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Executive Summary

The goal of this project was to install a production-ready, state-of-the-art engine control system on the
Mack E7G natural gas engine to improve efficiency and lower exhaust emissions. In addition, the power
rating was increased from 300 brake horsepower (bhp) to 325 bhp. The emissions targets were oxides of
nitrogen plus nonmethane hydrocarbons (NOx+NMHC) of less than 2.5 g/bhp-hr (with a mandatory NOx of
less than 2.5 g/bhp-hr) and particulate matter of less than 0.05 g/bhp-hr on 99% methane. Vehicle
durability and field tests were also conducted.

A Woodward OH-1 state-of-the-art engine controller was successfully installed on the Mack E7G engine
and a calibration for the Mack engine was developed. Knock tolerance testing and misfire limit testing
were conducted to aid in the development of the calibration. The first 1000-hour durability test was
conducted with partial funding from this project, and a second 1000-hour durability test to address the
concerns from the first test was successfully completed. A data logger was installed on an in-service
refuse hauler and engine and vehicle operation was successfully recorded.

The brake-specific fuel consumption over the transient emissions test cycle was decreased from 0.474
lb/bhp-hr on the previous version of this engine, to 0.400 lb/bhp-hr on the current version. The NOx
emissions over the transient emissions test cycle were decreased from 2.95 g/bhp-hr to 2.20 g/bhp-hr.
The NOx+NMHC emissions were 2.53 g/bhp-hr and particulate matter was 0.03 g/bhp-hr on the current
version of this engine. Emissions for the current version of this engine include the deterioration factor,
whereas emissions from the previous version do not include the deterioration factor. California Air
Resources Board (CARB) certification gas was used for the transient emissions testing on the current
version of this engine. NOx+NMHC emissions are expected to decrease on a 99% methane fuel.  Actual
driving cycle fuel economy comparisons are not readily available because the previous version of this
engine was installed in a refuse hauler, which was at a different location. Further development of this
engine should include efficiency improvements and NOx reductions.
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1.0    Background
This project was a continuation of the development of a natural-gas refuse hauler. A compressed natural
gas (CNG) Mack MR demonstration vehicle was operated for nearly a year in revenue service on a
previous project. Engine performance, emissions, driveability, and durability were acceptable for a
demonstration vehicle; however, several areas were identified for improvement. These included vehicle
range, refueling time, driving cycle fuel economy, and installation of improved and production-ready
natural gas specific engine control hardware.

Vehicle range and refueling time can be improved by operating the vehicle on liquefied natural gas (LNG).
Project efforts focused on minimizing throttling losses and increasing the NOx efficiency tradeoff by using
a state-of-the-art engine controller.

The original objectives of this project were to:

1. Improve the driving cycle thermal efficiency of the engine
2. Install and aid in the development of a state-of-the-art engine control system
3. Assess control system and engine integrity through a 480-hour durability test
4. Calibrate the engine to exactly meet the diesel torque curve of the 300 bhp engine
5. Conduct transient emissions testing to verify that exhaust emissions are lower than the

1998 Environmental Protection Agency (EPA) emissions targets with NOx emissions
being less than 2.0 g/bhp-hr

6. Monitor the vehicle through a 3-month field test using an on-board data logger equipped
with a cellular telephone

7. Provide detailed drawings, manuals, and training to Mack personnel so that Mack can
develop a full understanding of the engine control system and be capable of producing
six identical vehicles.

Several project components were revised as follows:

•  A 1000-hour durability test was performed. This project funded up to the amount provided in
the contract, and Mack Trucks funded the remainder.

•  The engine was calibrated to a 325 bhp at 1950 revolutions per minute (rpm) and 1180 ft-lb
at 1250 rpm torque curve.

•  The PM target had been revised to 0.05 g/bhp-hr, and there was an additional target for
NOx+NMHC of less than 2.5 g/bhp-hr.
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2.0    Conclusions
The successful completion of the project resulted in several conclusions regarding the technical
content of the program, described below.

In comparing the previous demonstration engine to the current engine developed in this project:

•  Peak power was increased from 300 bhp to 325 bhp to match the 325-bhp diesel torque curve.

•  Peak torque was increased from 1100 ft-lb to 1180 ft-lb to match the 325 bhp diesel torque curve.

•  The NOx emissions over the transient emissions test cycle decreased from 2.95 g/bhp-hr to 2.20
g/bhp-hr.

•  The brake specific fuel consumption over the transient emissions test cycle decreased from 0.474
lb/bhp-hr to 0.400 lb/bhp-hr, increasing efficiency.

•  A comparison of in-use fuel economy was not possible due to the different driving cycles of the
previous demonstration engine and the current engine.

A state-of-the-art engine control system was successfully integrated onto the engine. Control system
and engine integrity were assessed through a 1000-hour durability test, which indicated a problem
with the piston. A subsequent 1000-hour durability test was conducted on a separate project at the
Southwest Research Institute (SwRI) with revised pistons. This test confirmed that the problem was
solved.

The NOx+NMHC emissions were 2.53 g/bhp-hr with the deterioration factor and
2.40 g/bhp-hr without the deterioration factor on CARB gas.  Emissions on 99% methane were not
conducted with the final calibration, but were expected to be below the
2.5 g/bhp-hr target, even with the deterioration factor.

A vehicle was successfully monitored using an on-board data logger.

Mack has produced six identical engines with this state-of-the-art control system and all associated
engine and vehicle modifications.

Durability of the cylinder heads, including valve recession, was greatly improved from the previous
engine (one of the problem areas from the final report for the previous engine).  Funding to test head
durability was provided by Mack Trucks.
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3.0    Recommendations
Following are recommendations for further development of the engine.

1. Lower NOx emissions are possible on this engine with:

•  Humidity compensation to allow for a calibration with lower NOx emissions on the transient test
cycle (which has been demonstrated on this engine) without producing driveability problems in
the field.

•  Decreased equivalence ratio at the lower engine speeds and full load to reduce NOx emissions
during transients from idle along with alternative turbo lag compensation methods to retain
driveability.

2. Higher thermal efficiency for this engine is possible with:

•  Humidity compensation to allow for equivalence ratios closer to the lean-limit.
•  Turbo lag compensation methods to reduce transient NOx, which can allow for higher NOx, and

therefore higher efficiency over the driving cycle of the engine.

3. Investigation of other methods to improve the NOx efficiency trade-off of this engine.

Higher thermal efficiency and improved NOx efficiency trade-offs are being investigated and developed
under the current Efficiency Enhancements for the Mack E7G Natural Gas-Fueled Engine program.
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4.0    Technical Discussion
This section describes the results of the project.

4.1 Engine Specifications

The Mack E7 engine (S/N 1P0144) was used for calibration development on this project. This engine was
used on the previous Mack natural gas engine project, but was rebuilt with new cylinder liners, new
pistons with an 11.5:1 compression ratio (replaces pistons with a 10.5:1 compression ratio), new piston
rings, new cylinder heads with higher swirl, and a new camshaft. Engine specifications are shown in
Table 1.

Table 1.  Engine Specifications

Engine Model E7G-325

Engine Serial Number 1P1044

Engine Displacement (in3/liter) 728/12

Bore and Stroke (in/mm) 4.875/123.8 x 6.5/165.1

Ignition System Controller Supplier MESA/Woodward Governor Company

Ignition System Coil Supplier Nippondenso

Ignition System Type Inductive, Coil on Plug (non-waste spark)

Ignition System Timing Sensor Electro, K Coil (originally), Bosch (currently)

Spark Plug Supplier Champion

Spark Plug Model RX501PYP/2H6

Fuel Metering System Supplier MESA/Woodward Governor Company

Fuel Injector Type Servojet SP021

Number of Injectors 8

Throttle Supplier Woodward Governor Company

Throttle Model FloTech, 68mm

Throttle Type Electronic, Analog

Universal exhaust gas oxygen (UEGO) sensor Honda version of the NGK

Turbocharger

Mack 631GCX5146M, Garrett GT40-88

Compressor Trim, A/R = 52/88mm, 0.58

Turbine Trim, A/R = 78/77mm, 1.05
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A Mesa gas engine management (GEM) controller was selected for this project. The Mesa heavy-
duty natural gas business was bought by Woodward Governor Company, and the controller is now
called the On Highway-1 (OH-1). The OH-1 uses a state-of-the-art speed-density control strategy that
provides excellent driveability and response without the aid of a mass air flow sensor. Table 2 shows
the capabilities of the OH-1. It is a closed-loop lean-burn strategy with adaptive learn controller. It
includes advanced turbo lag compensation, electronic wastegate control, an electronic throttle, high-
energy inductive ignition system, full diagnostics, and reduced power engine protection. Fuel is
inducted upstream of the throttle. Pseudo-continuous fuel metering is accomplished through single
point injection using eight pulse-width modulated (PWM) fuel injectors that supply a common
manifold. The injectors are fired sequentially in pairs and fuel flow is governed by modulating the
pulse width of the fuel injector drive signals.  A drive-by-wire throttle is utilized for speed governing,
overboost protection, and driveability enhancements.

Table 2.  Woodward OH-1 Capabilities

Capability Description

Diagnostics Advanced diagnostics for easy debugging with limp
home mode for component failure

Drive-By-Wire

Idle speed control, packing speed control, speed
governing, load limiting during component failure,
throttle opening during deceleration for reduced oil
consumption

Cold Start
Fuel enrichment and ignition timing advance to
avoid lean misfire during cold engine operation with
boost limits

Equivalence Ratio Control
A volumetric efficiency table with adaptive learn to
determine fueling rate with an UEGO sensor for
closed-loop control

Manifold Filling Calibration Predictions for air flow during transients for more
accurate equivalence ratio control

Turbo Lag Compensation Fuel enrichment and ignition timing retard to reduce
turbo lag without increasing NOx emissions

Boost Control Calibration

Controls turbocharger wastegate to determine
power for a given throttle position, also used to
reduce throttling losses by using the wastegate for
load control with an open throttle

Ignition Timing Calibration Table to determine ignition timing for various
speeds and loads

Equivalence Ratio Calibration Table to determine equivalence ratio for various
speeds and loads

Part-load fuel economy was increased by the use of a “delta-P” load control strategy. With this
strategy, the throttle on the engine is kept as wide open as possible, and load is modulated by
wastegate control.  Foot pedal position is used to determine load.  The pressure differential (delta-P)
across the throttle is minimized at part loads, thereby reducing pumping losses and increasing
efficiency.  The fuel is shut off during deceleration and braking conditions to provide additional
improvements in fuel economy.  Under these conditions, the throttle is opened, thereby increasing
manifold air pressure and reducing oil consumption.
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4.2 Air/Fuel Mixing

A study was conducted to look at the effects of the mixing ring and elbow (mixing elbow) on lean-limit and
cylinder-to-cylinder equivalence ratios. The mixing ring is an annular manifold around the inlet pipe to the
engine. It is located after the intercooler and before the throttle. To aid in the air/fuel mixing, a 90° elbow
is connected between the mixing ring and the throttle and eight configurations were tested as shown in
Table 3. The seven engine operating conditions were 100%, 50%, and 25% load at both 1250 rpm and
1950 rpm, and an idle condition. Equivalence ratio was measured for each individual cylinder with an
UEGO sensor. The equivalence ratios for all six cylinders were averaged and a standard error was
calculated.The results are shown in Table 3 for the leanest equivalence ratio without audible misfire at
1950 rpm and 100% load, and the average of the seven standard errors for the seven engine operating
conditions. Results for each load condition are shown in Figures 1 through 8. Elbow number 3 was
selected for this engine because of its lowest lean-limit and low average standard error.

Table 3.  Description and Results of the Mixing Elbow Configurations

ELBOW
NUMBER 1 2 3 4 5 6 7 8

64 mm spacer
between
elbow and
throttle

No No Yes Yes Yes Yes No No

152 mm
spacer
between
elbow and
mixing ring

No No No No Yes Yes Yes Yes

Number of
holes in
mixing ring

18 9 9 18 18 9 9 18

Equivalence
ratio limit w/o
audible misfire
at 1950 rpm,
100% load

0.62 0.62 0.59 0.62 0.62 0.61 0.60 0.63

Average of the
standard error
of the seven
load
conditions

0.0127 0.0041 0.0037 0.0066 0.0129 0.0044 0.0032 0.0053
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Figure 1.  Average Equivalence Ratios and the Standard Error
For the Six Cylinders using Mixing Elbow Number 1

Figure 2.  Average Equivalence Ratios and the Standard Error
For the Six Cylinders using Mixing Elbow Number 2
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Figure 3.  Average Equivalence Ratios and the Standard Error
For the Six Cylinders using Mixing Elbow Number 3

Figure 4.  Average Equivalence Ratios and the Standard Error
For the Six Cylinders using Mixing Elbow Number 4
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Figure 5.  Average Equivalence Ratios and the Standard Error
For the Six Cylinders using Mixing Elbow Number 5

Figure 6.  Average Equivalence Ratios and the Standard Error
For the Six Cylinders using Mixing Elbow Number 6
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Figure 7.  Average Equivalence Ratios and the Standard Error
For the Six Cylinders using Mixing Elbow Number 7

Figure 8.  Average Equivalence Ratios and the Standard Error
For the Six Cylinders using Mixing Elbow Number 8
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4.3 Cam Timing

Another project, funded by Mack Trucks, was conducted concurrently with the Mack E7G project. A
separate engine was used for each project, and one engine showed higher torque at low engine speeds
than the other engine. Mack Trucks had mis-machined a cam gear such that it advanced the cam by one
tooth. Therefore, a study was conducted to determine the optimal cam timing for this engine; the cam
profile was the same as the diesel engine it was derived from. The cam timing was tested at the original
diesel cam timing and advanced one tooth on the cam gear. One tooth advanced is 8.57 crank angle
degrees in an 84-tooth cam gear. Figures 9 through 17 show the results for 1950, 1500, and 1250 rpm at
100%, 75%, and 50% load. For either cam timing, the efficiencies are about the same for a given NOx
level, whereas the HC emissions are lower with the original cam timing. With the advanced cam timing,
higher torque at 1100 rpm at WOT were noted. The advanced cam timing was selected for this engine at
the higher low-speed torque capability.

4.4 Steady-State Engine Mapping

Engine mapping included knock tolerance testing, lean-limit testing, and calibration of the engine
controller tables.

4.4.1 Knock Tolerance Testing

Knock tolerance testing for the Mack E7G engine was presented in the final report for the Mack LNG
Engine Development for Long-Haul Truck, SwRI Project No. 03-7816, and is presented again here.
Results are based on an engine rated at 350 bhp at 1900 rpm.

Knock testing was performed to determine the highest intake manifold air temperature, highest
equivalence ratio, and the most advance ignition timing possible without the engine knocking.  The testing
was conducted at various equivalence ratios, 105 and 150 deg F air temperature after the intercooler, and
200 deg F coolant out temperature.  Ignition timing was advanced until the pressure signal from the
number two cylinder showed presence of knock.  The composition of the natural gas fuel used for knock
testing is shown in Table 4.

Table 4.  Gas Composition for Knock Testing

Gas Volume (%)

Methane 85.1

Ethane 9.0

Propane 2.4

Nitrogen 3.5
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Figure 9.  Comparison of Original and Advanced Cam Timing
At 1950 rpm, 100% Load, and Various Ignition Timings

Figure 10.  Comparison of Original and Advanced Cam Timing
At 1950 rpm, 75% Load, and Various Ignition Timings

Figure 11.  Comparison of Original and Advanced Cam Timing
At 1950 rpm, 50% Load, and Various Ignition Timings
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Figure 12.  Comparison of Original and Advanced Cam Timing
At 1500 rpm, 100% Load, and Various Ignition Timings

Figure 13.  Comparison of Original and Advanced Cam Timing
At 1500 rpm, 75% Load, and Various Ignition Timings

Figure 14.  Comparison of Original and Advanced Cam Timing
At 1500 rpm, 50% Load, and Various Ignition Timings
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Figure 15.  Comparison of Original and Advanced Cam Timing
At 1250 rpm, 100% Load, and Various Ignition Timings

Figure 16.  Comparison of Original and Advanced Cam Timing
At 1250 rpm, 75% Load, and Various Ignition Timings

Figure 17.  Comparison of Original and Advanced Cam Timing
At 1250 rpm, 50% Load, and Various Ignition Timings.
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The results of the knock testing are shown in Table 5 and in Figures 18 through 22. Figures 18 through
20 show tests at equivalence ratios between 0.65 and 0.75 for engine speed of 1900, 1500, and 1250
rpm.  Also shown on the graphs as reference are the points of MBT and MBT-6 ignition timings at an
equivalence ratio of 0.65.  Figures 21 and 22 show tests at equivalence ratios between 0.80 and 0.85 for
engine speeds of 1100 and 1000 rpm.  There are no ignition timing points shown on these graphs since
timing are selected to provide sufficient boost for low speed torque.

Table 5.  Results of Knock Testing

Engine Speed
(rpm)

Equivalence
Ratio

Ignition Timing at
Presence of Knock
for 105 deg F After

Intercooler
Temperature
(deg BTDC)

Ignition Timing at
Presence of Knock
for 150 deg F After

Intercooler
Temperature
(deg BTDC)

1900 0.65 30 23

1900 0.70 23 19

1900 0.75 19 15

1500 0.65 25 20

1500 0.70 22 17

1500 0.75 18 16

1250 0.67 23 18

1250 0.70 22 17

1250 0.75 19 15

1100 0.80 18 15

1100 0.85 14 10

1000 0.80 19 12

1000 0.85 17 9
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4.4.2 Lean-Limit Testing

Lean-limit testing for the Mack E7G engine was presented in the final report Mack LNG Engine
Development for Long-Haul Truck, SwRI Project No. 03-7816, and is presented again here.  Results are
based on an engine rated at 350 bhp at 1900 rpm.

Lean-limit tests were conducted at engine speeds of 1250 and 1900 rpm, and 100% load. Cylinder
pressure data were recorded from the #2 cylinder, and the COVimep was calculated over 50 engine cycles.
The lean limit is defined as the equivalence ratio where the COVimep exceeds 5%.  Tests were performed
at three ignition timings: MBT, MBT-3, and MBT-6, and the equivalence ratio was lowered until audible
misfire was detected.  Figure 23 shows the results for 1250 rpm.  At an ignition timing of 16 degrees
BTDC, the lean limit is at an equivalence ratio of approximately 0.58.  Figure 24 shows the results for
1900 rpm.  At an ignition timing of 21 deg BTDC, the lean limit is at an equivalence ratio of approximately
0.60.  Table 6 shows the results of the lean-limit tests.  The run numbers refer to the recorded data
included in Appendix A.
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Figure 18.  Knock Limit at 1900 rpm, 967 ft-lb.

Figure 19.  Knock Limit at 1500 rpm, 1175 ft-lb.

0

5

10

15

20

25

30

35

0.6 0.65 0.7 0.75 0.8

Equivalence Ratio

Ig
nit

io
n 

Ti
m

ing
 (d

eg
 B

TD
C

) Ignition Timing
at MBT

Ignition Timing 
at MBT-6

Knock Limit for
105 deg F Intercooler

Out Temperature

Knock Limit for
150 deg F Intercooler

Out Temperature

Knock

No Knock

0

5

10

15

20

25

30

0.6 0.65 0.7 0.75 0.8

Equivalence Ratio

Ig
nit

io
n 

Ti
m

ing
 (d

eg
 B

TD
C

)

Ignition Timing
at MBT

Ignition Timing 
at MBT-6

Knock Limit for
105 deg F Intercooler

Out Temperature

Knock Limit for
150 deg F Intercooler

Out Temperature

Knock

No Knock



18

Figure 20.  Knock Limit at 1250 rpm, 1250 ft-lb.

Figure 21.  Knock Limit at 1100 rpm, 1230 ft-lb.
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Figure 22.  Knock Limit at 1000 rpm, 1115 ft-lb.
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Table 6. Lean Limit Test Results

1250 RPM 1900 RPM

Run
Number

Ignition
Timing

(°°°°BTDC)
Equiv.
Ratio

COVimep
(%)

Run
Number

Ignition
Timing

(°°°°BTDC)
Equiv.
Ratio

COVimep
(%)

866 19 0.65 1.24 844 24 0.65 1.62
867 16 0.65 1.93 845 21 0.65 2.06
868 13 0.65 3.58 846 18 0.65 2.93
869 19 0.67 1.24 847 24 0.67 1.21
870 16 0.67 1.77 848 21 0.67 2.00
871 13 0.67 2.23 849 18 0.67 2.22
872 19 0.64 1.55 850 24 0.64 1.99
873 16 0.64 2.31 851 21 0.64 2.95
874 13 0.64 4.82 852 18 0.64 3.53
875 19 0.63 1.69 853 24 0.63 2.11
876 16 0.63 2.09 854 21 0.63 2.49
877 13 0.63 4.11 855 18 0.63 3.88
878 19 0.62 1.96 856 24 0.62 1.80
879 16 0.62 4.21 857 21 0.62 3.36
880 13 0.62 4.27 858 18 0.62 4.53
881 19 0.61 1.98 859 24 0.61 2.79
882 16 0.61 3.51 860 21 0.61 3.88
883 13 0.61 5.55 861 18 0.61 5.31
884 19 0.60 3.08 862 24 0.60 3.36
885 16 0.60 3.45 863 21 0.60 4.74
886 13 0.60 7.32 864 18 0.60 6.32
887 19 0.59 2.51 865 24 0.59 4.89
888 16 0.59 3.76
889 13 0.59 5.38
890 19 0.58 4.06
891 16 0.58 5.53
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Figure 23.  Lean Limit Tests at 1250 rpm, 1250 ft-lb

Figure 24.  Lean Limit Tests at 1900 rpm, 967 ft-lb
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4.4.3 Calibration

Steady-state tests of the Mack E7G engine included calibration of boost control, volumetric efficiency,
equivalence ratio, and ignition timing.  Transient tests included further calibration of equivalence ratio and
ignition timing, calibration of boost control to rematch the 325 bhp torque curve with the change in ignition
timing at WOT, and calibration of the turbo lag compensation.

Turbocharger boost determines the power output of the engine for a given throttle position.  It is controlled
through a pneumatic wastegate controller.  Since Mack Trucks builds the engines and vehicles, a source
of pressurized air can be made available on the truck for the engine controller to use under any operating
condition.  In the test stand, shop air was used to simulate the constant source of pressurized air.  The
pressurized air to the wastegate actuator is controlled through a pulse width modulated solenoid valve.
The engine controller determines the amount of turbocharger boost based on throttle position and engine
speed through a lookup table.  An electronic throttle is used on this engine with a throttle command of 0.5
to 4.5 volts.

At throttle positions of less than 2.0 volts, the wastegate is fully opened to minimize throttling losses.  At
positions of 2.0 to about 4.0 volts, the turbocharger boost is set to minimize the pressure drop across the
throttle.  At throttle positions over 4.0 volts, the turbocharger boost is set to match the 325 bhp torque
curve.

Volumetric efficiency (VE) is used to determine the open-loop fueling rate to the engine for the desired
equivalence ratio.  Corrections to the volumetric efficiency (VE) are accomplished through closed-loop
control based on feedback from the universal exhaust gas oxygen (UEGO) sensor.  A
closed-loop multiplier performs immediate corrections to the VE to maintain the correct equivalence ratio.
An adaptive loop multiplier, which is saved in a table, performs longer term corrections.  The engine was
operated at steady-state conditions with the adaptive loop multiplier set to zero, and the volumetric
efficiency table adjusted to maintain a closed-loop multiplier of less than 1.00%.

The equivalence ratio table is used for air/fuel ratio control of the lean burn engine.  As equivalence ratio
is lowered from stoichiometric, the efficiency increases and the NOx emissions decrease.  If the
equivalence ratio is too low, the hydrocarbon emissions increase, efficiency decreases, and misfires are
possible.  Equivalence ratio was set for lean operation with a margin above the misfire limit for the higher
engine speeds where turbo boost was sufficient to run lean, and was set for power and driveability at
lower engine speeds where turbo boost was not sufficient to run lean (particularly at WOT).  Further
refinements to the equivalence ratio table were performed during transient emissions testing.  These
included a lower equivalence ratio at idle to reduce NOx emissions on the transient emissions test cycle,
and lower equivalence ratios at low speeds, including low to mid loads to reduce NOx emissions for the
West Virginia University central business district (CBD) cycle on a chassis dyno.

Ignition timing is set as a compromise between efficiency and NOx emissions.  The best efficiency is at
MBT timing, but to meet the NOx emissions goals, retarded timings are required. A 12-mode steady-state
prediction for NOx emissions was used to determine the initial ignition-timing table for transient emissions
testing.  The 12-mode test is shown in Table 7.  Results of the 12-mode test for ignition timing retarded
the same amount at all 12 test points and are shown in Table 8.  The 12-mode results for the initial
ignition timing table for transient emissions testing is shown in Table 9.  The transient emissions test with
the initial ignition timing table was 2.86 g/bhp-hr.  Ignition timing was modified to lower the NOx emissions
on the transient test to 2.15 g/bhp-hr.
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Table 7.  Test Points for the 12-Mode Steady-State Prediction for Transient Emissions

Mode Engine Speed
(%)

Load
(%)

Weight
(%)

Engine Speed
(rpm) Torque

(ft-lb)

MBT
(°°°°BTDC)

1 0 CITT 8.8 600 160 20
2 50 83 2.6 1300 963 22
3 50 100 2.1 1300 1160 21
4 67 73 3.4 1520 896 26
5 83 50 7.0 1730 485 28
6 83 73 5.5 1730 805 27
7 83 100 11.9 1730 970 23
8 100 33 5.1 1950 287 30
9 100 50 9.6 1950 435 27
10 100 67 7.2 1950 583 26
11 100 83 16.8 1950 722 26
12 100 100 20.0 1950 870 23

Table 8.  Predicted FTP Transient Results

Ignition Timing
(°°°°BTDC)

BSNOx
(g/bhp-hr)

BSTHC
(g/bhp-hr)

BSCO
(g/bhp-hr)

BTE
(%)

MBT 4.18 1.75 1.15 35.1
MBT-3 2.93 1.77 1.14 34.6
MBT-5 2.12 1.85 1.14 34.2
MBT-7 1.58 1.79 1.12 33.5

Table 9.  Ignition Timing Based on Steady-State Tests

Mode Ignition Timing (°°°°BTDC) BSNOx  (g/bhp-hr) BTE (%)

1 MBT 0.52 26.8
2 MBT-7 2.14 37.9
3 MBT-7 2.10 37.8
4 MBT-7 3.10 38.3
5 MBT-5 1.67 33.6
6 MBT-7 2.63 37
7 MBT-7 1.73 36.4
8 MBT 3.00 30
9 MBT-5 1.34 31.5
10 MBT-5 1.75 34.4
11 MBT-5 2.09 35.3
12 MBT-5 1.45 34.9

Prediction 1.86 34.1

Recorded data for the steady-state tests are included in Appendix B.  Tables with the final calibration to
be used for certification are included in Appendix C.
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4.5 Durability Testing

The first durability test was reported in the final report for Task 2 - 1000-Hour Super Thermal Cycle Test,
SwRI Project No. 03-7501-002, and is included in Appendix D.  The second durability test was reported in
the final report for the 1000-Hour Super Thermal Cycle Test on a Mack E-7 Natural Gas Fueled Engine,
SwRI Project No. 03-1248, and is included in Appendix E.

4.6 Data Logger

A data logger was installed on a refuse truck for in service use.  The data logger recorded information
from the vehicle and the engine.  A list of data recorded is shown in Table 10.  Due to harsh
environmental conditions, the fuel system pressure sensors added for data logging failed.  The fuel
pressure used by the engine controller was still operational.  Data for engine speed, vehicle speed, and
MAP for a typical day are shown in Figures 25-27.  Most of the occurrences occur at idle (600 rpm, 0
mph, 8 psia), followed by packing (1200 rpm, 0 mph, 11 psia).  There were 395 total minutes of data
logging time for this day, 31 minutes were used for packing and 122 minutes were used for idling.

Histograms for data recorded from 4/23/98 to 6/29/98 are included in Appendix F.  In the period from
4/23/98 to 6/29/98 the data logger recorded 2909 miles with 2063 gallons of LNG used for a fuel economy
of 1.41 mpg, which is a diesel equivalent fuel economy of 2.28 mpg.  Of the 2063 gallons used, 227
gallons were used at idle and 236 gallons were used for packing, which represents 11.0% and 11.4% of
the total fuel used, respectively.
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Table 10.  Data Recorded on the Data Logger

Time Battery (volts) Turbo Lag Compensation Enable
(%)

Date Barometric Pressure (psia) Turbo Lag Compensation
Enrichment (%)

Odometer Reading (miles) Equivalence Ratio Feedback Turbo Lag Compensation Retard
(deg)

Vehicle Speed (mph) Equivalence Ratio Command Close Loop Multiplier (%)
Engine Speed (rpm) Equivalence Ratio Modifier for ECT Adaptive Loop Multiplier (%)

Fuel Flow (lb/hr): #1 Tank Pressure (psig) Manifold Air Pressure Signal (volts)
Instantaneous Fuel Economy

(mpg)
#2 Tank Pressure (psig) Preturbine Pressure Signal (volts)

Cumulative Fuel Economy
(mpg)

Fuel Pressure Before Vaporizer
(psig)

Exhaust Back Pressure Signal
(volts)

Manifold Air Pressure (psia) Fuel Pressure After Vaporizer
(psig)

Gas Pressure Signal (volts)

Exhaust Back Pressure (psia) Fuel Pressure at Regulator (psig) Manifold Air Temp Signal (volts)
Preturbine Pressure (psia) Fuel Pressure at Filter (psig) Engine Coolant Temp Signal (volts)
Manifold Air Temp (deg F) Air Pressure Before Intercooler

(psia)
Gas Temperature Signal (volts)

Engine Coolant Temp (deaf) Air Pressure After Intercooler (psia) UEGO Signal (volts)
Gas Pressure (psia) Relative Humidity (%) UEGO Pumping Signal (volts)

Gas Temperature (deg F) EMC Run Time (sec) UEGO Heater Signal (volts)
Actual Foot Pedal Position

(volts)
Ignition Timing (deg BTDC) UEGO Resistor Signal (volts)

Normalized Foot Pedal
Position (volts)

Injection Pulse Width (ms) ECM Control Mode

Throttle Position Command
(volts)

Uncorrected Fuel Flow (mg/inj) ECM Run Mode

Throttle Position Feedback
(volts)

Predicted Volumetric Efficiency (%) UEGO Mode

Ambient Air Temp (deg F) Volumetric Efficiency Modification
(%)

Fault Codes

Oil Temp (deg F) Actual Volumetric Efficiency (%) Cumulative Fuel Usage (gal)
Exhaust Temp (deg F) Change in Manifold Air Pressure

(psia/s)
Idle Fuel Usage (gal)

Data Logger Temp (deg F) Boost Control PWM (%) Packing Fuel Usage (gal)

4.7 Transient Emissions Testing

Results from the transient emissions testing were reported in the final report for the Transient Emissions
Testing on a Mack E7G Engine, SwRI Project No. 03-2377, and is included in Appendix G.  The
emissions certification levels for the final calibration, with a deterioration factor, are shown in Table 11.
Screen shots from the engine controller for this calibration are included in Appendix C.  CARB certification
gas was used for these tests.  The objectives of this project were NOx+NMHC emissions of less than 2.5
g/bhp-hr on a natural gas with 99% methane.  The use of CARB certification gas increases both the NOx
and NMHC emissions. CARB gas has 90% methane along with 4% ethane and 2% butane.  Ethane and
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butane increase the flame speed and therefore increase NOx emissions.  Ethane and butane also
increase the NMHC emissions since the unburned fuel has an increased amount of NMHCs.  The final
calibration was selected for NOx emissions below 2.5 g/bhp-hr with acceptable driveability.  NOx
emissions below 2.0 g/bhp-hr are possible on the transient emissions tests, but driveability problems were
noted in the field due to the amount of timing retard required for the lower emissions combined with
humidity effects.  A summary of the NOx emissions and fuel economy over the transient test cycle is
presented in Table 12.  The calibration used for the results in Table 9 was the initial calibration for the
transient emissions testing.  The NOx emissions for this test was 2.86 g/bhp-hr.  Similar trends were noted
at lower NOx emissions levels.  Table 12 shows that the transient from idle uses 9% of the time in the
cycle, yet accounts for 41% of the NOx emissions.  This is due to the steep torque rise of this engine and
the high equivalence ratios used during the WOT transient from idle.  The high equivalence ratios are
used to improve driveability.  This calibration, where the high equivalence ratios are high, will not pass
2002 emissions for natural gas fueled engines due to high steady-state NOx emissions.  In 2002, natural
gas engines will have the same limit on steady-state emissions over the entire operating range as diesel
engines.

Table 11.  325 bhp Transient Emissions Results

Emission
Emission Level

(g/bhp-hr)
HC/OMHCE 3.1

NMHC/OMNMHC 0.324
NMHC+ NOx 2.53

Carbon Monoxide 1.4
Oxides of Nitrogen 2.2

Particulates 0.03
Formaldehyde 0.136

Table 12.  Summary for the FTP Results for NOx Emissions at 2.86 g/bhp-hr

Description Idle
Mid-High

Speed
Mid Load

High Speed
High Load

Transient
from Idle Remainder

Occurrences 42% 25% 10% 9% 14%
Total Contribution to
NOx Emissions 12% 18% 17% 41% 12%

Average Diluted
NOx Emissions 7.3 ppm 18.8 ppm 43.1 ppm 119.5 ppm 22.1 ppm

Total Contribution to
Fuel Usage 12% 27% 38% 7% 16%

The previous version of this engine was rated at 300 bhp and had NOx emissions of 2.95 g/bhp-hr with no
deterioration factor and a brake specific fuel consumption of 0.474 lb/bhp-hr. This final calibration for this
engine has NOx emissions of 2.2 g/bhp-hr and a brake specific fuel consumption of 0.400 lb/bhp-hr.
Actual driving cycle fuel economy comparisons are not readily available since the previous version of this
engine was installed in a refuse hauler which was at a different location as the current version.  A
summary of the comparison of the previous and current version of the engine is shown in Table 13.
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Table 13.  Comparison of Previous and Current Version of the Engine

Previous Version Current Version

Power (bhp) 300 325
Torque (ft-lb) 1100 1180
NOx  (g/bhp-hr) 2.95 2.20
BSFC (lb/bhp-hr) 0.474 0.400

A calibration with a 350-bhp rating was tested for transient emissions.  The emissions certification levels
for the final calibration, with a deterioration factor, are shown in Table 14. Screen shots from the engine
controller for this calibration are included in Appendix H.  CARB certification gas was used for these tests.

Table 14.  350 bhp Transient Emissions Results

Emission Emission Level
(g/bhp-hr)

HC/OMHCE 2.9
NMHC/OMNMHC 0.276
NMHC+ NOx 2.60
Carbon Monoxide 1.3
Oxides of Nitrogen 2.3
Particulates 0.03
Formaldehyde 0.116
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APPENDIX A

RECORDED DATA FOR LEAN LIMIT TESTS



















































APPENDIX B

RECORDED DATA FOR STEADY-STATE TESTS































































APPENDIX C

FINAL CALIBRATION

325 bhp































APPENDIX D

FINAL REPORT FOR

TASK 2 � 1000-HOUR SUPER THERMAL CYCLE TEST

SwRI PROJECT NO. 03-7501-002

























































































































































































































































APPENDIX E

FINAL REPORT FOR

1000-HOUR SUPER THERMAL CYCLE TEST ON A
MACK E-7 NATURAL GAS FUELED ENGINE

SwRI PROJECT NO. 03-1248















































































































































































































































APPENDIX F

HISTOGRAMS FROM THE DATA LOGGER















APPENDIX G

FINAL REPORT FOR

TRANSIENT EMISSIONS TESTING ON A MACK E7G ENGINE

SwRI PROJECT NO. 03-2377





























































































































APPENDIX H

FINAL CALIBRATION

350 bhp
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