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Troubleshooting High Emissions from In-Service
Alternative Fueled Buses

Nigel N. Clark, Wenguang Wang, Donald W. Lyons, Mridul Gautam, and Reda M. Bata
Department of Mechanical and Aerospace Engineering
West Virginia University
Morgantown, WV 26506-6106
USA
Telephone No. (304)-293-3111
Fax No. (304)-293-2582

- ABSTRACT

The West Virginia University Transportable Heavy Duty Emissions Testing
Laboratory has gathered emissions data from transit bus fleets operating on alternative and
conventional fuels, through funding from the U.S. Department of Energy. Historically,
data have shown that transit bus emissions, measured using the Central Business District
cycle on the chassis dynamometer, are more variable for alternative fuels than for
conventional fuels. For example, buses with Cummins L-10 natural gas engines of various
model years show NOx to have a range of 7 to 50 g/mile, CO from 0.01 to 68 g/mile and
HC of 0.02 to 105 g/mile, whereas their diesel counterparts have NO; values of 18 to 50
g/mile, CO of 0.01 to 40 g/mile and total HC of 0.01 to 5 g/mile. Such emissions
variations have been caused primarily by wandering fuel/air ratios, and also by
dysfunctional spark systems and catalysts. A fleet of natural gas buses in Tacoma,
Washington was tested, then subjected to appropriate fuel/air ratio adjustment and then re-
tested. As an example, a Cummins L-10 powered natural gas bus as received for testing
had high CO (40.7 g/mile) and NOx (46.1 g/mile) emissions, and these were not changed
significantly by a re-setting of the boost and a setting of exhaust oxygen content at idle
and stall. However, after replacing the mixer and regulators, and re-setting the boost and
fueling, CO was reduced to 1.4 g/mile and NOy to 25.3 g/mile. A second bus had a similar
repair and re-test history. Similarly, ethanol fueled Detroit Diesel 6V92 buses in Peoria,
Tilinois were subject to a test, repair and re-test program, which included replacement of
injectors and catalytic converters. In the case of two buses in Peoria, installation of new
catalytic converters decreased CO and HC emissions significantly, but raised NOx
emissions, although NOx remained well below typical diesel values. Replacing injectors
served only to decrease hydrocarbon emissions on one bus. A broad conclusion is that
alternative fuels are able to offer emissions advantages over diesel, but only if the engines
are properly maintained. "
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Introduction

Major cities find themselves under pressure to reduce mobile source emissions to
comply with Clean Air Act requirements. In consequence many transit buses are now
being operated with alternative fuel engines which are seen to offer emissions reduction
potential. Working with the United States Department of Energy, Office of Transportation
Technologies, West Virginia University has designed, constructed and now operates two
Transportable Heavy Duty Vehicle Emissions Testing Laboratories, which gather
emissions data from alternative fuel trucks and buses, together with diesel control vehicles,
across the nation. Details of these activities have been presented by Chandler et al. (1996).

Data from the first two years of operation have shown that the variation in
emissions from alternative fuel vehicles is greater than that for diesel vehicles, as
illustrated in Figure 1 (from Clark et al., 1995a) which shows that the range of emissions
from full size transit buses powered by Cummins L-10 natural gas lean burn spark ignited
engines and conventional Cummins L-10 diesel] engines. Maintenance and adjustment -
issues arose as a concern for alternative fuel engines and in consequence West Virginia
University embarked on a “test, maintain and re-test” compaign on natural gas powered -
buses in Tacoma, Washington and on ethanol powered Detroit Diesel 6V92 buses in
Peoria, Hlinois.

The Transportable Laboratories

The Transportable Laboratories were constructed to satisfy the need to gather data
on emissions from heavy duty vehicles without the need to remove engines from the
vehicles for testing. The laboratories are transportable to permit testing at the site of bus
operation and to ensure that tested vehicles were out of service for as short a time as
possible. Several papers (Wang et al,, 1993; Bata et al., 1996 and Clark et al., 1995b) have
already presented the design of the first of the two laboratories as well as data from testing
vehicles fueled by natural gas, methanol and diesel.

The laboratory facility arrives on the test site pulled on two trailers, one being a
box trailer containing equipment for emissions measurement, data acquisition and control,
~ and the other, a flat bed semi-trailer carrying the power absorber unit. The flat bed is
lowered to the ground to provide a chassis dynamometer platform.

The vehicle to be tested is driven onto the flat bed and the wheels of the vehicle
are positioned on rollers, set in the bed. The outer wheels of the dual wheel set on each
side of the vehicle are connected to the drive shafts of the dynamometer units located on
each side of the vehicle. Each dynamometer unit consists of speed increasing gearboxes
with a power absorber and a flywheel set. The flywheel sets consist of a series of
selectable discs to allow simulation of vehicle inertia. During the test cycle, torque cells
and speed transducers in the power absorber drive train measure the actual vehicle load
and speed. The buses tested in this program were exercised through the Central Business
District speed versus time cycle, described by SAE recommended practice J1376. Bus test
weights represented curb weight plus the weight of the driver and a half of the passenger
load. "
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The full exhaust from the tail pipe of the test vehicle was ducted to a 45 cm
diameter dilution tunnel on top of the emissions trailer. The exhaust was ‘mixed with
dilution air and the flow was controlled using a. blower with critical flow venturis,
Sampling probes sent diluted exhaust to a number of different gas analysis instruments, via
heated lines. Levels of carbon dioxide (COy), carbon monoxide (CO), oxides of nitrogen
(NOy) and hydrocarbons (HC) were measured continuously. A bulk measurement of
particulate matter (PM) was obtained using 70 mm filters and levels of alcohol and
aldehydes were determined using impingers and cartridges respectively.

" Engine Details

The vehicles tested were all full-size transit buses, as shown in Table 1. A brief
discussion of the Cummins natural gas and Detroit Diesel ethanol engines follows.

The natural gas powered Cummins 10 [iter engines were spark ignited,
turbocharged and intercooled with a compression ratio of 10.5 and were equipped with
catalytic converters. Air/fuel ratio on these engines is controlled by a low-pressure
mechanical mixer. Early versions of this engine (until August 1992), designated by part
number CPL-1379, operated under less lean burn conditions, with about 7.6% oxygen in
the exhaust at the rated power, but were preset to operate only slightly lean at idle. These
engines were rated at 240 hp and 750 fi-Ib of torque. These early engines were not
required to be certified for emissions and were produced to demornistrate the practicability
of operating lean-burn, heavy duty natural gas engines rather that achieve optimally low
emissions levels. Later versions (CPL-1653 and CPL-1654) were rated at 240 hp/850 ft-Ib
(August 1992-July 1994) and operated at leaner conditions with more boost (8.5%
exhaust oxygen at rated power, 2.5% at idle). More recently engines rated at 260 hp with
electronic wastegate control have been produced (CPL-1858 and CPL-1937). Ignition
timing was also changed between early and late models. The later units were all certified
to California Air Resources Board standards. The three engines used in this study were
CPL-1379. Experience has shown ‘that CO emissions on CPL-1379 engines may be
reduced through adjustment of idle exhaust 8as oxygen content in tuning the engine.

Resistance to auto-ignition and high heat of vaporization make alcohol fuels
difficult for compression ignition applications. In addition, the low heating value of alcohol
fuels demands that a greater volume of fuel must be injected into the cylinder in each cycle
than for diesel. Other problems that must be addressed are related to poor fuel lubricity,
the changed heat release rates relative to diesel and the presence of corrosive products of
combustion in the cylinder. Despite these obstacles, Detroit Diesel Corporation (DDC) has
manufactured an ethanol compression ignition engine based on the 6V92 diesel engine.
The design uses the two stroke cycle, with exhaust valves in the head and is supercharged
and turbocharged. Injection is managed electronically and the bus engines are rated at 253
hp. After treatment catalytic converters are used to oxidize emissions.

Early versions of the engines operating on methanol had a compression ratio of 19
with glow plug support at light load, while models currently in use employ a compression
ratio of 23 and do not need ignition support during normal operation. Use of DDEC
electronic engine control unit permits software changes to injection timing, fueling and

et
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boost pressure through bypass control. Review of previous alcohol fueled heavy duty
vehicle chassis data has been provided by Clark et al. (1996).

Natural Gas Buses

Figures 2, 3 and 4 show the emissions measured and actions taken on three buses
in Tacoma, Washington. It 'is evident from the work reported by Sharp et al. (1993) and
from prior laboratory data (Clark et al.,, 1995a) that a cause of high CO emissions was
either mixer wear or mixer maladjustment, since replacement of the mixer unit or re-
shimming was required. The results offered a dramatic reduction of CO.

Three natural gas fueled buses have been considered in this paper. The first, PT-
478, (see Figure 2) had been found to have high CO emissions (30.7 and 40.9 g/mile
averages) in two tests the previous year, and had exhibited NO, emissions of 28.3 and
25.3 g/mile and total hydrocarbon emissions (both methane and higher hydrocarbons) of
9.7 and 8.7 g/mile at that time. When re-tested as a part of this study a year later, CO had
dropped to 22.8 g/mile but NOy had risen to 44.3 g/mile (well above that expected for a
diesel engine), whereas HC remained the same. Such variations may be due to fuel
composition changes, interim adjustments or mixer wear. On this particular bus, a
comprehensive adjustment of boost and richness reduced CO by a factor of 20, but did not
affect NO, or HC, as shown in figure 2. This implies that idle richness was corrected, but
that operation at load was still insufficiently lean, thus producing high NO,.

On bus PT-480, as received (see figure 3), both CO and NOx were high. In this
case adjustments to boost and exhaust oxygen failed to produce acceptable levels of CO
and NO,. However, replacement of the mixer unit brought emissions to a very low level of
CO and a NOx level that ranked with diesel Cummins'L-10 buses (Clark et al., 1995a).

For a third bus PT-481, as received (see figure 4), CO and NO, were also high,
and a new mixer was fitted without attempting adjustment of the old mixer. CO and NOy
levels were again substantially reduced. Figure 5 shows the continuous NOy emissions
from bus PT-481. Such NO, emissions follow the power curve of the CBD cycle closely,
and the reduction in emissions after the new mixer was fitted is obvious. CO emissions
(see figure 6) are generally not positively correlated with power in CNG engines, but the
decrease in emissions after mixer replacement is clear.

One may conclude that mixer wear is a factor that contributes to raised emissions
in the Cummins L-10 powered CPL-1379 engines after milage accumulation. Also, it is
essential to control idle air/fuel ratio precisely through maintenance to limit CO production
and to control the air-fuel ratio and boost under load to limit NOy production. New engine
designs employing lean oxygen sensors and feedback control will obviate some of these
maintenance requirements.

Ethanol Buses

In Peoria, Iil., two ethanol buses, GPT-1507E and GPT-1508E were tested.
Figures 7 and 8 show the procedures followed and the emissions recorded. Tables 2, 3 and
4 show the boost settings discussed in Figures 7 and 8. Changes and modifications were
implemented by Detroit Diesel personnel. Conclusions on GPT-1507E were as follows.
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implemented by Detroit Diesel personnel. Conclusions on GPT-1507E were as follows.
The bus as received, after 117,000 miles of use, had high CO emissions (38.3 g/mile)
which were similar to values found in the previous year of testing (40.8 g/mile after
63,000 miles of use). Emissions of NO, at 13.9 g/mile, were below those typical of diesel
6V92 buses. Hydrocarbons, expressed as Organic Material Hydrocarbon Equivalent mass,
were at 6.47 g/mile. Following the installation of a new catalytic converter, but not
refitting the muffler, emissions of CO were reduced by a factor of 7, hydrocarbon levels
were more than halved and particulate levels were reduced, but NO, was raised by 14 %.
Refitting the muffler did not increase CO due to the increased back pressure, as might be
expected, but rather reduced all emissions slightly. The vehicle was also operated with
increased boost pressures as shown in Table 3, and this served to reduce particulate
slightly but to raise NOy at the same time.

Vehicle 1508E as received had higher CO and hydrocarbons than 1507E, but
lower NO,. Before replacing the catalytic converter, 1508E was fitted with new titanium
alloy fuel injectors, which served to reduce CO and hydrocarbons to lower levels, though
still higher than values expected with a well functioning catalyst. Then boost values were
changed on this vehicle (see table 3) as they had been on 1507E, and CO was reduced a
little while NO, was raised. An intermediate boost (see table 4) was also used and, as
expected, intermediate values of CO and NOj arose. The catalytic converter was then
replaced and showed dramatic reductions in CO and hydrocarbons.

One may conclude in the case of these ethanol buses that a well-functioning
catalytic converter is essential if CO is to be maintained below 10 g/mile and hydrocarbons
below 5 g/mile. While there were modest effects on NO, and PM during the maintenance
and re-setting, these values were already significantly below levels expected of diesel-
fueled counterparts (Clark et al., 1996).

Of particular interest is the selective nature of the new catalyst. Emitted
hydrocarbons consist of unburned ethanol, unburned petroleum adulterant, formaldehyde,
acetaldehyde and some lighter lubricant derivatives. Analysis for formaldehyde,
acetaldehyde and alcohol was performed on all tests. Before the catalyst was replaced,
unburned ethanol constituted a third to a half of the hydrocarbon emissions, but after a
new catalyst was installed, this value was about 10 %. Table 5 provides examples of this
phenomenon. Similar selectivity for aldehydes was not observed. Formaldehyde emissions
were decreased no more significantly than were the total hydrocarbon emissions by the
new catalyst and acetaldehyde values varied too much from run to run to reach a confident
opinion on the disposition of this species. Emission rates in table 5 are given in g/mile and
represent the average of 2 to 5 runs on each bus configuration.

Hydrocarbon emissions are fuel dependent and some of the components of the
emissions, such as formaldehyde and acetaldehyde, for alcohol fuels, do not register
significantly with the Flame Ionization Detector (FID). Hence a more complete
representation of the hydrocarbon emissions, for alcohol fuels, is made using the “Organic
Material Hydrocarbon Equivalent” (OMHCE), which has been used in reporting ethanol
vehicle exhaust hydrocarbons above.

OMHCE = (FIDHC) - 0.768(C;H;OH) + 0.4621(HCHO) + 0.6298(CH;CHO) +
0.6023(C,H;0H)
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This formula corrects for species and excludes weight of oxygen in the species. In
essence, the FID reading is corrected for the calibration with respect to ethanol (C;HsOH)
which is independently measured using impingers and which has a lower FID response per
unit mass than the propane used for FID calibration, OMHCE also accounts for the level
of formaldehyde (HCHO) and acetaldehyde (CH;CHO) measured using cartridges. RHC
is the FID hydrocarbon reading with the contribution of the alcohol emissions subtracted
from that reading. » "

Repeatability of Data

Regulated emissions data obtained by the laboratories are repeatable from run-to-
run, as shown in tables 6 and 7. However, in the case of alcohol buses, formaldehyde had
significant variation and acetaldehyde had variation in this study that was too severe to
permit quantitative use.

Conclusions

Tests on three natural gas buses in Tacoma, Wa., revealed high CO and NO,
emissions, which may be attributed to inappropriate air/fuel ratio control. Replacement of
the mixers on two buses produced low CO and reduced NOy, while adjustment on the
third reduced CO but did not appreciably affect NO,. Also, two ethanol powered buses in
Peoria, IIl. were tested for emissions as received, then had catalysts replaced, and were re-
tested. Improved emissions of CO and HC with the new catalysts was evident and the new
catalysts showed themselves to be very selective in reducing ethanol. One may conclude
that careful maintenance and monitoring of alternative fuel vehicles is desirable to maintain
low emissions.
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Table 1: Details of Buses Tested

Bus# & Manufacturer | Transmission Engine Milage | Test Weight | Power
Location & Year Type Make (miles) " (b) (hp)
1507E ™C Allison VR- DDC6V-92 | 117,680 31,361 253
Peoria, Il 1992 731. 3-spd. TA.DDEC 1l ] )
1508E T™C Allison VR- DDC6V-92 | 103,959 31,361 253
Peoria, Il 1992 731. 3-spd. TA.DDEC 11
PT-478 BIA ZF-4HP590 Cummins - 35,652 240
Tacoma, Wa. 1992 4-spd L-10 240G
PT-430 BIA ZF-4HP590 Cummins - 35,652 240
Tacoma, Wa. 1992 4-spd L-10 240G
PT-481 - BIA ZF-4HP590 Cummins - 35,652 240
Tacoma, Wa. 1992 4-spd L-10 240G

Table 2: Original DDEC Settings
(Detroit Diesel Electronic Control Settings, Lookup Tables for Blower Bypass Valve)

Desired

Desired

Boost

Table 3: 10% Increase Setfings
(Detroit Diesel Electronic Control Settings, Lookup Tables for Blower Bypass Valve)

135

150

135 134 151
132 138 162

s




Table 4: 5% Increase Settings
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(Detroit Diesel Electronic Control Settings, Lookup Tables for Blower Bypass Valve)

Desired - .Tqr.q'l.l.e :
T T T
“Engine | 600-] 129 | 128 | 144
Speed’ [ 900 | 129 | 128 | 145
- (rpm) | '::ingé.;;, 126 | 140 | 155

Table 5: Breakdown of Hydrocarbon Emissions in g/mile Before and After Fitting
of New Catalyst to Ethanol Buses.

RHC OMHCE HCHO C;H;0H CH;CHO
Residual .
Hydrocarbon Formaldehyde Ethanol Acetaldehyde

Bus 1507E

Before new 4.40 6.47 0.25 2.86 0.37
catalyst

Bus 1507E

After new 2.19 2.55 0.17 0.35 0.11

- catalyst

Bus 1508E

Before new 5.03 6.97 0.16 2.66 0.25
catalyst

Bus 1508E

After new 2.84 3.05 0.08 0.23 0.05
catalyst
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Table 6: Reproducibility of Data for a Natural Gas Bus Tested in Tacoma, Wa.

Emissions Results (g/mile)

Run Seq. No.| CO { NO, | FIDHC | PM
548-1 28.8|38.5] 17.16 } 0.00
549-2 27.6|38.8f 17.96 | 0.01
549-3 28.3|38.6} 16.70 | 0.01
549-4 28.339.2] 15.69 | 0.00

549 Average [ 28.3138.8| 16.88 | 0.00
Std. Dev. 05103] 085 |0.00
CV% 18107 56 -

Table 7: Reproducibility of Data for an Ethanol Bus Tested in Peoria, 1L

Emissions Results (g/mile)

Run Seq. No. | RHC | FIDHC | OMHCE | HCHO | CzHsOH | CHsCHO
619-1 4.54 8.42 6.70 0.27 . 2.82 0.53
619-2 4.63 8.36 6.29 0.15 2.60 0.04
619-3 4.50 8.32 6.48 0.23 2.99 0.11
619-4 3.93 7.57 6.42 0.35 3.02 0.81

619 Average' 4.40 8.17 6.47 0.25 2.86 0.37

Std. Dev. 0.32 0.40 0.17 0.08 0.19 0.36
CV% 7.3 4.9 27 33.8 6.8 97.5
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Figure 1: Distribution of Emissions from Buses with Cummins Engines Operating
on Diesel and CNG. The CNG Engines Consisted of 48 CPL-1379 Engines and 4
_ CPL-~1653 Engines. (Clark et al. 1995a).
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Figure 2: Testing of Bus PT-478 at Tacoma, Wa.

( Test # 546: Vehicle was tested as received, no adjustments to engine parameters were made. ]

Emissions Resuits (g/mile)
Run Seq. | CO | NOy| Total
No. 546 - | HC
Average |{22.8{44.3] 8.83

CV% 28122| 16

Test # 563: Engine was tuned to the following specifications:
(1) Exhaust O, at idle was set at 2.5 %.
(2) Exhaust O, at 1670 rpm stall speed was set at 6.5 %.
(3) Turbo boost at 1670 rpm stall speed was set at 11.5 psig.
Additional shims were installed on Impco mixer in order to achieve desired O; levels.
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Emissions Resuits (g/mile)
Run Seq. | CO | NO«| Total
No. 563 HC
Average | 1.0 |44.6] 8.70

CV% 316119 82

Figure 3: Testing of Bus PT-480 at Tacoma , Wa.

( Test # 548: Vehicle was tested as received. No adjustments were made. )

Emissions Resuits (g/mile)
Run Seq. | CO | NO«{ Total
No. 548 HC
Average |40.7(46.1| 10.47

CV% 21)38| 1.1

Test # 554: Vehicle was re-tested to compare with test # 548 and determine the effects of minor
air/fuel ratio adjustments on emissions results. Noted, scored bullet valve in mixer. Installed
additional shims on mixer. Engine was tuned to the following specifications:

(1) Exhaust O, at idle was set at 2.5 %.

(2) Exhaust O, at 1670 rpm stall speed was set at 6.5 %.

(3) Turbo boost at 1670 rpm stall speed was set at 11.5 psig.

Emissions Resuits (g/mile)
Run Seq. | CO | NO«| Total
No. 554 HC
Average 146.6143.7] 12.57

CV% 33.6|14.4] 314

Test # 556: Test performed to compare with results from tests 548 and 554 and to determine the \
effects of major air/fuel ratio adjustments with new components on emissions results. New mixer
(with additional shims), new high and low pressure regulators were installed.

Engine was tuned to the following specifications:

(1) Exhaust O, at idle was set at 2.5 %.

(2) Exhaust O, at 1670 rpm stall speed was set at 6.5 %.

(3) Turbo boost at 1670 rpm stall speed was set at 11.5 psig.

Emissions Results (g/mile)
Run Seq. |CO|NO«| Total
No. 556 HC
Average |1.4]25.3| 11.62

CV% 97|57 14
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Figure 4: Testing of Bus PT-481 at Tacoma, Wa.

- Test # 549: Vehicle was tested as received. Engine was running rich at idle.
Turbo boost was 13 psig at 1670 rpm stall speed.

Emissions Results (g/mile)
Run Seq. | CO | NOx| Total
No. 549 HC

Average |28.3/38.8| 16.88
CV% 18107 5.6

Test # 559: Test was performed for comparison with results from previous test # 549, to
determine the effects of major air/fuel ratio adjustments with new components on emissions results.
New mixer (with additional shims) was installed.

Engine was tuned to the following specifications:

(1) Exhaust O, at idle was set at 2.5 %.

(2) Exhaust O, at 1670 rpm stall speed was set at 6.5 %.

(3) Turbo boost at 1670 rpm stall speed was set at 11.5 psig.

Emissions Results (g/mile)

Run Seq. {CO|NOy| Total
No. 559 HC
Average |3.7120.7| 9.66

CV% 91114 1.8
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Figure 5: Comparison Between Continuous NO, Emissions for 2 Cummins L-10
Powered Natural Gas Bus (PT-481), First Tested As-received and then with

'

Adjustments.
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Figure 6: Comparison Between Continuous CO Emissions for a Cummins L-10
Powered Natural Gas Bus (PT-481), First Tested As-received and then with

Adjustments.
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Figure 7: Testing of Bus 1507E at Peoria, Ill.

Test # 619: Baseline test for vehicle 1507E. A set of data established by this test will be used for
comparison with results obtained after engine modifications. A pre-test check was undertaken
before commencing this run, involving a visual inspection and a diagnostic check using the engine’s
electronic control module. Also, the air filter was replaced.

Emissions Results (g/mile)

Run Segq. No. Cco NOy | OMHCE | PM
619

Average 38.3 | 13.8 6.47 0.67

CV% 2.5 0.5 27 5.6

Test # 621: New catalytic converter was installed. The muffler was not connected to the catalytic
converter. Emissions were measured directly from the converter.

Emissions Results (g/mile)

Run Seq. No. coO NOx | OMHCE | PM
621

Average 59 | 16.0 2.55 0.42

CV% 26.9 5.4 6.7 ‘8.7

Test # 622: The original exhaust system, including the muffler, was attached to the new catalytic
converter, to determine the effect of the muffler on emissions.

Emissions Results (g/mile)

Run Seq. No. Co NOx | OMHCE | PM
622

Average 46 '§ 138 2.01 0.40

CV% - | 16.8 2.3 4.6 3.4

ﬁest # 623: Modifications to the Detroit Diesel Electronic Control unit were made. New values
were given to the lookup table of the Blower Bypass Valve settings in the ECM (Electronic Control
Module) for nine different setpoints, which were mapped to engine speed and torque. These were
done for the 0, 12.5 and 25 percent maximum torque settings at 600, 900 and 1200 rpm. The
original values at these points (Table 2) were increased by 10% (Table 3). These modifications
caused the blower valve to open less, thus forcing more air into the intake and creating a leaner
air/fuel mixture, In addition, the Bypass Overall Gain was increased from 1.0 to a value of 2.0.
This modification increased the sensitivity of the bypass valve controller and provided a smoother
) transition from running speed to idle speed.

Emissions Results (g/mile)

Run Seq. No. co NOx | OMHCE { PM
623
Average 4.4 16.2 2.00 0.34
CV% 11.7 | 3.7 4.8 5.8
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Figure 8: Testing of Bus 1508E at Peoria, I1l.

Test # 620: Baseline test for vehicle 1508E. A set of data established by this test will be used for
comparison with results obtained after engine modifications. A pre-test check was.undertaken
before commencing this run, involving a visual inspection and a diagnostic check using the engine’s
electronic control module. Also, the air filter was replaced.

Emissions Resuits '(glmile)

Run Seg. No. co NO« | OMHCE | PM
620
Average 47.0 8.0 10.06 0.63
CV% 2.1 2.4 2.7 1.9

Test # 624: The vehicle’s original set of fuel injectors was replaced with a new set of titanium alloy
fuel injectors. The vehicle was then tuned and run for several test cycles to ensure that the new
injectors were functioning properly and were seated correctly.

Emissions Results (g/mile)

Run Seq. No. | CO | NO, | OMHCE | PM
624
Average 325 | 9.3 6.64 0.45
CV% 0.8 1.3 2.8 1.9

Test # 625: The same modifications that were made to the Detroit Diesel Electronic Control unit on
vehicle 1507E (Test # 623, given above) were made to this vehicle.

Emissions Results {g/mile)

Run Seq. No. co NOx | OMHCE | PM
625 .

Average 26.9 11.6 6.74 0.49

CV% 3.8 2.1 2.9 16.8

Test # 626: During the previous test, knocking was noticed and it was decided that in combination
with the new fuel injectors, the DDEC settings were not appropriate. To rectify the same the
Blower Bypass Valve settings were changed to the values shown in Table 4, which were decreased
5% from Table 3 or increased 5% from Table 2. The Bypass Overall Gain was left at a setting of

2.0 as in the previous set of tests, since the transition from full power to idling was smooth.

Emissions Results (g/mile)
Run Seq. No. CoO NOx | OMHCE | PM
626

Average 31.4 | 10.1 6.97 0.49
CV% 2.6 1.1 |- 44 4.3
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Test # 627: The new catalytic converter that was used on vehicle 1507E was installed according to
manufacturer’s specifications, along with the muffler. The bus was run on the dynamometer for
several test runs before data was taken to ensure that any impurities from handling were burned.

Emissions Results (g/mile)

RunSeq.No. | CO | NO, | OMHCE | PM
627
Average 72 | 103 3.05 0.36
CV% 8.5 1.4 2.6 8.9
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U.S. Department of Energy
Office of Transportation Technologies

West Virginia University
Mechanical and Aerospace Engineering

TRANSPORTABLE HEAVY-DUTY VEHICLE
EMISSIONS TESTING LABORATORY

West Virginia University, working with the U.S. Department of Energy Office of Transportation
Technologies, has designed and constructed two Transportable Vehicle Emissions Testing Laboratories
to monitor engine performance and to measure the emissions from heavy-duty vehicles operating on

conventional and alternative fuels.

The laboratories can be moved easily from site to site so that

vehicles can be tested where they are housed, thus minimizing their time out of service.

LABORATORY CAPABILITIES

The Transportable Heavy-Duty Ve-
hicle Emissions Testing Laboratories
are able to:

e perform transient and steady state
chassis dynamometer emissions tests
on vehicles in the field, at or near
their home base or maintenance
facility;

e simulate a range of urban and
highway driving cycles to provide
performance data for medium and
heavy-duty vehicles;

e measure the emissions from
heavy-duty trucksand busses operating
on conventional and alternative fuels;

e provide emissions data for CO,
CO0,, NOy, HC, CH,, CH,0H, HCHO,

particulate matter, and other exhaust
constituents;

e simulate road load, aerodynamic
drag, and vehicle inertia; and

e provide a complete computer
record and a hard copy log of time-
varying speed, torque, and emissions.

The Chassis
corporates:

Dynamometer in-

e fast-response, computer-control-
led eddy current power absorbers;

o flywheels that can be adjusted to
simulate the inertia of a vehicle in
250-pound increments over the range

of 15,000 to 60,000 pounds;
mechanical

e direct coupling

between the drive axle and the dyna-

mometer power train using wheel hub
adapters.  This coupling method
eliminates problems associated with
tire slippage and over-heating, which
are common for systems with tire-to-
roller coupling;

e on-ine continuous torque and
speed measurement;

e a computer monitor for the driver
which provides a visual display of the
selected driving cycle;

e a full exhaust dilution tunnel and
a secondary dilution tunnel for
particulate sampling; and

e emissionsanalysisinstrumentation
and calibration gases as required for
both continuous and bag sampling
measurement of the major constituents
of the exhaust. The measurement
procedures follow closely the Federal
Test Procedure for certification of
heavy-duty engines.

LABORATORY OPERATIONS

This photograph shows the laboratory
in operation at a test site. The vehicle
to be tested is placed on the flat bed
chassis dynamometer and the exhaust
from the vehicle is collected, diluted,
and sampled and analyzed to measure
the levels of the constituents of the
exhaust.
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LABORATORY DESIGN

The laboratory facility is transported to

the test site by two trailers, 2 box

trailer containing equipment for

emissions measurement, data acqui-

sition, and control; and a flatbed

carrying the chassis dynamometer unit.
Once on the site, the flatbed is

lowered to the ground using built-in

hydraulic jacks.

The vehicle to be tested is driven onto
the flatbed and positioned so that the
drive axle of the vehicle is over the
center section of the test bed and is
perpendicular to the length of the test
bed. The wheels of the vehicle are
positioned on free-turning rollers. The
outer wheels of the dual-wheel set on
each side of the vehicle are removed,
and special hub adapters are mounted
to the drive axle. The drive shafts of
the dynamometer units located on each
side of the vehicle are connected to
the hub adapters. Each drive shaft is
coupled through gearboxes to a power
absorber and a set of flywheels. Each
flywheel set consists of a series of
selectable discs allowing simulation of
an inertia load equal to a gross vehicle
weight.

During the test, torque cells and speed
transducers in the dynamometer drive
train measure the actual vehicle load

The Transportable Vehicle Emissions Testing Laboratories are each moved by
one tool and two equipment trailers to the site of the vehicles to be tested.

and speed. The vehicle can be driven
through various standard test cycles to
simulate either dynamic or steady state
vehicle driving conditions. A com-
puter system contains a program
description of the driving cycles and
sends a signal to a video display
screen mounted next to the driver's
compartment. The display screen
shows the driver the desired and actual
vehicle speeds during the test.

The full exhaust from the tail pipe of
the test vehicle is ducted to a dilution
tunnel located on the top of the
emissions trailer. A centrifugal fan
draws the exhaust and dilution air into
the tunnel and a critical flow venturi is
used to maintain and measure the rate

of air flow. Sampling probes route
diluted exhaust through heated sam-
pling lines to the gas analysis
instruments.  Calibration certified
gasses are used to calibrate the
emissions measurement equipment
before and after each test.

The laboratories have been used
throughout the United States to
conduct emissions testing of more than
500 vehicles, operating on a wide
range of conventional and alternative
fuels. Test results are accurate,
repeatable, and traceable. The test
results are normally provided to the
Alternative Fuels Database maintained
by the National Renewable Energy
Laboratory for the USDOE

For more information contact

Dr. Donald Lyons, Department of
Mechanical and Aerospace
Engineering, West Virginia University,
Morgantown WV 26506-6106;
telephone (304) 293-3111 ext. 360 or
Mr. John Garbak, Program Manager,

Office of Alternative Fuels, U.S.
Department of Energy, 1000
Independence Avenue S.W.,

Washington DC  20585; telephone
(202) 586-1723.

The data acquisition system and exhaust gas
analysis instrumentation are contained in the
enclosed instrument trailer.
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EXAMPLES OF ACTUAL EMISSIONS DATA SHOWING REPRODUCIBILITY
(APP-25386, KENWORTH WITH DETROIT DIESEL SERIES 60)

Fleet Owner Full Name
Fleet Address
Fleet Address (City, State, Zip)

Vehicle Type

Vehicle ID Number (VIN)
Vehicle Manufacturer

Vehicle Model Year

Gross Vehicle Weight (GVW) (Ib)
Vehicle Total curb Weight (Ib)
Vehicle Simulated Weight (Ib)
Odometer Reading (mile)
Transmission Type
Transmission Configuration
Number of Axles

Engine Type

Engine ID Number

Engine Displacement in Liters
Number of Cylinders

Engine Rated Power (hp)

Primary Fuel
Primary Fuel ID

Test Cycle

TRUCK DATA

AG Processing, Inc. -
804 Second Ave., P.O.Box 220
Sheldon, IA 51201

Tractor
2HSFHDPRY9RS090633
INTL

1993

80000
14167
42071
86348
Manual
Fuller 9-Spd
3

DDC Series 60 DDEC III
06R0153408

11.1

6

350

BD
95-07

WVU-Truck

BIODIESEL EMISSIONS RESULTS (g/mile)

Run Seq. No. | CO NOx | FIDHC | PM
466-1 3.4 17.6 | 0.24 0.29
466-2 3.8 16.9 }0.25 0.25
466-3 3.0 16.9 |0.25 0.25
466-4 3.8 174 10.22 0.22
466 Average | 3.5 172 10.24 0.25
Std. Dev. 024 {172 {0.24 0.25
CV% 114 |21 52 10.3
DIESEL EMISSIONS RESULTS (g/mile)
Run Seq.No. | CO | NOx | FIDHC |PM
481-1 3.8 16.9 | 0.29 0.26
481-2 3.8 16.9 | 0.25 0.25
481-3 4.1 17.2 10.30 0.26
481 Average | 4.4 17.2 {0.28 0.28
Std. Dev. 0.8 0.4 0.02 0.04
CV% 17.8 | 2.1 6.9 12.9
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CONTINUOUS NOx
5 PEAK EMISSIONS FROM AGP-25386
KENWORTH WITH DETROIT DIESEL SERIES 60

250
DIESEL
200 - ﬂ
150 -
100
W-ﬁ I
50 -
O ] ¥ 1 - |
0 200 400 600 800
Time(sec)
250
BIODIESEL
200 - '
150 - :
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West Virginia University

Department of Mechanical and Aerospace Engineering

Closed Loop Fueling Control for a Lean Burn Natural Gas Engine

Windsor Workshop on Alternative Fuels
June 3-5, 1996
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Closed Loop Fueling Control for a Lean Burn Natural Gas Engine

Principal Investigators Research Staff
Dr. Nigel N. Clark _ Gregory E. Mott, Engineering Scientist
Dr. Christopher M. Atkinson Richard J. Atkinson, Instrumentation Engineer
Dr. Donald W. Lyons Remco J. dedong, Graduate Research Assistant

Timo E. Latvakoski, Graduate Research Assistant

In a project funded by the U.S. Department of Energy, West Virginia University is
developing a closed loop fueling control strategy for a lean burn natural gas engine. The
integration of a wide-range exhaust gas oxygen (EGO) sensor with the existing open-loop
control system will allow continuous equivalence ratio control to maintain the reduced
emissions output of -a typical lean burn engine. Fueling variations and engine component
wear can be compensated for over the life of the engine eliminating any need for engine
controller calibration changes or periodic recalibration. By implementing a system that can
maintain various air-fuel ratios, excessive production of oxides of nitrogen (NOx) and
hydrocarbons (HC) can be avoided by always operating the engine at an optimal equivalence
ratio. Such a system can also guard against internal engine damage due to overheating
and/or engine knock. Other advantages such as better cold start reliability, increased fuel
economy and lower maintenance costs would be realized after implementation of a closed-
loop control system.

A Hercules turbocharged lean burn natural gas engine fitted with a GFI Compuvalve
and an Altronics spark ignition system are being used as a test bed for the research. Closed
loop fueling control is accomplished by means of feedback to the Compuvalve from a wide
range EGO sensor. Two types of EGO sensor, the NGK Universal Exhaust Gas Oxygen
(UEGO) sensor and the Bosch LSM11 wide-range oxygen sensor, have been used in the
feedback control. Exhaust gas oxygen sensor longevity is being studied in conjunction with
Hercules Engine Company to determine sensor variations relevant to in-field usage for both
the NGK UEGO and the Bosch LSM11. Preliminary results from reliability and calibration
tests will be presented.

Effects of fuel composition on engine operation was investigated by operating the
engine on four different fuel compositions in both open and closed loop modes and at fixed
operating setpoints. The fuels varied widely in composition from pure methane to pure
propane but retained similar heating values. Results from the sampled data showed small
deviations in the in-cylinder pressures with only slight deviations in the engine-out emissions.
Due to the fact that natural gas suppliers sell the fuel on the basis of energy content and not
composition, engine operation is not significantly affected.

Engine knock detection is being addressed as a means of engine protection. Block
resonance has been determined with and without engine knock using accelerometers and
non-resonant sensors while the onset of knock has been verified with in-cylinder pressure
traces. The dependence of block resonant frequency on engine speed has been established
to allow noise from other engine components to be filtered out. Either ignition timing or
fueling changes or both will be used to prohibit engine knock. Closed-loop ignition control
using direct in-cylinder pressure measurement will be used to minimize regulated emissions
and maximize efficiency at each engine load and speed setpoint.

A study is currently underway to improve engine operation by the addition of exhaust
gas recirculation (EGR). EGR will be investigated as a means of oxides of nitrogen (NOx)
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reduction by introducing different amounts of exhaust gases into the turbocharger intake.
Exhaust gas has a lower oxygen concentration and will help to reduce NOx production.
Initial data has been captured to evaluate the method by which the exhaust gases are being
introduced to the intake airstream.

Electronic turbocharger wastegate control will be investigated as a means to allow
variable boost levels at different operating conditions. Not only will the maximum boost
levels be controlled, but part load efficiency will be increased by eliminating throttling losses.
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EVALUATION OF DIFFERENT NATURAL GAS
FUELLING STRATEGIES DURING THROTTLE
TRANSIENTS

John G. Crawford, Hannu E. Jiiiskeldinen and James S. Wallace
Department of Mechanical & Industrial Engineering
University of Toronto

Throttle tip-in and tip-out tests were conducted on a 2.0 litre passenger car engine to
determine the transient response characteristics of four different natural gas fueling
systems: '

e Air-valve (variable restriction) mixer

¢ Venturi-type mixer

e Central fuel injection

e Port fuel injection

The transient response of each system was characterized by measuring the in-cylinder
fuel-air equivalence ratio, ¢, each engine cycle using a fast flame ionization detector
sampling about 7 mm from the spark plug gap.

The torque response and fuel-air equivalence ratio in the exhaust port were also

measured. A wide range oxygen (UEGO) sensor was used for the exhaust port ¢
measurements. ‘

All tests were conducted at 2000 rpm with the following throttle transients:
o Throttle tip-in - A throttle step from 35 N-m to WOT in 100 ms.
e Throttle tip-out - A throttle step from WOT to 35 N-m in 100 ms.

Air flow at the throttle plate during the transients showed essentially the same behaviour
for all four fueling systems. Figure 1 shows the inrush of air to fill the intake manifold

part way through the throttle tip-in.
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REPRESENTATIVE TEST RESULTS

Due to space limitations, only data for the variable restriction mixer will be presented
here.

. Throttle tip-in

The torque response of this system is quite good, with a quick torque rise from about 35
N-m to 110 N-m, a brief stumble, and then a slower rise to the final torque of 120 N-m.

160 — e ey e T 75
140 +
? : I ! | ! |; —
120 + | ! g i | 2
l: H | ‘ Q
| ! 50 8)
gl ,,l 8
£ I g
o 80+ =
g | 2
2 60t %
+ 25 E=
40 , — TORQUE [Nm] I‘-E-
—TPS [degrees]
20 +
0 + : : : i : : : : 0
0 5 10 15 20 25 30 35 40 45
Engine Cycles
The figure below shows a sample of the actual in-cylinder ¢ measurements.
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The figure below shows the general response trend of the in-cylinder ¢ measurements.
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A rich excursion begins at the time the throttle has started its movement. It is then
followed by a lean excursion after which the effect of the transient on the fuel-air ratio
disappears and the in-cylinder ¢ rises to its final steady-state value. The effect of the
transient lasts a total of 7 or 8 engine cycles.
The table below shows the values of the parameters identified on the plot of the general
response trend for each of the individual cylinders. In addition, the cycle-to-cycle
variations, as quantified by the standard deviation of the initial and final values of
equivalence ratio ¢; and ¢,, seem to be much more significant in some cylinders than
others.
Cylinder | ¢, STD |NTK | 6] SO | 6 | SO | & | SO | N | M | N | N
& & bn : $un 7]
1| 1.03] 0064| 1.04] 1.19] 0052] 093] 0026] 1.05] 0046 - 3 5
2| 1.00] 0054] 104 127| o0051] 089] -0.42] 1.06] 0046 - 2 5
3| 102] 0028| 1.00] 11| o0o021| 087] oco10| 1.00] 0036 - 2 4
4] 093] o0030] 093] tiar| oo49] 088 0012 097] 0089 - 2 4
Average | 1.00 1.001 117 0.89 1.02
STD| 0.045] 0.052] 0.077 0.026 0.042

TABLE 1. Varisble restriction type fuel system parameters for the throttle tip-in.
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PERFORMANCE RATINGS

In order to quantify the performance of the different fuel systems, each one is rated
according to several categories, including:

e Torque response, characterized by how quickly and smoothly torque output changes
from the intial to the final value.

* Steady-state fuel distribution, characterized according to the variation of the time-
averaged fuel-air equivalence ratio among cylinders before and after the throttle
transient.

¢ Transient fuel-air equivalence ratio response, characterized by the limits of the

maximum rich excursion and the minimum lean excursion that occured due to the
throttle transient (the smaller this difference, the better).

The ratings are given as the letters A through D, with A being the highest rating and D
being the lowest. The performance ratings are summarized in the table below.

S_ystem Tip-in/Tip-out Torque Fuel Distribution Transient ¢
pre- post-
transient | transient

variable restriction in B C D B
out A C C A
venturi in C B C A
out C D A C
port injection - " in A D B C
. out A B D B
central injection in D A A D
out D A B D

The table shows that although one particular system may perform well in a given
category, it may also perform extremely poorly in another category. The same view can
be gained from the list of best performance in each category:

¢ The port injection system gave the best throttle tip-in torque response.

® The port injection system and the variable restriction mixer both gave excellent throttle
tip-out torque response. :

¢ The central fuel injection system gave the least cylinder-to-cylinder maldistribution

e The venturi mixer gave the best throttle tip-in ¢ response (only marginally better than
the variable restriction mixer).

® The variable restriction mixer gave the best throttle tip-out ¢ response.

Note that the overall performance of a particular fuel system depends very strongly on the
details of its design. Thus, the performance of the four specific systems evaluated in the
present tests should not be extrapolated to other systems of the same general type.
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CONCLUSIONS

The results showed that none of the four systems tested outperformed the others in
every rating criterion. Simply bolting on components employing more advanced
technology is no guarantee of improved performance. Fueling components, the fuel
. control system and the control strategy must be carefully integrated to achieve better
performance than conventional mixer-based systems.
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A CASE FOR BIOFUELS IN AVIATION

M. E. Shauck *, M. G. Zanin
Renewable Aviation Fuels Development Center
Baylor University (817-755-3563)

PO Box 97413
Waco, Texas 76798-7413

In the last 15 years, the technical and the economic feasibility of
biomass based fuels for general aviation piston engines has been proven.
Exhaustive ground and flight tests performed at the Renewable Aviation
Fuels Development Center (RAFDC) using ethanol, ethanol/methanol blends,
and ETBE have proven these fuels to be superior to aviation gasoline
(avgas) in all aspects of performance except range,

Mandates of the Clean Air Act Amendments of 1990 banning lead from all
motor fuels, have prompted an effort to find an unleaded alternative to
the existing aviation fuel. Avgas is today the single largest
contributor of lead in the atmosphere in the U.S. As a result of
environmental regulations mandating special handling requirements for
avgas and because of its low sales volume, it is predicted that the oil
companies will eventually quit its production. For this.reason, pilot
organizations, the Federal Aviation Administration (FAA), engine
manufacturers, and some of the producing companies, are all searching
for a replacement aviation fuel.

The main difficulty in manufacturing an unleaded gasoline for aviation
is the high octane needed by many aircraft engines. Thus, the current
consensus among the organizations involved in the research is to settle
for a fuel of between 96 to 98 octane. The development of a fuel with a
lower than 100 octane rating could satisfy the requirements of about 70%
of the general aviation aircraft in the U.S. fleet. However, the
remaining 30% of the fleet requires 100 octane fuel, and it uses 80 % of
the aviation fuel sold in this country (1).

General aviation is facing a serious problem. Ethanol can be the
solution. RAFDC has obtained FAA certifications for two series of
aircraft engines and certification of a training aircraft and an
agricultural aircraft are expected to be completed shortly. One series
of aircraft engines certified is fuel injected while the other is
carburated. Thus, FAA approval has been received for engines whose
delivery systems cover the range of those in use. This experience will
considerably simplify and shorten the process in pursuing further engine
certifications.

The piston engine fleet in the United States uses 305 million gallon of
avgas per year. This is a market for which ethanol has distinct
performance advantages and is competitive at today's ethanol prices.
With the demise of 100LL avgas on the horizon, and the competitive
economic position of ethanol versus aviation fuel, the potential success
of this program is unquestionable. Gaining the aviation market could,
in addition to providing a substantial expansion in the ethanol

* industry, contribute to a public acceptance of ethanol as a general
transportation fuel. ’

1., D.Macnair, (AOPA), Presentation to the “First International Conference
on Alternative Aviation Fuels”, Waco, Texas, November 1995,
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ETBE AS AN AVIATION FUEL

G. D. Maben, M.E. Shauck, M.G. Zanin
Department of Aviation Sciences
Baylor University
Waco, TX 76798

Abstract

This paper discusses the preliminary flight testing of an aircraft using neat burning ethyl-tertiary-
butyl-ether (ETBE) as a fuel.

No additional changes were made to the fuel delivery systems which had previously been modified to
provide the higher fuel flow rates required to operate the engine on neat ethanol. Air-fuel ratios were
manually adjusted with the mixture control. This system allows the pilot to adjust the mixture to
compensate for changes in air density caused by altitude, pressure and temperature. The engine was
instrumented to measure exhaust gas temperatures (EGT), cylinder head temperatures (CHT) and fuel
flows, while the standard aircraft instruments were used to collect aircraft performance data. Base-
line engine data for ETBE and Avgas are compared.

Preliminary data indicates the technical and economic feasibility of using ETBE as an aviation fuel
for the piston engine fleet. Furthermore, the energy density of ETBE qualifies it as a candidate for a
turbine engine fuel of which 16.2 billion gallons are used in the U.S. each year.
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Introduction

In an effort to clean up the air, programs such
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as the phase-out of leaded gasoline and the use :

of cleaner fuels are being required in the
United States. Mandates in the Clean Air Act
Amendments of 1990, banning leaded fuels
and requiring reformulated oxygenated fuels,
are a major cause of turmoil in the aviation
industry since 100 Low Lead (100 LL) is the
only high octane aviation gasoline currently
available.

Although aviation fuel is only a small fraction
of the gasoline sold in this country, as a result
of reducing lead in other fuels, 100 LL
aviation gasoline (Avgas), is now the single
largest source of lead in the atmosphere. At
the current consumption level of around 300
million gallons of aviation gasoline a year,
0.45 million grams of lead are released
annually into the air (Nussbaum, 1991).

The U.S. requirements for oxygenated fuels
for automobiles are providing the opportunity
to introduce fuels that can replace leaded

aviation  gasoline, providing not only
environmental  benefits  but technical
advantages as well.

Avgas Situation

Due to the difficulty of producing an unleaded
alternative to 100 LL, the Environmental
Protection Agency (EPA) bhas granted
aviation gasoline a temporary waiver to the
ban on leaded fuels. However, it is expected
that within two years there will be no more
leaded fuels. The urgency for the oil industry
to find an alternative fuel is going to be
dictated by economic considerations because
the requirements for handling leaded fuels are
going to be more restrictive. Some of the
companies producing or delivering 100 LL
have already quit its production and/or
distribution, while most of the companies still
producing it have already switched to dedicated

istribution systems. This mieans high costs, as
the pipes and trucks used to deliver leaded fuels

cannot be used for the delivery of unleaded
gasolines. = Under these conditions, the
aviation fuel market, which is very small when
compared to the auto-gasoline market,
provides narrow profit margins for the
petroleum industry.

Besides the economic consideration of the
producing companies, there are other costs
involved with the continued use of leaded fuel.

Environmental regulations are going to affect
the disposal of the oil used in the engines
burning leaded fuel. The oil will contain too
much lead to be burned in incinerators and will
probably have to be treated as a toxic waste at
a great expense due to high disposal fees.

Also, increased use of alkylates in the new
automotive reformulated fuel will cause the
price to increase and could result in supply
shortages for their use in Avgas production.

Additionally, the Montreal Protocol requires
elimination of all use of Ethyl-Di-Bromide, a
lead scavenger without which 100 LL cannot
be used.

Search for Alternatives

For these reasons, the search for. an
alternative fuel to aviation gasoline is
underway. The American Society for Testing
Materials (ASTM) formed the Committee D.2
Section J, and Subcommittee J Section J.2 to
consider the problems involved in the
development of an alternative fuel for
aviation and to examine the proposed
alternatives. In response to demands advanced
during ASTM meetings by various fuel
producers, the General Aviation Manufacture
Association (GAMA) distributed suggested
guidelines to fuel producer organizations. This
general description of the proposed fuel
characteristics called for a lead free high
octane gasoline suitable for use in powerplants
approved for 100 LL/130 Avgas. According
to GAMA, the fuel should require only
minimum, or preferably no, engine
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modifications and have minimal impact on
operational procedures (GAMA 1991).

Guidelines were created in an effort to
somewhat ease the current standards for
aviation gasolines, which were, in part,
established fifty years ago to meet the needs
of large displacement radial engines. Since few
of these engines are currently operating, the
suggested new standards should be able to meet
the requirements of most of the horizontally
opposed General Aviation engines in use
today.

Fuel formulations complying with GAMA's
suggestions have been produced in laboratories
and results have been presented at ASTM
meetings. However, as of today, few of the
gasoline producing companies or engine
manufactures are . involved in actual field
testing of the proposed fuel blends.

The Federal Aviation Administration (FAA)
Technical Center in Atlantic City, New Jersey,
has been testing different fuels containing
variable concentrations of ethers and other
additives intended to improve the octane
rating of the fuel.

The Center is currently testing octane number
Tequirements in certain commonly used
engines in order to determine if a lower octane
number would be technically acceptable. An
octane number of 98 has been proposed for
aviation gasoline. This lower octane would
facilitate the production of the new fuel and
lower its cost,

The decision to adopt a fuel with a lower
octane number will negatively affect 30
percent of the current General Aviation flying
fleet, which will not be able to fly with the
new fuel. The problem is that this group of
aircraft burns about 80 percent of the total
fuel used today (Mac Nair, 1995).

The FAA Technical Center is currently testing
blends of unleaded gasoline with 5 to 30
percent MTBE (methyl tertiary butyl ether).
Blends of unleaded gasoline and ETBE (ethyl
tertiary butyl ether) are also being tested.

The Renewable Aviation Fuels Development
Center (RAFDC) at Baylor’ University in

Waco, Texas, has been working on research
and certification of renewable fuels for
aviation for the past 15 years. The Center
has been testing ethanol, methanol, and
various blends of the two in reciprocating
engines and has certified two series of
Lycoming engines on pure ethanol. As part of
the search for an alternative to 100LL,
RAFDC has received a grant from the FAA
Technical Center to test the mon-petroleum
alternatives to aviation fuel and improve the
efficiencies of the engines using these fuels.

One of the most promisfng fuels to be tested

under this research project is ETBE. In April
of 1995, the first flight tests ever on pure
ETBE were performed by RAFDC. The
results of the preliminary testing were so
satisfactory that RAFDC flew a Pitts Special
S2B aerobatic biplane, on ETBE at the Paris
airshow (the largest aviation event in the
world), in June 1995,

ETBE Characteristics

The technical characteristics that make ETBE
an attractive fuel for aviation are numerous.

ETBE is made from domestically produced
materials: ethanol, a renewable liquid fuel (43
percent by volume); and Isobutylene, produced
from domestic natural gas liquids or obtained
as a co-product in domestic oil refining and
petrochemical production. It is an oxygenated

fuel with an oxygen content of 15.7 percent’

by weight.

" ETBE has a neat Reid Vapor Pressure (RVP)

of 4.0. Its energy density is 96,000
BTU /gallon. ’

ETBE‘s high octane number, 110 (R+M/2),
allows the use of a higher compression ratio in
the engine, improving fuel efficiency. It
should be noted that a six octane number
increase in gasoline can allow the increase of
engine compression ratio by two numbers.
This translates into a 10 percent increase in
fuel efficiency.
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Flight Test Data

All data was taken in a Pitts Special S2-B
powered by an Avco-Lycoming AEIQ-540-
D4AS. This is an air-cooled, fuel injected
engine rated at 260 horsepower at 2700 RPM.
The aircraft was equipped with the following
instrumentation: '

Oil Temperature

Oil Pressure

Fuel Flow (turbine type)

Fuel Pressure

Manifold Pressure (MAP)

Tachometer

Exhaust Gas Temperatures (all cylinders)
Cylinder Head Temperatures (all cylinders)
Airspeed

Altimeter (set to 29.92 Inches Hg)
Outside Air Temperature (OAT)

All testing was done at 2000 feet pressure
altitude. This means the altimeter was set to
29.92 Inches Hg. As reference, the ICAO
standard atmosphere at 2000 feet has a
temperature of 51.87 degrees F..

Range and Power
Between Avgas and ETBE

Comparison

Figure 1 and 2 depict data collected at 24 In,
MAP and 2400 RPM on Avgas and ETBE. The
OAT for the data on ETBE was 61 degrees F.
and for Avgas it was 60 degrees F., thus the
conditions were essentially identical for the two
tests.

The maximum specifié range for ETBE was
9.75 miles per gallon (mpg) at 14 gallons per
hour (gph) and 140 miles per hour (mph).

(Fig. 1)

The maximum specific range for Avgas was 11.5
mpg at 13 gph and 140 mph. Fig 2)

Energy density for Avgas is approximately
125,000 BTU’s per gallon. It is 96,000 BTU’s
per gallon for ETBE. Thus, the energy density
of ETBE is approximately 23 percent less than
Avgas. However, the range reduction on ETBE
compared to Avgas was only 15 percent
according to the measurements taken on the two

flights. On both flights the airplane was
operating at very close to the same RPM and
airspeed, so the propeller efficiency was
essentially constant. This implies that the
engine combustion efficiency is greater on
ETBE.

The maximum airspeed, hence maximum power
available, are essentially the same at the power
setting tested.

Additional Flight Test Data on ETBE

Data was taken at 25 in. MAP and 2500 RPM.
The OAT was 58 degrees F. (Fig. 3) The graph
shows that a maximum of 165 mph at 19 gph
was recorded at a specific range of 8.5 mpg. For
this power setting, the maximum specific range
was 9.2 mpg at 16.2 gph and 150 mph.

In figure 4, data collected at 23 inches MAP and
2300 RPM is shown. The OAT was 72 Degrees
F. In this case a maximum specific range of
10.2 mpg at 140 gph and 145 mph was recorded.

Comments

This flight data maps only a small portion of
the performance of ETBE as an aviation fuel.
For example, the range comparisons between
Avgas and ETBE are given for only one power
setting. Note that the specific range of ETBE
increases from 9,75 mpg to 10.2 mpg at 23 in,
MAP and 2300 RPM, while the airspeed actually
increases at the lower power setting. Clearly, a
caveat is necessary at this point. This data is
taken in real world conditions and as such is
subject to errors induced by updrafts, downdrafts
and/or pilot induced errors such as incorrect
instrument interpretation and imprecise aircraft
control.

The initial results on ETBE (43 percent
ethanol) are conmsistent with the extensive
experience of RAFDC on neat ethanol as an
aviation fuel. .

A recently completed test stand facility

equipped with a dynamometer will enable more
precise data to be obtained.
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Economics and Market Potential

The cost of ETBE production is predicted to
swing around $ 0.75/ gallon. This calculation
is made by assuming natural gas price at $
2.00/MCF; butanes at $ 0.35/gallon; ethanol at
$ 1.04/gallon (before $0.54/gallon credit).

The size of the aviation gasoline market
represents an ideal niche for pure ETBE fuel.
It is estimated that annual consumption of
aviation gasoline varies between 300 and 350
million gallons. The most conservative figure
given by the Aircraft Owners and Pilots
Association (AOPA) for the year 1993 is 305
million gallons. Over the last ten years the
consumption of aviation gasoline decreased
abruptly from about one billion gallons in the
early 80's to today's 300 million gallons. The
reasons for this decrease are to be attributed to
problems related to a down turn in general
aviation largely because of product liability

issues. A regulation to limit this product .

liability has been recently passed and there are
predictions of a resurgence in general aviation
with a consequent increase in aviation fuel
consumption.

At today’s projected prices, ETBE is already

economic competitive with aviation gasoline -

(3 1.60 to $ 2.30 per gallon). It is all the
more so when considering that the price of
ethanol is decreasing as new production
technologies are developing and the feedstock
base is expanding. On the other hand, the
price of Avgas can only increase in the future
since, as a general trend, petroleum prices can
only rise as reserves are depleted, extraction
costs increase, and the demand for energy
grows, .

Environmental Benefits

The production and use of fossil fuels
worldwide contribute 57 percent to all
manmade greenhouse gas emissions. Fossil
fuels constitute 85 percent of U.S. energy
consumption. The transportation sector is
responsible for almost one third of U.S.

carbon dioxide emissions (NTIS, 1992) and it
is 97 percent dependent on oil (Lynd, 1991).

Renewable fuels can decrease the net output of
carbon dioxide by displacing fossil fuels. The

use of biomass to produce ethanol and ETBE,
will greatly reduce the nation's greenhouse gas
emissions. Fossil fuels remove carbon that is
stored underground and transfer it to the
atmosphere. Biomass releases carbon dioxide
as it burns but extracts it from the atmosphere
as it grows, creating a closed carbon cycle.
Indeed, substantial quantities of carbon can be
captured in the soil through biomass root
structure, creating a net carbon sink.

ETBE's high octane rating eliminates the need
to use carcinogenic hydrocarbon based
aromatic octane enhancers (such as benzene
which is proven to cause cancer) and many of
the environmentally less desirable gasoline
components such as sulfur.

Since the ban on leaded fuels exists because of
environmental concerns, emission testing of
the new blends are an important aspect of this
research. Emissions from new fuels need to be
environmentally acceptable. Data collected
on the engines tested by the FAA Technical
Center shows a general trend: by increasing
ether concentrations, emissions of
hydrocarbons and carbon monoxide decrease
while emissions of oxides of nitrogen and of
carbon dioxide increase (Ferrara, 1994),
RAFDC is in the process of acquiring all the
equipment necessary to analyze the emissions
of pure ETBE and other renewable fuels.

There are three basic issues involved in the
debate over the formulation of the next
generation of fuels; economics, energy
independence, and environment. The
environmental issue and the potential of the
new fuels to reduce and possibly eliminate the
adverse health effects of the current liquid
transportation fuels is by far the most
important of all these issues.

Conclusions

Besides the environmental benefits, the
economic advantages, and the superior
performance, the adoption of a domestic
renewable fuel will reduce the dependence on
foreign oil, reduce the federal budget deficit,
improve the balance of trade and national
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energy security, boost rural economy, and
create jobs together with a major new
American industry.

Today, the United States imports more than
50 percent of its petroleum. This situation
presents an energy security problem and it is
responsible for approximately $ 45 billion of
the U.S. trade deficit. Furthermore, the
military expense of maintaining access to the
Persian Gulf oil exceeds $ 35 billion a year
{U.S. DOE Altemative Fuels Hotline, 1996).

ETBE satisfies all of the requirements as an
aviation fuel. The potential for ETBE
production is enormous. ETBE combines the
nation's two most abundant domestic clean
burning fuels, natural gas and ethanol. It can
be used in a reciprocating aircraft engine with
minor modifications to its fuel injection
system. Additionally, it has a great potential
as a turbine fuel to improve emissions.

It is time for the real cost of oil to be taken
into account. The promotion of biofuel
programs cannot be postponed just because
their prices are not competitive with the
present artificially low cost of oil Liquid
biofuels development has to become a national
priority. They will decrease our energy
dependence and trade deficit while providing
benefits to air quality and employment,

Although the potential market for ETBE (or
ethanol) as an aviation fue] is a small
percentage (0.5  percent) of tota]
transportation fuel consumption in the US., its
adoption will be an important step in the right
direction.

The use of these fuels in aviation, where high
performance is essential, will demonstrate the
technical and economic feasibility of
renewable fuels . as high quality liquid
transportation fuels. )
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ETHANOL AS AN AVIATION FUEL:
AN OVERVIEW OF THE PROGRAM AT BAYLOR UNIVERSITY

M. E. Shauck, M. G. Zanin
Department of Aviation Sciences
Baylor University
Waco, TX 76798

Abstract

Research and development of ethanol as an aviation fuel has been conducted at Baylor University
for the past 13 years. Initially, the motivation was the possibility of fuel supply interruptions as a
result of political instability in the Middle East. Modifications were developed to enable aircraft
powered by reciprocating engines to use pure ethanol as fuel. Six different aircraft have been
modified and flown on alcohol. Two series of aircraft engines have received Federal Aviation
Administration (FAA) certification to use ethanol. Three aircraft are in the process of obtaining FAA
certification to use ethanol as a fuel in commercial operations.

This paper will describe the Center’s three areas of concentration: (1) certification of aircraft engines
and airframes, (2) research and development to improve efficiency, performance and reliability of
aircraft engines on alternative fuels, and, (3) educational programs to increase public awareness of
alternative fuels in aviation.




Introduction

The removal of lead from fuel, as mandated by
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the Clean Air Act, is a cause for great concern .

inthe aviation industry. The industry standard,

100 octane, low-lead aviation gasoline will
have to be replaced by an unleaded fuel with a
minimum motor octane of 98 as recommended
by the General Aviation Manufacturers Asso-
ciation. Different approaches have been taken
inan attempt to manufacture asuitable fuel. As
of now, none of the proposed solutions are
acceptable due to inadequate octane, exces-
sive emissions, or high cost.

The 13 year Baylor University project proved
that 100% denatured ethanol is the ideal fuel to
replace 100 octane, low-lead aviation gaso-
line. '

Project Background

When this project began in 1980, all of the
activities engaged in by the project initiator
were related to aviation. He was conducting
air pollution research at Baylor University
using an instrumented aircraft and flying aero-
batic competition and airshows. The motiva-
tion for the research was the threat of fuel
supply interruptions due to the unstable politi-
cal climate of the Middle East. After consider-
ing a variety of fuels as possible candidates to
replace aviation gasoline, ethanol was chosen
because of its characteristics and availability.
The Environmental Studies Institute at Baylor
University was producing ethanol, using the
waste stream from a local chocolate manufac-
turing company. A Texas oil man and environ-
mentalist provided airplane and funds to ini-
tiate the project.

ABellanca Decathlon, powered by aLycoming

I0-320, was converted to ethanol. Once the
necessary engine modifications were deter-
mined and implemented, performance on etha-
nol was carefully recorded and analyzed. The
immediately evident results were cooler en-
ginetemperatures and increased engine power.
This aircraft flew over 600 hours on ethanol
fuel. After the flight test phase, aerobatic
demonstrations and airshows were flown in-
cluding the EAA airshow in Oskosh. In 1982,
this Decathlon made the first transcontinental
flight on ethanol. Three additional Aeronautic
Association records were established with this
ethanol powered aircraft. The Decathlon was
sold to an association of ethanol producers in

- Brazil and aerobatic demonstrations were per-

formed in Sao Paulo and Rio de Janeiro.

Encouraged by the success of this aircraft, a
second airplane was modified to run on etha-
nol. This was a Pitts Special SIS, a single
engine, single seat aerobatic airplane used in
competition flying and airshows. The com-
pression ratio of the Lycoming 10-360 A4A
power plant was increased from 8.5:1 to 10:1.
Various fuel combinations were tested; among
them, different percentages of ethanol and
gasoline, and of ethanol and methanol. The
resulting data was published in technical pa-
pers. All fuel wetted aircraft components were
tested for compatibility with ethanol and those
affected were either changed or treated. Asa
result of the higher compression, efficiency
was improved. A considerableincreaseinavail-
able power was also recorded when flying on
ethanol. This Pitts was flown in numerous
airshows in the United States and Italy. A Pitts
Special S1S was also modified in Paris, France,
and flown to demonstrate ethanol performance.

Three more aircraft were converted to run on
ethanol: a twin engine Piper Aztec, a Siae
Marchetti SF 260, and a Velocity. The latter
was purchased and modified for the sole pur-
pose of crossing the Atlantic ocean‘on ethanol
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fuel in order to make an irrefutable public
demonstration of the reliability of the fuel.
This experimental category airplane, a canard
type, was chosen because of its efficiency
combined with a big cabin which accommo-
dated large auxiliary fuel tanks. In the fall of
1989, the Velocity flew from Waco, Texas, to
Paris, France, withrefueling stopsinthe Azores
Islands and Lisbon, Portugal. The flight was
successful and proved the point.

The first ten years of research on ethanol as an
aviation fuel and the record setting flights was
carried out with very little financial support.

An important accomplishment of these years

of activity has been the granting of a Supple-
mental Type Certificate by the FAA forthe use
of ethanol in a series of Lycoming engines.
This certificate represented a significant
achievement since it was the first official FAA
recognition of the viability of ethanol as an
airworthy alternative fuel.

As the mandates from the Clean Air Act stimu-
lated the search for an alternative to leaded
aviation gasoline, the project at Baylor Uni-
versity expanded its activities to respond more
efficiently to the evolving situation and to
assert the validity of ethanol as an aviation
fuel.

At the beginning of 1991, the Center for the
Research and Development of Ethanol as an
Aviation Fuel was founded within the Avia-
tion Sciences Department.

Center Activities

The Center for the Research and Development
of Ethanol as an Aviation Fuel was instituted
to conduct research and development, engine
and airframe certification, and reliability dem-
onstrations related to the use of ethanol fuel for

general aviation reciprocating engine aircraft.
A program to be administered by the Depart-
ment of Aviation Sciences in cooperation with
Texas State Technical College was established
with the following goals:

* Certificate a range of reciprocating aircraft
engines using ethanol.

* Certificate a range of airplanes using the
engines certified on ethanol fuel.

* Develop research and certification test facili

. ties that meet current and projected FAA and

environmental parameters.

* Conductresearch and development testing to
maximize efficiency, performance and
economy.

* Conductresearch and development testing to
maximize the usable power potential with
ethanol fuel and evaluate engine component
wear, lubrication characteristics, etc.

* Develop public awareness for the use of
ethanol as a renewable fuel by establishing
seminars on the characteristics and use of
ethanol and demonstrations using ethanol
fuel in airplanes.

* Develop curriculum and training for teachers
and instructors related to research and devel-
opment and certification programs.

* Develop curriculum and initiate training of
university and technical school students on
research and development objectives and
relevant FAA policy and certification
procedures.

* Develop Advisory Circular documentation
for FAA publication and disseminate infor-
mation and procedures for certification of
engines and airplanes using ethanol fuel.




This documentation should establish the
minimum certification requirements based
on results of the programs described above.

Research and testing proved that the efficiency
of gasoline engines modified to run on ethanol
could be considerably improved by such addi-
tional modifications as increasing the com-
pression ratio or changing ignition timing.
Additional research and development toimple-
ment these changes, or to manufacture a new
engine ideal to run on ethanol, is needed. At
the same time, to establish ethanol as a fuel,
aircraft on ethanol must be proved in the mar-
ket place as soon as possible and certification
is a requisite for an aircraft to engage in com-
mercial operations. Additionally, in order to
insure acceptance of the new fuel, educational
programs and demonstrations of the reliability
of ethanol as an aviation fuel have to be
conducted. These three main directions, re-
search and development, certification of en-
gines and airframes, and public education on
the subject of ethanol as an aviation fuel, are to
be pursued in parallel.

Current Programs

Following establishment of the Center and
determination of the desired goals, an active
search for the necessary funds began.

In order to proceed, both short and long term
goals of the program had to be identified. The
need to integrate new modifications into exist-
ing engines to increase the efficiency, or to
manufacture a complete new engine to take
advantage of the characteristics of ethanol,
had to be measured against the urgency to
certify existing engines on ethanol fuel to
prove its effectiveness in the market place.
New concepts and major alterations always
require extensive documentation prior to the
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official certification program.

A proposal to conduct research on the effects
of increased compression on various cam
geometrys and chances in ignition timing was
presented to the Federal Aviation Administra-
tion Technical Research Center., Additionally,
different types of oxygenated fuels other than
ethanol were proposed for testing. The pro-
posal was accepted and the project is under
way.

To proceed with the certification of existing
aircraft engines where most of the research
had been conducted, a strategy had to be de-
vised to assure implementation of the certified
enginesin the market place. Introductory prob-
lems, such as distribution of the fuel, had tobe
overcome. In order to minimize these initial
difficulties, two important areas in aviation,
flight training and agricultural aviation, were
identified. In both areas, most of the flying is
local; requiring only single fuel storage.

A grant from the Texas Higher Education
Coordinating Board was obtained to certify a
Cessna 152: the most common flight trainer in
the United States. The aircraft was provided
by Texas State Technical College. The engine
of the Cessna 152, a Lycoming 0-235, has
successfully completed the certification tests.
This was the first carburated engine to be
certified on ethanol. The airframe certification
is currently underway. Upon certification, this
aircraft will be placed in the flight training
portion of the aviation sciences program, thus

insuring utilization in acommercial operation.

A contract to certify an agricultural spray
aircraft, 2 Piper Pawnee, was entered into
between the Center at Baylor University and a
consortium of organizations of corn produc-
ing states. The engine, a Lycoming 10-540, is
already certified. The Piper Pawnee is cur-
rently flying on ethanol in order to satisfy the
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airframe certification requirements.

The airframe of a Pitts Special S2B is also
being certified. This aircraft, utilizing ethanol,
is used in airshows and demonstration flights.
Once certification is obtained, this aircraft will
also be used in the flight training portion of the
Aviation Sciences program.

The certification tests on these engines has
proved that ethanol burns cleaner and cooler
and the engines run smoother because the
limits of detonation are extended. These facts
imply that the time between overhaul of etha-
nol powered engines can be safely extended;
probably doubled.

A demonstration project funded by the Texas
Governors’ Energy Office was already suc-
cessfully underway before the Center was es-
tablished. Two ethanol powered airplanes, the
Pitts Special and the Velocity, were taken to
airshows and other aviation events for demon-
stration flights. Concurrently, talks with ques-
tion & answer sessions were given, and in-
formational material was distributed. This
type of educational tour needed to be ex-
panded from a state-wide to a nation-wide
demonstration program. Proposals to raise
funds were made to federal agencies and agri-
cultural organizations.

During the'summer of 1992, the South Dakota
Corn Utilization Board sponsored a series of
shows with the ethanol powered Pitts Special
in the state of South Dakota. The Board con-
tributed significantly to the success of the tour
by organizing the publicity and notifying the
media prior to the shows. Local radios, televi-
sion stations, and newspapers carried stories
about the ethanol program. Meetings were
arranged and talks given to local pilots and
organizations. As aresult of atalk delivered to
an Experimental Aircraft Association chapter
in Sioux Falls, six airplanes were converted to

ethanol. These aircraft are partofa teamcalled
the Vanguards which performs in shows and
aviation events. Currently, the team, spon-
sored by the local Corn Growers Association,
isinvolved in demonstration programs around
the country.

A nation-wide demonstration program was
proposed to the Governors’ Ethanol Coalition,
an organization comprised of 19 ethanol pro-
ducing states. The proposal was accepted and
the project is under way. A Pitts Special S2B,
a two seat aerobatic aircraft powered by etha-
nol, will perform demonstration flights in the
coalition states. The engine of this aircraft has
already received FAA certification onethanol.
This aircraft can also be used to take members
of the media for demonstration rides. The
Baylor University Communications Depart-
ment hasinstalled aminiature video cameraon
the wing interplane strut which produces spec-
tacular images of aerobatic maneuvers. This
video will be available to local television sta-
tions to encourage them to carry stories about
ethanol powered aircraft. '

An ethanol powered van will be used in this
program as a support vehicle: to carry the fuel
and as a demonstration booth to exhibit and
distribute the information about the program.
During the lectures and demonstrations given
over the past few years, people always ask if
ethanol could be used as an automotive as well
as anaviation fuel. This van will serve the dual
purpose of support vehicle and as educational
display inits ownright. Seminars onethanol as
an aviation fuel will be given along the way,
and a video will be shown. During this demon-
stration project, specific instructions on con-
version of aircraft to ethanol and technical
support will be provided. Many recent devel-
opments have contributed to make such con-
versions more attractive. Among them are the
current precarious situation regarding aviation
gasoline, the threat of a considerable increase
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in price, and a product that prevents the
oxidation of aluminum parts, solving the main
material compatibility problem.

During June 1993, the ethanol powered Pitts
Special was shipped to Paris, France, to par-
ticipate in the Paris airshow, the biggest avia-
tion event in the world. The aircraft flew every
day of the show in front of thousands of people,
A lot of interest was generated in the audience
and the media. National radio, television and
newspapers carried the story of the event. The
cover of the July issue of one of the most
popular aviation magazines in France, Avia-
tion et Pilote, was dedicated to the ethanol
powered aircraft. This aviation magazine, in
response to the success of the ethanol show
and the interest generated, would like to take
the lead in the promotion of ethanol as an
aviation fuel in the European countries.

Future Projects

Once certification of the three aircraft cur-
rently undergoing tests, the Cessna 152, the
Piper Pawnee, and the Pitts Special, is com-
pleted, certification of different types of air-
craft will begin. Performance of the certified
aircraft during field operations will be re-
corded and analyzed on a regular basis. The
economics of the use of ethanol versus avia-
tion gasoline will be determined by taking into
account not only the savings accrued from the
lower cost per mile of ethanol versus aviation
gasoline, but also the long range savings to be
derived from the decreased wear and lack of
detonation in the engines.

The long range objective of the Center is to
certify a core of aviation engines and aircraft
(including turbocharged engines) to establish
common ranges of alterations that could apply
to most engines and a1rcraft without a full

range of testing. This program is designed to
prove the concepts and light the fuse for entre-
preneurial certification by other parties. As
testing and certification questions are resolved,
documentation will be provided that will serve
as guidelines for the FAA and entrepreneurs
for continued certification of the fleets of en-

~ gines and airplanes.

Any progress achieved in the research and
development phase of the project will be in-
corporated in the ongoing certifications. For
example, there is enough evidence from the
previous certification experiences to show that
the time between overhaul of an ethanol pow-
ered engine can be considerably extended.
Certification tests will be designed to prove
thishypothesis. Eventually, anengine designed
to take complete advantage of the ethanol
characteristics will be manufactured.

Other renewable and oxygenated fuels will be
tested, including ETBE, .inthesearch |
for the ideal fuel to replace jet fuel.

Conclusion

Since its beginning, the goals set by the Center
have been achieved on schedule, test results
have met or exceeded expectations, and re-
sponse, particularly among the general public
in the aviation and agricultural communities, .
has been excellent. Despite the fact that cur-
rent modifications have proven safe, reliable,
superior in performance, and economically
competitive, much remains tobe accomplished
inthis area. However, the bureaucratic work of
FAA certification must continue in order to
insure that ethanol is proved in the final testing
ground, the marketplace. A successful pro-
gram of education directed at the grassroots
level, officials in state and federal govern-

_ments, and executives in private industry is a
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necessary component of this effort to gain
acceptance for a domestically produced, high
performance, economic fuel for general avia-
tion.
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ENERGY USE AND EFFICIENCY OF
A HYBRID ELECTRIC VEHICLE IN COMMERCIAL SERVICE
Victor Yung and David Checkel ‘

Mechanical Engineering, University of Alberta, Edmonton, Alberta, T6G 2G8

phone (403) 492-2340 (Checkel), fax  (403) 492-2200
E-mail checkel@sneezy.mece.ualberta.ca
ABSTRACT

Electric vehicles are attractive for their ability to reduce urban pollution. However,
the limitations of current battery technology prevent dedicated electric vehicles from
being attractive at the present time. Hybrid electric vehicles can operate as a zero-
emission, battery-powered electric vehicle and also have a regular fuelled engine to
extend range. This paper presents some results of a one-year in-use study on the
energy consumption and efficiency of a hybrid electric vehicle operating in a
commercial fleet. The vehicle was a modified Ford Escort station wagon with a
hybrid powertrain developed for the university-based HEV Challenge. It was
instrumented for continuous monitoring while being used as an electric meter service
vehicle. Results of the study include driver impressions, gasoline/electric operating
statistics, vehicle energy consumption, powertrain efficiency, battery charge efficiency,
and battery capacity deterioration.

THE HYBRID ELECTRIC VEHICLE

In 1992/93, the University of Alberta developed a Hybrid Electric Vehicle (HEV) in
response to the HEV Challenge issued by Ford Motor Company. Based on a 1992
Ford Escort Wagon, this HEV was able to run about 35 km as a battery-powered,
zero-emission electric vehicle (BV). It also had a small gasoline engine which allowed
it to run extended distances. Designed to be a practical, usable, durable car, the
University of Alberta HEV won the HEV Challenge in 1993. Figure 1 shows the
general layout of the vehicle schematically. The hybrid powertrain used a "parallel"
design which connected either the electric motor or the gasoline engine (or both) to
the regular clutch on the 5 speed transmission. Electric power was provided by a
Unique Mobility SR180 DC brushless motor and controller rated at 32 kW
(continuous) and 63 kW (peak). The 1 Litre gasoline engine (Suzuki 3 cylinder, 4
stroke) was rated at 41 kW. The rear seat was removed and a battery box
constructed in the centre of the car. This battery box held 14 deep discharge, 12V
lead-acid batteries providing a nominal 180V battery with about 5 kW-hr capacity.

GENERAL RESULTS

While this car could run on gasoline as well as on electric mode, the drivers preferred
to use it in electric mode because it was more powerful. There was also more noise
and vibration with the gasoline engine running. The pattern of use which developed
was mostly short trips where it would be possible to make the entire trip in EV mode.




496
ENERGY USE AND EFFICIENCIES OF A HYBRID ELECTRIC VEHICLE YUNG AND CHECKEL

HEV accumulated 2187 km, 70% of it in EV mode. Average use was 19 km per day
This makes the EV inherently a low-mileage vehicle. Over the year of testing, the
on those days it was used. Energy consumption on a standard driving cycle was
39 kW.h1/100 km (electric) or 8.6 1/100 km (gasoline).

TRACTIVE ENERGY ANALYSIS

While the HEV was being used, its speed, battery voltage, battery current, and many
other parameters were continuously recorded. The speed trace was later processed
using a vehicle dynamic model to measure vehicle tractive energy. Comparing the
tractive energy with the electric energy consumption gives a measure of powertrain
efficiency during actual operation. Figure 2 shows a typical short segment of speed,
tractive power, and battery power traces, chosen to illustrate different features of the
tractive power analysis. During the time when positive tractive power was required,
the electrical energy was greater than the tractive power giving a tractive efficiency
of 57%. When negative tractive power was required, (during deceleration), electrical
energy was less than the tractive power giving a regenerative braking efficiency of
48%. Over short distances, hills and random measurement errors could significantly
affect measurements. However, the results are quite consistent as is shown by two
additional short segments in Figure 3.

VEHICLE HEATING

While EV's are commonly associated with California, this HEV test was conducted
in the highly seasonal climate of northern Canada. Figure 4 shows the temperature
and heater current data recorded on a cold (-28°C) day. The HEV's battery capacity
was not directly affected by the low temperatures since it was parked and charged
indoors and the batteries did not have time to cool off while the car was outside. (In
fact, the battery temperature rises slightly while the vehicle is running outdoors).
However, running the electric heater for passenger compartment heat and defrosting
drew an almost continuous 1.5 kW from the battery. Over the trip, 22% of the
electric power consumption was used for heating. This is a significant extra load
which would reduce usable range in winter conditions.

BATTERY CAPACITY

An interesting problem with EV's is to know what the battery state of charge and
battery capacity are. Simple voltage measurements are not adequate. Figure 7
shows the battery voltage and current traces from a particular trip. During the
initial period before the vehicle starts moving, the battery voltage gradually drops
from its nominal 180V charging level towards 175 V. Once the vehicle starts driving,
battery voltage drops by about 15 V each time the vehicle accelerates. However, the
"rest voltage" when no current is being demanded is still close to the original level.
After about ten minutes of driving, the voltage drop during accelerations increases
to more than 40 V and the rest voltage starts to drop sharply as well. A detailed
model of rest voltage and voltage drop for specific currents is necessary to determine
the battery state of charge and actual battery capacity.
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EFFICIENCY RESULTS ' : '
Figure'5 gives a table of cumulative results from three different days of use, two with
moderate weather, (days 237 and 305) and one with cold weather, (day 341). The
results for the moderate weather days typically give vehicle tractive efficiency around
60% and regenerative braking efficiency around 42%. In cold weather, the apparent
tractive efficiency would drop to 47% and the apparent regenerative braking efficiency
dropped to 15%. The difference is mostly attributable to the greatly increased
accessory load (22% of total electrical energy).

The tractive efficiency values discussed above cover the conversion of battery output
energy to vehicle tractive energy. There are two other efficiencies which are critical
to EV energy flows: the battery charge storage efficiency and the battery charger
efficiency. Charge storage efficiency relates to the fact that the battery gives back
less electricity than was used in charging it. (There are some losses due to ohmic
heating during charge and discharge as well as some internal self-discharge.) The
lead-acid batteries used in this HEV had a charge storage efficiency of up to 63% for
a typical full charge. If the battery was only partially charged, the charge storage
efficiency could be slightly higher. (Clearly there is a compromise between
maximizing the battery capacity and achieving a high charge storage efficiency.) On
the other hand, the HEV was often left sitting for long periods with the charger
connected and trickle charging the battery. Under these conditions, the charge
storage efficiency dropped sharply. A "smart" charger and a regular use schedule
would be necessary to maintain a high charge efficiency.

The battery charger efficiency is the simple ratio of DC power coming out of the
charger to AC grid power into the charger. Unfortunately, this is not always simple
to measure. Many chargers use a large input transformer, causing significant
distortion of the input voltage and current waveforms. Under these conditions, AC
power meters under-represent the actual power consumption. For this study, a very
stable DC power supply with input power factor correction was used for battery
charging. Although these charger attributes are very desirable, they come at the
expense of efficiency. Measured charger efficiency was only 60%.

Figure 6 shows a schematic of the electric energy flow into the HEV with efficiencies
included. Note that the tractive (or powertrain) efficiency, the battery charge storage
efficiency, and the battery charger efficiency all operate in series. Hence, a vehicle
which requires 0.11 kW.hr of tractive energy to drive 1 km requires
0.11 kW.hr/ (0.6*0.63*0.6) = 0.49 kW.hr of grid electricity to charge its batteries.
The combined efficiencies work out to only 23% which is not too different from a
gasoline engine. (It is worth mentioning that if the electricity is generated in a
typical thermal power plant, an additional efficiency on the order of 37% would have
to be added in series.) Clearly, work on higher efficiency chargers and batteries is
imperative. ‘
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Figure 3. Further Examples of Tractive Power Analysis Traces for HEV Operation
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Figure 4.

Heater Performance and Energy Use in Cold Weather Operation




500

ENERGY USE AND EFFICIENCIES OF A HYBRID ELECTRIC VEHICLE

YUNG AND CHECKEL

HEV TRIP RECORD ]-U-, 200 [ l.l I B e LU B B B B B
a l_ |

(DAY 341, 11:12) e Ly : ]

= LT -

BATTERY VOLTAGE w o s0f '} T

AND CURRENT Q - ' ! J

, < - , ) ]

Decembar8, 1995 -o-' i ! i it T

-28°C Outdoor Temperature > 100 ' n . _-

Car started and ended trip b o ! i

parked in garage at +10°C v 4 3 ' 1

w 3 . 4
meme 2w e Lb ]

C: . PSRN ISV TNN T SRNN NY R ST I Y 1 2 1 1 2 L
GASOLINE: 2 MIN, ] 50 L . L L : . :
'

o T TTTT T T T T T T N T T T T

Q. 3 1 b

= 250 f -

< S -

Note th: d

1.°Bm:::y "rest” voltage drops off = 200 - ' T

sharply from 475 Volts atthe = - E
startto 120 Vots atar21min. Wl 450 |- ! -
of city driving. [+ 4 '

2. Battery voltagedropasthecar X2 o ]
accelerates is 20 Volts atthestart = 400 =~ ' -
but becomes 40 Volts after 15 min. ¢ N 1
of city driving. T

3. This battery pack has detariorated > 50 ' -~

with use. It was praviously able [+ 4 B '
to travel about twics as far, E 0 h
g .50 [ P | lx | DR SO U NI N ST NI TN ST SN NI ]

0 120 240 350 480 600 720 840 960 10801200132014401560

Figure 5.

TIME /(SECONDS)
Tustration of Battery Voltage and Current Behaviour During a Typical Discharge
(a) Energy and Efficiency Values
DAY [TRIP EV. Posttive Positive Tractive Negative | Negative Regen.
NUMBER |DISTANCE| Tractive Electrical | Efficiency | Tractive Electrical | Efficiency
(km) kJ kJ % kJ kJ %
237 23.09 9,203 15,160 60.7 2,303 936 39.0
305 8.33 3,390 5,691 59.6 1,085 486 44.7
341 6.25 2,810 6,033 46.6 1,137 170 14.9
(b) Energy per Kilometer Values
DAY / POSITIVE TRACTIVE | POSITIVE ELECTRICAL DCinto AC into
TRIP ENERGY REQUIRED BATTERY ENERGY BATTERY CHARGER
NUMBER (Urban Driving) {Nrracrve 63%) (Nearr. 63%) | (Mcuara. «60%)
kJkm | kW-h100km | kJkm | KW-h/100km | KkW-h/100km | KkW-h/100km
237 399 1141 657 18.2 28.9 48.2
305 - 407 11.3 683 19.0 30.2 50.3
341 449 12.5 965 26.7 424 70.7
Days 237 and 305 were typical summer/autumn weather. Day 341 was severe winter weather (-28°C).

Figure 6.

Typical Energy Consumption / Efficiency Results from Tractive Energy Analysis




501
. ENERGY USE AND EFFICIENCIES OF A HYBRID ELECTRIC VEHICLE YUNG AND CHECKEL

ELECTRIC ENERGY FLOW FOR 1 KM DRIVING (SUMMER CONDITIONS)
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Figure 7. Schematic of Electrical Energy Flow in the HEV Including Measured Efficiencies
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Alternative Fuel Vehicles:
The Emerging Emissions Picture

Ken Kelly, National Renewable Energy Laﬁoratory

(Poster unavailable at time of publication)
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Electric Vehicle Infrastructure Issues

Lawrence O’Connell, O’Connell & Associates
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Advanced Natural Gas Ehgine Control Technology

Prime Contacts

Danlel Podnar
Southwest Research Instltute
(210) 522-2564

John Kubesh
Southwest Research Institute
(210) 522-5941

Sponsors

Natiopal Renewable Energy Laboratory
Gas Research Institute

Objective

Investigate advancements in natural gas engine control technology with
the goal of improving engine performance, response, and power density,
while minimizing emissions. Demonstrate these technologies on a John
Deere 8.1L natural gas engine.

Technical Approach

The controls Investigation focused on areas such as model-based
equivalence ratlo controf, boost control techniques to minimize throttling
loases, knock detection and control, misfire detection and controf,
humidity compensation and fuel metering valve evaluation. The controf
techni were applied to an 8.1L John Deere Natural Gas Engine with
overall englne objectlves to increase engine efficlency, response, and
power density while decreasing engine emissions. A highly flexible
personal computer (PC) based controller platform called the Rapld
Prototyping Engine Control System (RPECS) was used for the
Investigation, the platform Is shown In Figure 1.

Results of the Investigation have successfully demonstrated the ability to
achleve higher levels of engine control accuracy and performance. Thus,
engline callibrations could be developed nearer to engine operational limits
such as knock and misflre, Performance of the engline knock and misfire
control functions developed during the project are shown in Figure 2 and
Figure 3, raspectively, Also, the observer based techniques, applied to the
equivalence ratlo controf algorithm, demonstrated superior controf tracking
during translent conditions (as shown In Figure 4). This can resultin
Improved vehicle driveabllity as well as transient emissions.

Figure 1

Knock Detection and Control System
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Figure 2

ICAV Misfire Detection Evaluation
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Figure 3

Equivalence Ratio Control
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Figure 4

Project Status

The controls Investigation vias completed in March 1996, and represents a
portion of the overall program aimed at developing an ultra low
emisslons/ultra safe school bus, sponsored by NREL. Promising
technologles Identified during the controls investigation are belng “ported”
from the prototyping controller platform to the production platform for
vehicle demonstration. Vehicle demonstration Is planned for later in 1996.
The demonstration phase of the project will include on-road vehicle testing,
as well as engine dynamometer emisslons testing.
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J} GasRail USA Gas-Fueledﬁailway Research Program

Prime Contacts

David Meyers
Southwest Research Institute
(210) 522-5581

John Hedrick
Southwest Research Institute
(210) 522-2336

Sponsors

Amoco

Callfornia Alr Resources Board
Electro-Motive Divisfon of General Motors
Gas Research Institute

South Coast Alr Quallty Management District
Southern Callfornia Gas Company

Southern California Reglonal Rall Authority
Unlon Paclfic Rallroad

U.S. Department of Energy

Objectives

Develop and demonstrate a natural gas fueled locomotive that provides
slgnificant economic and emlsslons advantages over present day dlese!
locomotives, Specific goals are to achleve a 75 percent NOx reduction
vithout sacrificing power output, fue! economy, and Increases in other
emisslons,

Diosel
InJector Gas
. Injector
» Start of
Diegel Pilot Start of Combustion Natural Gas
Fuel Plumes From Diesel Infection Combustion
\ 4 y
4 V1
% 5%l B % ¢
s j 2 ¢ P Y
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Vi Fuel Plumes
/|
d / /] @ 4
J
/ / / /
" 5 5
]
] /‘ (A

Technical Approach

Several natural gas combustion systems were tested during this research
effort to dotermine which one provided the greatest flexibility compatible
with the desired goals. Each of the candidate combustion systems listed
below was tested in an EMD 1-710 single-cylinder engine to quantify the
trade-offs between emissions, power output, and fuel economy.

® Late-Cycle High Injection Pressure (LaChip)
@ Dual-Fuel

® Micro-Pilot Pre-Chamber

® Lean-Bum, Open-Chamber

@ Lean-Burn, Pre-Chamber

The LaCHIP combustion system (Figure 1) proved to be best suited for the
two-stroke, locomotive engine, combining high pressure natural gas
injection with a dlesel cycle. Thus, the need for spark plugs and an Intake
throttle were avoided. The LaChip combustion system utilizes an electro«
hydraulic injector. Computational Fluid Dynamic (CFD) modeling of the
natural gas/air interaction (performed at SwRI ) generated spray
penetration data and alr utllization contours to assist engineers In
developing the Injector and optimizing the tip for the gas locomotive
engine application.

Figure 3

Project Status

GasRall USA began In the Fall of 1993 and Is currently entaring the final
development phase before a field d tration cc The Moog
Controls inector has successfully completed a rigorous 50 milllon cycle
durability bench test. The LaChip combustion system and Moog Controls
injector are being optimized for multi-cylinder testing in the EMD 16-710
locomotive engine (Figure 2). The South Coast Reglonat Rall Authority has
selocted a F59PHI passenger locomotive (Figure 3) to serve as the
demonstration.
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Prime Contacts

Jack A. Smith
Southwest Research [nstitute
(210) 522-2971

Davld P, Meyers
Southwest Research Institute
(210) 522-5581

Sponsors

South Coast Alr Quality Management District
Southem Callfornla Gas Company
Waukesha/Dresser Engine Division

Objective

Develop a natural gas fueled, stationary Hybrid Rich-Burn/Lean-Burn
ongine to reduce NOx emlissions to near 5 parts per miilion at brake
thermal efficiencles greater than 34 percent.

Motivation

The South Coast Alr Basin Is faclng stringent emisslons standards man-
dated by the South Coast Air Quality Management District in rule number
1110,2. This rufe requires that all new and existing stationary internal com-
bustion engines that generate more than 50 brake horsepower yield no
more than a nominal 36 ppm of NOx. [t has been predicted that an electri-
cally driven motor s the sole technology capable of meeting this emissions
standard. However, replacing all engines with electrically powered motors
in non-attalnment areas would undoubtedly place a significant economic
burden on municlpalities and utility companies that currently employ
engines to power gas compressors, electrical generators, and water
pumps. The Hybrld Rich-Burn/Lean-Burn englne was developed to pro-
vidoe a cost-effective alternative to switching to electrically powered motors.

Technical Approach

The Hybrid Rich-Burn/Lean-Burn engine is predicated on the com-
bustion of extremely rich and lean natural gas-alr mixtures In separate cylinders,
The physlical arrangement of the engine requlres that one cylinder be separated
from the conventlonal intake and exhaust manifolding of a multi-cylinder engins.
Seo Figure 1. The single cylinder (rich-bank) operates on an rich gas-alr mixture
vith an equivalence ratio approaching 1.4. All of the exhaust gas from the rich
burning cylinder is routed through a water-gas shift catalyst where carbon mon-
oxlde (CO) and water vapor (H20) react to form additional carbon dioxide (CO2)
and hydrogen (H2). The catalyzed rich exhaust gas supplements lean gas-air
mixtures (o < 0.6) In the remaining cylinders (lean-bank) to aid ignitability. The
Ignitabllity of the lean gas-alr mixtures Is enhanced by the additional H2 due to
its broad flammability timits, low ignition energy, and increased flame speed re-
lative to natural gas,

Ignition timing, manifold pressure, and equlvalence ratio control for the rich- and
{ean-banks Is accurately performed by a modified, SWRI Rapld Prototyplng
Englne Control System (RPECS). The RPECS t two

operating as a single unit. Communication between the nch and lean-banks is
performed via the RPECS with the ald of off-the-shelf sensors. The RPECS con-
trols rich-bank operating conditions based on the commanded operating con-
dition in the lean-bank.
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Project Status

The Hybrid Rich-Burn/lean-Burn engine concept has been applled to a
turbocharged and aftercooled, Waukesha VGF F18 GLD inline 6 cylinder
stationary engine. See Figure 2. All hardware modificatlons and software
calibrations have been completed. The engine has demonstrated very low
NOx at targeted efflclency levels. The best NOx emlssions have been
between 20 and 30 ppm at greater than 34 percent brake thermal efficiency
(BTE). NOx emissions in the mid-teens have also been demonstrated at
lower BTEs, Flgure 3 shows emissions from two operating conditions.
The 1800 rpm condition was at 34.6 percent BTE while the 1600 rpm
condition was at 36.1 percent BTE. The emissions levels are currently
being reviewed by the South Coast Alr Quality Management District in
preparatlon for a one year fleld demonstration in Southern California.
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