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Abstract:

An experimental investigation was carried out to determine the effects of inlet-valve throttling on
internal combustion engine exhaust gas hydrocarbon concentration as compared to conventional
carburetor-valve throttling. The data were obtained from a single cylinder engine of 7.09 cubic-inch
piston displacement which was specially equipped to allow operation with either inlet-valve or
carburetor-valve throttling.

The concentration of unburned hydrocarbons was measured using an infrared absorption instrument of
the nondispersive type which was developed. and constructed during this investigation. Details of the
construction and calibration of this instrument are included.

Exhaust gas hydrocarbon concentrations were measured at engine speeds of 1500, 2000, 2500, and
3000 revolutions per minute (rpm), and at three different engine loads at each speed, for both methods
of throttling. The same ignition timing, inlet-valve timing, and exhaust-valve timing, along with
best-torque fuel air ratios, were utilized for all the above measurements. Additional measurements were
made at an engine speed of 2000 rpm, and at four different engine loads, with the inlet-valve timing
adjusted to two different specifications than those used in the above tests. All other variables remained
the same.

With few exceptions, the data obtained show that even though inlet-valve throttling results in leaner
best-torque air-fuel ratios than is the case with conventional carburetor throttling, the concentration of
unburned hydrocarbon in the exhaust gas is higher with inlet-valve throttling. The increase in
exhaust-gas hydrocarbon concentration' with inlet-valve throttling as compared to conventional
throttling is attributed to the increased charge turbulence inherent with inlet-valve throttling which
produces greater heat transfer to the combustion-chamber walls. This greater heat transfer results in a
larger quench volume and, as a result, increased concentrations of unburned hydrocarbon in the exhaust
gas.

In general, within the limits of this investigation, inlet-valve throttling results in a higher concentration
of unburned hydrocarbon in the exhaust gas than does conventional carburetor-valve throttling.
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ABSTRACT

An experimental investigation was carried out to delermine +the
effects of inlet-valve throttling on internal combustion engine exhaust
gas hydrocarbon concentration as compared to conventional carburetor-
valve throttling. The data were obtained from a single cylinder engine
of 7.09 cubic-inch piston displacement which was specially equipped to
allow operation with either inlet-valve or carburetor-valve throttling.

The concentration of unburned hydrocarbons was measured using an
infrared absorption instrument of the nondispersive type which was devel-
oped. and constructed during this investigation. Details of the construc-
tion and calibration of this instrument are included.

Exhaust gas hydrocarbon concentrations were measured at engine
speeds of 1500, 2000, 2500, and 3000 revolutions per minute (rpm), and
at three different engine loads at each speed, for both methods of
throttling. Thé same ignition timing, inlet-valve timing, and exhaust-
valve timing, along with best-torgue fuel air ratios, were utilized for
all the above measurements. Additional measurements were made at an
engine speed of 2000 rpm, and at four different engine loads, with the
inlet-valve timing adjusted to two different specificationg than those
used in the above tests. All other variables remained the same.

With few exceptions, the data obtained show that even though inlet-
valve throttling results in leaner best-torque air-fuel ratios than is
the case with conventional carburetor throttling, the concentration of
unburned hydrocarbon in the exhaust gas is higher with inlet-valve throt-
tling. The increase in exhaust-gas hydrocarbon concentration with inlet-
valve throttling as compared to conventional throttling is attributed to
the increased charge turbulence inherent with inlet-valve throttling which
produces greater heat transfer to the combustion-chamber walls. This
greater heat transfer results in a larger quench volume and, as a result,
increased concentrations of unburned hydrocarbon in the exhaust gas.

In general, within the limits of this investigation, inlet-valve

throttling results in a higher concentration of unburned hydrocarbon in
the exhaust gas than does conventional carburetor-valve throttling.
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I. INTRODUCTION

Early in the 1950's, the exhaust gas from spark-ignition internal
combustion engines was identified as a major contributor to the air
pollution problems being encountéred in the highly populated areas of
the United States (1).* The extensive use of the‘automobile for private
fransportation in metropolitan areas was increasing the atmospheric con-
centrations of such pollutants as carbon monoxide, oxides of nitrogen,
and hydrocarbons at an‘alarming rate. Investigations during this period
also disclosed that two of these pollutants, namely oxides of nitrogen
and hydrocarbons, combined under the catalysis of sunlight to produce the
photochemical smog which was plaguing Los Angeles as well as other areas
of the country (1).

Since this time many investigators have studied the effects of
engine operation and design variables on the concentration of atmospheric
pollutants in automotive-engine exhaust. With the restrictions placed on
automotive exhaust gas pollutant levels, first by the California Motor
Vehicle Pollution Control Board effective for the 1966 production year
and later by the federal government Clean Air Act effective for the 1968

production year, and the promise of more stringent restrictions to come

(2), those variables found to reduce pollution levels in exhaust gas,

without significantly reducing the engine performance characteristics,
have been incorporated into the design of vproduction automobile engines.

These variables, however, have served to reduce the level of pollutants

*Numbers in parentheses designate references in List of References.
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to just under the present requirements. With increasing pressure being
placed on the automotive industry, by both state and federal governmehts,
to reduce the pollutant levels even further, new methodsvare being sought
to accomplish this task.

" Until récently iﬁ was common aesign practice to induce turbulence
in the combustion chamber before.ignition by squish (by the piston and
cylinder head forming an area of thin cross section when_the piston is
at top dead center). Engine-design engineers are now working toward
elimination of the squish area, however, since investigations by Daniel
‘and Wentworth (3), and.by Huls, Myers, and Uyehara (4) have shown that
flame quenching (reduction of the reaction temperature beidw the self-
sustaining 1limit) in this area results in increased exhaust hydrocarbon
emissions.

The advantages of a turbulent charge in the combustion chamber of
a spark-ignition engine at the time of ignition had been récognized as
early as 1923 when Ricardo (5) patented his "turbulent chamber" for L-head
engines. Two of these advantages are increased thermal efficiency and
increases in lean air-fuel ratio tolerance. These advantages result from
the higher flame speed obtainable with a turbulent charge.

In order to retain the advantages of a turbulent charge without
the squish type combustion chamber, turbulence must be induced in the
charge during the inlet process. Two methods which have been used to
accomplish th;s result are reduction of inlet port cross sectional area

and shrouding of the inlet valve. These methods result in increased
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pressure Qrop, velocity, and Reynolds number through the port or valve with
resulting charée turbulence in the cylinder which persists through the com-
pression proéess producing the same desirable results as squish-induced
turbulence. These methods, however, are not suitable for automotive engines
since the port dimensions or valve shrouding necessary for adequate tur-
bulence at light loads and low- speeds reduces the volumetric efficiency,
and thus the power, to an unacceptable value at higher loads and speeds.

A third method of producing inlet-induced turbulence is inlet-valve

throttling. In this method the required throttling pressure drop, from at-

mospheric to cylinder pressure, is provided at the inlet valve, Load con-
trol is obtained by moéulating the maximum 1ift of the inlét valve. A small
flow cross section is thus provided at the inlet valve with resulting high
velocities and turbulences at light loads. At wide open throttle (full
inlet-valve 1ift) there is no reduction of flow cross section as compared
to conventionally throttled enginés. High charge turbulence is therefore
provided at light loads withouflsacrificing high speed performance.

A search of the available literature disclosed that no determination
has been reported. of the effect of inlet-valve throttling on the unburned
hydrocarbon concen%rations in spark-ignition engine exhaust gasses. Since
inlet-valve throttling appears to be a possible method of eliminating the
combustion chamber squish area while still retaining the advantages of a
turbulent charge in aﬁtomotive engines, an investigation was initiated to
determine the effect of this mode of operation on exhaust gas hydrocarbon,

concentrations as compared to conventional carburetor-valve throttling.




IT. STATEMENT OF PROBLEM
The object of this investigation is to determine the effects of
inlet-~valve throttling on the exhaust gas hydrocarbon concentrations of

a spark-ignition engine as compared to conventional carburetor-valve

throttling.




ITI. EXPERIMENTAL APPARATUS
A. Test Engine
The basic engine used in this investigation was a single-cylinder
Continental model AU-7. This engine has a bore of é.125 inches and a
stroke of 2.000 inches resulting in a piston displacemént of 7.09 inches.

Although this engine was originally of L~head design, the original
air-cooled cylinder head has been replaced by a water-cooled overhead
valve system designed and built by John H. Herber (6) at the Mechanical
Engineering Laboratories of the University of Texas. This design incor—
porates a unique system of dual-overhead camshafts which allows indepen-
dent variation of either inlet or exhaust valve timing (openiﬁg, closing,
and duration) over a wide range, while the engine is in operationﬂ A
complete description of the wvariable~valve-timing mechanism will not be
given here since its operation is not important to this investigation.

The combustion chamber in this cylinder head is cylindrieal in‘shape
with a diameter of 2.250 inches and a depth of 0.300 inches. The original
flat-top piston was retained resulting in a combustion chamber which is
free of any turbulence inducing mechanisms. Thé combustion chamber volume
within the eylinder head combined with a 0.040 inch thick head gasket re-
sults in a compression ratio of 5.25 to 1.

Water passages are provided in the cylinder head to allow at least
some degree of control over the cylinder head temperature. The effective~
ness of this cooling systeﬁ, as far as controlling the combustion chamber

surface temperature, is probably far from ideal. It is, however, better

than no control at all.
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A new inlet-valve rocker arm assembly incorporating a movable ful-
crum was designed, built, and installed on the engine by the aufhor. This
assembly allows modulation of the maximum inlet-valve 1ift by locating the
fulerum at a point on the rocker arm which provides the desired 1ift.
Inlet-valve 1lifts of from zero (by placing the fulcrum at the centerline
of'the inlet valve) through greater than that obtained with the original
system are possible. Guides are provided to prevent the rocker arm from
rotating in the plane of the cylinder head surface or from being displaced
linearly from its proper position with respect to the camshaft or valve.

A return spring is provided at the camshaft end of the rocker arm to keep
the cam follower in contact with the cam when the rocker arm fulcrum is
positioned near fhe inlet-valve axis. A schematié cross section of 'the
inlet-valve rocker arm assembly is shown in Fig. 1.

Initial attempts at operation of the engine with inlet-valve thrott-
ling reﬁealed‘that the original carburefor.(fixed venturi, butterfly
throttle valve) would not be.satisfactory since at light loads and low
speeds the pressure drop through the fixed venturi was not sufficient to
provide proper delivery of fuel to the air stream. This carburetor was
. replaced with a Kie-Hin carburetor (variabie venturi area throttling)
originally manufactured for a Honda Trail 90 motorcycle. The Kie—Hin car-
buretor allowed reduction of the venturi area for proper fuei delivery
during light-load, low-speed, valvé—throttled operation.

An auxiliary battery ignition system was installed on the engine to

provide a greater flexibility of ignition timing than could be obtained
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with the original magneto ignition system. Advance or retard of more than
a few degrees from the basic 14 degrees before top dead center magneto
timing resulted in a sufficient change in the magneto "E" gap to cause
ignition failure and engine misfire. Most £ests were run at the basic
magnetb‘timing, however, ana magneto ignition was used in these instances..

A degree wheel, accurate to wiﬁhin plus or minus 15 seconds of arc,
was built and installed on the engine crankshaft to allow accurate deter-
minations of ignition and valve timing. The methods used for these deter-
minations are given in the.expefimental procedures section.

An irop-cénstantan thermocouple was installed in the exhaust system‘
4 inches downstream of the exhaust valve for the purpose of thgining an
indication of the changes in exhaust temperature with changes in operating
conditions. An exhaust gas‘sample tap was installed in the exhaust system
5 inches downstream of thé exhaust valve to supply a continﬁous flow of
exhaust gas to -the hydrocarbon analyzer. fo provide sufficient pressure
in the exhaust system to force the exhaust sample throﬁgh the hydrocarbon
analyzer, a valve was installed in the exhaust pipe 10 inches downstream
of the exhaust valve. This valve was also used to maintain’the exhaust
back pressure at approximately the same value for all test runs,

In order to obtain an indication of the cylinder head temperature,
an iron-constantan thermocouple was installed under a cylinder-head bdlt
near the exhaust port. |

A fitting was installed in the intake manifold for the connection

of a manometer to monitor intake manifold pressure.
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B. Exhaust Gas HYdroéarbon Analyzer

The method originally proposed for ‘the determination of hydrocarbon
concentration in the exhaust gas was gas chfomatography. The rather com-
plicated sampling, preparation, and analysis teéhniques required for the
application of this method, however, as pointed out by Hurn, Hughes, and
Chase (7), resulted in the abandonment of this proposal.

The use of one of the commercially available instruments designed
specifically for the purpose of determining the hydrocarbon concentration
in gaseous mixturés was next considered. This idea had to be abandoned
since an instrument of this type, which could be used on a loan basis;
could‘not be located, and sufficient funds were not available for the
pgrchase of a new instrument.

The only remaining alternative was to construct an instrument from

‘
components either on hand or available at low cost. The construction of
an instrument using an infrared source,.a flow—thréugh sample cell, inter-
ferénce filters, and an infrared detector, as described iﬁ a paper by
Neerman and Millar (8), was begun. Although all equipment necessary for
the construction of this instrument was on hand, or readily available,
except the intérference filters (used to block all wavelengths of infra-
red radiation except that of 3.3 to 3.5 microns, which is absorbed by the
carbon-hydrogen bonds in hydrocarbons), the cost of the required filters
was prohibitivé.

The description of the operating principles utilized by commercial -

nondispersive infrared analyzers, as given by Considine (9), suggested




~0-
the possibility of employing the pressure change induced in a confined
hydrocarbon gas by the absorption of infrared fadiation as an infrared
transmittance monitor. Since a differential-pressure transducer capable
of detecting the small pressure changeé expected was on hand, develop-
ment proceeded on this principle. A diagram of the instrument, as
finally used in this investigation, is shown in Fig. é.

The infrared source was a one-inch length of nichrome wire coil
which was originally made, in a longer léﬁgth, for use in an electric
space heaﬁer. The nichrome_wirg wasJelectrically heated with power being
supplied through a Variac to provide control over -the température of the
"source and thus the intensity of infrared radiation emitted. The fe—
flector was constructed from a 1—% inch length of 2 inch diameter aluminum.
pipe which was cut in half axially and poliéhed on the internal surface.

| The flow-through samble cell was a 17 inch length of 1 inch electri-
cal conduit. Conduit connectors, which ﬁere drilled and tapped for the
attachment of sample inlet and exhaust lines, were installed on each end
of the conduit after a liberal abplication of number-one Permatex to in-
sure against leakage. Quartz windows of 1.250 inch qiameter and 0.1875
inch thickness were installed at each end of the sample cell. The wiﬁdowé
were held in place by the conduit-connector mut and were sealed with a
neoprene O-ring placed between the connector and the window.

The detector cell was machinéd from a 1—% inch length of 2 inch dia-~
meter mild-steel shaft. -Dgtails of the detecﬁbr'ceii coﬁstruction‘are

given in Fig. 3.
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Pressure changes in the detector cell were monitored b& an Ultra-
dyne pressure transducer model S-40-RPL.2-D which was manufactured by
Ultradyne of Albuquerque, N.M, * This transducer is of the metal—diaphram,
variable~reluctance type with a differential pressure range of plus or
minus 0.2 pounds per sguare inch. The inactive side of the transducer
was sealed, except for an extremely small bieed‘hole, to minimize the
effects of air-pressure disturbances (such as the opening or closing of
the laboratory door).

Although the oscillator power supply; inductance bridge, and demod-
ulator electronic components normally used with this type of transducer
(9) were not available, -an available Baldwin—Lima—Hamiltén model 120C
strain indiéa%or was found to be a reasonable substitute since it. combines
essentially these same componehts in_one unit (10). The output from the
sérain indicator (normally used for oscilloscope input) wés connected to
a Hewlett Packard model 4léA Vacuum tubé voltmetér._ Shielded cable was
used fof all instrument leads and all components of the system were con-
nected to a common ground to minimize "noise'" in the‘detectﬁr signal.,
| The operational theory of this detector is similar té that of com-
mercial nohdispersive infrared analyzers. Any molecﬁle, or group of
molecules, when subjecfed to electromagnetic.radiation in the infrared
region will absorb energy causing either vibra%ion of the molecular bonds
or rotation of the mélecule as a wﬁole. Any specific molecule will absorb
electromagnétic radiation at a number of distinet wavelengths depending

upon the elements involved in the molecular structure and the type of
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bonding between these elements. The carbon-hydrogen bond for inétance,
typical of all hydrocarbons, absorbs electromagnetic radiation in the
region of 3.43 microns causing vibration of the bond (11).

‘If a gaseoué'sample is confined and tﬁen eiposed to infrared radia-
tion of the wavelengths absorbed by,thelmolecules of that gas, the re-
sulting increased molecular activity will produce an increase in pressure
which is a function 6f the intensity. of the incident radiation. Exposure
of the gas to wavelengths other than those absorbed by the molecules causes
no excitation and thus no significant preséure change., The detector cell
in this instrument was filled with propane and was therefore sengitive
only to those wavelengths of infrared radiation.whicﬁ are absorbed by pro-
pane, one of which ié 3,43 microns absorbed by the carbon-hydrogen Bond.

With the sample cell of the instrﬁment filled with a gas which does
not absorb infrared radiaﬁioﬂ at the same wavelengths as propane, essen-
tially the entiré energy specirom emittéd by the source, up to the maxi-
mum wavelengths of 4 microns transmitted by the quartz windows (9),
reaches the detector cell resulting in a maximum detector-cell pressure.
If, however, the gas in the sample cell contains a component which absorbs
radiation aﬁ some wavelength which propane also absorbs, a ﬁortion of the
energy at this wavelength is removed froﬁ the beam in the sample cell and
is not available to heat the molecules in the detectpr cell. .A decrease
in detector-cell pressure’results."Since the absorbdnce of a component
is related to the concentratioﬁ of that compénenf ip the sample by the

Lambert~Beer Law, given by
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A = abe = log 10(%)

where:
A = absorbance of sample
a = absorptivity at nofmal temperature and pressure
b = sample length in infrared path
¢ = molecular concentration of ébsorbing component of
sample
T = transmitfance of sample,
the pfessure in the detector 'cell is a function of the concentration of
components within the sample cell which abosrb the same wavelengths of
electromagnetic radiation as those absorbéd by prqpane;
| Unburned hydrocarbons in exhaust gas from a spark-ignition engine
are the only componenfs'of that gas which absorb infrared radiation in
the same wavelength regions as propane (12) up to the 4 micron limit of
the gquartz windows. The reading of the voltmeter, which indicates prés-
sure within the detector cell, can therefore be calibrated in terms of the
concentration of unburned hydrocarbons in the exhaust gas passing through
thg sample cell, Although the response of the analyzer is not the same .
for given concentrations of the various hydrocarbon molecules present in
the exhaust gas, the analyzer was calibrated with n-hexane and all readings
are expressed in units of mole per cent n-hexane, |
The calibratidn of the anal&zer followed the same procedure, except
for the use of a wet test meter, as that used'Ej Neérman and Millar (8)

for calibration of their instrument. Normal hexaﬁe was chosen for the
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calibration since ité'absorptivity closely approximates that of a typ:'LcaLl'~

gasoline and variations in the hydrocarbon species passing through the

detector with time, as may be the case if gasoline were used, are avoided.

A diagram of the calibration equipment is shown in Fig. 4. Adjust-

ment of the hydrocarbon concentration in the mixture is provided by diver-

ting more or less of the total air flow through the flask conbaining fhe

n-hexane. The hydrocarbon concentration is determined by evaporating a

10 gram mass of n-hexane through the analyzer and measuring the total air-

flow passing through the analyzer during this same period. The mole per

cent n-hexane may then be calculated.

The calibration procedure was as follows:

1.

With air only flowing through the sémple cell and the infrared
beam blocked with the shutter, the voltmete? was zeroed using
the strain indicator null-balance.

The beam was-thén opened and fhe voltmeter reading was adjusted
to a 100 mv reading by using the Variac'to adjust the intensity
of infrared radiation emitted by the source.

The shutter was then closed since the detector cell itself will ..
experience some heating from the infrared radiation causing‘a’
slow increase in cell pressure, and thus a drift in.the volt~
meter reading, if the beam is not blocked between readings.
Purge air flow.through fhe sample cell was' stopped and flow
through gas meter gnd flask éontaining n~hexane was established,

After 5 minutes at this condition to establish equilibrium of
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the hydrocarbon mixture, the hexane balance was zeroed énd
the reading of the gas meter was simultaneously taken.

6.‘ The infrared shutiter was then opened, the voltmeter reading
was recorded and the shutter was again closed. This procedure
was repeated several times during each run to detect sample
concentration changes if fhey should occur. The run was
restarted in these instances,

7. The reading of the .gas meter was again recorded at the time
the balance indicated that 10 grams of hexane had been
evaporated.

8. Flow through the gas meter was.stoppéd, the sample cell was
purged with air and the voltmeter zero and 100 mv fulllseale
readings were checked,

9. The needle valves were adjusted to give a different hydrécarbon-
‘concentration and steps 1 through 8 were repeated.

A plot of the response of ﬁhe analyzer to different concentrations
of n-hexane in air, expressed in units of mole per cent n-hexane, is
given in Fig. bH.

Although this instrument-was adequate for this investigation, con-
siderable difficulty was experiencea due to the temperature sensitivity
of the detector cell. If the room temperature changed slightly or if the
infrared sﬂutter‘was left open for more than a few secondg, a zero shift
would occur as a result‘of thermal expansion of the.gas in the detector

cell., This zero shift did not appear to have any effect on the pressure
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change in the detector cell due to infrared absorption by the detector
gas.

A suggested modification of the analyzer, which would improve the
stability of the instrument considerably, is conversion to a dual beam
instruement. This would involve the construction of an identical infra-
red source (or the division of the radiation emitted by the present
source into two equal beams), the‘construction of a second sample cell
which would 'contain only air and would not require. sealing or flow-
through capabilitiés, and the construction of a new detector head incor-
porati'ﬁé- two identical detector cells., If both detector cells were
filled with an identical gas and one cell was connectéd to each side of
the differential-pressure transducer, then any thermal expansion exper-
ienced by the gas in one cell would also be experienced by the gas in the
o£ﬁer cell maintaining a bressure balance across the transducer. Intro-
duction of an absorbing sample intd the.flow-through sample cell would
produce a pressure change in the detector ceil of that beam only, resul-
ting in a differential pressure between the cells. This differential
pressure could then Ee monitored and calibrated in terms of sample con-
centrations by the same procedure used for the single-beam instrument.
Continuoué monitoring of a flowing sample would then be possible since
heating of the detector head would have no effect on the differential
pressure between the cells and zefo shift would be eliminated.

C. Air-fuel Ratio Measurement Equipment

The fuel-consumption rate for each test run was determined by




~16-
mounting a fuel tank on one arm of an equal-arm balance and clocking the
time required for the consumption of 50 grams of fuel with a stop watch;

The air-consumption rate was determined by connecting a model
S50MH10-1 Meriam laminar flow meter element to the engine carburetor inlet.
Although the manufaéturer states that pulsating flow, such as‘that exper-
ienced in a single cylinder engine induction system, will not cause error
in the measurement of air-flow with these units (13), a surge tank 10
inches in diameter and 48 inches long was installed between the carbure-
tor and fhe flow meter to minimize the possibility of pulsating flow
measurement errors,

Early ﬁeéts with the above equipment indicated extremely rich air-
fuel ratio delivery to the engine. Since it had been a number of years
since the flow meter had been calibrated by the factory, a check of the
célibration curve was made. This check consisted of placing the laminar
flow meter element in series with a sharp-edge orifice-plate flow meter,
and checking the flow indication of one unit against the other. All
orifice~plate flow meter calculations were made in accordance with the
equations, coefficients, and correction factors recommended iﬂ the

Flow Meter Engineering Handbook (14).

Flow measurements were made at flow rates near one cubic foot per’
minute and near three cubic feet per minute. In both cases the flow rate
indicated by the orifice-plate fléw meter and the laminar-element agreed
within 3 per cent. The calibration of the 1aminar—elemeﬁt flow meter
was thereafter considered accurate enough for the purpbses of this

investigation.




~17-
The discrepancies in air-fuel ratio meaéurement were subsequently
found to be due to an air leak ‘into the inlet manifold,

D. Dynamometer and Miscellaneous EQuipment

A Go-Power model DY-6D test dynamometer was used to provide a load
.on the engine when engine loading was utilized. Fair load control was
experienced with this wnit at . most loads and speeds. 'Some‘fluctuation
in loading was experienced at certain torques, however, which resulted
in slow.oscillations of engine speed of about plus or minus 20 revolutions
per minute (rpm).

Although the Go~Power dynamometer unit was equipped with. a tacho-
- meter, this tacho@eter fluctuated badl& at some speeds resulting in
extreme difficulty in obtaining a correct reading. A type 1531 Strobotac,
manufactured by the General Radio Company, was found to be a satisfaétory
method of engine speed defermination and was subseqﬁently used for all
rpm readings.

All pressure measurements were made with Meriam ménometers, and the

thermocouple signals were recorded on Brown Electronik recorders.




IV. EXPERIMENTAT, PROCEDURE

A. éeneral

In order to determine #he effecté of inlet~valve throtfling on the
unburned‘hydrocarbon concentration in the exhaust gas, test runs were
madg at several gngine speeds and at various loadings at each speed. ' Test
runs were also made with three different iniet—valve timings, all at the
same engine spged, with vafioué engine loadings. |

At any particular set of operating conditions (load, speed, and
inlet-valve timing) a test run was first made utilizing the carburetor
throttle for engine control. This test was immediately followed by a test
run, at the same operating conditions, utilizing inlet-valve throttling
for engine control. |

All test runs were made with the same exhaust—vaive timing and 1ift
to reduce the‘number of variables involved. The exhaust-valve timing and
1ift used is similar to that used by standard engines of this size and
type, i.e., exhaust opening at 45 degrees before bottom dead center, ex-
haust valve 1ift of 0,100 inch, and-exhaust closure at 12 degrees after
top dead center. The valve timing was determined, for both inlet and
exhausflvalves, by defining the valve opening (closing) timing as being
that crankshaft position at which the valve is 1 per cent of the maximum
valve 1lift off the valve seat during the opening (closing)'motion. This
valve position was determined'with a dial indicator-and the crankshaft
position was then read from the degree wheel. The dial indicator was also
used to determine the inlet-valve lift when in1e£~vélve throttling test
runs were made and when the inlet-valve lift was returned to O.iOO incﬁ,
which was used for all carburetor throttled runs.

~18-
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All test runs used for plotting of results were made with a set
ignition timing of 1 degrées before top dead center, again to reduce the
‘number of variables. Two test runs were made, however, in which the
,lgnition advance was set to minimum best torque positions. The igﬁition
timing was determihéd from the degree wheel'using‘a standard automotive
timing light. .

All test runs used for piotting of results were made at the best-
torque air-fuel ratio. In other words, this was the air-fuel-ratio which
would maintain the desired engine speed‘af the desired load with the min-
imum carburetor throttle valve opening or minimum inlet-valve 1ift, de--
pending upon ﬁhe type of throttling used. The air-fuel ratio adqutment
for carburetor-valve throttled operation was made with the idle.system‘
mixture needle valve. This was possible sincg all test runs were made at
engine loads and speeds requiring less than one-quarter throttle (because
the effects of valve throttling should be greatest at light loads), and
since the idle system in this carburetor is at least partially utilized
up to at leést‘one—quartef throttle. The air-fuel-ratio adjustment for
“inlet-valve throttled operation was accomplished by positioning the car-
buretor-throttle valve (varying the venturi area) to a position which would
produce the correct negative pressure at-thé fuel nozzle for the delivery
of the required amount of fuellto the éir stream. This method of air-fuel-
ratio adjustment did not compromise the theory of inlet-valve throttling
since the pressure drop through the carburetor was found to be only 5

inches of water or less for all tests using inlet-valve throttling.

14
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The fuel used was commercial regular-grade gasoline. All fuel ﬁas
obtained from the same source and was essentially of the same composition
since no delivery of fuel to the source tank was made during this investi-
gation.

B. Choice of Engine Loads and Speeds

The greatest effects of inlet-valve ﬁhrottliné will occur a£ lignt
loads since this is where the greatest difference exists between the inlet-
valve throttling and Earburetor—valve throttling modes of operation{ full
throttle being the same for both modes by aefinition. Because of this,
the ﬁest runs made durihg this investigation were confined to engine
loadings of.one—half maximum torgue or less.

Since the dynamometer scale reading is a‘direct measure of the engine
torque, although not the correct numerical value since the dynamometer
‘lever arm is 6.3 inches long and the scale reading is in pounds, the scale
reading was chosen as a measure of the eﬁgine loading. It is realized
that this is not as good a measure as indicated mean‘effec{ive pressure
but no means were available for obtaining indicator diagrams from the
engine. Scale readings of O, l;-2% and in some cases 4 were chosen as
test loadings for each engine speed. The maximum (wide-open throttle)
scale reading obtainable over the speed rénge utilized was 8.3 pounds.

The minimum engine speed for loaded engine operation was chosen as
1500 rpm since dynamometer scale readings were %oo erratic for good read-
ability at lower engine speeds. The maximum engine speed was- chosen as

3000 rpm since continuous operation of most spark-ignition engines (auto-
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mobile engines -in particulaf) above this speed is rarely encountered.
Two intermediate speeds of 2000 and 2500 rpm were chosenAto provide'data
between the maximum and minimum speeds.

C. Procedure for Carburetor-Valve Throttling

The engine was started and allowed to run fo? several minutes to
warm up. L1t was then shu% off énd the inlet-valve timing and 1ift were
checked and adjusted o the desired values‘if necessary., After restarting,
the load, speed,and exhaust back pressure weré adjusted to approximately
the values desired for the test to be performed;

After a stable cyiinder head operating temperature of approximately
155°F.was established (by adjusting the flow of cooling water through the
cylinder head), the load, throttle position, exhaust back preséure, and
air—fuel-ratio were simultaneously adjusted tp give the desired test con-
ditions at the best-tofque air-fuel ratio.

The fuel balance was then set to a condition of-slightly.over—weight
on the fuel-tank arm. At the fime the balance reached the equal-weight
con&ition (due to the consumption of fuel), a stop watch was started, and
a 50 gram weight was removed from the ballast arm'of the ba}ance.

The exhaust~hydrocarbon analyzer was next purged with air, and the
zero and full-scale adjustments were made. The purge air flow was shut
off, and a minimum of 2 minutes were allowed for the sample cell to be
saturated with exhaust sample (a response time of about 30 seconds between
a change in engine conditions and a change in‘détector signal was exper-

ienced). The hydrocarbon-analyzer reading was then taken and recorded.
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Dufing the time required for the consumption of 50 grams of fuel,
all other requirgd data were taken and recgrded on the data sheet. A
sample data sheet is shown in Fig. 6. The hydrocarben-analyzer reading
was also checked at least once during this period.

| When the fuel balance again reached ‘the equal—weight‘condition
(indicating the consumptioﬁ‘oleG grams of fuel), the stop watch was
stopped, and the time taken for the consumption of 50 grams of fuel was
recorded. Following this, with the‘engine §till running ét test condi-
tions, the hydrocarbon-analyzer reading was again checked, the sampie
cell was purged with aipr, ;nd the analyzer zero and full-scale points
were checked.

If for any reasonlthe hydrocarbon-analyzer readings were noé.the
same during the test period or if the zero and full-scale points did not
check, the test was immediately rerun. If ail checks were satisfactory,
the engine was stopped and preparations were made for the next run.

D. Procedure for Inlet-Valve Throttling -

The test procedure for the runs utilizing inlet-valve throttling
was the same as that followed for carbﬁretor—valve throttling exdept for
the modifications made necessary by the inlet-valve throttling mechanism,
Sincg the inlet-valve mechanism is not a zero lash system, throttling
by modulating the maximum inlet-valve 1ift with the variable rocker arm
fulecrum point results in a change in valve timing as well., This is a
consequence of the greater motion of the camshaft end of the rocker arm

(and thus further rotation of the camshaft) necessary to take up the valve
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system lash as greater inlet-valve 1lift modulation is used.

In order to obthin the correct val%e_timing for each test, the
engine was started, allowed to warm up and thén adjusted to the desired
test conditions using inlet-valve throttling. The engine was then
stopped and the inlet~valve timing was adjﬁsted to the desired values, .
using the adjustable %alVe timing mechanism, at the 1ift required to
produce the test conditions. This process was repeated until the desired

test conditions were met with the correct valve timing. Only one read-

‘justment was normally required.

The fuel-consumption-rate measurement was then begun with the
remainder of the test procedure béing the same as for carburetor throt-
tling except for a final check of the inlet-valve timing and measurement

of the inlet-valve 1ift after the engine was shut down at the end of each

- test run.




V. DISCUSSION OF RESULTS

The raw data obtained during this investigation are presented in
the appendix. After converting these data to more useful forms, they
were combined in the form of a series of plots (Figs. 7 to 17). Figs.

7 to 12 present the exhaust-gas hydrocarbon concentration as a function

of dynamometer torque-meter readings at constant engine speeds and inlet-~
valve timing. Figs. 13 to 15 present.the exhaust-gas hydrocarbon con-
centration as a func%ioﬁ of engine speed at a consfant dynamometer torque-~.
meter reading and inlet-valve timing. The measured best-torque air-fuel
ratio is recorded next io each data point on the above plots. Where the
data points for both modes of opefétion fell at the same plot coordinates,
the air-fuel ratio corresponaing'tb the carburetor-throttled mode of
opération is prefixed with a "C~" and that for inlet-valve throttling by

a "V-" for identification. |

Fig. 16 preéents the required valve 1ift for inlét-ﬁalve throttléd‘
operation as a function of dynamometer torque-meter readings, for the
thrée inlet-valve timing variations investigated, at a constant engine
speed of 2000 rpm.

Fié. 17 presents the indicated exhaust-gas temperature as.a function
of engine speed for both.inlet~valve and carburetor throttliné, at dynamo-
meter torque-meter readings of O, 1.0 and 2.5, all at the same inlet-valve
timing of 10°btde and 51°abdc.

Figs. 7, 8, and 9 -show curves of the same general shape for both
carburetor and inlet-valve throttling at engiﬁe speeds of 1500, 2000, and

2500 rpm. The important point revealed by these curves is that, at every
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speed and load_within the range covered, the exhaust-gas hydrocarbon con-
centration ig gfeater for inlet—valve throttling even though, in most
cases, a leaner air-fuel ratio is required for best-torque operation.
This is of interest since previous investigations with conventional throt-
tling have shown that, in general, exhaust-gas hydrocarbon concentrations
are decreased by the uée of a Ieéner air-fuel ratio (within the range of
air-fuel ratios encountered in this investigation) at any given engine ,
speed and load (¥, 15, 16).

This apparent discrepancy can be explained by considering the.diff-
erence in charge turbul?nce between carburetor and inlet-valve throttling
as repofted by Stivender (17), and'the effect of this difference on the
heat transfer be%ween the burning mixture and the considerably codler
combustion—chamber walls., With conventional throttling the combustion
reaction approaches to within a finite distaﬂce of the combustion~-chamber
walls af which point it is extinguished due to lowering of the.reaétion
temperature to below the self-sustaining limit due to heat transfer to
the combustion-chamber walls. With inlet-valve throttling the combustion
reaction is halted a greater distance from £he combustion-chamber walls
due to the increased heat transfer resulting from the increased. charge
turbulence.

In each case a certain amount of the unburned mixture will be dis-
charged with the ‘exhaust contributing to the exhaust-gas hydrocarbon con-
centration., Since the volume of unburned ﬁixture, following‘combustion?
is greater with inlet-valve throttling, it is reasonable that a greater

volume of unburned mixture would be included in the exhaust gas (not <the
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entire amount because of the clearance volume). As a result, even though
a specific volume of unburned mixture with inlet-valve throttling may‘
contain a lower concentration of ﬂydrocarbons, the overall concentration
of hydrocarbons in the exhaust gas can be, and in this case is, greater
than with carburetor throttling.

Another interesting poiﬁt noted in the curves of Fig;. 7, 8 and 9
is’ the reduction in exhaust-gas hydrocarbon concentration with a reduction
in engine load (dynamometer torque-meter reading) for both methods of
throttling. Huls, Myers, and Uyehara (4) reported a slight increase in
hydrocarbon concentration with decreasing load, This trend was attri-
buted to the decrease in exhaust temperature with a decrease in load
(lowered reaction rate of hydrocarbons with oxygen in the exhaust system
at iower temperatures) since their exhaust sample tap was located down-
stream of a 20 iﬁch length of exhaust pipe and a 2000 cubic inch mixing
tank. -Location of thé sample tap near the exhaust valve with répid sample
cooling, as was.the case in this investigation, reduces the effect of

exhaust temperature on hydrocarbon,conpehtration in the exhaust—gas sample,

and could explain the difference in results.

The curves of Fig. 10, which are plots of the same quantities as
those in Figs. 7, 8, and 9, but at an engine speed of 3000 rpm,'do not
appear to fit the pattern set iﬁ Figs. 7, 8, and' 9. These same data, how-
ever, when plotted, with data from Figs. 7, 8, and 9, in the form of
exhaust-gas hydrocarbon concentration as a function of engine speed for

constant dynamometer torque-meter readings, resulting in the curves of
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Figs. 13, 14, and 15, do fit the curves established by the lower engiﬁe
speed data. (An exception is the data for 3000 revolutions per minute
at a dynamometsr'forque—meter-reading of 2.5.) This leads to the con-
clusion that the shape of the curves in Fig. 10 is a result of changes in
the.exhaust—gas hydrocarbon qoncentration due to increased engine speed
and not due to inconsistent dafa;

The expefimental points for an engine speed of 3000 rpm, a dynamo-
meter térdue-meter reading of 2.5, and with inlet-valve tﬁrottling (see
Figs., 10 and 15) are not consistent with the rest of the data. Thig
inconsistency may be atiributed to the characteristics of the system
rather than to the valve-throtpling process itse;f. |

With iniet—valve throttling at all loads and speeds the preésure
drop through the carburetor was maintained at a low value, resulting in
poor atomization'of the fuel and poor mixing of the fuel with the air at
the carburetor. At light 1oads or low speeds this poorly atomized, non-
homogeneous mixture condition is corrected-at the inlet valve since the
sonic velocitj encountered through the small inlet-valve aperture (17)
produces large shear forces on thé liquid fuel breaking‘it up into finely
divided partiéles. The induced turbulence then thoroughly mixes the fuel
particles with the air.

It is bostulated that at the engine speed and load in question, the
pre§sure drop through the carburetér (and thus the venturi velocity) is
still low‘enough to result in poor atomization and mixing of the fuel with

the air, and that the pressure drop through the inlet-valve apertﬁre has
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decreased to below the critical ratié (found by Stivender (17) to be ﬁhe
case for an inlet-valve throttled aﬁtomobile engine at about 50% load)
resulting in a loss of at least a.portion of the benefiecial atomizatién
and.mixing of the fuel experienced at lower speeds or lighter loads. The
-poorly atomized, nonhomogeneous ﬁixture in the combustion chamber at the
time of ignition would then'acéount for both the high concentration of
unburned hydroearbon in thg exhaust gas and the rich air-~fuel ratio nec-
essary for best—torque'operation. Note that two experimental points are
included at these conditions since a second %est was run to substantiate
or discredit the results of the first test. Both tests fesulted in nearly.
the same data.

The curves of Figs. 13, 14, and 15, except for the point on Fig. 15
Jjust discussed and the carburetor throttled curve on Fig. 13, all show
the increase in exhaust-gas hydrocarbon concentration with decrease in
speed shown by Hagen and Holi&ay (16) in their investigation of hydroéar-
bon emigsions. This trend was also predicted by Huls, Myers,'and Uyehara
(4) in the discussion presented at the end of their paper. Their explana-
tion of this increase in exhaust-gas hydrocarbon concentration with a
decrease in engine speed is that the guench thickness (thickness of un-
burned mixture at the combustion-chamber walls) should increase with a
decrease in speed resulting in increased hydrocarbon emissions., This in-
crease in quench thickness can be explained by considering the greater time
available for heat transfer from the charge tb the‘combustion~chamber walls

at a lower engine speed.'-It seems reasonable that this would be true for
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'eitherrmethod of throttling considered in this investigation, aé the
results indicate.

The reason for the peculiar shape of the carburetor-~throttled curve
of Fig. 13 is not clear. It may be dﬁe to the changes in carburetor fuel-
air mixing characteristics associated with.the transition from 100% fuel
delivery through the‘idle circuit to particigation of both the idle and
high-speed cifcuits'in the fuel delivery to the air stream.

It'should be noted that, as with the plots of Figs. 7, 8, 9, gnd 10,
in almost every case, within the range of the plots of Figs. 13, 14,-and
15, the inlet-valve thrbttiing mefhod resulted in a greater exhaust-gas
hydrocarbon concentration than the conventional carburetor throttling
method.

Comparison of the inlet-valve throttled curves of Figs, 8, 11, and
12 reveals that there is little change in the shape of the curves, with
changes in inlet-valve timing, over the samé dynamometer torque-meter
reading range (note that the curves of Figs., 11 and 12 are extended to a
higher load than those of Fig. 8). |

A slight QecrEase in the exhaust~gas hydrocarbon concentration is
evident with inlet-valve Throttling at light loads when the,inlétfvalve—
closed timing is changed from 51 degrees after bottom dead ceﬁtér to 35
dégrees after bottom dead center (compare Figs. 8 and 11). This decrease
may be due to the higher effective compression ratio obtained at light
loads with earlier inlet-valve-closed timing{

Little change is noted at light loads with inlet-valve throttling
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when the.inlet—valve-open timing is changed from 10 degregs befére
top dead center to top dead benter'(compare Figs. 11 and 12). The
difference between the hydrocarboﬁ concentrations in the exhaust gas
with inlet-valve throttling at the highest load of Figs. 11 and’l2 can
be attributed to the difference in air-fuel ratios. |
It is reasonable that inie£-valve timing would have little effect

on the exhaust-gas hydrocarbon concentration when operating at light

. loads with inlet-valve throttling since the valve lifts are so small

toward the ends of the valve—open'duration that flow of a significant

amount is allowed only during that part of the duration when the valve

is near its maximum 1lift. Since maximum 1ift occurs during the middle

and latﬁer part of the intake stroke, where cylinder conditions do not
change drastically with crankshaft rotation,.a change in inlet-valve
timing should not result in a large change in the exhaust-gas hydro-
carbon concenfratibn.
A plot of valve 1ift as a function of dynamometer1torque-meter
readings for the'threg inlet;valve timing conditions investigated
(Fig. 16) indicates~1ittie change in the valve 1ift necessary for the
same load,with different valve timing. The smail valve 1ift variaﬁions
noted may be attributed to the change in duration of inlet-valve opening.
As an aside, the discﬁssion above leads to speculation on the
possible use of inlét-valve throttling with long-duration, high-lift valve
timing specifications, resulting in good high;speed performance (full

valve 1ift) along with good idle and low load characteristics (due to the

L4
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factors considered above).. This possibility was not investigated but
could produée interesting results..

Changing the inlet-valve timing had a pronounced effect on the
exhaust—éas hydrocarbon concentration during light-load, cérburetor—
throttled operation. This was pgrticularl& evident with fhe change from
51 degrees after bottom dead center to 35 dégrges after bottom dead
center closing (compare the no-load points on the carburetor-throttled
curves of Figs. 8 and 11) which resulted in a substantial incérease in
exhaust~gas hydrocarbon concentration.

A similar increade was noted (within the range of air-fuel ratioé
encountered in this investigation) by Hagen and Holiday (16) during an
investigation of the effects of valve overlap on exhaust-gas hydrocar-
bon concentration at engine idle. Their methoq of adjusting the valve
éverlap consisted of increasing or decreasing the valve system lash which,
as they pointed out, also changes the total number of crankshaft degrees
that each valve remains open. The data obtained by fhis method indicate
an increase in exhaust-~gas hydrocarbons with a decrease in valve.overlap
within the air-fuel ratio range of from 9.5 to as high as 14.5.

It is suggested here that this increase in exhaust-gas hjdrocarbon,
.concentration is not due to a decrease in valve'overlap} but is instead
due to the earlier closing_df the inlet valve which results from the
method used to reduce the valve overlap. This suggestion is substantiated
by the lack of an increase, and in fact a decrease; in the exhaust-gas

hydrocarbon concentration at light load, with carburetor-throttling, when
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the valve overlgp was reduced while holding thé vélve—closed—timing con-
stant during the present iﬁvestigétion° (Compaﬁe the 0 and 1.0 torqﬁe—
meter reading points on the carburetor-throttled curve of Fig.‘ll to the
corresponding points in Fig. 12.) Further investigation into the effects
of valve overlap and inlet-valve—closed timing may be worthwhile.

As a mgtter of interest,'two test runs were made at an engine speed
of 2000 fpm, a dynamometer torque—méter reading of 2.5, with best—torqﬁe
air-fuel ratio, and with minimum-best-torque ignition advance. One run:
'ﬁtilized inlet-valve throttling and the other carburetor throttling. The
inlet~valve timing in both cases was valve open at 10 degrees before top
déad center aqd'closed at 51 degreés after bottom dead center.

The minimum—best-torque ignition timing was more advanced f;r both'
runs than the basic 14 degrees before top dead center ignition timing used
fér all other tests. The minimum—besfftofqué ignition timing was more
advanced for carburetor throttling (23° btde), however, than was the case
for inlet-valve throttling k18° bfdc). This is consistent with the data
obtained by Stivender (17). As with mo;t other tests, the best-torque
air-fuei ratio is leaner with_iniet—valve throttling than with carbur-
etor th?ottling.

The interesting result of the comparison at minimumebést—torque
ignition advance is the same concentration of hydrocarbons in the exhaust
for both modes of operation. Although this single comparison is not
sufficient to support any conclusions, it is possible that a comparison

of the two methods of throttling, using minimum-best-torque ignition
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advance for all tests, would result in a better positién for inlet~
valve throttling in the hyafocarboﬁ emission standings.

The data from this comparison are included as a single point on.
Fiés. 8 and 15. The increased exhaust-gas hydrocarbon concentration for
these test runs, as compared to those runs with the basic 14 degrees
before top dead éenter ignitién timing, is due to the more advanced
ignition timing. This increase in hydrocarbon emission wjth an increase
in ignition advance is well documented (%, 15, 16).

The plot of exhaust-gas indicated temperature as a function of
engine speed (Fig. 17) dis presented to illustrate the difference in indi- -
cated exhaust-gas temperatures between the two methods of.throttling.

In all cases investigated, the indicated exhaust temperature with carbur-
etor throttling was higher than that with inlet—valve throttling at the
séme engine speed and load. This is consistent with the data reported
by Stivender (17). |

An observation made during the course of this investigation is that
a very pronounced softening'of the exhaust noise occurred when the method
of thfotfling was switched from the carburetor to the inlet valve during
light load operation. A possible explanation for this is that the faster
" burning characteristics of the mixture during inlet-valve throttled oper-
ation produce the same effect as advancing the ignition timing would have
with conventionally throttled operation. This, however, would have to
be determined in a separate investigation. |

The conclusion reached as a result of this investigation is that,
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in generél, even thoﬁgh inlet-valve throttling results in best—torgue
operation at leaner air-fuel ratios than does carburetor thro£tling,
the concentration of unburned hydfocarbons in the exhaust gas is highér

for inlet-valve throttliing than it is for carburetor throttling.




VI. SUMMARY

The. purpese of this investigation was to determine the effects éf
'inlet—valve throttling on fhé concentration of -unburned hydrocarbons in
the exhaust gas of a spark~igniti5n engine.

The test engine was a single cylinder Continental with a piston
displacement of (.09 cubic inches and a combression ratio of 5.25 to 1.
Engine modifications inéludéd_é ﬁnique dual-overhead-camshaft cylinder
head assembly and a‘vafiable fulerum point inlet-valve rocker arm assembly
which was designed and constructed to allow modulation of the inlet-valve
1ift for inlet-valve throttling.

Determinations ofe the concentration of unburned hydrocarbons in
the exhaust gas were made with an instrument constructed by the author.
This ingtrument is of the nondispersive infrared absorption type.

‘Tests were co;ducted for inlet-valve throttled operation and for
cénventional'carburetor throttled operation over 'a load range of from
no-load up to'appfoximately oﬁe—quarter load énd a speed range of from
1500 to 3000 rpm, all with a constant inlet-valve timing. Additional
tests weré conducted at 2000 rpm. with different inlet-valve timing speci-
Tications.

A1l fests were performed, with one exception, at a constant igni-
tion timing and at constant exhaust valve timing specifications. All
plotted results were obtained utilizing best-torque air-fuel ratios.

The conclusion reached as a result of this investigation is that,
in general, inlet-valve throﬁtling will provide best~torque operation at -
leaner air-fuel ratios than conventional throttling but results iﬁ a

higher concentration of unburned hydrocarbons in the éxhaust gas.
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ENGINE DATA SHEET

RUN NO: DATE:
AMBIENT TEMP., : =i

BAROMETRIC PRESS.: in. Hg

TYPE OF OPERATION: Carb. Throttle » Valve Throttle
INLET VALVE LIFT: in.

INLET VALVE TIMING: Open deg. _tdc, Close deg. bde
IGNITION TIMING: deg. _tde

ENGINE SPEED: RPM

TORQUE METER READING:

ATR CLEANER A P: in, Water

FLOW METER A P: in. Water

CYLTNDER HEAD TENMP, : °F

EXHAUST GAS TEMP.: °F

EXHAUST MANIFOLD PRESS.: in. Water

TIME TO CONSUME 50 GRAMS OF IUEL: Seconds

VIVM READING:

Figure 6. Sample Data Sheet
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Hydrocarbon Analyzer Calibration Data

(@)}

leter Bar. Pres. Gas Meter Pres. Gas Meter Reading Grams N-Hexane Ve DN M,

<°F -in, Hg -in., He Start-ft.J End-ft.J Evavorated Reading
24,87 4,0 24. 40 . 77.80 8.5 0.86
2 25.00 4,0 88.30 110.70 10.0 0.71
3 25.06 4,0 15.70 25.10 10,0 0.62
4 25.08 4.0 31.00 93.20 10.0 0.89
25.21 k.o 3.90 41,00 10.0 0.78
25.21 4.0 47,00 63.50 10.0 0.67
6 25.06 4.0 67.10 78.10 10.0 0.63

25,01 4.0 86.60  134.20 10.0 0.81
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Appendix B. Analyzer Calibration Sample Calculations - Run No. 1

Moles of dry air in mixture.

Volume of saturated air by flow meter = 77.80 - 24.%0 = 53.40 ft.”
Pressure at flow meter = 24,87 + 4.00 = 28.87 in. Hg
Temperature at flow meter = T4°F

L

From Chemical Engineers Handbook, Specific Volume of Dry Air
(Saturated at 7!°F and 29.921 in., Hg is

£

r S T
13.841 1b dry air

Correcting for pressure using the perfect gas law, Specific
Volume at 74°F and 28.87 in. Hg is

£

dry air

2 29.921
(13.8413 5%7%7—0 = 14,345 T

Weight of dry air for the run is then

3.40 ald )
14,345 = Sl 25 b dryrair

or in grams

(3.723 1b) (453.59 fl-?bﬂ) = 1688.7 gn dry air

Moles of dry air in mixture is then

1638.7 gm
28.967 gm/gm-mole

= 58.30 gm-moles
Moles of water vapor in mixture

Weight of water vapor per cubic foot of saturated air is given
by

Pv
ey -y 2




_54_

Where:
/Dv = pounds water vapor per cubic foot saturated air
Pv = vapor pressure of water
B = absolute pressure of saturated air
(@a = pounds dry air per cubic foot saturated air
Then

1 0.846 o %
PV = (T 515) (25,57 —0.he) = 0-002161 /1t

Weight of water vapor in mixture is then
(0.002161 1b/£t7)(53.40 £t2) = 0.1154 1b

or

.

(0.1154 1b)(%453.59 gm/1b) = 52.34 gm

52,34 egm

il 8 -Ir
18 gm/gm-mole - 2,908 gm-moles

Moles of water vapor =

Moles of n-hexane in mixture

(o]
7 N 33 3235 gm Iy e i
Moles cof n-hexane = o ISy 0.0954 gm-moles

The mole per cent n-hexane for the run is then

0.,0964(100)
0.0964+2.908+58.30

Mole per cent = =-0OL01572

Mole per cent n-hexane for Run No. 1 is 0,.01572




Appendix C. ZEngine Data
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Engine Data - Continued

14
14
14
14
14
14
14
14
14
14
14
14
14
14
14
14

1500
2000
2500
1500
2000
2500
3000
3000
3000
3000
1500
2000
2500
3000
2000

1500

1.0
1.0
1.0
0.0
0.0
0.0
0.0
0.0
1.0
1.0
1.0
1.0
1.0
1.0

2.5

2.5

0.08
0.08
0.11
0.15
0.10
0.18
0.12
0.03
0.08
0.10
0.18
D0

0.12

0.95
1.27
1.64
2.03
1.73
1.54
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3.0
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Appendix C. Engine Data - Continued

28 78 25.24 X 0,200 -I0 51 14 2500 .2.5: 0.20
29, 77 25.2% X .0.300° 310" S5 a1k 3000 2,570,825
30,78 25,25 X 0.018 10 51 14 1500 2.5 0.12
297 95,25 X 0,024 10 51 14 2000 2,5 0,16
32T 05085 0,023 1081 <14 2500 2.5 §.20
b5 L T W 0.042 10 51 14 3000 2.5 0.29

377 25.25 X:X:0100..00 51 .18 25007 6.0 0.36

%5 T# 25.25 XX 94100 10 515185 3000 5.8 0.50

36 78 25.25 X 0.100 71035 -1k . 20080 0.0.70.08
37 78 25,2 X 0.200 10535 A% 8000 1.0 0:10
38 78 25.25 X 0,100 30 35 183 2000%°2.5 70,17
39 78 25.25 X 0.100 10 35 1% 2000 %.0 0.20
4o - 78 25,02 i X 0.015 10 35 14 2000 0.0 0.08
43, - 78::85.02 X 0.021- 1035 .14 2000 150 -0.3%
o 79 25.02 X 0,028 ~ 0« Zr i PO00T'Z.5 0.18
4378 25.02 & 0.027 .10 35 "1k 2000 .2.5.0.17

..Lg_



Appendix C. Engine Data - Continued

Ly 78 25.02 X 0.04%6 10 35 14 2000 4.0 0.22 2,41 175 700 3.0 618 0.90
45 77 .25.02 X 0,100 0 35 14 2000 0.0 0.09 0.9% 172 590 3.0 1119 0.90
46 77 25.02 X 40,100 0 35 15 2000, 1.0 0,11 326 175 655 .3.0 988 0.02
47 77 25,02 X 0.100 0735 1472000 2:57.0:17 106165 690 3.0 i774.:6.90
48 77 25.02 X 0.100 0 35 14 2000 4,0 0.21 2.32 155 710 3.0 661 0.90
b9 77 25.02 X 0.013 0 35 1% 2000 0.0 0,08 0,90 165 4902'3.0 1433 0.91
50 TY . 25.000.X D207 "0 35 Th Y9000 16 :00 3219 170 555% 2 0C3I81T .08
51 =78 28,65 7X 0,028 0 35 14 2000 2,5 0.16 1.74 165 640 3.0 827 0.90
52 78 24,65 X 0.041 0 35 14 2000 4.0 0.20 2.29 165 670 3.0 586 0.88
53 70 25,03 X 0.100 10 51 14 1500 1.0 0.09 0.88 155 510 3.0 1360 0.90
54 68 25.06 X 0,100 10 51 14 2000 1,0 0.10 1.16 170 630 3.0 950 0.90
55 68 25.06 X 062007 107 5T 18 2500 110 0,15, X634 155 605 350 - 603 001
56 63 25,06 X 305100 - 107,51 S8, 5000 21,050,207 7205 170780 ‘3.0 ¥552 (001
5T 67 25318 X 041001105125 2000 :2:5.0.15 1.64 160 600 3.0 815.0.88
58 64 25,16 X 0.025 10 51 18 2000 2.5 0.18 1.80 155 620 3.0 823 0.88
59 64 25,16 X 0.041 10 51 1% 3000 2.5 0.29 2.87 155 755 5.5 343 0.85

..85_




Appendix D. Sample Air-Fuel Ratio Calculations - Run No. 10

Volume flow rate of air is given by

(Flow Rate from Meter Calibration Curve)(ACtual Bar. Pres.)

Vé = Std. Bar. Pres.
(Temp. Correction Factor from Meter Manual)
- £t3, 24,97 in. Hg o £t
Va = (1.69 )(29.92 in. Hg )(O 9868) = 1.392 S min

min

Weigh flow rate is then
Wa = Va (Density of Air at Standard Conditions)

Density of air at 70°F and 29.92 in. Hg is given as
1b
0.07492 s

then
= (1. 392 )(o 07492 ?363) - 0. 1043 e
Fuel consumption rate is given by

(50 gréms)(60 sec/min)
(453.6 grams/1b)(sec. required for consumption)

Wf

_ 6.614

~ (sec. required)

1b
= gh$14 0.00731 =

Air-fuel ratio is then given by

Air-Fuel ﬁatio = EE-: 94;9&%— = 13.35
W — 0.00701

55
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