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SUMMARY

A gas-sanpling valve of the inertia-operated type has
been designed by the staff of the National Advisory Comnit-
tee for Aercnautics for procuring samples of the gases in
the coiabustion chamber of internal-combustion engines at
identical points in sueccessive eycles so thet' the analysids
of the gas samples thus procured may aid in the study of
the process of combustion.

The operation of the valve is as follows: A valve can
driven by a flexible shaft compresses a cam spring through
a tappet arm and, upon release, the inertia of the systenm
lifts the valve stem from its seat against a stronger valve
spring which then returns the valve stem to its seat. The
valve as tested with apparatus for precise measurements had-
an opeaing pericd of 0.0004 seccnd at all operating speeds
and had a variation in time of opening of 0.00005 second at
750 cycles per minute. The movement of the top of the wvalve
stem was 0.004 inch.

This gas-sampling valve has been used to invegtigate
the CO; content of gases taken from the quiescent combus-
tion chamber of a high-speed compression-ignition engine
when operating with two different nmultiple-orifice fuel-in-
jection nozzles. An analysis of the gas samples thus ob-
tained shews that the state 0f quiescence in the combustion
chanber is maintained during the combustion of the fuel.

INTRODUCTION

Attenpts to follow the conrege of combustion in the
cylinder of the internal-combustion engine have been di-
rected along three general lines, One method is to calcu-
late the amounts of fuel required to be burned to maintain
the pressures shown on an indicator card. A second method
ig to follow the progress of the flame travel by any one
of several optical or electrical devices. The third meth-
od s to Tellow the course of combustiocon by chemieal anal=
ysis @f samples of gas removed from the comdbustion chamber
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during a small tine interval of identical phasing during
successive cycles. A series of such samnples taken at dif-
ferent stages in the process of combustion makes it possi-
ble to follow the chemical changes that take place inside
the engine cylinder.

The field of application of gas sampling has been ex-
tended by the increasing use of valve overlap for gcavenge
ing the combustion chambers of four-stroke cycle fuel in-
jection engines because, when operating with tiiis type of
scavenging, the conventional conposite sample of gas taken
from the exhaust pipe would contain varying amounts of aip
that had not been involved in the combustion process.
Therefore, the analyses of samples of exhaust gases fron a
scavenged engine lose their significance and true samples
of the gaseés involved in the combustion process may be 0be
tained only from the engine cylinder.

The instrument used to procure suck sanples 1s connone
ly known as a "saupling valve." This device is a small
stroboscopic valve that opens for a short period at corre~
sponding points in successive cycles to allow the renoval
of a snall portion of the cylinder contents adjacent to the
valve opening. Several sampling valves have been designed
by different investigators, that of Withrow, Lovell, and
3oyd, of General Motors (reference 1) being one of the best
known. A study of the available literature (references 1
to 6) indicated that in the design- of a gas-sampling valve,
the requirements most difficult to fulfill are that the
valve have a short open period and also consistent phasing.

For purposes of design, 4° crank angle (or 0.0004 see-
ondeat «i: , 500 r.p.m.) was used as the desirable value of
the open period. The allowable variation of this period
or of the phasing was limited to 0.0001 second. 1In order
to keep this variation in phasing at a minimum, there
should be as small a time interval as possible between the
action that instigates the opening and the actual opening
of the wvalve, because, if this interval were large, rela-
tively small variations in it would cause unpermissible
variations in phasing. The value decided upon for the stem
1ift was 0.006 inch. It was required that both the dura-
tion of opering and the stem 1ift be adjustable, since
there was no way of knowing if the 1ift and period values
given above would be satisfactory. A regquired freguency of
opening of 1,000 times per minute was specified. Inasmuch
as the valve was intended for use in several cylinder heads
in various positions, it would have to be extremely adapt-
able and the method of driving would have to allow these
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changes in location without excessive alteration of the
drive.

This latter requirement of adaptability made electri-
cal operation seem desirable but it was found that opera-
tion with reasonable valves of current would require too
long a period between the action of the circuit breaker
and the action of the valve with either direct or inertie
operation. Hydraulic operation was considered possible,
but trouble was anticipated from reflected pressure waves.
Direct mechanical operation was discarded because of ob-
vious difficulties in obtaining a short adjustable period
of opening and consistent action throughout the speed
range.

The inertia method of mechanical operation appeared
to most nearly fulfill the requirements imposed but in-
stead of using an inertia force that varied with speed
(reference 1) and therefore varied the duration of opening,
it was decided to use an inertia force that remained con-
stant for a particular adjustment and consequently gave the
same time duration of opening regardless of speed.

The use of the sampling valve in conjunction with a
pressure gage as a pressure indicator was given some con-
sideration during the design of the apparatus and, although
the main purpose of the valve was the procurement of gas
samples, it was made sufficiently strong and tight to with-
stand combustion pressures.

The staff of the N.A.C.A. had completed the design
and had started the construction of the valve during 1931,
but it was not used for any investigation of combustion
until; 1982,

DESCRIPTION OF VALVE

As a result of the preliminary investigation, an in-
ertia or hammer-operated mechanically driven valve was con-
structeds In this valve a definite amount of energy is
utilized to set a mass in motion. When this mass strikes
a projection on the valve stem, the kinetic emnergy of the
mass is utilized in lifting the valve stem against the ac-
tion of & spriangs

The method of operation may be seen from Figure 1. A
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cam and a tappet arm compress a spring, storing therein
protential energy. This spring, upon release by the cam,
converts its potential energy into kinetie energy of the
tappet arm, spring retainer, and other parts. This group
strikes a nut on the valve stem, knocking the valve stem
off its seat. This movement is opposed by a stiff valve
spring which absorbs the energy in a very short travel and
then quickly returns the valve stem to its seat.

Figure 2 shows two views of the assembled valve with-
out its driveshaft or piping connected. TFigure 3 shows
the parts of the disassembled valve. The .following de-
scription of some of these parts will serve to explain more
fully taeir construction and operation.

alve stem.- A ncedle type of valve was chosen in

rreferencc to a poppct valve, as experiments have shown
some slight tendency for gas to start flowing through the
needle type more guickly, because the movement of the need-
le valve assists the gas to overcome its inertia and starts
the gas moving in the right direction for gas sampling.

Valve spriag.- From space considerations an extremely
concentrated spring was desired with a high force and very
small deflection. These generzl rharacteristics were ob-
teined by using a spring composed of "Belleville disgks,"
wiich arc dished spring-steel washers. Provision was made
for changing the force on this spring by a nut which can be
locked in position. The force/weight ratio of the spring
and attcndant parts indicates a theoretical acceleration of
the wvalve ‘stem ‘of @about 1300 g

Com spring.- The cam spring was required to have a
greater range of adjustment, consequently of deflection,
than the valve spring in order that the amount of potential
energy stored in it could be varied for differeant opecrating
conditions. herefore, a helical spring formed of compara-
tively large diameter wire was used in order that the de-
sired speed of operation could be attained. The force/
veight ratio indicates & theoretical acceleration of the
tappet arm when releascd by the cam of about 600 g.

Cam.- An iavolute cam, giviag ap‘rOkln 1tely equal
lifts for equal time increments, was desizned to mininmize
the shocks on the driving mechanism by 2llowing the load to
be apolied grodually. Provigion waos made for varying the
movement of thec follower by Cudﬂ“in“ the clearance between
it and the ¢am dy the insertion of shims under the follower.
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Both the cam and the follower were made reversible to an-
ticipate n'ecessary changes in the direction of rotation
of the drive. :

Diaphragm.- A diaphragm was incorporated in the valve
to provide the gas seal instead of either the usual lapped
fit or packing gland, thereby eliminating trouble due to
friction in this fit caused either by the variatioas in
temperature or by deposited carbon. It also provides a
positive gas seal so that samples may be obtained with e-
vacuated pipettes in addition to the use of mercury dis-
placement. Pressure may be built up inside the valve dur-
ing its use as-a pressure indicator.

mediately after the gas passed the valve seat, a cooling
jacket was provided as close to the seat as possible. In-
timacy of contact between the gas and the cooled walls of
the valve was obtained by causing the gas to pass in a thin
layer through a narrow annular passage. In addition, the
internal volume was kept at a minimum to increase the ve-
locity of flow through the valve and to decrease the dead-
space. This volume, including the air fitting, was found
by displacement to be approximately 1.1 cm3.

Method of driving.- A flexible shaft about 6 feet long
was used to connect the valve to the engine. The shaft was
of relatively large diameter for the pover transmitted so
that the variations in deflection might be kept as small as
possible. 1Ian order to decrease the torque that it must
transmit, the shaft was geared to run at its rated maximum
speed of 4,000 r.p.m. and on the valve a 4:1 gear reduction
was used. Incorporated in the gearing at the engine end
was an epicyclic-gear arrangement to allow change of phas-
ing of the valve. An ecceatric to deprecss the rocker arm
so that the follower was clear of the cam was incorporated
as a means of Btepping the action of the valve without stop-
ping the drive.

Timing contact.- An insulated tining contact was
mounted over the top of the valve stem to close an elec-
trical circuit at the instant the stem reached its maximum
lift. This contact was used in conjunction with a Strobo-
rama and a scale on the engine flywheel to determine the
phase point of the valve opening. The contact was com~
pletely insulated from the valve to allow its use with no
danger of grounding either side of the circuit to the cen-~
gine.
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DETERMINATION OF CHARACTERISTICS

The valve was subjected to a series of tests to check
its operation and secure information concerning its charac-
teristics. These tests were made in part while the valve
was operated in connection with apparatns for precise meas~
urements of 1lift and duration of opening as shown in Figure
4. The other part cf the testing was done with the valve
mounted for normal operation on a single-cylinder compres-—
sion-ignition test engine as shown in PFigure 5.

Duration of opening.- Using the set-up shown in Fig-
ure 4, an electric motor was used to drive the sampling
valve, Farnboro indicator recording unit, and contactor
mechanism for a Stroborama. A contact was attached to the
bottom of the valve so that it just touched the valve stem
when it was seated. This contact was in series with the
contacter mechanism operating the Stroborama. The closing
of the circuit by the contactor wauld cause the Stroborama
to flash unless the circuit was open at',the valve owing to
the stem being off its seat. In this case the flash would
occur when it reseated. It is evident that no flash could
occur at any phase angle at which the stem was lifted.
This interval, during which the stem was lifted, was de-~
termined by observation of the scale on the rotating Farn-
boro drum as illuminated by these flashes.

As an approximate check, o0il under 100 pounds per
square inch pressure was fed through the outlet fitting and
allowed to spray from the tvalve while running at normal
speed. The duration of this spray was determined with the
Stroborama. This method of checking the operation of the
valve, although less precise than the other, is used as a
routine check on account of its greater convenience.

With a particular adjustment the period as found by
the first method was 0.0004 second and as determined by the
second method was slightly over half that value. Owing to
its Peptia, The 0dl igWate in ' shortinsifron. thelvalve,
resulting in an effective period of less than the true pe-
riod. There is no simple method of obtaining the effective
period for a gas but it should muech more closely approxi-
mate the actual period than it does with o0il, owing to the
lower inertia of the gas and the assistance given by the
valve stem in starting flow into the valwve.
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Lift.- The use of a micromecter screw at the top of
tie valve ster to close a circuit through a neon lamp al-
lowed the value of the 1ift to be found. The movenent of
the top of the stem was found to be 0.004 inch with the
particular adjustment used.

Phasing.- It is important that an indication be given
of the exact point at which thie valve opens. For accurate
work this phase relation must not vary. As mentioned pre-
viously, the determination of the phasing of the valve is
acconplished through the operation of a Stroborama by a
contact at the top of the valve. A marked flywheel is il-
luninated by the flash. Much nore satisfactory indication
of the point of opening was obtained by the use of the
Stroborana than by relying on the closing of a simple cir-
cuit through a neon tube. In the Stroborana the slightest
contnct operates a tripping circuit which causes a bright
flash of a neon lanp, allowing a very positive deternina-
tion of the position of the flywhcel at the instant of con-
tact. Since this contact is nade at the extremne of the
novenocnt of the top of the ster:, it seemed advisable to
correlate it with the novemnent at the valve seat. Again
the set-up shown in Figure 4 was used. The contact at the
bottorn of the sten, using the method of the Farnboro in-
dicator, recorded by a spark to the drum the point at which
the sten left its seat. The point of maxinunm movenent of
the top of the sten was found by observing-the scale on the
Farnboro drum by the flashes of the Stroborama operated by
the contact at the top of the stem. 4s a final check, oil
was sprayed from the valve, as mentioned previously, and
the start deterrnined with the Stroboramna.

Very close agreerent between the three methods was
observed with the anticipated czception that the start of
the oil spray was arrproximately 0,000)1 second later. The
phasing was found to be very constant, the variation in
tine of openins being 0.00005 second at 750 cycles per nin-
ute. This constancy of phasing was naintained even with
the flexible shaft drive, provided that sufficient care was
observed in its operation. During the preceding work to de-
termine the duration and phasing, no irregularities of secat-
ine were observed and it is believed that the gsten seats ac-
curately with no observable bounce.

Use of flexible ghiaft.- In lightly loaded ‘ghafts which
have coasiderable curvature, as ia thisg case, the torsional
deflection betweecn the ends owing to the frietion of the

casins is several tirnes the deflection caused by the load.
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This deflection varies greatly as the shaft is shifted
sild ghitllly Jim pos Bibdome ' Phiager drregulapi ties dnom whis
cause as great as 1009 to 159 have been observed. After
the position of the shaft had been determined for any
installation, it was necessary to wire it in position

so that no oscillation or weaving was possible. Like-
wise, the lubrication of the shaft was found to be very
important and for this reason the casing was kept thor-
oughly packed with petrolatum. It was also observed
that the phasing changed during the first few minutes

of running because of increasing deflection of the shaft.
The instrument was always run for a sufficieant time,
taerefore, for this deflection to become constant before
observations were started.

Prequency of operation.- The maximum speed at which
the apparatus may be operated is dependent upon the maxi-
mum permissible speed of the flexible shaft which limits
the operation to 1,000 cycles per minute. The maximum

speed of the walwve itself ds @bowvie this values

Limiting values of 1ift and duration.- There are
several ways of changing the period and stem 1ift. of the
valve., although variation of one affects the other, there
is sufficient independence so that for any particular value
of ‘the period a zrange of values for the Aift ‘may be odbtained.

The period may be varied from no opening to an open-
ine, 08 (05 000 JSlecionidls Inertia of the gas would prevent any
flow if the period were too short. Accuracy would be sace
rificed if the period were too lomg. | The svalue nsed s
the shortest period in which a 200 cm® sample may be ob-
tained in the satisfactory time of approximately one minutes
The 1ift and period are constant regardless of engine speed,
the period being a constant length of time and not a con-
stant number of engine degrees.

Pumping action.- The action of the valve was found to
agsist the flow of gas. With the valve operating in a
chamber open to the atmosphere, a pressure was built up on

a manometer connected to the gas outlet. The pressure
varied with the period used and was observed between 1 inch
and 2 inches of mercury. This pumping action assists in
procuring the gample, particulariy at low pressures.s It is
believed that a pumping characteristic of this nature is in-
herent in extremely short-period conical seat valves.
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Very consistent results have been obtained in prelim-
inary work with the valve as an indicator but a study of
the magnitude and other characteristics of the correction
due to pumping is necessary before the valve may be used
for indicating true pressures in the combustion chamber,

ENGINE TESTS

The first engine tests of the gas-sampling valve were
made for the purpose of testing the device for satisfacto-
ry operation when exposed to the heat of the engine and to
test the efficacy of the cooling jacket,

The operation of the valve was entirely satisfactory
during this and all subsequent tests to date. The valve
was phased to open during combustion as shown by the pres-
sure rise on an indicator card, The first samples were
taken with CO, as a cooling medium and the cooling was
sufficient to cause frost to form on the valve to within
one~eighth inch of the cylinder head., The second set of
samples was taken with a sufficient flow of water through
the cooling jacket to maintain the external temperature of
the valve somewhat below room temperature. As an analysis
which was then made of the two sets of samples showed the
same percentage of CO, in both of them, it was concluded
that water cooling was as effective as the more expensive
CO-, cooling. All subsequent tests have been made with
water cooling,

In the course of taking a series of samples, it has
been made part of the routine to go back to a previous
phase point and take at least one check sample in each se-
ries of six samples, In every case the analysis of the
two samples has shown a satisfactory agreement,

Tests were made to determine whether or not the con-
tents of the quiescent combustion chamber (reference 7)
maintained their quiescent condition during combustion.
Two series of ten samples each were taken with the valve
located in the middle hole of N.,A.C.A. No., 4 eylinder head,
The first series was taken while using the standard 6-ori-
fice fuel-injection nozzle and the second while using a
nozzle with only two orifices, all otler engine conditions
being the same, Figure 6 indicates the arrangement of the
sprays from the two nozzles and snows the results of the
chemical analysis of the samples,
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In, bhesf 1p8Es seties, the incease of 00548 showyn to
be almost coincident with the rise of pressure in. the
cylinder. he analysis of the second series of samples
showed absolutely no CO; although the indicator cards
showed a rise in pressure quite similar to that obtained
in the first series.

It has been suggested that the low final percentage
of COp may be due to the gas-sampling valve removing such
a minute quantity that samples are obtained of only the
inert exterior layer. This suggestion does not seem rea-
sonable for, if a stagnant layer of gas of any appreciable
thickness adhered to the combustion-chamber walls, it
would eventually contain residual CO; which would be de-
tected in the samples throughout the entire cycle. The
authors prefer to attribute the low final percentage of
CO; to the fact that the fuel injected was less than full-
load fuel guantity and that the sampling valve was locat-
ed in a region supplied with insufficient fuel to produce
a greater quantity of COz than was shown by the analyses,

The results of these tests indicate that the quiescent
combustion chamber maintains its state of guiescence ef-
fectively even during the combustion of the fuel. There-
fore, with this type of combustion chamber the amount of
fuel that can be completely burned will depend upon the de-
sign of the fuel-injection nczzle and the thoroughness
with which it distributes the fuel to the air in the dif-
ferent parts of the combustion chamber.

To date the valve lias had over 50 hours of use. No
trouble or excessive wear of any sort has developed other
than occasional cracks in the diaphragn.

These preliminary tests have shown that the N.A.C.A,
gas~sampling valve will give consistent and satisfactory
service in removing composite samples of gas from a point
in the combustion chamber of an internal combustion engine
at a particular phase point of the engine cycle. The &=
nelysis of samples obtained in this way may lead to a bet-
ter understanding of the process of combustion in a com-
pression—-ignition engine.

Langley Menorial Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley FPield; Vas, March 14, 1933.
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Figure 1.-Schematic diagram of N.A.C.A. gas-sampling valve.
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Figure 2.-N.A.C.A. gas-sampling valve (assembled).
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Figure 3.~-N.A.C.A. gas-sampling valve (disassembled).
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Figure 5.-Engine installation of N.A.C.A. gas-sampling valve.
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