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EXECUTIVE SUMMARY

Tecogen has developed and applied a novel technique for converting turbocharged automotive
diesel engines to operate as dedicated spark-ignition engines with natural gas as fuel. The conversion
process changes the engine cycle to a more-complete-expansion cycle in which the expansion ratio
of the original diesel engine is unchanged while the effective compression ratio is lowered, so that
engine detonation is avoided. The converted natural gas engine, with an expansion ratio higher than
that normally used for the conventional spark-ignition natural gas engine, offers thermal efficiency at
wide-open-throttle conditions comparable to its diesel counterpart. This technique leaves the engine
with the original diesel pistons and cylinder head and, therefore, allows field conversion of existing
vehicle engines. Low exhaust emissions can be achieved when the engine is operated with precise
control of the fuel air mixture at stoichiometry wnth a three-way catalyst

A Navistar DTA-466 diesel engine with an expansion ratio of 16.5 to 1 was converted using
this technique.” The conversion process includes modifying the cam profiles, increasing the
turbocharger boost pressure, incorporating an aftercooler if it does not already exist, and adding a
spark-ignition system, a natural gas fuel management system, a throttle body for load control, and an
electronic engine control system. - Since the expansion ratio is unchanged, it is not necessary to
replace the pistons and the cylinder head as in the convectional technique. The design of the cam
profile to provide the appropriate valve timing was aided by computer simulation of the intake and
exhaust processes. The criteria for the cam design and boost pressure requirement was based on
the desired engine output and detonation-free operation.

A proof-of-concept engine converted from a Navistar DTA-466 diesel engine was used
successfully to demonstrate the technical feasibility of the concept. It achieved a power level
comparable fo that of the diesel engine without detonation. It also demonstrated the practicality and
economic advantages of this method of conversion, especially for retrofitting existing diesel engines.
The proof-of-concept engine was also used to demonstrate the effectiveness of the computer
simulation model as a tool to establish the required valve timing and turbocharger boost to achieve
detonation-free performance of the engine without extended development testing.

After the completion of the proof-of-concept engine testing, a conversion system was
developed for the Navistar DT 466 engine. The system was designed for stoichiometric operation of
the engine, together with a three-way catalyst for emissions control. Steady state testing of the engine
atfull load and variable speeds showed expected power output and fuel consumption. NOy emissions
on the order of 1.5 gm/bhp-hr have been measured at full load conditions.

The conversion system consists of the following major components: 1) a new camshaft with
cam profile specifically designed for the Navistar 466 engine to operate with stoichiometric fuel mixture
is the only engine component that requires removal of the gear cover to install; 2) a turbocharger with
integral wastegate replaces the existing turbocharger to provide higher inlet boost and its control;

viii -




3) the ignition system is a three coil waste spark system adépted from an automotive engine;
4) the spark plugs are off-the-shelf 12 mm plugs modified to fit in the diesel fuel injector well; 5) the
fuel system is electronic, sequential-port fuel injection, which provides precise metering of fuel to
maintain close control of the fuel-air ratio and cylinder-to-cylinder distribution; 6) an automotive engine
throttle body is adopted for the engine, and it includes a mass air flow sensor, a throttle position
sensor, and an idle control valve; 7) the engine controller is a production automobile PCM calibrated
for this engine and also modified to incorporate additional software to control the intake manifold
pressure and to govern the engine speed; and 8) the emissions control system consists of a closed-
loop fuel-air ratio control based on an exhaust oxygen sensor and a three-way catalyst.

The conversion system was installed on a school bus (used) for the purpose of establishing
the pragcticality of retrofitting existing engines in the field. The school bus was also used to calibrate
the PCM for driveability. A 3,700 mile cross country field test has been completed to obtain durability
data for the various engine components. Valve recession rates and oil consumption were found to be
comparable to those of the conventional spark ignition natural gas engines. Field testing of the
conversion system on five additional vehicles will be carried out in California, and emissions
certification for the conversion system will be obtained.




1. INTRODUCTION

A legislated requirement for alternatives to diesel-fueled vehicles is developing in various
geographical areas, particularly those urban centers which are not in compliance with mandated air
quality standards. When confronted with this requirement, the operator of a fleet of diesel-powered
vehicles will be forced to either purchase new vehicles powered by alternative fuels or, more likely,
equip some of the existing fleet with engines designed or modified to run on an alternative fuel.
If required to convert existing vehicles, the operator has the options of either replacing the existing
engine, or modifying it to burn an alternative fuel.

The work described in this report addresses the problem of modifying an existing diesel engine
to operate on an alternative fuel, in this case, natural gas.

Any technology for converting an existing diesel engine must be very cost effective, since there
is the increasingly available alternative of purchasing a new, dedicated gas engine. There are 2 types
of conversion techniques which have been applied. The first simply adds a gas mixing system to the
intake of a diesel engine and relies on the injection of a small amount of diesel fuel for ignition.
Controls for the fuel injection system are required and the intake air may or may not be throttled. The
sophistication of this type of conversion system can vary, from simply adding a gas carburetor and
injection system limit controls, to replacing the diesel injection system with electronically-controlled
injection systems for both the pilot diesel fuel and the natural gas. This more sophisticated approach
allows re-optimization of the injection timing for dual-fuel operation, which can be very important for
meeting emission standards, avoiding detonation, and retaining diesel engine efficiencies at part load.
The difficulties with this approach are particulate emissions from the diesel fuel, detonation due to the

retention of a high compression ratio and consequent damage to pistons and valves, and, in the case -

of the more sophisticated system, high cost.

The second conventional conversion technique is to rebuild the engine with lower compression
ratio pistons, modify the cylinder head fo accept spark plugs, and add fuel supply and ignition systems,
resulting in a dedicated natural gas engine. This conversion approach requires extensive development
time to work out the proper piston configuration for performance and durability, and to ensure that the
cylinder head and valves are capable of handling the higher thermal loading associated with lower
compression ratios and generally richer mixtures. This component development effort must be carried
out for each engine type to be converted.

The conversion technique described in this report is based on spark ignition, but retains the
high expansion ratio of the diesel engine by utilizing the more-complete-expansion-cycle (MCEC, also
known as the Miller cycle). This allows the basic engine to remain unmodified except for a camshatft
change, which provides for detonation control. This conversion was explored as the basis for an
aftermarket kit, hence an engine model in widespread use, the Navistar 466 series engine, was chosen
on which to demonstrate the concept's feasibility.




This development program was sponsored jointly by the Southern California Gas Company
(SoCal), the Gas Research Institute (GRI), the U.S. Department of Energy (DOE), and Tecogen
Division/Thermo Power Corporation. The program was carried out in 3 phases, namely:

Phase 1  Proof-of-Concept Engine Demonstration
Phase 2 Prototype Navistar DTA-466 Engine Development
Phase 3 Field Evaluation of Prototype Engine

The program has been successfully completed, and a commercially viable conversion kit for the
DTA-466 engine has been developed. .




2. PROGRAM OBJECTIVES

The overall objective of this R&D program was fo develop the new diesel to natural gas
conversion technology described briefly in the Introduction and more completely in Section 3, and to
demonstrate its advantages on a Navistar DTA-466 in-line 6 cylinder diesel engine, which is widely
used to power school buses and trucks.

The objectives of Phase 1 (Proof-of-Concept Engine Demonstration) were to demonstrate the
technical feasibility of the conversion method by applying the MCEC for detonation control, and to
show that the converted engine is more efficient than conventional Otto cycle natural gas engines.

The objective of Phases 2 and 3 (Prototype Navistar DTA-466 Engine Development, Field
Evaluation of Prototype Engine) was to develop a low cost conversion kit for the Navistar DTA-466
engine which could be retrofitted cost-effectively to existing diesel engines in the field.




3. DESCRIPTION OF THE CONVERSION TECHNIQUE

The ideal indicated efficiency of the Otto cycle depends only on the expansion ratio and the
relative fuel-air ratio (or equivalence ratio). The MCEC allows flexibility within the Otto cycle by the
use of unconventional intake valve events (this is illustrated in the pressure-volume diagram shown
in Figure 3.2, where the intake valve is closed well before bottom dead center (BDC) rather than after,
as in a conventional Otto cycle engine). By early closing of the intake valve, the condition of the
mixture at the end of compression can be manipulated to avoid detonatton, while retaining a high
mechanical expansion ratio. '

Figure 3.1 illustrates the vartious stages of the intake and compression stroke. The
corresponding pressure-volume and temperature-entropy diagram of the idealized MCEC are shown
in Figures 3.2 and 3.3, respectively. Referring to Figure 3.1, the intake process is completed at the
point when the inlet valve closes and the piston reaches point x. From point x to point 1, as the piston
descends to BDC, the air charge expands from the intake manifold pressure p; 1o a lower pressure p,.
This expansion process results in a drop in air temperature, which provides the same effect as
externally cooling the air for an Otto cycle engine. After BDC, the air charge is recompressed back
to point x, at which time the pressure in the cylinder returns to the intake manifold pressure. The
piston then continues to compress the charge to the ignition condition P, at top dead center (TDC).
The expansion and recompression part of the process, x — 1 — x, does not consume or produce any
power. Since the condition of the air charge at point x is the same as the intake manifold condition, '
the effective compression of the charge occurs between point x and point 2 on the compression stroke.
The effective compression ratio, defined as the volume ratio V,/V,, is therefore lower than the
mechanical expansion ratio V;/V,. The idealized cycle is completed with the heat release of
combustion occurring instantaneously at TDC, the power expansion stroke from 3 to 4, and the
exhaust stroke. The additional degrees of freedom (inlet vaive closing time and turbocharger boost)
in the MCEC over the Otto cycle is useful in obtaining high thermal efficiency, as well as circumventing
the limit imposed by detonation.

This theoretical improvement is of little practical interest unless the manifold pressure can be
raised to compensate for the loss in volumetric efficiency caused by the early intake valve closing.
As the system schematic in Figure 3.2 shows, a turbocharger and aftercooler can be used to effect
the first stage of the compression process with intercooling. The second stage of the compressuon
process is then carried out in the engine cylinder.

Detonation is avoided by carrying out more of the compression process in the blower and less
in the engine cylinder, rather than by lowering the expansion ratio by modifying the piston. Retention
of the high expansion ratio means higher thermal efficiencies can be achieved with lower exhaust
temperatures. The basic engine does not have to be disassembled using this technique, since the
pistons are not modified. Conversion is accomplished by:
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» Replacing the camshaft » [Installing spark plugs and an ignition system
+ Modifying the turbocharger ¢ Installing a fuel metering and mixing system
» Using an aftercooler + Installing a throttle

This technique lends itself to either stoichiometric or lean-burmn operation. Limits to the
efficiency of the MCEC are imposed by the overall turbocharger efficiency and heat transfer to the
incoming charge. BMEP is limited by blower pressure ratio and firing pressure, not by detonation.
The MCEC system has been used for many years in larger stationary natural gas engines, where
diesel efficiencies are routinely achieved (Refs. 1 and 2). This is the first time this technique has been
proposed for converting existing diesel engines to spark ignition operation, as far as the authors are
aware.




4. PROOF-OF-CONCEPT ENGINE DEMONSTRATION
44 PROOF OF CONVERSION METHOD

To prove the technical feasibility of Tecogen's new method of converting the diesel engine to
natural gas operation by applying the MCEC, a Navistar DTA-466 diesel engine was selected for the
study. The proof of the conversion method constituted several aspects. The first was to show that
the engine could be converted by a simple change of valve timing, to a spark ignition, MCEC natural
gas engine without the risk of detonation. The second aspect was to demonstrate that such a
converted engine could offer better fuel economy than a conventional Otto cycle engine by virtue of
the high expansion ratio. The third was to show-the integrity of the engine components required by
the conversion. The final aspect was to prove that an analytical simulation model could be established
as a universal design too! applicable to all engine conversions.

4.2 DESIGN ANALYSIS

The advantage of the MCEC is that the additional degree of freedom associated with the inlet
valve closing time and the boost pressure level allows the cycle to be specifically designed such that
the engine will produce the maximum power without exceeding the limiting conditions for detonation.
Therefore, the key design factor is the detonation limit. It has been shown (Refs. 2 and 3) that the
condition for auto-ignition of the end gas, which leads to detonation, can be correlated as a function
of the temperature and pressure at the state point 2" on the P-V and T-S diagrams shown back in
Figures 3.3 and 3.4. Point 2" is the condition of the charge adiabatically compressed from (Py, Ty)
to the firing pressure Ap,, and it represents the condition of the last portion of the unburned mixture
(the end gas) prior to completion of the combustion process. The detonation limit of a given engine
can therefore be expressed as a limiting curve in a plot of T," versus Ap,, with T," being the major
factor, as shown in Figure 4.1. Detonation does not occur in an engine as long as the adiabatic end
gas temperature, T,", at the firing pressure Ap,, is kept below the limiting curve. Although this
‘detonation-limited curve may vary from engine to engine due to turbulence and heat transfer conditions
inside the combustion chamber, the general characteristics of the curve remain similar for most
engines. :

The design analysis involved the development and application of an engine simulation model
to describe the various processes of the engine cycle. ‘The engine parameters included:

* Turbocharger performance » Combustion efficiency of the flow system
» Valve lift profiles and timing  Detonation characteristics of the engine

» Aftercooler effectiveness  Heat transfer between the charge and the
« Engine configuration and speed various hot surfaces

Flow losses in various parts
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Tecogen's engine simulation analytical model included 2 parts. The first part was an in-house
computer model which simulated the flow and thermodynamics of the mixture charge during the

blowdown, scavenge, and intake process of the engine cycle. This was modified and adopted for the

analysis of the Navistar 466 engine. The computer analysis provided the information on the effectof .

cam timing and valve lift on the trapped charge mass or volumetric efficiency, the effective
compression ratio from the point where the cylinder pressure equals the inlet manifold pressure, the
temperature and pressure of the charge at the BDC of compression stroke, the amount of residual gas
remaining in the cylinder, and the potential scavenging and loss of the fresh charge when there is
positive pressure differential across the engine. The flow characteristics of the gas through the valves
and the heat transfer between the charge and the various surfaces inside the cylinder are important
factors which vary from engine to engine. Figure 4.2 shows a typical output of the intake process at
5° crank angle intervals starting from 60° after TDC firing until the cylinder pressure reaches the intake
manifold pressure.

The result of the intake process simulation was used in conjunction with the second model for
cycle analysis to predict engine output, fuel consumption, peak firing pressure, and the end gas
temperature at various engine speeds and inlet manifold conditions. The end gas temperature, T,",
and the peak firing pressure, Ap,, would indicate the margin to detonation.

The flow coefficients through the valves and the heat transfer coefficients were first assumed
and later calibrated against some preliminary engine data on mass flow rates.

For the Navistar DTA-466 engine, 3 experimental camshatft profiles were designed based on
the results of the analysis, as shown in Figure 4.3. The analysis shows how the effective compression
ratio, the volumetric efficiency, the pumping loss, the BMEP, the BSFC, T,", and Ap," are affected by
the inlet valve timing, the engine speed, and the intake manifold pressure.

Figure 4.4 shows a typical output of the intake process simulation for an intake cam with 180°
crank angle duration. The intake valve opens at 20° BTC and closes at 160° ATC. The intake valve
duration for the DTA-466 diesel engine is 242°. These curves show the effect of the intake manifold
pressure, as well as the engine speed, on the various parameters, namely, the volumetric efficiency,
the effective compression ratio, the trapped mass, and the increase of charge temperature over the
manifold temperature when the cylinder pressure reaches the manifold pressure due to the
combination of heat transfer and flow loss through the intake valve. The effective compression ratio
is based on the cylinder volume at which the cylinder pressure equals the intake manifold pressure.
It is seen that the volumetric efficiency, Ev, and the effective compression ratio, Re, are reduced
significantly due to the early closing of the valve. At higher speed, Rc is lower and therefore produces
lower BMEP and lower peak pressure. However, since AT is higher for higher speeds, the adiabatic
end gas temperature, T,", remains about the same as for the lower speed conditions. It is also
interesting to note that Rc and AT are not sensitive to manifold pressure, which means the same is
true for T,".
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Figure 4.2. Intake Process Simulation Output
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Engine: Navistar DTA-466. In-line 6
Bore: 4.30in

Stroke: 5.35in

Displacement: 466 cu.in.

cylinders Expansion Ratio: 16.5:1

TF8-196

Camshaft: Tecogen 180 dag. Duration intake

Fuel: Natural Gas
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Figure 4.4 Engine Induction Flow Model Prediction
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Figure 4.5 is the predicted engine performance for different speeds and intake manifold
pressures based on the results of the intake process simulation. The BSFC is significantly lower than
a conventional Otto cycle natural gas engine due to the high expansion ratio of this engine. Figure 4.6
is a plot of T," vs. peak pressure, for various engine speeds and manifold pressures. As pointed out
above, T," is insensitive to the operating conditions. Since the detonation limit of the engine is
expected to be in the form similar to that shown in Figure 4.1, this means the engine will detonate
when the peak firing pressure reaches a level above which the calculated T," becomes higher than
the detonation-limited T,".

Figures 4.7, 4.8, and 4.9 are the analytical results for the engine with the same 180° duration
camshaft except that a prechamber is incorporated into the cylinder head. In this case, the expansion
ratio is reduced to 13.9. Comparing to the previous case, the lower compression ratio resulted in
lower T," and peak firing pressure for the same BMEP. However, the BSFC is higher. The lower Ty
and peak pressure should allow this engine to reach higher knock-limited BMEP, provided that the
detonation limit of this- engine is not changed due to the addition of the prechamber.

Figures 4.10 through 4.15 are the analytical results for the 160° crank angle duration intake
with the 2 different expansion ratios, 16.5 and 13.9. Figure 4.16 shows a plot of the T5", Apg", and
P; vs. horsepower at 2600 rpm for the 4 configurations, namely, 160° and 180° cam with C.R. = 16.5
and 160° and 180° cam with C.R. = 13.9. The 144° duration cam was found inadequate to produce
the requi}ed power. The selection of the cam profile is based on a trade-off between the following
criteria:

1. The adiabatic end gas temperature, T,", is minimized.
2. The peak firing pressure, Ap,, is minimized for a given engine speed and BMEP.

3. The intake manifold pressure is within the range that commercially-available
turbochargers can attain, and it must also be within the pressure ratings for the
aftercooler, fuel mixer, and the pipes and hoses.

The analysis showed that the earlier closing of the intake valve resulted in lower T," and
therefore was less prone to detonate at the same power output. However, because of the reduced
volumetric efficiency, the intake manifold pressure must be boosted to a higher level to achieve the
same power output. Three cam durations (see Figure 4.3) were selected for testing in the proof-of-
concept engine. Detailed cam profiles were designed to ensure adequate loading on the valve train
components for durability.
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Figure 4.5 Engine Performance Model Prediction
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INT. MASS, (LBM )

TF12-196
Engine: Navistar DTA-466. In-line 6 cylinders Expansion Ratio: 13.9:1 '
with Pre-Chamber Camshaft: Tecogen 180 deg. Duration intake
Bore: 4.30in Fuel: Natural Gas
Stroke: 5.35in
Displacement: 4686 cu.in.
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Figure 4.7 Engine Induction Flow Model Prediction
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Enging: Navistar DTA-468. in-line 6 cylinders Expansion Ratio: 13.9:1

with Pre-Chamber Camshaft: Tecogen 180 deg. Duration intake
Bore: 4.30in Fuel: Natural Gas
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Engine: Navistar DTA-466. in-line 6 cylinders

Bore: 4.30in
Stroks: 5.35in
Displacement: 466 cu.in,

Expansion Ratio: 16.5:1

Camshaft: Tecogen 160 deg. Duration intake
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Figure 4.10 Engine Induction Fiow Model Prediction
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BSFC ( BTU/HP-HR ) HHV

TF16-196

PEAK FIRING PRESSURE, ( PSIA)
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Engine: Navistar DTA-466. In-line 6 cylinders Expansion Ratio: 13.9:1

with Pre-Chamber Camshaft: Tecogen 160 deg. Duration intake
Bore: 4.30in Fuel: Naturat Gas
Stroke: 5.35in
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Figure 4.13 Engine Induction Flow Model Prediction
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Engine: Navistar DTA-466. In-line 6 cylinders Engine Speed: 2600 RPM

Bore: 4.30in Fuel: Natural Gas
Stroke: 5.35in Equivalencs Ratio: 1.00
Displacament: 466 cu.in. . ~
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43 DESIGN PROOF-OF-CONCEPT ENGINE

The engineering specifications of the Navistar DTA-466 diesel engine are:

Engine Type Diesel, 4-cycle
Configuration In line, 6-cylinder
Displacement 466.4 cu. in.

-‘Bore and Stroke 4.301 x 5.350 in.

Compression Ratio | 16.5 : 1

Aspiration Turbocharged, Aftercooled

Combustion System | Direct Injection
Engine Weight (dry) | 1400 Ibs.

RATING OF FIVE MODELS

. Model HP Peak Torque
DT-466 E185 | 185 hp @ 2600 rpm | 456 Ib. ft. @ 1800
DT-466 E210 210 p @ 2600 rpm | 513 Ib. ft. @ 1800
DT-466 E220 220 hp @ 2400 rpm | 590 Ib. ft. @ 1600
DT-466 E245 245 hp @ 2400 rpm | 635 Ib. ft. @ 1600
| DTA-466 E270 | 270 h;_)_@ 2400 rpm _Z40 b. ft. @ 169_(1_

The objective of the conversion was to achieve detonation-free operation of the engine on
natural gas fuel with a maximum power output of 230 hp @ 2400 rpm.

The design of the proof-of-concept engine invoived 5 major areas, namely, 1) modification of
the cylinder head to adopt spark plugs, 2) adaptation of a commercial ignition system, 3) incorporation
of a natural gas fuel metering system and a throttle body for load control, 4) the design of a new
camshaft for detonation-free operation on natural gas fuel, and 5) the selection of a turbocharger to
provide the needed boost for the desired power output. Each of these topics are described below.

4.3.1 Cylinder Head

The approach used in adapting the spark plugs or precombustion chambers to the cylinder
head was to avoid any modifications to the existing diesel cylinder head that would require machining
operation. This approach would make the conversion process simple and less costly.
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The design of the spark plug arrangement is shown in Figure 4.17. A 12 mm spark plug is
modified to fit into the exiting brass injector sleeve. A brass connector insulated with high dielectric
plastic (PFA) is used to extend the plug above the cylinder head. The threads on the spark plug are
machined off so that it fits through the injector hole. The hex on the plug is also machined off to fit
into the brass sleeve. The spark plug is held down with a steel tube using the existing clamp for the
diesel injector. Since the threads are removed, the cooling of the spark plug depends on the contact
area through the brass sleeve. Whether or not the cooling is sufficient to prevent premature failure
- of the spark plug was to be determined by the test. An alternate design, Figure 4.18, for the spark
plug was also suggested in which an aluminum collar is used as a heat conductor to increase the
contact area between the spark plug and the brass sleeve.

A precombustion chamber was designed to fit into the head in place of the existing brass
sleeve for the diesel fuel injector. Figure 4.19 shows the design of the prechamber which is held in
place by means of a slight interference fit at the nozzle end and a clamp at the top similar to that for
the diesel fuel injector. Since the prechamber.is in the waterjacket, an "O" ring seal is needed at the
top, and a copper gasket together with locktight is used at the nozzle end. A standard 14 mm tapered-
seat spark plug is inserted at the top of the chamber. Cooling of the spark plug was not anticipated
to be a problem. The prechamber adds approximately 1.0 cu. in. to the clearance volume, which
reduces the expansion ratio of the engine from 16.5 to 13.9, which is one of the purposes of using the
prechamber. The lower expansion ratio permits the engine to achieve higher output before reaching
the knock limit. The second reason for the prechamber is to improve the ignition and combustion
characteristics of the engine, because the high turbulence resulting from the squish configuration could
cause the ignition with a conventional spark arc to be inconsistent and thus cause large cycle-to-cycle
variations. The ignition of the mixture inside the prechamber should be more consistent due to the
more regulated flow pattern, and the mixture in the main combustion chamber is ignited by the hotgas
jet from the prechamber, which is several orders of magnitude higher in energy than that in the arc
* of a spark discharge.

43.2 Fuel System

Since it was not an objective in this proof-of-concept-engine demonstration phase to optimize
the fuel control system, a simple mechanical-type fuel mixer (i.e., the IMPCO 425 mixer) was selected
for the test engine. An adaptor was designed to fit between the throttle body and the intake manifold.
We decided to place the mixer after the aftercooler for safety reasons because of the substantial
volume between the blower and the engine, which includes the air-to-air aftercooler and the pipes
joining the various components. The fuel supply from the gas utility has a maximum pressure limit of
24 psig, which was adequate for boost pressures up to 20 psig. The IMPCO 425 was modified to
incorporate a pressure balance line between the air inlet chamber and the atmospheric chamber for
the idle circuit, so that the idle diaphragm would operate properly and not be damaged under high
boost pressure conditions.
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Figure 4.17 Spark Plug Adapter for Navistar DTA-466 Engine
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Preliminary testing of the fuel system indicated that the fuel metering system did not provide
constant fuel-air mixture when engine conditions were changed. Therefore, a motorized conirol of the
mixture adjustment screw on the mixer was provided for adjusting the mixture during the steady state
dynamometer testing.

433 lgnition System

Two approaches were considered for the ignition system. One approach was to adopt a
distributorless ignition system with a magnetic pickup sensing signals from a disc attached to the
pulley. With this arrangement, the spark plug in each cylinder fires with every revolution, i.e., at TDC
compression and TDC exhaust. This approach-is currently used in a number of automotive engines.
The second approach was to utilize the half-speed shaft which is normally used to drive the fuel
injection pump, and adapt a distributor-type ignition system, or to drive a timing disc for a
distributorless system. The latter is preferred for the proof-of-concept engine, even though it may not
be the optimum system from the standpoint of cost and reliability, because it is easier to diagnose any
potential ignition problems during the development of the engine combustion system. However, we
could not easily use this approach, because it was determined that the half-speed shaft was an
integral part of the injection pump and the drive gear is actually cantilevered off the end of the pump
shaft. Since the camshaft was also not easily accessible, we decided to use the distributorless
ignition. An Altronic CD1 ignition system was selected for the engine. Due to space limitations, the
disc to provide the magnetic pick-up signal could only be attached to the back face of the pulley.
Provisions for adjusting the angular position of the disc were included for timing change, since the CD1
system only allows a limited range for spark timing adjustment.

The Altronics CD1 ignition system consists of a CD1 control unit, a 3-coil tower module, and
a magnetic pick-up. Photographs in Figure 4.20 show the locations of these components. This
ignition system fires 2 cylinders at the same time on each revolution of the camshaft. This means that
the spark fires at both TDC compression and TDC exhaust. Under normal conditions, firing the spark
at TDC exhaust is inconsequential. However, it potentially could cause backfire if there is a misfire
at TDC compression and the unburnt mixture is ignited at TDC exhaust when the intake valve is open.

We chose to test this system, since it has been used successfully in a number of automobile
applications.

43.4 Camshaft Design

Although the 144° duration cam was not expected to produce the required power, it was
included as a possible test cam in the event that the assumed flow coefficients and detonation limits
were wrong and a short duration cam was needed to achieve the detonation-free operation.

The valve events for the 3 experimental cams and the original diesel cam were:
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INTAKE VALVE . EXHAUST VALVE
CAMSHAFT | o 1c. |max.urr| EO. | EC. LIFT
(°ATC) | (°ATC) | (Inches) | (°ATC) | (°ATC) | (Inches)
DTA-466 | -24 218 05273 | -252 | 24 | 04815
TE 180 —20 160 03495 | —252 24 | 04815
TE 160 -20 140 02816 | -252 | 24 | 04815
TE 144 —20 124 0.2345 | —252 24 | 0.4815

It can be seen that, for the shorter duration cam, the maximum lift is significantly reduced. The
exhaust valve timing was varied in the analysis and the original exhaust valve closing time was found
to provide the best result in conjunction with the 20° BTC intake valve opening from the standpoint
of minimizing the back flow of exhaust gas through the intake valve. The back flow of exhaust gas
through the intake valve causes lower volumetric efficiency and higher charge temperature at the
beginning of compression.

It should be pointed out that, until we ran the engine, the flow characteristics through the
valves and the heat transfer characteristics inside the cylinder of this specific engine were
approximated. These were calibrated as engine data became available. The most important
parameter that determines the maximum engine power output is the detonation characteristics in
terms of the limiting end gas temperature, T,", and peak firing pressure, Aps. This was established
in the engine test.

43.5 Turbocharger and Aftercooler

The DTA-466 E270 is equipped with a TO4E turbocharger with a 1.15 A/R turbine, which was
not adequate to provide the required boost for the converted natural gas engine. Three additional
turbochargers with smaller turbine nozzles were obtained and their specifications are:

SUPPLIER P/N ) TURBINE . COMPRESSOR
Navistar DTA-466 | P/N 1817322C91 | TO4E 76 Trim, 1.15 A/R | T45 48-12 Trim, 0.33 AR
Navistar DTA-360 | P/N 1819904C91 | TO4B 76 Trim, 0.84 A/R | TO4B 54 Trim, 0.50 A/R

Turbonetics | PN 10250-69 TO4B 0-Trim, 0.69 A/R | TO4B S-3 Trim, 0.60 A/R
Turbonetics P/N 10250-58 TO4B 0-Trim, 0.58 A/R | TO4B S-3 Trim, 0.60 A/R

The 2 small turbochargers required an adaptor to be mounted to the exhaust manifold.

35




A standard aftercooler for the Navistar chassis was purchased, which was attached tfo the front
of the coolant radiator. A high capacity fan normally available for high output duty engine applications
was selected for the proof-of-concept engine due to the anticipated higher heat rejection when the
boost pressure was increased.

4.4 PROOF-OF-CONCEPT ENGINE TEST

The engine was completely instrumented to measure pressure, temperature, and flow rates.
Exhaust gas samples were taken for emissions measurement. The exhaustgas O, measurementwas
used as an indicator for setting fuel-air mixture. A Kistler pressure transducer was inserted in the
No. 6 cylinder head for in-cylinder pressure measurement, and the visual detection of engine
detonation was from the pressure trace displayed on an oscilloscope. Figure 4.21 shows the
schematic of the test set-up.

4.4.1 Preliminary Engine Calibration Test

The engine initially was run to check out the test system, and to compare the flow
characteristics in the induction system of the engine to the assumptions made for flow coefficients,
friction, and heat transfer coefficient in the computer simulation. This comparison allowed us to
calibrate the constants used in the model, in order to match the calculated mass flow rate against the
measured values at various engine speeds and inlet conditions.

During this series of tests, we established that the flow losses through the intake passage and
valve were somewhat higher than we had anticipated. This higher flow loss or lower flow coefficient
resulted in lower trapped mass per cycle or lower volumetric efficiency, and thus lower power output
than those originally predicted by the computer model. In other words, fo achieve the desired power,
a higher boost of the inlet pressure was required. Consequently, we decided not to test the TE-144
Cam in this engine because the required boost pressure would have been too high to be practical.

Figure 4.22 shows the mass flow rate through the engine with the TE-160 Cam at 2 speeds,
1800 and 2600 rpm, and variable intake manifold pressure. The computer simulation with corrected
flow coefficients is also plotted and shows good agreement.

4.4.2 Selection of Turbocharger with TE-160 Cam

The objective of this proof-of-concept engine test was to demonstrate the feasibility of the
conversion method and, most importantly, to show that the engine can be operated at a reasonable
power level without being knock-limited, even though the geometrical expansion ratio of the engine
is 16.5:1, the same as in the original diesel engine. Therefore, matching of the turbocharger to the
engine was not so critical. We needed to select a turbocharger that did not limit the maximum power
output of the engine, nor did not produce boost pressures which required significant throttling, since
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Engine: Navistar DTA-466. In-line € cylinders Expansion Ratio: 16.5:1
Bore: 4.301in . Camshaft: Tecogen 160 deg. Duration intaxe
Stroke: 5.35in N Fuel: Natural Gas
Displacement: 466 cu.in.
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Figure 4.22 Comparison of Test Data and Model Prediction
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this could result in excessive back pressure on the engine. The high back pressure relative to the
. intake manifold pressure not only causes high pumping power, it also affects the intake flow process
and the amount of residual gas retained in the cylinder. All of these could have an impact on the
charge temperature, and ultimately, the detonation limit condition of the engine.

Three turbochargers were tested with the engine. The first tested was the stock turbocharger
for the Navistar DTA-360 diesel engine. It has a TO4B 76 Trim, 0.84 A/R turbine and a TO4B 54
Trim, 0.5 A/R compressor. The wide open throttle (WOT) performance of this engine at 1800 rpm and
2600 rpm is: '

Speed, rpm 1800 | 2600

Equivalence Ratio 1.0 1.0

Intake Man. Press., "Hg abs. [39.0 |47.4

Torque, ft-Ib 335 320
BMEP, psi 108 104
BHP 112 156
BSFC, Btu/bhp-hr 7651 | 7819
Peak Firing Press., psia 970 983 h

The engine operated very smoothly without any misfiring or erratic combustion at the above
conditions. Since there were no signs of engine detonation, we decided to raise the boost pressure.

In order to bracket the conditiong, we decided to test the turbocharger with the smallest nozzle,
Turbonetics TO4B-0 Trim, 0.58 A/R turbine with the S-3 Trim, 0.60 A/R compressor. Because the
turbine had an on-center configuration, an adapter had to be made to fit into the exhaust manifold

flange. Modifications were also required for the compressor inlet and discharge because of the smaller
sizes.

The turbocharger provided significantly higher boost to the point that the power output was
limited because of fuel starvation. Since the maximum fuel supply from the utility line was about
24 psig, the flow became limited when the boost air pressure approached this level. As a result, we
were not able to obtain higher power with this turbocharger than with the first turbocharger at

2600 rpm.  However, at 1800 rpm, the engine performed without detonation up to the following
conditions: '
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Speed, rpm 1800
Equivalence Ratio 0.91

Intake Man. Press., " Hg abs. | 59.7
Torque, ft-Ib ~ 525

BMEP, psi 169.7

BHP ‘ 179.9

BSFC, Btu/bhp-hr 7472

Peak Firing Press., psia 1100 to 1300

Achieving this high output and high peak pressure without detonation was extremely
encouraging because it indicated that the cletonation limit of this engine was higher than our original
estimate based on data from large stationary natural gas engines. This is probably due to the fast
burning of the highly turbulent flame, which will be discussed later. The maximum'power obtained with
this turbocharger at 2600 rpm was 188 hp and the torque was 380 ft-Ib.

The third turbocharger tested was the Turbonetics TO4B O-Trim, 0.68 A/R turbine with the
S-3 Trim, 0.6 A/R compressor. This turbocharger matched the engine reasonably well, except at the
high speeds where the maximum output conditions exceeded the detonation limit of the engine.
For experimental purposes, this was exactly what we needed in order to determine the detonation limit
of this engine. The performance of this engine is shown in the next section.

4.4.3 Performance of Engine with TE-160 Cam

The performance .of the 466 engine with the TE-160 cam timing and the TO4B O-Trim,
0.68 A/R turbine and the S-3 Trim, 0.60 A/R compressor is shown in Figures 4.23 and 4.24 for 2
different mixture ratios, equivalence ratio = 1.0 and 0.91. The data represents either WOT condition
or knock-limited condition. With a stoichiometric mixture, the engine produced 525 fi-Ib of torque at
1800 rpm and WOT. At speeds of 2000 rpm and over, the data was taken at the condition slightly
backed off from the detonating condition. Detonation was determined by observing occasional
pressure spikes and oscillations on the in-cylinder pressure trace.

Several important points from the data are worth noting:

» The engine is'capable of producing 232 hp at 2400 rpm without encountering
detonation.

+ The maximum torque obtained at 1800 rpm was as high as 525 ft-lb.

» Efficiency of the éngine was as good as the analysis predicted. BSFC was below
6996 Btu/bhp-hr at low speeds and increased to 7312 Btu/bhp-hr at 2600 rpm.
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Engine: Navistar DTA-466, In-fine 6 cylinders

Bore: 4.30in
Stroke: 5.35in

Displacement: 466 cu.in.

Expanston Ratio: 16.5:1
Fuel: Natural Gas

Turbocharger:

Turbine: O-Trim 0.69 AR Oﬁ-Center

Compressor:

Turbonetics

TO4B S-3

Camshaft: Tecogen 160 deg. Duration Intake

Dyno Run #: 36, 37, 38, 39, 40, 41, 42, 43

Nots: Engine test data with low fan
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Figure 4.23 Engine Performance ~ TE160, C.R. = 16.5, ¢ =1.00
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Figure 4.24 Engine Performance - TE160, C.R. = 16.5, ¢ = 0.91
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* Spark advance was low, 9° to 16° BTDC, compared to that for a conventional
natural gas engine. This indicated very fast burning due to high turbulence.

5 S .
* Based on'observation, the threshold for detonation appeared to be when the peak
pressure exceeded 1400 psia for this particular configuration.

Figures 4.25 and 4.26 show the comparison of the measured and predicted BMEP and
BSFC vs. intake manifold pressure at 1800 rpmand 2600 rpm for ¢ =1.00 and 0.91. The agreement
is very good. The comparison of measured and calculated mass flow for the engine with the TE-160
cam was shown back in Figure 4.22. It should be noted that the computer simulation was based on
a constant blower inlet air temperature of 90°F and an aftercooler effectiveness of 95%. A deviation
of the actual intake manifold temperature from the calculated temperature could affect the BMEP and
BSFC. A higher temperature would result in lower BMEP due to reduced mass flow. The minor effect
on BSFC is due to the thermodynamics of the cycle.

In general, this engine performed very well with sufficiently high output and torque to meet our
original objectives of the proof-of-concept engine demonstration program.

44.4 Performance Testing of Engine with TE-180 Cam

After testing the engine with the TE-160 cam, the camshaft was removed and the TE-180
camshaft was installed while the engine remained on the dynamometer stand. The radiator/aftercooler
assembly had to be removed because the front gear cover had to be opened in order to slide the
camshaft straight out the front. With the cylinder head in place, a wire and hook arrangement was
devised to lift and hold the valve tappets so that the camshaft could be replaced. This exercise was
conducted to gain some idea of what problems might arise in field conversion.

Since the TE-180 cam closes the intake valve later than the TE-160 cam and has higher
maximum valve lift, it induces higher mass flow for the same intake manifold pressure. This means
the 0.68 A/R turbine will provide more boost than needed. The turbocharger with TO4B 76 Trim,
0.84 A/R turbine was therefore chosen to be tested with the TE-180 cam.

Figures 4.27 and 4.28 show the performance of the engine for the 2 mixtures, stoichiometric
and 2% O,, at either WOT or detonation-limited conditions over the speed range. It was seen that the
BSFC is comparable to that with the TE-160 cam. The major difference between the TE-180 and
TE-160 cam was the lower detonation-limited BMEP with the TE-180 cam, which resulted in a
maximum attained power output of 190 hp at 2400 rpm, as compared to the 232 hp for the engine with
the TE-160 cam. The threshold of detonation for this engine was when the peak firing pressure
reached about 1200 psia instead of 1400 psia for the engine with the TE-160 cam. This is because
of the higher adiabatic end gds temperature, an increase of approximately 60°F, due to higher effective
compression ratio as predicted by the computer simulation. Figures 4.29 through 4.31 show the
comparison of the measured data and the resuits of computer simulation. The agreement was not as
good as that for the TE-160 case.
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Figure 4.25 Comparison of Test Data and Model Prediction
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Figure 4.26 Comparison of Test Data and Model Prediction
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TF32-196

Engine: Navistar DTA-466, In-line 6 cylinders Camshait: Tecogen 180 deg. Duration intake
Bore: 4.30in Turbocharger: Garrett
Stroke: 5.35in Turbine: 76 Trim 0.84 A/R
Displacement: 466 cu.in. Compressor: 54 Trim 0.50 A/R
Expansion Ratio: 16.5:1 . Dyno Run#: 57, 58, 61, 62, 76, 74,68, 71
Fuel: Natural Gas Note: Engine test data with low fan
Equivalence Ratio: 1.00 and water pump
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Figure 4.27 Engine Performance - TE180, C.R. = 16.5, ¢ = 1.00
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Engine: Navistar DTA-466, In-fine 6 cylinders Camshaft: Tecogen 180 deg. Duration intake
Bore: 4.30in Turbocharger: Garrett
Stroke: 5.35in Turbine: 76 Trim 0.84 A/R
Displacement: 466 cu.in. Compressor: 54 Trim 0.50 A/R
Expansion Ratio: 16.5:1 Dyno Run#: 56, 59, €0, 77, 75, 69, 70
Fuel: Natural Gas Note: Engine test data with low fan
Equivalence Ratio: 0.91 and water pump
260 . . . . : : : R o 24
B ! Note: Dats points fmmaaoo 2600 BPM : : : 5 3
T I A s R S SO _— O
250 B : are notat WOT cpndition : : I : = 20 E
: dus {0 knock limifed at WOT : : ¢ SPARK TW"NG x o
240 : ~ o
w
T4
©
O
w
a
st
w
o
550
500
< 450 @
pur s
=1 400 &
.......................................................................................... — 350
R MRS WSS W SOV S S S P
e e S e
70 = 9,000 ;
<
60 8,500
-
50 8000 &
S
40 7,500 E

30 | I . | i ) I | i | . S | i | B . | i Lol !. i b S | i Ledool i ) S B | i l B - 7000
1,000 1,200 1,400 1,600 1,800 2,000 2,200 2,400 2,600 2,800

ENGINE SPEED (RPM)

Figure 4.28 Engine Performance — TE1 80’. C.R.=16.5, ¢ = 0.91
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Engine: Navistar DTA-466. in-line 6 cylinders Expanston Ratio: 16.5:1
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Figure 4.2 Comparison of Test Data and Model Pfediction
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Engine: Navistar DTA-468. In-fine 6 cylinders
Bore: 4.30in

Stroke: 5.35in

Displacement: 466 cu.in.

Expansion Ratio: 16.5:1

TF36-196

Camshaft: Tecogen 180 deg. Duration Intake
Fuel: Natural Gas
Equivalence Ratio: 0.91
Note: Engine tast data with low fan
and water pump
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The engine configuration with the TE-180 camshaft is apparently not the preferred choice over
that with the TE-160 camshaft due to the lower knock-limited power output at the high speeds.
Lowering the expansion ratio by means of incorporating a prechamber in the cylinder head should
theoretically reduce the adiabatic end gas temperature and, therefore, raise the detonation-limited peak
firing pressure and BMEP. Therefore, the next step was to investigate the prechamber configuration.

445 Combustion Characteristics

The combustion chamber of the converted engine is basically the same as the diesel engine
except the fuel injector is replaced by a spark plug. The location of the spark plug is slightly off center
of the cup cavity in the piston. The swirl-type inlet passage plus the squish design generated strong
turbulent flow at the time of combustion. The spark gap was slightly recessed to avoid the arc being
exposed and quenched by the high velocity gas flow. The high turbulence was evident by the fast
burning process which called for a considerably retarded spark timing. The BPSA was 13° BTDC at
1800 rpm and 16° BTDC at 2600 rpm. A conventional natural gas engine normally requires a spark
advance of 30 to 36° BTDC. Figure 4.32 shows a typical trace of the cylinder pressure, with little
pressure rise up to TDC followed by a steep pressure gradient.-

The spark gap was first set at 0.015". As the boost pressure increased, misfiring occasionally
occurred. The gap was reduced to 0.012", and misfiring no longer was observed.

Figure 4.33 is a plot of BMEP and BSFC vs. spark advance for the 2 speeds, 1800 and
2600 rpm, at a fuel-air mixture of 2% O, in the exhaust. It is seen that the BMEP and BSFC varied
only slightly over this range of spark timing, while the peak firing pressure changed significantly. This
is important in view of the fact that the detonation limit is directly related to the peak firing pressure.
It means that the detonation-limited BMEP of the engine could be raised without sacrificing significantly
on the BSFC if the spark timing were purposely retarded from the BPSA.

With the Altronic CD1 ignition system, which fires the spark plug on every revolution, a misfire
sometimes resulted in back firing into the intake manifold. The theory was that, when misfire occurred
with our relatively late spark timing, the second spark firing could ignite the unburned mixture in the
cylinder while the intake valve was already partially open. If this theory is correct, then it is not
suitable to employ this type of ignition system for the engine if the fuel is introduced upstream of the
intake manifold. A half-speed shaft should be used to provide the timing signal for the ignition system.
To adapt such a shaft at the location of the diesel fuel injection pump has been investigated and has
been found feasible.

446 Spark Plug Durability

The spark plug was an externally modified, standard 12 mm spark plug. Because the design
and the method of fastening the plug to the cylinder head were significantly different from that of a
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Figure 4.33 Engine Performance vs. Spark Timing
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standard plug, a number of questions had to be addressed. The most controversial one was the
cooling of the plug, since there was no threaded engagement to provide a heat flow path. Examination
of the spark plugs by the manufacturer after 140 hours of engine operation showed no signs of
overheating or excessive wear of the electrodes. The clamping arrangement provided sufficient hold
down force to collapse the gasket and effectively seal the high pressure gas. The insulator tube used
between the spark plug extension rod and the plug retaining sleeve was adequate to prevent any
arcing. In general, the spark plugs performed well, even though the cylinder pressure was significantly
higher than that of a conventional low compression ratio engine.

4.4.7 Enagine Test with Prechamber

The prechamber design was shown back in Figure 4.19. The volume of the prechamber is
approximately 1.0 cu. in., which reduces the expansion ratio of the engine from 16.5 to 13.9. The
lower expansion ratio should, according to the analytical model, lower the adiabatic end gas
temperature from 2150°R to 2000°R, a net reduction of 150°F. This should allow the peak firing
pressure to reach a higher level before detonation occurs. pf course, this is true only if there are no
negative effects introduced by the prechamber. The objective of testing an engine with the prechamber
was to determine the characteristics of such a combustion system and its net effect on the engine
performance. '

A 'new cylinder head modified with the prechamber was installed on the engine for the test.
The spark plugs initially selected were the AC R41TS and the spark gap was set at 0.012".

The first noticeable characteristic of this combustion system was the very fast burning rate,
which required the spark timing to be further retarded than the previous engine. At 2600 rpm, the
required spark advance was only 8° BTDC, and at 1800 rpm it was 5° BTDC. The fast burning rate
and steep pressure rise caused the engine to be noticeable more noisy than the engine without the
prechamber. Figure 4.34 is a typical cylinder pressure trace showing the very sharp pressure gradient
similar to that in a typical diesel engine.

Another unusual characteristic was the pressure oscillation which began after the sharp
pressure rise. It was, at first, thought to be related to engine detonation. But, upon further
observation, we decided that it could not be detonation since the oscillation existed at all engine
speeds and load. It appeared to be a pressure oscillation induced by the sharp pressure rise as a
result of the fast burning in such a combustion system. This combustion system is somewhat unique
for a spark ignition natural gas engine because of the relatively large precombustion chamber. To
make certain that the observed oscillation was not caused by the passage leaking to the pressure
transducer, we also installed a second pressure transducer in the prechamber through a special spark
plug. Both transducers recorded pressure oscillations, as shown in Figure 4.35. The pressure
oscillation in the prechamber is at twice the frequency of that in the main chamber. The estimated
maximum amplitude of the pressure fluctuation was almost 50 psi.
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1,200 psi

Figure 4.34 Cylinder Pressure Trace, C.R. = 13.9 with Prechamber
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Main Chamber

Prechamber

TDC

Figure 4.35 Cylinder and Prechamber Pressure Trace, C.R. = 13.9 with Prechamber
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As the torque of the engine was increased, pre-ignition occurred at some point. We
interpreted that a pre-ignition had occurred when the point of sharp pressure rise shifted and occurred
significantly earlier, sometimes before TDC. Depending on the peak firing pressure, the pre-ignition
might or might not be accompanied by detonation. In any case, we decided that this was the
operating limit of the engine. Figures 4.36 and 4.37 show the maximum output for the 2 mixture ratios,
stoichiometric and 2% O,, either at WOT, or at a condition limited by the pre-ignition. It is seen that,
at low speeds, the BMEP at WOT is lower than the engine without the prechamber (see Figures 4.23
and 4.24) due to the lower expansion ratio. At higher speeds, the power is also lower because of the
pre-ignition-limited conditions. The original objective of using a prechamber to lower the expansion
ratio and raise the detonation-limited BMEP was, therefore, not demonstrated.

The cause for the pre-ignition was investigated by examining the combustion chamber with
a borescope. No evidence of hot spots were found on the piston crown and internal surfaces of the
prechamber. The conclusion was that the spark plug ran very hot and acted as an ignition source.
This was somewhat surprising to us in view of the fact that the prechamber was completely
surrounded by coolant and the heat conduction path from the spark plug to the coolant is comparable
to that in a conventional spark ignition engine. However, there are 2 factors that could increase the
heat transfer from the hot gas to the spark plug. The first factor is that the operating pressure is
higher than a conventional spark ignition engine. The second factor is that the pressure oscillation
with a significant amplitude, as indicated by the pressure trace, could generate secondary flow
conditions that drastically increase the heat transfer coefficient. The first factor is less likely to be the
major cause, since we did not experience any problems with pre-ignition in the first engine without the
prechamber, in which the peak pressure was just as high. Nevertheless, the logical next step was to
test a colder heat range spark plug. The plug selected for the next test was NGK R5763-10.

With the colder spark plug, the engine was capable of reaching higher BMEP before reaching
the detonation limit. Pre-ignition was rarely observed. The test results are shown in Figures 4.38 and
4.39. The peak firing pressure reached as high as 1600 psia before detonation was observed on the

pressure trace. This was the result of lower adiabatic end gas temperature as predicted by the
analytical model.

Figure 4.40 shows that the actual mass flow agreed reasonably well with the predicted values.
Although this engine produced a maximum output of 215 hp at 2600 rpm, it is still lower than that
obtained with the engine using the TE-160 camshaft without the prechamber. This is contrary to the
model prediction. The loss of power was also reflected in the higher BSFC in comparison to the model
prediction as shown in Figures 4.41 and 4.42. The loss in efficiency and power may also be related
to the inordinately high heat transfer associated with this combustion system.

Based on the test results obtained to date, we conclude that, while the use of a prechamber
is effective in reducing the expansion ratio and raising the knock-limited power output of the engine,
the negative effects associated with this combustion system make it unattractive overall. The apparent
increase in heat transfer in the combustion chamber caused overheating of the spark plug and might
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Engine: Navistar DTA-466, In-line 6 cylinders

Camshaft: Tecogen 180 deg. Duration intake

with Pre-Chamber Turbocharger: Garmett
Bore: 4.30in Turbine: 76 Trim 0.84 A/R
Stroke: 5.35in Compressor: 54 Trim 0.50 A/R

Displacement: 466 cu.in.

Dyno Run #: 100, 101, 1083, 108, 109, 110, 111, 114

TF41-196

Expansion Ratio: 13.9:1 Note: Engine test data with low fan

Fuel: Natural Gas and water pump
Equivalence Ratio: 1.00
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Figure 4.36 Engine Performance - TE180, C.R. =13.9, ¢ = 1.00
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Engine: Navistar DTA-466, In-line 6 cylinders Camshaft: Tecogen 180 deg. Duration Intake TF42-196

with Pre-Chamber Turbocharger: Gamett
Bore: 4.30in Turbine: 76 Trim 0.84 AR
Stroke: 5.35in Compressor: 54 Trim 0.50 A/R
Displacement: 466 cu.in. "' DynoRun# 106, 87, 98, 85, 107, 89, 90, 126
Expansion Ratio: 13.9:1 Note: Engine test data with low fan
Fuel: Natural Gas and water pump
Equivalence Ratio: 0.91
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Figure 4.37 Engine Performance — TE180, CR. = 13.9, ¢ = 0.91
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TF43-196

Engine: Navistar DTA-4686. in-line 6 cylinders Camshaft: Tecogen 180 deg. Duration intake
with Pre-Chamber . Turbocharger: Garrett
Bore: 4.30in Turbine: 76 Trim 0.84 AR
Stroke: 5.35in Compressor: 54 Trim 0.50 A/R
Displacement: 466 cu.in. . Dyno Run #: 141, 136, 138, 143
Expansion Ratio: 13.9:1 ' Note: Engine test data with low fan
Fuel: Natural Gas and water pump
Equivaience Ratio: 1.00 .
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Figure 4.38 Engine Performance - TE180, C.R. = 13.9, ¢ = 0.91
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Engine: Navistar DTA-466, In-line 6 cylinders Camshaft: Tecogen 180 deg. Duration intake
with Pre-Chamber Turbocharger: Garrett
Bore: 4.30in Turbine: 76 Trim 0.84 A/R
Stroke: 5.35in Compressor: 54 Trim 0.50 A/R
Displacement: 466 cu.in. Dyno Run#: 142, 137,139,140
‘ Expansion Ratio: 13.9:1 Nots: Engine test data with low fan
Fusl: Natural Gas and water pump
Equivalence Ratio: 0.91
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Figure 4.39 Engine Petformance — TE180, C.R. = 13.9, ¢ = 0.91, Cold Spark Plug
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Engine: Navistar DTA-466. In-line 6 cylinders Expansion Ratio: 13.9:1
with Pre-Chamber Camshaft: Tecogen 180 deg. Duraton intake
Bore: 4.30in Fuel: Natural Gas
Stroke: 5.35in
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Figure 4.40 Comparison of Test Data and Model Prediction
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Engine: Nawistar DTA-468. In-line 6 cylinders Camshaft. Tecogen 180 deg. Duration Intake TF46-196

with Pre-Chamber Fuel: Natural Gas
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also have contributed to the decrease in the thermal efficiency. Until further studies on the
prechamber system are made, we do not at this time recommend the prechamber approach for the
conversion of the Navistar 466 engine.

4.5 CONCLUSIONS FROM PROOF-OF-CONCEPT ENGINE DEMONSTRATION -

The following general conclusions can be summarized based on the proof-of-concept engine
demonstration:

1. The method of converting the Navistar 466 diesel engine to a spark ignition
natural gas engine, which consists of changing the cam profile to avoid detonation
and adapting spark plugs to the existing cylinder head without alteration, is
technically feasible. :

2. With a properly designed camshaft profile and a properly matched turbocharger,
the engine can deliver comparable power output without encountering engine
detonation and overheating of the pistons and valves.

3. The conversion process is simple and straightforward, and it is retrofitable to
existing diesel engines or can be applied to OEM engines.

4. The computer model, which was used to simulate the exhaust and intake process
and the engine performance, correctly predicted the mass flow through the engine
and the power and efficiency of the engine. It is an essential tool in the selection
and optimization of the intake valve timing.

5. The proof-of-concept engine has demonstrated that it can deliver 232 hp at
2600 rpm and a maximum torque of 530 ft-lb without engine detonation.
The different models of the Navistar 466 diesel engine are rated between 185 hp
to 270 hp.

6. The engine provides a BSFC of 7000 Btu/bhp-hr, which i significantly better than
the 7853 Btu/bhp-hr for a conventional natural gas engine with 9.2 compression
ratio.

7. The combustion system performed well without any difficulty in misfiring or erratic
combustion. :

8. The modified spark plug performed well without gas leakage or signs of
inadequate cooling.

9. The incorporation of a prechamber effectively reduced the expansion ratio and
raised the detonation limit of the engine. However, unexpectedly high heat flux
caused the spark plug to be overheated and to act as a source for pre-ignition.
The engine also produced lower power and lower efficiency than the computer
prediction.

10. The NOy and CO emissions are comparable to conventional gas engines, but the
THC emissions are higher.

11. The engine is capable of running at a lean-burn condition of 8% O, in the exhaust
gas, with low NOy emissions (below 3.0 gm/bhp-hr).
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5. DEVELOPMENT OF PROTOTYPE SYSTEM FOR NAVISTAR DTA-466 ENGINE

With the successful completion of Phase |, which demonstrated the feasibility of operating the
Navistar DTA-466 engine on the More-Complete-Expansion-Cycle, the next step was to define, design,
and fabricate or procure hardware which could be considered production prototype, and satisfy the
requirement of a vehicle duty cycle. These requirements implied fuel, ignition, and control systems
quite different from those used to demonstrate feasibility of the concept.

5.4 PROTOTYPE CONVERSION SYSTEM

The following sections describe the process of identifying the components of the conversion
system and their characteristics.

5.11 Electronic Control System Selection

Tecogen's first step in the process of selecting a control system was to contact a number of
potential suppliers for the fuel and ignition management system and supply them with our detailed
requirements. The potential suppliers were asked to quote as follows:

— One lab prototype system with engineering support
— Two systems for field testing in vehicles
— Production version pricing

The initial field was narrowed to 4 suppliers, as follows:

Clean Air Partners/BKM

— Fuel Management Systems (FMS)
— Mesa Environmental (GEM)

— Stewart & Stevenson-GFl

" All of these suppliers proposed closed loop adaptive -learn, speed/density, pulse width modulated
systems. They all proposed to use the Altronic PM1, 6 coil single fire capacitive discharge ignition
system. '

An assessment of the quotations from these suppliers revealed the following:

— None of the proposed systems are in quantity production -

— The ability to control overspeed, idle speed, and manifold pressure required
special development effort by all bidders

— The projected quantity pricing of all bidders exceeded the targeted material costs
which could result in a marketable diesel to natural gas conversion kit
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We concluded that our best chance at getting a marketable system was to develop the control
system ourselves with help from General Motors (GM). General Motors agreed to do the software
development required to transfer the CNG vehicle software to a new controller, the PCM-6. This
advanced PCM-6 is capable of firing 6 fuel injector drivers, allowing the use of sequential port injection.
This, in turn, allowed the use of the GM 6-cylinder distributorless ignition system with waste spark,
since the backfire problem we experienced in Phase | would be eliminated with port injection.
Additional software could be added by GM Delco to handle the needs for controlling overspeed, idle
speed, and manifold pressure.

5.1.2 Air Induction System

Several approaches to throttling were investigated. These were:

~ Modify existing Rochester TBI system to handle positive pressures. This TBI
incorporates a speed governor motor, idle air control, and throttle position sensor.

— Design a new throttle body incorporating the Rochester TBI hardware
(i.e., governor, IAC), but compatible with high charge air pressures and adaptable
to the Navistar intake manifold.

— Use another GM throttle body.

Tecogen selected the third alternative as the most cost effective when itbecame apparent that
we needed a mass air flow sensor for compatibility with the PCM-6 controlier.

The throttle assembly must also include the throtile valve with a throtile position sensor (TPS)
and an idle air control valve. The unit selected for this engine is a standard GM part used in its
3.8 liter engine (see Figure 5.1). The mass air flow sensor provides an accurate and repeatable
measurement of the air flow rate, upon which the PCM selects the fuel flow rate and the pulse signal
for the fuel injector. The mass air flow sensor system has the advantage over the speed-density
approach for mass flow measurement in that the error is significantly reduced during transient
operation. With the speed-density system, the manifold pressure generally lags behind the mass flow
increase after a sudden opening of the throttle. The mass flow rate calculated, based on manifold
pressure, temperature and speed, is also affected by the engine coolant temperature during warm-up.
With the mass air flow sensor, we anticipate a better control of the fuel air ratio and, consequently,
the emissions.

5.1.3 lgnition System

The ignition system selected for this engine is the 3-coil inductive system used on GM 3.8 liter
engines. The system consists of an ignition module, 3 coils, a trigger wheel with 2 interrupt discs, and
a sensor unit with dual Hall sensors. The ignition module is an interface between the sensors, the coil,
and the PCM. It performs the sequencing function for the 3 coils according to the crankshatt position
identified from the signals generated by the Hall sensors. It also provides the backup ignition signal
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Mass Air Flow Sensor

— Throttle Position Sensor

idle Air Control Valve

Figure 5.1 Throttle Assembly
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during starting and warm-up. The interrupt discs provide the timing and crank position signals. One
disc has 8 notches and the other has 18 notches. Figure 5.2 shows the trigger wheel and the Hall
sensor unit. The trigger wheel is mounted on the back of the main drive pulley at the front of the
engine. To establish the notch sizes for the interrupt discs and their phase angles relative to the
top-dead-center crank position for #1 _cylinder, a bench test was carried out to determine the
characteristics of the notch/sensor system.

The spark timing is controlled by the PCM, and it is calibrated as a function of engine speed
and flow rate of charge air per engine revolution.

The same spark plug design used on the Phase | proof-of-concept engine is adopted for the
prototype engine. The spark gap required optimization since the ignition system will produce a
different voltage and energy level from the Altronic CD1 system used in the proof-of-concept engine
test.

5.1.4 Fuel System

The fuel is injected in a sequential manner according to the air flow rate and engine speed at
the inlet of the intake passage in the cylinder head. A plate which incorporates the 6 injectors is
sandwiched between the intake manifold and the cylinder head. The fuel injectors are held in place
between the sandwich plate and gas fuel rail which also carries the gas pressure and temperature
sensor. Figures 5.3 and 5.4 show the detail design of the plate and the fuel rail. As shown in
Figure 5.3, the fuel is directed through a small passage at an inclined angle towards the intake
passage. This is done to avoid the gas being delivered into the intake manifold during a portion of the
injection period when the inlet valve is closed and there is no air flow to carry the gas into the cylinder.
Based on the flow characteristics of the injectors, it is anticipated that, at high speed and high load
conditions, the injection will be on for as much as 75% of the duty cycle, while the inlet valve is open
for only 22% of the time. Obviously, we rely on the swirl action and turbulence during the intake
process to mix the fuel and air.

The injector characteristics in terms of flow rate as a function of pulse period of the electrical
signal was obtained from the supplier, Bosch (see Figure 5.5). This curve was incorporated into the
software of the PCM-6 controller.

A GFI pressure regulator has been chosen for controlling fuel supply pressure. 1t is a single
body, 2-stage regulator with water passages for heating and an integral high pressure shut-off. This
regulator provides relatively constant pressure with a maximum deviation of 7 psi.

A half speed sensor is required for sequencing the fuel injectors. Two approaches were
examined. One approach is to use a Hall sensor to pick up the magnetic field from a magnet
imbedded in the cam gear, and the other is to mount a Hall sensor to sense the motion of the rocker
arm. Initially, the rocker arm arrangement appeared to be the preferred approach because of the easy
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- INJECTOR LINEARITY 01-Fab-4 Y=MNX+B
WORKSHEET LF = PW* X COEFFICIENT + CONSTANT
Y] | ACTUAL| LINEAR | % DIFFERENCE|CC PER |
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Figure 5.5 Flow Characteristics of Bosch Fuel Injector
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accessibility. However, after conducting an exploratory test, it was determined that, while the signal
generated was consistent and repeatable, it was extremely difficult to fix the sensor to within a few
mils of the correct position. The signal generated by the sensor must be within 10° crank angle of a
specified timing. It was also anticipated that, even though the sensor can be located accurately
relative to the rocker arm, variability of the sensor element within the sensor body may cause the
timing to be out of specification. Consequently, this approach was abandoned, and the alternate
approach was taken.

The design adopted was to have a magnet imbedded in the front face of the camshaft gear
and the Hall sensor inserted through the front gear cover. To determine the appropriate locations of
the magnet and the Hall sensor, a bench test was first carried out to establish the characteristics of
this system. Afier the system was installed on the engine,vfurther adjustment on the sensor clearance
was found necessary to ensure consistent triggering of the sensor. Figure 5.6 shows the gear with
the magnet and the GM Hall sensor.

5.1.5 Turbocharger With Integral Wasieqate and Water-Cooled Center Section

The turbocharger used on the proof-of-concept engine was an aftermarket unit supplied by
Turbonetics Inc. Even though it was reasonably well matched with the engine with the 160° inlet cam,
there were a number of drawbacks that call for searching for a better alternative. One drawback is
the on-center configuration which did not permit it to be directly bolted to the exhaust manifold flange.
An adapter was needed to displace the turbine away from the engine block. Therefore, a tangential
inlet configuration is needed so that it can directly replace the current turbocharger on the diesel

engine. The Turbonetics unit tended to under-boost at the low speeds and over-boost above
2000 rpm.

It was decided that what was needed was a turbocharger to provide higher boost at speeds
around 1600 rpm. A turbocharger with this capability would automatically over-boost at higher speeds.
This means we must employ certain means to limit the boost at high speeds. There are 2 ways to
accomplish the boost control. One way is to by-pass the exhaust gas through a wastegate which is
controlled according to the intake manifold pressure. The second approach is to recirculate a portion
of the compressed air through a dump valve back to the inlet of the compressor.

The wastegated turbine was chosen because it can be packaged as an integral part of the
turbine housing. The compressed air bypass system is also anticipated to be less efficient because
of the higher turbine power required to'compress more air than that required by the engine.

Garrett selected a non-wastegated turbocharger for us to test on the engine to verify the boost
capability at low speeds. Figure 5.7 shows the performance at either WOT or knock-limited operation.
It is seen that the maximum torque obtained at 1600 pm was about 600 fi-lb, which is
significantly higher than the 400 ft-lb obtained with the proof-of-concept engine. Based on this
test, a newly configured turbocharger with integral wastegate was designed and provided by Garrett.

74



TF53-196

L . S
L ol mionn st il e ot st oyt e s 8o s s o 0 e

Figure 5.6 Half-Speed Sensing System for Fuel Injection

75




% = HP - PSI

260
250
240
230
220
210
200
190
180
170
160
150
140
130
120
110
100

a0

80

70

60

50

40

30

TF54-196

Engine: Navistar DTA-466, In-line 6 cylinders Camshaft: Tecogen 160 deg. Duration Intake
Bore: 4.30in Turbocharger: Garratt
Stroke: 5.35in Turbine: T300 79 Trim 0.96 A/R VTF
Displacement: 466 cu.in. Compressor: T300 44 Trim BCCW8D 0.50 A/R
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Fuel: Natural Gas Note: Engine test data with low fan
Equivalence Ratio: 1.00° and water pump 24
Note} Data points:from 1600 - 2600 RPM - : : : : .
[ .......izenetatWoTeondiioh .. G fo i PG o0 8
- due to knock limited for 3600 - 2000 RPM SPARKJIMING 2
... Quetolimited fuclsupply for 2200 - Z000 RPM. 1 @
o
w
L
0
O
[H ]
o
g
(7))
o
600
550
m
500 2
1
[
450
400
350
.............................................................................................. 8,500 -
2
8,250 T
A
8,000 ¢
=
7,750 o
’ T
=
4 7,500 2
: : : : : : : - m
J 1 1 | | L L -
IO B JE I | 110 ) I ) | I . | LJJ[LJI end ol 5 JI P X 7,250

1,000 1,200 1,400 1,600 1,800 2,000 2,200 2,400 2,600 2,800

ENGINE SPEED (RPM)

Figure 5.7 Engine Performance with Garrett T300 Turbocharger
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This turbocharger has the same A/R ratio and trim as the one tested, except that the turbine housing
was modified to incorporate a wastegate which is controlled by a diaphragm actuator. The diaphragm
actuator is communicated to the blower discharge through a solenoid valve, which is controlled by the
PCM according to the intake manifold pressure and temperature in comparison to the maximum set
values. The solenoid is normally open so that, in case of electrical fault, the wastegate will be opened
to avoid over-boosting of the intake pressure and causing damage to the engine due to detonation.

The original turbocharger for the DTA-466 diesel engine does not have a water-cooled center
section. For the converted engine, the turbine inlet temperature is higher, maximum at 1400°F, due
to stoichiometric operation. Therefore, it was necessary to determine whether or not a water-cooled
center section was needed. An instrumented-center section with water-cooling passage prepared by
Garrett was installed for testing. Three thermocouples were installed at locations specified by Garrett.
After the engine was operated at maximum output for a sufficiently long period of time to reach steady-
state condition in the turbine housing, it was then abruptly shut down without idling. Temperatures of
the 3 thermocouples were recorded on a strip chart. Figures 5.8, 5.9, and 5.10 are temperature
records for 3 operating conditions without the coolant. Figure 5.11 shows the temperature when
coolant was introduced. It is seen that, without coolant, the maximum temperature reached in the
center section was 670°F during heat soak. The steady-state temperature was also as high as 566°F.
With water cooling, the steady-state temperature was only 280° even though the maximum
temperature during heat soak reached 540°F. Based on this data, it was concluded that a
water-cooled center section is necessary for this engine.

5.1.6 Speed Governing System

/

A speed governing system was designed and incorporated into the throttle assembly.
It consists of a spring-loaded section to be inserted between the throttle cable and throttle linkage.
The throttle linkage is also connected to a DC torque motor. When the DC motor is actuated, it pulls
the throttle towards the closing position opposite to the direction of the throttle cable. The spring-
loaded section would allow the throttle to close even if the drive keeps the cable position fixed.
Figure 5.12 shows a schematic of the speed goveming system.

The mechanical speed governing system was found to perform satisfactorily in controlling the
maximum engine speed. However, Tecogen felt that it is a complex and costly component to be
included in the conversion Kit.

The new speed governing system was developed, which involved modification of the software
in the PCM such that the engine will switch to open loop operation when the maximum set speed is
reached. The controller causes the fuel-air mixture to ramp from stoichiometric to lean ata prescribed
rate of change. This causes the engine output to reduce and engine speed to drop. If the speed
continues to rise to a top limit, the fuel will be cut off completely. A hysteresis loop is provided to
ensure a smooth and stable transition. Testing was conducted with this speed governing system, and
adjustments were made to establish the calibration constants for safe speed governing and smooth
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operation of the engine. It was decided that this system be adopted in place of the mechanical speed
governor.

5.1.7 Detonation Control System

Test data for the knock-limited conditions, including both stoichiometric and ¢ = 0.92, were
analyzed using the computer simulation model. The adiabatic end gas temperature, T,", and the peak
firing pressure, Ap,, for each test point was calculated. In addition to the test data with the standard
set up, the data also included several tests which were conducted with an additional air to water
aftercooler in series with the air-to-air aftercooler. By using ice water, the inlet air temperature in these
tests was reduced to about 43°F. The lower charge temperature permitted the engine to reach a
higher firing pressure before detonation occurred. Figure 5.13 shows the knock-limited test points on
a plotof T," vs. Aps. A line is drawn near the upper limit of the point to represent the "detonation limit"
of the Navistar 466 engine. The scatter of the points is due to the amount of throttling that we chose
to back away from the incipient detonation condition for data recording. The incipient detonation was
detected by observing the pressure trace before it became audible. Generally at this condition,
detonation occurred about once in every 100 cycles in cylinder #6, in which a pressure transducer was
installed.

Once we defined the "detonation limit" in terms of a function of T," and Ap,, the computer
simulation model was used to establish the maximum allowable intake manifold pressure as a function
of the engine speed and intake manifolded air temperature. Figure 5.14 shows a plot of maximum
allowable p; vs. engine speed for various T;. The same information is also shown in tabulated form
in Figure 5.15. The table for maximum p; is incorporated in the controller software and it can be
adjusted later if needed.

The method for limiting the maximum intake manifold pressure is to use a wastegate in the
exhaust system to allow a portion of the exhaust gas to bypass the turbine, thus limiting the amount
of boosting. Another method for limiting the maximum intake manifold pressure is to use a wastegate
in the air line after the compressor. The wastegate is operated with a proportional solenoid. The
blow-off air is recirculated back to the inlet of the compressor, which is similar to the by-pass scheme

employed in some of the automotive supercharging systems. The first method was chosen for its
lower cost and simplicity.

The new turbocharger with integral wastegate was tested on the engine to check the control
for limiting the intake manifold pressure. A spring with 20.7-25.3 Ibffin spring rate was selected for
the diaphragm actuator for the wastegate. A preload was set such that it requires a pressure of
7.5 psi on the diaphragm to open the wastegate. The pre-load was necessary to prevent the
wastegate from opening by the force acting on it due to the high pressure differential across the
wastegate at high speed and high load conditions. The 7.5 psi is sufficiently lower than the anticipated
pressure limit for the intake manifold.

83




SUOHIPUOD pajwilT-Ho0uy €1'G ainbidy

(eisd ) ed vagnv-
o00b‘'z 0022 000 008'L 009°L O00v‘L '002°h 000°C 008 009 OOV

..........

............

...........

16°

-
P oo} e

.

PR g
-

.
.
LR 4
.

c...mn_ o 9l

ENAOOomm.pu_<.u<=c..
00 T.mn_ ‘091-31

e

........... .-...o........

.............

.............

...........................

..........................

..........................

secece

...........................

scsae

.................

..............

casccscssvcsemessssrnscssamence
s even

R L

.......................................................

_u m -

cc.—nmu_ ‘09i- m_._. -

160 9 00°} :uojjey aaus(eainby
SEY) jeinjeN :|an4

axeju| uoneinq "bap 081 '8 091 uabooa)| :yeyswen

961-09:4,

1:G'91 :oley uoisuedxy

Ul ‘N0 99y :Juswaoedsig

‘Ul GE'S OIS
'ul 0y ‘elog
slapullfo 9 aul-u| ‘'99p-v L seisineN :aulbuz

84



TF61-196

Engine: Navistar DTA-466. In-line 6 cylinders
Bore: 4.30in.
Stroke: 5.35in.

Expansion Ratio: 16.5:1
Camshaft: TE - 160
Fuel: Natural Gas

Displacement: 466 cu. in.
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Figure 5.14 Maximum Allowable Intake Manifold Pressure
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The system was tested and the tables in the PCM software were calibrated for the limiting
intake manifold pressures and temperatures which were specified based on the detonation
characteristics of this engine. The engine was operated up to WOT at speeds above 1800 rpm to
make sure that the control system properly actuated the wastegate to limit the boost pressure and
avoid engine detonation.

5.1.8 Emissions Control System

The basic strategy for emissions control is to operate the engine at stoichiometric ratio and
use a catalytic converter to reduce the NOy, CO, and HC. The fuel-air ratio is to be controlled using
a closed-loop control system with an oxygen sensor in the exhaust. The controller was calibrated for
minimum emissions after the various engine component systems had been checked out and the
specified engine performance had been achieved.

A prototype catalytic converter has been obtained from Johnson Matthey which was designed -
to meet the following emissions targets:

NOy 1.0 gm/bhp-hr
CO 7.2 gm/bhp-hr
NMHC 1.0 gm/bhp-hr

The maximum pressure drop is 1.0 psi. The catalyst is 7.5" dia. x 6.9" long and is ceramic
with 400 cells per square inch. The coating technology is JM51 and it includes Platinum and Rhodium
at a 40 gram per cu. ft. level.

Although the catalyst unit is-reasonably compact, one of the difficulties uncovered during the
bus conversion study (Section 6.1) was the lack of space for inserting the catalytic converter in the
exhaust pipe between the turbocharger and the muffler. Also, the cost for adding this component is
high because the exhaust pipe has to be either replaced or modified. A new approach was suggested
by the manufacturer of the muffler to incorporate the catalytic reactor inside the muffler. Since the
overall dimension of the muffler matches the original muffler on the vehicle, the original exhaust pipe
would not have to be replaced. Using stainless steel for the muffler/catalyst unit, the system should
have a life expectancy comparable to a conventional catalytic converter and considerably longer than

-a conventional muffler.

5.2 PROTOTYPE ENGINE TEST

5.2.1 Shakedown Test

The engine started very easily after only a few revolutions of cranking. This indicated that the
fueling strategy incorporated in the controller software for starting was adequate. The starting is
significantly easier than the proof-of-concept engine for which an IMPCO mixer was used. Apparently
the IMPCO mixer did not maintain the required fuel-air ra’uo under crankmg conditions.
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The engine was operated over the entire range of speed and torque to determine if all systems
functioned properly. The ignition system, including the trigger signals and the ability to vary the spark
timing, was found to behave as expected. The performance of the spark plug in terms of igniting the
mixture at different engine operating conditions will be discussed later.

Initially, the fuel injection system dicl not sequence the injection correctly. Upon examining the
trigger signal from the Hall effect sensor for the camshaft position, it was found that the signal was not
consistent. The Hall sensor was modified to reduce the gap between the sensor and the magnet in
the cam gear from 0.135" to 0.090", and the trigger signal became consistent. With the proper trigger
signal, the fuel injection became properly sequenced.

The fuel injector flow rate was low, as expected. Consequently, at high speed and high torque
operation, the fuel injection period was over 85% of the cycle period when the fuel supply fell below
120 psig. It is therefore important that the regulator maintains the fuel pressure above 120 psig at the
maximum output. ‘

The timing of the fuel injection is such that the closing time of the injector is fixed in terms of )
crank angle position. Due to the fact that the sofiware for the PCM was designed for gasoline, the
injection timing was too early for natural gas operation. The only way to satisfy our need was to rotate
the injector signal wire ahead by one cylinder, so that the end of injection time was delayed by 120°
of crank angle. This means the wire normally connected to No. 5 injector is now connected to No. 1
injector, since the firing order is 1-5-3-6-2-4. With this change, we can end the injection as late as
120° ATDC, which was 20° before inlet valve closing.

5.2.2 Mass Air Flow Calibration

The mass air flow meter generally requires calibration on a flow bench with the specific inlet
piping connected to the throttle body. However, based on the calibration curve supplied with the PCM
software, the engine maintained the fuel-air ratio to within a reasonably small variation over most of
the flow range except in the low flow region. The small variation of fuel-air ratio is automatically
corrected by the controller when it is operated in the closed-loop mode based on the output signal of
an oxygen sensor in the exhaust stream. Figure 5.16 is g plot of the air flow data, calculated by three
different methods, as compared to the calibration-curve for the mass air flow meter as a function of
the frequency output from the meter. It is seen that the match is, in general, quite good. However,
a slight adjustment of the mass air flow meter calibration was needed at the very low flow region in
order to achieve constant fuel-air ratio over the entire range. This can be seen in a plot of air flow vs.
fuel flow and the comparison to the constant fuel-air ratio line (see Figure 5.17).

5.23 Spark Plug Selection

The engine was operated over the full speed and torque range to determine the spark ignition
characteristics of the engine. The spark plug, which was used for the proof-of-concept engine, was
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- the NGK D8HA 12'mm, 1/2" reach plug modified to fit into the diesel injector well. The plug is
clamped down with a steel sleeve in the same manner as the diesel injector. The spark gap was set
at 0.012" because of the high compression pressure at high torque conditions.

The performance of the spark plug in terms of ignition and combustion was satisfactory over
the majority of the operating conditions. However, at speeds below 1000 ipm and near zero throttle
condition, the engine misfires frequently. This could be detected from the in-cylinder pressure trace,
as well as from the fact that the engine controller tended to drive the mixture to the rich side when
operating in the closed-loop mode. The unburned free ongen would make the controller believe that
the fuel-air mixture was too lean and therefore increase the fuel flow.

The first explanation of the misfire condition at low power condition was that the spark energy
was too low due to the small spark gap. One approach to increase the spark energy was to provide
an auxiliary gap in the external lead. Figure 5.18 shows a design sketch to incorporate a gap in the
spark plug extension terminal. This design was tested on the No. 6 cylinder which had the pressure
transducer to measure m-cylmder pressure. Results showed marginal improvement, but was not
acceptable.

A number of spark plug electrode configurations were tested in No. 1 cylinder, and the
in-cylinder pressure traces were examined to determine the consistency of the ignition. Figures 5.19
through 5.26 show the results of the test. Figure 5.19 shows the NGK D8HA spark plug which-has
been used so far to give good performance and life at high output conditions. However, at idle
condition, we can see complete misfire of some cycles. Figure 5.20 shows the same spark plug,
except that the ground electrode was modified to be tapered at the end so that the quenching area
as reduced to nearly a point. The plug in Figure 5.21 is basically the same as that in Figure 5.20,
except it has a 0.75" reach instead of 0.5". Both of these plugs performed well at high load as well
- as at idle and lean-bum condition. The test results clearly showed that the major factor contributing
to misfire at low load was the quenching effect by the electrodes. The low spark energy due to the
small spark gap at low pressure creates a relatively weak flame kernel which must sustain and grow
in the narrow space between the 2 heat sinks formed by the electrodes. The tapered ground electrode
reduces the heat sink area significant.

Having the basic criteria in mind, we tested 5 different off-the-shelf spark plugs. The plugs
in Figures 5.22 and 5.23 are with a thin wire center electrode. Figure 5.24 shows a combination of
a thin wire center electrode and a tapered ground electrode. Figures 5.25 and 5.26 are 2 different size
plugs with dual ground ‘electrodes. The NGK D8EVX 12mm 0.75" reach plug, as shown in
Figure 5.24, appeared to give the best performance.

The NGK D8EVX was installed in all cylinders for the remaining spark timing calibration tests,
and also tests for the lean-burn idle condition.
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5.2.4 Low Load and Idie Operation

One of the major concemns for the converted natural gas engine was the high oil blow-by
during low load and idle conditions. This is caused by the low cylinder pressure during the intake
process when the throttle is nearly closed, which results in oil being drawn past the piston rings into
the cylinder. The piston rings in diesel engines are generally not designed to handle this level of
adverse pressure gradient conditions. The MCEC employed in this engine reduces the level of intake
manifold vacuum at low load conditions because of the early intake valve closing. However, the intake
pressure is still not high enough to prevent the high oil blow-by. Tests showed that, when the intake
manifold vacuum on the converted Navistar 466 engine exceeded about 14" Hg, oil blow-by became
high enough that visible white smoke appeared in the exhaust.

To avoid oil blow-by, the strategy was to operate the engine in lean-burn mode when the
throttle was nearly closed. To accomplish this, the controller was programmed to switch from closed-
to open-loop fueling when the TPS (throttle position sensor) was reduced to below 1% and to resume
closed-looped fueling when TPS was increased to above 3%. The fuel-air mixture was set at an
equivalence ratio of approximately ¢ = 0.72, which was sufficiently lean to limit the intake manifold
vacuum to within 14" Hg at idle condition. This strategy would not have been possible without a spark
plug that could consistently ignite a lean mixture at low load and idle conditions. Therefore, the spark
plug study reported above was an integral part of this effort to eliminate oil blow-by.

5.2.5 Spark Timing Calibration

The optimum spark timing was determined by varying the spark timing while keeping the intake
manifold pressure constant. This is a somewhat time-consuming procedure because the spark timing
affects the turbocharger performance and consequently, the boost pressure and intake manifold
pressure. Therefore, the throttle must be adjusted for each spark timing setting. At near WOT
conditions, the criteria was different, since the throttle position is no longer effective in setting the
intake manifold pressure. Also, at these conditions, the spark timing has a very strong effect on the
engine output due to its effect on the turbocharger performance. Generally, retarding the spark timing
results in higher turbocharger boost and therefore, higher engine output. In this case, we selected the
spark timing to have the peak firing pressure occurring at about 15° ATDC. Further retardation of
spark timing would result in a loss in fuel economy. Figure 5.27 is the optimum spark timing
calibration. The sharp increase in spark advance at low speed and low output conditions was due to
the lean-burn conditions chosen for these conditions, which will be discussed below.

5.2.6 Turbocharger Test

Testing of the new turbocharger showed that the performance of the turbine was deficient at
low speed, which resulted in lower boost pressure and lower maximum torque at WOT conditions.

Figures 5.28 and 5.29 show the engine performance with the T300 turbocharger with and without the
integral wastegate.
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Figure 5.28 Engine Performance — Garrett T300 Turbocharger Without Wastegate
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Engine: Navistar DTA-468, In-line 6 cylinders Camshaft: Tecogen 160 deg. Duration Intake
Bore: 4.30in Turbocharger: Garrett
Stroke: 5.35in Turbine: T300 79 Trim 0.96 A/R VTF ( with wastegate )
Displacement: 466 cu.in. Compressor: T300 44 Trim BCCW8D 0.50 A/R
Expansion Ratio: 16.5:1 Dyno Run #: 179,178, 177,176, 175, 174, 173, 172
Fuel: Natural Gas : Note: Engine test data with high fan
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Figure 5.29 Engine Performance - Garrett T300 Turbocharger With Integral Wastegate




To examine the turbine characteristics, the corrected turbine mass flow is plotted vs. the
turbine pressure ratio for the 2 cases in Figure 5.30. This comparison definitely showed a difference
between the 2 turbines. Garrett examined the turbines and determined that there are no geometrical
differences due to manufacturing tolerance. It was concluded that the addition of the wastegate could
have affected the aerodynamics of the turbine. The turbine was modified for a different trim to improve
the boost in the low speed region.

5.2.7 Enqgine Performance

With the optimized spark timing calibrated, the engine was operated over the entire speed and
torque range to establish its performance in output and fuel consumption. Figures 5.31, 5.32, and 5.33
are plots of hp, torque, and BSFC for variable speed and intake manifold pressures. Figure 5.34 is
a plot of BSFC vs. hp. ltis seen that the fuel efficiency at full load is very good due to the MCEC with
an expansion ratio of 16.5 to 1. However, the BSFC increases very fast at part load conditions,
particularly when the engine speed is high. This loss of efficiency at part load is the result of the
increased pumping loss due to throttling and the increased proportion of the power required to
overcome the component friction. Therefore, we can safely conclude that, unless the part load
efficiency of a dedicated spark ignition gas engine is improved, it would be difficult for it to become
a commercially-viable alternative to diesel engines based on economics alone in the medium- and
heavy-duty bus and truck market.

5.2.8 Emission Control Development

The emissions control system for the engine consists of the closed-loop fuel-air ratio control
based on a heated oxygen sensor at the discharge of the turbine and a 3-way catalytic converter
supplied by Johnson Mathey. The oxygen sensor is a stock GM part. The engine controller adjusts
the fuel-air ratio to match the voltage output from the oxygen sensor to a pre-set rich/lean threshold
voltage. The richflean threshold can be adjusted to change the air-fuel ratio to achieve maximum
conversion of NOy, CO, and HC in the catalytic reactor.

The engine was operated at maximum torque, either at WOT or at knock-limited conditions,
for various speeds. The emissions measured at the turbine outlet and at the converter outlet are
plotted in Figures 5.35, 5.36, and 5.37. lt is seen that the NOy emission increased from a minimum
of 1.4 gm/hp-hr at low load to a maximum of 7.5 gm/hp-hr at 2400 rpm. The CO emission from the
engine increased sharply at high loads, but it dropped to a very low value after the converter. The HC
emission after the converter also increased with load. This result suggested that, as the load was
increased, there were increased amount of free oxygen present in the exhaust gas, which effectively
converted the CO, but caused the conversion of NOy to N, to be ineffective.

The observation suggested that the fuel-air ratio distribution became poor at high load. This

is conceivable in view of the long duration of the fuel injection relative to the time period that the intake
valve is open. The theory was that, even though the fuel was directed into the intake passage towards
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- Engine: Navistar DTA-466, In-line 6 cylinders Camshaft: Tecogen 160 deg. Duration intake
Bore: 4.30in . Turbocharger: Garrett
Stroke: 5.35in Turbine: T300 79 Trim 0.96 A/R VTF
Displacement: 466 cu.in. Compressor: T300 44 Trim BCCWS8D 0.50 A/R
Expansion Ratio: 16.5:1 o Dyno Run #: 87, 88, 89, 90, 91, 92, 93
" Fuel: Natural Gas Dyno Run#: 179, 178.177, 176, 175, 174, 173,172
Equivalence Ratio: 1.00
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Figure 5.30 7300 Turbocharger Performance, With and Without Integral Wastegate
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Camshaft: Tecogen 160 deg. Duration Intake
Turbocharger: Garrett
Turbine: T300 79 Trim 0.96 A/R VTF
Compressor: T300 44 Trim BCCW8D 0.50 A/R
Dyno Run#: 95-136
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Figure 5.31 Enginé Performance — Power vs. Speed
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Engine: Navistar DTA-466, In-line 6 cylinders
Bore: 4.30in

Stroke: 635in .

Displacement: 466 cu.in.

Expansion Ratio: 16.5:1

Fuel: Natural Gas

Equivalence Ratio: 1.00
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Camshaft: Tecogen 160 deg. Duration Intake
Turbocharger: Garrett
Turbine: T300 79 Trim 0.96 A/RVTF
Compressor: T300 44 Trim BCCW8D 0.50 A/R
Dyno Run #: 95-136
Note: Engine test data with high fan

and water pump
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Figure 5.32 Engine Performance — Torque vs. Speed
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Engine: Navistar DTA-466, In-line 6 cylinders
Bore: 4.30in

Stroke: 5.35in

Displacement: 466 cu.in.

Expansion Ratio: 16.5:1

Fuel: Natural Gas

Camshaft: Tecogen 160 deg. Duration Intake
Turbocharger: Garrett

Turbine: T300 79 Trim 0.6 A/R VTF
Compressor: T300 44 Trim BCCW8D 0.50 A/R
Dyno Run#: 95-136

Note: Engine test data with high fan
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Figure 5.33 Engine Performance ~ BSFC vs. Speed
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Engine: Navistar DTA-466, In-line 6 cylinders Camshaft: Tecogen 160 deg. Duration intake

Bore: 4.30in Turbocharger: Turbonstics

Stroke: 5.35in Turbine: O-Trim 0.69 A/R On-Center
Displacement: 468 cu.in. Compressor: TO4B S-3

Expansion Ratio: 16.5:1 Dyno Run #: 137, 138. 139, 140, 141, 142, 143, 144
Fuel: Natural Gas Nota: Engine test data with high fan

Equivalence Ratio: Stoichiometric and water purm
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Figure 5.35 Engine Emission Test Data
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Engine: Navistar DTA-466. In-line 6 cylinders Camshaft: Tecogen 160 deg. Duration intake

Bore: 4.30in ) Turbocharger: Turbonetics

Stroke: 5.35in Turbine: O-Trim 0.69 A/R On-Center

Displacament: 466 cu.in. Compressor: TO4B S-3

Expansion Ratio: 16.5:1 Dyno Run #: 137, 138, 139, 140, 141, 142, 143, 144

Fuel: Natural Gas ) Note: Engine test data with high fan

Equivalencs Ratio: Stoichiometic and water pump
- 25.97 g/hp-hr
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Figure 5.36 Engine Emission Test Data
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Engine: Navistar DTA-466, ln ling 6 cylinders Camshaft: Tecogen 160 deg. Duration Intake
Bore: 4.30in Turbocharger: Turbonatics
Stroke: 5.35in Turbine: O-Trim 0.69 A/R On-Center
Displacement: 466 cu.in. Compressor: TO4B S-3
Expansion Ratio: 16.5:1 Dyno Run #: 137, 138. 139, 140, 141, 142, 143, 144
Fuel: Natural Gas Note: Engine test data with high fan
Equivalence Ratio: Stoichiometric . and water pump
5.00 : : :
§ Closed-a.oop A/F Ratio Control
4.75 o Catalyst J-M 3-Way """"

- | BEFORE CATALYST

. 1 1 1 i 1 1 1 i 1 1 1 i 1 ] 1 ; [ | [l 1 i 1 i 1 ; 1 1 1 i 1 i
0.00 I 1 Ll 1
1,000 1,200 1,400 1,600 1,800 2,000 2200 2,400 2,600 2,800
ENGINE SPEED (RPM)

Figure 5.37 Engine Emission Test Data

113




the intake valve, a portion of the fuel, injected during the time when the valve was closed, leaked into
the open intake manifold. The gas leaked into the manifold from each injector at different times, was
redistributed unevenly among the various cylinders. The theory was further reinforced when the NOy
was plotted in Figure 5.38 as a function of the relative injection period, which is the ratio of the
injection period to the cycle period. The cycle period is proportional to the inlet vaive open period.
Additional test data was obtained at a constant speed of 2400 rpm, but variable torque is also included
in the plot. It is seen that the NOy emission increases linearly with the relative injection period.
At relative injection periods below 0.22, which is the relative period of the inlet valve open time, the
NOy emission reaches a constant minimum value of approximately 1.5 gm/bhp-hr.

Based on this result, we anticipated that the NOy emission would be reduced if the overall
fuel-air ratio were increased. In this case, the leanest cylinder would not produce a sufficient amount
of free oxygen to cause the conversion of NOy ineffective. However, the rich cylinder may produce
excessive amounts of CO. A test was run with increasing set voltage of the rich/lean threshold.
Higher voltage shifted the overall fuel-air ratio to the rich side. Figure 5.39 is a plot of the A/F ratio
vs. the rich/lean threshold voltage for the full load and 2400 rpm condition. Figures 5.40, 5.41, and
S5.42 are the comresponding emissions results. It is seen that the NOy decreased and CO increased
with a decreasing air-fuel ratio, as we had anticipated. Although this approach provided acceptable
emissions results, we feel that it is necessary that the mixture distribution be improved in order to
achieve the maximum potential in reducing the emissions.

Based on the above test results, it was decided that it was necessary to improve the mixture
distribution in order to be able to minimize the emissions on NOy, CO, and THC. The first step was
to instrument the engine with an exhaust gas sampling probe in the exhaust passage of each cylinder
so that the variation in air-fuel ratio can be quantified. The gas samples were analyzed with a Horiba
air-fuel ratio analyzer. Emissions measurement for each individual cylinder was not feasible due to
the fact that the sample would not represent the average composition of the exhaust gas. Figure 5.43
shows a plot of the air-fuel ratio for the 6 cylinders, when the engine was operated at 2400 rpm and
maximum torque condition. It is seen that the air-fuel ratio varied from 14.6 to 17.9, or 1.13 10 0.92
in equivalence ratio. This wide mixture variation confirms the hypothesis for the poor emissions
results.

The theory for the poor mixture distribution is that, at high speed and high torque conditions,
a portion of the fuel injected during the period when the intake valve is closed could have been
diverted into the intake manifold and redistributed into the other cylinders. Based on this, the intake
manifold was modified to incorporate partitions, so that the diverted fuel would be contained within the
passage for the intended cylinder. Figure 5.44 shows the partition design for the manifold.

Air-fuel ratio measurement for individual cylinders with the partitioned intake manifold is shown
in Figure 5.45. A significant improvement in the mixture distribution was obtained with a variation in
air-fuel ratio from 16.27 to 16.82, or in equivalence ratio from 1.015 to 0.982. Figures 5.46, 5.47,
and 5.48 show the emissions data at variable speed and maximum torque conditions. The rich/lean
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Engine: Navistar DTA-466, In-line 6 cylinders
Bore: 4.30in

Stroke: 5.35in

Displacement: 466 cu.in.

Expansion Ratio: 16.5:1

Fuel: Natural Gas

Camshaft: Tecogen 160 deg. Duration intake
Turbocharger: Turbonetics

Turbine: O-Trim 0.69 A/R On-Centsr
Compressor: TO4B S-3

Dyno Run #: 137, 138, 139, 140, 141, 142, 143
Dyno Run #: 144, 145, 145, 147, 148, 149, 150

TF85-196

Equivalence Ratio: Stoichiometric Nota: Engins test data with high fan and water pump
.'_....‘.3.'.?.5:?‘.’. Loop AFF .*3?.‘.'999.’.‘?.’9! ........ BEFORE CATALYST ........
. Catalyst J M 3-Way : Do : : % : :
o ;r'la"é"'vangblé"S'ﬁééa """"""""" A”E“ CATA‘-YST """""
—---------~---------;----Maxlmum 'Eorque --------------------- Q ---------------- .
e A R A R P S R LR L ¥ L R R N T AP P B FORE:\CAT.-ZAOO-RP ~~~~~ -
R D fand A Constant S’peed’ . E 5 ; M
SRR AR g----Vanab{e Tcrqueo--g-- ------------------ EI --------- froeces .
_ll!LJ]lllill!lilll!ill]lllllll!l!'ill!Ji!ll!il.Il

0.0 0.1 0.2 0.3 04 0.5 0.6 07 . 08 0.9 1.0

FUEL INJECTOR ON TIME BPW/(MSEC/CYCLE)

Figure 5.38 Engine Emissions vs. Relative Injection Period
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Engine: Navistar DTA-466. In-line 6 cylinders Camshaft: Tecogen 160 deg. Duration Intake

Bore: 4.30in - Turbocharger: Turbonetics

Stroke: 5.35in Turbine: O-Trim 0.69 A/R On-Center

Displacement: 466 cu.in. Compressor: TO4B S-3

Expansion Ratio: 16.5:1 Dyno Run #: 151, 152, 153, 154, 155, 156, 157, 158
Fuel: Natural Gas Note: Engins test data with high fan and water pump
Equivalence Ratio: Stoichiometric .
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AMOUNT OF VOLTS ADDED TO ORG. R/L THRESHOLD (V)
Figure 5.38 A/F Ratio vs. Threshold Voitage
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Engine: Navistar DTA-468, In-line 6 cylinders ‘Camshaft: Tecogen 160 deg. Duran‘or; Intake
Bore: 4.30in Turbocharger: Turbonetcs
Stroke: 5.35in Turbine: O-Tadm 0.69 A/R On-Center
Displacement: 466 cu.in. Compraessor: TO4B S-3
Expansion Ratio: 16.5:1 Dyno Run #: 151, 152, 153, 154, 155, 156, 157, 158
Fuel: Natural Gas Note: Engine test data with high fan and water pump
. Equivalence Ratio; Stoichiometric
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Figure 5.40 Engine Emission vs. Threshold Voitage
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Engine: Navistar DTA-466, In-line 6 cylinders Camshaft: Tecogen 160 deg. Duration Intake

Bore: 4.30in Turbocharger: Turbonetics

Stroke: 5.35in Turbine: O-Trim 0.69 A/R On-Center
Displacement: 466 cu.in. Compressor: TO4B S-3

Expansion Ratio: 16.5:1 Dyno Run #: 151, 152, 153, 154, 155, 156, 157, 158
Fuel: Natural Gas Note: Engine test data with high fan and water pump

Equivalence Ratio: Stoichiometric
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Figure 5.41 Engine Emission vs. Threshold Voltage
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HC (g/hp-hr)

Engine: Navistar DTA-468., In-line 6 cylinders

Bore: 4.301in

Stroke: 5.35in

Displacement: 466 cu.in.
Expansion Ratio: 16.5:1

Fuel: Natral Gas

Equivalenca Ratio: Stoichiometric

Turbocharger: Turbonetics

TF89-196
Camshaft: Tecogen 160 deg. Duration Intake

Turbine: O-Trim 0.69 A/R On-Center

Compressor: TO4B S-3
Dyno Run #: 151, 152, 153, 154,

185, 166, 157, 158

Note: Engine test data with high fan and watsr pump
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Engine: Navistar DTA-466. In-line 6 cylinders Camshaft: Tecogen 160 deg. Duration Intake

Bore: 4.30in , Turbocharger: Turbonetics

Stroke: 5.35in Turbine: O-Trim 0.69 A/R On-Center

Displacement: 466 cu.n. Compressor: TO4B S-3

Expénsnon Ratio: 16.5:1 Dyno Run #: 164X

Fuel: Natural Gas Note: Engine test data with high fan and water pump

Equivalence Ratio: Stoichiometric
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Figure 5.43 Cylinder to Cylinder A/F Ratio Distribution
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Partitions

TF91-196

Figure 5.44 Partitioned Intake Manifold
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A/F RATIO

Engine: Navistar DTA-466, In-line 6 cylinders Camshaft: Tecogen 160 deg. Duration Intake TF92-136
Bore: 4.30in Turbocharger: Turbonetics
Stroke: 5.35in Turbine: O-Trim 0.69 A/R On-Center
Displacement: 466 cu.in. Compressor: TO4B S-3
Expansion Ratio: 16.5:1 Dyno Run #: 164
Fuel: Natural Gas Note: Engine test data with high fan and water pump
Equivalence Ratio: Stoichiometric
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Figure 5.45 Cylinder to Cylinder A/F Ratio Distribution — Partitioned Manifold
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Engine: Navistar DTA-466, In-line 6 cylinders Camshaft: Tecogen 160 deg. Duration Intake

Bore: 4.30in Turbocharger: Turbonetics

Stroke: 5.35in Turbine: O-Trim 0.69 A/R On-Center

Displacement: 466 cu.in, Compressor: TO4B S-3

Expansion Ratio: 16.5:1 Dyno Run#: 179, 178,177, 176. 175, 174. 173,172
Fuel: Natural Gas Note: Engine test data with high fan and water pump
Equivalence Ratio: Stoichiometric
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Figure 5.46 Engine Emissions With Partitioned Manifold
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TF94-196

Engine: Navistar DTA-466, In-line 6 cylinders Camshaft: Tecogen 160 deg. Duration Intake

Bore: 4.30in Turbocharger: Turbonetics

Stroke: 5.35in Turbine: O-Trim 0.68 A/R On-Center

Displacement: 466 cu.in. Compressor: TO4B S-3

Expansion Ratio: 16.5:1 Dyno Run #: 179,178.177.176, 175, 174,173. 172
Fuel: Natural Gas Note: Engine test data with high fan and water pump

Equivalence Ratio: Stoichiometric
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Figure 5.47 Engine Emissions With Partitioned Manifold
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Engine: Navistar DTA-466, In-line 6 cylinders Camshaft: Tecogen 160 deg. Duration intake

Bore: 4.30in Turbocharger: Turbonetics

Stroke: 5.35in Turbine: O-Trim 0.69 A/R On-Center

Displacement: 466 cu.in. Compressor: TO4B S-3

Expansion Ratio: 16.5:1 Dyno Run# 179, 178, 177. 176, 175. 174,173,172
Fuel: Natural Gas Note: Engine test data with high fan and water pump
Equivalence Ratio: Stoichiometric
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threshold for the controller was set at a constant value. It is seen that the NOy, emission remained
constant as the speed and load increased, which is significantly improved over the emissions results
using the original intake manifold. Further improvement of the emissions may be possible by
optimizing the rich/iean threshold set point at various operating conditions.

53 DURABILITY TEST

Durability of the converted Navistar DTA-466 engines depends on the components added to

_the engine and some of the original diesel engine components which are affected by the different

characteristics of the natural gas fuel. Most of the add-on components, such as the throttle body, the

ignition coil, and the fuel injectors, are commercially-available and are used on vehicles currently

manufactured by OEMs. The durability of these components are not in question. The only one item

that is in question is the spark plug, since it is modified from an off-the-shelf item. The question is
whether or not the spark plug operates at a temperature level that is too high to be durable.

The original diesel components that might be affected by the natural gas operation are the
intake and exhaust valves. The higher flame temperature and the lack of lubricating agent in the fuel
may cause the valve to wear faster than that in the original diesel engine. Piston life is not likely to
be reduced, since the peak firing pressure in the natural gas engine is lower than that in the diesel
engine.

The durability of the engine has therefore been studied by examination of the spark plug
operating temperatures and the recession rates of the valves.

53.1 Spark Plug Life

Six NGK D8HA spark plugs, which were modified for the Navistar DTA-466 natural gas engine,
were submitted to NGK for inspection after they had accumulated 140 hours of operation on the
dynamometer engine. The majority of the operating hours were at maximum torque conditions. The
conclusion from NGK's visual inspection was that the porcelain insulation nose displayed normal
coloration which indicated normal absorbing and transferring of heat from the combustion gas. The
minimal wear of the electrodes indicated that it should offer a long life in this application. The NGK
letter report is attached as Appendix 1.

The same 6 spark plugs were also sent to Champion for metallurgical analysis. A grain
structure study indicated that the center electrode showed no sign of operating at elevated
temperatures, while the ground electrode had reached high enough temperature that the grains had
re-crystallized. This suggests that the ground electrode erosion rate could increase with time.
The Champion letter report is attached as Appendix 2.

To determine the operating temperature of the spark plug, Champion conducted a test on the
engine with 4 special %" reach spark plugs (P7 TC) instrumented with thermocouples and read out
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instruments. These spark plugs were installed in cylinders #1, 4, 5 and 6. The engine was operated
at variable speed and BMEP. During the course of the test, a number of spark plugs failed due to
arcing between the electrode and the thermocouple leads. However, sufficient data was obtained to
establish the operating temperatures at the tip of the porcelain insulator. Figure 5.49 is a plot of the
spark plug temperature as a function of BHP. Itis seen that the temperature correlated quite well with
BHP as expected. Itis Champion's experience that the maximum tip temperature of 1120°F at peak
load is well within the acceptable operating range of typical spark plugs. However, it was cautioned
that the 3/4" reach spark plugs might operate at a higher temperature, which would cause higher
erosion rate.

Based on this test, Tecogen selected the % reach NGK D8HV, 12 mm, thln wire center
electrode spark plug for the engine.

5.3.2 Valve Recession

The valve height of the engine on the dynamometer test stand was used to establish the valve
recession rate for the converted natural gas engine. The valve height was measured at the beginning
of the test and after 372 hours of operation. During these time periods, the engine was operated at
various speeds between 1000 and 2600 rpm. Except for approximately 10% of the time when the
engine was operated at various partioad conditions, 90% of the 372 hours were at maxnmum torque -
conditions.

The maximum, minimum, and average recessions are plotted in Figures 5.50 and 5.51 for
the intake and exhaust valves. The recession rate for the intake valves is very- low, about
0.3 mils/100 hours. This is very impressive compared to other turbocharged automotive-derivative gas
engines where the recession rates are generally in excess of 2 mils/100 hours.

The average recession rate for the exhaust valves is 2.3 mils/100 hours. This recession rate
is typical for a turbocharged gas engine.
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6. FIELD EVALUATION OF PROTOTYPE SYSTEM
6.1 ENGINE CONVERSION STUDY

After having done the testing of the engine and a preliminary survey of Navistar chassis
designs and vehicle body styles, it became apparent that Tecogen needed a typical vehicle at our
facility so that we could determine all the spatial limitations in the engine compartment that may impact
the design of the engine components. Navistar has made changes to the engine and auxiliary
components over the years. Our conversion kit design must bé somewhat universal to fit the different
engine configurations.

In addition to making the components physically compatible, it was also necessary that certain
calibration of the controller must be carried out on the vehicle with the development system on board.
For example, the driveability and the stability testing of the boost contro! and speed governing system
must all be done on a vehicle of certain weight and inertia. For these reasons, Tecogen purchased
a diesel-powered school bus to be converted to natural gas operation.

This school bus' engine compartment was carefully surveyed to determine if there were
interferences between the existing hardware and the add-on components. Three major problems were
identified. The throttle body was located very close to the firewall (or the engine cowl), and it
interfered with the cables extending through the firewall for speedometer and transmission. This
indicated that the intake manifold must be modified to move the inlet port and the throttle body about
4" forward.

The second problem was the fitting of the aftercooler in front of the existing radiator. Since
the inlet and outlet pipes of the aftercooler must pass over the radiator, it interfered with the engine
hood. The existing radiator must therefore be replaced by a radiator designed specially to package
with the aftercooler.

The third problem was that the existing exhaust pipe could not be used. Due to the addition
of an integral wastegate to the turbine housing, the discharge flange was extended 2.5". This caused
interference of the exhaust pipe and the oil cooler. This was resolved by adopting a stock exhaust
pipe for another Navistar engine.

6.2 FUEL STORAGE SYSTEM DESIGN AND INSTALLATION

A fuel storage system was designed and installed on the school bus. We decided to install
4 fuel tanks on the bus so that it would have an approximate range of 200 miles. The tanks are
15" dia. x 54" long, and each has a capacity of 1,260 SCF of natural gas at 3000 psig. They are steel
tanks with fiberglass wrap. The tank support system design was adopted from a previous design used
by Tecogen on a Blue Bird school bus. The support was designed with a crash barrier, and it had
been proven by a crash test.
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With the necessary modifications, the conversion process proved to be simple and
straightforward. The engine was started and operated on the road without any obvious problem with
the engine. Some problem with the controller was resoived by grounding the development unit with
a heavy gauge wire. Starting of the engine was found to be difficult when the ambient air temperature
was near freezing. An adjustment of the fueling table for cranking solved the problem. Since then,
the engine started without any difficulty, even in sub-zero ambient conditions.

6.3 FIELD TESTING OF THE VEHICLE

The school bus with the converted Navistar DTA-466 natural gas engine was driven from
Atlanta, GA to Austin TX, and then from Austin, TX to Boston, MA via Atlanta, GA, for a total distance
of 3,792 miles. The purpose of this test was to determine the driveability of the vehicle under a variety
- of highway conditions and speeds, and to uncover any deficiencies of the system under realistic
conditions. Ambient temperatures varied from the mid-50's to the mid-90's. The fuel storage tank
pressure varied from 3500 psig down to as low as 150 psig.

In general, the engine performed very well. Only during exiremely hot ambient conditions,
92°F and 97% humidity, a reduction of power was noticed. A range check made using one storage
tank showed 60 miles/tank at 3000 psi fuel pressure, which is approximately 5.7 miles per equivalent
gasoline gallon.

The GFl fuel regulator shut-off solenoid failed to reopen a few times when the engine was shut

down below 400 psi fuel supply pressure. GFl is already aware of this problem from other uses of this.
regulator.

Oil consumption was monitored. 2.5 quarts of oil were added during this trip.

One of the problems revealed during this field test was that, during heavy deceleration and
idle conditions, visible smoke was observed at the discharge of the tail pipe. This was caused by the
high vacuum developed in the intake manifold. Further adjustment on the idle control valve position

~ and mixture ratio under these conditions solved this problem.

In general, we concluded that the cross-country test was successful.




7. CONCLUSIONS AND RECOMMENDATIONS

The project has been successfully completed with all the objectives met. A conversion kit for
converting the Navistar DTA-466 diesel engine to a dedicated natural gas engine has been developed
which is cost effective and retrofitable to existing engines.

The work described in this report shows the feasibility of applying the MCEC to existing diesel
engines. This work has shown that detonation does not limit BMEP to a level which is lower than that
of the diesel cycle, and that the turbocharger performance required to get this level of BMEP is
achievable with current configurations and in a single stage. Engine efficiency demonstrated here is
significantly higher than that of conventional diesel-derivative industrial gas engines operating at the
same fuel-air ratios.

The analytical technique presented is generally applicable and can be applied to any engine
configuration in the same manner as described in this report. A method of converting the diesel
engine without is disassembly has been demonstrated. The method of adapting spark plugs to the
cylinder head without machining the heads has proven to give acceptable spark plug life.

With the demonstration of technical feasibility, a'conversion kit which is economically attractive
has been designed, tested, and demonstrated in a vehicle. The approach Tecogen took was to use
higher volume production automotive equipment wherever possible. This included an electronic control
module, sequential port injection, and a distributorless ignition system. The turbocharger boost level
is controlled through an electronically-modulated wastegate. Emissions control is achieved through
stoichiometric operation with closed-loop fuel control and a 3-way catalytic reactor. Initial cost
estimates indicate that a kit based on this technology is economically attractive for converting existing
diesel engines in trucks and buses. The high engine efficiency also suggests that this approach be
considered for OEM natural gas engines.

We recommend that this conversion kit be extensively field tested to ensure the reliability and
durability of the kit components, as well as the engine itself. The fuel economy improvement over the
conventional Otto cycle gas engine should be demonstrated for different vehicle duty cycles.

Additional development of the conversion system is recommended for improving the full-load

and part-load efficiency of the gas engine. This will be done through lean-burn operation, skip firing
at low load, electronic variable wastegate, and stratified charge lean-burn to extend the lean limit.
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| P NGK SPARK PLUGS (U.S.A.), INC.

X SALES HEADQUARTERS: 8 Whatney, Irvine, CA 92718
Cosy Phone: (714) 855.8278 _ Fax: (714) 855-8395

August 4, 1993

Mr. Jon Adams

TECOGEN INC.

45 First Ave.

P.0. Box 8995

Waltham, MA 02254-8995

Re: NGK Spark Plug Analysis

Dear Jon.

Thanks for your patience! We have received and inspected six NGK
#D8HA spark plugs, which had been externally modified and run for
140 hours in a Navistar DTA466 diesel engine converted for
natural gas operation. Our analysis and additional related
information is as follows:

SPARK PLUG PHYSICAL EVALUATION

1. All six spark plugs in question display a normal external
appearancer with no indications of combustion gas leakage or
overheating.

2. The metal housings on all six plugs have been modified by
machining off the threads and removing the hex configuration:
leaving the housing with a "slip~fit" appearance. 1In addition:
the NGK-supplied gasket seat has been removed in favor of use of
a copper washer as part of the engine retrofit.

3. Although the plug no 1longer utilizes a torqued compression
gasket seat seal, the gas seal modifications seem to have worked
very well. While the machined "threadless" lower housing displays
some discoloration from exposure to combustion heat and gases:
there is no discoloration of the upper metal housing or flat seat
surface. This would indicate a good seal between the spark plug
housing and the engine cylinder head.

7\ P <

NGK SPARK PLUGS / NTK TECHNICAL CERAMICS (IC PACKAGES, PIEZOELECTRIC CERAMIC, CUTTING TOOLS)
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Spark Plug Analysis
Page 2
(continued)

4. The center and ground electrodes on all six plugs display
minimal wearr given that they were combusting natural gas and run
with very small gap settings between the electrodes. This would
indicate that the electrodes operated normally. and were not
affected by overheating or premature erosion.

5. All six plugs display light to medium tan coloration on the
porcelain insulator noses: without any traces of combustion by-
product buildup. This indicates the insulator noses were
absorbing and transferring combustion heat normally.

ANALYSIS

While the spark plugs in question were externally modified to
meet the engine conversion specifications: they appear to be
structurally sound and defect-free. In additionr the physical
appearance of each plug indicates they were operating normally,
without any traces of combustion gas leakage or overheating. In
our opinion, the NGK #D8HA has performed very nicely, and should
offer a 1long life in this particular application. It would be
interesting to evaluate any of our plugs that have 500 or more
hours on them and see if the wear is linear.

One of the concerns raised about modifying the metal housing of
these plugs was whether removal of the threads would impact the
life spans gas tightness; or thermal transfer qualities in a
negative manner. Based upon this preliminary evaluation with only
140 hours of user we see no unusual signs that would indicate any
operational problems.

I have been in contact with our spark plug Product Manager: and
asked about the possibility of NGK producing this part number
already modified for your application. I was informed that any
part number production less than 100,000 pieces requires being
run on our prototype production 1liner and the cost of this
special run could cause the plugs to cost Tecogen upwards of
$100.00 PER PLUG. Suffice it to say that your in-house machining
is probably much more cost-effective in this regard.




Spark Plug Analysis
Page 3
(continued)

I am also waiting for price and delivery information on
thermocouple plugs in the BlOH and R5673-10 configurations: as
well as various instrumentation to use with these measurement
- devices. I will get this data to you as soon as it gets to me.
Enclosed with this report you will find a copy of NGK's 1993
Master Catalogr along with our Engineering Manual. If you have
any additional. questions or comments, please don't hesitate to
contact me. : '

Sincerelys cigggg
\ B
Bolo | Naco

Bob Macias '
Technical Service Manager
NGK Spark Plugs (U.S.A.)r Inc.

cc: J. Hutchins, Northeast Region Sales Manager - NGK/NJ
R. Parker, OEM Sales Specialist - NGK/IL
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Cooper Industries

Champlon Spark Plug Division
PO. Box 910

Toledo, Ohio 43661-0001

o
COOPER

Champion Spark Plug
November 29, 1994

Mr. Bob Raymond
Tecogen, Inc.

45 First Avenue

P.O. Box 8995

Waltham, MA 02254-8995

Dear Bob:

Attached are the photomicrographs of the electrodes removed from the Champion
P7G and NGK D8HA spark plugs that had been run in Tecogen's Navistar DTA-466
engine converted to run on natural gas. The metallographic mount that the
photomicrographs were taken off of consisted of the center and ground electrodes
from the one P7G and two of the six D8HA that were randomly selected. With both
sets of D8HA electrodes showing similar grain structure, only one set was
photomicrographed.

Attachment #1 shows the firing ends of the electrodes from the P7G at 50X
magnification. You will notice that the center electrode (CE) has no noticeable grain
structure. This is attributed to the lack of chemical activity on the gold/palladium
CE material during the etching process, a process by which the grain structure is
chemically enhanced. Why this occurred is not certain except that when Au/Pd is
mounted with nickel, the CE material to which the Au/Pd is attached, the etching
is more focused on the nickel.

However, the Au/Pd CE has sharp, clean edges which is typical of an electrode that
.is running at relatively cool temperatures and/or has not been in operation very long.
You had indicated that the P7G had only been run in the engine for a few hours.

The photomicrograph of the P7G GE shows a grain structure that is typical of the
following: a new electrode, one that has little run time, or one that has not been
subjected to high temperatures for any length of time. Since Champion's GE
material is similar to that of the DBHA, which shows heavy grain growth due to high
temperatures, | would have to say the P7G did not run long enough in the engine to
produce any detectable grain growth.

800 Upton Avenue
Toledo, Ohio 43607
419 535-2567




Mr. Bob Raymond
November 29, 1994
Page 2

Attachment #2 shows the firing ends of the CE and GE from one of the D8HA spark
plugs. The CE shows no sign of operating at elevated temperatures and its grain
structure is typical of certain nickel alloys after extrusion. If the CE had experienced

excessive temperatures, the grain structure would more closely resemble that plug's
GE.

The grain structure of the GE of the D8HA indicates that this electrode had been
operating at elevated temperatures. As with Champion's GE material, NGK's GE
material normally has small, fairly uniform grains. However, as you can see, these
grains are quite large and not very uniform in size, an indication that the grains have
recrystallized due to the elevated temperature that the electrode was subjected to.
These larger grains were evident the entire length of the electrode.

Continued operation of the D8HA would have most likely resulted in an accelerated
gap growth due to erosion of the GE material. With the larger grains, any electrical
or chemical attack would be removing larger grains, which would increase the rate
of erosion. The photomicrograph of the GE shows the start of this granular attack
on the perimeter grains.

You have indicated that you are trying longer reach plugs in order to improve idle
stability and low speed operation. This will most likely improve ignitability, but | am
concerned that the GE being further into the combustion chamber will most likely
see higher temperatures. This could cause increased gap erosion, and worse,
preignition if the GE temperature is high enough.

. The AB9GC spark plug that | suggested you try in the DTA-466 has a copper cored
GE. The copper cored ground electrode will run cooler because the copper will help
transfer the heat away from it—this may be ideal for your application. However,
they are made in Europe, and | have yet to receive the test samples | promised; but
as soon as | do, | will forward them to you.

Sincerely,

Robert D. Freeman
Product Engineer
Product Development

RDF/et

Enclosure

cc: T. R. Schuster
R. L. Keller
D. L. Tribble
W. D. Squier
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ATTACHMENT 2
PHOTOMICROGRAPHS OF NGK DS8HA ELECTRODES
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- ATTACHMENT 7
PHOTOMICROGRAPH OF CHAMPION P7G ELECTRODES
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PHOTOMICROGRAPHS OF NGK D8HA ELECTRODES
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