bvaorricelli's law:
vy = i ,/egh
wherein
¥vi 1s speed of flow in m/s, through section S,
b coefficient of flow of the nozzles; 0,8 for the
pipes, the diameter of which is one~fourth of
the length o

& acceleration of gravity, 9.81 m/s2

h flow pressure in meters, of height of the water
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With & as the density of gas oil, .8 = 0.85¢
L b = |
P; = 15 ence h = ——2==

we have: .

a . 8% 22 10 pj _ 0.64 x 19.62 x 10 pj
5 0.85

Ty = 12.2 J/p; 12 /By ‘ (2)

and, as the injection takes place in alr compressed at
pressure p,t

NV = 1438 Dy

Vi=12 pi"pc

To this speed of flow vy at pressure Dy, there also

corresponds a well-defined speed VP

7, and of piston 14, which actuates 'it.

of the sleeve punp

The law of continuity enables us to write:

S,
v = —L v,
P S, *
In reality, py, vy, and vp have no congtant value

during the injection, since the pump leaves from a posi-

tion of rest to return, after a stroke ¢, at speed equal
to zero. On the other hand, as will be seen later on, the
‘compression p, may be considered as constant when the in-

Jeetion is achieved at either side of top center and dur-
ing a period not exceeding that of the ignition lag.

The equation of moition is, in reality, if m is the
mass of the moving part of the deviee @

=1
n %Eg = pe (S, - S,) = py S,

wherein - " x 1g¢ the path traversed.

The gpeed of the pump is,;as seen?
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By replacing this:value of Py thus expressed, in

N equation (4) gives:

R
Sa
or, differently expressed:
dv S

2 - - 8 .2 . 5
m 5% P (Sa S,) vy G (5)

<12 22

53

Without integrating, it is seen that, if the acceler-
. dv ' ..
ation EEE becomes zero, the speed limit Vpe Of the

Pbump, actuated under constant compression Pes becomes

S (s. - 8.)
v, = @2-Z>J/p° 2 1
Poo Ss S:5

This speed limit is fairly conformadle to equations (1),
(2)3 and (R)O - .

The differential equation (5) may be written

d [m 12 52 a]
e e [E G
—_— 0 vP 5 =4t or P.S;x, Sa j——=dt
, _ 2
Pc(sa"'sl)"vp2 “*"‘%‘7?‘ EQE?E_Eiz (lg EI) - y.2
A D
(12 =L » S 3

By posing:

equation (8) becomes:

- év dv.,-
—g————5 = 0, 4t or —zy—Lex = - 0, 4t (7)
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but

if Avy + Ag + va ~ By = 1; that is, to say, 4 = - B

and A =X (7) bvecomes:
Pa ,
1 1
vp - 5% 25 8 L L o4l at
v 2 - dz I T P 2 '
P jox P

by integrating:

log (v, = a) - log (vP + q) = = 05 2 ot + log Cte

b

Thus, the general solution of the differential equa-
tion of motion is: :

Yp = @& -2aCat
_E___~ :'C1 e 2 ’ (8>

where the constant €, has a value defined by the 1limit
conditions for

t é 0 I EEE VP = O, hence Cl EE .

and, as seen for ‘ :
S, Pe (Sa - Sl)
t = o v, = a = (le '—'-'> /
P 5 5,

S
c, = & o
= S7 2 R
m (12 g;) ,;

and

The equation of motion of the pump is:

R
Vp o

This curve of the speed is of the following form:

It is important to know if, for a time interval t = t!
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corresponding to the duration of iﬁﬁection,'we are in re=
gion A or B, If in region B, the difference between vp

real and vPoo is very small and the motion of the pump

can, without appreciable error, be considered as being
produced at uniform limit speed vp .

Wow, the exponential e”* decreases very rapidly
with =x, and the calculation of a particular case shows
that the pump speed attainsg a value near AL in the very
small fraction of a millisecond.

Without major error, the motion may be conceded as
being produced at speed vpm.

The eiponent Cz shows that the 1limit is reached go
much quicker ag the moving mass m is smaller, as the
gsection S5 of the plunger is larger, and the section of

. . . 3
nozzles Sy 1is smaller. In fact, Oz varies as S, /S4

5. Needle valve spring.- Thé initial spring force R
of the differential needle 11 plays no part in the solu~-
tion of the speed and pressure of injection. To check ex=-
perimentally that this spring R has no effect on the
injection, uge of the thin-walled sleceve pumps 7, 1s suf-
ficient. 1In fact, they burst as easily with a spring R,
permitting the opening of the needle at an initial pres-—
sure of 50 atmospheres, as with a spring determining a
pressure DPp., starting at 500 atmospheres. It is essen=
tially the same for the pumps with mechanical control
feeding injectors with differential needle.

In these arran%ement , the profile of the camg actuat-
ing the pumps define the speed of the plungers in rela-
tion to that of the engine. Thus, the speed and pressure
of injection vary according to the engine speed, with the
result that section 8, of the atomizing nozzles is adapt-
ed for only one well-defined speed of rotation. 4nd, it
was experimentally established that there is one initial
force R of the spring which is best suited to the running
of the engine at a specified speed and load.

" This force R, is accurately determined by the injecw
tion pressure p,, defined above by equations (2) and (3):

5s_Tp and R = p, (S4 ~ Sg)

12xS, i
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£1=0.0985 —> to=2,05 ~————=| |<t3=0.084 %
milliseconds
&—————t,=2 , 2305

Figure 5.- Diagram of injection.
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.. ~The cam-profile-is -supposed to:give a constant speed
vp' to the plunger during the injection. " Vp and S3 are
the speed and the section of the pump plunger, S, the
section of the spray nozzles, and S4-Sg the differential
section'of-the’needle.

For all other engine speeds, section S, of the nog=-
zles is poorly adapted. For example, if the engine speed
is slower, the speed of the plunger will be likewise, and
the pressurer p; of the flow will be lower also. Since
the spring R permits the needle to open only for a higher
pressure Dpy, which cannot be maintained by the law of

continuity, the result is an injection by jerks and vidbra-
tions of the differential needle which arec attriduted,
rightly or, wrongly, .to phenomena of prcssure waves and resw
onance.

When an injector operates under those conditioné, the
fuel flow is no longer controlled by the section S.,

which shouwld, obligatorily, be the weakest section of vas-
sage between the pump and the working chamber of the en-
gine, but by the height of 1ift of the vibrating needle,
which flattens the fuel before entering the nozzles and
breaks the penetration of the fuel jets in the working
chamber,

Returning to the feed systems actuated by engine com=
pression, it is clear that the pump speed Vo is here in=-

dependent of that of the engine.

The duration of injection has for index, not a crank-
shaft angle turning at a variable speed =n, but a time
interval t, .which depends solely upoh compression ratio,
the different sectlons of the device, and the masses in
motion.

The initial force of spring R amounts to very little -
and admits of only an upper limit

R = :

Piw Sa

for which the pump remaing in rest position,
In practice it suffices to so select the return of

spring R that the pressure of the needle on its seat as—
sures a tight seal of the pump chamber. This pressure
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should be of the order of 5 to 10 kZ/mm® of seat-bearing
surface. The fléw of the pump chamber at the outlet of the
tubes conforms to the law of continuity and the needle

does not vibrate during injection.

In practice, the pump motion may, without appreciable
error, be considered as being effected at speed vDoo or,

<

as we shall term it, limit speed.

To get an approximate idea of the injection without
computing the points of the exponential curve, the duration
t of an injection is divided into three periods:
period of opening of the needle.

t5, period of injection at limit speed.

period of closure of needle after percussion
of the moving part on the feed stop 3.

6. Period of opening of needle.- When piston 10 leaves
its seat §;, the force of acceleration F of the pump
ig:

F =P - (A + H)

where
P ig the pressure of the gas on
piston 14 . . « . . . .« . . « s+ . P =D, 8
A force of the spring regulating
the point of injection . . . . . . A =1p, 8
H Aaydraulic brake of the pump . « .« . H = py 53

As may be seen in figure 3, the inlet valve 12, with
triangular guidance, has a cavity forming a compensating
chamber. Thus, the hydraulic brake H starts by being
zero at the beginning of motion, piston 14 rises quickly
from its seat S,, and the compression gases exert thelr
force P, on the large section Sz of the piston, and
the brake H continues up to a value

R g
S, 3

when the needle quits its scat. It subsequently decreéses
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to R‘S3/55L. wvhere the needle meets its 1lifting gtop.
then increases again to the limit P;y Sy . These changes

are so rapid that one can take a- mean value of the hydraulic
brake during the first period:

»

which reverts to assuming the'uhiform acceleration a for
computing the time of opening of the needle:

a =

B I

Then the duration of opening is

,. .
M . - 'p
by = -2

Thus, it is seen that, the greater the initial force
OT»SPrln% R inh a given device, the longer the period of
openln : o ' v o '

The path traveiédiduring time interval .t, ‘is:

F_t2
°1'= Yo

and the_feed injectea:
Qi = 55 ¢,

7. Needle—cloging.time.e With ¢, denoting the course
of the moving part of the device after striking the shock
absorber B of the feed screw 3, and knowing the speed
Vpg ©OF the moving svstem at the moment of strikin -we -can

write:

2 s

- .

.

where .A.3 and 3B record the forces of return spring and
shoek absorber at the moment of striking. We have:

2(pia SS+A3+B"'pc Sg)

s
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The amount of fuel injected .during this interval of closing
will be: ‘ ' : -

Qs = ¢ S,

The course of the closure is traveled at a speed which
decreases from vpoo to O. This course measures only seve-

eral hundredths of millimeters and, the duration of the
closing period can, without appreciable error, be copputed

) v _
for a speed egual to «59.
2Cqy

t, =
VDo
The closing of the needle takes place under the simul-
taneous action of its spring R and its kinetic energy
when the needle opens positively, i.c., in the sense of
flow of fuel,

The best injection will be that taking place at limit
DPressure Dy The time of opening t, and closing ts

of the needle walve, should therefore be reduced asg much
as possible.

The time t, 1is so much shorter as the shock absorber
is stronger, but in no case should it be suppressed, de-
cause its intervention at the end of the gtroke assures the
elastic balancing of the gas pressure on the piston, and
thus avoids the exchange of speed of the needle and of the
sleeve pump at the moment of striking. Absence of the
shock absorber instantaneously induces, dy bouncing of the
needle on its seat, the unpriming of the apparatus by an
cntry of compressed gas into the pump chamber.

8e Duration of injection under limiting conditions.-
Knowing the quantity Q of one injection, the gquantity
Qs injected under limiting conditions Voo and pPj, OF,
simply, vpa and pia, is: |
Q, =@ - (Q + Q)

3

The duration ¢t of an injection @Q under'limiting condi=
tions beoing

¢
t = —— where ¢ = =2
v
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~is the entire course of thé pump, the duration t, of the
injection at pressure pia is deduced at:

and
T = %, + t5 + &4
is the actual time of an injection. It is very little

greater than the injection +t wunder limiting conditions.

o Numerical calculation of the device in the Winterw
ngine.- The given data ares

thur
D1=10 mm Dp=24 Dy=5 Dy=1l.6 D=3 D,=4x0,20 mm

51

78.54 mr® S, = 452.4 S, = 19.63 mn®

S¢ = 2,01 Ss = 7,07 S, = 0,1256 mm2

Engine compression is 32 atm at 800 rpm P, = 32 atm.
Maximum 1ift of DUMD v 4 « o o o« « o o o | ¢c =" 4 mm
Maximum feed Q = ¢ Ss e ¢ e e = e s e Q = 75.54 mm 2
Weight of moviné varts, 50 grams

Mass M v . . .o o a L e e e . . « + « +» mz 0,0050

Find: time, stroke, feed, and pressure, during the
three periods of an injection of 78,54 mm 3,

Under limiting conditions:

Limiting pressure of injection...pié.=.____~?—__ = 610 atm

i
e
o
Lo}
[N
n
t
e}
o
n
n
o]
o
=
~
n

Limiting speed of injection . . V.

s s as ' Sq
Liniting speed of pump, + + . . Vyp =3 vi_ = 1.86 n/s
a Ss . a . .
Duration of injeetion . . . . . . t = ;34 = 0,00215 s
D
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Needle Lift
2,400 kg

Initial force of spring R . . . . . . . R =
Pressure at lift of needle p; = R/S, . Py, = 120 atm
1
Pressure of compression P = p, §; . . . P = 145 kg
Return spring A = P, S1 e e s e e e e e A = 25 kg
Hydraulic brake H = Py S o ¢ s o s H = 23,500 kg
_ 1
Force of acceleration F =P - (A + H) . F = 96,500 kg
v m
. Do
Tlme tl = ""”E—‘—' = 000000965 S
; F_t2
Lift ¢y, = =5%~ = 0,0895 mm
2m
Feed quantity Q; = c; S5 = 1.75 mn 3

By raising the pressure Pi, at rise of needle, by

increasin% the tare of spring R, or reducing the sectionm
S4 while maintaining the same spring R as, for example,

Dy = 1 mm euee 84 = 00,7854 mm® R = 2400 kg

the pressure at needle rise becomes Py, = 305 atmospheres,

the hydraulic brake H = 60 kg, and the acceleratiom,
F = 60 ksg.

Then, we find:

' 0.000155 s

Duration ..... tl =
Lift .e.e0eve. 0y = 0.144 mm
Feed quantity. Q; = 2.83 mm3"

Thus, it is seen that the duration of opening of the
needle is merely a few hundredths of a millisecond and
that it slightly increases in.relation to the pressure
pil at needle 1ift, in consequence, in relation to the

tare of spring R,
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 Closing of Needle

For a shock. absorber of B = 100 kg, and knowing that
the specific force of spring R ~inecreases 3 kg/mm of de~
flection, the éexpression of the kinetic enerzy gives the
value of the travel of the moving part on the damper B
of the stop: :

Stroke ¢, = 2 = 0,078 mm
2(pia Sa+A,+B~p, S,)
2¢c
Duration ts = — T s e s 600t e s e 0.000084 S
vpa
Feed volume Qs = c4 S = eveiiiieiiees 1,53 nm3

Injection under Limiting Conditions

il

Feed volume Qs Q - (Ql + Qs) = vev.. 75,26 mm3

Duration t, = figﬁ = eeieeie.i..i.. 0,00205 s
Travel ¢, = gf S et i ieesseenass 33,8325 mm
Henée:'
Injection DTresSsSUre o.eeceeienvecoannas pia = 610 atn
Speed of.injection of nozzles e via = 290'm/§
Speed of PUMD w.'vuwenvn.... et aeieenn v?a = 1,86 m/s
~5;ration ! Feed volume Stroke Crankshaft angle
sec _mm3 ©omnm at 800 rpm
ty = 0,0000965 | Q; = 1.75 | ¢, = 0.0895 [ @ : 27! 4g"
ta = 0,0020500 | Q, = 75,26 | o, - 5.8325 ® : 9° 50
¥5 = 0.0000840 | Q5 = 1.53' ¢y, = 0,0780 | @ 24t 12"
= 0.0022305 | @ = 78.54 e =4 @ : 10° 42'
as against
T = 0,00215 Q = 78.54 c e 4 ® : 100 18"
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for the injection entirely under limiting conditions.

. Hence, as indicated by equation (8), the time of

opening and closing of the needle is negligible, and the
total injection may be computed as under limiting condi-
tions,

The injection card is reproduced in figure 5.

Ghaptef 2

TEST STAND RECORDING

10. Changes of pressure and of rate of injection.-
The exveriments included the recording of consumption and
output at 800 rpm on the Winterthur engine, with differ-
ent feed systems (figs. 1 and 2), pressures, and rates of
injection.

The maxihum horsepowers were nmeasured for the dyna-
nometer load, which pernits a speed of 800 rpnm.

Three sets of curves corresponding to:
610 ce s s e 425 4o and s e v 310 atnm

injection pressures were recorded for different durations
of injection.

The 610, 425, and 310 atm injection pressures were
obtained by utilizing successively, plungers and sleeve
pumps o0f 5~, 6=, and 7-millinmeter diameter, in the same
device.

The duration of injection is modified by changing the
section S, of the spray nozzles, The same injection
sleeves, 10, served in the three test series. The length
of the nozzles was uniformly chosen at 7 to 8/10 millimeter.

The results therefore are strictly comparable, since
the passive resistance, the moving mass, the flattening of
the gag at entry of cylinder 2, and the flattening of the
fuel under pressure are exactly the same for all plotted
CUTr'vesSe

By computing at limiting conditions, the injection
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Figure 6.~ Sleeves and plungers used for
varying injection pressures.
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produced with the device at different speeds and pressures,
the constant data are:

D; = 10 mm S, =78.54 mm2 Dy=24 mm S,=452.4 mm?2

R

it

2400 kg Q =80.00 nm3
The variable data are:

For modifying the injection pressure:

I II III
Injection Pressures esecess 610 425 310 atm
Diameter of plunger e¢s.. Dy 5 : 6 7 nn
Section of plunger .... Sy 19.63 28,27 384.48 mm?
Maxinmum 1ift eeeeccnseea C 4 3 2 mnm

To nodify the duration of injection:

Number | Diameter|Section | Diameter|{Section|Pressure
No. of Sy D, S4 Pi,
nozzles mm mnn® mm mm® atm
a 4 0,20 0.1255 1.6 2.0106 120
b 4 .20 .1256 1.0 .7854 305
c 4 .30 .2827 1.6 2.0106 120
d 6 25 .2945 1,6 2.0108 120
e 10 .20 .3142 1.6 2.0106 120
T 6 « 30 L4240 1.6 2.0106 120

The injector nozzles a and b alsc have four 0.20-
millimeter openings, but the needle of the first opens at
the pressure pil of 120 atmospheres; that of the second,

at pil of 305 atmospheres.

The calculation, at limit conditions, of the injec~
tion produced by the experimental device at different
speeds and pressures, gave the figures appended in the
following table:



Table A
Test |Plunger| Number Lemet [Inject'n| Pump Duntnm Dur:itj.on
¥o. diameterm:n" Diameter ,;qus. | speed imj::\;innin;hcﬁﬂn
mm mm atm ms degres
I-a 5 4 0,20 610 1,86 | O, 00215 100 18
I-b 5 4 0,20 610 1,86 | 0,00215 | 10018
I-c 5 4 0,30 610 418 | 0,00096 | 4o 36’
1-d 5 6 0,25 610 4,35 | 0,00002 | 4025 |
I-e 5 10 0,20 610 4,65 | 0,00086 | 40 7' |
I 5 6 0,30 610 6,25 | 0,00064 | 3o 5
-2 6 1 0,20 425 1,06 | 0,00283 | 13035
I1-b 6 4 0,20 425 1,06 | 0,00283 | 13035
1Ic 6 4 0,30 425 2,38 | 0,00126 | 6° 3
11-d 6 6 0,25 425 248 | 0,00121 | 5048
Il-e 6 10 0,20 425 2,65 | 0,00113 | 5026’
11-f 6 6 0,30 425 3,56 | 0,00084 | 4o 2
Il-a 7 4 0,20 310 0,65 | 0,00308 | 14048’
1IL-b 7 4 0,20 310 0,65 | 0,00308 | 1do 48’
1il-c 7 4 0,30 310 1,47 | 0,00136 | 6032’
I-d 7 6 0,25 310 1,53 | 0,00131 | 6018
1ii-e 7 10 0,20 310 1,63 | 000123 | 5054
Tk 7 6 0,30 310 2,20 | 0,00001 | ae22 |

II. INJECTION OF GAS OIL.

Using gas oil of 0.836 density the following measurements
were made; at every change of load of the engine & diagrem was
plotted with the Lehman and Michels indicator, the point of in-
jection then belng so adjusted that the pressure at a point in
the combustion cycle does not exceed 60 etm the cooling water
temperature was always kept at 50° C at the outlet.

TapLeau la  pp=610alm  S; = 0,1256 mm? — 4 >< 0,20 — p,y =120 alm.
Engine| Tare of| Horse- T]:;:; to | Specific| Retgrn le:i,ject'n Maxinm.}n
m , |consump| © vance |pres. o
speed| balance| power 100 cm®| tion spring A| angle icycle
rpm kg hp s grhp/n kg deprés atm
800 0,500 0,40 703" 1.770 17 10 40
800 3,100 2,48 5227 373 17 10 44
800 5,900 4,72 410" 254 18,5 9 46
800 8,500 6,80 320" 220 18,5 9 47
800 9,500 7,60 32 216 20,5 7 45
800 10,700 8,56 2457 212 20,5 7 47
800 13,000 10,40 2'18" 208 22,5 5 48
800 14,200 11,36 204" 212 22,5 5 50
800 15,100 12,08 156" 214 22,5 3 52
800 16,200 12,96 1'43" 224 22,5 5 54
800 17,100 13,68 1’357 230 22,5 5 54

Normal rumning, ialigg,, 200 rpm, minimum consumption 208
s5mm®/ injection; meximum injection: 79 m3,

g/hp/h at 10.4 hp, 54.5
maximum stroke 4.02 mm.

Pis = 610 atm

TasLeav 1D

S; = 0,1256 min? — 4 < 0,20 — pi; = 303 atm.

|
|

Normel run, idling 200 rpm.

Winimum consumption: 203 g/hp/h at 11,04 hp, 57.8 mn3 in;ec'blon.

Maximum injection: 76.5 mm’/ injection, maximum stroke: 3.9

The maximum power developed is a little less, while the specif‘ic
fuel consumptions are slightly improved.

The choice of needle closing pressure has no cspitel influence’

pi; =610 alm

TaBLEAU L ¢

Engine|Tare of| Horse- |Time to|Specific|Return Iz:ljact‘n l(lximu:l )
speed | b burn ,|consump|{ o advance [pres. e
peed balance power 100 cx®| tien spring A | angle |cycle
rpm kg hp s & hp/h kg degrés atm
800 0,500 0,40 652" 1.820 17 10 40
800 3,300 2,64 5 97 378 17 10 44
800 6,200 4,96 4’ 17 252 17 10 45.
300 8,700 6,96 316" 220 18,5 9 50
300 9,800 7,81 3 213 20,5 7 50
800 11,400 9,12 237" 210 22,5 5 48
800 13,800 11,04 214" 203 22,5 5 48
800 14,700 11,76 2" 57 204 22,5 5 49
800 15,600 12,48 154" 211 22,5 5 49
800 16,700 13,36 1'42” 221 22,5 5 50

S; = 0,2827 mm?2 — 4 >< 0,30 — p;, = 120 aim.

Faester run, idling 200 rpm.
Minimum consumption: 200 _g/hp/h at 12.32 hp, 61.5 > injected,
Vaximum injection: 85 mm”, maximum stroke: 4.25 mm,

Bugine|Tere of| Horse- | P10 b0 Bee 00| Retyrn | Ihjoct Alesae
speed |balance power | 66003 | ¢ion |springA| angle Ii:ycle’
rpm hy hp s ghp/h kg degrés alm
800 0,500 0,40 634" 1.900 17 10 40
800 3,400 2,72 450" 380 17 10 48 -
800 6,200 4,96 3577 256 18,5 9 52 .
800 8,900 7,32 310" 216 20,5 7 50 .
| 800 10,100 8,08 2'55* 212 22 6 50 *
800 11,400 9,12 239" 208 22 6 52 !
} 800 13,800 11,04 2147 202 23,5 4 50 -
"800 14,900 12,32 2! 2" 200 23,5 4 51 .
800 15,900 12,72 1'54" 207 23,5 4 52
800 16,900 13,62 142" 219 23,5 4 5
800 17,700 14,16 1'28” 241 23,5 4 60 -
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TasLeau I d Tasteav 1 [
J— —_— 2 __ — D —
Pip =610 atm S, = 0,2045 mm? — 6 >< 0,25 — py = 120 atm. Pp=010atm  S;=0,4240 mm*® — 6>< 0,30 — pyy = 120 alm.
Engine| Tare of Horse- %ime to| Specific Ret?rn Ixaject'r lla.ximx;fm
urn ,consump o advance|pres,
Engine|Tare of| Horse- {i‘-ﬂ; to S::;ﬁi; Reg%rn I:cij::::; l;a;:i:':g.? speed | balance power | JOIR o CORSEED spring A| ‘angle pcyc .
spead |balance|powsr 100 cm®| tion  (|springA| angle |cycle Tpm g ) s whpim e degres atm
v o o ) 3 ohp I dogres atm 800 0,700 0,56 636" 1.350 17 10 35
800 3,400 2,72 458" 370 17 10 40
800 0,500 0,40 7'16” 1.720 17 10 42 800 6,400 5,12 3537 252 18,5 9 45
800 3,300 2,64 5'14” 562 17 10 47 800 8,900 7,12 310" 222 18,5 9 53
800 6,100 4,88 4 2" 253 18,5 9 48 800 10,100 8,08 253" 214 20,5 7 53
800 8,600 6,88 317" 221 20,5 7 51 800 11,400 9,12 2'40” 205 20,5 7 56
800 9,900 7,92 2'59” 211 22,5 5 52 800 13,400 10,72 2177 203 22,5 5 49
800 11,100 8,88 2'45° 204 22,5 5 53 800 14,700 11,76 2" 77 201 23,5 4 43
800 13,500 10,80 223" 194 22,5 5 54 800 16,100 12,88 1'557 202 23,5 4 52
800 14,800 11,84 218* 190 22,5 5 63 800 17,200 13,76 1'45" 207 24,5 1 56
800 16,000 12,80 2 3" 189 24,5 1 52 800 18,400 14,72 136" 213 24,5 1 60
800 17,100 13,68 1'51% 197 24,5 1 52 800 19,500 15,60 1257 219 24,5 1 62
800 18,300 14,64 1/40% 205 24,5 1 54
800 19,200 15,36 1'29” 219 24,5 1 60 Run very brisk without knocking; idling 200 rpm, pick-up very
vigorous.
Fast rum, no knoek. Maximum deley in the last four points, Specific consumption almost constant between 8 and_15.6 hp.
Idling 200 rpm. Minimum consumption: 202_g/bp/h at 12.86 hp, 65 mm> injection.
Minimum consumption: 189 g/hp/h at 12,80 hp, 61 mm> injection. Maximum injection: 88 mm”, maximm stroke: 4.48 mm.
Mexdimum injection: 84.5 mm3, maxismum stroke: 4.3 mm.,
Injection pressure: 425 atm
TaBLEAU | e TaBLeav Il a
pie =610 atm  §;=0,3142 mm?® — 10 >< 0,20 — p;; = 120 atm. Pip=425atm  §;=10,1256 mm? — 4 >< 0,20 — p;, = 120 atm.
Engine| Tars off Horae- | 716 to Spocificl Roburn | Inject n Mextmun wroed | bersncs| ores” | Tumn ) | ot e presot
speed | balance| power ke A ’ 100 cm" tion |epringA| engle | cycle
100 cm¥ tien impring A| angle | cycle o 7 ™ . Shen T Tegres _—
vpm kg hh s g hph kg degrés atm
800 0,700 0,56 6'35% 1.350 17 10 37
800 0,700 0,56 630" 1.380 17 10 42 800 3,500 2,80 4'50” 370 17 10 43
800 3,700 2,96 450" 349 17 10 48 800 6,200 4,96 3'52" 261 17 10 49
800 6,600 5,28 346" 252 18,5 9 50 800 8,800 7,04 310" 224 18,5 9 48
800 9,000 7,20 301" 230 18,5 9 52 800 10,000 8,00 253" 217 20,5 7 45
800 10,000 8,00 2'49” 222 22,5 5 48 800 11,400 9,12 2'35” 212 20,5 7 45
800 11,300 9,04 2'36" 212 22,5 5 48 800 13,700 10,96 2'10” 209 22,5 5 40
800 13,900 11,12 2 4~ 217 22,5 5 48 800 14,800 11,84 2’ 210 22,5 5 50
800 14,800 11,84 1'56” 218 22,5 5 51 800 15,900 12,72 148~ 218 22,5 5 50
800 15,900 12,72 1477 | . 219 24,5 1 60 800 17,000 13,60 1317 243 22,5 5 52
800 16,800 13,44 140" 223 24,5 1 62 800 17,700 -| 14,18 1227 260 22,5 5 54
800 17,700 14,16 1'22” 250 24,5 1 65
Run normal, the peak pressure of the cycle inmcreases a little with
Run violent; crests of explosions at slmost constant volume. the charge; idling at 200 rpm.
Minimum consumption: 212 g/hp/h at 9.04 hp, 48 mm3 injection volume. Minimun consumption: 209_g/hp/h at 10.96 hp, 57.7 mu’ injection.
Maximum injection: 81.5 mm’, maximum stroke: 4,15 mm. Maximum injection: 89 mm’, maximum stroke: 3.15 mm.
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pi; =425 atm  8;=0,1256 mm? — 4 > 0,20 — p;; = 305 atm.

TasLEAau 1T b

TasrLeEau 11 d

Time to| Specific| Return | Inject'n|Maximum
Engine Tare of Horae- burn (s:gnsump of agva.nce pros. of
spoed | balancq power 100 cm9 tion |springal engle | cycle
tpm kg bp s ghplh kg degres atn
800 0,700 0,56 6'50” 1.310 17 10 38
800 3,300 2,64 5 4% 375 17 10 41
800 5,900 4,72 4 57 260 20,5 7 40
800 8,600 6,88 317 222 20,5 7 44
800 9,700 7,76 3 215 20,5 7 45
800 11,100 8,88 2/42" 208 20,5 7 45
800 13,000 10,40 219" 207 20,5 7 45
800 14,200 11,36 2 4” 204 20,5 7 46
800 15,500 12,40 1'52” 216 20,5 7 47
800 16,500 13,20 1'41% 225 20,5 7 47
800 17,500 | 14,00 125" 252 20,5 7 52

Without changing the injection advance the pressure peak of the

cycle increases very little with the charge.
Normal run - idling: 200 rpm.
Minimum consumption: 204 g/hp/h at 11,36 hp, 60.6 mn?>,
Maximum injection: 88 mm?, maximum stroke: 3.10 mm.

Tasreau Il ¢

pip =425 atm  §; = 0,2827 mm? — 4 >< 0,30 — p;; = 120 alm.

pi: =425 atm  §; = 0,2045 mm? — 6 >< 0,25 — py = 120 atm.

Engine| Tare of] Horse- Tims to [Specific [Return [Ihject mlaximum.

speed | balance power burn _ |consump | of advance [pres. of
P P 100 em® | tion |[springA| angle | cycle
rpm kg hp s ghp/n kg degres atm
800 0,700 0,56 630" 1.375 17 10 32
800 3,300 2,64 4'53" 388 18,5 9 37
800 6,100 4,88 353" 263 18,5 9 39
800 8,600 6,88 315" 224 18,5 9 48
800 9,800 7,84 2'59" 213 18,5 9 50
800 11,300 9,04 2'40" 207 20,5 7 53
800 13,300 10,64 225" 195 20,5 7 58
800 14,500 11,60 2'15” 192 23,5 4 53
800 15,500 12,40 2' 47 196 23,5 4 56
800 16,700 13,36 151 202 24,5 1 53
800 17,900 14,32 1397 211 24,5 1 56
800 18,900 15,12 1277 229 24,5 1 60

Run fast ~ quick pickup - idlings 200 rpm.
Minimum consumption: 192 g/hp/h at 11.60 hp, 55.6 mn’ inaection.
Maximum injection: 86 mn?, maximum stroke: 3.04 mm,

Pia =425 atm

TasLEav I e

S, = 0,31416 mm? — 10 3< 0,20 — pi; = 120 atin.

Run faster; injection at dead center;
Minimum consumption: 199 g/hp/h at 11,32 hp, 57 mm? injection.
Meximum injection: 94 mm?, maximum stroke: 3.2 mm.

idling: 200 rpm.

i Mme to |Specific| Return |Inject'n[Maximum
Engine|Tare of| Horae- burn ggnmmp of adé:nce pres. of
speed |balance| power 100 cu® tion |springh|engle |cycle

tpm kg hp s ghpf kg degres atm
800 0,500 0,40 6'40” 1.870 17 10 38
800 3,300 2,64 5' 6" 370 17 10 45
800 5,700 4,56 7 261 17 10 49
800 8,200 6,56 31227 226 18,5 9 52
800 9,400 7,52 3 3 218 20,5 7 53
800 10,800 8,72 245" 208 22,5 5 52
800 12,900 10,32 224" 201 22,5 5 56
800 13,900 11,32 21127 199 23,5 4 52
800 15,400 12,32 1'58” 205 24,5 1 50
800 16,400 13,12 11477 206 24,5 1 53
800 17,700 14,16 1/36* 221 24,5 1 55
800 18,500 14,80 1'20* 252 24,5 1 58

Run fast -~ pickup mediocre, idlings 200 rpm.

Minimum consumption: 218 g/hg/h at 8,64 hp, 47 mm” injection.

Meximuz injection 125 mm?, maximum stroke: 4.40 mm, 359 g/hp/h at
hp. Injector vr.Lth 10 orifices of 0.20 poorly suited, -

13.92

Engind Tare of Horse-| Time to|Specitic{Return |Inject 'n|Maximum
speed | balance power burn 3 consump °; advance |pres.of
100cm tion |springd| angle | cycls
rpm kg hp s ghp/h kg degrés atm.
800 0,500 0,40 6'54” 1.800 17 10 39"
800 3,100 2,48 5327 367 17 10 45-
800 5,700 4,56 4 264 17 10 47
800 8,200 6,56 317 233 20,5 7 48
800 9,600 7,68 2'58” 219 20,5 7 48
800 10,800 8,64 239" 218 20,5 7 50’
800 13,500 10,80 2" 3 225 22,5 5 49
800 14,100 11,28 1'55” 231 24,5 1 46
800 15,500 12,40 1387 246 24,5 1 52
800 16,500 13,20 1227 276 24,5 1 52
800 17,400 13,92 1’ 359 24,5 1 60
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Tasreau II f

Run fast, pickup excellent; idling 200 rpm.

Minimum consumption: 197 g/hp/h at 11.60 hp, 57.5 mm

ppy =423 atm  S; = 0,4240 mm?® — 6 >< 0,30 — pi; = 120 atm.
Time to |Specific [Return ect'n Maximmum
Engine| '.I.‘n.;e of Horse %~ cgnlump of mancg pres. of
speed | balance power |00 3| ion springh| angle | cycle
ram kg hp s gihp/n kg degrés atm
800 0,500 0,40 6'34” 1.810 17 10 32
800 3,300 2,64 4'50" 392 17 10 40
800 6,100 4,88 350" 267 17 10 47
800 8,600 6,88 3'11% 228 18,5 9 50
800 9,600 7,68 3 217 20,5 7 47
800 11,300 9,04 241" 205 22,5 5 47
800 13,500 10,80 220" 198 22,5 5 50
800 14,500 11,60 2'11” 197 24 3 50
800 15,700 12,56 1'58* 203 24 3 52
800 16,700 13,36 1'48” 206 24,5 1 57
800 17,900 14.32 1'38” 215 24,5 1 60
800 19,100 15,28 128~ 224 24,5 1 60

3 injection.

Moximum injection: 85 mm?. 15,28 hp; maximum stroke: 3 mm.

Injection pressure: 310 atm.

Tasreau HI a

pig=2310atm  §;=0,1256 mm? — 4 >< 0,20 — p;; = 120 atm.

; Time to [Specific |Return 'In,jcct'n Meximam
Engi:c :‘i' of| Herse- |5 rm consump| of  |advance pres.ef
spee ®1Ance power 106 o | tion |opringA| esngle | cycle

rpm kg hp s g.hp/h ky degres atm
800 0,600 0,48 626" 1.610 17 10 31
800 3,400 2,72 4427 392 17 10 35
800 6,200 4,96 3'39” 277 17 10 35
800 8,700 6,96 2'58” 243 17 10 37
800 9,900 7,92 2'39" 237 17 10 37
800 11,300 9,04 2'24" 231 17 10 40
800 13,500 10,80 2017 231 17 10 41
800 14,700 11,76 142" 250 17 10 42
800 15,800 12,64 127" 27 17 10 42

Run very smooth, pickup mediocre, idling: 200 rpm.
Minimum consumption: 231 g/hp/h at 10.20 hp, 62 mm” volume
Maximum injection: 86 mm?, meximum stroke: 2.23 mm.
Weak peak pressures in cycle; no adjustment of advance.

TasLeau IIT b
pig =310 atm  §; =0,1256 mm? — 4 >< 0,20 — p;; = 305 atm.

Engine| Tare of| Horse |, Time |Specific) Return |Injecti Maxiuin
speed| balance| power |100 cm®| tion |springh| angle | cycle
pm kg bp s ghpfi kg degrés aum
800 0,500 040 | 716" 1.715 17 10 36
800 3,300 2,64 | 512 365 17 10 36
800 5,800 464 | 43" 267 17 10 38
800 8,100 6,48 | 3207 231 17 10 40
800 9,000 720 | 2577 235 17 10 38
800 10,900 872 | 233~ 226 17 10 36
800 13100 | 1048 | 209% 223 17 10 37
800 14,200 | 11,36 | 1'56” 228 17 10 39

Run very smooth, engine sluggish, no pickup, idling 200 rpm.

Fo change in advance. Peak pressure of cycle rises very little
with charge.

Minimun consumption: 223 g/hp/h at 10.48 hp, 58 mm® injected.

Maximum injection: 65 mm3 at 11.36 hp, maximum stroke: 1.7 mm,

TasLeauv III ¢

pip =310 atm  §; == 0,2827 mm? — 4 >< 0,30 — pi == 120 atm.

Specific|Return |I ect'n Maximum

Engine Tare of |Horse- Tui?g to cop:suigp of |advance [pres, of
speed [balance [power |100 cw3| tion  |spring Al angle |cycle
rpm kg hp s drbp/h kg degrés am
800 0,600 0,48 6'52* 1.515 17 10 33
800 3,100 2,48 5 ¢” 398 17 10 40
800 5,600 4,48 4 4 274 17 10 43
800 8,400 6,72 320" 222 17 10 44
800 9,500 7,60 3 219 17 10 44
800 10,800 8,64 2143~ 212 18,5 9 42
800 13,100 10,48 215" 211 18,5 9 46
800 14,100 11,28 2' 7 209 18,5 9 48
800 15,300 12,24 1’517 221 18,5 9 48
800 16,400 13,12 1'38” 233 18,5 9 48

Run smooth, pickup good, idling: 200 rpm.
Minimum consumption: 209 g/hp/h at 11.28 hp, 59 mm3 injected.
Maximum injection: 77 mm® at 13,12 hp, maximum stroke: 2 mm,

a2
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piz =310 atm

Tasreav 111 d

S; = 0,2945 mmn? — 6 >< 0,25 — pi, = 120 alm.

Engind Tare of| Horse- E;ge to| Specific Retgrn Inject ' n|Maxitmum
speed | balance pomer | JB8%cn3| CPERT| oo g a | atale RS
rpm kg hp B g hpfh kg degres atm i
800 0,600 0,48 6°26* 1.625 17 10 .35 |
800 3,400 2,72 446" 386 17 w0 | s
800 6,200 4,96 349" 261 17 U I
800 8,900 712 | 3 9 223 18,5 0 51 |‘
800 16,000 8,00 2'54” 215 18,5 9y | 57 I
800 11,500 9,20 2'37" 207 22,5 5 f 51
800 13,700 | 10,96 2'16" 201 22,5 5 v 54 "
800 14,700 | 11,76 2 8 198 22,5 5.,1 - 54
800 16,100 | 12,88 152" 207 24,5 T s |
800 17,100 | 13,68 139" 21 ' 245 I B S |
800 18,000 | 14,40 1257 45 | 245 1 1 s I!
1 1 -

Run faster - by super charge injection et derd center, pickup
very good, idling: 200 rpa.
¥inimum conswmption: 198 g/hp/h at 11.76 hp, 59 mn® injecled

volume,
Maximum strokes:

a

2.27 mm,

Meximm injection: 88 mm®, 14.40 hp .

Tanrrae I e

pi;=310atm  S;== 0,314 mm2 — 10> 0,20 — p, == 120 alm.
Engine|Tare of|Horse- %‘ime to| Specific Ret\tz_rn ilxaject'n Maxim\;m-
urn consum; (4] aavance |preaof |
speed, balance; power 100 cm?| tion P spring A angle Iacyclve
rpm kg hp s & hp/h [ degies atm
800 0,500 0,10 6'58” 17490 17 (U (.
800 3,100 2,48 5 3 309 17 ' w o
800 5,700 4,56 3537 Er S S T |
800 8,000 | 60 | wip | 17 w s
800 9,200 7,36 258" 185 l 0 18 !
800 10,700 8,56 240" 22,5 3 6oy
800 12,700 10,16 211" 22,5 5 ‘ 16
800 13,800 11,04 2 92,5 5 16
800 | 15100 | 12,08 | 13 25 S T
800 | 16200 | 12,96 | 115" ms | 5 ] w !J
i

Fngine sluggzish, without pickup, idling: 200 rpm.
Minimum consumption: 219 g/hp/h st 8.56 hp, volume injected

47 un3.

Meximun injection: 100 mm?, at 12.96 hp, waximum stroke: 2.6 nm.

piy =310 alm

Tasreay 11 [

5 == 0,4240 mm2 — 6 < 0,30 — piy == 120 atm.

Engine |Tare of |Horse- Tlm: to ;?E,fcgﬁf Reg\%rn I‘nfﬁ‘;’; %?e%
speed |belence |power |100 emO| tion |springA| angle | cycle
| rpm ha hp s ghp/h [¥] 2 degres atm
| 800 0,500 0,40 | 6'42” 1.865 17 10 40
W 800 3,200 2,56 5 301 17 10 - 46
! 800 5,700 4,56 358" 1276 17 10 50
1 800 8,400 6,72 |, 315" 229 18,5 .8 48
I 800 9,500 2,60 " 2'59" 221 T 18,5 9 .50
1 800 10,800 8,64 11 242" 213 225" 5 + 52
| 800 | 12,900 10,32 218" 209 22,5 5 .52
1 800 14,100 11,28 | 2’ 8" 207 22,5 5 - 52
| so0 15,100 12,32 - | U547 211 22,5 5 152
800 16,700 13,36 °| 1'38" 229 22,5 5 7
| 800 17,600 14,08 123" 257 22,5 5 : 52
Run normael, pickup good; idling: 200 rpm. g

Peak pressure in cycle shows no increase with charge.

Minimum consumption: 207 g/hp/h at 11.28 hp; injecticn,

59 mm®.

Maximum stroke: 2.34 mm,

Kerosene density: 0,808
Injection pressure: 610

p=610 atm $:0.1256 m®-4x0,20-p=305 atm

atm

Vaximum injection: 90 me® at-14.08 hp,

Pable Ib (Kerosene)

20.00215 m/s

. [Time to [Specific(Return |Inject 'n{Maximum
Engin; ga;: of | orse - burn cgnﬂump of ~ |advance pres of
speed |balance | power | yat.n3| tion |spring A{ angle |cycle
rpm kg hp s smp/h kg degrés atm
500 0,500 0,40 7 1.725 20,5 7 38
800 3,200 2,56 5’ 376 20,5 7 43
800 5,700 4,56 4 3" 262 20,5 7 48
800 8,300 6,64 320" 222 20,5 7 .46
800 9,400 7,52 257" 218 20,5 7 - 50
800 10,800 8,64 240* 210 20,5 7 252
500 12,900 10,32 217" 205 20,5 7 . 52
800 14,000 14,20 2" 4" 208 20,5 7 '52
800 16,300 13,04 1'45” 211 20,5 7 53
800 17,300 13,84 1'32" 228 20,5 7 56

)
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12. Injection of gasoline.-~ Injector No. 1l-b was
tested with a Reavy fuel of 0.750 density; starting the
engine, hot or cold, was impossible. The engine started
with gas o0il, since it is well known that in gsubstituting
gagsoline for g€as 0il when the hot engine is turning at its
normal speed, the injected fuel does not ignite, no mat-
ter what the injection advance.

A B50-percent blend of gasoline and gas o0il permits
spontaneous ignition when the volume injected is great,
but the horsepower developed for this volume is very in-
ferior.

Experience seems to indicate that the phenomena of
autoignition in gasoline engines result from the compres-
sion of the fuel-air mixture. which must have greater
knock characteristics than the fuel injected in the hot
air of compression. 3But most often the knock arises from
an incandescent point in the working chamber. This hot
point is either a carbon deposit on the bottom of the pis-
ton, or on the exhaust valve, or some badly cooled metal-
lic roughness.

13, Injection of kerosene.- The same experiment was
repeated with kerosene of 0.808 density. Start from cold
is instantaneous; the engine turns over; pick-up is vigor-
ous. The recorded curye is as follows:




'The engine acts perfectly;
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moderate explosion crests than when using gas oil.

cut changing the polnt of injection,
the cycle rises but slowly with tho charge,

w1th1n acceptable llmlts.

The consumptlon is,

1n every point

and re

comparabl

that recorded with the same device using gas oil.

table IDb.)
half horsepower.

14,

29

the diégrams indicate more

-With-

the neak pressure of

mains

o with
(See

The maximum power developed is higher by one=-

Idling is impeccable at 200 rpm -~ as for
all tests made with gas oil.

Comparative measurements.-~ The basis of compari-

son was the recorded power and consumption curve of the

Winterthur Diesel envlne w1th normal equipment,

and injector.

The plunger of the Bosch pump has a diamcter of 6.5
3%.18 mm®,

mits a differential section of 21.20 mm2.

SS=

of the needle,
opening of the needle at a pres

Bo

gch »pump,

mm.

The injection needle (3 and 6 mm D) per-

has a force of 37 kg,
sure

Pil

which
= 175 atn.

The spr
defines

ing R
the

The section of passaée of the nozzle {(four holes of

0.20 mm diameter)

= 0.1256 mm@,.

The pump is set

for: sgstart of injection, 15° B.T.C.; end of 1n)ect10n,
maximum feed, 20° A.T.C.; amplitude at maximum feed, 35°
TABLE IV. DBosch Calibration Curve
Gas~0il -density, 0.836 at 17° C
Engine| Initial | Horse-|Time for|Specific|{Injection|Maximum
speed | force of| power | burning'|consump~| advance |pressure
balance 100 cmd - tion o of cycle
rpm kg : g/hp/h deg atmn
800 0.500 0.40 | 61 47" .| 1,840 15 38
800 3,100 2.48 4v.40M 432 15~ 42
800 5.800 4.64 gr.pon. 270 15 48
800 8.200 6.56 3 e 238 15 54
, 800 9.600 7.68 2t ban 224 15 58
800 10.800 8.64 21 .36" 222 15 58
800 11.800 9.44 21 16" 234 15 59
800 - | 12.800 |10.24 1! 58" 248 15 57
At 10 hp the engine knocks harshly. Idling, impossible to
maintain below 400 rpm. Pick-up, mediocre. Volume in=-

of 10,24 hp (100 cm® in 118 s)
effective pump stroke, 1,95 mm=c.

jected at maximum power
is 63.7 mm3, making the
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The active angle of the cam controlling the pump is
therefore 199 30!, and the duration of maximum injection,
0.00406 gsecond.

Assuming the speed v of the plunger as constant for

the duration of the injection, Vo = 0.48 m/s. The pres-

sure pj, maintained by the pump is here, as seen previous-

ly:
So vp2
. = | = . t
p12 (12 S7> 112.4 atm
The spring R permits the needle to open at a pressure
P; = 175 atm, and we see that this pressure is not main-
1

tained by the pump. The injection is by jerks.

For a more complete check on the laws of injection in
the light of these experiments, the following changes were
made on the Bosch equipment: Start of injection, 10° B.T.C.;
end of maximum injection, 8° A,T.C.; amplitude at maximun
feed, 189; spring, R 25.900 kg opening pressure, <
120 atm. T S i

TABLE V. Bosgch Cnlibration Curve

Amplitude 18° Advance 10° Pressure Py, = 120 atm
Ingine{Initial |Horse-|Time for|Specific|Injection|Maxinum
speed| force of|power |burning |consump-| advance |pressure
balance 100 cn3 tion of cycle
rpn kg £/hp/h deg catn
800 0.600 0.48 | -6 304 1,610 10 41
800 2.300 2.64 41 440 401 10 48
800 6,100 4.88 3 50" 268 10 53
800 8.800 7.04 a3t 1o 225 10 60
800 10,000 8.00 2t 55" 215 10 62
800 11,300 9.04 21 aon 210 10 64
800 113.500 (10,80 | 2! 17" | 203 10 65
800 14.900 11,92 2v " ¢+ 201 10 66
800 16.100 12.88 1! 534 207 10 66
800 17.300 13.84 11 340 231 10 63
—-L
Run lively; pick-up better. The engine does not knock when
supercharged. Idling: 350-400 rpm. The peak pressures

of the cycle are raised. At the same setting of the
Bosch pump, a last curve is plotted by simply doubling
the opening pressure Dyt R = 51 kg; Pil = 240 atm.
: b3
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TABLE VI. Bosch Calidbration Curve

Amplitude 18°© Advance 10° Pressure piz = 240 atm
Engine|Initial |Horse-|{Time for|Specific|Injection|Maximum
speed|force of|power |burning |consump-| advance |pressure
balance 100 ¢m3 tion of cyecle
rpm kg g/hp/h deg atm
800 S 0.600 0.48 61 3oM 1,810 10 43
800 3.300 2,64 4t 540 388 10 48
800 6.100 4,88 31 5gn 260 10 52
800 8.800 7.04 31 15¢ 220 10 58
800 10.000 8.00 2" 56" 214 10 58
800 11.400 9.12 2t zgn 208 10 60
800 13.300 10.64 21 174 206 10 64
800 14,400 11.52 2t gt 202 10 62
800 15.800 12.64 1t 53 211 10 62
B0O 16.900 13.52 17 agH 226 10 62

Doubling the opening pressure does not change the

Pll
running of the engine, The specific consumption is some-

what better; the maximum power developed, a little poorer.
Idling at 400 rpm.

From the last measurement, 13.52 horsepower, where 100
cm® of gas oil is burned in 98 seconds, we can compute:

The useful stroke of the pump ¢, 2.35 mm

Amplitude of maximum injection ¢, 12° 21!

Duration of maximum injection t = 0,00257 s

Piston speed of the pump Vpe 0.915 n/s

Pressure maintained by the pump Py 400 atm

2

Measures V and VI, comparable in all points, clearly
show that the force R of the spring of the differential
needle plays no essential part in the injection and the
combustion. ‘

Figures 7, 8, and 9 show the power developed by the

Winterthur Diesel for the three sets of consumption curves
in comparison with the calibration curves IV and VI.
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Figure 7.~ Power and consumption curves of Winterthur-
60 atm. injection pressure.
. Injection og:zgz; Nogzles | Injecti
o. ressure ' f i
P pressure| Number | Diameter| Section period
pi, atm pi, atm ., mm mm? s
v 112 175 4 0,20 0,1256 0,00406
VI 400 - 240 4 0,20 0,1256 - 0,00257
Ia 610 120 4 0,20 0,1256 | 0,00215
I-b 610 305 4 0,20 0,1256 0,00215
I-c 610 120 4 0,30 0,2827 0,00096
I-d 610 120 6 0,25 0,2945 0,00092
I-e 610 T 120 10 0,20 0,3142 0,00086
i-f 610 120 6 0,30 0,4240 0,00064




NACA Technical Memorandum No.993

A .v/hp/b

ons

Consumption
Consommats

33

[

13.204p
Te -13ev2o.
o 276 g
3 14.16 hp
Ka-lh,evlb
2604
3 /4.80
10.22 hps ner - lhevBo
s toadh

/)Hly

252 _?_. 152gr.

I
i

A
! 15.12hp

/ Sehe /| XQe 15een,
/ s |p 328
"1 L ] . Sy T5z28m
1 LA
\‘\*\\‘N\—/ A - A
200 B fundbins el BL == SE=e
%o I et Puussapee €V
180 Horsgpower
3 4 H ] 7 8 s i " 13 X " 18
Figure 8.- Power and consumption curves of Winterthur-
425 atm injection pressurs.
, Injection] Needle Nozzles In jection
No.  |pressure | Opening . . eriod
pressure| Number Diameter | Section P
pi, atm * pi, atm nin mm#* s
v 112 175 4 0,20 0,1256 0,00406
VI 400 240 4 0,20 0,1256 0,00257
I1-a 425 120 4 0,20 0,1256 0,00283
II-b 425 305 4 0,20 0,1256 0,00283
II-c 425 120 4 0,30 0,2827 0,00126
II-d 425 120 6 0,25 0,2945 0,00121
II-e 425 120 10 0,20 0,3142 0,00113
II-f 425 120 6 0,30 0,4240 0,00084
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Figure 9.- Power and consumption curves of Winterthur-
310 atm injection pressure.

Injection | Needle Nozzles Injection
No. pressure opening f period
pressure | Number |Diameter| Section
pi, atm pi, atm mm mm?* s
v 112 175 4 0,20 0,1256 0,00406
VI 400 240 4 0,20 0,1256 0,00257
II1-a 310 120 4 0,20 0,1256 0,00308
III-b 310 305 4 0,20 0,1256 0,00308
I1I-c 310 120 { 0,30 0,2827 0,00136
II1-d 310 120 6 0,25 0,2945 0,00131
I1I-e 310 120 10 0,20 0,3142 0,00123
111 310 120 6 0,30 0,4240 0,00091
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Chapter 3
ANALYSIS OF TEST-STAND DATA

Effects of Pressure, Speed, and Distribution of Injection
on the Engine Efficiency

Examination of the curves in figures 7, 8, and 9 af-
fords the following conclusions:

a) For an identical injection pressure, the specific
consumption decreases while the power which the engine can
develop, increases in relation to the rapidity of injection.

For instance:
Curve I-a...230 g/hp/h at 1%3.68 hp...duration %=0.00215 s
Curve I-f...219 g/hp/h at 15.60 hp...duration £=0.00064 s

b) Terming the power corresponding to minimum specif-
ic consumption, the economical power of the engine, it is
seen that this economical power rises in relation to the
speed and to the injection pressure.

For instance:

Curve I-f (ps = 610 atm, t = 0.00064 s) indicates
a minimum consumptiBn of 202 g/hp/h for a developed power
of 12.88 hp, while curve IIla (pi = 310 atm, t = 0,00308
a

s) shows a mininum consumption of 230 g/hp/h at 10.80 hp.
Curve I-f is very flat and the consunption may vary be-
tween 7 and 16 horsepower and, unlike curve III-a, which
rises rapidly above 10 horsepower, and even less for the
calibration curve IV (pia = 112 atn, t = 0,00406 s),

which already rises at 8 horsepower,

¢c) In the direct injection engine, without turbu-
lence, dealt with here, the choice of nozzles and the dis-
tridbution of jets in the combustion chamber is not un-
important. In fact, the curves e (S, = 10 oriflces of

0.20 mm) show a characteristic anomaly from ths point of
view of specific consumption, as of the horsepower devel-
oped. The strainer with 10 holes of 0.20 mm, is poorly
suited.
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Figure 10.-~ Power and consumption curves of Winterthur
injector 4 adequate.

Injection Needle Nozzles Injection
No. pressure opening period
pressure | Number |Diemeter | Sectioa :
Di, utm- pl; atm mm mm?* s
v 112 175 4 0,20 0,1256 0,00406
VI 400 240 4 0,20 0,1256 0,00257
I-d 610 120 6 0,25 0,2945 0,00092 -
‘11-d 425 120 6 0,25 0,2945 0,00121
ITI-d 310 120 6 0,25 0,2945 0,00131
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On the contrary, the three curves d (S, = 6 orifices
. 0f  0425-mn) show that the 'six nozzles of 0,25 mm are appar-—
ently best suited to the Winterthur eagine., Figure 10 il-
lustrates thesc three curves: 4 ’'in comparison with: the
calibration curves IV and VI, '

The recording of the consumptions at maxi mum power

developed at 800 rpm, and the minimum consumptions at eco=
nomnical power, gives the following tabulation:

Consumption at Maximum and Minimum Power

Pres- |Duration |Consump-|Maximum|Consump-| Economi-
Test sure tion horse- tion cal

No. milli~ power horse-
Ps, atm seconds| g/hp/h’ g/hp/h | power

I-a 610 2.15 230 at 13.68 208 at 10.40
I-b 610 2.15 221 13.36 203 11.04
I-c 610 .96 241 14.16 200 12.32
I-a 610 .92 219 15.36 189 12.80
I-e 610 .86 250 14,16 212 9.04
I-f 610 .64 219 15.60 202 12.88
II-a 425 2.83 260 14.186 209 10.80
II-b; 425 2.83 252 14,00 207 10.40
IT-c 425 1.26 252 14.80 199 11,32
II-a 425 1.21 229 15.12 192 11.60
II-e 425 1.13 259 13,92 218 8.64
- II-f 425 .84 224 15.28 197 11.60
III-a| . 310 - 3.08 271 12.64 231 10.80
III-b| 310 . 3.08 228 11.36 223 10.48
IITI-¢ 310 1.36 - 233 13.12 209 l11.28
III-d 310 1.31 245 14,40 198 11.76
III-e 310 1.23 312 12.96 219 8.56
ITI-f 310 .91 257 14..08 207 11.28
Iv 112 4,06 248 10.24 222 8,64
VI 400 2.57 226 13,52 202 11.52

‘Specific Power of an'Injeétion Engine

The specific power of a fuel-injection engine varies
in the inverse sense of the duration of injection.- For a
specified injection pressure the maximum power which the
engine can develop is obtained when the total charge of
fuel is introduced within the shortest time.
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Figure 12.- Power and consumption against injection
pressure, Injector d; 6 nozzles 0.25 mm
in diameter; injection period t; 1.31, 1.21, 0.92 ms.
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Specific Consumption

The specific consumption of a fuel-injection engine
varies in the inverse sense of the injection pressure.=-
These two''laws are related through the following:

The power and consumption operating;conditions of a
fuel-injection engine improve with a reduction of the du-
ration and an increase in injection pressure.

leewlse, the economie horsepower of the engine in-
creases in relation to the rate and pressure of injection.
Reduction of the duration of injection is the chief fac-
tor for improving the power and for lowering the specific
fuel consumption.

Ignition Lag and Duration of Injection

The duration of injection seems to be intimately re-
lated to that of the ignition lag. 1Ia fact, torque-stand
experiments show that when increasing the volume of injec-
tion of any feed system, when the maximum power developed
by the engine is reached, it is impossible to increase
this power further, and the fuel introduced in excess is
decomposed into aldehydes and tars without other result
than thick black smoke in the exhaust and an exaggerated
specific fuel consumption.

It is believed that, in order to obtain a new power
gain, 1%t is necessary elther to raise the piston displace=
ment or to improve the turbulence so as to assure a better
mixing of the gas oil with the combustion air. Comparison
of the torque-stand data proves it is otherwise when the
displacement and the turbulence of the Winterthur engine
remain equal for all curves, and that the power developed
with the dévice No. I-f is nearly twice the rated engine
power when fitted with its normal equipment No. IV.

A simple calculation shows that with No. I-f at 15.60
horsepower, the air-fuel ratio is 23.5/1, with a specific
consumption of 219 g/hp/h, while with No. IV, the air-fuel
ratio is 33/1 and the specific consumption, 248 ¢/hp/h.

Hence, with Judiciously modified injection, it is pos=
sible to ralse the power supplied by the engine and at the
same time keep the consumption within toleradble limits.
With turdulence, the engine manifested, of course, much
lower air-fuel ratios.
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. Since the chief effective factor is: the duration of
inJectlon, the plaus1b1e explanatlon of this statement is
the follow1ng' .

It is natural to suppose that the particles at the
tip of a fuel jet first penetrating the working chamber
heat and ignite first equally and form a flame front ac-
-companied by zones of more or less impermeadble instantane-
ous positive pressures in the jets of the fuel nozzles.
Ignition being primed, the flame fronts expand and travel
very rapldly in the working chamber and, if the ignition
has not been terminated whon they arrive at the injector
nozzles, the fuel introduced later loses part of its pene-
tration, stops burning, or burns very. poorly without find-
. ing the air necessary, and in no wav increases the power
developed by the engine.

Whereas, if the total charge of fuel is inducted and
distributed properly in the warking chamber of the engine
before ignition takes place - that is, to say, during the
very short period of ignition lag, the penetration of the
gspray is not disturbed and the maximum power can be drawn
from the engine with the minimum air-fuel ratio.

To be sure, it is no less true that a well-conditioned
turbulence in the combustion air is the easy way to lower
the fuel-air ratio. By reducing the duration of injection
and by raising the turbulence, there is nothing to prevent,
a priori, the Diesel engine from supplying a specific
horsepower comparable with (if not superior to, at equal
speed), that of carburetor engzines, :

The numerous studies made for measuring the ignition
lag have shown this lag to depend upon several factors,
the chief of which are: the compression ratio, the rate
of rotation, the turbulence, and the shave of the combus-
tien chamber. These measures, in general, given in de-
grees . of crankshaft rotation, show that the ignition lag
decreases when injection starts about 10° B.T.C. They
similarly indicate a substantial reduction in ignition
lag by a vigorous'turbulenee in the engine chamber.

The average ignition lag recorded is from 5° to 120
crankshaft, when the engine speed with vigorous turdu-
lence passes from 500 to 2000 rpm, for a compr9351on ratio
of 14. ’

Now, the angle of injection of a mechanically con-
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trolled pump . is aslways greater than 59, even than 120,

The active part of a cam of -the pump records, in general,
20° to 25° crankshaft, in such a way that thus far the to-
tal charge of fuel is inducted within a period exceeding
that of the - ignition lag consideradly,

That, we believe - and, as borne out dy curves 7 to
14 - is a sufficient reason why the Diesel cycle has re-
quired up to now a higher air-fuel ratio than a gas or,
gasoline engine. The ignition lag measured in degrees.of
crankshaft when translated into time, gives 0.0017 second

‘at 500 rom, and 0.001 second at 2000 rpm.

- By ﬁtilizing the compression for actuating ﬁhe'pump

‘injector, the total fuel charge can be inducted into the

engine chamber within the ignition lag period, as shown by
I-f, for example, for which the time of injection 'is

-0,000084 second.

Penetration, Dispefsion, Distridbution, and
Pressure of Injection

At the exit of the injector nozzles the pressure of
the fuel is transformed into speed. The fuel sprays in
the working chamber at the instant of ignition occupy a
well-defined position, which can be exactly determined,
knowing the duration of the flow, if the speed of the fine-
ly atomized particles follow a simple law of deceleration.

The research carried out in various countries to de-
termine the law of penetration of fuel sprays in compressed
air, show that the penetration is in function of the injec-
tion pressure, but that the resistance of the compressed
air undergoes at speed v; of the sprays at the nozzle
exit, a deceleration whicﬁ is so much faster as the pres-
sure of injection ig higher. Thig should not be surpris-
ing since the finenegs of the atomized particles is pro-
portional to the injection pressure, so that in the kinet-

ic energy mv®/2 of each droplet, the mass decreases when
the injection pressure increases, while the speed v rises,

as seen, as functionm of Py .

The penetration measurements have been made in con-
tainers of cold air or a neutral gas whose density corre-
sponds to that of the working chamber of a Diesel engine
at 14 compression ratio. But there is no motion of the
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gas itself in the coantainer, no disturbance of pressure as
‘set- up by the flame front in the chamber of an engine. It
is doudbtful that such measures correspond exactly with

what actually transpires by injection into a combustion
chamber with high turbulence -~ all the more so as the pene-
tration is proportional, not merely to the injection pres-
sure, but is also dependent upon other factors: It grows
with the nozzle length to diameter ratio - less dispersion -
viscosity of the fuel - larger mass of droplets;-and it
decreases as the compression increases - stronger resistance
of the air. It is difficult to ascertain the exact dis-
tance from the tip of the spray to the moment of ignition.

Other than the duration and the penetration, the dis-
persion likewise determines the quality of a combustion.

Indeed, at the high pressures employed in direct in-
jection, the flow in the spray nozzles is always turbulent
and the sprays take the form of cones whose opening angle
at the nozzle increases with the injection pressure and
decreases in proportion to the nozzle length.

Inducting the entire fuel charge within the ignitiom
lag time interval through nozzles in such number and dimen-
sions that penetration, distribution, dispersion, and fine-
ness of varticles permit the injected fuel intimately to
affect the entire volume of the compression chamber, the
combustion will take place under conditions enabling the
engine to develop its maximum power with a minimum fuel
consumption. The specific consumptions themselves will be
minimum at all charges and speeds .of - operation of the
engine,

There is one well-=defined distribution and one injec-
tion pressure suitable to the dimensions of a nonturbulents
combustion chamber, If the number of nozzles is insuffi-
cient - curves I, II, III-a, III-b, IV, and VI - four holes
of 0,20 mm diameter - the distridbution of the fuel is not
sufficient. If the nozzles are too numerous, the injec-
tion lacks penetration -~ curves I, II, III-e - six holes
of 0.20 mm diameter.

‘Likewise, if the pressure is low, the penetration,
dispersion, and fineness of particles are not sufficient,
the atomization cones fill only part of the combustion
chamber, with consequently mediocre power and specific
consumption - curves IV, III-a,b,c, etc,



IV.-pig =113atm; 97 :0.1356mnd-4x0.20; t:0.00406s, P
10.24hp-248g/hp/h. Pressure and distribution to

weak-injection period to long. :

Ia.—~pi,= 610atm;Sy:0.1256mm3-4x0.30, $:0.003 15 s,
Pyt 13.68 hp-230g/hp/h. Distribution to weak-

injection period to long.

N N

Ie.-pige 610atm;87:0.3142mm3-10%0,20, £:0.00086 8, Pp:

14.16 hp-250g/hp/h. Distribution excessive-lack
of penetration.
Id.-pig= 610atm; 87:0.23945mm3-6x0.25, t:0.00092 &, Py :

15936hp —219g/hp/h. Period,pressure,and distribu-

tion of spray well adapted.
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— 15" 48atm

—— 107-33 « 1118.-pig =310 atm;4 nozzles of

— 0.20mm dia.. oo - L TR
IId.-pig =425 atm; 6 nozzles of Id
, 0.25mm dia. '

Figure l6a.-I1Ia, idling; advence of ignition regulated by lowering
_ the tare of the return spring A; peak pressure of cycle
rises with injection advance.

Figure 16a.~ Ila, idling;advance of injection:10°.
A constent pressure cycle is readily obtainable at
idling and low chsarge.

43
422 IV.-pip =112 atm;4 nozzles of <
174 0.20mm dia. Pl
4 VI.-pig =400 atm;4 nozgleas of 70°
/\60" 0.20mm dia. Ty \J

Figure 16b.-~IV, 2.48 hp; advance:15°,ang1e of explosion crater:60°,peak

pressure of cycle:42 atm;low injection pressure compensated by greater

advance

Figure 16b.-VI, 0.48 hp; advance: 10°, angle of explosion crater: 709,
peak pressure of cycle; 43 atm, injection pressure compen-

sated by greater injection lag. As injection pressure incresses, the

cycle approaches combustion at constant volume.

e5a caa
V.-piz =400 atm;4 nogzles of
0.20mm dia.
Vi.~pip =400 atm;4 nogzles of vl
0.20mm dia. 76
NE AN ISR

Figure l6c.-V, 1ngection pressure at lifting of neeale pl; = 120 atnm.,
10.80 hp; advence: 10° ,angle of explosion crater 76°,peak pressure of
cycle 65 atm;peak pressure of cycle rises with the charge.

Figure 16c.~VI, injection pressure at lifting of needle pi; = 240 atm;
10.64 hp; advance: 10°,angle of explosion crater 76° s peak pressure of
cycle 64 atm;compared with the one above,it is seen that the choice
of pi) has not changed the cycle, .
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. ——56a
s2a IIIf.-pip =310 atm; 6 nozzles of
0.30mm dia.
Id.-pip =610 atm; 6 nozzles of
X 0.30mm dia. .
A SR

Figure 164.-IIIf, 13.36 hp,advance: So,angle of explosion crater: 729,
peak pressure of cycle: 52 atm.

Figure 16d.~ 14, 13.76 hp,edvence: 1°,angle of explosion crater: 820,
peak pressure of cycle: 56 atm, the explosion crater

is more active as pij increases.The engine runs smoother at low in~

jection pressure,but the efficiency is inferior.

39a IIIb.-pip=310 atm;advance: 10%;
4 nozzles of 0,20mm dia.

/My II11d.-pip=310 atm; 6 nozeles of
A°7 0.25mm dia.

Figure 16e.- IIIb,injection period:0.00308 s; 11.36 hp,advance: 10°;
angle of explosion crater;57°,peak pressure of cycle;39 atm.

Figure 16e.- IIId,injection period;0.00131 s; 11,76 hp,advance: 5%
angle of explosion crater:74°,peak pressure of cycle:

54 atm, for an identical injection pressure and engine charge the

engine runs more active if the injection period diminishes and the

efficiency is improved.
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“Coitrariwise, if the pressure is too high, the tips
of the spray reach thé.lot walls of the piston and produce
overheated spots, or reach the cold walls of the cylinder -~ .
in which case they do not burn dut dilute the lubricating
0il and form carbon on. the :top piston rings..

Figure 15 illustrates, for four experlmental devices,
the respective position of the sprays in the combustion
chamber of the Winterthur engine at the moment of ignition,
The distance bétween the nozzles and the hottom of the
piston at dead center is adout 50 mm:

No. IV - p; = 112 atm, S, = 4 nozzles of 0.20 mm
2
diameter, t = 0,00406 sec.

Curve IV shows the distribution and the pressure of
the fuel to be too low, - and the duration of. injection too
long to enable the sprays to cover a distance of 50 mm
during the ignition lag. Only a .small portion of the
charge is inducted during this lag. The fuel affects only
a small portion;of..the compression air and its atonization
in coarse particles does not enhance the power nor the spe-
cific consumption.

No. I-a: = Pié‘=‘610 atm, S, = 4 nozzles of 0.20 mn
diameter, ¢t = 0,00215 sec.

Here the fuel, dlstrlbuted by ‘the four nozzles is like~
wise insufficient. Although the pressure of 610 atm as-
sures adequate penetration and dispersion, the duration of
injection does not permit induction of the total charge
during the ignition lag. The torgue-stand measurements
are improved.

 Wo. I-e - Py, = 610 atm, Sy = 10 nozzles of 0.20 mm
diameter, t = 0.00086 sec. 4

The éharge is distributed by a large numdber of noz-
zles and, in-spite of adequate pressure and a duration of
injection shorter than the ignition lag, the fuel lacks
penetration and fails to fill the working chamber. The
engine runs hard, there are violent explosions, with power
output and fuel consumption very mediocre. '

No. I-d - py_ = 610.atm, S, =.6 nozzles of 0.25 mm

diameter, t = 0.00092. sec.
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The conditions necessary for smooth operation are
satisfied. Distribution, penetration, dispersion, and
duration of injection permit the fuel to mix well with the
compression air before ignition takes place. The specific
fuel consumptions are very low and the rated 8-horsepower
output is almost doubled.

At 12 horsepower, the engine has a 34-Dercent effec-
tive:efficiency, the thermic efficiency of the cycle being
around 45 percent. These results are remarkable, consid-
ering that it involves a two-stroke-cycle, single cylinder
with 12~11ter displacement.

Injection Advance and Combustion Cycle

As everybody knows, the increase in injection advance

" produces a cycle which more and more approaches the cycle

with constant volume, and the peak of the maximum pressure
is a function of the degree of advance..

The diagrams recorded by Lehmann and Michels indicator
for each measurement of these comparative tests, clearly
show: <

1. That the pressure of the cycle rises with the en-
gine charge.

2. That the craters of explosions are so much more
active as the injection pressure is intense.

3. That the pressure of the cycle likewise increases
with the speed eof injection.

The adjustment of the ignition point is assured in
such a manner that the peak pressure of the cvcle never
exceeds 60 atmospheres

Figures 16 a, b, ¢, 4, e, illustrate some of the most
typical records. The oscillations of the expansion curve
are due, of course, to the indicator inertia.

On these diagrams, displaced by 900 on the engine
crankshaft, 3 mm abscissas, in direct proximity of T.C.,
represent 7% 301, crankshaft, or 0.0015 second, making the
ignition lag of the Winterthur engine, represented by
about 4 mm, 102, or 0,002 second.
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These exneriment« show that ‘thé ingectlon lag should be
regulated in relation to the engine charge, so that the peak
pressure of the cycle has no substantial rise with the
charge. : :

Idling excepted, for which the specific consumption
is improved by an advance of several degrees, the injec-
tion should be placed per horsépower on top center, so
that the combustion in its entirety takes place during the
expansion stroke of the plston., For pump injectors con-
trolled by the compression, the 1ngection—laq limit 1s, of
course, the top center itself.

Under these conditions of timing, and provided the in-
jection pressure is not very high, the peak of the cycle
rises slowly with the charge, the engine revolves without
any roughness, and the diagrams widen out with the charge,
similar to those of a steam cylinder when the intake valve
is opened wider. When supercharged, the pressure peak
rises, but the engine has no tondency to knock, and sus-
tains this regime without weakness or fatisgue.

These experiments show that rapid injection, divided
over two or three degrees either side of top center,
characterized by a delayed combustion taking place in its
entirety during the expansion stroke of the piston, corre-
'spond to the best operating conditions of the cngine, from
the point of view of power developed as of specific fuel
" consumption.

This practical result may seem paradoxical in conmpar-
ison with the entropy cards and the heat balance of a nor-
mal comdbustion e¢ycle, without lowering of the compression
A.7.C, (diagrams Nos. IV, ¥V, and VI) and of a delayed com-
bustion cycle (diagram Nos. I-f, III-b,d,f, for instance).
The reasgon, it seems, must be looked for in the difficul-
tieg of obtaining a complete combustion in a Diesel dburn-
ing heavy hydrocarbvons rather than in thermodynamic laws,
which prove the opposite.

In fact, the exhaust-gas analysis of a direct injec-
tion Diecsel with pronounced pressure peak in combustion
proves, if the charege becomes heavy, that the comdbustion
ig far from bveing complete. The smoke and disagreeable
odor of the exhaust bear witness to-this fact. For conm-
plete combustion, the rate of chemieal reaction must be
sufficient to be terminated before the exhaust opens. The
greater:the speed of reaction, the more complete the com=
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bustion, the better is the power output and the specific
consumption. The chemical reaction of the combustion
analyzed by calorimeter, does not correspond to the same
reaction in the chamber of an engine whose volume is con=
tinvously changing.

But, if based on the fundamental laws of chemical re-
actions which define the variations of the constant of
equilibrium, the conditions necessary to accelerate the
specd of reaction of a combustion in the calorimeter with
variable volume, which represents the working chamber of
an engine, can be easily deduced.

This speed of recaction depends on three principal
factors, as follows: the concentration of the mixture,
the variation of the pressure, and the variation of the
temperature.,

Qualitatively, Le Chatelier's principle shows that:

"Any change in one of the factors of the equlilidbrium
results in a transformation of the system in such a way
that the factor undergoes an inverse change."

Therefore:

1. If the concentration of one of the reactlon gases
is increased, the impulse is given to a reaction associat-
ed with the disappearance of this gas. If the concentra-
tion is reduced, the reaction gives rise to the release of
this gas.

2. If the pressure is raised, the impulse given to
the reaction is tied to a reduction in the number of mole-
cules. If the pressure is lowered, the impulse is given
to an increase in the number of molecules.

Lastly, if the temperature of a chemical reaction is
raised, an impulse is given to an endothermic reaction
and, if lowered, to an exothermic reaction. The speed of
reaction toward the new equilibrium increases as the change
effected in one of these factors is greater.

Now, the combustion of any heavy hydrocarbon cR gRnt2
which can be burned in a Diesel engine is always accompanied
by an increase in the number of molecules, hence accelerated
by acting on the threc factors of equilibrium - concentra-
tion, pressure, and temperature - in such a way that the rew
action receives an energetic impulse in the same sense,
namcly,
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':l}':IhéféaéézEovoohoeﬂtfafioh'By'an'1nqtantaneous'
s solid ingectlon (during the ivnition laq R
L oerlod) ' .

Decrease in preqsure by an’ injection at top cen~
tér, and & great linear piston speed which
- permits a rapid ‘increase’ of the volume in the
combustion ohamber. Sl o 4
3. Decrease in-temperature by evaporation’ of the
solid injection, a good cooling of the envine,
"and a rapid expans1on.~w o

W1th these three conditions satisfled a comploto
combustion ean be obtained within the shortost time, as-
amplv conflrmod by torque~~tand test,

The 1nstantaneous Induct10n~of the total.fuel charge
in the working chamber, which corresponds to the increase
in concentration of gas mixture, is generally disclosed as
being the principal factor acting on the speed of reac-
tion., This condition is, moreover, tied to two others dy
the induction of fuel in direct proximity of top center,
so that the reaction commences and continues during the
expansion stroke of the engine. Thus, the volume and the
cooling surface of the chamber increase constantly during
combustion, .

Combustion Chamber and Turbdulence

- From this analysis of the injection and the ensuing
combustion, it is logical to deduce the shape and size
best suited for the Cmeustlon chamber.

In«brief, we have tested and verified that it is nec-
essary to carefully blend the fuel with the compres31on
air before ignition, after dead center. The oomplete
chargeé’ should be inducted and -distridbuted in a chamber
containing the entire combustion air within the ignition-
lag period, and this air animated by a strong turdulence
in order to activate its mixture with the fuel. Thus, it
seems to us that only direct injection makes it possidle
to realize the conditions necessary to obtain the best ef-
ficiency of a Diesel engine.  In fact, direct injection
makes it possible to give the combustion chamber a compact
shape wherein the whole cylinder charge is collected - the
-volume of this chamber presenting the surface of minimun
exchange of heat, -
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. The other systems with a precomdbustion or an auxiliary
chamber involve a considerably larger wall surface in the
working chamber -~ so much, that some engines cannot start
from cold without resorting to a primer. During operation,
the walls of ‘the auxiliary chambers become very hot and the
turbulence is enormous, so that these systems have offered,
up to now, the advantage over direct injection of atomize-
tion at low pressure (100 to 120 atm) by an injector, whose
operation is less ticklish than that of injectors with sev-
eral orifices of very small diameter.

By way of compensation such auxiliary chambers are,
in general, lodged in the cylinder head, and their thermic
effect on the intake air lowers substantially the volumet-~
ric efficiency of the cylinder charge - and go much more
as the charge and the speed of the engine are greater.

For these two reasons - greater area of exchange of heat
and lower volumetric efficiency -~ the injection systems
with auxiliary chamber cannot give to the engine its best
efficiency.

Figure 17 illustrates one method of obtaining a com-
bustion chamber with direct injection, corresponding to
the conditions defined previously.

The compressed air is collected in a stainless steel
dome 1, situated in a hemispherical rcccss of piston 2.
This dome holds practically all the combustion air. It is
separated from the piston mass by a thermic insulation 3,
and is free to expand without causing strains on piston 2,
It opensg into the engine chamber through a more or lessg
large orifice 4, depending upon the degree of turbulence
desired. This orifice is in alinement with injector 5,
which distributes and atomizes the fuel. No projection of
the fuel injected in the dome on the cylinder wall is pro-
duced, .

The isolated dome forms a space for storing the heat
during combustion for the purpose of restoring it to the
air during the compression cycle. This heat chamber is
regulated by varying the mass and dy the insulation of the
dome,

The engine chamber permits the smallest surface of
exchange. of heat, hence the wall losses are lowered, the
volumetric efficiency improved, and starting from cold is
assured without the use of a primer, According to our ex=
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“périments, the running conditions of ‘the engine, the power
output, and the fuel .consumption: are so -much better as the
injection period is shorter and the injection pressure .
higher; dut, ds stated before, these-conditions unfortunate-
ly correspond to a combustion cycle with very active craters
of explosion. :

The multiple action of the dome affords a greater free-
dom- in the choice of .speeds and injection pressure, assur-
ing smooth running under the conditions of good engine ef-
ficiency. :

Indeed, the turbulence and the high temperature in the
dome shorten the ignition-lag period but permit, at the same
time, ignition to follow after jgnition, without which the
combustion of the charZe would be lcss complete. 4An appro-
priate control of the injection could very probadly supply
a progressive cycle of combustion, without craters of ex-
plosions, giving the engine its best efficiency with a very
smooth run.

To smoothen ‘the run, the turdbulence could be reduced
by increasing the.section of orifice 4 or drilling other
holes - 8ix, suitably distriduted over the cover of the dome,

Idling, Pick-up, and Injection Period, Independent
‘of the Engine Speed

In all the injector-pump tests, the idling of the
Winterthur engine was controlled at 200 rpm, while with

the Bosch equipment, idling cannot drop below 350-400 1pm,
and the pick-~up is less vigorous.

Chapter 4
OPERATING CONDITIONS OF INJECTOR PUMPS ACTUATED
' BY ENGINE COMPRESSION
Elastic Balance of Pump Motion
The ébrupt fressure éhangés in- the pump chamber and
-the percussion shocks at the end of the stroke of the mov-

ing part, impose two very strict conditions for assemdbling
this equipment: :
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1. The pump chamber, the injector, and the moving part
of the injector pump should have no joints, no threaded
parts, if dislocation and unpriming of the pump is to be
avoided; the exception is the atomigzer, which can be car-
ried on a shoulder of the pump, where it is maintained by
the pressure of the fuel.

2. The motion of the pump should be elastically bal-
anced at the end of the stroke, in order to avoid inoppor-
tune opening of the needle as a result of the exchange of
speeds after percussion.

The elastic balance of the motion is assured by the
damper B, which allots the pump a stroke of several
hundredths of a millimeter at the end of the injection
(fig. 2). If the stop of the motion is not elastic, par-
ticles of compressed gas will succeed in penetrating
through the injector line into the pump chamber where, if
unpriming is not effected, it will form &dn emulsion with
the fuel, causing at the nozzle outlet a sudden expansion
of this gas, which causes the jets to durst into very fine
particles which quickly lose their penetration, no matter
what the injection pressure utilized. The evaporating sur-
face of these fine droplets Zrows enormously, shortening
the ignition-lag period, and disclosing very violent cra-
ters of explosions, on the indicator cards.

On the contrary, if the motion of the pump is elastic-
ally balanced, the closing of the needle is perfect and no
air particle enters the pump line. The jets do not bdburst
a2t the nozzle outlets, retain their penetration much longer,
and produce a less violent combustion without the charac-
teristic explosive wave observed in the injection by me-
chanically controlled pumps. Indeed, the sudden pressure
fluctuations in the line connecting the pump to the injec-
tor give rise to shock waves which, if the residuary
pressure is high, determine by closing, the well-known
secondary injections which often are accompanied by the
penetration of compressed gas in the injector.

Control of Feed and Injection Poinﬂ

These can be controlled jointly or separately (fizs.
1 and 2). If the injection-point control is automatic, and
it is desired to obtain a combustion cycle without appreci-
able rise of peazk pressure with the charge, the injection
lag, as has been stated, should be a function of the injec-
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“tion feed.  'In this casé, the threads of the feed stop 3
and of stop %4 - of spring A - are in the converse. sense,
and the pitch chosen for these two threads .determine the
amount of the retarded injection as function of the engine
charge. The movement of- the lever of stop 3 engaged in a
vertical cavity of feed stop -4, suffices then to assure
simultaneous control of the point and the feed of injec-
tiohn. Thls maneuver demandsg -no ePfort on the part of the
regulator :

In order to. be able to utilize the speed, and hence
the limit pressure of the pump up to the closing of the
injection needle, it is necessary to regulate the 1ift of
damper B over-'a.very short distance.. A few hundredths
of a millimeter are enough to make the control of the
atomizing nozzles of the needle. perfect. :

Pump Chamher

The chamber of pump 9 below the plunger 8, 1s con=
densed in a few millimeters on the end of the bore of the
sleeve of pump 7 which penetrates the working chamber of
the engine (fig. 3). The' injection needle 11 with posi-
. tive rise ig in the axis of the pump where it occupies a
verfectly symmetrlcal position in the sleeve 10 of the
injector. The inlet valve 12 obturates the pump cham-
ber upwardly.

The pressure waves at c1051n8 of the inlet, enter in
resonance between the bottom of the pump chamber and the
base: of the fixed plunger. The speed of these waves is
sonic-in the medium where they are propagated. .This speed,
being of the order of 1500 m/s in hydrocarbons, the fre- =
quency of the waves in the pump chamber is 150,000 per’
second for a chamdber 5 mm high, or 150 periods during a .
0.001-second injection period. The resonance is so high
as to no longer affect the 1ift or the closing of the
needle. Control of intake and delivery of the pump are
therefore definitely assured..

The tlghtness of the pump. chamber and the perfect
control of intake and delivery have, certainly, a capital
effect on the injection period. The. solution of the de-
vice with positive opening of needle offers much greater
gecurity than.the solution with negative differential nee-
dle, guided in the bore of the fixed plunger and control-
1ing the nozzles drilled in the bottom of the pump chambcr.

The escape of fuel along plunger 8 is returned to
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the hollow of inlet 13 by a set :of labyrinth grocoves 15
and suitabdly disposed openings 16, which eliminates the
leakage return pipes. S )

The displacement of the atomized sprays. during the
“"stroke of the pump is not particularly favorable because
it interferes with go0d penetration and necessitates prob-
‘ably higher injection pressures than if. the nozzles main=
tained a fixed position. As componsation, the abrupt stop
of the mechanism at the end of injection avoids radically
the formation of soot craters at the nozzle outlets.

BExchange of Heat in the Pump Chamber

If the section §; - Sg of the combression air in

gas cylinder 2 is very small, the speed of cntry of the
hot gases below piston 14 is high and the exchange of
heat with the pump chamdber is then considerable; so much
so, that pump sleeve 7 TDbecomes blue following a ring at
the height of section S, - Sg.

To avold this heating which, without impeding the op-
eration, may appear excessive, it suffices to increase the
diameter of the section of passage of the gases in the cyl-
inder a few tenths of 2 millimeter. This removes every
trace of heat, which proves that the exchange of heat with
the walls of a flow is & function of the speced of the
fluid and that it operates by molccular contact; i.e., by
conduection and not by radiation, '

Tho cooling of the walls of the pump and of the in-
Jector by the fuel is so active, that placement of the
pump in the exact center of the firing chamber of the en-
gine produces no danger but permits injection of the pre-
viously heated fuel and use of heavy fuels without fear
of clogging the nozzles.

Piston and Gas Cylinder

In order to obtain a stable and lasting operation of
the pump injectors, three conditions must be rigorously
observed in the disposition of the pistom:

1., The piston and, consequently, the piston rings,
must not be subjected to vibrations and the rings must form

a perfect seal,



Figure 18.~ Piston ring before slotting.
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~.The piston rings éhbﬁldfﬁdiﬁ“&t'a relatively low
temperature - at most at 1509 C, preferably less.

3. The cylinder bore must be lubricated.

_ A,piston ring of“small diameter, snch.as that of pump
injectors, for example, of 1little height, machined from
a cast-iron mass, is often deformed 1f the slot is made
obliquely to the ring. It then becomes similar to a Grower
washer; its permanent deformation no longer permits cor-
rect straightening of the face with respect to the bore.,

When the small dlameter ring is insertad in the cyl-
inder where it is to work, it makes contact with the two
tips of the slot and on the opposite half circle. Two
slits are visgidle at 20° and 45° in the other half circle.
They become so much more accentuated as the tension of the
ring is greater and are proportional to the difference in
diameter D  of the expanded ring and diameter D' of the
cylinder,_and to the inertia of. the straight section of the
piston ring .

It is therefofé‘ovident that the tension of the elas-
tic ring on the bore of the cylinder is not.evenly dis-
tributed over the circumfercnce. The grinding of the ring -
much faster at points of high tension, causes the two
slits to disappear, little bv little, but never produces a
uniform tension over the circumference. Its tightness is
not, unlform, and so produces uneven wear on the bore of
the cvllndcr.

A certain'expansion clearance e is. provided between
Piston and cylinder.- The piston rings, of themselves elas-
tic, exert no centering action on the piston, with the re-
sult that if the latter vibrates in consequence of active
explosions in the combustion chamber, for instance, this
vibration is transmitted to the piston rings,

The vibration of the piston rings and their deforma-
tion on the bore D' of the cyvlinder, is. so much greater
as the expansion clearance e and the height h . of the .
rings is greater and the play of the rings in the piston
grooves is less., Thig vibration induces a leakage of hot
gas along the piston, and the temperature of the piston
rings may rise to the point where it correspvonds to the
distillation of the o0il, resulting in the well-known gum-—
ming in the srooves and cokinsg.
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These disadvantages are more serious in the Diesel
than in the internal-combustion engine, The nmuch higher-
mean temperature of the cycle and the residues of incom-
plete combustion of gas or fuel oil employed form at the
sides of the piston rings, where they do not perfectly fit
the bore, spots of carbon on the cylinder and the piston
ring also. The coefficient of slippage of the rings in -
the bore increases enormously at the side of the spots;
the mechanlcal efficiency and the cnvlne output gradually
drop 1n surpr1s1ng proportions.

If the piston rings work at high tenmperature, thec car-
"bon deposits become very adhesive and hard, resulting in
rapld cylinder wear, In punp injcctors, controlled dy !
compression, the carbon deposits on the gas cylinder and
piston rings slow up the rate of injection, and thus chaige
the running conditions of the engine.

To provent piston-ring vibrations consequent to the
percussions of the noving part at the end of the stroke,'
piston 14 is extondcd upward by elastic slippers 17, cut
in a skirt (fig. 3). The end of the slippers is machlned
with a slight tension on the c¢ylinder ‘bore so that the pis—
ton, elastically centered, is free to éxpand but can no
longer vibrate. ’ B

To assure perfect tightness, the elastic rings are re-
placed by split rings 18, whose outside dianecter is'ma—
chined at the cylinder side, without elastic tightening.
Tension of the rings on the bore is assured by a set of
springs 19, supported on the piston itself, The points
of thrust of springs 19 on the rings and on the piston
are nunerous ecnough to assure cvenly distributed tension
and perfect ccentoring of the piston,

To forestall defornation of rings 18 during nounting,
they are carried on a shoulder of the piston and rctainecd
by a screw 20, forning a labyrinth (fig. 3). Three rings
18 with alternating slots are supcrposcd in the sane pis-
ton groove; the last toward the top is double, in order to
nullify the slot leakage. '

The heat flow of the gas on piston 14 is defleccted
through a large opening in the botton of the piston. toward
the fuel prepared for by the inlet cavity 8 in punp chan-
ber 9, and injector 10, The gas cylinder 2 1is fitted
with cooling fins imnnersed in the water chanber of the cyle
inder head., -
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. - The--piston rings 18 “slituated in the top of the open-
inﬂ of piston 14, are protectod by the labyrinth screw 20,
and so operate at low temperature. An oil space . 21 is
situated between. the cylinder and the pieton above the
-doudble 0il rine ' . . :

The‘cavity within the slippers 17 being-filled with
0il at the time of mounting, it subsequently suffices to
. squirt a few drops of oil through a hole in base 1, into the
eylinder every 10 or 20 hours of rTunning.: This can .be elim=-
inated with a hole in the pump sleeve 7 ..above the ladby-
rinth 15 of the leakage return. Capillarity then causes
a slight oozing of the gas 0il which sinks on the piston,
and affords a ‘convenient mothod of  lubricating the wall of
the gas cylinder. Such arrangement meets the conditions
stated above and permits regular operatlon of the pump
1nJootor«.

qu obturation of secction: S, of the .entrance. of the

Zases in the cylinder is achieved in such a way that the
specific pressure of the obturation cone of the piston on
the surface S, of the piston is sufficient for a per-

fect seal; that is to say, a strict control of the injec-
“tion p01nt by return spring A. The surface remains glossy
and free of carbon under any condition and duration of op=
eration. One of the surfacos of S, is of pure copper.

Thus the percussion at the return to its seat of plastic
material nullifies the vibration that would be inevitadble
if the pieces were of hard steel.

Endurance Test

A 50-hour enduranee test at 800 rpm with the Winter-
thur engine in the Air Ministry laboratory has shown that
the power and consumption curves recorded at the start and
at the end of the 50-hour test were the same - at least,
to within about 2 percent. The pump injector used for
thle test was similar to design I-<b: plunger, 5 mm diameter,
Pi, = 610 wtm Py, = 300 etm,élfeur>nogzlesﬂof_0 20 mm

diameter.
: GylinderéPieton Assemdbly of Fuel~Injection Ensines

The three conditions neceoeary for the satisfactory
operation of a piston of a pump injector must logically be
verified for all the cylinder-pump systems of thermic en-
gin°S .
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Figure 17 exemplifies one version of these three con-
ditions in a piston fitted with a combustion chamber with
a dome. The solid bottom of piston 2 is doudbly spherical
or paraboloidal, thus securing a .circular opening 7,
which constitutes a thermic flywheel for equal distribdu-
tion of the heat of the piston over a very large surface
of cylinder jacket 8, cooled in the water chamber 9.
The greatest diameter of engine pistons permits here the
cuse of elastic piston rings without fear of deformations.
Two, and oven three, rings of small height h are fitted
in eachk groove, The first is protected against high tem-
perature by .screw 10, which fixes dome 1 on the piston.

"+ - The knock vibrations are prevented by the slippers ' 11,
fashioned in the piston skirt and machined with a little
tightening on the bore. The slots of the elastic slippers
11 terminate at holeg 12, drilled laterally adbove the
axis of the piston, so that the wrong effect of the piston
cannot induce rocking of the piston. '

Being thus elastically contered in the bore, the cra-
ters of explosions of the combustion cycle cause no .knock-
ing; the piston rings, protected from high temperatures,
operate properly without risk of gumming, and the mechan=-
ical efficiency of the engine is not changed under pro-
longed operation.

PART II
Chaptor 5
INJECTION IN ENGINES WITH TURBULENCEZ CEHAMBER

The Ligter Engine
Teost Stand

In turbulence engines, the very high speed of the air
in the combustion chamber makes it possible to reduce the
penetration and the dispersion of the spray. The air
swirl assures the mixing and distridbution of the Tuel
charge in the chamber; go the designers of these engines
utilize low-injection pressures and single nozzles with
much ecasier and surer operation than ig obtainable with
several fine nogzles and high pressure.
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Figure 35.~ Tuscher pump-injector unit mounted on Lister
engine with double turbulence chambers. A,principal

B, secondary turbulence chamber, 1 closing valve of B,

2 hole for Lehmann indicator, 3 hole for Zeiss indicator.
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Under these circumstances it may logically be supposed
that the period and pressure of injection have not the same
effect on tho combustion in engines with or without turbdu-
lence, Our object was to check this.

For this study, a Lister engine had been gratuitously
placed at our disposal by Lister and Co., Ltd (England);
of the four-stroke type, it develops 5 hp at 600 rpm, and
6 hp when supercharged; bore 95.3 mm, stroke 139.7 mm, dis-
placement exactly 1 liter.

Figure 25 shows the piston at dead center, the turbu-
lence chamber, and one version of the injectors used in
these tests,

The eylinder head, designed by Ricardo, carries a tur-
bulence chamber in two spherical parts A and B, intercon-
nected by an orifice controlled by a valve 1. The first
sphere A has a volume of 55 c¢m3, the other, B, of 17
en®. This arrangement assures easy starting by closing at
the start, the small chamber B by valve 1l; the compres-—
sion ratio P is then 19. When the engine is charged,
valve 1 is opened, which lowers the compression ratio to
15. For recording the diagrams, valve 1 has a hole 2,
communicating with the indicator. Another hole 3 (6 mm
in diameter, 4 mm long) in the axis of chamber A opens
into a chamber in the cylinder head which houses the pi-
ezometric quartz capsule of a Zeiss-Ikon indicator.

The engine test stand, as for the Winterthur engine,
included a direct-currcnt dynanmometer fittecd with a 716 mm
arn and the identical test instruments. But the exciting
current of the dynamo is supplied by the cngine itself,

At constant speed thig current does not change with the en-
gine charge. For the 600-700 rpm speed range, the calibra-
tion of this exciting current gives the following values:

Speed i Tare of
of Amperes|Voltage Power balance without
rotation excitation
. rom A v W hp |kg/couple kg
700 9 185 1,665|2.26 3,230 2,000
650 8.1 168 1,360|1.85 2,840 2,000
600 7 152 1:064(1.445 23400 25200
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The empty dynamo being excited;

Actual ' Tare ' _Power
Speed tare indicated utilized in
. at balance excitation
rpm . kg ke v kg/couple | hp
700 5,230 4,200 1,230 0.861
650 4,840 3,750 - 1,690 709
600 4,400 3:500 900 .540

A correction of 1.230 kg at 700 rpm or of 0.900 kg at
600 rpm was added to the tare measurements recorded at the
balance.

Teed Systems

By way of comparison with standard Bosch equipment on
the Lister engine, two pump injectors were studied: one
fitted with a 6 mm, the other with a 5 mm dlameter plunger.
They are similar to those used in the Winterthur engine
tests., The gas-cylinder bore is 20 mm instead of 24 nn.
The fecd control is assured by a rack 4, carried in the
attachment clamp 5. This rack engages a pinion 6,
screwed on frame 7. The shock absorber 3B, consisting
of a stack of synthetic-rubber disks in a slide 8, is
naintained in piecce 6 Dby a »nlug 9, which permits reg-
ulation of the force of shock absorbor B,

The point where injection starts is doudbly regulated

by screw 10, screwed on the feed tube and by eccentric 11
which, by medium of a stop 12, acts on the tare of return
spring A. The opening S; of gas cylinder 13 into the
engine chamber, is controlled by pump sleeve 14, 1itself.

A light alloy piston 15, conmects with 14,

The lubrication of bore S, of the gas cylinder, 1is

automatically assured at each injection by a leakage of
compressed fuel in pump chamber 16 along Sz of plunger

17 (fig., 27). For this purpose, a hole 18 in sleeve 14

at sultable distance from the pump chamber, communicates
through groove 19 and other holes 20 suitably distribut-
ed in piston 15, with the bore of gas cylinder 13,
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pump-

injector unit for

Lister engine.

4 feed control rack,

5 5 attachment clip,

2 6 feed stop, 7 base,
8 slide, 9 shock

ES absorber adjusting
Plug, 10 shock

EE absorber adjusting
screw, ll ecentric,
12 spring stop,
A,return spring,
B,shock absorber.
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Piston 15 has a free space 21 of about 1,5 cm3 at
the bottom of 13, which assures precise regulation of
the point where ignition takes place. Indecd, a slight
accidental leak in the closing cone S, of the gas cylin-
der has no effect on the 1ift of the piston and the regu-
lation of the point of injection is stable up to its limit,
at dead center.

Comparative Tests of Injection Systeoms

Bosche.-~ The Bosch punp, controlled by the engine regu-
lator, is regulated with an advance of 20 36! on dead ccn-
ter for the start of injection. The effcoctive angle of the
can has an anplitude of 35° 36! at maximun feecd, or 20° 36!
B.T.C. and 15~ A,T,.,C.

The plunger has a digmeter of 7 mnn, The injector with
hydraulic control has onc singlc noxzle 0,24 nn in diancter
and inclined 45° toward the small turbulcnce chanber 3B,
The spring of the needle of 6 X 3 nn diancter has a tare of
25 kg, naking the pressurec Py = 118 atrnn at start of in-
Jection. 1

TABLE I. Standard Bosch Curve
Gas oil, density: 0.835 at 15° ¢

Borse-| Time Con~- Compres—~| Peak

power sump- sion pres-~

Speed| Tare 100 em® tioi Advance ratio sure

rom kg s g/hp/h deg P atn
700 44100| 2.87 |8t 19 210 |20° 361! 19 50
650 54700f 32.70 (&6t 25M 210 | 200 36! 15 42
640 64800 4.35 |5t 35N 201 [ 209 36! 15 42
630 72800 4.92 |5t gt 203 | 200 36 15 44
620 8:800] 5.45 |[4!' 3an 203 | 20° 35! 15 46
610 9,200 5.60 |4!' 18" 207 t200 36! 15 49
610 9,500 5.80 (4" 4n 212 | 20° 36" 15 50
600 |10,000| 6.00 {3 420 225 | 200 361! 15 49

%t 6 hp, the volume of one injection, therefore, is
90 mm”, the displacement being equal to 1 liter; the fuel/
alr ratio is a/ec = 16. The useful stroke of the pump is
2.33 mm by 36° crankshaft, the rack of the pump being
pushed home by the regulator. The period of maximum in-
Jection at 36° crankshaft at 600 rpm, is 0,010 second.

Practical speed of plunger: 0.233 n/s = Vg
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w2
. : Ss vpg' '
Injection pressure: <i§—§;—> = pia =
Opening pressure: -pii = 118 atm

69

245 atnm

is therefore
well sustained

Pump—Injeétor System, 6 mm diameter plunger

D = 9 mm Dy = 20 mm D, = 6 nm
Opening preséure of needle ..... Pj, ~ 175 atm
Injection Pressure eeccecosscsns pia = 285 atm
Rate of injection of nozzles.... ¥ = 191 m/s

iz

Three designs were studied at p, = 285 atm wunder the
following conditions: 2
Nozzles Period
Piston Maximum of
No. speed stroke maxim?m
nunber | diameter injection
nm m/s mn S
Ila 2 0.25 0.675 3 0.0045
IIb 4 .25 1.350 3 .00225
IIc 7 .25 2.360 3 .00127
TABLE IIa
Py, = 175 atn py = 285 atm §, = 2x0.25 vp, = 0,675 n/s
Time Con- Compres-| Maximum
Speed| Tare|Horse- sump~ jAdvance sion pressure
power {100 em®| tion ratio
rpm kg g/hp/h| deg | p atm
700 |4,000| 2,80 |8t 25" 212 2 19 45
700 5,500 3,85 [6!' 12N 211 2 15 35
700 16,600 4,62 | 5! 15" 205 2 15 40
700 18,300| 5,81 |4t 24t 195 2 15 42
700 19,400 6,58 | 3' 45" 202 2 15 42
At 6.58 hp the feed of one injection is 76.5 mm ., The
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period of injection is 4 milliseconds,

or 16° 48' crank-

shaft, The fuel-air ratio is a/c = 18.5.

TABLE IIb
Py, = 175 atm Py, = 285 atm S, = 4x0.25 vpg = 1.35 cem/s
Time ‘Con- Compres—- | Maximun
Speed| Tare |Horse- gsump- | Ad- sion pres-
power |[100 cm®| tion |vance ratio sure
rpn kg s g/hp/h| deg p atm
700 4,100} 2,87 |81 20n 209 2 19 48
700 5,600 2.92 |61 - 34 211 2 15 42
700 6,800} 4,76 |5' 18" 198 2 15 45
700 8,000| 5.60 |41 34" 195 2 15 48
700 9,400| 6.58 |3 55! 192 2 15 48
700 110,400| 7.28 |3!' 27" 198 2 15 48
700 |11,6C0| 8,12 |2' 42" 228 2 15 50

At 8.12 hp, the injection is 104.5 mm?3

, the stroke 3.7 mm,

and the injection period 0.00272 second, or 11° 30! crank-

shaft. The fuel/air ratio.is a/c = 13.7.
TABLE IIc
pil = 175 atm pig = 285 atn S7 = 7x0.25 Via = 2.350 m/s
Time Con~- Ad~ |Compres- | Maximum
Speed| Tare {(Horse- sump- |vance sion preg-
power (100 cm3| tion ratio sure

rpm kg ‘ g/hp/h| deg P atm
700 4,100} 2.87 (8t 20" 209 2 19 48
700 54600 3.92 (6" 7 209 2 15 40
700 64800} 4.76 |5' 20" 197 2 15 44
700 €,200) 5.74 (4" 324 192 2 15 48
700 G4600! 6.72 (3! 56" 189 2 15 50
700 110,700 7.49 3! 27" 193 2 15 ) 52
700 |12,000| 8.40 (21! 39" 224 2 15 49

At 8.4 hp, the feed at one injection is 107.5 mm3, the

pump stroke ¢ = 3.8 mm, the injection

period t =0,0016

second, or 69 42' crankshaft, the ratio a/c = 13,2.
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L LN

Pump - Injector,

5‘mm“diameter‘plunger'

Dy =8 mm. Dy =20 mm Dz = 5 mnm
Opéning PreSSULCiecsonseans s Pi; = 175 atn
Injection pressure .....cceen Pi = 450 atm

Rate of injection of nozzles: ivia = 250 m/s-

Three different injection periods’ were studled at this 450
atm in jection pressure, as follows 4

Nozzles Piston ,Makimum
Yo. speed stroke Duration
Tinbet t Diameter
nn n/s nn sec
II1la 1 0,20 0.40 4.3 0.0105
ITIV® 8 .20 2.20 4.9 .00153
Illc 6 .25 3.80 4.9 .00130
TABLE IIIa
Py, = 175 atn p; = 450 atm S, = 1x0.20 Vp, = 0.40 n/s
Time Con-~ Compres~| Maximum
Speedi Tare|Horse- sump-|Advance sion pres-—
power [100 cm®| tion |. ratio sure
rpm kg . s g/hp/h deg p atm
700 | 4,500 3.15 | 7! 36" 209 2 19 35
700 | 6,500] 4.55 |51 42! 182 2 15 35
700 | 7,800 5.46 |5t oO" 184 2 <15 38
700 | 8,000} 6.30 |4"' 10% 190 2 15 40
700 [104700| 7.49 |3' 22" 198 - 2 " 15 46

At 7.5 hp, the injection is 85 mr3, the stroke 4.3 mm, the
injection period 0.0107 second, or 45° crankshaft, fuel/air
ratio a/c = 16.7. Fitted with design No. III-a, the Lister
engine operated remarkably quiefly. o
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- TABLE IIIb
Py, = 175 atm 'pia = 450 atm S, = 8X0.20 vy = 3.20 n/s
Time Con- ' Compres~| Maximum
Speed! Tare |Horse- sump-~|Advance sion pres-
power |[100 emd3| tion ratio sure
rpm kg s g/hp/h| deg P atm
700 4,500 3.15 |8t b5" 197 2 19 35
700 6,600 4,62 |51 40" 191 2 15 4.2
700 | 9,300 6.51 4t 1% 182 e 15 45
700 |10,500( 7.35 |3!' 40" 185 a2 15 46
700 |11,900( -8,33 |3' 9" 190 2 15 52
700 {12,300| 8.61 [2!' 56! 198 2 - 15 50

At 8,61 hp, the injection is 97 mm®, the effective pump
lift 4.9 mm, the injection vperiod t = 0.00153 second, or
6° 24', fuel/air ratio a/c = 14.5/1. The running is
harsh but becomes softer as the charge increases.

TABLE IIlc

Py, = 175 atm py, = 450 atm S, = 6x0.25 Vp, = 3.80 cm/s

Time Con=- Compres—|Maxinun
Speed| Tare |Horse- sump={Advance sion pres-—
power |100 cm3| tion : ratio sure
- rpm kg s g/bp/h deg P atm
700 4,300} 3.01 |8'" 5" 205 2 19 38
700 6,200} 4,34 |5 59U 192 2 15 | 40
700 7,600 5,32 |5 8 183 2 15 44
700 8,800 6,16 |4' 34" 178 2 15 44
700 |10,300} 7.21 [3!' 50" 180 2 15 48
700 |11,000| 7.70 [&' 34M 182 2 15 49
700 |11,700] 8,19 [3' 18" 185 2 15 54
700 [12,500( 8.75 |[2' 56" 195 2 15 52

At 8,75 hp, the feed is 97 mm®, the stroke. ¢ = 4,9 mm,
the spray period t = 0,00128 second, or 5° 22', fuel/air
ratio a/c = 14.5.

Examination of these results show plainly that in an
engine with turbulence chamber:

1. The power developed by the engine varies converse-
ly to the duration of injection.
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2, The specific fuel consumption varies inversely to
the pressure of ingectlon

These two laws, brought in evidence by the Winterthur
engine tests, are in consequence, general, and apply equal-
ly to engines with turbulence chambers and those with d4i-
rect injection.

Concentration - Air-Fuel Ratio

The fuels used in Diesel engines are largely composed
of 85 kg of carbon and 14 kg of hydrogen per 100 kg of
hydrocarbon. The remaining 1 percent consists of water,
sulphur, impurities, etc., and may be disregarded.

The products of complete combustiom of the hydrocar-—
bon are carbonic acid and water vapor. The molecular
welght of carbon and hydrogen being respectively, 12 and
2, the oxygen necessary for complete combustion of 100 kg
of fuel in kilogram/molecule is:

§§(002)4-% il(H 0) =7.1(Cc0°) + 3.5(H0) =10.6 molecule of Oz

The air necessary for this is:

10-6?; 100 - 50.5 molecules of air

Under standard conditions, of 760 mm Hg and 15° ¢,
the volume of a molecule of gas is given by the equation
of state: pV = RT:

Vv = 848 X _=288 = 24,4 ms/k%

The air needed for complcete combustion of a kilogram of fuel
is

v = 20.5 % 24.4 _ 12.3 ms/kg of fuel

100

in weight:

G = 12.3 x 1.19 14.5 kg of fuel/air

it
i

For this ratio of 14.5 the nmixture is saturated, hence
the concentration of 100 percent.
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For the vaiinﬁr'bower devélopéd by the Lister engine
fitted with the different designs, it was found that:

I Rl

Design- 1 1 11a | 1D IIc IIIa |IIIB|IIIc

a/c ratio 16 |18.5 |13.7 |13.2 |16.7 |14.5|12.5
Excess air | +.11f +.28! -.055/| <,095| ~#.15/ O 0
Concentration’ | © - . ‘
" percent” - 90 |78.5 |106 110 87 100 {100
Horsepowsr 6 6.58/ 8.12 | 8.40 | 7.49|8.6118.75
Specific con-~

sumption,

g/hp/h 225 202 228 224 198 198 [195
- Bffective effi- . S
ciency . | 28.2 |31.4 [27.9 |28.4 [31.6 |32.2|32.6

" From this table it is readily apparent that by short-

ening the injection period,

the air-fuel ratio can be re-

duced to the limit of -saturation, 14.5° kg of alr per kilo-
with an attendant 1mprovement in effec~

gram of gas oil,

tive efficiency of the engine.

i

It is quite ‘evidont that for the two points IIb and
IIc, where the concentration exceeds 100 percent,

feed was excessive;
not burn and produces smoke at the exhaust.

in this case,

the

pump

the excess of fuel can-

The specific
fuel consumption for these two points.are, for the rest,

30 g higher than for IIIb and IIIc, although for the lower
horsepower, the difference amounts to no more than 10 to
20 g/hp/n.

With a 100-percent concentration, and a 75- percent

boost charge,

the Lister engine manifests no smoke in %the

exhaust when fitted with designg IIIb or IIIc, and the com-
bustion takes place entirely during the expansion stroke of
the piston.
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Chapter 6
DELAYED COMBUSTION CYCLE

Rapidity arnd Efficiency of Combustion Cycle

Unquestionably, an increcase in compression ratio, in
the speed and pressure of injection, tends to increase
the quickness of combustion. The cycle approaches thatl

%% = o, Under these conditions
of optimum thermal efficiency, the fatigue of engine parts,
such as pistons, connecting rods, bearings, ctc,, is no

longer compatible with mechanical strength and their satis-

for constant volume, where

factory prescrvation.

But experience has proved it to be possible to utilize
high compression ratios, high speeds,
Jection without promoting greater fatigue in engline com-

nonent
lated.

As evident proof,

% horsepower.

wo. show figure 31,

and pressures-of in-

, provided that a delayed combustion cycle is formu=-

These diagramg
were recorded at 700 rpm on the Lister engine at exactly

They afford a ready means for computing or

reading the data appended in the following two tables.

For the first disagram,

pump~injector system of Dz =

the engine ig fitted with a

5 mm diameter, five atomiz-

ing no7zles 0f 0,25 mm diameter, and injection point set

at 15° advance. 'The second diagram‘'is based on the same
equlpment, except that the injection advance is reduced
to 2°. ' For the third, the normal Bosch equipment is used,

injection starting at 20° B,T.C.

1 2 3

" Systen , Tugcher Tuscher osch
Injection advance, deg 15 2 .20
Injection pressure, atm 450 450 285
Conpression ratio, P 19 19 19
Nozzles, n X D 5x0.256 5x0.25 1x0.24
Injection period, s 0,00057 0,00057 0.00345
Injection pericd, deg 20 24! 20 24! 14° 25!
rpn 700 700 700
horsepower 3 3 3
Specific consumption, g/hp/h 212 200 210
Effective efficiency, percent 30 31.7 30,3




Injection system

Tuscher ©  --Tuscher Bosch Sector a-b is the ignition lag,sector b-c
. 1 . ... .2 .3 the period of combustion with increase in

PM .. PM PM pressure. :

For figure 31

’

QGG’ON.WﬁpUBIOWGH 1BOTUYOD] VOVN
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Figure 31.— Advanced and retarded combustion cycle
Lister engine at 3 hp, 700 rpm.

Sa

|
| :
\ R
. N
.';%\\
] ke
-, SN
“Injection . . Figure 32.— Retarded combustion
Advance. . .o° 15° 2° : 20° degrees cycle ~pressure-vol-
7" Pressure..atm 450 450 .. . 285 .kg/cm®  ume card. o
N Period;;tzs 0.00957 0.000057 0600345 seconds - i T L
.o Lo o 2%4 2024 - . 14725' . degrees. For.figure 31. . _
Combustion i - R V=displacement ..V=1000cm
Max pressure..atm 70 43 - " 58 kg/cm®  Vo=volume of combustion. chamber;
- Period ...... 8 0.002373 0,00213 0.00274 seconds Vo=540m® (p=19) T
: Y 4 .11930" 9 S 11030 degrees a=starting point of injection
Speed ....... dp/dt 13.5 = 4.7 9.1 kg/ms b= " " " combustion
- e dp/dp . 2.95. - . 1.11 3.2- kg/deg - c=point of maximum. pressure of

cycle.
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With the minus: sign (-) indicating B.T.C., and the plws sign (+) denoting A.T.C., figure 31

affordss:
Nos. 1 2
Lag combustion lag Comoustion lag Combustion
a-b b-c a-b b~c a~-b b-c
o . o ° ~0 0 o 0 0 o
Angles, £T.C.. ~15 to -5 | =5 to+6° 301|-2° to +10 {+10 to +19 {-20° to -4 [ 4 to +7 30!
Duration, deg 10° 11° 30t 12° 9° .18° 11° 301
Duration, sec 0.000237 0.00274 0.00285 0.00213 0.00382 0.00274
Veriation V, cm’ ~30.27 +6.43 +15.2 +39.3 ~57.87 +8.56
- Vo in %V, | -56% +12% +28% +73% -109% +15.8%
Variation pressure +10 atm +34 atm -5 atm +10 atm +16 +25 atm
Rapidity of combus-
tion, dp/dt in kg/ms 12.5 - 4.7 9.1
Rapidity of combus-
tion, dp/d? in kg/deg 2.95 1.11 2.2
Feak pressure 70 atm 43 atm 58 atm

It is readily apparent that cycle No.. 2, with retarded comoustion, secures not only the best
engine efficiency, but also promotes all the conditions of good preservation of the component parts,

while rapidity of combustion and peak pressure of the cycle are reduced to a minimum.

84

*ON URPUBIOWEN TVOTUYOST VOVN

266



NAGA Technical Memorandum Ne. 99§ 79

>H'?éék1§}éégﬁfé 6f“ﬁetarded Cycle

Assume & combustion at constant volume at dead_deﬁé’
~ter., TFor a specified concentration, air-fuel = a, this
_combustlon defines a maximum pressure Do which may not

be exceeded, Since %§'= ®, the heat loss by the walls

during combustion is zero.
A£'the point of maximum pressure p, v, the expan-
sion of the burned gases follows the adiabatic law:

Y - s
Py Vo = constant

Supbose now the combustion at constant volume takes place
after dead center for a crankshaft position ¢. In this
instance the volume Wp of the combustion chamber is

Vo = Vo + (1 = cos o) V

where Vo and V denote the volume of the compreésion
chamber and of,the displacement, respectively.

The vressure of combustion at constant volume in
point @ of the. nls?on cannot bé other than that obtained
by an expansion of p, to Pp on the adiedbatic p, vy =

constant. Hence, the relation:
Y
P, VOY = Dy [vo + (1 - cos ®) v] = constant

whence

v Y
_ Yo
Po = Po [Vb + (1 - cos @) V]

The calculation of this value Pp of the peak pres-

sure of a retarded combustion for the L1ster engine with
P = 15 compression ratio::

vV, = 72 ¢em® . ¥ #“1672 em® ¥ o= 1,4 ~po = 100 atm
affords:
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Constant. . Volume of

volume icombustion Pg;?iprgssgre of cyc;e
combustion .|. chambder ‘| L v v| Decrease of
A.T.C.  increase L [ B o peak pressure
| =Po |V +(T= cos )V
Retardcd V, av,, Avo
deg cm®|cm® percent| atm percent p_
0 72| 0 o - 100 .0
5 76 4 5.5 93.4 6.6
10 871 15 21 77.3 22,7
15 107 | 35 49 59.1 40.9
20 133 81 856 ,%3.7 ) 56.3
25 167 { 95 132 = | 32.2 67.8
30 207 |135 187 - ’ 23.9 ‘» 76,1

A 10° lag in combustion A.T.C. reduces the peak pressure dy a
fourth of itg theoretical value for top conter, and 41 percent for
a 15° lag.,.

In reality, the: combustion is not realized at constant
volume, it has an appreciable duration of several millieeconds,
and the’' reduction in’ the peak pressure of the cycle is still
more accentuated than indicated by the theoretical calcula-
tion.

The reoal peak wressure is a point 'p$' < pcp on the adi-

abatic poﬁvoy_= constant.

On comparison of the diagrams 1 and 2 of figure 31, it
is found that the peek pressure drops from 70 to 43 atm for
a 10° delay of cycle (nlot 9) The drop in peak pressure is
38,5 percent. . '

We also find that the rapidity of combustion dp/dt it~
self, is con31derably reduced when the cycle 1s retarded:

plot No. 1, %% = 12, 5 kg/ns; plot 1 VQ.AE %% = 4.7 kg/ns.
Ratio of reduction, -124% = 2,7

For a 10° retarded combustion at top center, the quick-
ness of combustion and, consequently, the fatigue of the en-
gine is almost three times less.
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% Iurther was found “that this lO° delaved cycle de-
fines the best effective efficiency of the engine: MNe =
31,7 percent (200 g/hp/h). instead:of:Ne = 30 percent
(212 g/hp/h) ‘whed ~the combustion is situated normally at
top center (plot No. 1). R

Gontrary to those empirical findin?s 1t is seen on
plot pv (filg. 32)"'that the energy .supglied by the cycle
of retarded combugtion p°¢' pQP is inferlor to that of a

combustion pc ,Nﬁg at constant volume in T G.j The shaded

area on the left- hand side glves the value of the energy
lost by the delay in combustion.

- The theoretical thermal efficiency of a delayed com-
bustion cycle therefore being plainly 1nfer10r to that of
a combustion at top center, it secems logical to admit that
the. kinematics of our engines -~ pistons, connecting rods,
crankshaft - have a deplorable instantansous mechanical
efficiency when the peak of the pressure of a cycle ex-~
reeds a; certain limit P, or the quickness dp/dt of the

comdbustion passes beyond a specified value.. Therefore, a

. delayed combirsgtion cycle of inferior thermal efficiency
~ . practically sinisnres the engine a better. effective efficien—

cy; hence, finally, a bettor utilization of the .burned
fuel. 5

o7 goesg w1thout saving, that by merely reducing the
compression ratio, one cannot anticipate the same results
obtained by the use of a retarded comdbustion.

The temperature change in a cycle follows substantial-
ly that of the pressure. From this point of view, the re-
tarded combustion cyecle offers the:advantage of reduced
heat stresses in the pistons and liners of the engines,
‘and -lower heat loss through the walls. - But this advantage
alone could not give a rational explanation of the gain
made from the use of this form of cycle, if the mechanical
efficiency of the engine were not at.the same time im-
proved considerably. ' '

To our knowledme, no study of the instantaneous vari-
ation of the mechanical efficiéncy of an engine in rela-
tion to the quickness dp/dt of combustion has ever been
published. Such research should throw some light on the
difficulties encountered the past few years with high-
power, high-speed Diescls for aircraft use. Such studies

\
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might be carried out by measuring the .effective efficlen-
cies of an‘engline under varying degrees of delayed com-
bustion, the peak pressure p and dp/dt, and comput-
ing the entropy diagrams and heat balances of realized
cycles. A comparison of the two sets of results would
make it possible to determine the best p and dp/dt
along with the simultaneous change in thermal and effec-
tive efficiencies of the engine. Then it would be a simple

matter to deduce the laws of .instantaneous variation of
the mechanical efficiency in relation to the two values of
P and dp/dt Unfortunately, we have not the means to
undertake this research. : '

Record« of Delayed Comdbustion Cycles Obtained with
- the Zeiss-Ikon Cathodic Indicator

It was believed that the Watt indicator had too much
inertia to give an exact check of the marked pressure
changes within the brief interval of a few milliseconds.
So the Air Ministry placed at our disposal a Zeiss-Ikon
indicator with quartz crystal with which to check the
Plots recorded so far with the Lehmann-Michels instrument.
" These records were made 31multaneously with the two indi-
cators, -

The pressure tap of the first (fig. 25) is a hole 6
nm. in diameter in the axis of the first Ricardo ephers,
the quartz crystal being located some 4 or 5 mm from the
sphere; the pressure tap of the second is across a 3.5 mm
hole, about 250 mm long in the axis of the valve closing
the second sphere B, -

For these tesgstsys

1. 7The engine speed was kept exactly at 700 rpm, by
correcting the pump feed manually.

2+ Three systems of injection were essayed:

a) Bosch: injector with nozzle 0,24 mm in diameter,
at 45° toward chamber B, the pump being set at 20°
advance on top center. '

b) Tuscher: pumy injector with one nozzle of 0.208
mm diameter at 40° toward chamber B, injection ad-
vance varied from 3° to 6°, :
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¢) Tuscher: pump-injector unit, 8 nozzles of 0,20
‘mm diameter, fanwise toward chamber B. One of the
nozzles points toward center of sphere A; injection
point varied from O°to 3°

a) Bosch unit b) Tuscher unit ¢) Tuscher unit
' ran smoothly ran hard
1 x 0.24 1 X 0,20 8 X 0.20

3+ TFour points on the power curve were studied:

Horsepower developed | Compression ratio

1o = = = = = - - - 3 19
2. = e e e e oo 3 15
- S 5 15
4., -~ = - = = - - -« | maximum at 700 rpm 15

The four graphs, 34 to 37, represent the diagrams re-
corded in this experiment. The measurements and rcsults
are given in tabdbular form.

On comparing these results, it is seen that the meas-
urementg supplied by the two types of indicators agree to
within 2 to 3 percent. Except for the adiadbatic expansion
of the cycle, the study of which holds nothing new, the in-
ertia of the equipment and the marked flattening of the
bressure lead of the Lehmann indicator do not distort the
records appreciadbly. The conclusions so far drawn from
the reading of the diagrams may be considered as correct.

Effect of Compression Ratio P
Measurements I and II, p =19 and p = 15, 3 horse-

power, have shown that:

1, The effective engine output is a function of the
compression ratio p., The gain is about 2.5 percent for
the three injection systems analyzed, when P Dpasses from
15 to 19,
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2+« The peak pressure of the cycle rises with p; it
amounts to 3.5 atm for the advanced cycle given by the
Bosch unit (pp = 45.5 atm for P = 15 and 49 atm for
P = 19). It is even more accentuated when the cycle is
retarded: 6 atm for unit b) with smooth running, and 9 atm
for unit c¢) with hard running. In fact, in a unit such as
b) or c), controlled by the compression of the engine, the
injection pressure is proportional to the compressiorni the
penetration of the atomized spray is therefore much greater
when P is increagsed. It is therefore natural that the
peak pressure of the cycle and the qulckness of combustion
rise even more rapidly in relation to the compression ratio.

?s The quickness of combustion rises with P when
the cycle is retarded.(units b) and e)).

4. Contrariwise, for the Bosch unit with advanced
cycle, the quickness is 6.8 kg/millisecond for p = 19,
and rises to 10.55 kg/millisecond for p = 15. By listen-
ing to the noige while the engine runs, this anomaly is
auvdible. The running scems to be smoother and more regu-
lar when the second chamber B in the Lister enginec is
cloged.

Thig finding, seemingly abnormal at first glance, can
be explained by the fact that the Bosch injects the fuel
at a pressure indepeondent of the compression of the engine,
In fact, the injection pressure being identical in both
cases, the penetration and dispersion of the spray are
less when- the compression ratio is higher, the portion of
the combustion air involved by the gas oil is smaller, has
a greater penetration, and consequently a less active com-
bustion of the mixturo,

From this it is logical to conclude that the guick-
ness of comdbustion varies inversely with the mixture con-
centration. This fact is confirmed even more clearly by
the Zeiss records of the retarded cycles - units b) and
c) - where the rapidity of combustion is seen to decrease
as the engline charge and, consequently, the saturation of
the air-fuel ratio is increased.

An examination of the Zoiss records shows, in a gen-
eral way, that a greater rapidity of combustion is accon-
Panied by more accentuated pressure undulations during
combustion and expansion. In our opinion, these undula-
tions, which come and go for no apparent reason, are in-
dicative of a turbulent regime of the combustion. The



Table B

Compression ratio, p
hp eeveceeneneannennsns
TP evvevrvevasnsonses

Units ...ovcvveveenane

Tare of balance, kg ..
hp developed .........
To burn 100cm® gas-0il
Spec. consump.,g/h: /h
Effectlvg output,
Feed, sresesrareaas
Stroke. MM covevscnses
Injection peried,ms ..
Period, degrees.......
Air fuel ratio,a/c ...
BExcess air,e ..cc0eeeo
Concentration, Yo ...
Compress. A.T.C.:.
Zeiss measurs, atm ...
Lehmann measure, atm .
Peak pressure:
Zeiss measure, atm ...
Lehmann measure, &atm .
Speed of combustion:
dp/dt ,kgfms .........
dp/d(P okg/d-eg ereseess
Injection advence,deg
Retarded combustion:
me A.T.C. sevvvnnnanes
{|deg A.T.C. cieeenvnenn
{{Ignition lag.
Duration inms .......
" deg ....0.
Combustion:
DuratiOn inms .......

¥ d8g cee.. s,

1 11 111 v
19 15 15 15
3 3 5 Maximum
700 700 B 700 700
a b c a b c a b c a b ¢
4,200 4,300 4,400 4,200 4,300 4,300 7,000 7,200 7,300 10,000 | 10,600 | 12,400
2,94 3,01 3,08 2,94 3,01 3,01 4,90 5,04 5,11 7,00 7,42 8,68
315”7 823" 7'53” 7'34" 7'43" 7'25" 512" 5'20” 520" 3'18” 328~ 2’55-”
206 198 205 225 215 224 197 185 183 217 194 197
30,7 32 31 28,2 29,5 28,3 32,3 34,4 35 29,2 32,8 32,3
34,7 34 36,2 37,8 37 38,5 54,5 53,6 53,6 86,5 82,5 96
0,9 1,73 1,84 0,98 1,88 1,96 1,42 2,73 2,73 2,25 4,20 4,88
3,44 4,32 0,575 3,74 4,70 0,612 5,43 6,83 0,855 8,6 10,5 1,523
14024’ | 18015’ 20257 | 15040’ 19045’ 2035/ 22042' | 28040’ 3035’ | 36¢° 4406’ 6024/
39,7 40,5 38,2 36,6 37,2 36 25,3 25,8 25,8 16 16,7 14,5
1,74 1,8 1,66 1,563 1,56 1,5 0,76 0,78 0,78 0,11 0,15 0,00
36,5 36 37,6 39,5 30 40 57 56 56 90 87 100
— 38,2 37 — 20 29 —_ 28,2 29 — 29 29
— 37 37 — 29 29 — 29 29 — 29 29
49 43 51 45,5 37,4 41,8 47,3 43,6 41 51 43,6 51
50 42 50 45 37,5 39 46,5 43 38 48 43 51
6,8 6,15 19,5 10,55 4,86 17,8 12,4 5,72 19,7 14,5 4,12 13,5
1,6 1,46 4,64 2,51 1,16 4,24 2,96 1,36 4,68 3,45 0,98 3,21
200 30 3o 200 3o 20 200 6o O°P.M. 200 - 30 20
— 1,75 2,04 — 1,44 2,26 — 1,15 3,85 —_ 1,725 2,45
— 7022’ 8036’ — 603’ 9030’ — 4050’ 1607’ — 7015’ 9050’
— 2,48 2,77 — 2,17 2,75 — 2,58 3,85 _ 2,45 2,82
— 10022' { 11036’ —_ Qo3’ 11030’ — 10050/ 1607’ — 10015’ | 11050’
1,6 0,885 0,84 1,375 1,87 0,87 1,32 2,7 0,97 0,875 3,1 2,15
6044’ 3043’ 3031/ 5048’ 7050’ 3039/ 5033’ 11021/ 404’ 3040/ .130 9o
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p=19 3 hp 700 rpm
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p=15 5 hp 700 rpm
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Figure 38.- Speed of combustion, speed and peak pressure represented

and IV, p=15,

(Pig. 39) plotted against power developed; No. II, III,
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causes of this phenomenon are unstable; indeed, no two suc-~
cessive cycles recorded with the Zeiss indicator ever
match exactly. Not only may the peak pressure vary 2 or 3
atmospheres, but the rapidity of the pressure variations
also always show some difference. These dlfferences are
the result of a change in the way the spray penetrates

the fire chamber; the flow of the fuel being equally tur-
bulent, makes this possible. A more searching experimen-—
tal analysis will perhaps show perfect accord between ros-
onance of the pressure of combdbustion and that of the flow
of the injection.

For the present, it can only be sald that the amplitude
of resonancec, for equal engine charge, increcases with the
rapidity dp/dt of combustion. It reaches 7 atn for

d
Ef = 19.5 kg/ms, graph I-c, and drops 50 percent for
-g% = 17.8 kg/ns, graph II-c.

We also see that the amplitude of these resonances
diminishes with the engine charge (graph IV-c). Their
frequency, on the other hand, always seems to be around
3000 periods per sccond. Furthermore, it appears as if
these phenomena of turbulence in conbustion were the cause
of the noisier running of the engine.

Plate 38 1is a graphical representation of the quick-
ness of the exploted cycles.

Variations in Quickness of Combustion

5e Quickness of combustion is, as already stated,
inversely proportional to the delay in the combustion and
to the period of injection (curves dp/dt a, b, and ¢).

6. TFTor an advanced combustion cycle (Bosch unit,
curve dp/dt  a)), rapldity increases with the engine
charge.

7. For a delayed combustion cycle (units b) and c)),
rapidity starts on a elight increase of the charge, then
drops guickly with the supercharge.

To illustrate: At 8,7 hp (point IV-c), the rapidity
is only 13.5 kg/ms, whereas it reaches 17.8 kg/ms at 3 hp
(point II-c) and 19.7 at 5 hp (point III-c).
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‘This feature of the delayed cycle 'is, we believe, of

utmost importance for high-speed Diesel development,

In effect, up to now, high-speed Diesel research has
run against this "rock" of quickness of combustion increas-
ing with the engine chargoe. Mechanical-raccidents due to the
abnormal violence of the cycle, have forced constructors,
in their attempts to obtain a longer and more progressive
combustion, elther to increase the period of injection, or
resort to preignitiocn, which consists .in atomizing a small
amount of fuel, in the operating chamber, several dezZrees

‘before the princ1pal 1nJection. : S

ThbSC artifice° invariadbly reflect on the power devel=
oped by the englne, as demonstrated on two engines of dif-
ferent types and of absolutely different design; the spe-
cific horsepower of a» Diesel engine is inversely propor-
tional to the 1ngoct10n period. .

It is here, we believe that we muﬂt trv to find the
reason why the Diesel en%inb has not afforded the advan-
tages which vere, by rights, expected.™

It -scems to us that this situation might be modified
in favor of .the: Diesel by using the cycle of delayed com=-
bustion which:permits, as seen, higher speecds and pressures
of injection without increasing the peak of the eycle,
while occasioning a reduction. in the rapidity: of combus-
tion in relation to the charge,

This peculiar quality of the delayed cycle might, it
seems, furnish a solution for the best specific horsepower
and best effective efficiency, without fear of dangerous
fatigue,

For the present, it appears difficult to exactly de-
fine the relatlon of cause and effect which explains this
decline of quickness in function, of the charge of the en-
Zine,

*La Technique Automobile et Aéricnne, No. 188, February
"1939: "It has bYesn estadlished that, for enzines of
equal displacement and weight, the DleSbl ercle supplies
33 percent less power than a cardburetor en%ine, but its
fuel consumption is also 15 percont less. This differ-
ence in consumption between two engine types, assumes
importance only when it involves distances of from 2500
to 3000 km; but as a result of the high supercharging
adopted in modern alrcraft, the power necessary at take-
off renders flight imnossible."
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“Three conditions tend toward this object'

1. A greater amount of heat employed for the va-
‘ poriZatlon of a greater fuel char?e

2. A longer period of ingectlon, which extends
the period of comdbustion. :

3. A much greater and faster volume V of the
chanber during combustion . .

The delayed cycle alone possessing this characteris-
tic, the third condition is quite certainly dominant.

Peak-Pressure Variations of the Cycle

8. In an advanced cycle, the maximum pressure rises
with the engine charge (curve p  af.

9., In a retarded cycle the peak pressure is a func-
tion of the advance of combustion (ecurves p, b and ¢).

Even for high speeds and pressures of injection, the
peak pressure of the retarded cycle can always be main-
tained within acceptable limits, by regulating the delay
in injection in relation to the engine charge (point Illc,
for example; injection at T.C.; delay of combustion 18° 73
peak pressure 41 atm).

Fuel Consumption, Power, and Effective Efficiency of
an Engine with Delayed Cycle )

10, The svecific fuel consumptions and the horsepowers
developed are improved by the use of the retarded cycle;
they always follow the laws outlined in sections on pages
37 and 40, and appear to be little affected by a greater .
or lesser delay in combustion.

ll. At low engine charge the efficiency and, hence,
the specific consumption of the engine are improved by a
less pronounced rapidity of combdustion (curves Ne and &,
points IIdb).

Concentration ~.Air—Fuel Ratio

12. With supercharge, the possibility of concentra-
tion of the fuel-air mixture under favorable conditions of
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thermal efficiency incredses with the speed of injectlon
(curve ' a/c, a. b, and e) (Tlg. 39)

: Thls statement 1s.verified in an absolutely general
manner fior all. systems of injection and for all combus-
tion ctycles used.  Therefore, when the Bosch pump is con-
trolled by the .regulator, ‘the engine speed drops slowly
with the charge. It was found that, under these condi-~
tions, the Lister engine developed 6 hp at 600 rpm, super-—
charged 20 percent of -the rated horsepower, with a. concen-—
tration of 90. percent znd a specific consumption of. 225 g/
hp/hr. The injection period is then 10 milliseconds. 1If,
under those conditions, the rack of the pump feed is
bushed to the bottom, the engine does not change speed -
neither does the power of 6 hp rise any further; only the
specific fuel consumption increases and the exhaust be-
comesg snmoky. Contrariwise, if the rise in charge occurs
while its speed of 700 rpm is maintained, by manual regu-
lation of the pump feed, the power by supercharge reaches
7 hp (curve a). The injection period at 700 rpm is not
more than 8.58 milliseconds, and for a 90-percent concen=—
tration the specific consumption has dropped to 217 g/hp/h
while the suvercharsge is 40 porcent instead of 20.

It is seen, on the other hand, that for a 1.5 milli-
second 1ngect10n period, the supercharge reaches 75 per-
cent (point IVe) with a specific consumption of 197 g/hp/h,
a 32.3-percent efficiency, and 100-percent concentration;
the theoretical mixture is 14.5 parts of air to one part
of fuel.

This 100-percent saturation cannot be obtained under
adequate conditions of engine efficiency except by the use
of the retarded combustion cycle. :

The effect of a delayed combustion on the possible
concentration of the fuel-air mixture and, consequently,
on the specific horsepower per liter of displacement, can
be explained, as seen in section on Injection Advance and
Combustion Cycle, page 48, by the chemical theories of the
variation of the equilibrium factor, though a physical in-
terpretation of the phenomenon seems evident and 1eads.
in any case, to the _sane conclus1ons

In fact, if the combustion starts as usual, befors.
top center, it continues in a gas in active compression;
the movement and turbulence of this gas tend to become
slower, to the detriment of a good contact of air and fuel.
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The combustion is conpleted before the total fuel is burned.
In the delayed cycle, on the other hand, conbustion sbtarts
and continues in an atnosphere of vivid expansion - that is,
to say, of increasing turbulence, thus assuring better con-
tact of air and fuel. The quickness of the combustion
should be greater, but it is largely compensated by the
increascd chanber volune, so that the concentration is adble
to reach its theoretical 1linit of saturation casily.

Thus, without having investigated it as yet, it scoms
logical that the advantages - greater horsepower, thernal
and nechanical cefficiency - obtained by a delayed conmbus-—
tion, should be even norc substantial in high~speed en-
gincs, in which the greatcest linear piston speed pernits a
nore rapid increase in the volune Vg, of the working chan-

ber and, consequently, a nore active expansion of gases.

Operating Noises

Obviously, the operating noise of the Diésel is a
function of the quickness of combustion. To reduce the
noise, a delayed combustion is therefore indicated. The
rate of injection could also be reduced but that would be
to the detriment of the horsepower developed.

Thoe Lister engine cquipped with pump-injector unit D
(one nozzle, 0,20 mm diameter) has rcmarkably smooth oper—
ation at all loads; the developcd horsepower has a limit
of 7442 horsepower, '

The same cngine fitted with unit ¢ (eight nozzles
0f 0,20 mm diameter), on the contrary, runs roughly, espe-
cially at low loads; at a maximum horsepower of 8,7, the
operation is less noisy than at 5 horsepower, which proves
that the guickness of the retarded cycle decreases when
the concentration increases,

The nozzle sprays being toward the axis of the turbu-
lence — that is, toward chamber B,- the engine runs more
quietly than if directed at 90° or 180°, The position of
the nozzles, pointing toward chamber B, also gives the
best valmes at the test stand. A symmetrical spray dis-
tribution in chamber A is accompanied by harder running
and less favorable consumpbtion values,

In short, it does not seem possible to get the utmost
from fueleinjection engines if this demand is accompanied
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by silent operation., Sonc choice nust be made between
sticoth running and smaller supercharge, and hard running
under optinun conditions of specific horsepower and cffi-
ciencye.

Translation by J. Vanier,
National Advisory Connittee
for Aeronautics.
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