The
Bendix
Corporation

Research
Laboratories

Southfield, Michigan

Control of NOx
Emissions from
Mobile Sources

Final Report
April 1972
Contract No. EHS 70-122

Prepared for:

Environmqnta]
Protection Agency

Office of Air Programs

Characterization and
Control Development
Branch

Ann Arbor, Michigan

Report No. 6213
Copy No. 37

Bendi Research
Laboratories



The
Bendix
Corporation

Research
Laboratories

Southfield, Michigan

Control of NOx
Emissions from
Mobile Sources

Final Report
April 1972
Contract No. EHS 70-122 -

Prepared for:

Environmental
Protection Agency

Office of Air Programs

Characterization and
Control Development
Branch

Ann Arbor, Michigan

Report No. 6213
Copy No. 37



FOREWORD

This is the final report on an investigation conducted at the
Bendix Research Laboratories for the Environmental Protection Agency
under Contract No. EHS 70-122 (BRL Project 2872).

The program was performed by the Vehicle Controls Department under
the direction of J. R. Kremidas, Department Manager. The project super-
visor was D. D. Barnard. The report was prepared by V. B. Gala who was
also the responsible engineer. Significant contributions were made by
R. J. Brown of the Simulation and Computation Department, who was re-
sponsible for computer programming and data reduction and R. §. Henrich
and F. B. Lux of the Control and Data-Handling Systems Department, who
designed and built the special ignition and sequential injection con-
trol units. Special mention is in order for the valuable technical
assistance provided by L. H. Kareus, I. Scott, and C. Adams of the
Automotive Test Laboratory.

Acknowledgement is made for the valuable suggestions provided by
J. Raney, J. Bascunana and W. Houtman of the Environmental Protection

Agency.
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SECTION 1
INTRODUCTION

The work for this project was undertaken under EPA Contract No.
EHS 70-122., The objective of this program was to reduce NOyx mass emis~-
sions from a 4000-pound GVW vehicle by extending the operation of the
engine in the ultra-lean air/fuel regime. A 1970 Ford Thunderbird with
a 429 CID engine (compression ratio of 10.5:1) was obtained for this
purpose.

The Phase I effort of the program consisted of a baseline vehicle
evaluation with a carburetor, installation of Electronic Fuel Injection
(EFI) and the baseline evaluation with EFI and demonstration of present
(1970) capability regarding NOy mass emissions.

The Phase II1 effort consisted of removing the engine from the
vehicle and installing it on an engine dynamometer, performing steady-
state tests at selected power test points, and, finally, exploring the
possible ultra~lean operation using various parameters.

The selection of the steady-state power set points was based on
power set points encountered during the 1970 FIP* driving cycle.

"The following five power set points were selected:
(1) 640 rpm, 35 b-ft-1bs
(2) 1200 rpm, 45 b-ft-1bs
(3) 2000 rpm, 70 b-ft-1bs
(4) 1200 rpm, 100 b-ft-1bs
(5) 2000 rpm, 180 b-ft-1bs

The first three power set points represent steady-state conditions
of idle in drive, 30 mph cruise and 50 mph cruise conditions, The power
set points 4 and 5 represent conditions encountered during smooth accel-
eration from 0 to 30 mph and 15 to 50 mph speeds, respectively.

Figure 1-1 shows the typical effect of A/F on HC, CO.and NOy emis-
sions. The investigations performed during this effort were concentrated
at air-fuel ratios of 18:1 and higher. The potential of reducing the NOyx
emissions with ultra-lean mixtures is seen clearly. However, ultra-lean
mixtures are very prone to misfire resulting in increased HC emissions
and rough engine operation giving poor drivability. ~On the other hand,
the oxygen-rich exhaust, resulting from lean operation, appears to offer

* .
A list of nomenclature is given at the end of the report.
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STOICHIOMETRIC

HC, CO, & NO EMISSIONS CONCENTRATION

P-85-1755
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AIR-FUEL RATIO

Figure 1-1 - Effect of Air-Fuel Ratio on Exhaust Emissions

the possibility of a thermal reactor or a catalyst for oxidizing HC with-
out 'secondary air. The goal of this program was to extend the lean-limit
operation by exploring the effect of the following parameters.

- (1) Air management
(2) .Timed sequential injection §
(3) Spark plug gap, spark duration and energy
“(4) Intéke air heating
(3) Intake valve throttiing

In addition to the above parameters, air/fuel and ignition timing
were varied. '

"Lean-1limit" is generally defined as extremes of air/fuel where a
minimum of misfire occurs. To simplify the determination of "lean-limit"
and to ensure extremes of the lean air/fuel, the "lean-limit" was defined
as the air/fuel where the HC concentrations in the exhaust are about
12,000 ppm, expressed as carbon equivalent. Previous experience at Bendix
has shown that enleanment of more than an additional 0.5 A/F beyond this
point will result in misfire.



1.1 AIR MANAGEMENT

Lean-1limit operation of an engine becomes limited if only one of
the cylinder misfires because it is running lean compared to other
cylinders. Therefore, even distribution of air and fuel to each cylinder
would contribute significantly in extension of the lean limit. Since fuel
distribution can be controlled very precisely with EFI, the air distribu-
tion becomes of significant importance. The intake and the exhaust mani-
folds contribute to mass air flow distribution. Therefore, the objective
of this task was to evaluate the intake and the exhaust manifolds for
their role in distribution of mass air to individual cylinders and cor-
rect non-uniformities if possible. Motored-engine tests were performed
to evaluate the intake manifold while operating engine tests with EFI
were performed to evaluate the exhaust manifolds.

1.2 TIMED SEQUENTIAL INJECTION

The standard Bendix EFI system is described as a timed, intermittent,
two-group, port injection system. This means that fuel is injected into
the intake manifold (just upstream of the intake valve) once per engine
cycle but that only two injection signals are furnished per cycle. That
is, the eight injectors are divided into two groups of four. The injectors
in a given group are selected to correspond to four cylinders that fire
in sequence. Two-group injection is one of several alternatives to fully
timed sequential injection.

In group injection, the four injectors in a group fire simultaneously.
This means that only one of the corresponding cylinders for that group
can receive fuel at the optimum time in the engine cycle. The leading
cylinder is normally selected for establishing the timing signal so the
fuel for the remaining three cylinders is injected earlier than optimum
by 90 degrees, 180 degrees and 270 degrees of crank angle, respectively,.

In sequential injection a timing signal is established for optimum
injection and furnished to each injector sequentially allowing every
injector to fire separately. Therefore, each cylinder can receive fuel
at an optimum time in the engine cycle.

During this part of the investigation, a sequential injection con-
trol was used and injection timing was varied within the range shown in
Figure 1-2 to evaluate the effect of injection timing on emissions and
extension of the lean limit of operation. The selected injection timing
points are described in the figure as A, B, and C.

1.3 SPARK PLUG GAP, SPARK DURATION AND INTENSITY

Spark plug gap, spark duration and intensity have been shown pre-
viously to affect engine performance and exhaust emissions at light
loads (1, 2).* This is thought to be due to an increase in the proba-
bility of reaching an ignitable mixture at very lean air-fuel ratios.

%
Numbers in parentheses designate References at the end of the report.
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Figure 1-2 - Fuel Injection Timing Diagram
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The objective of this investigation was to combine the effects of timed
sequential injection with a study of variations of ignition parameters
to extend the lean limit of operation for the selected power set points.

1.4 INTAKE AIR HEATING

The objective here was to evaluate the effect of heating the intake
air on the extension of the lean limit, emissions and engine performance
when combined with the best timed sequential injection, best spark plug
gap and spark duration obtained previously. It was also intended to ob-
tain a "best' parameter combination from these data for comparison with
the baseline tests.

1.5 INTAKE VALVE THROTTLING (IVT)

By limiting the lift of the intake valve, air can be throttled at
the intake valve instead of at the throttle plates. By throttling the
air at the intake valve, turbulence is created in the combustion chamber
and increased turbulence is known to extend the lean limit operation (3).
To limit the 1ift, three specially ground camshafts were used. The IVT
tests were performed using the 'best" spark plug gap and the '"best' spark
duration/energy along with the '"best'" sequential injection timing.

1.6 BENDIX EFI SYSTEM

Figure 1-3 shows the components and typical installation of the
standard two-group injection system on an automobile,.

Fuel from the tank is pumped (5) through the filter (6) to the
common fuel rail (9) which supplies all injectors (1). The fuel-pressure
control valve (4) maintains a constant pressure drop of 39 psid between
the rail and the intake manifold and returns excess fuel and purged
vapors to the fuel tank. The fuel is injected upstream of the intake
valves. - '

Information from the senBors (3 and 8) is fed into the electronic
control unit (7) which regulates the injectors. The trigger unit (7)
provides the electronic control unit with timed signals which initiate
injection and a pulse rate with which engine speed is computed.

The Bendix Electronic Fuel Injection System (EFI) meters fuel in
proportion to the mass of air taken in during each engine cycle. Mea-
suring the mass flow of air is achieved by using "'speed-density" sensing.
The mass of air taken in by a cylinder per cycle in a given engine is a
function of the pressure and temperature of the air in the intake mani- -
fold, the amount of residual exhaust gas in the cylinder and the intake
valve pressure drop during induction. At any manifold pressure, residual
exhaust gas and intake valve pressure drop are a function of RPM. Thus,
measurement of manifold pressure, temperature and engine RPM, known as
speed-density sensing, tells the electronic control unit (ECU) how much
fresh air will be taken in per engine cycle.
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Figure 1-3 - Bendix Electronic Fuel Injection System



The ECU electronically computes the duration of open time neces-
sary for the solenoid-operated injector valves to provide the precise
amount of fuel required for each cycle.

To conduct steady-state tests on the engine dynamometer, a special
ECU was built which allowed variable-timing sequential injection and
manual control of the injector pulse width. Figure 1-4 shows the control
unit. A special electronic trigger was employed in conjunction with the
ECU to allow sequential injection. The trigger unit was housed in an ex-
ternally mounted distributor driven by the engine at the engine camshaft
speed. The trigger provided signals in sequence of the engine firing
order to the ECU to initiate injection. It also provided means for chang-
ing the injection timing.

1.7 SPECIAL IGNITION SYSTEM

A special ignition control system was designed and constructed to
vary spark duration and energy. The system is basically a capacitor-
discharge (CD) type. It differs from the standard CD system in that the
system discharges the capacitor a controlled number of times for omne ig-
nition period. Controls are provided to vary the spark intensity, the
ignition duration and the period between sparks. The period between the
sparks can be made small enough so that a continuous spark will occur.
Figure 1-5 shows the control units.



1-8

Figure 1-4 - Manual Sequential Injection Control Unit

Figure 1-5 - Ignition Variables Control Units




SECTION 2
SUMMARY

A standard carbureted vehicle (Ford Thunderbird with a 10.5:1
C.R. 429 C.I.D. engine) was baseline emission tested before and after
4000 miles of operation. It was then equipped with a Bendix Electronic
Fuel Injection System having a basically ultra lean A/F calibration
(nominally 20:1). Emissions were measured again after the EFI installa-
tion with the following results: NOyx mass emissions were reduced from
4.4 gm/mile to 1.5 gms/mile, CO emissions increased from 21.2 gms/mile
to 22.0 gm/mile and HC emissions increased from 2.1 gms/mile to 2.3 gms/
mile. All the tests were performed according to the 1970 FTP. Thus
with a lean calibrated EFI, a reduction of 66 percent in NOy emissions
was achieved compared to a standard carbureted vehicle without markedly
affecting the CO and HC emissions. However, the vehicle did suffer
a substantial loss of satisfactory drivability attributed to a non-
optimized EFI calibration and acceleration fuel enrichment circuit.

The engine with EFI was then installed on a dynamometer for a
series of parametric investigations for extending the lean limit of
operation to reduce NOx. The vehicle EFI electronic control unit was
replaced with a manual control unit. Tests were run at idle, 1200 rpm
for two values of brake torque and at 2000 rpm for two values of brake
torque.

The production intake and exhaust manifolds were evaluated to
determine their influence on uniform inlet air flow between cylinders
and it was determined that they do not adversely affect mass air flow
distribution among the cylinders for the engine speeds and loads con-
sidered in this project. Therefore, the remainder of the parametric
tests were performed using the standard intake and exhaust manifolds.

A control was fabricated to provide variable timed fully sequential
injection and three different injection timing points were evaluated
to determine what effect, if any, timing had on extending the lean limit.

Of the three injection timings considered, 45° BTDC (intake) was
found to be the best for extending the lean limit of operation and in
reducing NOy mass emissions at idle and 1,200 rpm. With this injection
timing, the fuel was injected on a closed intake valve where it normally
vaporizes before being drawn into the cylinder. The results obtained
with this injection timing were not significantly different from the
results obtained with the standard two group injection timing. With
a sequential injection timing of 90° ATDC (intake), the injection
occurred when the intake valve was wide open. This was found to have
a tendency to wet the spark plugs and increased the tendency to misfire.



As a result, HC mass emissions were higher and the lean limit air-fuel
ratios were relatively richer than with the other two timings. Thus

NOy mass emissions were higher. With a timing of 180° ATDC (intake),

the fuel was injected just before the intake valve closed. This allowed
the maximum residence time for the fuel prior to being inducted into

the cylinder. The long residence time allowed more complete vaporization
of the fuel and improved combustion. Because of the improved combustion,
for a given air/fuel and ignition timing, HC mass emissions were lower
than for the other two injection timings and the lean limit was extended;
however, NOyx mass emissions were higher due to improved thermal effi-
ciency. Thus, the injection timing of 45° BTDC (intake) was judged

to be the "best" overall sequential injection timing.

Similar general trends were observed for the 2,000 rpm test points.
However, the difference in emissions for different injection timings
was small for the 2,000 rpm test points compared to the results at idle
and 1,200 rpm. At 2,000 rpm higher turbulence exists and a high energy
and long duration spark was used. Both of these factors helped to
provide more efficient combustion. Thus, the effect of injection timing
on combustion was minimal for most of the tests performed at 2000 rpm.

A special ignition control was fabricated that provided a variable
spark duration and energy. The purpose was to evaluate the effect of
spark characteristics and spark plug gap on extension of the lean limit
because it had veen reported that improvements were possible when the
air-fuel ratios were very lean.

The tests were performed at idle and at the 1,200 rpm set points
to determine '"best" spark plug gap and the "best" spark energy/duration
for minimum NO, mass emissions. Increasing the spark plug gap from
0.035 inches (standard) to 0.045 inches and then to 0.060 inches had a
similar effect on exhaust mass emissions as increasing the spark dura-
tion from 1.35 milliseconds (standard) to 2.8 milliseconds and then to

5.3 milliseconds.

For example, at 1,200 rpm, 45 b-ft-1lbs torque, increasing the
spark plug gap to 0.045 inches from 0.035 inches, resulted in BSNOy and
BSHC reductions of about 33 percent and 47 percent, respectively, for
an A/F of 20:1 and ignition timing of 40° BTDC (MBT).

At the same test condition, when the spark duration was increased
to 2.8 milliseconds from 1.35 milliseconds, the reduction in BSNOyx and
BSHC was about 28 percent and 22 percent, respectively. With the gap
further increased to 0.060 inches, BSNOy emissions increased almost
59 percent and BSHC emissions decreased 58 percent as compared to
results for a 0.035 inch gap. Similarly, increasing the spark duration
to 5.3 milliseconds increased BSNOy 27 percent and decreased BSHC 57
percent from values for a standard gap and spark duration. Similar
trends were observed for other air/fuel and ignition timings and also
for the 1,200 rpm, 100 b-ft-1bs torque set point. For both set points,
the effect on BSNOy and BSHC due to changes in gap and spark duration was
reduced at higher air/fuel (22:1) and retarded timing (25° BTDC, 15° BTDC).



At idle an increased spark plug gap had an effect similar to that
for extended spark duration. However, increasing the gap and spark
duration increased BSHC emissions and decreased BSNOy emissions. For
example, at an A/F of 21:1 and ignition timing of 10° BTDC, increasing
the gap from 0.035 inches to 0.045 inches and then to 0.060 inches
increased BSHC emissions to 32 percent and 51 percent respectively.
Similarly, increasing the spark duration to 2.8 milliseconds and then
to 5.3 milliseconds from 1.35 milliseconds increased BSHC 39 percent
and 60 percent, respectively. When the gap was changed to 0.045 inches
and then to 0.060 inches from 0.035 inches, BSNO, decreased 42 percent
and 52 percent, respectively. When spark duration was changed to 2.8
milliseconds and then to 5.3 milliseconds from 1.35 milliseconds, BSNOy
decreased about 38 percent in both cases.

Increased spark duration/energy increased the tendency of detona-
tion at 1,200 rpm, 100 b-ft-lbs and 2,000 rpm, 180 b-ft-lbs.

An inlet air heater was installed to enable an evaluation of the
effect of air temperature on extension of the lean limit. Temperatures
to 150°F were investigated. In general, increased inlet air temperature
extended the lean-limit of operation. Depending on the engine operating
condition, the lean-limit was extended as far as an A/F of 26:1. Again,
depending on the engine operating condition, increasing the inlet air
temperature decreased BSHC emissions by as much as 55 percent while at
the same time BSNOyx emissions increased by as much as 100 percent. For
inlet air temperatures greater than or equal to 150°F, the tendency for
detonation increased for theset points of 1,200 rpm, 100 b-ft-1bs and
2,000 rpm, 180 b-ft-1bs.

Three specially ground camshafts were installed to provide air
throttling by the intake valves rather than the usual manifold inlet
butterfly valve. This was expected to increase turbulence and promote
better combustion (Reference 3).

Intake valve throttling (IVT) caused the MBT spark timing to
occur as much as 15° nearer to TDC. Depending on the operating condition,
IVT caused an increase in BSNO, of as much as four times the value
obtained without it. The expected lean-limit extension was not realized
for all the power set points because of an increase in BSHC. The
tendency toward detonation was increased. With manifold fuel injection
and IVT, even distribution of the air/fuel mixture among the cylinders
may pose a problem.

As a result of the above series of parametric tests, it was con-
cluded that the original objective of lowering NO, mass emissions to
less than 1.3 gms/mile would be easily achieved. The excess CO and
HC would have to be converted with exhaust treatment devices. For
this, the excess and hot Oy in the exhuast could be helpful. Sequential
injection was not shown to be effective and heated inlet air does not
appear to be practical since it increases the NOy mass emissions. It does
appear that a higher energy spark would be desirable where lean operation
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is used. IVT demonstrated no significant improvements and it seems
to be an inherently expensive control method.

It was recommended that intake manifold design be optimized for
installations with fuel injection to assure air delivery uniformity
over a greater range of operation. The effects of some of the parameters
should be studied for engine transient conditions and optimum combina-
tions of EGR and lean A/F should be explored to effect further control
of NOX.



SECTION 3
TECHNICAL DISCUSSION

3.1  BASELINE TESTS

Two sets of baseline tests were run. One set consisted of emissions
tests on a vehicle, run according to the 1970 Federal Test Procedure,
with the standard carburetor as well as with the lean-calibrated Bendix
EFI system installed. Two tests were run with the carbureted vehicle
at the EPA facilities in Ypsilanti, Michigan. The first test was per-
formed on a new vehicle and the second test was performed after driving
the vehicle for 4,000 miles over a previously established driving cycle.
The results for the carbureted vehicle are summarized below:

NOy (gm/mile) CO(gm/mile) HC(gm/mile)
New Vehicle 5.4 15.8 2.0
After 4,000 miles 4.4 21.2 2.1

After installing the EFI, 1970 FTP tests were performed at Bendix
with the following results:

NOy (gm/mile) CO(gm/mile) HC(gm/mile)
Test #1 1.38 (1.18) - 22,1 3.1
Test #2 1.22 (1.21) 19.7 3.1

The NOy emissions were converted from concentrations to a mass basis
using the "then proposed" federal standards for 1972. At the time of
the tests no adopted standards for NOy existed. Because of this the NOy
mass emissions values listed above and below for the tests of the EFI
equipped vehicle are shown with and without a humidity correction. The
humidity corrected values are given in parentheses and were computed
from recorded conditions at the time of the test using the correction
factor described in Federal Register No. 228 dated November 25, 1971.

After the vehicle was tested by Bendix, it was delivered to EPA
where another set of 1970 FTP tests were performed with the following
results:

NOx (gm/mile) CO(gm/mile) . HC (gm/mile)
TesF #1 1.6 (1.45) 21.0 2.3
Test #2 1.5 (1.37) 22.0 2.3
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It can be seen that, although the tests at Bendix produced the
expected values of NOy mass emissions (less than 1.3 gm/mile), the EPA
tests did not. In addition, the driveability evaluations made by EPA
personnel were unfavorable (Reference 5). The poor driveability resulted
from the fact that the EFI control and calibrations had not been optimized.
With the basically lean A/F calibration, the vehicle is very sensitive
to the warm-up characteristics and to the acceleration enrichment. The
performance of these subsystems at the time was less than adequate.

. Additional time spent in calibration would have resulted in 1mproved
drlveablllty. :

‘The difféerences in the results between the two fac111t1es can
probably be attributed to vdriations between drivers, equipment aqd
instrumentation. ’

. . The second set of baseline tests consisted of steady-state tests

on an engine dynamometer at the five selected set points. -Appendix C
describes the baseline tests along with sample calculations and the results
obtained with EFI. At the end of the program, after re-installing the
carbureted manifold, the baseline tests were run again. The results are
tabulated in Appendlx F under '"Baseline Carburetor Tests.' The results

are summarized in Table 3-1 for convenience. -

3.2 - AIR MANAGEMENT

Ultra-lean operation of a spark ignition engine can reduce NOy
emissions. However, ultra-lean operation, without.a misfire, requires,
among other things, that all cylinders be supplied with the same quantity
of air-fuel mixture and that the mixture be maintained at a constant
air/fuel ratio.

The Bendix Electronic Fuel Injection (EFI) system can be calibrated
to give uniform fuel distribution to the individual cylinders to within
one.  percent. of one another. Therefore, in the EFI-equipped engine, "the
uniform distribution of the mass air flow to the individual cylinders
is an important factor in malntalnlng a constant air/fuel ratio among the

cylinders.

As a part of this program, the standard intake and exhaust manifolds
were evaluated for their role in distribution of the mass air flow. ~ To
evaluate the intake manifold, motored-engine tests were conducted and
certain parameters were measured for use with an analytical technique.

Once the intake manifold was evaluated and found to provide satig-
factory air distribution, tests were performed on the operating engine
to evaluate the exhaust manifolds. Individual cylinder exhaust was
sampled to determine the air/fuel at each cylinder. To determine the
effect of the standard exhaust manifolds on air/fuel at each cylinder,
cylinder-to-cylinder air/fuel was first determined using a set of tuned
exhaust headers as a baseline. It was assumed that these headers would
have a minimum effect on air/fuel from cylinder-to-cylinder. The results
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Table 3-1 - Summary of the Baseline Carburetor and EFI Results

Speed Torque BSFC BSNOx BSCO BSHC

rpm | b=fe-1bs | 44 4 hp-hr gm/b-hp-hr
EFI 640 35 1.45 1.3 131.20 8.20
Carburetor 640 35 - 1.25 1.94 | 14.97 0.84
EFI 1200 45 1,41 0.89 25.20 4,70
Carburetor 1200 45 0.89 4,25 12.04 1.95
EFI 1200 100 0.77 0.59 70.55 2.85
Carburetor 1200 100 0.53 5.25 6.70 2.50
EFI 2000 70 0.8 1.49 7.99 3.61
Carburetor 2000 70 0.65 11.93 7.63 1.74
EFI 2000 180 0.48 2.4 9.65 0.69
Carburetor 2000 180 0.43 12,35 5.18 4,13

were then compared with the air/fuel measurements from each cylinder
using the standard manifolds. Appendix B discusses the air management
task in detail.

It was concluded from these studies that, for the engine operating
range to be used for this project, the standard intake and exhaust mani-
folds were satisfactory for uniform mass air flow distribution to
individual cylinders. Also it was observed that sequential injection
did not provide a more uniform air/fuel cylinder-to-cylinder, than the
standard group injection EFI. Therefore, merely converting an EFI sys-
tem to sequential injection will not enable any leaner operation than
standard group injection and thus there will not be any reduction in
NO, emissions. It will be shown later, however, that if not timed pro-
perly, sequential injection could have an adverse effect on emissions
and performance of the engine.

3.3 SEQUENTIAL INJECTION TIMING

The -purpose of this study was to evaluate the effect of timed
sequential injection (when set to inject at different crank angles with
respect to the opening of the intake valve) on emissions and on lean-
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limit extension without misfire. Also, it was intended to compare the
timed sequential injection with group injection for- performance  and-
emissions. ) ‘

A special electronic control unit was designed and constructed to
-allow sequential injection. Also, a special trigger was fabricated and
housed in ‘a distributor to allow easy changing of the injection timing.
The control unit was a manual type which allowed variation of the injector -
pulse width to vary the air/fuel as desired. The control unit did not
have the capability to perform during transient conditions.

Three injection timings were selected to evaluate effects of sequen—
tial injection on emissions and extension of the lean-limit operation.
" The injection timings used were 45° BTDC, 90° ATDC and 180° ATDC. The.
TDC referred to is relative to the start of the intake stroke as shown
previously in Figure 1-2. The selection of these injection timings was -
based on previous experience at Bendix. The injection timing of 45°
BIDC (intake) initiated injection when the intake valve was closed, but
the exhaust valve was still open: Timing at 90° ATDC (intake) initiated
the injection when the intake valve was wide open and the exhaust valve
" was closed, and 180° ATDC (intake) timing initiated injection when the
intake valve was still open, the exhaust valve closed and the piston
at BDC. :

For a given speed and torque, the injection timing was set and the
air/fuel and the ignition timings varied. The air/fuel was varied
~from 18:1 to the lean limit in increments of two air/fuel ratios.
The lean limit was defined as the occurrence of a hydrocarbon concen-
tration in the exhaust of about 12000 PPM, expressed as carbon équiva-
lent. Such a high number for hydrocarbon concentration was selected
to ensure extremes of lean operations. For each injection timing, MBT
spark timing was found. Data were also taken for spark timings of
MBT-15 degrees and MBT-25 degrees. Since the MBT was different for
each injection timing, this approach of varying ignition timing gave a
more reallstlc comparison.

The sequential injection task was coordinated with the special
ignition task to make sure that the effects -of one on the other could
be realized. First, using the standard ignition system, tests were
run to determine best injection timings for 1200 rpm, 45 b-ft-1lbs;
1200 rpm, 100 b-ft-1bs and 640 rpm, 35 b-ft-1lbs (idle) power settings.
The best injection timing thus obtained was then fixed and tests were-
performed- to specify best spark plug gap, and spark energy/duration.’
The dequential injection tests were repeated with these best ignition
parameters to see if the ignition parameters had any bearing on the
best injection timing determined earlier. The special ignition task is
discussed in the next section. B :

Results were somewhat scattered at idle. Difficulty in settlng
up the low torque and air/fuel at idle could account for this. The
air/fuel is difficult to set at idle because very small air flow and
fuel flow are involved.
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For the purpose of discussion, the injection timings will be identi-
fied as follows:

45° BTDC (intake) - A
90° ATDC (intake) - B
180° ATDC (intake) - C

When the tabulated data is considered, certain trends are seen.
The emissions results for timings "A" and "C" have the same trends, but
timing "B" has definitely different trends. For a given air/fuel and
ignition timing, 'C" offers least NOx mass emissions. However, it is
timing "A" which allows leanest operation (up to 20:1 air/fuel at 0°
BTDC ignition timing). Timing "B" does not allow operation beyond
16:1 air/fuel at 0° BIDC ignition timing without an unacceptable increase
in HC mass emissions.

When compared with the standard group injection and standard igni-
tion timing of 6° BTDC, none of the injection timings or the ignition
timings had as low NOx emissions as did the group injection. However,
lower fuel consumption and lower CO emissions were realized with timings
"A" and "C" for all ignition timings and with "B" for 10° BTDC and 20°
BTDC ignition timings. Figures 3-1 through 3-4 show these comparisons.

Reviewing the tabulated data on page F-5,tests 1 through 9, it can
be seen that for the same HC levels as obtained with group injection,
with injection timing A, the engine could idle at 0° BTDC ignition
timing and an air/fuel of nearly 20:1 (test No. 7). This would reduce
NOx mass emissions to 0.78 gm/b-hp-hr compared to 1.3 gm/b-hp-hr with
the group injection. BSFC would go up to only 1.55 1b/b-hp-hr compared
with 1.45 1b/b-hp-hr with group injection and CO emissions would be
only about 20 gm/b-hp-hr compared with 131 gm/b-hp-hr with group injec-
tion. Similar results could be obtained with 10° BTDC ignition timing
with somewhat higher HC mass emissions. Thus, injection timing "A" was
selected for idle operation for the unknown. It should be kept in
mind, however, that selection of such a high air/fuel would probably
give a very poor idle quality

The effect of injection timing can be seen more clearly by review-
ing the 1200 rpm and 45 b-ft-1lbs torque set point.

Generally speaking, injection timing "A" gives least NOy mass
emissions. ' Injection timing "B" has relatively low NOx emissions; how-
ever, HC and CO emissions and BSFC are higher. Injection timing "C"
has much higher NOx emissions but HC emissions are lower. The lean
limit of operation with each injection timing is about the same.

With injection timing "B", fuel is injected when the intake valve
is wide open. This apparently wets the spark plugs with the fuel spray.
As a result, tendency to misfire increases and HC and CO emissions are
higher. On the other hand, with timing "C" the fuel is sprayed on the
intake valve as it is about to be closed, and remains on the intake
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valve for almost 500 degrees of crankshaft rotation. This residence

time allows the fuel to vaporize and thus a well-mixed charge of air

and fuel is inducted resulting in better combustion. The improved
combustion reduces HC but increases NO, emissions. Despite the better
combustion there is no s1gn1f1cant exten51on of the lean 11m1t of operation.

From Figures 3-5 through 3-8 in comparison with group 1nJect10n,
it can be seen that the results obtained with sequential 1nJect10n timing
"A" and an ignition timing of MBT-25° (15° BTDC) would be very much the
same, if the ignition timing was further retarded to be the same as
standard timing with group injection; namely,- 12° BTDC. -

From Figure 3-6 the effect of 1n3ect10n t1m1ng is. seen to be more
prominent at the MBT ignition timing; however, with ‘retarded 1gn1t10n,
the injection timing does not have much effect on NOx emissiomns. Thus,
“of ‘the three injection timings selected, "A" gives best results. The
results, however, are not much different than obtained with group injection.

_ For the test condition at 1200 rpm and 100 b-ft-1bs torque, injec-
tion timing "C" seems to produce less NOx. The reason for this is not
known. Injection timing "B" still performs poorly.. Figures 3-9 through .
3-12 show results of sequential injection in comparison with group in-
" jection. The difference in performance and emissions is significant

at air/fuel of 18:1 and 20:1. For higher air/fuel however, injection ‘
timings "A" and "C" have similar results. Injection timing '"B" has:
higher ‘HC emissions and a lower lean limit. Since injection timing

"A'" allowed the leanest operation and since it was anticipated that the
best parameter combination would have ultra-lean air/fuel, ‘injection
timing \"A" was selected for the rest of the tests.

Using injection timing "A", a study was made to determine best
ignition parameters. The spark plug gap, the spark duration and energy
were the selected ignition parameters. To observe the'effect of igni-
tion parameters on best injection timing, tests were run to re-evaluate
sequential anectlon timings using best ignition parameters. Set points
of 2000 rpm, 70 b-ft-1bs torque and 2000 rpm, 180 b-ft-1lbs torque were
selected for this' task.

The data are tabulated in Appendix F under "Sequential Injection -
II. For neither set point did injection timing "B" stand out as giving
bad performance or emissions results. Two reasons could be given for
this. At 2000 rpm, the induction air velocities are much higher causing
the fuel to atomize which would lessen the wetting of the spark plugs.
The second reason is that with these tests very high ignition energy
and spark duration were used. The higher energy and duration would
tend to fire even a wet plug. '

Also, the injoctioh timing does not seem to influence MBT ignition
timings. In all of the -cases, MBT was found to be 40° BTDC. 'This in-
directly shows that, in the case of the 2000 rpm test points and high
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energy/duration spark, injection timing does not have much effect on

the combustion process. This can be seen from the tabulated data and
Figures 3-13 through 3-20 where sequential injection results are compared
with group injection results.

For 2000 rpm, 70 b-ft-1bs torque, some difference in NOx emissions
were observed at air-fuel ratios of 18:1 and 20:1 for MBT ignition
timing. However, for leaner air-fuel ratios and retarded ignition tim-
ing the differences are small. Figures 3-13 through 3-16 show these
comparisons, including results for group injection at an air-fuel of
21.8:1 and various ignition timings.

For 2000 rpm - 180 b-ft-1lbs torque, similar observations can be
made.

Injection timing "C" was observed to allow somewhat leaner oper-
ation. Figures 3-17 through 3-20 compare sequential injection results
with the group injection results at an air/fuel of 21.5:1 for various
ignition timings. It can be seen that NOx emissions are higher with
sequential injection than with group injection when group injection
results are compared with MBT results. MBT in this case was 40 degrees
BTDC which is 3 degrees further advanced than the standard timing with
group injection. This would result in somewhat higher NOyx with sequen-
tion injection; however, it is suspected that most of the increase is
caused by the high energy, long duration spark. The increase in HC emis-
sions could be the result of detonation caused by the high energy spark.
The detonation problem is discussed in the next section.

From the sequential injection study, the following general conclu-
sions and remarks can be made:

(1) At steady-state conditions and with the spray characteristics
obtained from the Bendix fuel injectors, it is best to inject
while the intake valve is closed. However, injecting into an
open valve may not have a serious effect on emissions and per-
formance at high engine rpm if a high energy spark is used.

(2) The changes in emissions and performance caused by different’
injection timings are more noticeable at relatively rich air/
fuel (18:1 and 20:1) and ignition timing near MBT.

(3) Since all the tests were run at steady-state on a warmed-up
engine, the effect of injection timings is not known for
transient conditions such as acceleration, warm-up and cold
start.

(4) Standard group injection timing essentially gives results as
good as the best sequential injection timing "A',

(5) Although sequential injection timing"A" was selected initially
" as the best injection timing, "C" may give the least amount
of CO and HC emissions at a cost of somewhat higher NOyx emis-
sions and may extend the lean limit the farthest.
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3.4 SPARK ENERGY/DURATION AND GAP SIZE

With ultra-lean mixtures in a combustion chamber, it is extremely
difficult to sustain the combustion flame to obtain complete combustion.
It was expected that increasing the spark plug gap, spark energy and the
spark duration from the standard values would help achieve the combus-
tion of the leaner air-fuel mixtures that are necessary to reduce NOx
emissions.

In general, the air-fuel mixture in a combustion chamber is non-
homogeneous in that the mixture will be composed of very lean pockets,
relatively rich pockets and even some inert pockets composed of residual
exhaust.

The probability of igniting a relatively rich mixture to start the
combustion would increase with increased spark gap size and a longer
duration spark. Also the higher energy spark would reduce quenching
by the electrodes and would even start combustion of those lean mixture
pockets which would otherwise be difficult to ignite. (1)

A special ignition system was developed and fabricated to enable
variation of spark energy and duration. Conventional ignition system
components were used thereby providing easy installation. The basic
principle of this ignition system was capacitor discharge with the added
capability of multiple discharges for each ignition period.

Before evaluating ignition effects, since it is rather difficult
to measure ignition energy on the engine, the various energy and dura-
tion levels were measured on the bench. Control settings for various
energy levels and waveforms were noted and used later to perform tests
on the engine,.

Appendix D describes the test equipment and method used to measure
spark energy and duration. It was recognized that spark duration and
energy cannot be varied independently since once the gap was ionized,
only so much energy could flow. Therefore, to vary energy, essentially,
the duration was varied.

First, the control settings were obtained to simulate standard
ignition energy level and duration. Figure D-16 in Appendix D shows
standard spark energy and duration simulated by the special ignition
system. Tests were run at these settings to make certain that using
the special ignition system did not affect the engine performance or
the emissions.

Two additional spark duration/energy settings were selected for
the tests and are identified as No. 2 and No.3 energy/duration.

Control settings described in Figure D-18 (Appendix D) were used
for the No. 2 energy/duration, except that four pulses were used which
gave a spark energy of 80 millijoules and a duration of 2.8 milliseconds.
Figure 3-21 shows current and voltage waveforms as seen on the operating
engine. '
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Control settings described in Figure D-23 in Appendix D were used
for energy/duration No. 3 except that 100 volts primary voltage and
seven pulses were used. This resulted in 5.3 millisecond duration and
140 millijoules spark energy. Figure 3-22 shows current and voltage
waveforms as observed on the operating engine.

Control settings described in Figure D-17 (Appendix D) were used
for 0.045~inch and 0.060-inch spark plug gaps.

Table 3-2 summarizes the various ignition parameters used for
this test. ‘

To perform the tests, the injection timing was set at 45 degrees
BIDC (intake) and tests were run for 1200 rpm, 45 b-ft-1lbs; 1200 rpm,
100 b-ft-1bs and 640 rpm - 35 b-ft-bls (idle) set points. At each test
point, ignition variables listed in Table 3-2 were varied, one at a
time. For every ignition variable, ignition timing and air/fuel were

Table 3~2 - Summary of Ignition Parameters

Tenition Energy Duration Gap

& (millijoules) (milliseconds) (inches)
Standard 26.9 1.35 0.035
No. 2 Energy/Duration 80.0 2.8 0.035
No. 3 Energy/Duration ' 140.0 5.3 0.035
0.045-inch spark plug gap 28.8 1.48 0.045
0.060-inch spark plug gap 28.8 1.48 0.060

varied. Air/fuel ratio was varied from 18:1 to the lean limit in incre-
ments of two air/fuel ratios. For idle ignition timings of 0 degree;
10 degrees and 20 degrees BTDC were used, and, for other test points ig-
nition timings of MBT, 40 degrees, 25 degrees and 15 degrees BTDC were
used.

A problem was recognized when 5.3-millisecond duration spark was
used at 1200 rpm. At this speed, and with retarded ignition timing, the
contact time between the distributor rotor tip and the distributor cap
is not sufficient to allow the 5.3-millisecond duration spark. The rotor
was modified to have a much wider tip to increase the contact time with
the distributor cap. It was anticipated that when performing tests at
2000 rpm, the contact time obtained with the standard rotor would not be
sufficient for 2.8-millisecond spark duration and the use of the special
rotor would be necessary. The modified rotor is shown in Figure 3-23.
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" Figures 3-24 and 3-25 show the effect of spark plug gap and spark
duration on BSNO, and BSHC emissions for 1200 rpm, 45 b-ft-lbs test point.
The air/fuel ratio was 20:1 and ignition timing 40 degrees BTDC. The .

complete set of data for this set point are listed in Appendix F, Section
F.4 under "Ignition Effects'. : .

- "From Figure 3-24 and 3-25, it can be seen that when the spark dura-
tion is increased from a standard value of 1.35 milliseconds to 2.8 milli-
seconds, BSHC decrease more than 22 percent and BSNO, decrease almost
30 percent. '

-.¢It was mentioned earlier that the increased spark duration results
in an increase in spark energy, prompting the anticipation of a decrease
in HC emissions and an increase in NOy emissions. The .occurrence of
exactly the opposite effect on NOx emissions required some theorizing
A.reduction of NOx generally can be correlated with a lower concentration
of 02 and/or a lower peak cycle temperature. The air/fuel was maintained
in this case so the reason for an apparent reduction in peak cycle
temperature was sought. The purpose of an extended spark duration is
to improve the probability of igniting the charge when it is so lean
that dgnitable pockets of fuel and air are relatively scarce. Thus,
over a number of engine cycles, if the longer duration spark is success-
ful in igniting the charge, it is probable that some charges ignite when
the spark is first struck, others ignite just before the spark extin-
guishes and the rest ignite somewhere between the two extremes:

Probability theory would then suggest that the mean time of igni-
tion of the charges is near the mid-point of the spark duration. At
2000 rpm with a 2.8 ms spark the crank angle rotation to the mid-point
of spark duration (1.4 ms) is 8.4 degrees. This delay then is essen-
tially the same as an equivalent spark retard of 8.4 degrees. for which
one normally expects lower peak temperatures and less NOX.

"Increasing the spark duration to 5.3 milliseconds decreased HC
emissions further, but NO; emissions increased. It seems that suffi-
cient increase in spark energy has a significant effect on NOx formation.

‘Trends were somewhat the same at different air/fuel and different
ignition timings. However, small changes in NOy emissions occurred
with changes in spark duration for air/fuel leaner than 22:1 and for .
retarded ignition timings. On the other hand, large changes in HC
emissions occurred with leaner air/fuel and retarded ignition timings.

Increasing the spark plug gap from the standard (0.035 inch) had
a similar effect on HC and NOy emissions as did increasing the duration.
‘HC emissions decreased with increasing spark plug gap size. .The wider
gap allows more volume of the charge to be exposed to.the spark between
-the electrodes, and thus it is believed that the combustion begins with
-a relatively large kernel of flame having more energy. This, in effect,
could act like a higher energy spark. The results shown in Figures 3-24
and 3-25 reflect this argument.
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Similar trends are observed at the 1200 rpm and 100 b-ft-lbs test
point. Figures 3-26 and 3-27 show the effect of spark duration and spark
plug gap at air/fuel of 20:1 and 40 degrees BTDC ignition timing. The
slight increase in NOy and HC emissions, when spark duration was changed
from 1.35 milliseconds to 2.8 milliseconds, could be caused by experi-
mental error in setting air/fuel and ignition timing. The decrease
in HC emissions with increased spark plug gap and increased spark dura-
tion is small compared with that for the 45 b-ft-lbs torque set point.
At 100 b~ft-1lbs torque, the charge density is higher thus, during the
compression stroke, the mixture is at higher temperature and pressure
than at 45 b~-ft-1bs torque and, even with the standard ignition system,
better combustion is obtained. Therefore, relatively small gains are
realized by increasing spark duration or spark plug gap at this test
point.

Figures 3-28 and 3-29 show the effect of spark plug gap and spark
duration on NOyx and HC emissions, respectively, at idle. The air/fuel
is 12:1 and the ignition timing is 10 degrees BTDC. The NOx emissions
are reduced considerably by increasing either the spark plug gap or
the spark duration and at the same time the HC emissions are increased.
Apparently, increasing spark plug gap size and spark duration increases
the tendency of misfire at idle.

From the test results obtained at the power set points discussed
above, 0.045-inch spark plug gap and 2.8-millisecond spark duration with
80 millijoules of spark energy were selected to continue further tests
with heated air to obtain "best parameter' combination results. Also,
the above spark plug gap size and spark duration were used to evaluate
effects of intake valve throttling.

As mentioned in Section 3.3, the above selected ignition parameters
were used with 2000 rpm, 70 b-ft-1bs and 2000 rpm, 180 b-ft-1bs torque
test points to re-evaluate sequential injection timings. A peculiar
problem was experienced during these tests. Indolene clear (non-leaded)
fuel was used to this point in the tests. However, with the higher
energy and longer duration spark, a severe detonation problem was ex-
perienced with the 180 b-ft-1lbs torque set point. It was postulated
that with the high energy and long duration spark, flame fronts would
start at several points around the spark plug electrodes, and these
flame fronts would: cause detonation. It was decided to use a higher
octane fuel for these test points so Indolene 30 was selected. Indolene
clear has a research octane of 98 (motor octane of 92) and Indolene 30
has a research octane of 105 and a motor octane of 100. Use of the
higher octane fuel alleviated the detonation.

Reviewing Figures 3-24 through 3-29, one important conclusion could
be made that the increase in either the spark gap or the spark duration
and energy have similar effects on both the NOy and HC emissions. Thus,
by merely widening the spark plug gap and making certain that the igni-
tion system would provide enough energy to strike the spark across the
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gap, results similar to that obtained with longer duration and higher
energy .spark could -be obtained. :

3.5  INLET AIR HEATING - 4. -

Increasing the temperature of the intake air could help vaporize
the fuel which would provide a more homogeneous mixture of the air and
the fuel. As a result, chances of complete combustion would increase.
Better combustion would'allow leaner operation, resulting in .reduction
of NOx, however, at a given air/fuel ratio increased inlet air tempera-
ture may increase NOx emissions. Also, the decrease in the den31ty of
the inlet air would decrease the volumetric efficiency of the engine.
The inlet air temperature for these tests was limited to a maximum of
200°F to ensure sufficient power at the maximum air flow conditions.

To heat the inlet air, a duct-type finned air heater was procured
with a Beating capacity of 12 kilowatts. A temperature controller was
employed to set and maintain the inlet air temperature at a desired °
value. The controller maintained the temperature within- +5 F 'of the
set p01nt. The inlet air heating installation is shown in Flgure 3-30-

- The 1n1et air. heatlng tests were conducted for all flve selected
test p01nts. The best ignition parameters and the best sequentlal 1nf
jection timing selected earlier were used and three inlet air tempera-
tures, namely, 100°, 150° and 200°F, were used. It also was intended
to find the "best" parameter combination'from these tests. The "best"
parameters would consist of the best inlet air temperature, the best’
injection timing, and the best ignition parameters that would allow
ultra-lean operation, resulting in a decrease of NOy emissions.

To perform the tests, the sequential 1nJect10n timing was 45 “de-

"grees BTDC (intake) , the spark plug gap was 0.045 inch and spark dura-

tion was 2.8 milliseconds with ‘80 millijoules spark energy.: For each -

..engine speed and torque, the inlet air temperature was set and air/fuel
"ratio and ignition timing were varled. The MBT ignition timing was
found for each temperature. ' ' i

Figures 3-31 through 3-40 show the effect of inlet air temperature
on BSNOx and BSHC emissions for all. the selected power set points at .
certain air/fuel and ignition timings as indicated on the respective
figures. The complete set of data obtained are listed in Appendix F
under "Inlet Air Heating'. The trends shown in Figures 3-31 through
3-40 are typical of all the air/fuel and ignition timings. However, -
the change in NOy emissions is not significant when inlet air temperature
is changed at very lean air/fuel and with retarded timings.

As expected, increasing the inlet air temperature increases NOyx
‘_and decreases HC emissions. At 2000 rpm, increase in the inlet air tem-
‘perature does not significantly reduce HC emissions. Again, at .such
engine speed the increased turbulence in the combustion chamber affects
the combustion more than anything else. . The problem of severe detonation
was observed for air temperatures of 150°F and 200°F at the 200 rpm and
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180 b-ft-1bs power set point. Besides the use Indolene-30 fuel, it
became necessary to use standard spark energy, duration and spark plug
gap to solve the detonation problem. The problem was not solved, how-
ever, at all the air/fuel and ignition timings and this resulted in
limited data for this test point.

Since these tests were performed with the "best' injection timing
and the '"best'" ignition parameters, it was intended to find a '"best"
parameter combination for each power set point which resulted in minimum
NOx emissions. The best parameter combination, obviously, depends on
the kinds of trade-offs that are acceptable. Since the goal of this
project was to reduce NOx, very little consideration was given to either
the fuel economy or the HC and CO emissions. The 'best' parameter com-
bination consisted of selecting, for a given speed and torque, the air/
fuel the ignition timing, and the inlet air temperature from the tabulated
data in Appendix F for the minimum NOy emission, Table 3-3 summarizes
the results. Also, the baseline results are shown for comparison. As
noted previously, the '"best' parameter combination used injection timing:
of 45 degrees BTDC (intake) along with spark plug gap of 0.045 inch and
spark duration of 2.8 milliseconds with 80 millijoules spark energy.

With the "best" parameter combination, a minimum of 59 percent to
a maximum of 84 percent reduction in the BSNOx was realized, referenced
to the baseline EFI tests. Except for the 2000 rpm test points, a
decrease in the BSFC and a decrease in the BSCO emission were realized
and except for idle, the BSHC emission increased substantially.

3.6 INTAKE VALVE THROTTLING (IVT)

In the conventional EFI fuel management system, the air is throttled
at the throttle body in a manner similar to a carburetor. Thus, a major
pressure drop occurs at the throttle plates and there is very little pres-
sure drop across the intake valve. If the pressure drop could occur
across the intake valve instead, considerable turbulence would be created
inside the combustion chamber.

It has been shown that with such turbulence, satisfactory spark
ignition engine operation could be obtained with extremely lean mixture
ratios at very light loads. (3) It was envisioned that better combustion
and faster travel of the flame front resulting from IVT would, for a
given air/fuel decrease HC emissions, but would increase the NOyx emis-
sions. However, it was hoped that the resulting lean-limit extension
would allow engine operation at ultra-lean mixtures and the resulting NOy
trade~off would be favorable.

To limit the lift of the intake valve, three specially ground cam-
shafts were used. The valve timing and the opening and closing ramps
were not altered. The intake valve lobes were ground to lower lifts to
correspond to the following mass air flows:



Table 3-3 - Summary of the Baseline and the Best Parameter Results

1 tIgnition|- - - Inlet : BSNO_ | . Bsco | ..BSHC
Torque |- O C s BSFC X o8
el o Test .| Timing A/F Air Temp. - SR -
b-ft-1bs SBTDC oF 1bs/b _hp hr “gm/b-hp-hr

640 .35 - Baseline : 6 | 13.6 80 1.45 1.3 131.2 8.2
i " Best Parameter 0 18:1 - 150 1.33 0.22 14.7 10.0
1200 4s Baseline 12, | 211 | 77 1.41 0.89 | 25.2 | ‘4.7
Best Parameter 15 | 22:1 150 0.96 0.36 15.4 10.1
1200 100 Baseline ol 13 - [721.4:1 - 76 . 0.77 - 0.59 70.55 2.85
: : . Best Parameter 25 | 24:1 . .200 0.63 0.23 7.5 28.2
2000 30 * Baseline- 37 | 21.8:1 79 0.8 1.49 7.99.(. 3.61
. -‘Best Parameter ~ 25 . 24:1 200 . .0.86 0.32 16.6 47.2
2000 | 180 |  Baseline 37 " 21.5:1 82 0.48 2.4 9.65| 0.69
: *| - Best Parameter 25 22.6:1 100 0.54 . 0.81 9.96 | -12.5
L .
: -1bs ;
A - 100 =— at 640 rpm
: - P e B ._
lbs . :
B - 400 —— at 1200 rpm
hr . .
' 1bs :
Cc - 800 e at 2000 rpm

It was assumed that camshafts A, B and C would provide the maximum
air flows required at idle;- 1200 rpm, 100 b-ft-1bs. and 2000 rpm,

180 b-ft-1bs set points, respectively. It was decided that to run tests

at 1200 rpm, 45 b-ft-1bs and 2000 rpm, 70 b-ft-1bs, the throttle would

"be used along with camshafts B and C, respectively.

After installing camshaft A, it was discovered that maximum air
flow obtained at idle was not sufficient to allow engine operation at

“anvair/fuel leaner than 14.6:1. It was decided to use camshaft B at

idle~to obtain air/fuel up to 22:1. Camshaft B was also used for the
2000 rpm, 70 b-ft-1lbs set point to minimize the pressure drop at the
throttle to achieve the desired air flows. Thus, camshaft C was used
for.the 2000 rpm, 180 b~ft-1bs set point; and for all the other set
points, camshaft B was used.

To perform the tests, a sequential injection timing of 45 degrees
BTDC (intake), a spark plug.gap of 0.045 inch, and a spark duration of
2:8 milliseconds with 80.millijoules spark energy were used. With each

. .camshaft installed, for the given engine speed and torque, A/F and igni-

tion timing were varied. The MBT spark timing was found. for each tgét
point. The obtained data are tabulated in Appendix F under '"Intake
Valve Throttling", p. F-33.

£13-14

P-85-436-2



One very important observation was made. Except for the 1200 rpm,
100 b~-ft-1bs torque set point, the MBT ignition timings for the other
three set points were retarded considerably more than normal. Increas-
ing the mixture turbulence in a combustion chamber is known to increase
the speed of the flame propagation.(4) The increased flame propagation
increases the rate of the cylinder pressure rise and, possibly, also the
peak cylinder temperature. Evidently, the faster rate of the cylinder
pressure rise results in MBT timing close to TDC. Detonation at certain
test conditions with the high load and relatively high A/F was found to
be a problem. Again, the fast rise in the cylinder pressure, along with
the high energy spark, could be the cause of this. Data were not taken
at such test conditions.

When compared with the results obtained earlier, except for the
2000 rpm, 180 b-ft-1lbs power point, for a given air/fuel and the igni-
tion timing, the BSNOy emissions were higher, the BSFC and BSCO were
lower, and the BSHC emissions were higher with - intake valve throttling.
For the 2000 rpm, 180 b-ft-1bs power set point, the BSHC emissions were
lower too when compared with the results obtained previously with the
other parameters.

From the obtained data, by selecting A/F and ignition timing for
the least NOx emissions, a best-parameter combination can be obtained
with the IVT. Table 3-4 summarizes the results. Comparing the results
with the best parameter combination in Table 3-3, it can be seen that IVT
produces much higher BSNOy even with the leaner mixtures in some cases.
Marked improvement in BSFC is realized for both 2000 rpm set points. Re-
duction in BSCO is significant in all cases, however, except for the
2000 rpm, 180 b-ft-lbs set point, BSHC emissions increase. The increase
in BSHC emissions was contradictory to what was expected. It is believed
that this might have occurred because of the uneven distribution of the
air/fuel among the cylinders. Since, with IVT, the metering of the
intake air is accomplished at the intake valve, the individual 1lift of
the intake valve determines the air flow. The variation .in 1lift from
valve to valve could affect the air flow distribution and hence the air/
fuel. Thus, at a given average A/F some cylinders may be running leaner
than the others and causing misfire. Although this might have limited
the extension of the lean limit, it is felt from the trends in the BSNOy
emissions that with IVT, even with leaner A/F, the BSNOx emissions would
not be as low as that obtained with heated intake air.
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:4; Table 3~4 - Summary of the Best Parameter.Results with the
i : ;. Intake Valve Throttling

Engm e Speed Torque - I’%Z;E:Qn A/F 'BSFG' | ¢ BSNO_ | BSCO BSHC
L o b fe- lbs °BIDC: - - : .lh/b—hp-.hr RS gm/b hp hr-
covewo |3 Lo (20| 15 | ose | 11,00 ] 17.0
' ﬂﬂi?oéf” ~* 45 20 aBm) | 22:1)] f:o;bj B TR B I
“12000 | 100 40 0BT |23.4:1) 0.6 | 01| 46 | 340
2000 . | 70 | 15 22:1, 0.7 -] .1.60, | 9.8 |18.7 o
'“zanajj,; 180, | 30 (MBT) | 24:1 0.46 | 1.26. ] 3.67| 508 é
. t € G

4 . - . .- .. MRS

3.7 TEST RESULTS CORRELATION

A plot was constructed with some of the data obtained durlng thls
;1nvest1gat10n and with other data obtained previously during an investi-
gatlon ‘conducted by the Bendix Research Laboratories. . The purpose was

..to, determine the correlation between the two test programs since the
~fprev1ous Bendix test used a 9:1 C. R. version of the same englne. In
addition, the data obtained durlng the subject. 1nvest1gat10n are for. a
';reglme of air-fuel ratios not previously explored in. depth (18:1 and
hlgher) as compared to the usual carburetor air-fuel ratios. Thus,
these data can help to establish the trends of NOy, CO ‘and HC emissions
,“at very lean A/F.

Figure 3-41 shows the results of the plot.' All "data are for’MBT
sparki timing of 40° BTDC, but those data for air-fuel ratios of>18:1
and. higher were obtained during the subject program and:are for 100°F
inlet air, -a spark plug gap of 0.045 inch and a spark duration of 2.8 ms.
iThe:data for the lower. air~fuel ratios are for standard spark duratlon
zand plug gap :

. .. The, bands ‘of data include power set points of 1200 rpm at 45 75
“and 100, brake fe- 1bs torque and 2000 rpm at 70 brake ft-1bs torque. ,
The spec1f1c curves shown are for 1200 rpm at 45 brake ft- -1bs torque.’
The specific curves help to show how well the two sets of data correlate
even though the compression ratios were different.

The "best'" parameter emissions data at an A/F of 22:1 for 1200
rpm at 45 brake ft-1bs torque are also shown.
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Figure 3-1 - Effect of Injection Timing on BSFC, 640 rpm - 35 b-ft-1lbs,
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Figure 3-2 - Effect of Injection Timing on BSNO,, 640 rpm - 35 b-ft-lbs,
(Idle), A/F = 13.6
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Figure 3-3 - Effect of Injection Timing on BSHC, 640 rpm - 35 b-ft-1lbs,
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VOLTAGE WAVEFORM

Figure 3-21 - Current and Voltage Waveforms for 2.8 Millisecond Duration
and 80 Millijoules Energy Spark (Voltage = 1000 V/cm;
Current = 0.05 A/cm; Time = 0.5 msec/cm)
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Figure 3-22 - Current and Voltage Waveforms for 5.3 Millisecond Duration
and 140 Millijoules Energy Spark (Voltage = 1000 V/cm;
Current = 0.05 A/cm; Time = 0.5 msec/cm)
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Figure 3-23 - Modified Rotor
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Figure 3-24 - Effect of Spark Plug Gap and Spark Duration/Energy on NOX
Emissions, Engine Speed - 1200 rpm, Torque - 45 b-ft-1bs)
A/F = 20:1, Ignition Timing - 40° BTDC
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Figure 3-25 - Effect of Spark Gap and Duration/Energy on HC Emissions,
Engine Speed - 1200 rpm, Torque - 45 b-ft-lbs, A/F = 20:1,
Ignition Timing - 40° BTDC
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Figure 3-26 - Effect of Spark Plug Gap and Spark Duration on NOy Emissions,
Engine Speed - 1200 rpm, Torque - 100 b-ft-1bs, A/F = 20:1,
Ignition Timing - 40° BTDC
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Figure 3-27 - Effect of Spark Plug Gap and Spark Duration on HC Emissions,
Engine Speed - 1200 rpm, Torque - 100 b-ft-1bs, A/F = 20:1,
Ignition Timing - 40° BTDC
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Figure 3-29 - Effect of Spark Plug Gap and Spark Duration on HC Emissionms,

Engine Speed - 640 rpm, Torque - 35 b-ft-lbs (Idle),
A/F = 12:1, Ignition Timing - 10° BTDC
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Figure 3-~30 - Inlet Air Heating Test Set Up
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Figure 3-31 - Effect of Inlet Air Temperature on BSNOy, 1200 rpm,
45 b-ft-1bs, A/F = 20:1, Ignition Timing - 40° BTDC
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Figure 3-32 - Effect of Inlet Air Temperature on BSHC, 1200 rpm,
45 b-ft-1bs, A/F = 20:1, Ignition Timing - 40° BTDC
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Figure 3-33 - Effect of Inlet Air Temperature on BSNOyx, 640 rpm,
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10° BTDC

6.0

5.0

BSHC (GM/B-HP-HR)

‘[ \
N
P-85-436-2

T 1 L
100° 150° 200°
INLET AIR TEMPERATURE (°F)

Figure 3-34 - Effect of Inlet Air Temperature on BSHC, 640 rpm, 35 b-ft-lbs
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SECTION 4
CONCLUSIONS AND RECOMMENDATIONS

4.1  CONCLUSIONS

It is very difficult to judge from the steady-state results what
kind of emissions results could be obtained if the vehicle was driven
over an 1970 FTP or 1972 FTP (CVS) driving cycle. However, some judge-
ment can be made by comparing the baseline carburetor, baseline EFI
and "best" parameter results. As discussed earlier, the '"best" parameter
combination with heated air could reduce BSNO, anywhere from 59 percent
to 84 percent of the EFI baseline values.

An average of about 1.4 gm/mile of NOy was obtained from the four
EFI baseline 1970 FTP tests performed at Bendix and EPA. It can be
seen that the original goal of this project, which was to lower NO4
emissions to a level of 1.3 gm/mile when a 4000-pound GVW vehicle is
operated according to 1970 FTP, can be achieved very easily with the
"best" parameter combination. The 1970 FTP tests are, generally, known
to produce smaller emissions values compared to the 1972 FIP tests.
Considering all these factors, it seems very unlikely that the best
parameter combination could meet EPA standards on NO, emissions for
1976. However, the best parametric combination did, in general, reduce
CO mass emissions to an average of 25 percent of the baseline values
while HC mass emissions increased over the baseline values by a factor
of 1.2 to more than 10,

Inherent presence of 0y in the exhaust makes the use of catalytic
and thermal reactors attractive to oxidize CO and HC.

The exhaust temperatures for the best parameter combination are
somewhat lower than the EFI baseline exhaust temperatures; however,
they are higher when compared with the carburetor baseline temperatures.
About 5 to 10 percent of oxygen is present in the exhaust. With a
proper thermal reactor, CO and HC emissions can be reduced considerably.
Similarly, a catalytic converter also can be used.

The followingconclusionscan be made from the parametric tests
performed: -

(1) With lean-calibrated EFI, compared with a standard carbureted
vehicle, NO; emissions were reduced significantly with
little or no changes in HC and CO emissiomns.

(2) Standard intake and exhaust manifolds on the Ford 429 CID
* engine did not adversely affect the mass air flow distri-
bution to individual cylinders in the range of engine
operation considered for this project.
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4.2

4-2

(3)

(4)

(5)

(6)

At steady-state conditions, timed sequential injection
did not offer much advantage over the standard group
injection.

Increasing the spark plug gap and spark duration/energy
from the standard values first decreased NOx emissions
and then, if further increased, increased NOyx emissions.
For example, at 1200 rpm and 45 ft-1lbs brake torque, the
BSNOx decreased from about 2 gms/b-hp-hr to 1.25 and then
increased to 3 for the same set point, the BSHC decreased
linearly from 17 to 8 gpm/b-hp-hr.

Heating the inlet air extended the lean-limit operation.
NOy emissions increased and HC emissions decreased. Ten-
dency of detonation increased with heated air.

IVT increased NOy emissions, MBT spark timing occurred
closer to TDC than normal occurrence. IVT increased ten-
dency of the engine to detonate.

RECOMMENDATIONS

1)

(2)

(3)

(4)

Although intake and exhaust manifolds for the 429 CID

engine with EFI were considered satisfactory for this project,

in some instances cylinder-to-cylinder A/F variation was
more than 1.0. With manifold injection, the design of

the intake manifold could be simplified and, perhaps, more
uniform distribution of the mass air flow among the cylin-
ders could be obtained. It is recommended that this area
be investigated further.

Effect of all or some of the parameters considered should
be measured during transient engine operating conditions
such as cold start, acceleration, etc.

With the "best" parameters selected actual vehicle tests
should be run using injection and ignition control units
that would function in transient operating modes. —

"Investigations should be made to determine optimum combina-

tions of exhaust gas recirculation and air/fuel in the lean
operating region to determine if further NO, control can
be achieved.
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APPENDIX A
TEST DESCRIPTION

Al TEST SET-UP

A schematic of the test set-up used for the program is shown in
Figure A-1. The electric heater was added to the test set-up when in-
take air heating tests were performed. The heater was installed between
the laminar air flow meter and the engine intake manifold.

The test set-up used a magnetic pickup and four steel slugs mounted
on the crankshaft damper as a pulse counter for monitoring engine speed.
The signal also referenced the crankshaft position of O degree BTIDC for
number one cylinder and when used in conjunction with the spark pulse
for number one cylinder, provided the information for monitoring ignition
timing. The pulse was also used in conjunction with the fuel injection
pulse to monitor the injection timing.

A list of the parameters measured during the testing, the parameter
units and the instrumentation used to monitor the parameters is given
below:

(1) Air Flow - 1b/hr:

Flow Meter Meriam laminar flow meter
Model 5MC2-4S range of 0 to
400 cfm at 8 inches of H0 AP.

Pressure Transducer Foxboro Model 613DL O to 25 inch
HyO differential

(2) Fuel Flow - 1lb/hr:

Flow Meter FloTron LMF meter Model 10,000
Type II range of 0 to 225 1b/hr
at 15 to 20 psig supply

Pressure Transducer Foxboro Model 61306, 0 to 25-
inch H70 differential

(3) Barometric Pressure - psia

Pressure Transducer Taber Model 254, 0 to 25 psia
(4) Torque ft-1b Pressure Transducer
(5) Flywheel Pulse - pulses/sec Direct recorded

(6) Spark Pulse Direct recorded
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(7) Injector Pulse Width - msec Direct recorded

(8) Manifold Absolute Pressure

(MAP) - psia: Pressure transducer - Taber
Model 254, 0 to 25 psia

(9) NO = ppm:* Beckman Model 315A NDIR ranges

of 0 to 1000, 4000 ppm

(10) CO - 7%:* Beckman Model 315A NDIR ranges
0 to 0.3, 1.2, 3, 12%

(1) CO2 - %% Beckman Model 315A NDIR ranges
of 0 to 3, 16%

(12) HC - PPMC* Beckman Model 400 FID ranges
0 to 5, 50, 500 and 5000 ppmC

(13) 02 - Ak _ Beckman Model 715 ranges 0 to
5 to 25 percent

(14) 1Inlet Air Temperature - °F Thermocouple Chromel Alumel,

0.57 mv at 100°F

All of the above fourteen items were recorded on a CEC Model VRM-3300
l4-channel magnetic FM tape recorder. In addition to the above parame-
ters, the engine oil temperature, water outlet temperature, exhaust gas
temperature, exhaust back pressure, and dry and wet bulb temperatures
were recorded by hand. The schematic of the Scott Emission Analyzer Con-
sole and test setup is shown in Figure A-2,

A.2 DATA REDUCTION

4
The recorded data on the magnetic tape, along with the hand re-
corded data, were reduced using the BRL hybrid computer. The tape
recorded data was read directly into the computer and the manually
recorded data was introduced into the data reduction program on key
punched cards.

The output from this data reduction was a digital print-out of
all the pertinent parameters as shown in Figure A-2. The data was
also contained in key punch cards for permanent storage and further
data reduction. The key punch cards later were used for computer data
plots. Figure A-3 shows one such plot.

o _
Exhaust analyzers mounted in Scott integrated exhaust analyzer system
Model 108-X.
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wkEek FPA PARAMETRIC TEST #*#®x

DATE 3/4/72 TEST 1
SPEED (RPM) = 640,0 BRAKE TORQUE (FT-LB) = 35.0CC
IGNITION TIMING (DEGREES BTDC) = .0 INJECTOR TIMING (DEGRFES ATDC) = 45.9
AIR FLOW (LB/HR) = 62,395 FUEL FLOW (LB/HPR) = 5.090
POWFER (BRAKE HP} = 4. 265 INJECTOR PULSE WIRTH (M-SEC) = 2.87C
MEASURED AIR/FUEL RATIQ = 12,258 BRAKE SPECIFIC FUEL CONSUMPTION {(LB/BHP-HP) =
INLET AIR TEMPERATURE (OEGREES-F) = 75.0 EXHAUST GAS TEMPERATURE (DEGREES~F) = 687.000
OlL VTEMPERATURE (DEGREES-F) = 18Cc.000 WATER-OUT TEMPATURE (DEGREFS-F) = 190.C70
MANTFOLD ABSOLUTE PRESSURE (PSIA) = 13.802 BAROMFTR IC PRESSURE (PSIA) = 14.200
EXHAUST BACK PRESSURE (IN-WATER) = 1.520 RELATIVE HUMIDITY (GRAINS) = 37.0CC
EMISSION DILUTION FACYOR = C.949
EMISSION ANALYSIS
NO (PPM} = 270.0000 NO (GM/HR) = 0.10017E Q2 NO (GM/BHP-HR) = (,23487F 5!
NO CORRECTED (PPM) = 217.3344
Co (%) = 5.2179 CO (GM/HR) = 0.14758E 04 CO (GM/BHP~HR) = 0.34603F 03
C02 (%} = 11.3845
HC (PPM C) = 5066.0781 HC (GM/HR)} = Q0.70971f 02 HC (GM/BHP-HR)} = 0.16640F 02
02 (%) = 1.1000

Figure

CALCULATED AIR/FUEL RATIOD

= 12.670

A-3 - Computer Printout of the Test Results

1.193
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The equations used to program the hybrid computer for data reduction
are given below:

(1) Air Flow
1 vOl 1

W, = =7 5.7 {1 + 0.0033 (70 - Tf)} SF,

where

W = air flow (1b/hr)

a
Vl = channel 1 output (V)

V01 = zero scale calibration (V)
VFl = full scale calibration (V)
Pl = barometric pressure (psia)
Tf = inlet air temperature (°F)
SF; = scale factor No. 1 (1b/hr)

The factor {1 + 0.0033 (70 - Tf)} is the temperature correction factor

in the above expression and is obtained from the temperature correction
table supplied with Meriam laminar flow meter. The correction corrects
the air flow reading not only for density change but also corrects for

viscosity change dué to change in temperature.

(2) Fuel Flow

Vo = Vo2
We = ¥ v.. | 5F2
F2 02
where
W = fuel flow (1b/hr)
V2 = channel 2 output (V)
V02 = zero scale calibration (V)



oo’ Vg =-full scale calibration AV)-o e

S = gcale factor No. 2 (1b/hr)

F2

(3) Barometric Pressure

gy AL R

03

v, -V O o
P17 vFj - vzz (Ppg = Poy) + P
where
Pl = barometric pressure (psia) )
V3 = channel 3 output (V)
V03 = minimum scale calibratiop'(Y)>t )
VF3 = maximum scale calibraF?onv(YZ
P03 = minimum calibration pressure (pg}a)
PF3 = maximum calibration éresgyxe (psia)

(4) Brake Torque

where
Q = brake torque (ﬁ;;ib)'
V4 = channel 4 oufbﬁt:(V)
V04 = zero scale calibration (V)
VF4 = full scale calibration (V) .
SF, = scale factor No. 4 (ft-lbzblAWl )



(5) Engine Speed

N = %)60
where
N = engine speed (rpm)
f = pulse frequency of flywheel teeth (cps)
n = number of teeth on flywheel = 4

(6) Ignition Timing

where
o = ignition timing (°btdc)
b = period b (msec)
a = period a (msec)
o = initial offset constant (°)

e

SPARK PULSE

FLYWHEEL PULSE



(7) 1Injector Pulse Width and Injection Timing

J = pulse width (msec)

90 - -8

™
I

where
B = injection timing (°btdc)
c = period ¢ (msec)
a = period a (msec)
Bo = initial offset constant (°)

-

% —, & % INJECTOR PULSE

A- A 4, FLYWHEEL PULSE

(8) Manifold Absolute Pressure (M.A.P.)

Va B V08
P =|———| (P, - Pag) + P
m VF8 V08 F8 08 08
where
Pm = manifold absolute pressure (psia)
P08 = minimum calibration pressure (psia)
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P = maximum calibration pressure (psia)

F8
V8 = channel 8 output (V)
V08 = minimum scale calibration (V)
VF8 = maximum scale calibration (V)
9 Yo,

NO =
V9 x SF

where
NO = nitric oxide by volume (ppm)
V, = channel 9 output (V)
SF9 = Scale factor No. 9 corresponding to voltage V9 from

NO analyzer calibration tables ppm
A

NOC = NO x KH x D.F.

where

NOC = nitric oxide by volume with humidity and dilution correction
factors

. 1. , - 1 .
KH = humidity correction factor = 1= 0.0047 (H=75)" H being

grains of moisture per pound of dry air

D.F.* = dilution factor = 14.3
o o HC( m C)
% CO2 + (0.5) % CO + 10, 000

*
Dilution factor is used to correct concentration emissions data to a
stoichiometric mixture, so that a fair comparison of concentration
data can be made at different A/F.
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_ NO '
NOXm = 106 X VE X MN02 x CF w X KH

where
NOXm = oxides of nitrogen in gm/hr
CF”“f= water correction factor selected from Table A-l.
W + W

V., = exhaust flow (ft3/hr) -2 __£
E 0.075*%

MN = density of NO (gm/ft3) = 54.16
02 2

Table A-1 ~ Values of CFL and CF, for Different A/F

A/F 18:1 19:1 20:1 21:1 22:1 23:1
CFL 0.897 0.902 0.907 0.913 0.919 0.923

CFw 0.904 0.910 0.914 0.920 0.926 0.931

The water correction factors are applied to mass emissions because when
measuring concentrations, water is removed from the exhaust sample.

In case of CO, COp and HC, water is removed by cooling exhaust to

32°F which does not remove all the water. In the case of NO, the sample
is further passed through "dri-rite'" which removes all the water.

The values of CFj and CF, were calculated by knowing water content

from chemical reactions taking place at various A/F.

%%
The density of exhaust was found to be 0.075 ft3/hr at stoichiometric

A/F. For mixtures leaner than stoichiometric, negligible change in
the density of exhaust was found. Therefore, 0,075 ft3/hr was used
as density of exhaust for all A/F considered in this project.

(10) co

co

V., X SF

10 10
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where

CO = carbon monoxide by volume (%)

V10 = channel 10 output (V)

SF10 = scale factor NO. 10 corresponding to voltage Vip from
CO analyzers calibration Tables (%/V)

CO_ = CO x D.F.
(o

where

COc = carbon monoxide concentration by volume (%)

Co
CoO =2_
n - 100 xVE X MCO X CFw

where
COm = carbon monoxide in gm/hr
VE = exhaust flow (ft3/hr)
- . _ gm
MCO density of CQ = 32.97‘~—§
ft
CFw = water correction factor = 0.884
(11) Coyp
002 = Vll X SFll
where
CO2 = carbon dioxide by volume (%)
Vi = channel 11 output (V)
SF11 = scale factor No. 11 corresponding to voltagelvll

from CO2 analyzer calibration tables (%/V)
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(COZ)Q:= Co

2,# Dfﬁj‘

where

(COzyC:; car%on dioiidé;qoﬁéentration_byAVblqmet(%)

(12) HC
Ve, =V
HCC= VL-_-‘(;L SFlZXD F
F12 012
where

HCC = total hydrocarbon concentration by volume (ppm C)

SF,, = Scale factor No. 12 (ppm C)
V12 = channel 12 output (V)
V012 = zero scale ca}lbratlon )
VF12 = full scale calibration (V)
_ HC_
HCm = 3 X VE X MHC X CFw
10
where

HC = total hydrocarbon in gm/hr
CF = water correction factor
V., = exhaust flow (ft3/hr)

My = density of HC = 16.33 £% (Indolene) _
- R Y o o L F
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(13)

2
where
0,
V13
Y013
VF13
SF,
(14)

1]

- Vo13
013

13
F13 ~

oxygen by volume (%)
channel 13 output (V)
zero scale calibration (V)
full scale calibration (V)

scale factor No. 13 (%)

Inlet Air Temperature

where

Tp

V14

Vo014

Vr14

To14

Tr14

(15)

V14
v

Fl4

-V
-V

014
014

inlet air temperature (°F)
channel 14 output (V)

minimum scale calibration (V)
maximum scale calibration (V)
minimum

maximum

Additional Calculations

A/F

A/F =

o™

(Tp1g ~

(SF

To

13)

calibration temperature (°F)

calibration temperature (°F)

1)+ T



where

A/F = air fuel ratio
Wa = air flow (1b/hr)
Wf = fuel flow (1b/hr)

A/F Ratio From Exhaust Analysis

1+ E/2+D
1 +E

+

*
120 (1 - FC)
3.5+ E

(A/F)e = Fy {}1.492 F,

where

(A/F)e A/F from exhaust analysis

%CO + %CO2
F =

b " - HC (ppm C)
L0 + %C0, + 155650

FC = fraction of carbon in fuel = 0.867 (Indolene)

%C0
E =3

ACO2
b - 402

ACO2

Brake Horsepower

QN

BHP = 5353

where

BHP = brake horsepower

* .
"Air-Fuel Ratios from Exhaust Gas Analysis,'" R. S. Spindt, SAE Paper 650507.
’
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brake torque (1b-ft)

o
i

-4
[]

engine speed (rpm)

Brake Specific Fuel Consumption

W
= £
BSFC = BHP
where
BSFC = brake specific fuel consumption (1b/bhp-hr)
Wf = fuel flow (1b/hr)
BHP = brake horsepower

HC, CO and NOX Emissions on gm/bhp-hr Basis

HCm
C = e
H mh BHP
cbm
©on = Bwp
NOXm
NOX'h = BHP
where
= i _egm
Hth‘ HC emissions bhp-he
HC = HC emissions £n
m hr
= : cad _sm___
COmh CO emissions bhp-hr
CO = CO emissions g
m hr
NOX = NO_ emissions g{%‘ﬁ

NOX = NO emissions~gm
X hr
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A.3 TEST PROCEDURE

The test procedure varied somewhat for different phases:of the
program because several different parameters were varied and in some
cases it was easier to vary certain parameters first than others. How-

ever, generally, the same test procedure as described in Appeﬁdix C for
the baseline tests was followed.
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APPENDIX B

ATR-MANAGEMENT EVALUATION OF A 1970 FORD C.I.D.
ENGINE WITH AN EFI INTAKE MANIFOLD AND THROTTLE BODY

B.1 INTRODUCTION

One of the ways to reduce NOy emissions from a spark-ignition
engine is to let it run as lean as possible. To run an engine as
lean as possible without a misfire, even distribution of air/fuel
ratio among the engine cylinders is of prime importance.

The Bendix EFI (Electronic Fuel Injection) system can be cali-
brated to give even fuel distribution to the individual cylinders
to within one percent of each other. Therefore, it is the air dis-
tribution among the cylinders that becomes of significant importance.

The present Ford 429 C.I.D. engine intake manifold is shown
schematically in Figure B~1l. The firing order is 15426378.

Some effort is made in designing the manifold to keep physical
size and shape of each runner and the branches identical. However,
when a close look is taken at the firing order, the runners see
different dynamic pulsation that probably affect air flow distribu-
tion. In the runners a and b, feeding cylinders 1-6 and 4-7, respec-
tively, the period between the pulses is uniform. In runners c and d,

THROTTLE BORES

FORWARD
CYLINDER END OF
NUMBERS ENGINE

P-8£-801-1

INTAKE MANIFOLD RUNNER IDENTIFICATION

Figure B-1 - Ford 429 C.I.D. Engine Cylinder Identification



two pulses occur at one-half the period of runners a and b and
then there is a delay equal to 1:5 the period of runners a and b.
0f course, the manifold has been .designed to distribute a car-
bureted air/fuel mixture and it is possible that branch and runner
passages are sized to correct for air/fuel ratio non-uniformities.
These design techniques can affect the mass air flow rates for the
special case where no fuel is required to be carried with the air
until just before introduction into the cylinder (manifold fuel
injection). : :

"Although the manifold is suspected by contribﬁting to most of
the air flow non-uniformity, the engine itself cannot be ignored.
The engine is the air pump and its pumping characteristics can be
--subject to variations between cylinders related to r1ng and valve
4_leakages and dimensional. variationms.- :

“Another phenomenon that may affect the air distribution on an
operating engine would be different heat transfer rates. to indi-
vidual Jidtake manifold branches. This might cause the air entering
in various cylinders to be of different density. The exhaust mani-
folds also contribute to the uneven air ‘distribution .due to possible

“uneven back pressure resulting from the dynamic flow condltions ‘that
Nvexist in the exhaust’'manifolds. Before undertaking an investigation
',into operating 1mprovements related to variations of air/fuel ratio
and other parameters to define an extended lean operating regime,
this evaluation of air flow uniformity was done to disclose any
unusual anomalies that could limit the value of the remainder of
the tests.

B.2 SUMMARY

The air management study was undertaken to evaluate the influence
of standard intake and the exhaust manifolds on the distribution of
mass air flow to individual cylinders for a 1970 Ford 429 C.I.D.
engine.,

The motored engine tests were conducted at various throttle
settings, which simulated the various driving modes to evaluate mass
distribution of air to individual cylinders by the intake manifold.
Except for the idle condition, the maximum percent variation in mass
air flow from cylinder to cylinder due to the intake manifold was
found to be about 4 percent. "The maximum percent variation at idle
was found to be 10.5. It was concluded that the intake manifold was
satisfactory for the purpose of this project.

Tests were conducted on the operating engine to evaluate exhaust
manifolds using injectors matched to deliver fuel flow within one per-
cent. Individual cylinder-to-cylinder exhaust was sampled to determine



individual air/fuel ratio from each cylinder. Tuned exhaust headers
were used as a baseline. It was recognized that these manifolds
would interfere least with the exhaust flow from each cylinder and
would provide the least back pressure variation. Hence, minimum
effect on air/fuel ratio distribution will be felt using these
headers. Similar air/fuel ratio measurements were made using the
standard exhaust manifolds and the exhaust system. It was found,
as shown later, that the air/fuel ratio variations were not greatly
different than those with the tuned headers. It was concluded,
therefore, that the standard exhaust system, under operating con-
ditions, did not affect the air distribution significantly in the
engine.

Thus, it was finally concluded that the standard intake and
the exhaust manifolds have only a nominal effect on the distribution
of mass air flow in the operating range of the tests planned for this
project.

B.3 CONCLUSIONS AND RECOMMENDATIONS

The following conclusions were made from the results of the
investigation:

(1) 1In the operating range of the parametric testing (600 to
2000 rpm),except for idle, the maximum error due to the
intake manifold in air mass distribution to individual
cylinders is about 4 percent or *2 percent from the average.
The error is believed to be primarily due to the different
dynamic phenomena taking place in different manifold
branches. A plenum type manifold with individual runners
for each cylinder branching from the plenum might remove
this deficiency. However, to design, fabricate and test
such a manifold to reduce a 4 percent variation would be
beyond the scope of this project. Therefore, there will
be no attempt to alter the intake manifold design.

(2) From the compression tests on the engine, it was concluded
that the engine is in sound physical shape.

(3) From the tests run on the two different exhaust manifolds,
it can be concluded that an exhaust system with inherent
low back pressure and of construction in which the dynamic
effects from each cylinder are kept isolated for a longer
period of time (tuned header) has no apparent advantage
over a standard exhaust system within the engine operating
range of this project. It is recommended, therefore, that
the standard exhaust system be used for the rest of the
parametric tests.



B.4 TEST METHOD AND DATA ANALYSIS

B.4.1 Test Method

To evaluate the existing intake manifold, engine motoring
tests were performed. Since Bendix dvnamometer facilities were not
ready, the Ford engine was coupled to another engine and motored.
The test set-up is shown in Figure B~2. Because of the pulsating flow
into and out of a cvlinder, measurement of actual mass air flow into
each cylinder was verv difficult to achieve. Instead, a scheme was
devised to measure the peak compression pressure.

The Ford engine was instrumented to measure inlet ai.
temperature and peak compression pressure. The engine block tempera-
ture and the coolant out temperatures were monitored and maintained

B-4

Figure B-2 - Motoring Test of Ford 429 C.I.D. Engine



at simulated operating temperatures. Also, the barometric pressure
was recorded. A fast responding strain gage type transducer was
used to measure the peak compression pressure. The pressure was
recorded on a fast responding light beam type recorder. The inlet
air temperature was continuously recorded on a Sanborn recorder.
The engine speed was accurately measured with a magnetic pick-up

in conjunction with four steel slugs on the crankshaft pullev and
an electronic counter.

The tests first were run without the intake or the exhaust
manifolds and then with only the intake manifold and the EFI throttle
body (no venturis). The tests were run for four different throttle
positions. Closed throttle (idle), wide open throttle and two part-
throttle positions were chosen. The two part-throttle positions
were representative of a smooth acceleration from 30 mph and 50 mph
cruise conditions.

To record data, the engine speed was set and the throttle
positioned, such as for 50 mph cruise, to give the desired manifold
absolute pressure (M.A.P.). Then, with these conditions, steady
state data were recorded for stabilized conditions of M.A.P., water
coolant outlet temperature and engine speed at speeds of 600, 1000,
1500, 2000, and 3000 rpm. The evaluation of the flow distribution
uniformity characteristics of the manifolds is hampered somewhat
by the basic pumping variations between cylinders that were observed
during the motored-engine tests of the bare engine (no manifolds).
Figure B-3 shows the variation in cylinder peak compression pressures
observed for the bare engine.

In order to more clearly define the influences of the mani-
folds and the throttle body, an analytical procedure was devised that
normalizes the data to effectively eliminate the bare engine varia-
tions. This is discussed below.

B.4.2 Data Evaluation Theory

The analysis that follows was suggested by Dr. Jose Bascunana
of EPA to analyze and evaluate the intake manifold for mass air flow
distribution from cylinder to cylinder.

For a given cylinder at the start of the compression stroke,
from the equation of state for an ideal gas:

Pi vi = M Ti R (1)
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where Pi is the absolute pressure at the start of the compression,

Vi is the volume at the start of the compression, M is the mass of the
charge inducted, R is the gas constant, and T{ is the absolute temper-
ature of the air mass at the start of the compression stroke.

Similarly, at the end of the compression stroke, we have:

Pc Vc =M TC R (2)

where subscript c corresponds to the values of absolute pressure,
absolute temperature and the volume at the end of the compression
stroke.
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Assuming that the compression is an isentropic process,
we can write,

To Y1 . k-1 -
T -\v.] = ®
i c
where k is the polytropic exponent, and r is the compression ratio
of that cylinder.
T =1, (0t )
c i
Substituting equation (4) into equation (2), we have
PV =MT, R (n)¥7F (5)
c c i
or
P Vv 1 k-1
M ="t = (6)
Ti R T

From equation (6) we can write two equations for any given cylinder

for two different conditions, subscripts 1 and 2. For example, let
subscript 1 refer to the condition where only the intake manifold is

installed and subscript 2 the condition where both the intake and the
exhaust manifolds are installed.

P v
M = cl ¢l

1 Til R

k-1 ’
{,—) )
1



and
P,V -
27T R % @)

Of course, since equations (7) and (8) are for the saﬁg cylinder, Vo1 =
Ve2 and r] = r2. Simplifying and dividing equation (7) by equation
(8), we have

el 2 RS

Thus, we have a ratio of mass of air inducted under two different
external conditions for the same cylinder. In this case, the external
condition effectively gives the influence of the intake manifold on
the charge inducted into that particular cylinder. Mj/M2 ratios can
be found similarly for all remaining cylinders. The comparison of
these ratios from one cylinder to another shows the influence of the
intake manifold on the mass air distribution to each cylinder.

The data obtained using the Sanborn recorder and the light
beam recorder were reduced by hand. Using this and other hand recorded
data, the ratio Mj/My was computed for each cylinder at every engine
rpm for a given throttle condition. The time share computer was used
to perform the.calculations. :For every speed at the given throttle
~condition, maximum:percent deviation in M]1/M2 between the cylinders
was computed. .. : 2 ' : S :

Thus, from the motored engine data and the above method of
analysis, the intake manifold was evaluated for its role in distribu-
ting the inducted air mass to the individual cylinders at the given
operating conditions. Following the test and evaluation of the intake

manifold, the influence of the exhaust manifold and other engine
parameters, such as individual cylinder compression, were evalu-
ated on the operating engine. For these evaluations a set of fuel
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injectors (manifold injection), matched to flow within a one per-
cent spread, were installed and, using exhaust gas analysis, air/
fuel ratio was determined from each cylinder. Variations in air/
fuel ratio more than the estimated combined error due to the intake
manifold and the injectors was attributed to additional variations
in the air flow from one cylinder to another caused by the exhaust
manifolds or variations in the engine geometry, or both.

B.5 ANALYSIS AND DISCUSSION OF THE RESULTS

Figure B-4 shows the plot of maximum percent deviation of M;/Mp
as a function of engine rpm for all four throttle positions. The
percent deviation represents the influence of the intake manifold
on the mass air flow to individual cylinders. In the operating range
of the parametric tests, except for idle, the M;/M2 deviation is
about 4 percent. At idle, the deviation is about 10.5 percent and
then as the speed increases, for the same throttle position, it
levels off to about 7 percent.

To see the effect of engine rpm on the air distribution of the
intake manifolds, Figures B-5, B-6, B-7, and B-8 were plotted for: idle;
for a throttle position providing 10.5 psia M.A.P., at 1200 rpm
(smooth acceleration from 30 mph); for a throttle position providing
9.7 psia M.A.P, at 2000 rpm (50 mph cruise), and for wide open
throttle (W.0.T.), respectively. On the Y-axis, a normalized
parameter [(M1/M2) * (Avg. M3/M2)] is plotted and on the X-axis the
engine rpm is plotted. The variable parameter is the cylinder number.
Cylinders 2, 3, 5, and 8 are plotted with broken lines and cylinders 1,
4, 6, and 7 with solid lines. These two sets of cylinders represent
runners c-d and a-b, respectively in Figure B-1.

As previously discussed the two sets of runners see different
dynamic phenomena. An attempt is made from these plots to recognize
any effect of this. Except for the idle and the wide open throttle
conditions, a trend is obvious. Figures B-6 and B-7 clearly show, for
speeds greater than 2000 rpm, that the intake manifold runners a and
b tend to allow relatively more mass air flow into cylinders 2, 3,

5, and 8. For speeds of 2000 rpm and 2500 rpm, the deviation is

about +2 percent about the nominal and at 3000 rpm the deviation is
about +3 percent. Although these dynamic effects do occur in this
manifold, for the purpose of this project the engine will not be
operated at speeds greater than 2000 rpm, and the total percent
deviation in mass air flow due to the intake manifold would only be
about 4 percent at all conditions except at idle. To attempt to re-
fine the intake manifold design to correct this deficiency is believed
to be beyond the scope of this project.



10.0

9.0

LE THROTTLE, 6.3 PSIA

D
/ M.A.P, AT 600 RPM
8.0 \ J

N

/[

7.0

6.0

THROTTLE SET FOR 10.5 PSIA
-l

\"‘ M.A.P. AT 1200 RPM

5.0

.

— | e— c— c—— —

MAXIMUM PERCENT VARIATION OF M1/M2

4.0 ! \

| THROTTLE SET FOR
9.7 PSIAM.AP.

[ E—— o AT 2000 RPM

3.0 / |

RANGE OF RPM AND M.A.P.
FOR PARAMETRIC TESTS
2.0 WIDE OPEN —
THROTTLE

1.0
1970 FORD 429 C.1.D. ENGINE -
WITH E.F.l. INTAKE MANIFOLD {3"
1200 E
1 a
600 1000 1500 2000 2500 3000

ENGINE SPEED — RPM

Figure B-4 - Effect of Intake Manifold on Maximum Plus to Minus Variation
Between Cylinders for the Ratio M1/M2 at Various Operating Conditions

B-10



11-4

CYLINDER ¥

-———-C5 10
CYLINDER #
-5 1@ 06 2l ———
06 2l —— A7 A cnan e
oW Shee cmw om e - ) § ay
- -] 8 LR 4 1.0400 T T T T
EFI INTAKE MANIFOLD
THROTTLE SETTING — M.A.P. 10.5 PStA @1200 RPM X
1.0600 Ve 1.0300 1 ! ! { o
S
~ v -—— '
i“\ §‘~_L ————y "
1.0400 44 — 1.0200 -
s
= 1.0200 + W . 4 S 1010 I S
g \ / 4 \\ //,/I 2 "f’ o — ”’ \
s A 7z 4,7
5 d p N g
< 1.0000 — ~ p Z 1.0000
S g
> = P 0
< - ~ 4
) g 9900 _‘_‘/
g 098001 —_— s S~——<>
z g o) —
s - N i
2 0.9606 0.9800 - > —
4
7
0.9400 t 0.9700 T NS
EFI INTAKE MANIFOLD
THROTTLE SETTING ~ 6.3 M.A.P., 600 RPM
0.9200 } + - 0.9600 1 -
500 1000 1500 2000 2500 3000 § 500 1000 1500 2000 2500 3000 §
ENGINE RPM 8 ENGINE RPM 3

Figure B-5 - Effect of Speed on Cylinder Mass Air Flow Figure B-6 - Effect of Speed on Cylinder Mass Air Flow
1970 Ford 429 C.I.D. Engine 1970 Ford 429 C.I.D. Engine
E.F.I. Intake Manifold E.F.I. Intake Manifold



c1-4

CYLINDER #
- onom an() 5 1@
CYLINDER #
0s 2 o= e e -————(5 1@
A7 3 Aee anoma Os6 1 T Y
1.0400 T T T T ————Ys “v
EFI INTAKE MANIFOLD r
THROTTLE SETTING M.A.P. = 9.7 PSIA ©2000 ENGINE RPM ,/ THROTTLE SETTING - W.O.T.
1.0300 1 4 1.0300
Ve J7
5 10200 1.0200
] _
S s
& 10100 £ 1.0100
2 s
T ¢
& 1.0000 a 1.0000
g T
s S
= 0.9900 £ 0.9900
2
0.9800 0.9800
0.9700 0.9700
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000

P.85-801-1

ENGINE RPM ENGINE RPM

P.85-801-1

Figure B-7 - Effect of Speed on Cylinder Mass Air Flow Figure B-8 - Effect of Speed on Cylinder Mass Air Flow
1970 Ford 429 C.I.D. Engine 1970 Ford 429 C.I.D. Engine
E.F.I. Intake Manifold E.F.I. Intake Manifold



To further see if the intake manifold favored one cylinder
over the others, at all the operating conditions, Figure B-9 was
plotted. The normalized ratio [(M1/My * (Avg. M1/M2)] was plotted
at three speeds for each cylinder. Of course, the deviation is
still 4 percent, but it seems as if cylinders 1, 2, and 7 receive
less air mass compared to other cylinders due to the intake manifold.

Rather than pursue further evaluations of air flow as it is
influenced by the intake manifold, it was decided to evaluate air/
fuel ratio from each cylinder using exhaust gas analysis. To per-
form this task, the intake manifold was equipped with a set of
matched fuel injectors (all flow within about a 1 percent range)
and the exhaust manifolds were provided with eight exhaust sampling
probes running into the cylinder heads, extending about one inch
from the plane of the manifold and head interface into the exhaust
channels. Care was taken to locate each probe in the same relation-
ship to the exhaust valves. To measure CO and CO7, Beckman NDIR
analyzers were used. To measure the total hydrocarbons in the ex-
haust, a Beckman FID Model 400 was used. Oxygen in the exhaust
was measured using a Beckman oxygen sensor, Model 715. The Spindt
method* was used to compute the air/fuel ratios and the results are
shown in Figures B-10 through B-12.

For idle conditions (Figure B-10) two average air/fuel ratios
were evaluated. At an average air/fuel ratio of 15.7:1, the total
variation between the cylinders was about 6 percent. For an air/
fuel ratio of 14,6:1 the total variation was only 2.7 percent.

Figure B-11 shows data at 1200 rpm for two values of brake torque.
At 45 ft-1b, the average air/fuel ratio was 17.84:1 and the spread
between cylinders was 0.8 ratio or 4.5 percent of the average. For
a torque of 100 ft-1b, the average air/fuel ratio was 19.6:1 and the
‘spread between cylinders was 1.0 ratio or about 5.1 percent of the
average.

Figure B-12 shows data at 2000 rpm for two values of brake torque.
At 70 ft-1b the average air/fuel ratio was 18.82:1 and the spread
between cylinders was 1.28 ratios or 6.8 percent of the average.
At 180 ft-1b of torque the average air/fuel ratio was 19.29:1 and
the spread between cylinders was 1.64 ratios or 8.5 percent of the
average.

*
SAE Paper 650507 "Air/Fuel Ratios from Exhaust Gas Analysis,"
R. S. Spindt.
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Although the results seem inconsistent as regards lean or
rich cylinders at all conditions, certain trends are apparent.
From Figure B-11 (1200 rpm) cylinders 1, 2, 3, and 4 (right bank)
were at relatively rich A/F ratios as compared to the other four
cylinders. Similarly, the data for 2000 rpm (Figure B-12) show
that cylinders 1, 2, 4, and 8 operated at relatively richer con-
ditions than did cylinders 3, 5, 6, and 7.

To summarize and correlate all of the results, Table B-1 was
prepared. This tabulates the key parameters versus conditions
for the three types of tests performed; namely, cylinder peak pres-
sure, the ratio Mj/Mp for intake manifold evaluation, and air/fuel
ratio, :

Except for idle conditions, the intake manifold appears to
contribute a 4 percent non-uniformity between cylinders to the mass
air flow. At idle the non-uniformity is more than 10 percent. No
special data were taken to help determine why the variation was so
great at idle; therefore, its cause can only be theorized. Two
unusual conditions may be responsible. First, the flow across the
throttle plates is sonic because the manifold absolute pressure
is less than half of an atmosphere. This can create shock waves
that might influence flow streams. Second, the projected flow
areas with the throttle closed are shaped like very narrow cres-
cents that could cause peculiar flow eddies below the plates that
would influence the flow streams.

One might also consider that the wide variation is due to the
low charge density that results from a M.A,P. of 6.3 psia. How-
ever, note that Figure B-5 indicates reduced variation with speed at
a fixed throttle setting. M.A.P. data at the higher speeds are not
available but the pressure would be considerably lower. Similarly,
the 1200 and 2000 rpm data show no trends indicative of charge
density effects.

The air/fuel ratio percentage variations (+ and - about the
average) are the result of contributions from the engine pumping
variations, the intake and exhaust manifolds and the fuel injection
system. The combined effect of the intake manifold and the engine
is represented by the peak cylinder pressure variations shown in
Figures B-13, B-14, and B-15 for idle (600 rpm), 1200 rpm, and 2000 rpm,
respectively. The calculated total percentage variations are tabu-~
lated in Table B-1 for the data shown on these figures. The fuel
injection system was matched (for grouped injection) to provide
about a 1 percent total variation was 6.3 percent; therefore, as
much as a 7.3 percent variation could be expected in air/fuel ratio.
Actually, it was much less for richer average air/fuel ratio, but
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Table B-1 - Summary of Results

ENGINE BRAKE FICURE CO_'XT‘I.DITIONS TOTAL (+ AND -)X VARIATION
SPEED TORQUE NUMBER MOTORED OPERATING MANIFOLDS “VEHICLE" ‘ OTHER A/F My /M PEAK ({YL.
RPM LB-FT INTAKE EXHAUST CONDITION RATIO AVG. M17M2 PRESSURE

600 -—- 3 . Idle --- - - 5.4

+ - 13 . . 6.3 psia M.A.P. -—- 6.3

- 5 L] L 6.3 psia M.A.P. at 600 rpm - 10.5% -

640 35 10 ) ° S'td Avg. A/F Ratio = 14.6:1 2.7 - -

640 35 10 . ] 3'td Avg. A/F Ratio = 15.7:1 6.0 -— -

1200 -— 3 30 mph -—- - -—- 5.4

- 14 L4 L 10.5 psia M.A.P. —-- -—- 4.6

-—- 6 U . * 10.5 psia :L.A.P. -—= 4 -~

45 11 L] L] S'td. 30 mph Cruise Grouped Injection 4.5 —-—- -

100 11 L] L] S'td. Accel. Grouped Injection 5.1 -—- -

45 16 L] . Tuned Cruise Sequential Injection 12.05 -—- -

100 16 [ [ Tuned Accel. 8.4 - --

45 18 . L] s'td. Cruise 12.0 - -

Y 100 18 . . s'ed. Accel. 7.4 --- -

2000 -—- 3 . 50 mph — -—- --- 4.25

—-— 15 . 9,7 psia M.A.P. -— — 4.65

-— 7 [ L] 9.7 psia M.A.P. --—= 4 -—

70 12 (] [ S'ted. 50 mph Cruise Grouped Injection 6.8 -—- --

180 12 L] . 5'td. Accel. Grouped Injection 8.5 -—- -

70 17 [ L] Tuned Cruise Sequential Injection 13.6 -— --

180 17 . L4 Tuned Accel. 7.0 -—- -

70 19 . [ S'td. Cruise 16.5 -—- -

Y 180 19 . §'td. Accel. 5.5 - --

300 -— - . L] s'td. -— Compression Test --- --= 7.8

P-85-801 1



150

©
g
' - — /\( — e —
g \
2
a 100
<
a.
2
=}
A
w
g 1970 FORD 429 C.1.D. ENGINE
8 EFI INTAKE MANIFOLD W/THROTTLE BODY
4 NO EXHAUST MANIFOLD
é 6.3 PSIA M.A.P. @ 600 RPM (IDLE)
50
L,
"

1 2 3 4 5 6 7
CYLINDER #

Figure B-13 - Air/Flow Variation at 600 RPM

was 6 percent at an air/fuel ratio of 15.7:1. At 1200 rpm, the sum
of the pressure and fuel flow variation was about 5.6 percent as com-
pared to an air/fuel ratio variation of 4.5 to 5.1 percent. At

2000 rpm, the sum of the pressure and fuel flow variation was about
5.7 percent and the air/fuel ratio variation was between 7 and 8.5
percent.

Although the correlation is not exact, it is reasonable. Other
effects can account for the differences. These would include effects
from the exhaust manifolds, the higher gas temperatures and random

. B-18
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Figure B-14 - Air/Flow Variation at 1200 RPM
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Figure B-15 - Air/Flow Variation at 2000 RPM
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cancellations or reinforcements between low or high peak pressures
for a given cylinder and high or low fuel delivery rates of the
corresponding fuel injectors. '

In the tests discussed above, group injection was used when
air/fuel ratio measurements were made and this may have had some
influence on the variation in the air/fuel mixture from one cylinder
to another. 1In group injection, cylinders 1, 4, 5, and 8 are in-
jected simultaneously followed by one crank revolution later by
simultaneous injection of cylinders 2, 3, 6, and 7. Therefore, when
the first cylinder in a group draws the charge, fuel is still wait-
ing to be drawn into the other three cylinders. This may create a
problem of '"robbing" some of the fuel injected into the other ports
by cylinders that induct the charge first. To verify this possi-
bility, the EFI system was revised to provide individually timed
(sequential) injection. Results of this are discussed below.

To recheck the engine condition, cylinder compression checks
were made using standard automotive diagnostic equipment. The com-
pression checking gauge was adapted to thread into the spark plug
port. To measure the cvlinder compression, all the spark plugs were
removed and the engine was motored at 300 rpm with the throttle wide
open (all manifolds installed). The results are summarized below:

Cylinder
Number Compression
1 190
2 195
3 185
4 190
5 195
6 200
7 195
8 195

The cylinder compression varied from a low of 185 psig to a high
of 200 psig. The average pressure was 193 psig and the total varia-
tion was 7.8 percent. These variations in the compression values are
considered normal, and the engine was judged to be in good condition.

Two additional test series were run to evaluate any improvements
resulting from using sequential fuel injection and the pressure pulse
isolation provided by a tuned exhaust manifold.

B-20



To evaluate the effect of sequential injection, tests were run
both with the tuned exhaust headers (Figures B-16 and B-17) and with
the standard exhaust manifolds (Figures B-18 and B-19). To keep the
back pressure to a minimum, the headers were used without any
mufflers or resonators, whereas the standard manifolds were used
with a complete exhaust system. The injection timing was adjusted
to commence injection 50 degrees before the intake valve opens.

With the 429 C.I.D. engine valve timing, this allowed the fuel
injection to take place when both the intake and the exhaust valves
were closed. For both exhaust systems, the tests were run at the
same speed, torque and ignition timing. An attempt was made to set
the same air/fuel ratio also. Exhaust emissions were measured from
each cylinder to compute the air/fuel ratios. The results are sum-
marized in Table B-2.

The results indicate that the exhaust system exerts very little
influence upon the variation of air/fuel ratio between cylinders.
It is of interest to note that the spread is a little greater at
the high torque points when the tuned headers are installed.

These tests, using sequential injection, resulted in higher
percentage variations in air/fuel ratios - particularly at the
low torque set points. This was believed to be due to the method
used to adjust the control unit.

As a standard procedure, pulse durations from the experimental
sequential injection control box to the individual injectors were
matched at a 3 millisecond pulse width to within 5 microseconds
(0.17 percent). At 1200 rpm, 100 ft-1b torque and 2000 rpm 180 ft-1b
torque set points, the injection pulse period was in the vicinity
of 3 milliseconds; however, for the test points of 1200 rpm, 45 ft-1b
torque and 2000 rpm, 70 ft-1b torque the injection pulse period was
only half as much. Also, the experimental control unit did not main-
tain the 5 microsecond tolerance on injector pulse widths for the
lower power set points. This is probably the reason for higher
air/fuel ratio variations at these test points. Since the object
of these tests was to evaluate the exhaust manifolds, there was no
attempt made to match pulse durations at the lower power set points.

To minimize the air/fuel variations with the sequential injection
for the parametric tests, the plus durations for all eight cylinders
were adjusted such that the maximum cylinder to cylinder air/fuel ratio
variation was no greater than that with group injection. The adjust-
ments were made at all the power settings.
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A/F RATIO FROM EXHAUST GAS ANALYSIS

A/F RATIO FROM EXHAUST GAS ANALYSIS
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Table B-2 - Exhaust System Effects on A/F

Ratio

Test Condition

TUNED EXHAUST HEADERS

(ft-1bs) Total Variation

RPM Brake-Torque of A/F Ratio - %
1200 45 12.05

1200 100 8.4

2000 70 13.6

2000 180 7.0

STANDARD EXHAUST SYSTEM
Test Condition

RPM Brake-Torque (ft-1bs) Total Variation of A/F Ratio - %
1200 45 12.0

1200 100 7.4

2000 70 16.5

2000 180 5.5

B-24
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APPENDIX C

BASELINE EVALUATIONS OF THE 429 C.I.D.
FORD ENGINE WITH BENDIX EFI SYSTEM
CALIBRATED FOR ULTRA-LEAN OPERATION

C.1 INTRODUCTION

The Ford 429 C.I.D. engine, which was dismounted from the leased
automobile, was installed and instrumented to perform baseline
tests on the engine dynamometer. The baseline data were recorded
for the following steady-state operating conditions.

Brake Torque

RPM (£t-1bs)
1200 45
1200 100
2000 70
2000 180
640 35 (Idle)

C.2 SUMMARY

The engine was operated at each of the above set points, and the
following parameters were recorded. Indolene clear (non-leaded)
was used throughout the test.

air flow fuel flow

fuel-air ratio barometric pressure

brake torque M.A.P. (Manifold Absolute Pressure)
inlet air temperature oil temperature

exhaust gas temperature injector pulse width

water out temperature dry and wet bulb temperatures



The exhaust emissions data were recorded on the Texas Instrument
recorder.

The standard EFI (Electronic Fuel Injection) spark advance and

the standard spark plug gap of 0.035 in. were used for the baseline
tests. The ignition timing, spark duration and the intensity of
spark are summarized in the following table:

Brake Ignition Spark Spark
Engine Torque Timing Duration Intensity
RPM (ft-1bs) (°BTDC) (msec) (KV)
1200 45 12 1.39 13
1200 100 13 1.39 13
2000 70 37 1.0 8
2000 180 37 0.833
640 35 6 3.03 11

When the standard EFI system group injection is used, cylinder
numbers 2, 6, 3 and 7 belong to Group 2 and cylinder numbers 8,

1, 5 and 4 belong to Group 1. Groups 1 and 2 inject 120° BTDC

on cylinders 8 and 2, respectively. Group 2 is synchronized to
inject when spark plug No. 8 fires, and Group 1 is synchronized to
inject when spark plug No. 2 fires (with ignition timing set at
TDC) .

The recorded data were reduced using the computer. The air/fuel
ratio was measured as well as computed from the exhaust emissions.
The exhaust emissions were computed on a concentration as well as

on a mass (gms/bhp-hr) basis. The emissions data on a concentration
basis include the dilution factor.



SUMMARY OF THE EMISSIONS RESULTS

?est Engine ggiZie PPM C* HC £ ng
No. RPM (ft-1bs) = gms /bhp-hr Percent gms/bhp-hr PPM . gms/bhp-hr
1 640 (Idle) 35 2142.85 8.16 1.70 131.21 101.19 1.30
2 1200 45 1089.48 4.72 0.28 25.20 40.35 0.89
3 1200 100 1139.70 2.85 0.28 14,13 70.55 0.59
4 2000 70 1434,93 3.61 0.15 7.99 176.78 1.49
5 2000 180 445,28 0.69 0.30 9.65 456.64 2.40

*parts per million as carbon

C.3 TEST PROCEDURE

The instrumentation consisted of a Flo-Tron linear mass flow meter
in conjunction with a Foxboro transmitter to measure actual mass
flow rate of the fuel. A Meriam laminar flow meter in conjunction
with another Foxboro transmitter was used to measure the air flow.
The Flo-Tron electronic circuitry computed the air/fuel ratio from
these two signals.

To measure the CO, C02, and NO emissions, Beckman NDIR type analyzers
were used. To measure the total hydrocarbons in the exhaust, a
Beckman FID Model 400 was used. All the emissions were recorded on
Texas Instrument recorders. A Beckman oxygen sensor, Model 715,

was used to measure the percentage of oxygen present in the exhaust.
A magnetic pick-up along with a sixty-tooth sprocket was used to
count pulses to read the engine speed in rpm.

After calibration of all the instruments, the engine was started
and kept running until the oil and the water temperatures were
stabilized. The water temperature was maintained at about 170°F.

After the warm-up, using the dynamometer speed control, the engine
rpm was set at the desired value. After setting the speed, using
the throttle control on the engine, the desired load was set. The
speed was corrected, if necessary. The engine was maintained at
this condition and sampling of the exhaust was started. When every-
thing seemed stable, all the data were recorded.



The above procedure was repeated to set other test points and to
record the data.

C.4 DISCUSSION OF THE RESULTS

The calibration of the electronic control unit (ECU) for the
baseline EFI was set for ultra-lean operation to reduce NOy
emissions. However, because of such a lean operation, engine
misfires at certain operating conditions caused hydrocarbon and
carbon monoxide emissions to read high.

The attached computer print-outs (Attachment I) show all the parametc.s
recorded at each operating condition along with the emission analysis.
The emissions are computed in the units of concentration, gm/hr and
gm/bhp~hr. All emissions results in terms of concentration are
corrected by the dilution factor.

The air/fuel ratio is computed from the recorded information on

the air flow and the fuel flow. The air/fuel ratio is also computed
using the emissions data. In most cases the air/fuel ratios computed
using the emissions data and measured air and fuel flows agree within
one air/fuel ratio. Measured fuel flow might be off as it was
difficult to read on the Flo-Tron. This has since been corrected.

Tests 6, 7 and 8 are re-runs of tests 2, 3, and 4 with slightly
richer mixtures to eliminate the misfire. These tests were run
to obtain additional information on emissions if the mixture is
made richer so that there is no misfire.

The computer print-out shows injector timing to be zero. These tests
were run with group injection, and the data were hand recorded. 1In
order to use the digital part of the computer, some value for the
injection timing had to be used and for simplicity the value given
was zero. Similarly, standard EFI ignition calibration was used,
setting the ignition timing to 4° btde at 640 rpm; and, again, to

use the program, a value of zero degree was given for all the tests.

C.5 SAMPLE CALCULATIONS

Recorded Data

Brake

Torque Baro. Pressure Humidity
RPM (ft-1bs) {psia) (grains/lb-dry air)
1200 45 14.5 30
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Air Flow Fuel Flow Inlet Air

(CFM) (1b/hr) Temp. (°F) g0 0 %0,
69.75 14.5 77 0.206 - 10.2 6.4
NO (PPM) FID(HC) (PPM/propane equivalent)
35 260
. _ _ Baro.Press. 1bs
Wa = air flow (1b/hr) = CFM{1l + 0.0033 (70 - T)} 357 X 4,52 To—CFH

where
T = inlet air temperature in. °F

{1 + 0.0033(70 - T)} is the temperature correction factor for the
laminar flow meter.

- 14.5
wa = 69.75 {1 + 0.0033 (70 77) } 14,7 ¥ 4.52
_ lbs
= 303.79 i
measured air/fuel ratio = g%%ng = 20.95
NOC = NO x KH x D.F.
where
NOC = nitric oxide concentrations in ppm
NO = observed nitric oxide concentration in ppm
s , _ 1
KH = humidity correction factor = 1 = 0.0047 (A=75)
H being grains of moisture per 1b. of dry air
D.F. = dilution factor = 14.5
y y 3 x HC
ACO2 + 5 4CO + 10,0600
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NOc = 35 x .8254 x 1.3967 = 40.35 ppm

- NO '
NOXm = 3 X VE X MNO X CFw X KH
10 2
where
NOX_ = oxides of nitrogen in gms/hr
W, + W
\' = exhaust flow (ft3/hr) - A F
E PE
WA = air flow (1lbs/hr)
WF = fuel flow (lbs/hr)
P_ = density of exhaust = 0.075-195
E ft3

MNO = density of NO2 (gms/ft3) = 54.16

2
CFw' = water correction factor = 0.913
Nox = 32 (393:79 * 14.3) 54 16 % 0.913 x 0.8254
m 6 .075
10
NOX_ = 6.06 ET=
m hr
CO = CO x D.F.
c
where
COc = carbon monoxide concentration in percent
CO = observed carbon monoxide concentration in percent
D.F. = dilution factor



where

where

where

HC

HC

HC
m

e

HC

COC = .206 x 1.3967 = 0.2877%

)
COm = iaa-x VE X MCO X CFm

carbon monoxide in gms/hr

exhaust volume (ft3/hr)

density of CO = 32,97 &82
£e3

water correction factor = 0.8991

.206

( 318.29
100

.075

) ( ) 32.97 x 0.8991 = 259.0 ﬁ%ﬁ

HCC = HC x 3 x D.F.

total hydrocarbon concentration in ppm - carbon equivalent

observed hydrocarbon propane equivalent in ppm

HCC = 260 x 1.3967 x 3 = 1089.42 ppm C

HC = 3 x HC x V_x M x CF
m 106 E HC w

total hydrocarbons in gms/hr

density of HC = 16.33 &22

fr3
3—5—%99 x 4243.86 x 16.33 x .8991 = 48.6 &1°

10



Brake Torque x rpm

Brake Horsepower =

5252
- 32335%399 = 10.28
Emissions in gms/bhp-~hr:
He = 286 4 5 _EmS

mh ~ 10.28 = " bhp-hr

_ 259 _ gms
COun = T0.28 - 22+2 bhp-hr

_ _6.06 _ gms
NOX = 10.28 ~ 0-°88 Thponr

Air/Fuel Ratio from the Exhaust Components

_ 1+ E/2+D . 120 (1 -F),,
(A/F)e F {11.492 F ( 1T+ & ) + 35 T E }
where
(A/F)e = A/F from exhaust analysis
%CO + %CO
2
F, = :
9 9 3 x HC
%2CO + ACO2 + 10,000
Fe = fraction of carbon in fuel = 0.867
E _ Z%Co
ACO2
. i 402
ACO2

*"Air/Fuel Ratios from Exhaust Gas Analysis," R. S. Spindt, SAE Paper 650507



(A/F)e

1+ .01 + .6274

15.96

= .9925 {9.9635 (

A/F)

1.0201

= 20.37

)+

3.5201

}
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ATTACHMENT I
COMPUTER PRINT-OUTS OF BASELINE EMISSION DATA



SPEED (RPM)

AIR FLOBW (LB/HK)
(BRAKE HF) =

MEASURED AIR/FUEL RATIU =

NU CORRECTED (PPM) =

coe (%) »

HC (PPM C) = 23142.8569

TT-0

sanee tPA PARAMETRIC TLST seass

DATE  4,/30/7% TEST 1
BRAKE TORUUE (FT«L3) = 35.000

IGNITIUN TIMING (DEGRELS BTDC) » 60 INJECTBR TIMING (DEGREES BTDC) » 00

840287 FUEL FLBW (LB/HR) = 64200

40265 INJECTOR PULSE WIDTH (M-SEC) = 34230
13595 BRAKE SPECIFIC FUEL CONSUMPTION (LB/BHP-HR) =
INLET AIR TEMPERATURE (DEGREES=F) = 80+0 EXHAUST GAS TEMPERATURE (DEGREES~F) = 0000
OIL TEMPERATURE (DEGREES~F) o 0000 WATER=-BUT TEMPATURE (DEGREES=F) = 0000
MANIFOLO ABSOLUTE PRESSURE (PSIA) = 54500 BAROMETRIC PRESSURE (PSIA) e 14+500
EXHAUST BACK PRESSURE (IN=WATWR) s 04000 RELATIVE HUMIDITY (GRAINS) » 30.000
EMISSIOBN DILUTIBN FACTOR = 1066

EMISSION ANALYSIS

NB (GM/HR) s (.55657E+01 NG (GM/BHP=HK) s 0¢13049E+01

Co (GM/HR) s 0¢55963E+03 CB (GM/BHP=HR) = (00¢13121E403

HC (GM/HR) = 0434821E+02 HC (GM/BHP=HR) = 0e¢81643E+01
CALCULATED AIR/FUEL RATIO = 150132



¢T-0

coz (X) »

HC (PPM C) s 1089.4893

sense EPA PARAMETRIC TEST w#ssss

DATE &/30/71
SPEED (RPM) = 1200.0
IGNITION TIMING (DLGREES BTOC) = 120

TEST I
BRAKE TORQUE (FTeLB) = 45+000

INJECTER TIMING (UEGREES BTOC) = 0.0

AIR FLUW (LB/HR) = 303796 FUEL FLOW (LB/HR) = 144500
PBWER (BRAKE HP) = 10282 INJECTBR PULSE WIDTH (M=SEC) = 4.030
MEASURED AIR/FUEL RATIE = 20951 BRAKE SPECIFIC FUEL CBNSUMPTIGBN (LB/BHP=HR) =
INLET AJR TEMPERATURE (DEGREES=F) » 7740 EXHAUST GAS TEMPERATURE (DEGREES=F) = 0000
BIL TEMPERATURE (DtGREES=-F) = 0.000 WATER=BUT YEMPATURE (DEGREES=F) = 04000
MANIFBLD ABSBLUTE PRESSURE (PSIA) = 8.550 BARBMETRIC PRESSURE (PSIA) = 144500
EXHAUST BACK PRESSURE (IN®WATWR) = 0000 RELATIVE HUMIDITY (GRAINS) = 30.000

EMISSION DILUTION FACTOR s 1397

EMISSIBN ANALYSIS

. 350000

NO CURRECTED (PPM) » 4043528
02877 C8 (GM/HR) ®» 0425916E+03

14¢2472

64000

CALCULATED AIR/FUEL RATIL =

NG (GM/HR) s  0+60627E+01

HC (GM/HR) = Q.48602E+02

NB (GM/BHP=HR) s 0¢58965E+00

C8 (GM/BHP<=HR) = Q¢25205E+02

HC (GM/BHP=HR) s 0e47270E+01

20374



€1-0

snden EPA PARAMETRIC TLST #enss

DATE  4/30/71

TEST 3

SPEED (RPM) = 1200.0 BRAKE TBRUUE (FT={LB) = 100.000

IGNITIGN TIMING (DEGREES BIDC) = 1340

INJECTOR TIMING (DEGREES BTDC) = OV

AIR FLOW (LB/HKk) = 5780898 FUEL FLBW (LB/HR) = 17700
POWER (BRAKE HP) = 22848 INJECTBR PULSE WIDTH (M=SEC) = 4930
MEASURED AIR/FUEL RATIGE = 210407 BRAKE SPECIFIC FULL CANSUMPTIUN (LB/BHP<HR) »
INLET Alk TEMPERATURE (DEGREES=F) = 7640 EXHAUST GAS TEMPERATURE (DEGREES=F) = 0«000
BIL TEMPERATURE (DEGREESeF) = 0+000 WATER-BUT TEMPATURE (DEGREES=F) = 0+000
MANIFOLD ABSBLUTE PRESSURE (PSIA) = 10.450 BARBMETRIC PRESSURE (PSIA) = 144500
EXHAUST BACK PRESSURE (IN=WATWR) = 0.000 RELATIVE HUMIDITY (GRAINS) = 304000

EMISSION DILUTIBN FACTOBR = 1357

FMISSIABN ANALYSIS

N8 (PPM) = 63+0000 NG (GM/HR) s  Qe13%97E+02
ND CORRECTED (PPM) = 705553

Ccy (X) = Ce2795 Cé (GM/HR) =  032291E+03
cdg (X) = 1442463

HC (PPM C) s 1139.7019 HC (GM/HR) =  04652178+02
ve (x) = 63000

CALCULATED AIR/FUEL RATID »

N8 (GM/BHP=HKk) s Q¢59511E+00

C8 (GM/BHP=HK) = 0e14133E402

HC (GM/BHP=HR) & QsZ28543E+01

20+1038



1-0

SPEED (RPM) = 20000

IGNITIUN TIMING (DEGREES BTDC) =

AIR FLOW (LB/HK) =

POWER (HRAKE HP) =

MEASURLD AIR/FUEL RATIE =

INLET AIR TEMPERATURE

"OIL TEMPERATURE (DEGREES=F) =
MANIFBLD ABSOLUTE PRESSURE

EXHAUST BACK PRESSURE (IN=WATWR) =

NG (PPM) = 1500000

NU CURRECTED (PPM) = 17647806
Ch (X) = 01571

Che (%) » 142780

HC kPPH C) = 14349360

ge (X) = 644000

DATE

snons LPA PARAMETRIC TEST «sxse

4/30/71 TEST

BRAKE THURAUE (FTeLB) =

CALCULATED AIR/FUEL RATIS = 20558

4

70000

37+C INJECTBR TIMING (DEGREES HTDC) = 0.0
464621 FUEL FLOW (LB/HR) = 21300
260657 INJECTOBR PULSE w]lUTH (M=StC) = 3710
21;813 BRAKE SPECIFIC FUEL CHBNSUMPTIGN (LB/BHPeHR) »
(DEGREES=F) » 7940 EXHAUST GAS TEMPERATUKRE (DEGREES=F) =
0.000 WATER=-BUT TEMPATURE (DEGREES=F) » 0.000
(PSIA) = 7750 BARGMETRIC PRLSSURE (PSIA) = 144500
0+000 RELATIVE HUMIDITY (GRAINS) = 30.000
EMISSION DILUTIBN FACTBR = 1428
EMISSIBN ANALYSIS
NB (GM/HR) e 0¢39927E+02 N8 (GM/BHP=HR) = 0¢14978t+01
CO (GM/HR) = 0.21305€+03 C8 (GM/BHP*HR) & (e¢79924t+01
HC (GM/HR) & 0e96409E+02 HC (GM/BHP=HK) = (0e¢36167t+01

0+000



S1-0

snvas ELPA PARAMETRIC TLST ssuns

DATE 4/3G/71
SPEED (RPM) = 200040

IGNITIUN TIMING (DLGREES BTDC) = 370

TESTY 9
HRKAKE TBRUUE (FT=LB) = 180000

INJECTBR TIMING (DEGREES HBTDC) = 0.0

AIR FLUW (LB/HK) = 702235 FUEL FLOBW (LB/HR) = 324600
PBWER (BRAKE HF) = 680545 INJECTOR PULSE WIDTH (M=SEC) = 5540
MEASURED AIR/FUEL RATIE = 21541 BRAKE SPECIFIC FUEL CONSUMPTIBN (LB/BHPeHR) = Oeb
INLET AIR TEMPERATURE (DEGREES=F) = 8240 EXHAUST GAS TEMPERATURE (DEGREES=F) = 0.000
01L TEMPERATURE (DEGREES=F) s 0+000 WATER=-BUT TEMPATURE (DEGREESeF) = 0+000
MANIFBLD AHSOLUTE PRESSURE (PSIA) » 11.250 BARBMETRIC PRESSURE (PSIA) e 144500
EXHAUST BACK PRESSURE (IN=WATWK) = 0.000 RELATIVE HUMIDITY (GRAINS) = 30.000
EMISSION DILUTION FACTOR = 1349

EM]SSION ANALYSIS

NO (PPM) = 410+0000 NO (GM/HR) » (0+16504E+03
NG CYURRECTED (PPM) = 4566482

Co (X) = U+3050

coe (%) = 1403030

HC (PPM C) » 445.2820 HC (GM/HR) = Qe.47873E+02
g2 (X) = 640000

CALCULATED AIR/FUEL RATIO =

NO (GM/BHP=HR) s 002480778401

€8 (GM/HR) =  Qe65194f+03 CY (GM/BHP=HK) @ Q0e«26570£+01

HC (GM/BHP<HK) & 00698428400

19+833



9T~D

(RPM) = 1200¢0

IGNITION TIMING (DEGREES BTDC) = 1240
AIR FLOW (LB/HK) = 250877
(BRAKE HF) = 10282
MEASURED AIR/FUEL RATIO »
INLET AIR TEMPERATURE (DEGREES<F) = 77«0
8IL TEMPERATURE (DEGREES=F) = 0«000
MANIFBLD ABSOBLUTE PRESSURE (PSIA) » 7350

EXHAUST BACK PRESSURE (IN=WATWR) = 0.000

NG (PPM) s
NG CORRECTED (PPM) =

co2 (X) =

HC (PPM C) =

sasun EPA PARAMETRIC TEST stwes

DATE  4/30/71

BRAKE TOROUE

&

(FTet.B) = 45+000

INJECTBR TIMING (DEGREES BTLC) = 0.0

FUEL FLOW (LB/HK) = 12800
INJECTOR PULSE WIDTH (MeSEC) = 3570

19600 BRAKE SPECIFIC FUEL CHBNSUMPTIEN (LB/BHP-HR) =
EXHAUST GAS TEMPERATURE (DEGREES«F) s 0000
WATER=-BUT TEMPATURE (DEGREES=F) = 0000
BARUMETRIC PRESSURE (PSIA) = 14500
RELATIVE HUMIDITY (GRAINS) = 30.000

LMISSI6GN DILUTION FACTOR =

EMISSION ANALYSIS

NG (GM/HR) s 0Q+8B402E+0Q1

C8 (GM/HR) = Q¢12954£+03

HC (GM/HR) » 0e¢12289E+02

CALCULATED AIR/FUEL RATIO = 19.076

1285

NG (GM/BHP=Hk) s 0e35973L+00

C8 (GM/BHP=HR) s 0¢12599£+02

HC (GM/BHP=Hk) s 0¢11952L+01



LT-D

SPEED (RPM) = 1200.0

IGNITION TIMING (DEGKREES BTDC) = 30¢C

AIR FLUW (LB/HR) =

PBWER (BRAKE HP) =

345392

22+848

asosn EPA PARAMETRIC TLST ssaae

OATE  4/30/71 TEST

BRAKE T8BRAQULE

(FTelB) =

FUEL FLUW (LB/HR)

7

100.000

INJECTBR TIMING (DEGREES HBTLC) = 0.0

. 17.000

INJECTBR PULSE WIDTH (M=SEC) = 44790

BRAKE SPECIFIC FUEL CONSUMPTIGBN (LB/BHP=HR) s

MEASURED AIR/FUEL RATIG = 204317

INLET AIR TEMPERATURE (DEGREES=F) = 7740 EXHAUST GAS TEMPERATURE (DEGREES=F) =

OIL TEMPERATURE (DEGREES=F) = 0000 WATER=BUT TEMPATURE (DEGREESef) = 04000
MANIFBLD ABSBLUTE PRESSURE (PSIA) = 94650 BARBGMETRIC PRESSURE (PSIA) s 14500
EXHAUST BACK PRESSURE (IN=WATWR) = 0«000 RELATIVE HUMIDITY (GRAINS) e 30.000

NG (PPM) = 8740000

NU CURRECTED (PPM) = 937829
Co (x) = 0+1946

coa (Xx) e 1403655

HC (PPM C) » 37241965

ge (X) = 53000

EMISSIBN DILUTION FACTBR =

EMISSIBN ANALYSIS

N (GM/HR) s 0.17049E+02

C8 (GM/HR) = Qe?21171E+03

HC (GM/HR) = 0¢20057E+02

CALCULATED AIR/FUEL RATIH = 191727

1306

N8 (GM/BHP=HR) s 0+74617E+00

Ce (GM/BHP=HR) » 00¢92658L+01

HC (GM/BHP=HK) = (0+87782E+00

0000



wnnns EPA PARAMETRIC TEST edsnee

8T-2

DATE 4/30/71 TESTY 8
SPEED (RPM) s 200040 BRAKE TORGQUE (FT=LB) » 70+000
IGNITIUN TIMING (DEGKEES BTDC) = 300 INJECTOR TIMING (DEGREES BTOC) s 00
AIR FLUW (LB/HR) = 405570 : FUEL FLOW (LB/HR) = 20300
POWER (BRAKE HF) = 260657 INJECTOR PULSE WIDTH (M-SEC) = 3560
MEASURED AIR/FUEL RATIO = 190979 BRAKE SPECIFIC FUEL CONSUMPTIBN (LB/BHP=HR) =
INLET AIR TEMPERATURE (DEGREES<-F) = 7940 EXHAUST GAS TEMPERATURE (DEGREES<F) = 0000
8IL TEMPERATURE (DEGREES-F) = 0.000 WATER=BUT TEMPATURE (DEGREES~F) = 0000
MANIFOBLD ABSBLUTE PRESSURE (PSIA) = 6,900 BARGMETRIC PRESSURE (PSIA) = 144500
EXHAUST BACK PRESSURE (IN=WATWR) = 0.000 RELATIVE HUMIDITY (GRAINS) = 30.000

EMISSION DILUTION FACTEBR = 1+282

EMISSIBN ANALYSIS

NO (PPM) = 265+0000 N8 (GM/HR) s 0.61027E+02 NB (GM/BHP=HK) 8 0022894E+01
NO CORRECTED (PPM) = 2805090 -
Co (X) = 02257 C8 (GM/HR) = (29388E+03 C8 (GM/BHP=HR) = (0¢11025€+02

coB2 (%) » 143629
HC (PPM C) = 24243740 HC (GM/HR) = 0.15631E+02 HC (GM/BHP=HK) s 0e¢58638E+00

62 (X) = 51000

CALCULATED AIR/FUEL RATID e 18+862
*wXITH



APPENDIX D

AUTOMOTIVE IGNITION SPARK ENERGY, VOLTAGE AND
CURRENT WAVEFORMS STUDY, PHASE I

D.1  BACKGROUND

A special ignition system was developed several months ago for
laboratory use. The system could vary spark duration and energy. It
utilized conventional ignition system components which provided easy
installation on any conventional IC engine. The basic principal of
this ignition system was capacitor discharge method with the added
capability of multiple discharges for each ignition period. At the
time of its development, one of the most important features desired
was a long ignition period, 8 to 10 milliseconds.

Phase I of this study was to determine the spark energy for various
control settings of the ignition system as part of an internal research
and development study. Control settings were selected to produce wave-
forms nearest to a continuous spark as possible for one ignition period.
Definition of a standard spark gap fixture and testing method was also
necessary.

D.2 SUMMARY

The standard spark gap geometry shown in Figure D-1 and oscilloscope
voltage and current test method provided an adequate lab testing combina-
tion. This setup has been used for years by our Electrical Components
Division in Sidney, N. Y. Not all of the engine operating effects on
ignition are simulated, namely, arc striking voltage and arc impedance
under various air/fuel ratios and engine loads. However, the standard
spark fixture provides a uniform and consistent spark gap condition
which is vitally needed to discern effects of ignition parameter changes.

The special ignition when operating in the '"'single SCR mode" will
provide an almost continuous current flow during an ignition period
thus simulating to high degree the spark produced by the conventional
ignition system. Virtually all testing was directed toward this type
of operation which severely limited the flexibility of the special
system,

The spark "intensity'" was defined as the average power dissipated
in the arc during the ignition period. 1In the standard ignition system,
this value was 20 watts which remained nearly constant for various
battery voltages. However, the spark duration was directly affected,
the higher the voltage the longer the spark. Lab tests indicated that
a conventional Ford ignition system at a battery voltage of 13 volts
had the following characteristics: (1) spark energy of 26.5 millijoules,
(2) duration of 1.35 milliseconds, and (3) intensity of 19.6 watts.



The special ignition system can vary duration and energy but not
completely independently of each other. For a given duration setting
an increase of energy (either by increasing voltage or capacitor value)
increases duration simply because the arc impedance decreases with
increased current. "The special ignition system cannot shut off the
current flow during a discharge cycle. The arc behaves as a negative
resistance which tends to keep the power dissipated in the arc almost
constant.  An arc duration within one or two tenths of a millisecond
of the desired duration can be set. -

The maximum intensity the special ignitionm system could produce (in
the spark gap) was 37 watts with metallic high voltage wire (not normally
used): 'This i§ almost twice:the intensity of the standard ignition
system (this intensity includes all other losses such as distributor
gap). The energy can be incteased almost five-fold by increasing the
time duration. - (It should be noted that high intensity and long duration
will ‘erode electrodes quite quickly since the energy at 6 milliseconds
duration could be over 200 millijoules.) The special ignition system

Hhas more flex1b111ty at lower intensities; however, the current flow
in the spark would be a series of pulses where the tlme between pulses
can be varied.

‘The spark energies were computed from voltage and current waveform
pictures taken from an oscilloscope. The current waveform was presented
out of phase for clarity on all pictures taken. The instantaneous
product of current and voltage was plotted as a function of time. The
area under this curve represented the energy. The major source of error
- was in translating a voltage from the photo to a number. Some error
may. exist as a result of rapid. changes of voltages where some phase
lag would occur between the waveforms representing current and voltage.
Some other errors are waveform jitter and osc1lloscope amplifier drift.
A diode. clamping network was needed across the 10 ohm current resistor
to keep the high current sp1ke from upsetting the oscilloscope amplifier.
This spike was less than 10 microseconds in length. The first 10 to
15 microseconds. of each ignition may not be present on the picture due
to triggering of the oscilloscope. All of these errors could amount
to- 10 percent. A more realistic figure would be about 7 percent,

D.3 CONCLUSION

The special ignition system can very closely simulate the standard
ignition system in duration, intensity, and energy; however, not in
waveform. Sufficient flexibility exists to vary the spark parameters
above and below the nominal values. It is possible with metallic high
voltage wire to increase intensity to almost twice the conventional
system while keeping the duration virtually the same. ‘If energies-
several times larger than this are desired, the duration must be increased
proportionately. " One aspect of increasing the energy. in the spark was
not studied, namely, increasing the spark gap spacing. The arc striking
‘capability of the special ignition system is. above 30 K.volts which



shouldn't restrict increasing the spark plug gap to twice the nominal
value. Since the current flow in the arc is governed mostly by the
capacitor value and the DC voltage supplied, the increased voltage
developed across the larger arc gap would significantly increase the
intensity. Further investigation of this area is needed.

D.4 DISCUSSION

One of the most important tools in determining spark gap energy
is a gap which will provide a consistent arc at normal atmospheric
conditions. Figure D-1 illustrates the three point gap used for producing
the arc in this study. The spacing of the two major electrodes was 0.260
inches which produced an arc striking potential of about 11 KV. The
static probe induces consistent arc formation but doesn't shunt any
energy. Since the points are slightly rounded and become more so after
some use, the voltage breakdown value is slightly larger than that shown
in the chart of Figure D-1.

Figures D-2 and D-3 illustrate the test setup used to measure spark
energy. The high voltage resistance wire and distributor gap simulation
used in the test was determined by measuring a Ford ignition system on
a typical engine installation. The simulated distributor gap length
represents one sample of a new distributor. It would increase with
use. The gap used in the test setup was a new spark plug with an
electrode spacing of 0.020 inches.

The major losses in a standard ignition system are caused by:
(1) induction coil output resistance, (2) high voltage resistance wire,
(3) distributor gap. The resistance wire is commonly used to reduce
radio frequency interference caused by high surge currents in the voltage
distribution wires. The distributor gap losses will vary mostly with
spark duration since it appears as a value not related directly to
current. The energy difference between Figures D-5 and D-6 is 6.2
millijoules which is caused by the simulated distributor gap. Figure
D-4 is a table taken from the "Champion Ignition and Engine Performance
Conference, 1970" which indicates a distributor gap loss can be equivalent
to the plug gap. It should be noted that values would be different from
the setup described here simply because the data in the chart was taken
with a plug gap of 0.023 inches. Conventional automotive plug gaps
are 0.035 inches. The table also points out that a distributor gap can
be a significant loss. Tests have shown that resistance change of 8 K
in the high voltage wire produced an energy loss of about 3 millijoules.
Resistance losses could account for 10 millijoules in a conventional
ignition system. The table in Figure D-4 indicates greater resistance
losses but the test setup is not known. The chart is shown here as an
example of ignition parameters and associated losses. The peak voltage
of the special ignition system was measured with no load and found to
be 30 KV. At this voltage the induction coil started to arc through
bakelite high voltage tower. During the design of the special ignition
system, a limit of 30 KV was set since most automotive coils couldn't
handle higher voltages.
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Figure D-1 - Standard Sparkgap Configuration and Sparkgap Breakdown
Voltage Chart
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Figure D-2 - Standard Ignition Test Set-Up
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Figure D-3 - Special Ignition System Test Set-Up
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TABLE TAKEN FROM ''CHAMPION

IGNITION

AND ENGINE PERFORMANCE CONFERENCE, 1970."

Conventional | piZClyoe
System

Total Suppressor Resistance Kilohms 25 25
Transformér Resistance Kilohms 13 1
Input Energy Millijoules 90 95
Eﬁergy in Spark Tail | Millijoules 19 0.9
Tail Duration Milliseconds 2.1 0.04
Mean Tail Power Watts 9 22
Peak Tail Power Watts 27 43
Loss in Suppressors Millijoules 26 86
Loss in Transformer Resistance Millijoules 14 3.5
Loss in Distributor Gap, Assumed

Equal to Plug Gap Dissipation Millijoules 19 0.9

Dissipations Calculated From Current And

Spark Plug Gap = 0.6 mm (0.0235 inches)

Voltage Waveforms

Figure D-4 - Ignition Parameters and Associated Losses

D-7




ATTACHMENT I

The waveforms of arc voltages versus time and arc current versus
time contained in Figures D-5 through D-28 were taken with the test
setup shown in Figures D-2 and D-3. Values of current and voltage at
the same time interval were taken from the photographs. The three graphs
. (Figures D-29, D-30 and D-31), are examples of arc current and voltage
product plotted versus time. The area under the curves represent the
energy in the spark. The pertinent information about each waveform is
shown in Tables D-1, D-2 and D-3. ’ )

The primary DC voltage and capacitor value could be varied on the
special ignition system to change the spark intensity. These were re-
-corded so the same spark intensity could be reproduced. The time dura-

tion would be set by observing the spark voltage on an oscilloscope.
One major element cannot be reproduced on an engine and that is the arc
voltage at the spark plug. Should this value change significantly from
- those measured in this report, then current and voltage waveforms must
be taken again to determine the energy.

~ It should be noted that the current measurement on an engine will
require.a modified induction coil. The high voltage secondary must be
isolated. This will allow a current sensing resistor to be installed
between the engine block and the ground end of the high voltage
secondary. ' ’

The waveforms shown in Figures D-32 through D~536 are presented as
further examples of spark energies. These were taken with the test
setup similar to Figures D-2 and D-3 except the simulated distributor
gap and high voltage resistance wire was not used. The energies in
these figures are higher because the loss contributing components above
were omitted.



Table D-1 - Test Conditions and Test Results for Conventional Ignition

Test Conditions Spark Test Results
. HV Wire . .
Figure Battery, Distributor Resistance, Duration E?ergy Intensity,
Volts Gap, Inch msec m joules Watts
K Ohms
D-5 13 0 8 1.93 35.5 18.0
D-6 13 0.020 8 1.50 29.3 19.5
D-7 13 0.020 16 1.35 26.5 19.6
D-8 15 0.020 16 1.50 31.5 21.0
D-9 11 0.020 16 1.05 21.1 20.0
D-10 9 0.020 16 0.86 16.5 19.2
A 0.2V
Sensitivity - V = 1000 V/cm; I = /cm; T = 0.2 msec/cm

10 ohms




0T-a

Table D-2 - Test Conditions and Test Results for Single SCR Mode

Test Conditions

Spark Test Results

Fi Capacitance, Primary, Distributor R:Zivirice Duration, Energy Intensity 1, Intensity 1T,
tgure Microfarads Volts Gap, Inch K Oim: ’ msec Millijoules Watts Watts
b-11 0.5 110 0.020 16 1.80 23.8 13.2 @ 15.0 @

1.8 msec 937 energy
D-12 0.5 110 0.020 16 1.42 19.2 13.5 @ 15.8 @
1.4 msec 917 energy
D-13 0.75 110 0.020 16 1.60 23.9 15.0 6 19.9 @
1.60 msec 947 energy
D-14 0.75 110 0.020 16 1.16 16.5 14.2 € 18.0 @
1.16 msec 947, enexgy
D-15 1.0 110 0.020 16 1.30 22.1 17.0 € 21.4 @
1.30 msec 957 energy
D-16 1.25 110 0.020 16 1.36 26.9 19.8 @ 24.4 @
1.36 msec 967 energy
D-17 1.5 110 0.020 16 1.48 28.8 19.5 @ 24,2 @
1.48 msec 96% energy
D-l18 1.75 125 0.020 16 1.56 39.5 25.3 @ 31.4 @
1.56 msec 977 energy
D-19 1.75 125 0.020 0 1.62 43.0 26.5 @ 34.2 @
1.62 msec 95% energy
D-20 2.75 130 0.020 0 1.32 30.2 23.00 29.7 ¢
1.32 msec 897 energy
D-21 2.75 13C 0.020 0 1.86 55.0 29.6 @ 37.0 @
1.84 msec 96% energy
D-22 2.75 130 0 0 1.30 31.9 24,5 @ 32.0 @
1.30 msec 95% energy
D-23 2.75 130 0.020 16 1.26 22.8 18.1 € 23.8 @
1.26 msec 95% energy

D-27 1.0 115 0.020 16 4.60 99.5 - - - -

D-28 0.5 120 0.020 16 4.80 68.0 - - - -
Sensitivity - V = 1000 V/em; T = 0.2V /cm (Figures D-11 through D-19;
v ’ ’ 10 ohms

0.5v

1 = ——=——— /em (Figures D-20 through D-23, D-27 and D-28); T

10 ohms

= 0.2 msec/cm



Table D-3 - Test Conditions and Test Results for Double SCR Mode

Test Conditions Spark Test Results
Fi Capacitance, Primary, Distributor R HV Wire Duration, Energy Intensity,
lgure Microfarads Volts Gap, Inch e}s(lg;:":nce, msec Millijoules Watts
s
D-24 2.75 130 0 0 1.18 46.6 39.5 @
1.18 msec
p-25 2.75 130 0.020 0 1.31 42.3 32.3 @
1.31 msec
D-26 2.75 130 0.020 16 1.50 40.4 26.9 @
1.50 msec
31.6 @
987% energy
R 0.5v
Sensitivity - V = 1000 V/cm; I = 10 otms /em; T = 0.2 msec/cm
FIGURES D-32 THROUGH D-35
STANDARD IGNITION, FORD COIL, 1.25 OR BALLAST R, 26 INCHES OF
AUTOLITE HV WIRE (8.2KQ), ELECTRIC DRILL DRIVEN DISTRIBUTOR,
VOLTAGE SHOWN OUT OF PHASE WITH CURRENT FOR CLARITY
I = 0.2 V/CM (109)
v = 1000V/CM
TIME = 0.5 M SEC/CM
D-32 BATTERY V = 9V
D-33 BATTERY V = 11V
D~-34 BATTERY V = 13V
D-35 BATTERY V = 15V

D-11




ALL WAVEFORMS, FIGURES D~-36 THROUGH D~47, ARE WITH SPECIAL
IGNITION SYSTEM DOUBLE SCR MODE
I = 0.2V/CM (10%)

vV = 1000V/CM
D-36 0.25 ufd CAP: PRIMARY V = 120V: TIME = 0.2 M SEC/CM
D-37 0.25 ufd CAP: PRIMARY V = 120V: TIME = 0.1 M SEC/CM
D-38 0.5 wufd CAP: PRIMARY V = 114V: TIME = 0.2 M SEC/CM
D-39 0.5 wufd CAP: PRIMARY V = 114V: TIME = 0.1 M SEC/CM
D-40 1.0 wufd CAP: PRIMARY V = 105V: TIME = 0.2 M SEC/CM
D-41 1.0 ufd CAP: PRIMARY V = 105V: TIME = 0.1 M SEC/CM
D-42 1.25 ufd CAP: PRIMARY V = 102V: TIME = 0.2 M SEC/CM
D-43 1.25 ufd CAP: PRIMARY V = 102V: TIME = 0.1 M SEC/CM
D-44 0.5 wufd CAP: PRIMARY V = 105V: TIME = 0.2 M SEC/CM
D-45 1.5 wufd CAP: PRIMARY V = 105V: TIME = 0.1 M SEC/CM
D-46 1.75 ufd CAP: PRIMARY V = 104V: TIME = 0.2 M SEC/CM
D-47 1.75 ufd CAP: PRIMARY V = 104V: TIME = 0.1 M SEC/CM

ALL WAVEFORMS FIGURES D-48 THROUGH D-58 SINGLE MODE

SCR; I = 0.2V/CM (109); V = 1000V/CM
D-48 0.5 wufd CAP: PRIMARY V = 100V: TIME = 0.2 M SEC/CM
D-49 0.5 ufd CAP: PRIMARY V = 100V: TIME = 0.1 M SEC/CM
D-50 1.0 ufd CAP: PRIMARY V = 100V: TIME = 0.2 M SEC/CM
D-51 1.0 wufd CAP: PRIMARY V = 100V: TIME = 0.1 M SEC/CM
D-52 1.5 wufd CAP: PRIMARY V = 100V: TIME = 0.2 M SEC/CM
D-53 1.5 wufd CAP: PRIMARY V = 100V: TIME = 0.1 M SEC/CM
D-54 0.25 ufd CAP: PRIMARY V = 120V: TIME = 0.2 M SEC/CM
D-55 0.25 ufd CAP: PRIMARY V = 120V: TIME = 0.1 M SEC/CM
D-56 0.25 ufd CAP PRIMARY V = 120V: TIME = 0.05 M SEC/CM

Figure D-5

D-12
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Figure D-6

Figure D-8

Figure D-9
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Figure D-10

Figure D-12

Figure D-13
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Figure D-16

Figure D-15

Figure D-17
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Figure D-18

Figure D-20

Figure D-19

Figure D-21
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Figure D-22

Figure D-24
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Figure D-25
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DURATION: 1.30 MSEC
m ENERGY: 22.! M/JOULES
CAP: 1.0 MFD

INTENSITY = 17.0 WATTS
@ 1.3 MSEC

INTENSITY = 21.4 WATTS
© 0.98 MSEC
95% ENERGY

60 —

40 —

WATTS

201

I 1 I
‘ 0 0.2 04 0.6 0.8 1.0 1.2 1.4
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Figure D-29 - Single SCR Mode Distributor Gap and 16K HV
Resistance Wire
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WATTS

100 1

80 1 DURATION: 1.36 MSEC
ENERGY: 26.9 M/JOULES
n CAP = 1.25 MFD
INTENSITY = 19.8 WATTS
@ 1.36 MSEC
60 1 INTENSITY = 24.4 WATTS
@ 1.06 MSEC
96% ENERGY
40
20
0 T T 1 =T j 7
0 0.2 0.4 0.6 0.8 1.0 1.2

MSEC

Figure D-30 - Single SCR Mode Distributor Gap and 16K HV

Resistance Wire
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WATTS

T¢-a

80

DURATION: 1.48 MSEC
ENERGY: 28.8 M/JOULES
CAP = 1.50 MFD

ﬂ INTENSITY = 19.5 WATTS
@ 1.48 MSEC

60 INTENSITY = 24.2 WATTS
@ 1.14 MSEC
96% ENERGY

40

20

P-85-436-2

0 /
| | I ! | | |
0 . 0.2 0.4 0.6 0.8 1.0 1.2 1.4

MSEC

Figure D-31 - Single SCR Mode Distributor Gap and 16K HV
Resistance Wire
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APPENDIX E
INLET VALVE THROTTLING CAMSHAFT LOBE ANALYSIS

The inlet valve throttling task of this project required that three
standard Ford 429 engine camshafts have the inlet valve lobes reground to
lower lifts to correspond to approximately 100, 400, and 800 1lb/hr equiva-
lent throttle position air flow., It was assumed that the inlet valve tim-
ing and the opening and closing ramps would not be altered. The following
analysis, to predict the inlet valve lobe lift, was based on data gathered
from the idle run No. 12, November 30, 1970, of the Bendix engine matrix
study and selected power points. The appropriate data and schematic of
a standard induction system are shown in Figure E-1. It was further
assumed that the low engine speed reduces the dynamic or inertial effects
of the gas flow in the induction system.

The orifice coefficient for the intake valve was assumed to be
0.80 where normal throttling takes place and valve lift is relatively
large. For intake valve throttling, since the lift was expected to be
considerably less than normal, a coefficient of 0.65 was used. It was
further assumed that the low engine speed reduces the dynamic or inertial
effects of the gas flow in the induction system.

Referring to Figure E-1, the average total mass flow rate into
the engine (W;) is 0.0297 1lbs/sec. Thus, the average cylinder mass flow
rate (W3) is 0.00371 lbs/sec. The total mass of air inducted into a
cylinder per cycle can be determined from a multiplication of the aver-
age flow rate (W3) by the elapsed time per cycle (t). However, the
intake valve is only open a portion of the cycle time from a crank
position of 16° BTC to 60° ABC. Integrating the lift lobe profile over
one revolution of the camshaft (one engine cycle) indicated that the
intake valve is effectively fully opened (lift X = 0.441 inches) for a
time (ty) equivalent to 21.2 percent of the cycle time. Taking this
into consideration, the instantaneous flow rate (Wv) through the fully
opened valve can be found from:

Wy
W, = 0.212
0.00371
~0.212 1)

0.0175 1bs/sec

E-1
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Py=14.4 PSIA

= qq©°
T,=90"F

160 200 W, = 0.0297 LB/SEC

\\ TDC /
.INTAKE VALVE /

+
EXHAUST)
VALVE / \
BDC

60° 70°
429 BORE = 4.36 P, =343 PSIA
STROKE = 3.59 .
T,= 140°F
COMP. RATIO = 105 TO 1
W, =W
HEAD VOL. = 5.65 IN3 2™ "

IDLE

RUN NO. 12 — 30 NOV. 70

SPEED = 642 RPM

AIRFLOW = 106.99 LB/HR

FUEL FLOW = 7.62 LB/HR

AIR FUEL RATIO = 14.04
MANIFOLD PRESSURE = 6.958 IN-Hg

=0.80

ROCKER ARM RATIO 1.75TO 1

X =175L L=CAM LOBE LIFT

Smam P3 = 3.43 PS| A ee———
T4 = 140°F
W3 =0.00371 LB/SEC (AVG.)

X =0.441 FOR STANDARD ENGINE

P-85-436-2

1 c, =080
dV

ol

o b

WV

Pa= (VARIABLE)

Figure E-1 - Induction System and Data



The pressure downstream from the intake valve (P4) is less than
the intake manifold pressure (P3) and can be found from the following
thermodynamic equation for mass flow rate for gases:

p
_ u
W -cho —CcC, f (Pd/Pu) (2)

v VT_u 271

where
Cd = orifice discharge coefficient
Ao = physical area of orifice, in
Pu = upstream stagnation pressure, psia
IDLE CONDITION
P1 =14.4 PSIA
P =144 PSIA
T,=90°F u
T, = 140°F
Wy = 0.0297 LB/S u
W, = 0.00371 LB/S (AVG.)
)
2.037 1 x
Cd =0.65 T
Wi =0.0175 LB/SEC
Pa=Ps
T 4= 300°F
P-85-436-2

Figure E-2 - Inlet Valve Throttling Schematic
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P, = downstream stagnation pressure, psia
T = upstream stagnation absolute temperature, °R

C2 = gas property thermodynamic constant; for air
0.532 (degrees R)l/z/sec.

fl(Pd/Pu) = obtained from tabulated values for various gases

1/k k=1/k

) (®,/2 ) V1 - (P /P )
@ e V- e re YT

Critical Critical

k = ratio of the gas specific heat values
) k/k-1

®4/P) Critical = |K + 1)

The area (AO) is determined from:

A =7D X ' (3)
o v .

where
D = intake valve metering diameter, in.
X = valve total 1lift, in.

Substitution of the known quantities into equation (2) where P3 = P
and P4 = Pd gives:

P
0.0175 = 0:80 (2.037) 7 (0.441) 3.43 (0.532) £ (5 23)
600 '
Py
0.10402 = fl 343

E-4



From a table of values for the fl function = 0.10402,

P4/P3 = 0.9977

and

la~]
]

0.9977 (3.43)

3.42 psia

Referring now to Figure E-2 for an intake valve throttled engine,
it can be seen that the upstream pressure is 14.4 psia instead of 3.43
psia as was the case for the normally throttled engine. Therefore,
the new valve 1lift (X) can be found using the form of equation (2):

0.65 (2.037) =m (x) 1l4.4 (0.532) (1)

\ 760

0.0175 =

x = 0.01513 inch

Note that the value for fl(Pd/Pu) in this case is (1) because the pressure
ratio is higher than the critical value and flow through the intake
valve is sonic.

The rocker arm ratio (8) for this engine is 1.75 to 1; therefore,
the camshaft lobe 1lift (&) is found from:

X
g ==
B
_0.0151
=175 (4)

= 0.008645 inch

E-5



In order to design the new lobe shape it was necessary to know the exist-
ing shape of the lobe. In addition, the opening ramp, closing ramp and
maximum geometric acceleration of the standard intake lobe should be
maintained. The new reground lobe geometric acceleration should not ex-
ceed that of the standard camshaft if the same valve train mechanism is
retained. Data on the intake lobe 1lift versus position was obtained

from the Ford Motor Company.

The idle grind profile was generated by fairing smooth curves into
the opening and closing ramp profiles and made tangent to the desired
0.00865 1ift. The ordinates of the curve were then recorded and the re-
sulting velocities and accelerations computed. The resulting accelera-
tions are less than the standard Ford cam profile and the idle grind
lift profile generated is considered acceptable.

The power points selected for the off-idle condition and WOT cor-
respond to air flows of 400 lbs/hr and 800 lbs/hr and manifold pressures
of 10.5 and 11.25 psia, respectively.

Using the same analytical technique as for the idle grind, the aver-
age flow rate across the intake valve for the 400 lbs/hr power point was
found to be:

) 400
4 = 3600 (0.212) 8

0.06551 1bs/sec

The average cylinder pressure during the intake stroke was found
from:

0.06551 =

0.80 (2.037) = (0.441) 10.5 (0.532) ; ( P,
1 \T

Veoo o3

0.12619 = fl 105

Therefore, the flow is not critical across the standard inlet port and
the average cylinder pressure is:

P4 = 10.46 psia

E-6



Assuming the same cylinder pressure exists for the inlet valve
throttling case, the valve lift was found to be:

0.06551V760
0.65 (2.037) m (14.4) (0.532) fl

0.06235 inch

and the camshaft 1lift is:

_ 0.0624
1.75

0.0357 inch

By similar analysis, the average valve flow rate at 800 lbs/hr is:

W8 = 0.1308 1lbs/sec
P4 = 11.1 psia
x = 0,1455 inch
and
2 = 0,0832 inch

If the cylinder pressure is such that critical conditions exist across
the inlet port for the 400 and 800 lbs/hr camshafts, the flow into the
cylinders will be increased. The 400 and 800 lbs/hr camshafts will then
result in maximum flow rates of 440 and 930 1lbs/hr. The actual flow
rates will lie somewhere between 400 and 440 1lbs/hr in the one case and
800 and 930 lbs/hr for the other case. Since throttling, in the conven-
tional sense, was suggested as a method for final adjustment of the air
flow rates, it appeared that the cam profiles computed would be
satisfactory. '



The actual lift valuesversus camshaft position"f“drf-all three pro-
files are shown in Tables E-1, E-2, and E-3. This format’is typitcal and
was sufficient for a cam grinding vendor to generate the desired camshafts.
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Table E-1 - Lift lobe Data for Regrind of Ford Camshaft 1Idle Grind

D:?;:S Opening Closing D;z:?roe;s Opening Closing D;g(:re:s Opening Clqsing
N Life Lift g Lift Lift ¢ Lift Lift
o] 00865 |.CO8B5S z9 L ] $8 |. 0078 |.00780
' i ] 30 | s | oo733 [.OOT752Z
[3 3) ¢ |LO0B&E3}.00722
3 32 ¢l |L.oosgl |.0059]
4 | l 33 ¢z |.ooass |.0os50
s | | 34 63 |.00417 |.L05620
‘ | | 35 ¢a |.oo3aa | 00505
7 | 3¢ ¢s |.oo287 | ooz70
8 | 37 6o |.ooz 4| |.0054
s | | 38 ¢? |.coczool.0ozio
1o | | 39 é8 |.00i160|.00232
t | | 4o e |.0oo120 | 00250
" | | a 76 |.000230 | 00az2o
13 | | az 21 |.oco0as |.cozso
e ! | a3 [ 722 |.00020[|. 02350
s | | a4 | 23 |.oooos looz3zo
. | | as | 24 (o) onz oS5
“ | | 4 7S 00280
e | | 47 7¢ 00255
15 ! 4e 77 .00230
20 | 4o 28 .002.05
X | | so 79 .00180
zL ! I S l 86 .Ccotso
23 | | s2 | 1 &1 L0012 0
X j s3 .0085S 82 .00105
zs | o y 00852 83 . 20230
2¢ | sc |.onges |.0co8a7 84 .0Q05%
27 | | se |.cosaa |.00829 85 NoYetokle)
28 Y { $? |.oo328 |.00805 g6 Nor -2

¥ ForD P/N C8SE -6250 -A 87 00002

88 o
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Table E-2 - Lift Lobe Data for Regrind of Ford Camshaft

400 1b/hr Grind

Degrees

Degrees

Degrees

from | O | G | eom | Ommios | Codre | f'hom | Openina | Gl
o |.03570|.03570 zo / ] sa |.ollsz |.o1402
) l A 30 s |.002sz | O1210
2 3 ¢o |.o0o771 | 01050
3 32 ¢ |.00627 | 00214
4 33 62 |.0O0S10 |. 00303
s | 34 ¢3 |.ooca\? |Loo7ia-
6 ] [ 3s ¢a | .oozas | cosas
7 ! | 3¢ ¢s |.ooza7 |.0os50

8 i | 37 66 | .0oza\ |.OOS4T

s | | 38 ¢? |.0ozoo |L.oosiz
10 | ] 39 é8 oo 160 |.DOS8D
u i l ao e |.oovzo |ooaso
12 ; | a4\ Y Y 2¢ |.cooso |.0cd20
i3 ! ! a2 | 03570 |. 03570 21 |. 00045 {0020
- | | a2 [ 03550 |.O3560 22 |.oonzo0 | 0036

\s ! | 4% 1. 03529 1.0352S 2t .onoos |.0033
e ] I as |.03477 |.03477 24 o .00205
2 | | 4¢ |.0240%4 |.0340CS 75 .00280
8 | | 47 |.02311 [.0331] 7¢ .002ES
15 i \ ¢z |.03128 |.03198 27 .0D23%0
20 | l 45 | 02063(.02053 78 .00205
24 | | so | 02903 |.D2eos 79 .00180
2 | | sV |.o2732 |.oeT732 8o L00I1SS
23 | | sz | 02536 |.02546 81 .00130
4 | s3 [.02320].023SS 82 00105
zs 5 s¢ | 02035 |.O2164 83 .00930

2¢ s 1.01851 [L.OI1S?4 84 L 0005355
27 se [,OlB 1?7 ].O17873 85 L. 00233
28 Y s? |.orxaz [.oiss3 ge _oool2
¥ FORD P/N CBSE -6250 -A 87 rooonT

g8 o
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Table E-3 - Lift Lobe Data for Regrind of Ford Camshaft 800 1lb/hr Grind

D:,?J,?s Ope.ning Clo‘s-ing D:rg(::s Opening Closing D:r%r;es Opening Closing
¢ Lift Lift ¢ Lift Lift G Lift Lift
o | 08320 1| 0O8=20 z9 |.031S4 |o8227 sa |.o'1s2 [.o14
) A A 30 |.053051 |.ogiss ss | ooses |.ozie
2 31 |.O794943 |.0805| ¢ |.on771 |LOI1OSO
3 32 [.O7813 1.07£48 el |.DDLC7|.00914
& | 313 | 07658 |.o781= ¢z |.00s10 | 00303
5 3¢ |.0o7432 |.O76S8 ¢3 |.004177 |LOCilIG
& 3s |.o7233 |.Ov482 ¢a | . onz44 | 00545
7 3¢ |.O7053 |-O7286 és 002287 1.00S20
8 31?7 1.06332%% |.O7069 o | .04 [.ODS4AT
® 38 |.O5332 {.063=1 &7 |.o0Zo0 |.00B12
114 32 1.052\2 1.O06ST73 68 1.00150 |.O0D4380
t g0 |, 050247 |.05200 e |.020iz25 |.00150
Y a4y |.0S772 |l.oeozs 20 | o0d80 |.OD&C0O
1 a2z |.0z4a95|.ocs7=0 21 . 2535245 |.0D3D0
1% 43 L3272 03547Ss 722 |.05>2.0 [OD2TG6O
1S a8 | 043245 OSZ.0\ 23 |, o5555% |.OO0Z:
e 4s |.O4569|.04%25 24 o 00208
2 4a |, O23SEH ]| OB 2s L.ODZ2R0
8 47 [.O2T1I3 | .0az277 7¢ NoloXB-%
1] 4 |, 0Z343 1. 04102 22 002310
20 49 |.0Z5567 |.02327 28 02208
X so | . o223 03532 279 L.OND130
22 S LOZ015 |L.OBD2TS 8o Reolol BAN
23 l S2 |.OZT74-0 |.OZ003 81 LO0D1Z 0
zs s3 |.0z465 | oz728 82 .0Di0S
2s [.O3220 [ s¢ | 02132 j.Ooz4asS a3 LDODRBRD
2¢ |.O8210 | oa=zzo se | Ho'za loz17e 8¢ .005<¢<
27 |.O3722 [.O3310 se | .D'6L2 101212 8s 05334
28 |.0R227 {.09279 §?2 |.01285 01623 8¢ B30
¥-Ford P/N CBSE -6250 -A 87 .Cocoz
88 o




APPENDIX F
DATA TABULATION

LA 22222 RS2 222X RSS2 Y2 RS RR 2R RS S22 222X 2

F.l
BASELINE CARBURETBR TESTS
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SPeELD
(RPM)
12000
12000
20V0+0
20000

6400

THRQUE
(BFT=LB)
454000
100000
70+000
180000

35.000

IGNITIBN

TIMING
(BTDC)

22+C
29¢C
400
26C

4eC

INJECTOR

TIMING
(B70C)

Ce0

AIR/FUEL
RATIG

1801
18+8
179
179

155

MAP
(PS1A)
5400
74200
5«8U0
9200

S5¢8U0

EXHAUST
PRESSURE
(INeH28)

140
2+8
7+0
250

0.0

EXHAUST

TEMP .

(DEGe=F)

76740
7860
970.0
105440

6630

BSFC

(LB/BHP=HR)

0893
0935
Qeb649

Oe432

" 1250

BSNY

44251

He252
11+931
12¢352

1¢945

8sCe

(GM/BHP=HR )
124039
6996
7633
S5e182

14969

BSHC

1¢9%

250



BASELINE EFI TESTS

Speed Torque I%;i;ign Air/Fuel Map E;Z;;St BSFC BSNO BSCO BSHC
(rpm) (bft-1b) (°BTDC) Ratio (psia) (°F) (1b/bhp-hr) gm/bhp-hr

1200 45 12 20.9 8.5 1205 1.41 0.89 25.2 4.7
1200 100 13 21.4 10.4 1200 0.77 0.59 70.55 2.85
2000 70 37 21.8 7.7 1225 0.8 1.49 7.99 3.61
2000 180 37 21.5 11.2 1280 0.48 2.4 9.65 0.69

640 35 6 13.6 5.5 780 1.45 1.3 131.2 8.2
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¢-d

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

]

SPEED
(RPM)
6075
6045
6045
6030
6U6¢0
6090
6900
60640
61345
6400
64G 0
64040
64040
6400
6400
6400
6400
6400
6400
64040
6400
6400
6U3 0
6060

60745

TORUUE
(BFT=-LB)
34e/b1
354970
35286
34700
366141
354704
344628
35.820
344095
314949
31745
360561
37604
33208
33+963
334639
33851
23+618
36540
35863
34767
38350
35.000
33.000

33000

IGNTTIUN

TIMING
(BT0C)

QeC
10+C
183
10+C

20eC

Q«C
Ge?7

193

QeC
10«C
10+C
10+C
10.C
20+C
2CeC
20¢C

200

Ge3

19+C

INGECTHR

TIMING
(ETLC)

4548
455G
453
459
4547
4640
460
451
45¢4
90.0
900
90.0
90.0
900
300
3040
300
90.0
90.0
0.0
J0.0
900
130.0
180.0

1800

AlR/FUEL
RATIB

1241
1241
1240
150
1409
149
2040
1949
2040
120
1440
16+0
1640
1848
120
1440
160
21+0
1240
1440
160
205
12+3
116

125

MAP

(PSIA)
54389
Seh Iy
50136
Beb4q
5¢3/3
6391
84925
Teblu
7.032
Se693
64329
7565
758
104215
Se092
Se781%
6e¢735
9562
4e788
Se2¢6
509¢6

Be5U8

S5+818"

5140

4e941

EXHAUST
PRESSURE
(IN=H28)

00
040
340
Q00
00
Qe0
0«0
0.0
0+0
00
00
00
0+0
1¢6
0«0
Q0
00
10
0¢0
00
040
0¢0
0e0
00

Q0

EXHAUST

TEMP
(DEGe=F)

807.0
71540

10000
77840
70940
8670

100540
85140
77840
85040
87240
92840
92840
98540
80640
81240
8280
78940
7060
70840
7040
6890
8230
7300

6800

BSFC
(LB/BHP=HR)
1e915
1288
14170
1114
1025
14295
1eD46
14194
14178
1¢618
10616
10926
14495
24108
14256
14145
142%5
10987
1091
10098
1168
0938
14400
1272

1080

BSNY

IEE-1-
14299
10407
20165
3.039
2e463
Ge777
Qe741
0«680
1351
2e123
14925
10688
0647
1203
1066
1+890
0.358
14409
2e477
3133
0+187
10453
10668

1313

BSCO

(GM/BHP=HR)

402990
292+426
2244276
13113
15874
14756
19567
12+041
12477
1564038
33+090
150600
144660
37099
88751
294063
134248
35588
744157
17222
12074
11607
252333
284900

119561

BSHC
26483
15.89
17¢48

6¢09

9.21

376

7026
1038
21483

8405
1688

171
1157
62445
1026

7494
léebl

12583

9.23
12470
26¢25
5649/
11.01
1ae40

13.91



9-4

26
a7
28
29
30
31

3e

34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49

59

SPEED
{RPM)
6090
6075
6090
6090
6090
6075
6000
6000
6000
6000
121890
12225
12225
12225
122140
120090
121240
121605
12135
12135
121645
12100
12045
121365

11985

TORQ@UE
(BFT-LB)
35000
354000
35+000
39000
35000
35.000
31980
344729
29907
320086
450432
450335
460433
480096
49556
474035
47567
43+069
47053
457097
5le74y
b0+ 396
45000
454000

45000

IGNITIbBN

TIMING
{(BTLC)

CeC
9e3

197

10.C
10+C
200
40eC
2beC
15+C
15¢C
25eC
40eC
4002
4Ceb

2be6

INJECTHR

TIMING
(BTDC)

1800
13040
13040
130.0
18040
130.0
180.0
13040
1800
180.0

4540

450

459
“Se
463

30.0

AIR/FUEL
RATIB

158

1848
1847
1847
1745
2149
1949
2046
18e4
17+9
1749
18¢2
192
1940
2301
215
217
228
2147
2248
1840
1747

179

MAP

(PSIA)

6eiby
Se6c8
5280
92580
7532
8+0€0
7+7U8
9367
Be2/7
74107
Se0b7
S5e289
54849
6362
Se784
S5e 485
7671
6822
7346
7911
80306
90068
5e8V1
6030

6+8U8

EXHAUST
PRESSURE
(IN=H28)

Q0s0
00

00

EXHAUST
TEMP

(DeGe=F)
8770
80490
74540
9684+0
76840
8350
90840
85840
90040
7600
9550
104540
114040
11650
10650
96540
92540
9850
1071.0
106940
iZOb-O
115640
824.C
S464C

106040

BSFC
(LB/BHP =HR}
1296
14116
1017
1e517
1e157
1250
1679
1eb72
16743
1299
0+806
0880
Oe972
0997
0e829
QeB826
0959
0e947
QeY72
1064
14053
1e162
0360
0e940

1.093

BSNE
10687
lekig
1.813
Deb17
Oe/12
0570
20630
04601
Qe601
1.021
9388
4485
3.008
2+228
3.172
Se+667
1,089
2+298
14003
Oe887
Qe /743
Oe/57
A10~123
4e479

2437

BSCO

(GM/BHP=HR)

20+418

8807
11+020
17918
130608
13506
49420
364695
384175
28354
114066
10779
10322
10858
11060
10416
15357
15943
23+409
2%+110
24406
38951
14661
18+485

19939

BSHC
Tekd
Be34
9e62
6ok
19440
12.06
57+82
10032
7199
65472
620
335
1460
1¢52
353
6095
55¢24
34034
1B+52
3B+638
9e25
29+2%
1675
953

4430



51
52
53
b4
55
56
57
538
o9
60
61
62
63
64
65
66
67
6%
69
70
71
/e
73

74

SPEED
(RPM)
12045
121240
12135
121345
121045
121240
120940
12075
12090
12105
12U3e0
120940
122140
1201.5
121240
104 e
12165
120445
12120
121540
120640
12225
121945
12145

12210

TBRWUL
(BFT=LB)
454000
45+000
450000
45000
45.000
454000
434309
460148
464532
44 ebBRT7
H4e 774
454708
45.000
45+000
45+000
474291
494665
484879
393584
420818
43+253
105+254
10b+206
107977

104885

IGNITION

TIMING
(8TLC)

349
20+C
1G«C
39eC
20.C
10+C
30eb
14e8

49
236
149

43
ibeC

3Ce¢

3149

15eC

19eC
133
3Ce2
4104
26
lieg

167

INVECTBR

TIMING
(BTLC)

9060
90.0
90.0
30.0
90.0
90.0
180.0
180.0
18C.0
180.0
180.0
180.0
180.0
18C.0
18040
180.C
1800
185.C
180.0
18C+0
18C.C
4742
462
464C

463

AIR/FUEL
RATIB

19.8
2040
197
221
2148
215
190
181
1747
204
199
196
224
2247
212
2248
2246

217

1Bek
18+0

1748

MAP
(PSTA)
60330
7200
840/2
7622
Be584
9329
Se5U4
5¢822
646439
Se336
643060
7291
8521
7114
B+3U0
7e741%
8913
10+548
9e4vs
7+614
647430
7¢163
74323
7.983

7390

EXHAUST
PRESSURE
(IN=H28)

30

138

13+8

600

S0

EXHAUST
TEMP
(DEGe=F)
Bl440
952+0
1108.0
783.0
870.0
1109.0
9880
105640
11800
9580
105140
118340
1209.0
1001.0
129040
10370
128440
14860
}51800
12870
1090.0
98840
1048.0
1195.0

113340

BSFC
(LB/BHP=HR)
0904
1066
14250
1030

14204

Oel34
0893
1049
OeB41
0931
1.097
1193
0e950
14311
1054
1.202
10468
1¢/04
1235
14045
0538
Q955
Ce620

0591

BSNB
5685
2116
1.219
2e824
0e949
1.098
17+12%
74971
60712
104386
Seb15
4372
1117
1+295
0+789
1.009
1+140
0668
1010
1113
10645
16+123
7706
he661

6e212

(GM/BHP=HR)

v

8sC8

154486
23+310
294697
16+124
25073
37385

9676
10114

9+019
10.702
11+223

9929
31859
18+669
23021
86+214
45229
S8eb58
53946
404770
29259

S5+949

60279

8071

7747

BSHC
29402
27496
1257
68¢26
79415
3454

8+70

Se37

2402

8400

Je52

200
1134
2454
1104
62452
38,77
3030
28462
1682
2681

Se¢10

Je42

137

199



8-4

76
77
78
79
80
81
82

83

85
86

87

89
90
91
92
93
94
92
96
97
98
99

100

SPLED

(RPM)
12105
121645
121840
120940
12075
120940
12105
121345
1209.0
121005
121840
12060
120745
12135
120940
121Ce5
121240
121540
120445
12015
12U90
120640
12135
120600

12075

THRUUE
(BFT=-LB)
104+608
107664
1074567
104561
1036431
104+908
99217
108+616
104.602
101+459
102468
101+2068
1014459
1024506
103+235
1024838
105014
103850
100000
100000
100.00C
100000
100000
100.000

98104

IGNITIEN

TIMING
(8TDC)

416
2643
1646
4166
29e(
15+C
400
250
1358
357
20+C
1CC
350
200
GeZ
3o.C
20.C
10C
3C €
15¢1
Sed
3Ce7

153

288

INJECTBR

TIMING
(8T0C)

47 o4
4547
4643
469
4601
4601
466
4642
4646
90.0
90«C
900
9040
90.0
90.0
900
900
900
18040
180.0
18Ge0
1800
1800
18040

180.C

AIR/FUEL
RATIB

19+8
191
198
2240
215
2043
23+9
235
2343
1841
1841
179
1948
19¢4
193
234
22+8
2090
181
1748
177
199
195
18+8

Ruek

MAP

(PS]A}

TetO4
7739
8391
8522
9s1065
9+6U0
10+249
11393
13.444
73%6
7e634
Bed/t7
7887
8e455
9.8U5
104660
124327
11777
7235
7685
Beb65
7815
Bebb3
9584

1l.182

EXHAUST
PRESSURE
(INeHZ28)

540
55
70
605
80
9e0
90
16+6
2440
405
50
6¢5
508
6¢5

90

EXHAUST
TEMP.
(DEGe=F)
977+0
10550
114400
9884+0
1089.0
1198.0
98440
108840
1140.,0
1070.0
11550
124040
102040
1150.0
124040
98540
1155.0
12400
101740
11250
1260.0
10170
114640
12910

1074+0

BSFC
(LB/BHP «HR)
- 0e038
D270
04605
0572
0638
00695
0679
0708
Q872
Qebdls
Oeb48
0e629
Oebd26
0+581
Oe681
Qe624
Ce748
04805
Deb31
Qe278
0eb71
0537
0e621
0e711

Qe /725%

BSNO
10.623
Hed 16
2e/76
3¢384
1602
1+480
0958
Oe/84
1.091
1Beb64
9ebb2
44777
10eD41
4593
24873
1+750
1¢153
24652
12+982
4e734%
3o b48
44596
2002
1987

0370

BsSCH
(GM/BHP=HR)
54692
6728
8¢705
60645
8¢720
10470
90194
11341
22400
5¢193
10+787
80041
6594
374240
140657
74894
10841
24833
Se171
62840
be742
5e718
84206 -
7084

16578

BSHC
S5e57
3048
1¢75
1019
797
3e64
3207
2542
S1.91
10468
Je16
131
5¢50
2060
1586
28+63
41ebb
44431
3489
19
0+52
3.80
199
0¢67/

44078



101
10e
103

104

SPEED
(KPM)
12075
120640
120640
120445

12045

TURQULE
(BFT=LB)
99014
99507
99119
99 385

106+088

IGNITION
TIMING
(BT0C)

311

311

INJECTBR

TIMING
(8T0C)

1800
180.0
180.0
1800

180.0

AIR/FUEL

RATIB

2304
2146
2245
2104

2146

MAP
(PSIA}
104106

84610
11.282

9818

124671

EXHAUST
PRESSURE
(IN=K28)

95
740
1646
138

249

EXHAUST

TEMP .

(DEGe=F)

110740

11280

1330.0

1310.0

1945.0

BSFC

(LB/BHP<HR)

0+661
04589
0¢763
O+682

0.831

BSNE

Oebus
1e947
0+¢661
0¢/59

1+250

BSC8

(GM/BHP=HR)

144518
11890
22760
174929

240417

BSHC

26+96
8.83

18+54
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T1-d

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

SPEED

(RPM)
20000
20000
20000
20000
200040
20u0«0
200040
20000
200040
200040
20000
20000
200040
20000
20V0+0
20000
20000
200040
20000
20000
20000
200000
20000
20000

20000

TBRGUE
(BFT=LB)
700349
684213
69+949
Theldd
72596
724710
700350
68964
68e741
74179
704000
674383
706512
70.700
70715
694688
704859
704000
684525
€8240
72.002
754975
75014
67899

69773

IGNITIUN
TIMING
(8T0C)

40eC
400
404C
40eC
40eC
250

2bC

40+C
40eC

40¢C

25¢C
25¢C
15+C
1
15¢C
15¢C
15¢C
4CeC

40¢C

INJECTBR
TIMING
(BTOC)

4540
450
45.0
4540

4540

4540
900
9040
90.0
9040
900
90.0
90.0
90.0
900
9049
9040
900
90.0
180G

18040

AIR/FUEL
RATIB
179
200
2401
220
2240
178
2040
224
180
2040
18e4
2040
2hebd
22+0
1840
205
245

22e4

2240
180

20+0

MAP
(PSTA)
6+3U0
6991
10.112
74966
7+9¢9
60725
7787
10749
76068
84351
S5¢6V0
6200
8+9V0
7000
6200
74100
9.2V0
7600
64500
7+2V0
9+1V0

11792

Be650

Heb24

6285

PRESSURE
(IN=H28)

83
110
221
138
13+8
110
1646
3004
1606
221

8+3
110
2201
16¢6
13+8
1606
2746
22.1
1606
207
304
43¢5

193

110

EXHAUST
TEMPs
(DEGe=F)
1102.0
1107.0
994.0
11200
11120
117440
121540
1082.0
132340
1345.0
103840
107640
94640
106140
1158+0
1220.0
1082.0
116440
_1000-0
13320
141840
990.0
122040
111840

112040

BSFC
(LB/BHP=HR)
Os614
Oe643
04851
0e661
0669
0652
0e727
1+002
Q+820
04773
0e588
0647
0798
04656
Qeb74
04729
0«833
0+/728
0e755
0e/792
0+886
04953
Oe222
0e626

Debb}

BSNE
8¢295
3393
Oe504%
1583
10967
4798
1e767
34687
3e181
1+998
160981
Se/b64
0.210
24587
4e748
1e818
Qo412
0963
20103
14965
0606
0+899
Oe712
10511

D640

Bsce

{GM/BHP=HR)

7339
9625
12+296
11882
11¢943
69697
104065
174433
50156
6¢018
7+800
11106
12+064
13+535
B¢525
134696
15367
140428
5833
62304
140678
81+868
15+117
Be463

10506

BSHC
1+86
2035
5343
5488
6401
0¢68
114
59450
3000
1+26
480
4el3
S4¢09
9¢76
1066
“2e04
S54e52
9elb
Qe74%
Oe38
1e43
S5le42
Se77
178

198



¢1-4

26
27
28
29
30
31
3e
33

34

36
37
38
39
40
41
42
43
44
45
46
47
48
49

50

SPEED

(RPM)
20000
20000
20000
20000
20000
20000
200040
2000C
200U«0
20000
2000 +0
20000
20000
200040
20000
20000
20000
20000
20000
20000
20000
20000
20000
20000

20000

THORGUE
(BFT«LB)
67+736
730445
704968
694370
644057
69+180
714558
69+928
734100
73¢120
694165
178892
1804092
178+651
198312
187537
179.243
1804047
1764887
186937
1814632
1740955
1810186
183+242

179.429

IGNITIBN

TIMING
(8TDC)

40eC
40eC
4CeC
25+C
2540
25.C
4-11¢]
15¢C
15.C
15eC
15eC
40C
40C
40eC
400
40eC
2beC
25eC
25eC
15.C
15¢C
40eC
40eC
40eC

2b 0

INJECTER

TIMING
(BT0C)

18040
18C+0
180.0
180.0
18040
18G.«0
1800
180.0
18040
18040
180+0

4540

45.C

45.0
450
4540
450
930
90«0
90.0

90.0

AIR/FUEL
RATIB

252
2440
220
180
2040
242
22+0
180
20+0
2345
2240
18+0
2040
235
2491
2240
180
200
223
200
180
179
200
242

1749

MAP

(PSIA)

9e834

8e112
74029
5848
6704
10140
70488
6¢463
74596
10+983
8+935
94794
10.642
13+849
15¢1/5
12+437
10298
11,500
140218
12+678
12+6€0
94618
10+608
140981

$e923

EXHAUST
PRESSURE
(INeH28)

2449
193
1696
1140
138
276
1606
138
1943
4402
276
249
33.2
609
692
498
33;2
443
692
498
498
277
36+0
7199

33.2

EXHAUST
TEMP
(DEGe=F)
98540
110740
1123.0
121240
12230
115240
12420
129240
1332.0
141240
1403.0
1195.0
11620
117340
1134.0
119840
1253.0
12800
134240
142C.0
13600
1193.0
118540
11300

128060

BSFC
(LB/BHP=HR)
0e897
0e715
0658
0+685
Qe771
0962
0¢7%0
0766
04790
1040
Qe9312
Qo426
Qedl2
04501
0e470
0+433
Oeiby
Oe453
04532
Qo487
Qebl2
0+430
Oe434
Oed16

0e435

BSNB
Oeb27
0e926
1e483
74456
20981
Oe/63
le432
30946
1+989
0e519
O«869
180137
10609
1400
10392
3.151
Be830
3e764
14185
4e012
3355
18+116
10613
le413

10060

BSCo

(GM/BHP=HR)

13+292
13759
11976
60682
9eS574
210143
120479
3895
4911
27+118
10+383
4e459
5¢000
5¢860
5229
Sed12
S¢578
6e4s3
9+208
60742
He348
40620
Se632
69653

6100

BSHC
63434
18469

503

063

D86
56091

2e26

0.32

027

28499

1449

2075

2220
14422
16+04

4010

1+32

106

Se43d
=070

0«88

2e47

2e13
21e41

177



€1-d

51
-1
63
54
b5
56
57
58
59
60
61
62
63

64

SPEED

(KPM)
20000
200040
20000
2000+0
20000
200040
20000
200040
200040
20000
20000
20000
20000

20000

TORUULE
(BFT-LE)
183+268
1844101
1844263
1814273
1824386
174456
188+5C1
183¢544
180893
1814110
1754883
1794525
179+.201

1814952

IGNITIBN
TIMING
{(BTDC)

25eC
25eC
15¢C
35.C
35.C
3beC
35.C
35.C
250
25eC
25+C
25eC
20+C

20+C

INVECTER
TIMING
(BT1DC)

900

90.C

90.0
18040
180.0
18GC.0
18040
180.0
180.0
180+0
18040
180.C
18C.0

1800

AIR/FUEL
RATIG
20+0
223
180
18¢0
20+0
255
240
22+0
1791
2090
2495
22+0
180
20+0

MAP
(PSIA)
11914
1409583
110137

9196

9e747
144165
133023
11+3/2

9e4¥3
10.2¢1
154109
11.7/2
9.823

10795

EXHAUST
PRESSURE
(INeHZ26)

498
7745
4403
249
276
66k
6048
h4e2
2746
35.+9
The?
bho2
27+6
38e7

EXHAUST

TEMP e
(DLGe=F)
130340
134540
140340
122040
119640
120840
124340
12260
125840
125640
131040
12710
125240

1307.0

BSFC
(LB/BHP-HR)
Oettbb
Oeb43
0e483
0.418
0e413
0e932
Qo467
Qo433
0+430
Os432
0557
0e475
0e459

0+460

BSNE
3505
14313
64091
17+868
140339
0917
00931
34264
120146
74812
De721
2+363
94027

54175

BSCo
{GM/BHP=HR)
74673
100742
6072
4503
Sedls
6888
5998
60425
5+099
XX Y]
11241
74628
5666

60723

BSHC
147
7+81%
0e31
2401
1476
19465
7439
2e26
116
0+81
i2011

1¢43
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¢T~-4

10
11
12
13
14
15
16
17
18
19
20
21
22
e3

24

SPEED
(RPM)
64605
64645
62740
6435
6435
64540
64500
64540
64645
64605
64500
64deB
64345
6495
6465
64240
64345
6435
6400
6400
64040
64000
6400
6400

64040

TBRUUE
(BFT-LB)
37+986
380335
350940
364665
34975
35121
374033
360748
35344
32762
35845
36079
3346396
340331
349303
33.034
31924
344815
364769
32128
31399
36214
33309
360489

37.867

IGNITION
Tl

MING
(BT0C)

QeC
10+C
2040

00
1CeC

20+C

100
2040

00
10+C

20«0

10eC
20+C

0¢C
10+C

20+C

10+C
20C

OeC
10C
2C+C

OeC

INJECTEOR

TIMING
(bTDC)

4447
4409
4347
4546
451
4540
4ie8
4543
4543
451
4540
4408
44,3
4445
4hek
45,0
4542
4447
3646
33.1
3244
272
310
2640

450

ATR/FUEL
RATIG

119
1240
12.2
15+1
151
151
155
1746
191
1240
118
1240
150
1540
1540
18.0
18+2
1846
1240
1240
1149
15+0
149
15+0

224

[GNITION
EFFECT
(SPARK)

A

A

m» @ w

™ @ o

[N o T o N B o B a ]

MAP
(PSIA)
60002
5e546
54200
74279
693U
5¢9/0
74543
7423
74546
6.0V8
53069
54076
64988
50983
Se587
846US
7314
6+80]1
8+0c5
8.0U8
8022
8+019
84011
840V7

74934

EXHAUSY
PRESSURE
(IN=HZ8)

Q0+0
00
00
0ed
Qe2
03

06

Q.8
Qe1
30
0+0
05
0e3
0+0
1l
09
05
0«0
0»0
00
00
00
0¢0

Je2

EXHAUST
TEMP«
(DEGe=F)

81540
74740
69140
892.0
7800
72840
88640
8240
75240
79400

00
6150
81540
71840
6530
89540
77240
72040
71840
68040
620+0
76040
713+0
65540

9700

BSFC
{LB/BHP=-KHR}
10230
1199
14039
14388
1200
10082
1e414
1251
1e227
10473
1eld7
1003
14433
14130
1003
14626
1339
14099
14279
1e264
14153
14232
1.121
Qe929

14615

BSNB

1.418
1e744
14577
1000
QettS4
Oeb20
0e732
0355
04400
14398
14155
1246
1379
Qo477
14135
0377
Qebdlé
Qe327
10159
10113
Telus
1¢323
14118
1e466

Qe /745

BSCO

(GM/BHP=HR)

664058
26¢764
14+282
8e676
8+058
8¢378
11520
134364
154703
212869
824962
62+506
16¢402
10994
10335
21184
15275
12300
242354
176+925
122+920
8021
8+118
8+223

40453

BSHC
659
637
8471
389
691
Be77
3477
12436
#1423
10.29
BeB8B4
1049
1256
1114
1132
23¢36
2130
18.71
9¢28
1018
13405
4092
be42
685

6he72



91-4

26
27
28
29
30
33
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

SPEED
(RPM)
6390
6375
64645
6450
64305
64305
64945
643¢5
64840
64605
64605
6450
6400
6495
65385
66040
6510
6495
64945
64590
64200
6480
6525
6435

64305

TURGUE
(BFT~LB)
374815
324617
34514
404509
40625
36508
364990
35016
36916
369201
354916
32e424
35000
360456
340053
32.021
340891
38+158
380173
35576
37702
384973
434135
37698

36e448

IGNITION

TIMING
(870C)

QeC
100
10eC
20eC

20¢C

10.C
20e(C

Q+C
10C

10.C
10+C
1C.C
10«C

20+C

INGECTOR

TIMING
(b7TDC)

G404
4445
4543
4446
4405
4446
4408
4hel
4407
b4 el
4446
4540
4540
G4 0b
4406
4548
4104
41.1
4001
4004
4lec
408
400
39.8

4045

AIR/FUEL
RATIB

200
229
200
225
200
119
121
120
1540
1540
1540
223
222
2040
217
200
12+2
150
19.1
219
12+0
1540
239
22+0

1240

IGNITION
EFFECT
(SPARK)

C

O O O O 9O O 0O 0 0O o0

m m m m m m m™m Q o . O O

m m

MAP
(PSIA)
74940
709435
7939
74940
7921
84011
7¢908
7+9/1
7+9/6
Te964
7955
749021
84320
70923
7990
72940
5870
bekc?
8ekd}Y
10719
5¢3c4
5.80U8
10+911
9elue

5015

EXHAUST
PRESSURE
(IN=HZ2B)

20
2e2
140
145
Q8
Qe2
0+0
Q0+0
0e¢5
Of3
0+0
25
168
106
13
1+0
0e0
040
140
23
00
00

2+2

Q0

EXHAUST
TEMP
(OEGeeF)
92540
80040
81040
70040
72740
74540
70640
62640
8100
71240
6600
97240
815+0
810.0
67040
680+0
7150
77040
§72'0
94540
68240
73040
75040
807+0

62140

BSFC
(LB/BHP+=HR)
1378
14539
1e244
10108
1069
14255
1077
0e965
1173
0+990
0891
1767
10407
10261
1187
10217
1328
1e147
1+301
1696
10058
0938
1306
1273

14001

BSNO

Oe743
De732
0+059
0318
Oel34
10129
0,996
14067
1377
10149
1e422
0e4BO
1.087
0+209
De227
0e204
0978
14295
0e¢331
Qo>
O+¥39
1+033
0676
Oed24

QeBb62

B85Co

(GM/BHP=HR)

19¢151
28+720
13+960
160106
12+872
180904
119362
75385
7451
64899
7874
450768
420301
14¢699
14829
130687
259+835
B+590
14818
34840
14704395
60659
224297
21269
12767

BSHC
29479
100+46
2874
Tielh
2hek0
8e57
Beb2
11+29
4«87
Tekb
7405
50.21
4047
39.68
78434
5316
968
32405
530
3581
9463
LYY}
99.23
59416
12434



LT-d

51
se
93

S4

56
57
58
59
60
61
62
63
64
65
66
67
68
64
70
71
72
73
74

79

SPEEL

(RPM}

b43eb

642¢0

642+0
12090
121645
12105
12090
121240
121005
12120
12135
12134%
12105
120940
120940
12090
12105
120940
120640
1218+0
121365
12150
120940
12210

12120

TORGQUE
(BFT-LB)
37.001
37980
37447
46717
494159
474336
454409
460623
43687
48266
474490
43045
454875
474489
484991
47178
4heB47
464582
51676
484935
45162
“Be81l1
444022
45./720

440889

IGNITIBN

TIMING
(8TOLC)

20.C
20+C
20.C
350
400
25¢C
15+C
35.C
400
2beC
19+C
35.C
40.C
25+C
15eC
390
4Q+C
25+C
15«C
35+C
25¢C
19.C
40.C
39+C

40eC

INVECTOR

TIMING
(810C)

4045
403
40.2
452
4542
45,2
4543
4545
47 ek
4346
451
44 e8
4543
451
49500
4501
4408
4408
4500
Ghek
449
4540
“ie9
495l

bhel

AIR/FUEL

RATIB

150
232
220
18.0
182
18+0
180
20+0
200
200
2040
2248
227
22+6
212
1840
179
18+C
18+1
197
197
2000
202
230

231

IGNITIBN
EFFECT
(SPAKK)

2

E

MAP
(PSIA)
Sel87
3001
8e018
5589
5635
5.7/6
622U1
6+3U9
be316
6e6/1
T7e3%%
80117
84201
Be2b4
8e244
be525
Ded97
Se8U4
6.0UB
642
60792
7+020
6¢307
70697

Teb6/4

EXHAUST
PRESSURE
(IN=H28)

0+0
12
Qe7
25
2ok
26
26
3¢5
3¢5
37
50
5¢9
S5e7
60
643

25

EXHAUST
TEMP .
(DEGeeF)
66240
6270
66640
91440
902.0
S78+0
103640
9510
93740
99540
95640
100040
100040
1000.0
100040
917.0
912.0
9810
103240
962.0
104040
1092.0
93440
91C«0

87540

BSFC
(LB/BHPaHR}
Q926
1221
1.096
0771
0.767
0e826
0916
Qo823
0875
Q+886
10009
1087
1+023
1002
1022
QeZ46
Q792
0+813
0¢761
Qo848
Q929
D946
Q845
Q98]

QeJ48

BSNE

1.085
U555
0458
3958
5795
24240
10720
24910
1979
10395
10197
0501
0697
0753
O«876
30168
3189
1e648
1499%
1e264
Qe725
1020
14365
Qe722

0395

8sCo

(GM/BHP=HR)

9078
18319
15054
10+007
10075
104538
100775
11840
124067
13776
160451
21161
17379
23458
22335

9449

94301
10102

9373
13194
14630
13239
13372
17104

16810

BSHC
7495
88+84
65463
Se9%
Yekt3
329
208
8.08
1667
S5e63
40402
62042
6848
40+70
7498
Se71
Se54%
4e12
2469
8.09
620
2+92
13018
4891

S4e26



]

8T-d

76
77
78
79
80
81
82
83
84
89
86
87
88
89
90
91
92
a3
94
95
26
97
98
99

100

SPLED

(RPM)
120940
12150
120940
121045
121540
1215#0
1209¢0
12150
12105
12075
121045
12120
121590
12120
1213¢%
12135
12150
121045
120940
120940
121240
121500
12V9+0
121840

120405

TYRQUE
(BFT-LB)
440123
57382
454013
44006
444710
434979
42923
444774
434133
434950
450405
420184
420442
420636
LR Y-2Y
474784
454091
43156
434509
440781
460954
bbeb47
440367
424082

b4oe4ln

IGNITION

TIMING
(BTOC)

40¢GC
250
15¢C
350
40eC
2%5eC
15+C
35.C
40+C
eve(
150
39eC
3540
40eC
40+C
25C
25C
15eC
154C
4QeC
40+C
4Q0C
40C
25eC

29eC

INJECTER

TIMING
(B870C)

4407
4565
451
G447
h5e3
450
4407
4540
448
4heb
Y404
4409
4448
4407
450
4540
451
452
4449
4540
49540
450
450
45.0

450

AIR/FUEL
RATIB

2199
229
227
180
1840
18.0
1840
200
200
199
198
2346
2240
237
22¢0
231
220
221
2345
1840
2040
229
2240
1840

2040

IGNITIBN
EFFECT
(SPARK)

B
B

@

(a) [N e] [a NN gl (o] o N © (] (o] (]

o (a] (] (o] (g

o

[

(v o o

MAP
(PSIA)
60937
808439
FeQ46
Se297
5295
Seyy9
54836
5+860
Se8060
6¢031
64867

T 8384

60934 .

7+9V1
6¢780
84329
74296
84235
9.569
Se306
6041
74610
7089
Seyd8

[-XX1-2

EXHAUST
PRESSURE
(INeH20)

400
70
75
25
3]
28
3¢0
207
2e6
30
he2
Se0
3¢8
50
39
6+0
45
602
8+0
22
3.0

beB

EXHAUST
TEMP»
(DEGe=F)
900.0
9600
107440
87040
86540
93640
10090
903.0
E90.0
96540
105540
869.0
93040
8600
91040
9800
99040
1082.0
1028.0
.850-0
91240
8720
895.0
92640

9800

BSFC
(LB/BHP=HR)}
04880
0890
10151
Qe724
0713
0779
0849
0e750
Qe776
0+804
Oe921
0994
0.898
0973
00832
0952
04897
14086
14213
Qe767
Qe762
Q¢34
0e896
Qelis]

Q876

BSNS

De7%1
0+760
04031
5¢480
5e422
20383
10679
1855
2e492

10115

0e815

0e552
Oe348
0200
0+8690
14378
0584
Veb22
0.873
3e k46
1e316
Oe3b4
Oeb11
1e288

0689

8s5Co

(GM/BHP=HR)

144925
17838
34290
9339
Be981

9769

8¢893.

10095
10536
11472
134038
17967
16668
160064
14+8688
21514
18¢429
26052
344595

Fe781
10204
15264
154788
10093

13+891

BSHC
26071
45432
47453

484

4072

3460

2+29

6e25

7436

459

o4k
X XY-1
24010
6Be14
1877
49473
16460
12479
73,06

501

B8+80
62+ 42
3648

LeB2

788



6T-d

101
log
103

118

120
121
iaz
123
124

125

SPEERD

{RPM)
121045
12120
12105
12120
120940
120940
120940
120340
12150
12015
120640
1209+0
120745
120445
12045
12075
1212+0
12150
121240
12105
121240
12030
121045
12105

120940

T8RUWUE
(BFT=LB)
434367
460484
460415
460116
424770
449335
474530
440862
52:598
45.81%
464245
464630
50305
454225
460123
450356
46983
464350
460659
45726
444062
464589
101557
103151

101074

IGNITIBN

TIMING
(870C)

25.C
2he(
19+C
15.C
150
15+C
350
35.C
35+C
350
40¢C
400G
40eC
4000
25+C
2%C
25C
25C
15C
19+C
15eC
15.C
35eC
40C

25¢C

INJECTOR

TIMING
(BTDC)

4540
4540
4540
4540
450
45.0
4242
4246
417
4149
42e1
4201
4104
41k
415
41e7
4140
4108
415
4104
4146
413
462
45.9

455

AIR/FUEL
RATIU

2249
22+0
180
20¢0
23e2
220
180
20+0
by
22+0
18¢0
2000
2406
22+0
18+0
200
2401
2240
180
20+0
235
22+0
1843
1803

180

IGNITION
EFFECT
(SPARK)

D

o}

m m m mM M m O O

m m ™M m

m

MAP

(PSIA)

8+109

6999
Se911
64785
9+4U9
8+0¢1
$¢393
5933
8525
64871
.5e305
50815
8.2V3
64555
55069
6¢212
8e72%
74297
5906
68067
9¢5¢0
74932
7ekl}
7e¢4c5

74588

EXHAUST
PRESSURE
(INeH28)

Se7
445
30
XD
8¢0
6+0
20
2e6
57
KKY
21
26
Sed
3¢5
292
28

Seb
50
Se0

Sed

EXHAUST
TEMP e
(DEGe=F)
94540
9730
10220
107040
10610
11130
86540
88540
84040
9040
84240
8610
8210
8790
91240
95240
8960

445
99240
163740
104540
1085.0
100%.0
9960

10570

BSFC
(LB/BHP=KR)
1,081
0e861
Os 866
0937
1285
1092
0740
0807
0899
Q818
0707
0731
00865
0804
0+776
0+819
1009
0e876
0833
Qe922
1269
1011
Qe496
[sRR2-73

0220

BSNG
0s505
0+685
14181
Qe764
O+604
De622
30766
1./52
00359
0+892
54798
3106
0+419
1+119
29350
10134
00396
Oeb67
1388
OeB839
Q«638
[oX3-1.Y.]
114202
144843

HebH29

Bsce

(GM/BHP<HR)

23+319
17626
10003
150046
440373
28999

8e848
11+183
14+530
13+¢742

9045

9+692
12+925
12864

80979
110194
19+181
16+085

9003
120718
44517
23+136

5¢139

4¢897

60617

BSHC
61,07
16403

2049

3e54
72+23
1616

4¢60

754
61433
20451

4eb9

7406
$9+01
1775

Jeu7

536
67416
1878

2434

357
73016

Be94

387

408

2481



0¢c-d

l46

147

148

150

SPELD

(RFM)
121240
121840
120940
120940
12135
121045
120800
1209¢0
12150
120745
120940
120940
120940
121240
120940
120745
12105
12105
120940
12090
121345
12105
121500
121240

121048

TeRGUL
(BFT=Lb)
103500
104815
101439
104696
1024852
57986
1034582
99884
110+ 789
1020045
109+446
1024657
101772
100+ 368
101662
101797
102089
100833
101935
101604
102+066
1024105
101694
100461

1034531

IGNITIGN

TIMING
(BTOC)

1540
35eC

4QC

40.C
25C
25+C
15+C
35C
35
40C
25C
15.C
38
40C
254C
15C
35eC
3bC
4GeC
40eC

25C

INGECTBR

TIMING
(BTOC)

4546
455
4548
4542
4544
4501
4542
457
4541
4546
44e8
45.1
455
4504
453
4547
4547
4545
4542
455
4hey
4546
455
455

45¢7

ATR/FUEL
RATIB

1840
197
201
2042
198
2440
221
2uel
234
2146
2206
220
178
1840
17+9
179
2040
2040
2040
200
243
2242
246
220

243

IGNITIBN
EFFECT
(SPARK)

A

A

MAP

(PSIA) |

84093
8+¢1063
8e1U4
Be683
94187
11069
9415
11598
11723
9382
11259

9e5Y92

74313

7+281
74509
7971
74947
70946
84315
8+830
11172

9118

11278

Be88Yy

12¢4VU4

EXHAUST
PRESSURE
(INeH28)

60
602
602
740
8.0
10+0
9e¢0
1646
193
840
22e1
8e2

4e5

4e7
Seb
5¢8
55
6¢0
740
138
70

138

1646

EXHAUST
TEMP .
(DEGeeF)
1132.Q
101840
1000.0
10700
114240
960+0
9920
915.0
10470
105440
11490
99340
94340
9200
99540
10800
9500
93440
10050
.107100
92040
96C.0
8810
94440

97840

BSFC
(LB/BHP=HR)
[ePE-1.1¢]
0e510
0e497
Qo526
0582
Q634
0537
0eb54
0620
0563
Qeb42
Q558
Os484
Oe486
0500
Oeb47
0493
Ce489
Oe511
[oX3-1-11
0615
Oed26
Ueb13
017

0679

BSN®
34387
4592
44350
1779
14125
Qo482
14050
0+201
Oed4]
1100
Q670
0«984
10921
13625
Se592
3¢556
40211
4e/791
1857
14206
0+154
lel167
Oeibid
1525

Oeb80

B8SCo
(GM/BHP=HR)
74320
S5¢762
S5e417
60463
84386
9323
be746
94556
10017
74975
13+921
7721
4295
40234
54061
6593
4960
4e789
5754
7+328
8580
6197
8e451
6079

114595

BSHC
1479
4402
468
352
2049
35484
11479
4352
2546
AYA
8065
1096
4029
bedl
2097
1.91
4039
4488
3671
26419
35.15
ekl
42459
9e42

44451



Tc-d

151

153
154
155
156
157
158
1589
160

161

163
164
165
166
167
1638
169

170

172
173
174

175

SPELD

(RPM)
12075
121840
121045
121645
12030
12015
12109
12075
1209¢0
12090
1210e¢H
12120
12150
1228+5
120940
12075
12150
120940
12075
120745
121005
12105
12120
121200

1219+b%

TURGQUE
(BFT+LB)
990944
1040981
106901
1004295
101.238
101210
994190
101709
1024595
101737
100046
1000409
102.372
101343
103.048
1024527
1040842
994876
100408
100453
101402
1010343
100e624
101.690

1034942

IGNITIbN

TIMING
(BTLO)

25eC
15¢C
15+C
35.C
398
25+C
15C
35.C
40+C
25¢C
15eC
35.C
35.C
40e(C
40.C
40eC
29C
2be(
40
40eC
2be(
25¢C
15
15¢C

35e(

INJECTEOR

TIMING
(87CCH

453
4be9
4406
4408
4403
4443
4404
4443
4h o
byeb
4444
4440
4443
4545
4441
44 eQ
493
438
45.0
4540
4540
4540
450
4540

LXXY-

AIR/FUEL
RATIB

220
235
220
1840
180
180
176
2040
2040
2040
2040
247
220
2bel
2401
219
24
220
180
200
1840
2040
1840
2040

2542

IGNITION
EFFECT
({SPARK)

B

8

[0 N o TENEE o N o TN o NN v .

[l g

o o0 o0 0 00

n

o o O O O O ©o

MAP

(PSIA)

Se331°

124752
10641
Be0C4
8+021
84021
84027
84026
8034
8040
8+0¢3
8+016
8+0ca
8021
84032
84017
BeOl7
8.0¢5
7007
773}
7375
84160
74785
8992

74372

EXHAUST

PRESSURE

(INeHZ2E)
75
2241
152
45

beb

5«8
Sed

55

80
138
63
16¢2
135
602
162

8.0

EXHAUST
TEMP«
(DEGe=F)
10160
1109.0
1102.0
9340
927.0
98Ce0
106440
94540
925.0
950.0
1102.0
84540
95240
86740
905.0
931.0
9840
1032.0
923.0
93040
96540
10C440
107740
111740

8900

BSFC
(LB/BHP=HR)
Qeb67
Oe721%
04613
Qe 74
Qes77
0e496
0561
0e473
Oet75
Oed22
Oeb93
0647
Qebl2
Qeb42
0586
0e917
00698
Qe8]
Qo482
0e491]
0506
Ceb24
0255
Qe85

0e620

BSNS
1,003
De498
0684
14009
174288
70091
3.978
64060
64590
2e418
14331
0e259
14801
0+321
0e931
24074
0410
1018
110148
34820
40182
1eD68
24439
O«820

0181

BSCH

{GM/BHP=HR )

8+133
15308
10+803
he764
40242
50160
6eb4)
4¢B897
4+739
5890
8016
9373
50751
Geb94
74909
©e876
11+506
8¢557
4+087
be§27
4872
5890
60419
74589

Beado

38.28
721
389
be74
305
3e65
14595
210

40424



¢c-4

176

184
185
186
187
188
189
190
191
192
193
194
195
196
197

198

200

SPEED

{RPM)
12150
120940
120940
12105
12195
12180
12150
12150
121645
121249
12135
12150
12120
12150
1213eb
1209¢0
12105
121345
121005
12135
12135
121645
YE1240
121540

121645

TURWUE
(BFT-LB)
106+ 485
96220
S5eB843
95420
97812
100+227
944783
91557
100.675
1014481
99857
102.270
100395
101+50C2
100447
90+694
1024550
1024309
1020195
104089
994915
101255
1004104
1024133

102.401

IGNITICKN

TIMING
(BTOC)

3be(
35¢(
4QC
40eC
25+(
25+C
15C
15+C
350
35eC
35.C
35¢C
35.C
40C
4QC
4Q0eC
#0C
40e(C
29.C
29eC
25¢C
25eC
25+C
I 1%eC

150

INJECTOK

TIMING
(ETDC)

4404
hieb
4449
4440
b4e7
451
4402
4443
418
4167
4040
406
4104
4147
4201
4104
414
417
4240
422
413
4101
408
406

4001

AIR/FUEL
RATI8

240
220
248
220
2405
2290
23e7
2240
1B+0
20+0
254
240
220
18+0
2040
255
249
2242

1840

250
2490
2240
180

201

IGNITION
EFFECT
(SPARK)

D

D

m m m m m

m

MAP
(PSIA)
7¢933
7896
74896
74890
7+938
7938
70896
7854
74189
7+6Y6
12076

10258

BeS547 -

7+0%0
75066
11710
100008
8e197
7e251
7eBch
11885
10+5VU9
9199
7501

Bett 26

EXHAUST
PRESSURE
(IN=HZO)

940
65
13+8
65
235
8+0
2409

138

1348
8¢5

6e¢2

45
100
80
58

b2

EXHAUST
TEMP o
(DkGe=F)
93240
9500
83740
92440
94040
101540
108040
106040
920.0
91840
82240
917+0
93440
895.0
900.0
79340
8890
90840
45,0
95840
93840
980.0
10040

10300

1058.0

BSFC
(LB/BHP=HR)
0558
0e513
04655
Qev23
0¢730
Oeb83
0812
0720
Oe4BY
Q0495
0+0669
0578
0919
Os4B85
0485
Qo724
Qedbé
Oe491
OeDl}
0502
0e686
0608
Q4959
Oeb33

Oeb68

BSNB
0+604
le141
U069
1259
0239
0858
0+283
De469
Fe362
54389
0+398
0e718
10646
16¢319
6+891
04578
Qe625
3092
74023
3736
1e274
Oeb84
Q+991
beb40

2084

BSCO

(GM/BHP=HR)

6613
S¢040
8+041
4776
10749
7562
15+756
11947
4324
4e894
11+183
Bells
Se884
4280
4765
114751
74633
Se413
Se214
S5e768
11906
9024
T+546
6120

74435

BSHC
2228
779
47097
970
5112
1075
46478
1935
360
420
5007
25+24
701
4001
LXE AV
5616
24048
661
3430
337
43067
1912
769
186

196



€¢-d

201

202

SPEED
(RPM)
120340

12075

THRUUE
(BFT=LB)
97680

102,126

IGNITION
TIMING
(8T0C)

15+C

15.C

INVECTER
TIMING
(BTCC)

406

39.8

AIR/FUEL
RATIO

23¢9

22+2

IGNITION
EFFECT
(SPARK)

E

E

MAP
(PSIA)
124402

10016

EXHAUST
PRESSURE
(INe=H28)

193

93

EXHAYST
TEMP e
(DEGe=F)
109240

11050

BSFC
(LB/BHPeHR)
Uel62

0e618

BSNEB 8sce BSHC

e=see (GM/BHP=HR) ==ece==

Qed34 15+597 32455

00779 100244 .23
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¢4

10
11
1e
13
14
15
le
17
18
19
a0
21
22
23
24

2b

SPEED
(KPM)
69545
6435
6630
6795
6400
64040
64945
64540
661¢H
6720
6555
6495

6510

6495

643D
6510
62140
6944¢Q
69540
65140
643D
6540
6510
6480

64945

THRWUE
(BFT~LB)
374948
324612
34291
37072
41.488
394403
36617
35e441
340726
37159
37+967
‘340407
33.197
334674
31en64
35.029
324560
36855
37572
34294
35262
374172
35941
35232

38.401

IGNITIBN

TIMING
(870C)

20¢C
200
20+C
20.C
20C
10.C
10+C
100
10+C
10.C

Qe¢C

UsC

Qe¢C

GeC
10C
10eC
10.C
10+C

1G.C

INVECTER

TIMING
(BTLC)

4042
396
422
4241
503
4Sek
398
39.8
407
4243
407
407
4049
41613
413
426
4203
4301
4245
428
4205
428
4204
4247

43¢0

AIR/FUEL
RATIY

1240
140
160
18+0
228
120
140
160
180
2246
12+0
140
160
1840
221
12«0
140
1640
180
224
1240
1440
1640
1840

228

INLET AR
HEATING
(DEGe)

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
150
150
150
150
150
150
150
150
150

15¢

MAP

(PS]TA)

40813 °

5068
S5e377
6142
8995
De189
5e371
5e946
6319
9e3c1
5586
Se3826
60534
T eid7
10+919
SHebUY
60186
6881
8.211
124076
50108
5554
6e3c2
60782

10585

EXHAUST

PRESSURE

(INeHZ28)
0e0
00
00
0e0
0.0
040
00
00
0+0
00
00
0.0
0¢0
00
0+0
QeQ
0.0
Q0
0.0
00
0+0
00
00
00

00

EXHAUST
TEMP .
{OkGe=F)
69040
69440
69640
71040
6700
7350
74740
74840
76340
7550
8190
3380
8600
9000
950+0
8410
8400
8650
93040
8900
7650
/95640
78C0
8340

73240

BSFC
(LB/BHP«HR)
0962
0918
0e¢920
04890
1+107
0936
04939
0e988
Qe972
16246
1173
1210
14295
10364
1960
10283
1.298
1253
10327
14891
1032
Qe97%
14036
1el48

let17

BSNY

14367
1035
Uebbbd
Ue154
0276
1e125
[eXY-1.1.]
0215
Oslbs
0281
1e147
1317
Qeb2d
0294
Oedi3
1336
1.011
Deb62
04217
0e/0%
1232
1024
D263
Oe«183

Qe85

BsSCo
(GM/BHP=HR)

60¢183
84409
Be924
Be784
14838
30819
74267
8+290
9083
18565
128+119
9859
9885
13634
40e172
78+239
9+062
9+868
140662
38831
134679
6+720
84768
114399

240612

BSHC
Be76
650
7466
12431
7341
6+79
Se59
7469
9485
77429
8.21
4e13
be22
6+30
7800
718
3.91
heb3
1014
10915
Se82
be59
9.18
1289

9706



9¢7-4d

26
27
28
29
30

32
33
34
3
36
37
38
39
49
41
42
43
44
4y
46
47
48
49

S0

SPEED
(KFM)
65140
64840
6495
64945
6480
64240
6480
6400
64945
649eb
64945
69540
6540
6940
69140
64905
6735
6675
6450
6310
120690
120940
12060
120040

120300

TORUUE
(BFT~LB)
35656
340728
34e142
340969
42+097
340133
33+556
464104
374048
32934
38273
384298
300357
344907
31300
38992
364399
384026
31332
250332
460543
440569
454527
450000

430435

IGNITIBN

TIMING
(BTLC)

20C
20¢C
2UeC
200
2040
20eC
20eC
20C
20sC
2040
10eC
10.C
10eC
10eC
10+C

0¢C

Qe

0eC

UsC

OeC
20C
30¢C
50eC
50.C

4CeC

INVECTER

TIMING
(BTLC)

4245
424
4342
4343
4245
4546
4507
9647
4543
4547
4546
45,9
4501
454
4562
463
4747
4649
4548
4742
462

4606

ATR/FUEL
RATIB

120
1440
1640
180
231
12+0
1400
23¢9
16+C
1840
1240
140
232
16+0
18+0
120
1440
160
1840
240
18+0
200
22«2
24l

179

INLET AIR
HEATING
(DEG»)

150
150
150
150
150
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
100
100
100
100

100

MAP
(PSIA)
4+825
5297
54777
6376
9e4Us
4e5C8
5025
9e 493
5332
64153
47068

Seldb

9e699 -

5e303
6eblsy
54390
Seb41
601069
7.092
12551
Se382
6082
6+821
8e0U0

Se260

EXHAUST
PRESSURE
(IN=H28)

0«0
0.0
Qo0
0e0
0+0
00
De0
0¢0
00
Qe0
0«0
Qe0

0+0

0«0
0«0
0«0
0¢0
0«0

0+0

208
beol
5¢5

25

EXHAUST
TEMP

(DEGeeF)
7050
69540
70640
70540

66040

66040

6680
60640
68840
71240
72040
74440
73040
77440
79040
7940
83440
85840
88&.0
83540
860.0
86540
85840
77040

89540

BSFC
(LB/BHP=KR)

1.009
Q327
10023
14041
14149
1.011
De961
1023
0924
14060
1004
0936
1637
0e¢998
1159
1207
1116
1062
10425
24906
Qe/761
0806
OeB61
14023

06794

BSNB
1304
0785
Oe360
0e23%
Oe285
20947
3.091
0976
14138
0310
14120
1490
0550
Oe942
Qo388
10199
64620
3,806
14027
3507
7886
24296
0750
0e¢318

he234

BSCH
(GM/BHP=HR)

33+591
84699
9e932
10810
15+971
63257
8918
15922
Beb42
10566
73+155
74011
25702
80133
114496
1420747
S54+548
7969
13742
574125
9187
9992
110643
140455

9695

BSHC
9elé
7430
11641
1947
80.09
999
7.27
6214
904
17+20
706
hotrty
99432
5489
11043
703
342
3.93
S5e45
i72v30
6923
15045
28471
70491

Bok2



A

51

e

54
55
56
57
58
59
60
61
62
63
64
63
66
67
63
69
70
71
72
73
74

75

SPEED

(RPM)
120640
12030
120640
120340
120640
120600
12030
120640
12090
12090
12090
12075
12090
12090
120940
12120
12135
1215¢0
121240
121840
12135
121840
121240
1213e¢d

121240

TORGUE
(BFT=L8)
484268
464627
38.432
460699
434515
440934
464710
43.288
484962
424050
424560
45+017
44544
484675
474117
474873
444010
450888
48¢%518
424697
430029
384336
47693
460 /43

48e472

IGNITION

TIMING
(BTDC)

4000
40eC
40C
290

2be0

b0C
500
20eC
50C
40sC
400
4Q0¢C
40C
25¢C
25«C
2be(
2bel
15C

150

INVECTER

TIMING
(8TCC)

4562
4604
465
462
463
4743
4645
4509
468
4740
4649
4748
4742
479
4604
4645
4602
463
465
469
462
4602
4608
4be6

4604

ATR/FUEL
RATIH

19.9
22+0
241
1840
2040
22+0
237
179
20+0

22+0

18+0
201
2240
246
18+0
20+0
220
23¢9
18+0

2040

INLET AR
HEATING
(DEG)

100
100
100
100
100
100
100
100
100
100
100
150
150
150
150
150
150
150
150
150
150
150
150
150
150

MAP

(PS]A)

6.0U0
6714
84296
Be468
64190
7+1U6
94089
Se7¢6
64566
7716
9653
54348
Se8Y4
62585
8916
50482
6+1US
6+8V9
80939
57061
60283
74310
9.290
5¢908

60823

EXHAUST
PRESSURE
{INeHZ28)

28
4ol
5e5
28
2+8
53
XX}

2+8

59
83
2+8
28
4o}

545

EXHAUST
TEMP

(DEGe=F)
87940
890.0
792¢0
945.0
96840
985.0
88000
102040
104240
10500
97040
86540
85240
85040
74940
8900
88740
8920
Sed
95640
98540
9800
8600
103840

10550

BSFC
(LB/BHP=HR)
0¢/69
0+850
10183
Q787
0892
0934
14115
0+903
0878
1+107
1334
0763
0793
Ge/56
Q+988
0s746
Oe836
Qe837
0983
0+869
0910
1+104
1,081
0897

03900

BSNE
1+908
De592
0+368
2+306
Oe727
0+430
0+ 409
10358
0585
Q4380
Qo458
80115
2+527
14253
0e¢371
44930
142095
Qe /kb
O« 364
1e258
0767
Osdi2
0409
De942

Q49

BSCO
{GM/BHP =HR)
94480
11913
16068
94037
11855
15+125
16409
11062
12015
20668
244959
8841
84852
8+586
11481
7970
9500
10+382
11794
9278
110104
17800
15036
8+890

10893

BSHC
1015
2283
86465

5¢89

9413
1872
7376

Se67

Sek6
18405
87480

6e3/
12013
18+02
7700

7+20
13.56
2099
75431

7065

928
27448
The?/

5400

Se43



8¢-d

76
77
78
79
89
81
82
83
84
85
86
87
-1}
89
90
91
92
93
54
95
96
97
98
99

lo0

SPEED

(RPM)
121345
12150
12375
124240
12195
12150
121890
121840
121345
121840
12195
121840
121540
123040
12180
12195
12195
121840
121240
12120
121240
121240
121945
120940

12090

THRGUE
(BFT~LB)
50098
424768
43476
424043
44167
472996
48203
460407
51786
474216
b4 0757
39+420
420994
43233
46+060
40eD84
42460
43885
101.918
1030411
98300
59124
974823
98517

S5¢640

IGNITIBN

TIMING
(BTOC)

15+C
15C
500
50.C
50C
90C
40C
40C
40C
40.C
25e(
25.C
2o
25eC
15.C
15C
15e(
15eC
40 C
4UeC
40C
4CeC
29+(
2o

25eC

INGECTEBR

TIMING
(bTUC)

LI-TX

4540
4540
45,0
450
4540
4540
4540
4540
4540
4540
4540
4540
4540
4540
4743
4746
474
4749
4741
47,2

478

AIR/FUEL
RATIB

220
233
1840
200
2646
2240
1890
200
267
22+0
18+0
200
259
2240
178
2040
253
2240
1840
200
2240
2447
18+0
200

22+0

INLET AIR MAP
HEATING
(DEGs) (PSIA)

15¢ 7920
150 9.453
200 50775
200 641U1
200 Qe744
200 6e721
200 5.758
200 64300
200 9.973
200 70172
200 54831
200 60192
200 10+032
200 74331
200 6+291
200 be748
200 104851
200 7+942
100 6+841
100 743¢8
100 8.096
100 114371
100 64987
100 7e8e2
100 94247

EXHAUST
PRESSURE
(IN=H28)

59

b0
9e5
60
beb
5+5
67
110

55

11+0

EXHAUST
TEMP
(DEGe=F)
107040
101G.0
83340
86040
74540
8530
82540
87540
7700
8650
92040
935.0
84040
937.0
102040
1035+0
94540
10500
. 94640
94040
938+0
807.0
1020.0
103340

1037.0

8SFC
(LB/BrP=HR)

0e964
14269
Oe748
0¢799
14000
0+719
Deb84
Oe740
0872
Qe748
0755
0¢360
14145
04863
Oe814
0925
1e256
0974
Q499
Veb02
Qe236
0+685
Oed27
Qed56

0e 645

BSNB
[ -1
0357
11061
50631
0e477
Sel46
11245
34694
Oe389
1700
40025
24075
Q378
Vo485
20047
le281
00650
Oebb2
10022
4858
16047
Qe351
30349
1290

0e420

BSCoO
{GM/BHP=HR)
15395
244061
10559
12474
144833
1008417
8565
10+294
13288
10901
9130
140486
19286
13+994
9439
13868
26307
18530
4e455
4e711
©e839
9+794
54650
6219

8+602

BSHC
10406
6139

5¢03

B+20
T4e64
1313

4+92

Telh
6418
18453

4035

679
7979
18.02

2+96

402
85445
12499

380

4e53

8499
4366

3e47

4¢10

11.80



YA

101
102
103
104
105
106
107
108
109

110

SPEED

(RPM)
120940
120640
120940
121240
121840
12195
12195
12210
121540
12135
121345
121540
12180
121540
12190
121345
121345
120340
12015
120340
120640
12U1e5
120390
120145

120340

TORGUE
(BFT=LB)
96¢965
984198
98.024
98+907
S6e458
95940
95926
102+468
100+280
99.020
101492
99.390
100740
99852
99+306
101869
874063
984770
S8eBES
1024172
93.218
101638
98723
98.022

98144

IGNITIUN
TIMING
(B10C)

25+C
15+C
15.C
15eC
15+C
4000
400
400
40¢C
29eC
25¢C
2540
29+C
1540
15+C
15C
15+C
40C
40C
4CeC
40+C
29C
2beC
25+C

2beC

INGECTOR
TIMING
(eTDC)

4748
478
4742
4704
475
48.2
4747
4608
467
475
4745
468
4607
467
4648
46k
480
468
4649
4605
IR
465
4605
463

4602

AIR/FUEL
RATIH
238
180
2040
2240
227
1840
1949
2240
2543
180
2040
2240
2407
196
200
2240
2402
1840
20+0
22e1
261
18+0
220
200

251

INLET AIR
HEATING
({DEG+)
100
100
100
100
100
150
150
150
150
150
150
150
150
150
150
150
150
200
200
200
200
200
2oc
200

200

MAP

(PSIA)

12+256

7284
Beb43
10301
12+338
60735
7+3/1
Be278
11072
69066
77062
9113
l1e6066
7+4¢9
8¢238
948069
124595
7273
7660
8¢1/0
11547
7e¢2¢3
Se2cy
8e1U9

12715

EXHAUST
PRESSURE
{IN=H28)

138
55
83

110

1646
55
S5e5
843

110

S5
83
138
59
Be3
110
16¢6
Se5
55
8¢3
110
4o}
60l
545

138

EXHAUST

TEMP

(DEGee=F)

91540
1098.0
1127.0
116440
105040

95140

94040

93240

85040
1000+0

99540
10130

94540
1070.0
1078.0
111040
10000

9200

92540

92740

85740

995.0

99040
10000

8920

BSFC

(LB/BHP=HR)

Oe804
Oebb8
04640
00706
Qo824
Oeh21
0506
0500
0613
Oed21
0e915
0eD76
0659
0497

Q569

Oes75
0649
0219
Qen49
Qo531

0695

BSNY
0231
24063
Ve741
Oeb28
0s192
134932
60197
2e795
0171}
6.882
209577
Oed24
OeQ92
3.098
0e949
0+430
Oe227
149497
6130
4¢253
0¢269
Te742
0945
1731

0+117

BSCO

(GM/BHP=HR)

13.282
6¢397
8.122

11792

14863
40561
S5e041
5059
84093
5088
5377
64599
9119
5963
6+828
84308

144497
4797
44536
4ebk2
8e619
5291
He438
beB863

9072

"L

50.81
2468
3.34
938

37437
430
445
S+83

3279
3.62
3458

47e40
4009
bek2
Se34
39469
393
697
4019

4176



oe-d

126
127
128
129
130

132
133
134

135

148
149

150

SPEED

{RPM)
1203'6
12000
12015
12015
201940
201640
1992+0
206545
20400
203140
20295
201640
2019+0
201640
20175
20220
204145
202905
2Q22+0
1999.5
200140
19890
1986040
20130

201795

THRQUE

(BFTeLB)
99.289
100371
94293
974718
70224
70+234
68210
65517
71716
71540
67948
71833
71386
67261
660622
794137
734940
71+440
69366
71762
67336
744278
67641
71le741

€6e285

IGNITIBN
TIMING
(3T0C)

1beC
15.C
15.C
1%5.C
40+C
40.C
4040
40+C
2%+C
250
25eC
25.C
15.C
15C
15+C
15+C
40.C
400
“QeC
40.C
25.C
25eC
25eC
25C

15+C

INJECTER
TIMING
(87DC)

4604
4505
4642
4601
4540
4540
450
4% 0
45.0
4540
4500
4540
4540
4540
43540
4540
4145
3947
4Ge3
4048
4045
41.2
42¢2
4] ¢4

426

AIR/FUEL
RATI8
1840
2040
2240
2401
180
200
220
249+9
1840
200
220
247
18«0
200
2240
232
1840
200
220
243
18+1
2090
220
23+8

178

INLET AIR
HEATING
(DEG+)
200
200
200
200
100
100
100
100
100
100
100
100
100
100
100
100
150
150
150
150
150
150
150
150
150

MAP
(PSIA)
74646
84783
10.862
13563
6270
64865
7631
9570
6e499
7+013
749064
104555
60925
8060
3e1°8
11356
6387
7236
84965
1000€¢3
7+016
7680
8.838
104680

7+716

EXHAUST
PRESSURE
(INeHZ28)

S5¢5

el
110
166

8+3
110
140
25+0
110
1490
1940
33.0
110
19+0
25+0
470

83
11«0
138
22+1
110
1348
193
276

138

EXHAUST
TEMP«
(DEGe=F)
107040
1083.0
111540
1022.0
111540
11080
109640
1025.0
12020
120040
122040
117040
13170
1350.0
1390.0
145040
1180+0
117640
1}7b00
107040
12500
126040
128500
1215.0

1360.0

BSFC
(LB/BHP=HR)
0960
Q980
Qe698
0e793
0e621
0592
00655
0+838
Qe632
00662
Oe741
0895
Qe722
0810
Qo882
0+908
Oeb81
0615
0675
0e¢758
Qebb4
0e657
0e784
0856

Qe/43

BSNE
34045
1+194
0389
Qe224
11818
4+331
1997
0e692
Se064
3109
14265
Ce724
44356
1+586
1e142
0852
10024
4e157
1.211
0395
34131
2117
O« /96
De52%

2076

85Co
(GM/BHP=HR)
64275
D845
90655
134623
84339
9322
10966
13956
8009
9835
13+553
194276
Se667
74649
104970
12+181
8571
11101
144403
120657
7737
9750
15+443
19+543

Se24k

BSHC
2099
337
1171
4002
2026
2041
8ell
49461
085
1.08
379
4479
0e61
0+36
0475
bebd
1.90
2+04
7¢27
42419
1419
1.12
409
34471

0«61



T€-4

SPLED

(RPM)
20235
2022+0
20295
20220
2023+5
203440
20295
20235
20295
203140
20340
203440
202240
202240
20220
201340
2016¢0
20160
201940
201745
201940
20160
201640
20190

201040

TERGULE
(BFT=LB)
66259
69¢897
694266
654556
66¢712
684988
584928
684623
70951
634605
694439
65948
670149
70177
724823
178281
1794510
1764112
179914
1804435
1774935
173785
1764657
1814415

1774453

IGNITION

TIMING
(8TLC)

190
15¢C
40+C
40C
40C
4Q0C
40+C
2940
2540
25+C
25¢C
15+C
15¢C
15+C
15C
40C
40eC
40.C
40C
245+0
2beC
250
25+C
i1b+C
15¢C

INJECTER

TIMING
(B10C)

4104
4149
4145
4142
415
4240
4104
413
41eb
404
4045
4140
4201
4146
4246
41e4
41e2
4104
4145
3946
412
4161
4007
409

41eu

AIR/FUEL
RATI®

200
224+0
18+0
200
220
237
24?7
181
200
222
2401
180
19+9
2240
224
18+0
19+9
2149
2304
179
2040
22+0
2246
1840

20¢0

INLET AIR
HEATING
(DEG)

150
150
200
200
200
200
200
200
200
200
200
200
200
200
200
100
100
100
100
100
100
100
100
100

100

MAP

(PSIA)

Bedck

94627
60243
64853
77¢9
9079
10104
6+¢510
722
B4l
10770
7211
8+0V0
94318
11el44
Se384
10+087
114693
134607
9+7V3
100692
124743
144368
10322

124726

EXHAUST
PRESSURE
(INeH28)

193
2746

83
1140
138
193
221
110
138
193
2746
13.8
1626
22e1
3640
249
3004
4402
60+9
304
38¢7
609
720
415

63eY

EXHAUST
TEMP
(DEGe=F)
140040
147040
11750
116940
117040
111540
1025.0
129040
125040
122540
111540
136240
13850
1380.0
14500
122740
1218.0
123040
104040
1220.0
12250
1133.0
995.0
124540

1270.0

BSFC
(LB/BHP=HR)
0825
Oe882
0595
04626
0656
0e719
Oe8H9
Cebby
Qe 645
0771
0860
De740
0e768
0816
0907
0e405
0+405
Qes49
Q.489
0e421
Qo2
0510
Q536
00463

0e537

BSND
1117
Oe774
114197
44496
14769
Qe870
0+589
He602
2¢794
0s867
0322
20355
1425
1026
Oe784%
13103
6e336
10594
0757
6¢915
3062
14061
0+812
74198

1730

BSCH

(GM/BHP=HR)

7337
10862
8¢175
10198
11036
11e161
13566
8¢383
9734
14531
16586
64392
8¢091
100975
19290
be942
S5+608
6298
60420
6211
7+217
9125
94956
5+087

64955

BSHC
Qe42
D68
1483
2466
6476
26e44
6716
123
1+29
Beb?7
47418
073
059
1012
9424
2+02
203
4051
17497
1.06
0+96
3.28
12452
0«27
0¢50



ce-d

184
185
186
187
isg
189
190
191

192

SPEED

{(KPM)
20475
20235
206140
20160
201640
20160
201340
2011eb
€013+0
201340
20130
20130
2Vl6e¢0
26160
€ul7en
20175

20160

TORGVE
(BFT=-Lg)
178700
178+13«
186+ /55
178781
1784306
1824857
1784692
176720
182451
idl-/UE
177167
174966
184¢132
1764479
175302
176777

16be435

IGNITION
TIMING
(HTDLC)

40¢C
40eC
40.C
2beC

2be(

1o5C

2%¢C
25e(
22e(
40 C
40eC
40C

4Ce(

INUECTER
TIMING
(BTDC)

432
4247
401
4Ge?7
41ek
411
4101
4047
4109
41eb
403
400
40,0
39.1
4069
408

38.9

AIR/FUEL
RATIO
190
209
23-8
190
21e1
180
2040
207
180
199
1840
20+1
213
180
200
2290

233

INLET AR

HEATING
(DEG )
150
150
150
15¢
15C
150
15¢
150
200
200
200
200
200
200
200
200

200

MAP
{PSIA)
112587
114971
144260
11788
12882
124037
120922
1345063
1245¢1
13193
11.611
12296
13402
110149
12¢165
12865

140235

L XHAUST
PRESSURE
(IN=H28)

2746
3640
719
3640
498
415
526
58e1
440
5040
330
3940
5040
2840
3640
440

530

EXHAUSY

TEMP

(DEGe=F)

10550
11100
1010.0
108C.0
101040
110540
11150
105000
1063.0
105040
95540
97040
S400
895.0
8750
897.0

85940

BSFC

(LB/BHP=HR)

04403

Oe409

Qo453

0e430

[eXX71-1-8

Qe4b8
0e497
0913
0+480
Os468
Qe429
Qe44Q
Qedbz
Oe411
0e425
0e433

Cod¥7

BSNY
114393
4e718
1+068
6272
1e722
S5e/99
24137
24676
50386
2677
74019
34530
1e882
1749504
40360
2e509

[$23-3-1.3

BSCH

(GM/BHP=HR)

5209
50704
5e3/2
60658
7+580
54556
64780
Be534
6046
64760
60385
74099
74075
4+516
50239
DeS44

602

BSHC
1.97
2+0/
1251
101
1eb4
023
0+30
104
023
0«30
073
091
1e74
197
2e13
Je22

14427
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INTAKE VALVE THROTTLING

A 100 LB/HR @& 640 RPM CAM

*

*

»

*

»

»

*

»*

-} 400 LB/HR & 1200 RPM CAM *
*

C 800 LB/HKR @& 2000 RPM CAM *
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)

»

)

»

"

]

*
*
*
*
*
*
»*
*
»
*
*
*
*
*
*
*
*
*
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ve-d

10
11
12
13
14
19
le
17
13
19
20

-39

23

24

SPERD
(RPM)
6400
64040
64040
6400
6400
654000
6400
64000
6400
6400
64000
64000
64000
120040
1200¢0
12000
120040
12000
1200
12000
12000
120000
12000
120000

12000

TORQULE
(BFT-LE)
35000
35000
35000
35000
354000
35,000
37.212
364196
334538
324925
3§v033
344173
25294
464198
43993
444627
394995
47987
47066
43127
43251
484987
43+151
423951

100669

IGNITIEN
TIMING
(8TUC)H

0eC
10+C
20+C
20C

10sC

QeC

O«C
10+C
1CG
10+C
20+C
20eC
20«C
20+C
2beC
25¢C

29(

INGECTHR
TIMING
(sT0C}

4540
4540
450
4540

450

4540
4540
4540
4540
45.C
4540
4540
450
4540
450
4540
4549

4540

ATR/FUEL
RATI®
123
187
126
145
1445
143
160
18+0
200
2240
160
1840
200
180
200
220
23+0
1840
2040
22+0
23.0
1840
2040
2240

200

INTAKE
THRBTTLING
(CAM)
A

A

w @

T @@ @ w

m

[

MAP
(PSIA)
13.8U0
134500
13+6V0
14.0U0
13,900
14.200

64801

70791

84970
10846

5+9/8

74031
10.2V3

741062

74898

9e347
10084
7e2/5
7917
8.9V1
9889
7630
Bed /8
94930

10787

EXHAUST
PRESSURE
(IN=HZB6)

00
00
0.0

0«0

2¢8
32

Se¢6

Seb
Se8
36k
Seb

S8

EXHAUST
TEMP
(DeGe=F)
68740
61940
66240
565.0
62540
6393+0
77040
8000
845.0
83840
69040
69540
60540
86640
B68.0
82540
76040
8520
84040
79C+0
© 74040
90640
89540
84040

97040

BSFC
(LB/BHP=HR)
14193
1060
14050
1025
1029
14135
10190
1¢274
14498
14778
0889
1e148
24054
Qe766
Oe823
0+909
14075
Qe7%6
Qe782
Qe894
0973
0¢798
0+928
1043

De534

BSNY
20349
34638
3665
3482
2374
1982
1419
0704
Oebbb
0e732
Oe982
Oet 49
Ue78%
5+605
lesie
O+455
0+480
74960
20905
0935
0336
20340
Q687
Oe449

3ev21

8SCH
(GM/BHP=HR )
3464029
208162
188.111
6690114
564269
93487
40047
54989
10930
18+270
5866
8723
19105
bedbl
7e722
9+681
12658
64429
74060
9+150
10583
64973
9092
11611

3201

BSHC
16¢64
18¢47
2079
18471
lbebb
11431

5481

831
1692
7809
1027
2433

12570
8¢53
175%
4323
7132
1017
1740
4368
61018

977
2320
S6e82

6054



ge—-d

26
27
28
29
30
31
K}
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
4y
49

50

SPEED

(RPM)
12000
120040
120040
120040
12000
120040
120040
120040
120000
20000
200040
20000
20000
20000
20000
20000
20000
20000
200040
20000
20000
20000
DD
20000

20000

THREGUE
(BFT=LB)
101383
101583
103.596
1024971
102700
96843
1024400
1004635
98897
724256
71810
66846
67851
69943
72584
674997
720757
72848
69.080
71996
1784719
177.709
1824048
177.838

1834957

IGNITTUN
TIMING
(87DC)

15+C
15C
15eC
25+C
25e(
25C
40+C
40.C
40+C
30C
30C
30.C
30.C
250
29(
2%.C
25eC
15.C
15¢C
15eC
30+C
30.C
30+C
3CeC

25e(

INJECTHR
TIMING
(eTLC)

450
4540
4540
4500
45.0
450
4540
4540
450
4540
4540
45.0
450
45.0
4540
450
45,0
4540
4560
4500
4540

4540

AIR/FUEL
RATIO
18+0
22+0
234
20+0
220
2407
22+0
240
260
1840
2040
22+0
2349
1840
2040
22+0
23k
18+0
20¢0
219
190
210
230
240

1840

INTAKE
THRUTTL ING
(CAM)

B

8

(o N o T o SR o TR « B o ]

MAP
(PSIA)

9.892

11970

13765
100425
11+140
13+811
114495
12.161
13487
115066
124344
13+419
140691
11480
1245580
13+581
lée6/1
12001
134581
144690
10+3¢3
11.219
124519
12.907

10+126

EXHAUST
PRESSURE
(IN=HZ28)

Seb
740
112
Seb
63
112
740
7+0
106
8e¢3
111
139
1606
83
1349
1646
166
111
1646
194
277
332
43¢5
4740

2643

EXHAUST
TEMP.
(DEGe=F)
S¥2.0
95440
8620
900.0
8800
738.0
83840
79240
71040
96040
94540
915.0
84Cs0
97040
98440
92340
9000
10700
105060
100540
11560
1110.0
105040
10500

120240

8SFC
(LB/BHP«HR)

Osd24
[o13-1-1
Qeb21
Qe498
QeD04
0e621
04505
Qe018
Qeb72
0607
04595
0651
Qe682
0613
0601
0e653
Deb52
0e627
0e676
0694
0e420
Os421
Ceb22
Qo437

0+413

BSNY
1867
10334
0406
20215
0¢996
O+648
3e214
0962
Oeb86
214967
13744
3649
2e452
174043
7532
2496
20311
84386
2362
1597
174149
9eV48
20331
1¢263

15537

BSCoH
{GM/BHP =HR)
3117
34730
40629
3.218
3+415
5¢020
34404
3979
4799
6+035
60472
6¢551
Ted12
7059
64709
64925
64797
B¢319
104051
9e801
J+586
3781
3+516
34555
34753

BSHC
4eb3
13430
3400
6e27
9.60
39468
8483
1763
3631
4024
5.89
1741
34076
422
604
16431
32403
20409
6¢57
1873
2417
240
3498
5484

1679



9¢-d

51
52
53
S4
55

56

SPEED

(RPM)
20000
20000
20000
20000
20000

20000

TORGUE
(BFT=LB)
182503
1824376
182487
1860778
1844375

175039

IGNITIEN
TIMING
(370C)

25eC
2%(
25¢C
15¢C
1beC

15C

INJECTER
TIMING
(B7CC)

4540
4340
454C
45.0

4540

AJR/FUEL
RATI®
200
22+0
23+0
170
200

2240

INTAKE
THRBTTLING
(CAM)
c

[«

MAP

(PSIA)

104834

12.06%
124684
10504
11.2¢3

12541

EXHAUST
PRESSURE
(INeHZB)

305
416
4ie3
305
3848

470

EXHAUST

TEMP

(DEGe=F)

11940
11650
112540
12500
12190

119540

BSFC

(LB/BHP«HR)

Qo415
Qo428
Qed4l
0431
0+437

Ced64

BSNY
11+661
3263
Je578
154/72
Ge/4]

1e862

BSCOH
(GM/BHP=HR )
4506
he264
36616
40725
6016

Se264

BSHC
165
2+29
379
096
280

6e87



