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THE EFFEGTIVENESS OF A DOUBLE— TEM INJWCTIOH

VALVE IY CONTROLLI%G GOMbUSTIOﬂ IN A . : R

"‘COMPRESSION—IGNITION ENGINE

" By J. A, Spanogle and E. G. Whitney
Summary

:"An investigation has been made to detsrmine to what
extent the rates of combustion in a compression-ignition
engine can be controlled by varying the rates of fuel in- s
jectioa., - A cam-operated fuel-injection puitp was used with '
e doublezstem attomatic- injection valve, whose concentric
spring-loaded lapped stems permitted the successive un-

-covering of two independent sets of orifices at pread-
‘justed pressures. Fuel sprays were injected into the ver-
tical-disk 'form of combustion chamber of a 31ngle—cf11nder
test engine. Nozzles were used that gave fuel distri-
bution ‘similar to that obtained from a single-stem. valve.
For various injection rates, comparison tests were made '
of engine performancse using ‘both 51ngls—stem and ‘double- -
stem valves.-' '

- The tests showed that: (1) the double-stem valve
operated satisfactorily wander.all normal..injection con- .-
ditions; (2) the rate of injection has'a definite influ-
ence on .the rate of combustion; (3) the engine performance
with the double-gtem valve was inferior to:that obtained
with a single-stem valve; (4) the control of injection
rates permitted Dy an injection valve of two stages of
discharge 1s not. sufflclent to e?fect the desired rates
of combustion. ' . -

_Introduction: ' ' -

For an engine of given dimensions, known volumetric
efficiency, rate of heat losses, and known”heat value of
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the fuel burned, instantaneous values of pressure exist- .
ing in the cylinder can be computed throughout the worlk-
ing cycle for any assumed instentaneous rates of combus-:
tion. The ares included within the pressuré-volume dia- '
gram ig a measure of the useful work dobtained .from the
fuel burned and consequently indicative of the gycle effi-
ciency. PFor a given total .quantity of fuel burned, the
area of the diagram can.be made to vary widely by assum-
ing different rates of combustion, and one combination of
rates of combustion exists that will give optimum effi-
ciency. Tests indicate that in a compression-ignition
engine, combustion should be initigted before injection

is completed (see reference 1); therefore, the rate at
which fuel is burned should be, 'in part at least, a func-
tion of the rate of fuel injection., Consequently, the
possibility should exist of confrolling combustion with
the injectidn system and checking the effect on the in-
dicator card.’ " o '

‘For any internalecombustion engine, maximum efficiency
would - be obtained by burning the entire fuel cHarge at
constant volume. In a compression-ignition engine of 450
pounds per square inch compregssion pressure, constant volw-
ume combustion would result in explosion pressures excecd-—
ing 1,200 pounds per square inch, which would necessitate
heavier engine parts than used in coaventional aircraft
engines or more highly stressed parts for equal weights.
Since the maintenance of engine weight and stresses at
minimum values is of primsry importance, a practical lim-
it of 800 pounds per square inch for peak pressures was
established for this investigation. Rates of combustion
required to produce the optimum cycle efficiency without
exceeding this imposed maximum presstre value were com—
puted and a cam designed and built into a pump to dis-
place fuel.at these theoretical rates which were corrected
for compressibility of the fuel, injection lag, and ig-
nition lag. Attempts made to produce the theoretical
rates of combustion by injecting with this pump and a
single-~gtem gutomatic injection valve with single-orifice
or multiorifice nozzles were unsuccessful and seemed to
indicate the,inadequacy of one automatic valve with fixed
orifice areg%EB\ngggglﬁﬂatomize and distribute fuel at
the desired rates without a range of pressures wider than
could be accommodated by the injection system. The use
of two valves or one valve employing some means of auto-
matically vVArying the discharge arba offered attractive
possibilities in"providing a wider range of injection rates
with the available pressure range.
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Double inJection has been “tried. by other investigators.
The use of two valves in congunctﬂon with an suxiliary
.vaporizer or .hot buld to obtain‘automatic ignition-at low
compression ratios is’ ‘described: ‘by:B. K. Butler. (see
reference 2.) Several 1nvestigators in Germany have in-
itiated combustion of coal-tar 'products of high ignition
points by injecting 5 per cent of ignition oil into the
cylinder immediately precedlnb ingectlon of the coal-tar
product. (See reference 3.) Bird describes’ the "“Sabathél
type injection valve, used with air injection to give
two successive discharges, in an effort to depart from
the constant-volume cycle. (See reference 4,) None of
the investigations, however, shows the effoctiveness of
double injection in controlling combustion; for this
reason this investigation was undertaken.

The development of a ‘suitable injectlon valve of
automaticallysvariablef{discharge area and the testing of
its effectiveness in controlling combustion in a compres-
sion-ignition test engine were undertaken at tae Langley
Memorial Aeronautical Laboratéry during the t rear
period included fronm the middle of 1928 to the middle of
1230.

Apparatus gnd-Tests

Preliminary considerations.~ The engine chosen for
this investigation was the Wfiversal test engine, using
the N.A.C.A, No. 4 vertical-disk form of combustion
cnamver fully described in reference 5. As therein men-
tioned, a multiorifice mnogzle is required to obtain the
optimem fuel distribution in this cylinder head. A sin-
ilar multiorofice arrangement, in which the orifices are
successively uncovered to permit disc&arge, might reason-
ably Pe expected to give satisfactor results for a valve
whose discharge area was automatically varied. Considera-
tion of the .combustion ratss desired and of the mechanical
aspects involved led to the design of & multiorifice
valve opening in two stages. The increasse in injection
pressure is the actuating force that uncovers the sets of
orifices. . ' :

The determination of the desired combustion.rates
was made from the theoretwcal indicator card of Figure-l.
This card represents the ‘most efflclent 0perat1ng cycle
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for the{f-inch by 7-inch cylinder -dnder the asstmed con-
ditions, CombuBtion of approximately ohe-fourth full-load
charge 1s. required at corstant volume to give-a pressure
at T7.C. of 800 pounds per sguare inch. Cpatinuation of
combustion A,T:C. is amssumed to be at such a rate as-tb
maintalin the maximum pressure constant until all the fuel
is burned. The desirable point for the start of burning
was considered to be 16° B,T.C. (labelled on Figure L Yig-
‘nition'"), gziving a calculated valne for the- start bf in=~
jection of. 400 B.T.C. :

To. obtain the rates of combustion necessary to-give
the theoretical indicator card, the injection wvalve "'should
be able toaccommodate a considerable increase in discharge
rate after injecting one-fourth of the full-load fuel
charge. A constantly increasing discharge area would pro-_
vide the best means of taking care of these deslred in-
creasing injection rates. However, mechanical problems -
in construction and operation of such a valve that would
give suitadle spray distribution in the specified com-
bustion chamber were so great that 1t was declded to de-
sign a'valve having only two stages of discharge area.

The first stage would provide for the small primary quan-
tity of fuel to be burned B.T.C. and the addition of tle
gecond would provide for the larger discharge and higher
rates required to maintain the constant pressure. Bach
discharge area would comprise several orifices of number,
size, and location to give optimm fuel distribution,

Development of Doudble-Stem Valve

To gatisfy all the requirements of such an experi-
mental valve, twoelve different designs were considered,
each with its peculiar advantages and limitations. These
types included: varlous combinations of two spring-loaded
gstems arranged coaxially, side by side, or at an angle,
each stem controlling one part of injection; one double
spring-loaded stem where the two successive stages of stem
1ift succegsively uncovered two sets of orifices; a com~
bination of .one spring-loaded stem and one diaphragm-loaded
valve sleeve; # combingtion of one spring-loadsd stem and
one sleeve exterded 1ln tension by oll pressure; and one
spring~loaded stoem whose 1ift caused rotation of an ori-
fice~controlling slement., O0Of all types mentioned, the
one employing .two ‘concentric gpring-loaded lapped stems
was chosgen as best fulfilling all reguirements.

-
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The final design is shown in section in Figure 2.
The main body carries the, oil inlet passage and the lapped
stems; the upper part is bored to accommodate the stem
springs,. threaded inside to take an innér spring-adjusting
nut, and slotted and threaded outside to. carry the adjust-
ing nuts controlling the outer stem stop &as well as those
for the outer spring~adjusting collar, and a lock nut for
the inner spring-adjusting nut. The valve-body adapter
clamps the nozzle against the body and adapts.-the wvalve %o
an 18-millimeter spark-plug hole. The outer stem is hol-
low, lapped outside to fit the/Valve body and inside to
fit the inner stem. Adjustable springs hold the valve
stems against the nozzle where - -the 0il seal is made by a
flat lapped seat on either stem. The flat seat was adopted
to permit the use of small stem 1ifts to give the required
oil-flow passage. Adjustable stem stops are providsd %o
limit the motion of the two stems to the desired 14ift.

The nogzzle, detailed as D-1 in Figure 3, contains an
inner well from which were drilled seven orifices of the’
sizes and at the angles which at the time were thought to
give the best distribution in the N.A.C.A. ¥No. 4 ecyliader
head. Admission and cut-off of fuel to the well are con--
trolled by the inner stem which forms & circular seat
0.007 inch wide around the outer rim of the well. This
seat width was chosen to give a 10,000-pound per sqguare
inch static seat stress at 2,000 pounds per square inch
valve-opening pressure, this stress having been found de-
sirgble for satisfactory sealing against leakage. Just
outs1de the inner stem seat were drilled two 1/64-inch
holes; each one leads t0 two smsll orifices through which
are discharged the small quantities of fuel to be burned
at caoanstant volume. Admissior and cut-off to these ori-
fices are controlled by the outer stem which seals with a
flat ring seat 0.008 inch wide just outside the 1/64—inch
drilled leads. A locating pin to fit in a slot in one
side of the nozzle ingures that the nozzle is always as-—
sembled with the same angular relation to the valve-body
adapter. This facilitates assembly of the valve in the
cylinder head with the spray in the proper plane. The
design provides for the interchange of nozzles to adapt
the spray to different shapes of combustion chamber.

The valve functions as follows: 0il enters from the
side and passses through the drilled hole in the body %o
the annular space surrounding the outer stem just above
the nozzle. The force created by the pressure acting on
the exposed surface of the outer stem causes the latter
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to 1ift against its spring load and allows the o0il access
to the primary orifices. Simultaneously the oil pressuré
acts upon the exposed lifting surface of the inner stem,

tending to force it from its seat. Injection occcurs through

the primary orifices until the increasing oil pressure
becomes sufficiently high to overcome the spring force
holding. the inner stem on its seat, at which time the lat-
ter lifts and allows the oil to discharge through the addi-
tional seven orifices. By adjusting the spring forces act~
ing on the two stems, the proportion of the fusl injected
through the primary orifices may be varled.

The 1ifts of the stems were calculated to givse a flow
area tharaugh the seat restriction of four times the nozzle
orifice-discharge area, to minimize pressure loss due to
throttling. This ratio fixed fhe 1ift for the outer steu
at 0,00987 inch and for the inner stem at 0.0135 inch,.

Congiderations of permissible stem diameters, availl-
able hydraulic lifting areas, desgired valve-opening pres-
sures, available space for stem seats, mechanical limita-
tions in coastructing stem seats, static seat stress at
the designed valve—-opening pressure, ané space limita-
tions for accommodation of the springs, determined the
spring loadings for the two stems. Tley were 35 pounds
for the inmer spriag.at an opening pressure of 4,000

pounds per sguare inch and 40 pounds’for the outer spring._

at an opening pressure of 2,000 pounds per square inch.
Stresses 1n the springs were mept sufficiently low to al-
low satisfaCUorv operation at valve—openlng pressures of
twice the Gesigned values.

The stem loadings determine the rapldity with which
thhe stems will close for any rate-of-pressure Adrap, il.e.,
Ze sharpness of cut<off. A sharp cut-off without bounc-
ing of.thé stem is reguired to prevent dridbling, with its
attendaiit late burnling of tle last entering fuel and re-
gultant deleterious effect on combustion efiiciency.
Aasuming no stem friction and an Instentaneons pressure
drop in the injection line, these designed forces womld
close the stems from their calculated maximum 1lifts in
less than 14 crank-sngle degrees at  an engine speed of
1,500 r.p.n.

[,
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Phe completed valve was given a preliminary test by
injecting into the atmosphere; fuel was supplied by a canm-
operated plunger pump having a variable rate of plunger
displacement, and the spray was ooserved with an oscillo-:
scope. (See reference 6.) Opening pressures of the two
stems were then varied over the adjustable range and the
functioning observed at various injection rates.

In order to study the sprays issuing successively
from the primary and main’ orifices and the time interval -
between the first appearances of the primary and main '
jets, attempts were made to photograph sprays from the
fuel valve by means of the N.A.C.A. high-speed photographic
equipment. (See reference 7.) However, as this apparatus
supplies oil to the valve at a constant pressure, no com-
binations of valve-opening pressures on the primary and
main stems of the valve would permit sufficient time to
slapse between successive stem lifts to give mtasurable ‘
double injection. The greatest time 1nterva1 photosrapned
between starts of the two stages of injection was less
than one halfathousandth second.

The valve was next installed in the vertical-disk:
form combustion chamber of the single-cylinder test ean-
gine for a preliminary test under engine power. Nozzle
No. D-1 (fig. 3) was used. This nozzle was designed to
have tae same total discharge area as had the begt perforn-
ing nozule of previous exzxperiments with gingle-stem in-
jection valves, but the size and angles of the individual
orifices were not identical, To tais resultant difference
in fuel distribution within the combustion caamber the
inferior performance of the engime with the double-sten
valve wvas at first attributed. Two additional nozzles
were conseguently tested, so constructed as to give distri-
bution similar to that from two of tlhe best performing
single—-gtem valve nozzles. Tnese additional nozzles are
showa in Figures 3 and 4. The D-2 nozzle of Figure 3
has the same size aand number of orifices as the Xo. 9
nozzle described in refersnce 5, as well as identical an-
gular relation between the sprays. The only differsnce is
tiiat the two outer or 0.008-inch orifices do not emanate
from the central well but are dirscitly supplied by indi-
vidual wells leading to the space between the ianer and
outer valve-stem seats, so that they act as distributors
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of the primary fuel. This arrangement directs the pri-
mary sprays so that their combustion should heat the rel-~
atively cool outer part of the combustion chamber prior
to the combustion of the main sprays. '

The third nogzle, D=3, constructed for use with the
double~stem valve and illustrated in Figure 4, is similax
to-the: single-stem valve nozzle designated B~ 8 in refer—
ence 8. It has.two 0.005~inch orifices for primaries
wailéh inject vertically into the combustion chamber,
wiereas E~8 has two 0.007-inch orifices placed a4t an angle
of 10° to the vertical - the size and arrangement of the
six remaining orifices are identical. The reason for
gsubstituating thé 0.005~inch orifices in D-3% for the 0.007~
incaorificés of E-B was %o maintain more similar distri-
bution of fuel. The Droper size was determined by a con-
sideration of the lower initial ingqction pressuresg of
the double-stem valve and the longer duration of injection
through the first-opened orifices.’ Calculations showed
that tae 0.005-inch orifices should permit the passade
of a fuel quantity approximately equal to that through
the ‘0,007-inch orifices of E-8., The arrangement of the
primary orifices of this nozzle is such as to direct ths
gprays into the combustion chamber across the heads of
the inlet and exhaust valves so that their combustion
wov.ld create a superheated region into which the main jete
must dlscnarge.

. Fuel was supplied to the valve by a cam—opergted
plunger pump. Two pump cams were used to explore a wide
range of injection rates; their comparative rates of disg-
placements are shown by the curves of Figure 5. The curve
of ¥o. 1 cam shows only the portion of the available dis~
placement that was used in the tests; the curve extended
would De a straight line indicating zero plunger displace-
ment at zero crank degrees. The pump permitted control
of the start and termination of pressure build-up in the
plunger cylinder tarough the adjustment of the time of.
closing: and opening of a poppet-type by-pass valve. 3y
a change in the setting of the by-pass controls it was
possible to investigate any displacement rate providel by
the cam~plunger curve. In this investigation, tests wore

made witk the start of fuel compression in the pump o¢-
curring at 225, 270, 285; 300, 3680 and 400. Theseo values,
hereinafter called start settings, refer to the crank
degrees indicated on the curve, and are reference numbers
only; they should not be taken to. mean the correspondiag .
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point:in the combustion cycle, as the gngular relation
betwéenthe pump cam and thé crankshaft is: variable for
earlier Or later injection as desired. -~ . - :

By the use of these nozzles and pump—dﬂsplacement .
rates described, the effectiveness. of the two~-stem valve
in improving enging performance.and controlling the sghape
of thre indicator card was investigsted. Engine-operating
temperatures of o0il, water, -and:air wers maintained - -con-
stant at the standard test:values and the engine speed -
wag held at 1,500 .r.p.m: 7 Fith the pump=start control set
to give the. injection rgtes desired, the fuel quantity was
adjusted to . the maximum amount that would allow smoleless-:
exizaust with just & trace.of flame, and the .injection
timing was advanced far.snough to cause a light knock.
Power and economy data were.recorded. Valués of indicated
mean-effective pressure were calculated fromn,these date,
assvning that the indicated mesn-effective pressure equalled
the sum of the brake and friction mean effective pressures.

The pressure-time card for the cycle.was simultan-
eously taken with the Farnboro indicator, using the altered
pressure element. (See reference 9.) The .drum carrying
tae card was driven fronm thé'engine'd“namoneter shaft -and
thae dﬂs_ valve inptalled in the upper side hole of the cyl-

inder head. For-each condition of engine perforuance re-
corded, several time-pressure. cards were takem to check
their reproducibility. . A sample card is shown in Figure

63 from this record the P~V card for the double-stem valve
performance was taken shown :in Figure 9.

This procedure was followed for eazch of the double-
stem valve nozzles 'and over -the complete range of injec-
tion rates available.  The individual tests were then
repeated with the single-stenn valve, using the-nozzles
comnarable from a distribution- standpoint and maintaln*ng
tihe same gtandards of combustion condltions as evidenced
by the exhaust -and by the cecngine knock. - fards takean for -
all corditions were then trausferred %to tiae P-V besis for.
comparigson wita the theoretical card and with each. other..
A conparative maximum power test.for the single-stem valver
and the- double-stem valve was included, together with a .-
test of the single-stem valve: to .show the effect .on the
P-V card.of advancing the injectian oevond tae point of
caosen standavd enn1ne knock.: e

Wltn tne valves ingectlng into tre atmosphere and
the pump scttings and timing reproduced, oscilloscope
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determinations of the:.time-of. gtart and cut-off of injec-
tion were made for each condition of test. Thé oscilloscope,
driven directly from the engine camshaft, permitted a 4di-
rect determination of the start and st0p of injection with
respect to the piston position. -

To determine the actual rates at whlch fuel was be-
ing introduced into the cylinder for each of the tested
conditions, pump settings and timings were again repro-
duced and the fuel injected through the respective valves
and nozzles into air At atmospheric pressure and tempera-
ture by a revolving cup ‘whose timing in the cycle could be
varied. This apparatus, described in reference 10, en-.
ables the determination of the increment of fuel injected
for each crank degree over:the entire-injection period.
Instantaneous.injection rates .in fuel per cycle per .crank
degree were calculgted from the data 80 obta1ned and were
plotted against crank degrees.

Results and Discussion

The preliminary tests .showed the double-stem valve
to operate quite satisfactorily with the cam-operated
plunger pump. he stems functioned without mutual inter—
ference and the flat seats gave a good cut-off with no
legkage .or dribdle. There was, however, a greater tend-
ency for the primary orifices t0 clog than evidenced by
previous experience with holes of the game diameter rag-
diating from a larger though shallower supply well. Care-
ful cleaning of the fuel obviated this difficulty.

¥or a given setting of spring tensions on the two
stems, the interval between starts of primary and main
injections was dependent upon the rate of pump-plunger
displacement. K The slower the rate- of-pressure rise, the
1onver the time interval between the opening of the pri-
mary and of the main stems, and hence the greater the
pronortlon of total fuel injerted through the primary
orifices.. As the rate of pump displacement was increased,
the 1ag ‘botween the lifting of the two stems decreased .
until, 'at a rate of pump-plunger displacement of between
10.0 and 10.5 cubic inches per second, the two valve
stems lifted simultaneously, though set at a 2,000- -pound
peér square inch difference in opening pressure. The
closing of the two stems was alweys simultaneous. ir-
respective of vglve-opening pressures or displacement rates.
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.* The interval Yetween eucceesive Stem 1ifts 6ould‘Be
varied b changing the difference in tensione between tne
two springs.,. This:control was "rbst: effective at 1ow rates
of pump displacement and’ was negligible at- high rates, In
all cases. this range of coatrol wae narrow, ‘ag primary
stem—oPening pressures below!1,500 pounds per square incn
gave undesirably poor atomization and distribution, and )
mairn stem-opening pressures above 5,000 poundsg per square
inch resulted:in the development - of injeection pressures
that .preduced unde31rably high stresses Sim the valve and

in1ection svstem.- , wy L l?

When tested in the single—cylinder test engine, the -
valve operated normally. Engine performance, however, was
1nler10r to that obtained with the eingle—stem valve. For.
the same injected maximum-power fuel quantity, the i. MeB.Ps
obtained was ' 1l.5.per cent. lowet w1th the double-stem
valve furthermore; icombustion was’ poorer,'eV1denced by
black smoke and dull red flame. The mgximum . i.m.e.p.
obtained with: the -double~stem- Valve wag 114 pounds per -
square inch, -contrasted ito.an f.m.s. p. of 129 pounds per . -
square ‘inch for .a similaxr” eingle-stem valve nogzle. The
inferior performance ‘of. the ‘engineé with ‘tha. double-sten'
valve: and -the inefficient: combustion as 1ndicated by the
smoky. and red exhaust Were probably due to impr0per fuel-,;

distribution.
;": . When used with the highest pump displacement rates,' .
/ the double stem valve acted ag a- single-stem valve, dis- \
/; charge occurring from all orificés simultaneously. irre-=- ..
spective of the fact that the opening pressuires of the \\

fo two stems were. adjusted to:a difference of 2,000 pounds

‘ per square inch. Engine performance under the .chosen

‘ standard of fuel quantity ‘and ‘knoek, hHowever, was still 11
per .cent lower with the double-stem valve, due, perhaps,
to the additional supply wells in the nozzle affecting .
the pressure, causing the discharge of the individual QEE:—*”

fices. e .
A - . ' -

The comparative indicator. carde ‘of engine performance
with the single and. double—stem valves at 400 start set-
ting are shown plotted on. the:P-V basis in Figure 7. The
single~5ten valve used E—B nozzle and. the double—stem
valve used its’ analogue, D—B nozzle., --As both steme of
the double-gtem valve lifted eimultaneously at thése in~ N
Jjection rates,,tne resultant gards are duite 31mi1ar,'
the higher pressurés of the double—-stem valve ‘card beiang

caused by a 2° earlier injection. In both cases, pres-
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sure rise due to combustion is delayed until the piston
has passed $.0. and started &own ‘on ‘the expansion stroke,
a condition féund typical’ of ‘the--indicator ¢ards taken
with the single-stem valve. -If the fuel were injected
earlier, the engine would kﬁodk badly and the pressures
would rise to undesirable values. This effect will be
discussed. later. ' I '

Tne corresponding insﬁantaneoué 1nJection rates for
the single and double-stem valve pérformances of Figure 7
are. shown in Figure 8. 'The rates.are somewhat greater
for the double~stem valve, which partially accounts for
the difference in the indicator cards.- - This digsimilarity
in .rates: of injection 1s most likely a conseguence of the.
difference between the injection pressure and discharge
characterigtics. of the two nozzles considered, becausse
. the. same pump and displacement rates were employed and
similar orifices were used ‘In the two nozzles.

It~ was- hoped, by the use of the double-~-stem valve,
to Initiste combustlion esarlier by-the ignition of a small
well-atomized fuel quantity that would apply explosion
pressures- gradually early in the stroke and allow the re-~
mainder--of the fuel to be burned é¢fficiently within the.
timeavdilable with the more rapid cofmbustion permissible
later in the stroke. That this obBject could be accom~
plished to some extent is demonstrated by the cards of
. Figure 9. These show respective performances of the single
and double-stem valves using a 360 start setting. With
the single-stem valve it 1is seen that the pressure drops
on-the power stroke to 50 pounds per square inch below
the compression pressure before it is allowable for com-
bustion pressures to be built up. EBEarlier initiation of
combustion would result in -excessive knock. With the
double-stem valve, however, the injection of a small pri-
mary charge 8° earlier, and addition of theé main spray .
some 11° after this, enables the pPressure to Be maintained
above. the compression-pressure value and results in thé
card shown. EHowever, the control of combustion is in-
sufficient to permit of the pressure being dbuilt up to
the T.C. value of the theoretical card without the prés-
sures immedlately A.T.C. reaching excessive values and
the accompanying engine knock becoming prohibitive. En-
gine output in this case llkewise favors the single-stem
valve, which ghows an i.m.s.p. .0of 109 pounds. per sqguare
inch contrasted to 91 pounds per - square ‘inch for the -
doublehstem Valve. . :
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The curves of Pigure-10 show the effect of the double-
stem valve in. changlng the injection rates at 360 start
setting. The decrease in rate from 12° %o 10° B.T.C. for
the double-stem valve curve may be caused by bouncing of
the outer stem before the opening of the inner stem. It
will be noted that the maximum rate obtained with the
double-stem valve is greater than that obtained with tae

single-sten valve.

N Figures 11 and 12 show pressurés developed at a low-
er rate of injection - 300 start setting. -Figure 11 pre-
seats three cards taken with the same single~stem valve
and nozzle with successively earlier timing of injection
with respect to the piston position. Engine performance
of the. turee tests‘wasicharacterized by no change in bralke
power output, but with increasing Xknock of so heavy an ia-
tensity at the earliest injection condition that it was
thought inadvisadle to advance injection further. That
the heavy knock was accompanied by a maximum pressure of
but .320 pounds per sguare inch demonstrates the inability
of the recordlng instrument to follow the extremely rapid
shock pressures. (See reference 12.) The true shape

of the .card is, therefore, not recorded, which probablj ,
explains the" suc03931ve 5.per cent decreases in card area
as the injection is advanced. The upper and middle cards
retaln the characteristic of expansion along the compres-.
sion line before combustion starts. The lower card, how-
ever, shows combustion jnitiated in time to build up
pressure from T.C. (althougia at first dut slightly faster
than. the. adlabatic expansion of the compressed gas) with

a reSthlng heavy knock and higher maximum’CVlinder pres-
sure. Ricardo, Waatmough, and Janeway emphasize the
necessity of control of rate-of-pressure rise in a spark-
 ignition engine to eliminate knock and rough running.
.(See reference 11. ) In a spark—-ignition engine, the rate~
of-pressure build-up is limited to the rate-of-flame
spread, and .Pressure rises of the order of 35 to 5C pounds
per square inch per degree are considered. In a com—
.pression-ignition engine, rates-of-pressure rise several
times those of the spark-ignition engine. may be exper-
ienced. Whether the kunock is due to rates—-of-pressure
.rise or accelerations in rate-of-pressure rise can not’

be determlned from the indicastor cards. The fact remains.
that with n*gh injection rates, a destructive knock can
be completely-ellmirated by. retarding injection until &
latet time in the cycle, in which .event neltner the rate-

~
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of-pressure rise nor the acceleration of the rate-of-
pressure rise could be so high as with an earlier timing.
The effect on performance, however, is to reduce the:
power output and cause late burning, as is evidenced by
the flame and smoke in the exhaust. '

The effect of using the double~stem injection wvalve
with the medium rates of pump displacement is shown in
Figure 12. In this case the injection of a small primary
charge starting 139 earlier than the umain spray builds up
the pressure to 500 pounds per square inch at T.C. but
allows it to drop below .the compression—pressure value be-
fore combustion of the main charze. This c¢ondition indi-
cates.gn ingufficient flexibility of the injection sys-
tem at.these .pumping rates. The prlmary "discharge is too
small %0 maintain the pressure A.T.C. and 'the main charge
is so larege @s to require unde51rab1y Tate injection to
prevent- t00 rapid initial pressure rise. GCombustion in
this case¢, however, allows an increase of 35 per cent in
fvuel charge over that allowable with the single-sgtem
valve without smoking in the exhaust. The comparatively
low 'initial rates of .injection of the double~stem valve
at-this pump setting are shown in Figure 13. ’

Figure 14 .shows cards at 225 start setting with _
single and double~-stem valves. These cards are comparable
only on a basis of pump displacement rates, since the
fvel quantities wers not equal, end for the double-stem
valve card the injection was so ' far advanced as to pro-
duce bad.knocking and rough running. The value Qf- these
cards lies in demonstrating the general form of card at
low injection rates and the effect of low injection rates
on the time of successive starts of primary and main fuel
sprays.

The comparative ‘effectiveness of the double~stem valve
for the assumed’ operating condition and maximum power set—
tinge is demonstrated by Figure 15. Both cards show the
same injection rates (360 start position). The maximum-
power performance, nowever, has the injection start ad-
vanced 3° over those of the lower load and injection con~
tinues 10° longef¥ to inject full-load fuel. The greatest
difference in the cards lies in the higher pressures at
all roints along the expansion curve of the maximum-power
cand, '1ndicatin€ continned buraing of a larger portion
of the fuel during expansion. This in turn may be attrib-
uted to lack of efficiency in securing thorough mixturs
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of air and fuel, resultin@ in slow cheulpal union with the
last air to bPe reached. . Although the maximum pbdwer card -
shows an inerease of 23 pounds per square inch i.m.e.p.
over the condition of less fuel injected, the gain in
power is_acconpanied by a drop in tnermal effic;encv fron
32.6 per cent to0.21.5 per cent. .

- The ingect10n~rgte curves, shown in Figure 15, are
quite similar with the exception that the curve for full
loads extends over a longer injection psrlod " O%her
differences in the curves mary he attributed toc the use ..
of different nozzles in thsé injection valve for the two .-
tests, nozzle No. D-3 having been used for the part- .
load -rnxn and Jo. D-2 having been used’ for the full load

e,

A comparlson of the max1mum—power cycles, uszng .
single and doublefstem injection valves, may -be obtained
from the .cards in Figuré 17. . Identical pump displacer
ment rates -and similar nozzles* were used in the two
cases although the longer time of injection through the '~
0.003-inch orifices with the double-~stem valve resulted "~
in different fuel distribution. Tne characteristic nec-
essary lateness of igmition is evident on the single-stenm
injection valve record, with a slight expansion loss be~-
fore the ignition point. Tue expansion curve after the
pealt~explosion pressure has .been reached, however, in-
dicates less late burning Stad with the double—sten ‘valve,.-
The higher efficiency of barninb with the single-stem
valve is shown 1in the power output. The .sinzle-sten
valve gives an l.m.e.p., of 129 pounds’ ner ‘square ingh,
whereas the doudble-sten valve Eives a maximum of 114

pounds per square inch., The injection,rate curves for
the two valves ars shown in Figure 18 for comparison,
The characteristic j& at the start of injection and the LLUWﬂr -

-longer injection period requlred by the double—stem valve
are clearly shown. :

he effect of rate-of-pump displacement on the shape
of the indicator card may be seen by a coaparison of cards
of Figure 19. These cards show cylinder pressures with
the double-stem valve at pump-start settings of 285, 270,
300, 380 and 400. The three lower cards have a 1, OOO—
pound per square ‘inch difference in stem-opening pressures,
but for the two higher rates-of-pump displacement shown,
it was necessary for the differemce to be increased to
2,000 nounds per square inch. Even then, the higher rates
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¢

of injection when using the 400 start setting resulted in
31multaneous opening of. the prlmary and maln stems." :
A consi&eration of all the cards snown rﬂveals a
strikingly constant period ef dslay between the point of
first introductivbn of the:. fuel and start-oef-pressure rlse
due to combustion. The average time interval for thils.
ignition lag for sight cards from which 1%t may DPe read 1s
29.5 £1.5%, .0or 0.00327 second, 5.5° longer:than the.lag
assumed in computing the theoretical indicator card. An
exception to.this experimental average is found in the
card of Figure 14 for the double-stem valve. Birdl!s ex-
periments showed that for theée injection of fuel into air
of constant deasity and temperature, the ignition lag is
muclh greater for hilgh air-fuel ratios than for richer
mixtures (see reference 13), which may partially explain-
the greater lag found at the low-injection rate under sen-.
gine power conditions. The earlier .start of :injection
which places the fuel Jin contact 'with the. air -during the
early part of the compression.stroke when the¢ .air temper-—
ature is comparatively low, doubtless affects the time
required to heat the fuel to the ignition temperature.

Conclusions
-From this 1nvest1gatlon the following conclusionsg

may be d;awn’

1. Satisfactory mechanical operation may be obtained

from an automatic-injection valve employing two concentric

individually spring-loaded' lapped stems.

2. TFlat stem seats are quite satisfactory in pre-
venting dribble and enable the use of smaller 1lifts than
the conical seat. Wear due to erosion, however, is great-
or Vvhan with s conical seat.

3« With the injection system uged in this investiga-
tion and with a 2,000-pound per square inch difference
between opening pressures of the two sets of orifices,
two stages of injection may be obtained when the fuel is
displaced by the pump at a rate not in excess of 10.3
cubic inches per second. At faster rates of dlsplacoment
both stems 1ift simultaneously

e f
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4. The use of the double~stem valve in an engine
under power permitted control of the shape of the indica-
tor card within limits. ZEngine performance suffered,
however, due to the late burning and poorer distribution
incurred through this process. . -

5. When ignition is initiated before completion of
injection,  the rdte-of-pressure rise 'in the engine cyvl- .
inder is affected by the rate-of-fuel injection; hencs,
the rate of injection has a definite 1nfluence on the
rate of combustlon

. -

6.- The control of injection rates permitted by tqis
doudle~stem injection valve is not sufficient to effect
the desired rates of combustion under the conditions of
these ftests.

Langley Yemorigl Aeronautical'Laborgtory,
National Advisory Committee for Aeronautics,
Langley Field, Va.,; October 5, 1931.-
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Fig. 7
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Fig. 7 Effect of double injection on P-¥ cards at 400 start setting



N.A.C.A. Technical Kote No. 402‘ Figs. §,10
-6 bl t Lve |, : ‘:\L
24510 Dpuble gtem va tf-u ffj%;rq
N > A4
$=0 Py \&\
= ’ 7 \ T
-16 ' ‘
g / s
2 r A
%12 I R e .
i / \
R / WA
: | \
s, i o
2 _‘L_ ]"\ N\ L
o A_J,,__—1L°*?1T§” /|  Siingle $ten velve \h\kjﬁi .
20 16 12 8 4 T.C. 4 8 12 16
B.T.C. Piston position in crank degtees AT, C.
Fig. 8 TFuel injection rate curves for cards of Fig, 7
24x10—6 Doubld st‘mlraléiyf//' jv } _—
8920 /@&
2 7T 7 |
. i —t--- 4—
S 16 Single stem|valve ">§/7% '\_w“ |
] L LT B
ol ¥ ¥
il - / é\ - fo
o \
g 8 '—Tﬁ; X R QT_“_‘ 1. o]
: / \
o4 N Lot ] ___3
i [} A SY | ]
& )
7 4
0 - - -:Db..(;.__.___o.-J
16 12 8 4 7.C. 4 8 12 16 20
B.T.C. Piston position in crank degrees A.T.C.

o Fig. 10 Fuel injection rate curves for cserds of Fig. 9



N.A.C.Ae. Technical Noteo No. 402

500 ‘
Single stem valve. E-8 nozzle. No. 2 can
[)]
?@O 1 . i.m.e.p.: 109 1}."./5(201110
g" EX -~ Cut off, 12° A.T.C.
ot
m
\.800 IT N
ar
R --T\Q;i?jection start, 21° B.T.C.
(9]
52200 N
2 \
2 :
(¥ i i
: o }
100 \\ !
H : i
0 20 40 60 80 100 120 140 7180
Crank, degrees . 1a0
v/"\
v{/\ Cut off, 150 A.T.C.
500K} Double stem valve. D-3 nozzle. No. 2 cam
d i.m.e.0.= 91 1b./sg.in.
(5]
§40 \
o i
- ! ,——\- Injection start, 18° B.T.C.
o I 3
on ] \ (main)
=
. \In.jection start, 28° B.T.C.
5200 \41.’ : (primary)
v i
©
[
: \ N~
100 a ; i
i
J i ) I N |
0 20 40 60 80 100 120 140 %180
Crank, degrees 160
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Fig. 11
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FPig., 17 EBffect of double injection on P-V card at maximum engine power
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