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PREFACE 

This work was conducted by Southwest Research Institute (SwRI), San Antonio, Texas, 
under Subcontract No. YAW-3-12243-1, SwRl Project No. 03-5901 for the U.S. Department of 
Energy (DoE) in Washington, D.C. and the National Renewable Energy Laboratory (NREL) in 
Golden, Colorado. The contributions of technical monitors Christopher P. Colucci and Brent K. 
Bailey of NREL, John A. Russell and John Garbak of DoE, and subcontract administrator Brian 
Rieper of NREL are gratefully acknowledged. The expertise of Mrs. Susie Schliesing in preparing 
this report is also greatly appreciated. 

The objective of this 3.5-year project is to develop a commercially competitive vehicle 
powered by ethanol (or an ethanol blend) that can meet California's ultra-low emission vehicle 
(ULEV) standards and equivalent corporate average fuel economy (CAFE) energy efficiency for a 
light-duty passenger car application. The definition of commercially competitive is independent of 
fuel cost, but does include technical requirements for competitive power, performance, refueling 
times, vehicle range, driveability, fuel handling safety, and overall emissions performance. 

This report summarizes the third phase of this project, which lasted 12 months. This report 
discusses emissions tests with advanced aftertreatment devices conducted on one of the two, 
nominally identical, test vehicles, a 1993 Ford Taurus flexible fuel vehicle. The report also discusses 
tests on the engine removed from the second Taurus vehicle. This engine was modified for an 
increased compression ratio, was fitted with air-assist injectors, and included an advanced engine 
control system with model-based control. 



EXECUTIVE SUMMARY 

Automotive technology for reducing emissions to very low levels, including California's 
ultra-low emissions vehicles (ULEV) standards, has advanced significantly over the last few years. 
This project to develop a dedicat� ethanol-blend-fueled vehicle has allowed the application of many 
of these state-of-the-art technologies on the demonstrator vehicle. These technologies have been 
developed and tested individually, but the integration of these technologies will be completed in 
Phase 4 of this project and will be reported later. However, the details of the individual technologies 
and test results are reported in this Phase 3 report. 

SwRI obtained two 1993 Ford Taurus flexible fuel vehicles for supporting development and 
test work on this project. One vehicle was used for engine development, and the other for advanced 
aftertreatment development. The engine was removed from · the first vehicle, and several 
modifications were accomplished. As reported previously, the compression ratio was increased from 
9.25 to 1 1 .0 by reducing material from the cylinder heads and block, and installing new pistons. Air
assist injectors were developed and installed. These injectors were modified during this third phase 
of the project, to improve fuel delivery characteristics. An improved crank angle sensor based on 
one found in some GM vehicles was installed. Also, the standard idle air control (lAC) and exhaust 
gas recirculation (EGR) valves were replaced with valves that included pintle position sensors in 
order for valve position to be more accurately determined and controlled. A differential pressure 
sensor was installed across the throttle plate to estimate air flows into the intake manifold. Finally, 
these other modifications required that the standard engine controller be replaced with an SwRI 
developed full-authority engine controller, and that complete engine control algorithms be developed 
and implemented. 

To control the Ford Taurus 3.0-liter engine, model-based controls for both air and fuel flow 
were developed. The air flow model estimates air flow into the intake manifold based on throttle 
position and pressure drop across the throttle, lAC position and pressure drop, air-assist injector 
pressure drop, PCV pressure drop, and the EGR valve position and pressure drop. Air flow out of 
the intake manifold is based on speed-density calculations. The difference in air flows is used to 
compute intake manifold absolute pressure (MAP) that is used along with the MAP sensor to 
estimate the true MAP accurately and quickly. Fuel flow into the cylinders includes a model for wall 
wetting that depends on engine temperature and engine operating conditions. Besides model-based 
control, a number of specialized algorithms were used to control certain parts of the engine cycle. 
For example, cylinder-event-based logic was used during cranking and startup to allow customized 
amounts of fuel injection and spark timing for each cylinder event. Closed-loop operation allows 
model-based control of switching frequency, and adjustable control bands for the air-fuel (A/F) ratio. 

The engine-out exhaust emissions have been measured for the engine modified as described, 
and start-ups, steady-state operation, and transient operation including the transition from a cold to 
warm engine appear to be very good. Reinstalling the engine in the vehicle will be necessary before 
full U.S. Federal Test Procedure (FTP) emissions can be measured. 
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The second 1 993 Ford Taurus flexible fuel vehicle was used for tests of several advanced 
aftertr�..atment devices. These tests were conducted with the standard engine since engine tests were 
being conducted in parallel with the aftertreatment work. The aftertreatment devices included 
electrically heated catalysts (EHC), a hydrocarbon adsorber, and a combination adsorber/catalyst 
(adcat). Of these advanced aftertreatment systems, the EHC produced the lowest emissions. 
Without making any changes to the engine, the EHC system using a W .R. Grace catalyst followed 
by a Degussa main catalyst produced ULEV emissions for CO and NOx, with close to ULEV 
emissions for nonmethane organic gases (NMOG). These results are summarized below. 

NMOG* (g!mi) co (glmi) NOX (g!mi) 

This project** 0.052 0.8 0.068 

ULEV*** 0.04 1.7 0.2 

* Estimated. Full speciation not performed. 
** Measured at 4,000 miles 
*** At 50,000 miles 

Another approach for advanced aftertreatment, called rapid exhaust port oxidation (REPO), 
is to operate the engine rich after starting and to introduce air from an external pump into the exhaust 
ports to provide combustion in the exhaust manifolds. This results in both an addition of heat to 
bring the catalyst(s) up to operating temperature quickly, and to bum up some of the hydrocarbons 
and CO that would normally be present at the entrance of the catalyst. This can be combined with 
the original equipment manufacturer (OEM) catalysts that are located on each of the two exhaust 
manifolds of the V -6 engine just below the engine. This reduces heat losses that occur in the longer 
exhaust piping associated with an underfloor catalyst. The engine control system has been modified 
for control of the engine AIF ratio and the air pump control valve to achieve efficient combustion 
in the exhaust. By combining the modified engine with one or more of the advanced aftertreatment 
devices, ULEV emissions should be demonstrated. 

In a separate project with similar objectives (SwRI Project 08-6068, "Determination of 
Alternative Fuels Combustion Projects,"), SwRI tested the effectiveness of NREL' s Vacuum 
Insulated Catalytic Converter. Operating on Ed85 in the baseline vehicle used on this project, 
emissions tests were performed after extended vehicle preconditioning for various soak periods. 
Compared to a similar but uninsulated catalyst, reductions of more than 90 percent were observed 
for HC and CO emissions, and 75 percent for NOx emissions for soak periods of 1 8  to 24 hours. 
These emissions would meet ULEV requirements, but the extended preconditioning is outside of the 
normal test procedure. The extended vehicle preconditioning was required to obtain complete 
conversion of the phase-change material used to help maintain heat in the catalyst. 

Durability tests were conducted with both the fuel pump. and fuel injectors used in the 
demonstrator vehicle. Operating on neat ethanol (E-100), the injectors survived a 900-million 
injection cycle test as specified by the Society of Automotive Engineers (SAE) Recommended 
Practice 11832. At the end of this test, there was no measurable injector leakage in any of the six 



injectors, and the calibrations had not changed since the beginning of the test. It was assumed that 
E-100 would be at least as hard on the injectors and pump as Ed85, so tests were not conducted with 
Ed85. However, this may not always be an accurate assumption. Engines being operated by one 
U.S. OEM on Ed85 have suffered severe injector wear. That OEM suspects elevated fuel 
temperatures may be associated with the severe wear. The tests reported here were conducted with 
fuel maintained at 20 o C as called for in Society of Automotive Engineers (SAE) 11832 specification. 
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TASK 1: FUEL BLENDING AND TESTING 

Objective 

The objective of Task 1 was to determine the effects of ethanol fuel additives on fuel tank 
flammability, corrosion, wear, and lubricity. 

Summary of Results 

The work in Task 1 was completed in Phases 1 and 2 of this project. The only continuing 
work in this task is supplying fuel for other phases of the project. Highlights of the results of this 
phase that were previously reported are as follows. 

• 

• 

• 

The octane number of the ethanol blend Ed85 (85% denatured ethanol, 15% winter 
grade gasoline, and a denaturant of 5% gasoline) was measured as 104.8 research, 
99.3 motor, to give an (R+M)/2 of 102. 1. 

Vapor pressures of the neat ethanol, the reference gasoline, and 12 ethanol blends 
containing two concentration levels of gasoline, butane, pentane, isopentane, C5-C6 
isomerate, and diethyl ether, were measured at several temperatures in the - 14.4 oc 
(6°F) to 54.4 C (130°F) range. The data were correlated according to the Clapeyron
Clausius equation to give a set of constants for each fuel, which could be applied to 
a general equation to calculate vapor pressure. 

Both upper and lower flammability limits were measured, and compared with 
flammability limits predicted from vapor pressure measurements. Except for the 
ethanol-diethyl ether blends, flammability limit data from the literature and 
flammability limits of the fuel blends predicted from the vapor pressure data 
appeared to be consistent. For the most part, flammability limits of the fuel blends 
could be predicted with reasonable accuracy from vapor pressure data and literature 
values of the flammability limits of the fuel components. 

1 



TASK 2: FUEL STORAGE AND HANDLING SYSTEM DESIGN 

Objective 

The objective of this task was to evaluate material compatibility issues and specifically to 
examine ethanol-related wear in fuel injectors. 

Injector Durability Tests 

One area that has concerned U.S. original equipment manufacturers (OEM) with Ed85-fueled 
vehicles is injector wear problems. Field and engine tests have shown problems using some injector 
designs. For that reason, durability tests were conducted with six Nippon Denso injectors used as 
original equipment in the 1993 Ford flexible fuel vehicles. The fuel injectors were identified, 
injector no. F3DE-A2C, F3DZ-9F593-AFFV, CM-4753, 2561-272. 

Evaluation of the fuel injector durability was performed in accordance with SAE J 1832. The 
performance criteria to evaluate the injector performance are the nozzle flow rate and the seat 
leakage. A schematic of the durability test rig is shown in Figure 2-1. A Ford fuel rail was used to 
mount six injectors on a 5-gallon fuel container. A standard fuel pump used in the FFV was used 
to recirculate the fuel and to supply the fuel rail with 270 kPa gauge fuel pressure. A heater and heat 
exchanger were used to control the temperature of the test fuel. An injector driver box was used to 
energize the injectors. 

The seat leakage test was performed by using the following procedure. The injectors were 
cleaned by supplying the injectors with heptane at 270 kPa gauge (39 psig) and running the injectors 
for 10,000 injections at a pulse width (PW) of 5 ms and a period of 10 ms. The injectors were then 
dried with nitrogen in a similar manner for 6,000 injections with the tip pointed down and 6,000 
injections with the tip pointed up. The seat leakage tests were then conducted by placing the injector 
in the apparatus shown schematically in Figure 2-2. Nitrogen was supplied to the nozzle at 270 kPa 
gauge and any leakage was captured in the graduated cylinder filled with mineral oil. The leakage 
was recorded for a 5-minute period. 

The static and dynamic flow rates were determined gravimetrically using injector calibration 
fluid and spraying into a container of known weight. For the static flow rate, the injector was 
energized continuously for a period of 30 seconds. After 30 seconds, the container was weighed to 
determine the mass of test fluid injected. 

The dynamic flow rate measurement was also gravimetric using injector calibration fluid. 
The injector was supplied with 270 kPa gauge fluid pressure and was energized it:ttermittently using 
a pulse width of 5 ms and a period of 10 ms for a duration of 1,000 injections. The injected fluid 
was collected in a container and weighed to determine the mass injected. 

A total of 1 124 hours were accumulated on the injectors representing approximately 800 
million injections. The results for the static and dynamic flow rates are shown as a function of test 
time in Figure 2-3. The plot shows the average of the six test injectors and a control injector with 
a error bar representing ± one standard deviation. 
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For the static flow rate test, there was a shift in the measured values at the start of the testing 
(time 0) and the measured values after testing had begun (time> 0). This shift is attributed to a 
modification of the test procedures. The initial test was performed with a hand held stop watch, 
while the remaining tests were performed with an automatic timer. The procedure requires the 
injectors to be flowed for a period of 30 seconds. A one second difference between the two timing 
methods would result in a 3-percent difference in fuel mass. The shift observed in the measured 
values was approximately 3 percent. With the exception of the initial shift in static flow, there did 
not appear to be significant changes in either the dynamic or the static flow of the injectors. 

The seat leakage was also measured for all of the injectors throughout the test. The initial 
test indicated that two out of the six test injectors and the one control injector had measurable seat 
leakage levels. One injector had a seat leakage value of 1 .0 cc/min and a second injector had a value 
of 0.5 cc/min. Both of these injectors were within the acceptable leakage limit of 1.5 cc/min. The 
remaining injectors had no measurable leakage. It was interesting to note that after 53.8 hours of 
testing (approximately 38 million injections), all injectors had a negligible level of seat leakage, 
indicating that a small amount of running improved the sealing capability of the injectors. None of 
the injectors developed seat leakage during the duration of the test. 

Thus, although fuel injector wear and leakage has been a significant problem with the 
methanol-fueled vehicles in the past, the improved injector design and/or the use of ethanol fuels has 
resulted in no injector wear and no injector leakage. The ElOO used for these tests was very low in 
water content. It may be that water is a crucial contaminant of the alcohol fuels that leads to wear. 
Discussions with others involved in testing ethanol injectors for wear have indicated that elevated 
fuel temperatures may also be critical in the alcohol wear problem. For the tests reported here, SAE 
11832 recommendations were used to set the fuel temperature to 20°C ±1 oc. 
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TASK 3: ENGINE SYSTEM ASSEMBLY AND TESTING 
AND 

TASK 5: FUEL/ENGINENEIDCLE SYSTEM INTEGRATION 
AND 

TASK 6: INTEGRATED FUEL/ENGINE SYSTEM OPTIMIZATION 

Objectives 

During Phase 3 of this project, Task 3 for engine modifications, Task 5 for system 
integration, and Task 6 for the integration of the fuel/engine and system optimization overlapped 
heavily. For that reason, the progress made in these three tasks is reported in this one section. There 
were several objectives of these three tasks, but they were all directed at modifying engine hardware 
and then calibrating the engine for good performance and low emissions. These objectives included: 
(a) improving the air-assist injectors to improve AIF ratio control under steady-state conditions; (b) 
replacing the OEM engine controller (Ford EEC-IV) with an SwRI rapid prototyping engine control 
system (RPECS) to provide flexibility to change control algorithms; (c) developing a cranking and 
start-up strategy that would provide rapid starts at any temperature, and in doing so, reduce 
hydrocarbon emissions associated with misfires; (d) implementing model-based control in the 
RPECS to compute air and fuel flow into the cylinders for optimum A!F ratio control under steady
state and transient conditions; (e) developing various other engine control strategies to take care of 
closed-loop engine control and specialized parts of the cycle; and (f) developing a rapid exhaust port 
oxidation (REPO) system and control algorithms to obtain rapid catalyst light-off with a minimum 
of added equipment. Details of how these objectives were met are provided below. 

Improvement in Air-Assist Injectors 

The main purpose of the air-assist injectors was to improve start-up and transient 
performance by improving fuel transport from the injectors to the cylinders. The air-assist injectors 
produce smaller drops that can follow the air stream through the port, past the intake valves, and into 
the cylinder. The finer spray also evaporates more quickly than the spray from a conventional 
injector. These processes reduce wall wetting, and reduced wall wetting improves engine 
performance during cranking and engine transients in speed and load, especially when the port walls 
and intake valves are cold. Good cranking and transient performance were observed with the first
generation air-assist injectors. 

However, the performance of the first-generation air-assist injectors at steady-state conditions 
was found unacceptable for maintaining a very stable AIF ratio. The AIF ratio measured by a UEGO 
sensor for a constant commanded pulse width showed relatively high-frequency variations that were 
significantly larger for the first-generation air-assist injectors than for the OEM pintle injectors. As 
a result, the air-assist injector caps were redesigned to reduce the AIF mixing volume, while 
maintaining a single 1-mm exit hole diameter. 

The performance of the OEM pintle injectors, the first generation air-assist injectors, and the 
redesigned or second-generation air-assist injectors are compared in Figures 3-l(a) through 3-l(h) 
for the first-generation air-assist injectors, Figures 3-2(a) through 3-2(h) for the OEM injectors, and 
in Figures 3-3(a) through 3-3(h) for the redesigned air-assist injectors. Figures (a) and (b) for each 
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of the three cases compare performance at 32 oc coolant temperature and 0.3 bar (30 kPa) manifold 
air pressure (MAP). The A!F ratio control of the second-generation air-assist injectors is superior 
to the OEM pintle injectors at this condition, assuming the lean spike for the air-assist injectors was 
an instrument noise spike. The A!F ratio control for the first-generation air-assist injectors shows 
high variability at this and most other conditions. At the same 32 o C coolant temperature, but a high
load condition of 0.7 bar (70 kPa) MAP, the comparisons are shown in Figures (c) and (d) for each 
case. Again, the redesigned air-assist injectors show superior performance when compared with the 
OEM pintle injectors. Compared with the 32°C results, at 82°C coolant temperature, the AfF ratio 
control with the OEM pintle injectors improves dramatically, while the A!F ratio control with the 
redesigned air-assist injectors improves slightly, as shown in Figures (e) through (h) for all three 
cases. As a result, the redesigned air-assist injectors performed slightly better than the OEM pintle 
injectors at the 82 oc condition. 

Thus, the first-generation, air-assist injectors showed unacceptable A!F ratio control at 
steady-state conditions compared with the OEM pintle injectors. However, the second-generation 
(or redesigned) air-assist injectors with a much smaller mixing chamber showed better AfF ratio 
control at steady-state conditions than the OEM injectors. In addition, the second-generation, air
assist injectors provided very good start-up and transient performance, although back-to-back 
comparisons of engine performance with the OEM pintle injectors were not made. 

. The second-generation, air-assist injectors provided reasonably good atomization as shown 
in Figure 3-4. The 4-ms pulse widths correspond to an idle condition, and the 1 O-ms pulse width 
to a high power condition. With a manifold air pressure of 50 kPa absolute corresponding to an idle 
condition with the automatic transmission in gear, the differential air pressure across the atomizer 
for the 70 kPa gage air pump pressure is 220 kPa, and for the 4-ms idle pulse width the Sauter mean 
diameter (SMD) is about 14 Jlm. However, at wide-open throttle, the differential pressure of about 
70 kPa and 1 O-ms pulse widths result in an SMD of about 25 Jlm. At cranking, the pulse widths are 
even higher and the SMDs larger. These SMD's are much smaller than for the conventional pintle 
injectors that have SMDs of about 120 Jlm, but are somewhat larger than optimum. The optimum 
SMDs are about 10 or 15 Jlm or smaller at all conditions. 
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Installation of the Rapid Prototyping Engine Control System 

Ford, like all other OEMs, does not provide any support for adapting their engine controller 
for changes in engine hardware or for trying new control algorithms. Therefore, with the installation 
of the air-assist injectors, the rapid synchronization start-up system, the rapid exhaust gas oxidation 
system, and other changes, using the standard Ford EEC for control of the engine was not possible. 
Installing an SwRI-developed control system, a PC-based engine controller that could be 
programmed to handle all hardware changes and all engine control strategies, was necessary. This 
engine controller is called the SwRI RPECS. The details of the hardware for this system are 
described in the Phase 2 report on this project. The details of the algorithm development are 
provided in this section of the report. 

Cranking and Start-up System 

Many current production vehicles would fail the ULEV hydrocarbon emissions standards 
during the cranking portion of the U.S. Federal Test Procedure (FTP), before the engine ever started. 
Most vehicles in production do not synchronize spark and fuel injection until two or more engine 
revolutions. Before that time, fueling and spark timing are somewhat random relative to valve and 
piston movements. Therefore, only some cylinders of an engine are firing, while others are misfiring 
and producing high levels of hydrocarbons. This condition is unacceptable for a ULEV; It seems 
that an easy solution would be to wait to inject fuel until the controller is synchronized, there is 
enough fuel in the cylinders at shutdown that very high hydrocarbon emissions result from this 
approach. The high hydrocarbons result from cranking the engine and pumping the previously 
injected fuel through the engine without firing. It is necessary to fire as soon as possible. 

21  



The first part of the approach adopted for clean starts in this project was to synchronize the 
engine controller with the engine hardware in V2 or fewer rotations of the crankshaft. This was 
accomplished by replacing the standard synchronization system with a GM optical encoder used on 
the LT-1 engine (Kulkarni, 1992). The optical encoder was mounted in the distributor location on 
top of the 3.0-liter V-6 engine. This encoder has four, equally spaced, distinct marks, and 360 
regularly spaced encoder marks used for higher-resolution position information. The four distinct 
encoder marks allow a unique indication of engine position within 1/4 or fewer revolutions of the 
camshaft, or V2 revolution or less of the crankshaft. Once one of these distinct marks passes the light 
emitting diode (LED) and detector, the control system is synchronized in about 5 ms (7.5 crank angle 
degrees (CAD) at 250 rpm cranking speed). 

The encoder is connected to a Silicon Systems 67-F687 engine controller chip that keeps 
track of the engine position. The higher level control is accomplished on the Pentium PC, but the 
67-F687 can compute the desired spark and fuel injection in time based on desired timings in CAD. 
This system allows rapid synchronization to begin the start-up process. No fuel or spark occurs until 
the engine controller is synchronized, but this occurs very rapidly. The first cylinder that has time 
to receive a full amount of fuel injection then receives the first fuel pulse. An exception to this 
occurs at low temperatures (below about 4 oc or 40°F) where prime pulses are used prior to 
cranking. 

Cylinder-event-based logic is used to control fuel and spark through the first 500 or so 
(adjustable by user) cylinder events. This allows for a customized spark timing, and both amount 
and timing for fuel injection for every cylinder event. This starting calibration also depends on the 
engine temperature at start-up, with more fuel injected at lower temperatures for the first few 
cylinder events. Thus, there are three two-dimensional tables for start-up strategy, one each for spark 
timing, fuel injection timing, and fuel injection pulse-width multiplier. Each of the three tables has 
independent variables of engine coolant temperature at the start of cranking and cylinder event 
number. The pulse-width multiplier is a factor used to multiply the amount of fuel calculated to get 
a stoichiometric mixture in-cylinder if all of the injected fuel were transported in-cylinder on the first 
cylinder event following injection. In fact, much of the injected fuel collects on the port walls and 
intake valves during cold-start cranking. 

The rapid synchronization and cylinder-event-based logic resulted in rapid starts at ambient 
temperatures. At low starting temperatures, the relatively non-volatile Ed85 is slow to vaporize, and 
large amounts of fuel must be injected for a sufficient fraction to vaporize to get a high probability 
for combustion on the first few cylinders to ingest AIF mixtures. Below about 4 oc (40°F) there was 
not sufficient time to inject all the fuel required to achieve combustion on the first few cylinder 
events (all in the first engine cycle). In addition, the Silicon System engine controller chip did not 
allow pulse widths long enough to obtain combustion as quickly as needed. Ford addressed these 
problems by using a very high flow rate starting injector that has an additional spray rod in the intake 
system to spray extra fuel for starting. Since SwRI was attempting to improve the spray quality 
using the air-assisted injectors and thereby improving the transport of fuel spray in-cylinder, this 
approach was not an acceptable solution. Therefore, SwRI modified the starting sequence at low 
temperatures, below about 4 oc (40°F), to delay the starter motor until the "prime" pulses through 
the air-assist injectors were complete. If this approach is found to be unacceptable to vehicle 
operators, Ford's start-up injector could be used, but more fuel would be necessary for start-up, and 
hydrocarbon emissions would be increased. SwRI will also likely use a delay in the start-up 
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sequence to allow the air pumps for the air-assist injectors to come up in speed before cranking the 
engine. 

Using the rapid synchronization and cylinder-event-based logic combined with the prime 
pulse allowed very rapid starts over a wide range of temperatures. Hydrocarbon measurements were 
taken only at starts in the FTP range of 20°C to 30°C (68°F to 86°F) and it was verified that 
hydrocarbon emissions during the cranking period correlated very well with the number of misfires 
observed during cranking. Misfire information was obtained by instrumenting the engine with spark 
plug cylinder pressure transducers (Kistler 601B 1)  connected to a DSP Inc. Combustion Analyzer. 
Hydrocarbon emissions were measured with a Cambustion fast flame ionization detector (FFID). 
For most of the low-temperature starts, hydrocarbon emissions were not recorded, but it was 
assumed that a low misfire rate would correspond directly with low hydrocarbon emissions. 

Starting calibrations have been developed for the temperature range from 27°C (80°F) down 
to - 18 °C (0°F). For starts at the FTP emissions test temperature of about 25°C (77°F), the engine 
was first motored to clean out any fuel and hydrocarbon emissions from the engine. It was then 
started, but with no fueling on the first two engine cycles to allow the DSP Inc. Combustion 
Analyzer to synchronize with the engine. Figure 3-5 shows an ambient temperature start-up with 
no misfires, as shown in the top panel of indicated mean effective pressures (IMEP) that shows high 
values of IMEP for every cylinder event following the first two non-firing cycles. The hydrocarbon 
emissions shown in the bottom panel indicate a peak raw measured hydrocarbon level of 6000 
ppmC, quickly dropping to about 2200 ppmC. This was essentially a perfect start. 

As the temperature was lowered, the engine continued to start well, although the number of 
misfires increased as expected for low-temperature starts. For these tests, the two-cycle delay to 
allow the DSP engine analyzer to synchronize was not used, but instead a delay to wait until Cylinder 
No. 1 was available for fueling was used. This was probably not the best strategy since a prime pulse 
was already injected for each of the cylinders, and some of the cylinders fired during the first cycle 
on the prime pulse alone, while others were fueled with both a prime pulse and the pulse width 
commanded for the first firing event in the start-up sequence. This restriction to begin fueling with 
Cylinder No. 1 was later removed so that the first cylinder after synchronization of the 67-F687 
controller chip with sufficient time for the fuel injection to occur will be the first cylinder fueled. 
However, this change was made after the test results reported here were obtained. In spite of the 
logic error in the start-up code, very strong starts were obtained. 

At 16°C (60°F), the start-up results shown in Figure 3-6 were obtained. The top panel of 
Figure 3-6 shows the IMEPs, the second panel shows, on a much expanded scale, the actual cylinder 
pressure traces for the first few cycles, and the bottom panel shows the engine speed in rpm (dashed 
line), the manifold absolute air pressure in bar (solid line), and the wide range exhaust gas oxygen 
sensor (dotted line) in volts, where 3 V is stoichiometric, higher than 3 V is lean, and lower than 3 
V is rich. The engine started with no misfires over the first 16 engine cycles, and then some misfires 
were observed when the MAP dropped to about 0.24 bar (24 kPa), a pressure where the volumetric 
pumping efficiency of the engine is quite low. At this low MAP, the in-cylinder residual gases 
(burned gases from previous cycles) are high, so there is insufficient fresh air for good combustion. 
For this start, the idle air control (lAC) valve was used to set the air flow rate into the engine, and 
problems with the lAC are evident as shown in Figure 3-6. The speed oscillates to about 1800 rpm, 
and the MAP is so low during the speed oscillations, about 0.24 bar (24 kPa), that the engine 
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misfires. The lAC control problem was experienced during conditions other than start-up and, as 
a result, SwRI replaced the standard Ford lAC valve with a GM EGR valve that included a pintle 
position sensor. This pintle position sensor on the GM lAC valve allowed the position of the valve 
to be determined, and to be used for active feedback to the pulse-width-modulated (PWM) control 
for the valve. 

At 4 o C ( 40 °F), the start -up results obtained are shown in Figure 3-7. At this condition, there 
were more misfires during the first 3 cylinder events, but the engine speed still increased quickly to 
1 800 rpm in about 5 seconds after the beginning of cranking. Start-up results at -7°C (20°F) are 
shown in Figure 3-8. As the air temperature was lowered, opening the throttle or lAC to 
progressively greater amounts was necessary so that the engine could overcome the greater loads due 
to more viscous oil. For this start-up, the throttle position was opened until the start-up speed 
exceeded 2000 rpm. This may be a higher speed than desirable, but note the very strong start with 
no misfires in spite of the low temperature. Figure 3-9 shows a start-up at - 14 oc (6°F). At this 
temperature, the start-up was strong, but there were misfires on some cylinders during the first 8 
cycles, and then no misfires after that. 

Thus, the modifications to the engine and the strategy used in the control system are shown 
to provide very rapid, clean starts in the temperature range for FfP starts of 20 o C to 30 o C ( 68 °F to 
86 °F). In addition, strong, rapid starts at low temperatures with Ed85 fuel have been demonstrated. 

Model-Based Control for Air and Fuel Flows 

The replacement of the OEM Ford EEC IV engine controller with the SwRI RPECS 
controller resulted in a loss of all the algorithms developed by Ford and used to control the standard 
engine functions. This allowed a clean-sheet approach to developing engine control. Consequently, 
a current state-of-the-art system was constructed. This system consisted of open-loop control to 
handle transients when closed-loop control based on the EGO sensor would be too slow, and closed
loop control for the approximately steady-state conditions. Both open-loop and closed-loop control 
run continuously, with the open-loop doing the best estimates it can, and the closed-loop trimming 
out the errors. 

The open-loop control system to control the AIF ratio tightly required a very extensive effort 
as part of this project. A paper describing the model-based control was presented at the 1997 SAE 
Congress in Detroit. That paper provides a thorough description of the model-based control, and is 
included as Appendix A. 

Closed-Loop Control of Air-Fuel Ratio 

Beyond good fuel control during throttle transients, the low-emissions vehicle controller must 
provide the catalyst an exhaust feed gas that alternates rich and lean in a switching fashion. The 
catalyst efficiency for a particular species is dependent upon the AIF ratio switching point, 
amplitude, and frequency for the closed-loop controller. Dual, heated, switching exhaust gas oxygen 
(HEGO) sensors that were installed upstream of the catalysts provided the exhaust gas feedback. 
A model of the air and fuel transport was used to estimate transit times from the fuel injectors to the 
HEGO sensors to obtain the fastest switching frequency possible while maintaining control stability. 
The algorithm included jump-back logic. Jump-back increases the frequency of the switching rate. 
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The rate of fuel ramp-up or ramp-down following the jump-back is computed based upon the desired 
biasing, switching amplitude, and computed transit time for fuel. Biasing of the switching point is 
obtained by using different fueling ramp-up and ramp-down rates. Biasing can be up to 1 percent 
rich or lean of stoichiometric. Desired biasing was a function of engine speed and manifold pressure. 
Desired switching amplitude depends on engine speed. 

Adaptive feedback is used to improve the estimate of steady-state fueling requirements. The 
adaptive feedback correction factors are computed and stored in a two-dimensional table as a 
function of engine speed and manifold pressure. The adaptive update is driven by a standard 
steepest-descent adaptive update algorithm. 

Rapid Exhaust Port Oxidation 

The REPO is a method for rapidly heating the exhaust catalysts to a full catalytic activity 
temperature, about 400°C, within about 20 seconds from the initiation of a cold-start on a U.S. FrP 
emissions cycle. The REPO accomplishes this by establishing a relatively low-temperature flame 
in the exhaust manifold of the engine. The flame is low temperature because it is diluted with 
burned gases from the primary combustion in the engine cylinders. The fuel for the REPO is 
supplied by running the engine rich. The air is supplied by an external air pump. The air pump to 
be used on the vehicle is supplied by Bosch for application to a Mercedes vehicle. 

For the REPO system, the positions of the two catalysts (one for each bank) from the engine 
are the same as those found in the OEM vehicles. The front faces of the two catalysts are 
approximately 500 and 610 mm downstream from the exhaust port. Standard OEM catalysts were 
used for all tests, although they were aged the equivalent of roughly 4000 miles using a GM aging 
cycle. 

Typical performance of the REPO system on the vehicle is shown in Figure 3-1 0. The front 
face of the front catalyst reaches 400°C in about 17 s following the cold start, and the hydrocarbons 
measured by a fast FID hydrocarbon analyzer show a reading of about 1000 ppmC in about the same 
time. It is assumed that the catalyst conversion efficiency reaches 50% at roughly this time. By 
about 35 s following the cold start, the conversion efficiency is very high, with hydrocarbons levels 
of 50 ppmC or less, except for a few excursions higher. 

Summary of Tasks 3, 5, and 6 

At the completion of these tasks, all modifications to the engine hardware and the addition 
of new sensors and replacement of control valves were complete. The RPECS engine control 
hardware was complete and operational. The algorithms necessary for all aspects of engine control 
were developed, and all calibrations possible in the engine test cell were complete. Further final 
calibration work will be required when the engine is installed in the vehicle under Phase 4 of this 
project. 
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Objectives 

TASK 4 EMISSIONS CONTROL SYSTEM 
DEVELOP:MENT AND TESTING 

The objectives of tests during Phase 3 of this project were to evaluate two advanced 
aftertreatment technologies. The first was a hydrocarbon adsorber, and the second was a 
combination adsorber/catalyst built into one package. Also reported in Appendix B to this report 
are the results of tests of a vacuum insulated catalyst developed by NREL and tested on the baseline 
vehicle used in this project. 

Background 

Previous work on this project has included tests of electrically heated catalysts (EHC) at 
several different operating conditions (Dodge, et al. 1995). This work has shown that, for the EHC
equipped vehicle, even without engine modifications, UI.EV emissions can be achieved for both CO 
and NOx, but hydrocarbon emissions were slightly to significantly above the UI.EV standards, 
depending on the individual test. These EHC tests were conducted on an unmodified OEM engine. 
It is likely that ULEV emissions for hydrocarbons would have been obtained using the modified 
engine as described in Task 3 and 5 of this project, but that work was being conducted concurrently, 
so it was not possible to use the modified engine. It should be noted that these emissions were 
achieved with a catalyst with 4,000 miles of aging, while UI.EV standards must be met with catalysts 
with up to 50,000 miles of aging. Some of those EHC tests were repeated in the Phase 3 work, and 
the results are reported here. 

Results of Aftertreatment Tests 

The test vehicle was fitted with an exhaust system modified to accommodate experimental 
aftertreatment devices, including a hydrocarbon adsorber and a combination adsorber/catalyst 
(adcat). The hydrocarbon adsorber and the adsorber/catalyst were supplied as a 'black-box' by 
Degussa. SwRI was not permitted to analyze the materials or details of construction. The 
modifications to the exhaust system were conducted in preparation for a series of emissions 
evaluations utilizing the chassis dynamometer portion of the light-duty FTP. 

After work on the exhaust system was completed, the vehicle was prepared for a series of 
FTP tests to determine the effect of the various aftertreatment systems on exhaust emissions. First, 
the previously tested EHC/reformulated catalyst system was installed on the vehicle to establish a 
current baseline for exhaust emissions. The system was operated with air injection at flow rates of 
7 cfm and 10 cfm. The vehicle was then tested with an adsorber in front of the EHC/reformulated 
main catalyst combination. Finally, the adcat system was tested on the vehicle in two configurations. 
The first configuration placed the adcat system where the OEM catalyst had been located and utilized 
the reformulated main catalyst located in an underbody position used for previous tests. fu the 
second configuration, the reformulated main catalyst brick was cut in half perpendicular to the 
cylindrical axis, and each half was placed behind an adcat on each bank of the exhaust system where 
the OEM catalysts had been. A summary of the test matrix is given in Table 4-1 .  Results of the 
exhaust emissions tests conducted to date are given in Table 4-2. 
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Comparing the current baseline EHC test (EHC-7CFM-B) with the previous baseline EHC 
test (E80-EHC-7CFM), exhaust emissions have increased slightly, especially hydrocarbon emissions. 
Examining the individual bag data (Table 4-3) reveals that hydrocarbon levels are elevated across 
the entire FfP. This vehicle sat idle for three months between tests, and it is believed that the higher 
HC emissions reflect a shift in the vehicle's emissions characteristics. 

Comparing the EHC tests with 7 cfm and 10 cfm air injection flow rates, the lower flow rate 
yielded lower exhaust emissions. These differences are mostly found in Bag lA - the first 140 
seconds of the FfP. Apparently, the higher flow rate causes excessive cooling of the EHC during 
the idle immediately following cranking. This cooling leads to lower catalyst temperatures and 
poorer catalyst efficiency during the first few minutes of the test. Based on the above information, 
the EHC was operated with an air-injection flow rate of 7 cfm for tests with the adsorber. 

TABLE 4-1. E:MISSIONS TEST MATRIX 

Catalyst Adsorber/ EHC 
Test Number Catalyst Position adcat EHC Heating Secondarv AJr iniection 

EHC-7CFM-B Degussa underbody no yes Bag I - 25 sec 
B<!& 3 - 10 sec 

Bag 1 - 1 15 sec @ 7 cfm 
B�3 - 10 sec @ 7 cfm 

EHC-10CFM De gus sa underbody no yes Bag 1 - 25 sec 
Bag 3 - 10 sec 

Bag 1 - 1 15 sec @ 10 cfm 
Bag 3 - 10 sec @ 10 cfm 

ADS+EHC De gus sa underbody adsorber yes Bag 1 - 25 sec 
Bag 3 - 10 sec 

Bag 1 - 1 15 sec @ 7 cfm 
Bag 3 - 1 0  sec @ 7 cfm 

ADS+EHC-2 Degussa underbody adsorber yes Bag 1 - 45 sec 
B<!& 3 - 10 sec 

Bag 1 - 1 15 sec @ 7 cfm 
Bllg 3 - 10 sec @ 7 cfm 

ADCAT+MAIN-A De gus sa underbo<iy_ ad cat no none none 

ADCAT +MAIN-B Degussa close coupled ad cat no none none 

TABLE 4-2. FTP EXHAUST EMISSIONS FROM FFV TAURUS ON Ed85 

I Test Number I FID HC I co I NOI I 
E80-EHC-7CFM, (previous baseline) 0.139 0.795 0.068 

EHC-7CFM-B 0.178 0.83 1 0.073 

EHC- IOCFM 0.202 0.878 0.093 

ADS+EHC 0.407 1 .935 0.201 

ADS+EHC-2 0.340 1 .750 0.177 

ADCAT+MAIN-A 0.254 1.456 0.066 

ADCAT+MAIN-B 0.276 1 .670 0.092 

TABLE 4-3. COMPARISON OF HYDROCARBON EMISSIONS WITH EHC 

FID HC Exhaust Emissions (grams) 

Test Number Bag lA Bag lB Bag 2 Bag 3 

EHC-7CFM 1 .244 0.532 0.098 0.3 1 1  

EHC-7CFM-B 1.588 0.723 0.156 0.325 
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As shown in Table 4-2, test results with the adsorber are not as good as the EHC baseline 
(EHC-7CFM-B). Continuous data showed that catalyst temperatures dropped severely as soon as 
power to the EHC was turned off. It was thought that, at the time the EHC was turned off, the 
adsorber was still trapping exhaust emissions. Thus, the exhaust after the adsorber was too lean to 
maintain catalyst light -off temperatures. Therefore, a second test (ADS+EHC-2) was conducted with 
this configuration, but using a 45-second, post-crank heating time on the EHC rather than the 
previous 25 seconds. It was hoped that the adsorber would be releasing some of the trapped exhaust 
constituents by this time, providing an appropriate mixture in the exhaust stream to properly light-off 
the catalyst. Although this te�t showed some improvements in Bag lA emissions over the previous 
test, the temperature of the catalyst still dropped off quickly after the EHC was turned off. It is 
speculated that the adsorber was oversized for the system and that, even after 45 seconds of 
operation, the exhaust stream reaching the catalyst was too lean to maintain catalyst light-off. In 
addition, when the adsorber was installed, it acted as a heat sink in the exhaust stream. Thus, with 
the adsorber installed, the exhaust stream temperature at the face of the catalyst remained low for 
the first few minutes of the FTP, contributing to the rapid cooling of the catalyst after the EHC was 
turned off. 

Results from tests with the adcat installed in conjunction with the main catalyst indicate this 
system also needs further development in order to achieve ULEV emissions levels. It is speculated 
that the adcat, like the adsorber, is oversized for this vehicle and that the catalyst was not provided 
with a sufficient amount of fuel to quickly reach light -off temperatures. In addition, the adcat system 
also acted as a heat sink ahead of the catalyst, causing longer times for the catalyst to reach light-off 
temperatures. 

Future Plans 

Based on the preliminary testing of advanced aftertreatment systems, the EHC will be 
developed further for this program. Once the engine modifications are complete, the aftertreatment 
effort will focus on improving the performance of the EHC. The scope of this program precludes 
further investigation of the adsorber or adcat system. Although this type of technology has been 
successfully proven on gasoline vehicles, most of these systems have used complex valving and 
routing of the exhaust and secondary air to achieve ULEV -level exhaust emissions. In addition, 
exhaust temperatures, when operating on gasoline, are higher than when operating on alcohols; thus, 
those systems are more tolerant to some heat loss to the adsorber. This is a new technology that 
needs to be further developed to properly operate on an ethanol-fueled vehicle. With further 
development, adsorbers aftertreatment technology may be capable of achieving ULEV exhaust 
emissions standards on alcohol-fueled vehicles. 
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TASK 7 IDGH-SPEED DATA ACQUISITION AND CONTROL 

Background and Objective 

An important part of meeting ULEV standards is starting the engine with as few a number 
of misfires as possible. It is also necessary using the REPO strategy for catalyst light-off to operate 
the engine fuel-rich, but to avoid any misfires from operating too rich. Further, it is necessary to 
avoid misfrres on vehicle decelerations when the engine is motored by the vehicle, and relatively low 
manifold air pressures are obtained. For peak efficiency, it is necessary to operate the engine near 
the minimum advance for best torque (MBT) ignition timing, but somewhat retarded from MBT for 
NOx control. For all these reasons, it is desirable to have an ability to measure the power produced 
for each cylinder event, and this is usually specified by the IMEP, and to measure the peak cylinder 
pressure for each cylinder event. Misfires are easily identified by the zero IMEP produced, and 
MBT timing corresponds approximately to peak cylinder pressures occurring about 13 to 15  CAD 
after top center. Therefore, it is very desirable to have built into the control system the capability 
of measuring cylinder pressures, and algorithms to compute from the cylinder pressures both the 
location of peak cylinder pressure and the IMEP. 

The objective of this task was to develop a high-speed, cylinder-pressure data acquisition 
system that could be built into the RPECS engine control system. This system would provide rapid 
acquisition of cylinder pressure data for engine combustion analysis, or could be used in an active 
feedback to control knock, and could provide MBT or other engine performance criteria. 

Accomplishments 

The main pieces of hardware required for this phase were acquired with SwRI funds, and 
included: 

• A 90 MHZ Pentium PC 

• A copy of the QNX operating system 

• A DAS58 High-Speed, Buffered, 8-channel, PC data acquisition board with external 
sample-and-hold circuitry 

The concept is to build a stand-alone, PC-based, high-speed data acquisition and analysis 
system that includes a high-speed link to the RPECS engine controller. Both the high-speed data 
acquisition and analysis system and the RPECS engine controller are on PC platforms, but with QNX 
operating systems (a real-time UNIX-type system). The DAS58 card interfaces with the cylinder 
pressure transducer signals to digitize them for interfacing with the PC. 

The interface code for the DAS58 high-speed data acquisition card has been completed. This 
code provides the low-level functions necessary to initialize and configure the DAS58 card, to 
initiate data acquisition to the DAS58 on-board memory buffer, and to retrieve the acquired data 
from the DAS58 on-board memory to the controlling PC's memory. Options supported include 
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internal or external clocking; internal or external (either digital or analog) trigger; trace before, after, 
or around the trigger point; and fully software configurable trace length and number of channels. 

Since no direct software support is provided by Keithley-Metrabyte for the QNX platform, 
and since very little technical documentation is included with the DAS58 card, the completion of 
these low level driver routines was perhaps the single greatest technical challenge in providing 
combustion analysis capabilities to the RPECS system using the DAS58 card. In fact, completion 
of the interface code required the disassembly of the Keithley-Metrabyte object format libraries, so 
that all details of the of the card configuration sequencing could be determined. 

With the interface code complete, the next step required to develop an RPECS-integrated, 
high-speed combustion analysis system was to work toward integrating the new interface code into 
the existing library of RPECS real-time and user interface routines. This step will allow for use of 
the interface code within the RPECS libraries, and will provide the basic user interface (for both data 
acquisition control and plotting/logging of results). Once this step is complete, the incorporation of 
existing SwRI combustion analysis routines will be initiated. 

With the low level interface routines to the Keithley-Metrabyte DAS58 high-speed analog-to
digital card under QNX complete, work began on converting existing SwRI combustion analysis 
routines to the QNX platform. These routines are being organized in a library which will interface 
very tightly with the existing SwRI real-time and user interface capabilities of the RPECS. With 
these algorithms in hand, together with the existing real-time and Gill interface libraries, it will be 
a relatively simple matter to construct a high-speed analysis system---one that either stands alone, 
providing combustion analysis only, or one that tightly integrates with an RPECS, allowing for 
real-time feedback of combustion analysis results. 

References 

Kulkarni, A.V. (1992). "New Generation Small Block V8 Engine," SAE 920673. 

Dodge, L.G., et al (1995). Development of a Dedicated Ethanol Ultra-Low Emission Vehicle 
(ULEV), Phase 2 Report. 

36 

! l_ 

l 
r l 

r 
r 

' 
l 
r l 

[ 
r t 

r l 

l 
r l l 
r L 



l 
I 
( 
f 
r 
( 
r 

[ 
r 

APPENDIX A 

SAE PAPER NO. 9070531 
"MODEL-BASED CONTROL AND CYLINDER-EVENT -BASED 

LOGIC FOR AN ULTRA-LOW EMISSIONS VEIDCLE 



l-- SAE TECHNICAL 
PAPER SERIES 970531 

l 
[ 
r t 

Model-Based Control and Cyl inder
Event-Based Logic for an Ultra-Low 

Emissions Vehicle 

�.A e The Engineering Society � For Advancing Mobility ..._....-- Land Sea Air and Space® 
I N T E R N A T I O N A L  

D. M. Leone, L. G. Dodge, K. R. Shouse, and J. Grogan 
Southwest Research Institute 

R. W. Weeks 
Modular Systems 

Reprinted from: Electronic Engine Controls 1 997 
(SP-1 236) 

International Congress & Exposition 
Detroit, Michigan 

February 24-27, 1 997 

400 Commonwealth Drive, Warrendale, PA 15096-0001 U.S.A. Tel : (41 2)776-4841 Fax:(412)776-5760 



Theappearanceofthe ISSNcocleatthebottomofthispageindicatesSAE'sconsentthat 
copiesofthepapermaybemadeforpersonalorintemaluseofspecificclienls. Thisconsent 
isgivenontheconditionhowever,1hatthecopierpaya$7.00perarticlecopyfeethrough 
the Copyright Clearance Center, Inc. OperationsCenter,222RosewoodDrive,Danvers, 
MA 01923 forcopyingbeyondthatperrnitted by Sections 1 rr7 or1 08ofthe U.S. Copyright 
Law. Thisconsentdoesnotextencltootherkindsofcopyingsuchascopyingforgeneral 
disbibution, foradvertisingorpromotional purposes, forcreating newcoBectiveworks, or 
for resale. 

SAE routinely stocks printed papers for a period of three years following date 
of publication. DirectyourorderstoSAE Customer Sales and Satisfaction Deparbnent 
QuantityreprintratescanbeobtainedfromtheCustornerSalesandSatisfactionDepart
ment. 
To request permission to reprintatechnicalpaperorpermissionto usecopyrightedSAE 
publications in otherworks, contacttheSAE Publications Group. 

GLOBAL MOBIUJY DAT�E 
All SAE papers, standards, and selected 
booksareabslractedandindexedintheSAE 
Global Mobility Database. 

Nopartofthispublicationmaybyreproducedinanyform, in an electronic retrieval system 
orotheJWise, withoutthe priorwritten permission ofthe pubfJSher. 

ISSN0148-7191 Copyright1997Societyof Automotive Engineers, Inc. 
Positionsandopinionsadvancedinthispaperarethoseofthe author(s)andnotnecessarily 
thoseotSAE. Theauthorissolelyresponsibleforthecontentofthepaper. Aprocessis 
available by which discussions will be printed with the paper if it is published in SAE 
Transactions. For pennission to publish this paper in full or in part, contact the SAE 
Publications Group. 

Personswishingtosubmitpaperstobeconsideredforpresentationorpublicationthrough 
SAE should send the manuscript ora300wordabstract of a proposed manuscriptto: 
Secretary, Engineering Meetings Board, SAE. 

Printed in USA 

l 
[ 
[ 
[ 

f l 

[ 

[ 
r L 

[ 
[ 



I f--

r . 
l 
I 

r [ 

970531 
Model-Based Control and Cyl inder-Event-Based 

Logic for an Ultra-Low Emissions Vehicle 

Copyright 1997 Society of Automotive Engineers, Inc. 

D. M. Leone*, L. G. Dodge, K. R. Shouse, and J. Grogan 
Southwest Research Institute 

R. W. Weeks 
Modular Systems 

l ABSTRACT (FTP) [1 ]t. Hydrocarbon and CO emissions are espe
cially high during the cranking and transient portions of 
the cold start. In its original equipment manufacturers 
(OEM) configuration, the 1993 Ford Taurus used in this 
project emitted 93% of its FTP nonmethane organic 
gases (NMOG) in the first 140 s. In addition to cold start, 
hot start and speed/load transients are also significant 
contributors to NMOG and CO FTP emissions. NOx 
emissions are spread out through the cycle, but tend to 
be a problem during transients where air-fuel ratio control 
to the catalysts is not accurate and the air-fuel ratio is not 
switching across stoichiometric. Thus, the focus areas for 
improvements required for low emissions are in cold- and 
hot-starts, and transient fuel and air control. 

�
l 

l 
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Improvements in several areas are required to con
vert current technology light-duty vehicles into low-emis
sions vehicles suitable for meeting California's Ultra-Low 
Emissions Vehicle (ULEV) standards. This paper dis
cusses one of those areas, the engine and aftertreatment 
control system algorithms. The approach was to use 
model-based air and fuel flow calculations to maintain 
accurate air-fuel ratio control, and to interface the after
treatment requirements with engine air-fuel ratio control 
during the cold- and hot-start parts of the cycle. This 
approach was applied to a 1 993 Ford Taurus operating 
on Ed85 (85% denatured alcohol, 1 5% gasoline). 

Algorithms discussed in this paper include: a mani
fold airflow model for predicting airflow and exhaust gas 
recirculation (EGR) into and out of the intake manifold; a 
manifold absolute pressure (MAP) observer for predicting 
MAP with lead information compared with a MAP sensor; 
manifold air pressure control to reduce the likelihood of 
misfires during decelerations; a transient volumetric effi
ciency correction model; dual tau ('t), epsilon (e) type 
transient compensation models, cylinder-event-based 
control for starting, and an aftertreatrnent control system 
for rapid catalyst light-off. 

INTRODUCTION 

Current technology engines and vehicles need to be 
adapted to meet very low emissions standards, including 
California's Ultra-Low Emissions Vehicle (ULEV) stand
ards, while maintaining good engine driveability and effi
ciency. Current technology vehicles suffer highest 
emissions during the cold-start portion (first 1 40 seconds 
of the first bag) of the U .S. Federal Test Procedure 

*Now with Woodward Governor Company, Ft. Collins, Colorado. 
tNumbers in brackets refer to References at end of paper. 

Under funding from the National Renewable Energy 
Laboratory and the Department of Energy, the base Tau
rus was converted to dedicated Ed85 (85% denatured 
ethanol, 1 5% gasoline) service, while its emissions were 
reduced to meet ULEV standards. Additional project 
goals included maintaining good driveability and using 
technologies that are cost competitive with gasoline. 

Ethanol fuel is of interest because it can be made 
from biomaterials and therefore is a renewable fuel, is 
higher in octane than regular grade gasolines [2], has a 
lower ozone forming potential than gasoline, has a po
tential for reducing greenhouse gases since it is made 
from biomaterial, and is nontoxic until toxins are added 
to prevent human consumption: However, ethanol's rela
tively low volatility makes it more challenging than gaso
line for developing starting and transient compensation 
strategies. Further, the increased compression ratio 
(9.25 to 1 1 .0) lowers the temperature at exhaust valve 
opening by a predicted 65°C, and switching from gaso
line to ethanol is predicted to further lower the tempera
ture by 53°C, making it more difficult to keep the catalyst 
active. (These calculations were made with the SwRI 
ALAMO_ENGINE cycle simulation [3].) Thus, this test 



bed that includes both a high compression engine and 
an ethanol blend fuel represents a challenging vehicle for 
developing ULEV strategies. 

BACKGROUND - TYPICAL HARDWARE AND SOFT
WARE MODIFICATIONS FOR LOW-EMISSIONS VEHI
CLES 

At least seven improvements or refinements over 
current production vehicles can be made to reduce emis
sions in meeting ULEV or other very low emissions stand
ards with minimal cost impact on the construction and 
operation of the vehicle. First, the cranking and engine 
start-up process must be improved to reduce hydrocarbon 
emissions resulting from misfires. Second, the engine--out 
emissions must be minimized while the catalyst is heating 
to operating temperature. Third, the catalyst must be 
heated up so that it is chemically active very quickly, 
and/or the hydrocarbons (and possibly CO) must be 
stored until the catalyst is active. Fourth, accurate air-fuel 
ratio control must be maintained during transients, requir
ing accurate open-loop estimates of air and fuel flow into 
the cylinders. Fifth, misfires during engine decelerations 
must be avoided. Sixth, the air-to-fuel (A/F) ratio switching 
point, amplitude, and frequency for the exhaust gas AIF 
closed-loop control must be optimized for best catalytic 
conversion of both NOx and CO. Seventh, exhaust gas 
recirculation (EGR) schedules must be adjusted to meet 
NOx goals and fuel economy targets without increasing 
hydrocarbons beyond emissions goals. 

Covering all aspects of these seven areas in one 
paper would be difficult. Therefore, this paper is limited 
to a discussion of the algorithms required for engine and 
aftertreatment control to achieve improvements in these 
seven areas. The hardware platform that allows the im
plementation of these algorithms, the Southwest Re
search Institute (SwRI) Rapid Prototyping Engine Control 
System (RPECS), is very briefly described in this paper, 
with a more thorough discussion planned in the future. 

CRANKING-The first step in a low-emissions FTP 
test is cranking the engine with a minimum number of 
misfires. Most current production engine control systems 
take at least two crankshaft revolutions to synchronize 
fuel and spark accurately with engine position. 

LOW EMISSIONS DURING CATALYST HEAT-UP
The second step in achieving very low emissions is 
maintaining low engine-out emissions during the period 
when the catalyst is reaching operating temperatures. 
Honda chose to operate their ULEV lean at 15.5 to 1 6.0 
A/F ratio using their high-swirl VTEC engine that main
tains stable combustion even at cold conditions [4]. 

RAPID CATALYST LIGHT-OFF-Obtaining rapid 
catalyst light-off is the third step to obtaining very low 
emissions. The OEM vehicle was delivered stock with 
two catalysts positioned approximately 356 mm down
stream from the exhaust port. In this position with no 
catalyst heating technology, the FTP light-off times for 
the catalysts are approximately 80 sec, and the hydro
carbon tail-pipe emissions are 2 times ULEV levels. It is 
expected that to meet ULEV emissions the catalysts 
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should light off in approximately 20 sec. Therefore, to 
decrease catalyst light-off time, some type of catalyst 
heating is required. 

Electrically heated catalyst (EHC) equipped vehicles 
have demonstrated ULEV or close to ULEV stand-
ards [5-8]. However, some of these tests have been criti-
cized for using brand-new "green" catalysts, in which 
case the catalyst efficiency is much higher than that seen 
after a few thousand kilometers of operation. Concern 
about EHCs include initial cost, durability, and added 
complexity of the electrical system. 

Various burner concepts using fuel for heating have 
also been investigated. These include: a) burners outside 
the exhaust with their own fuel and air supply [8-10]; 
b) operating the engine rich, adding air with an external 
air pump, and then using an igniter and flame stabilizer 
in the exhaust near the catalyst [9,1 1] ;  and c) operating 
the engine rich, adding air in the port area, and using 
self-ignition in the exhaust port area [12]. The various 
burners have the advantage compared with EHCs of us-
ing the heat content of gasoline directly rather than using 
gasoline to generate electrical energy and then heat en-
ergy. External burners add significant expense, weight, 
and complexity to the vehicle. Ignition in the exhaust 
manifold is attractive from its simplicity and low cost. 
However, operating the engine rich to provide fuel for 
combustion near the catalyst or in the exhaust manifold 
might introduce spark plug fouling, oil dilution, and pos-
sibly soot in the exhaust. 

ACCURATE AIR-FUEL RATIO CONTROL DURING 
TRANSIENTs-The fourth step in producing an economi-
cal low emissions vehicle is accurate air-fuel ratio control 
very close to stoichiometric during transient operation. 
This is required to avoid misfires for acceptable perform-
ance and good emissions, and for high catalyst effi-
ciency [13, 1 4]. During transients, feedback from the 
exhaust gas oxygen (EGO) sensor is too slow to correct 
errors in A/F ratio. Using mass airflow sensors (MAF) or 
MAP sensors to estimate airflow rates in-cylinder has 
limitations related to sensor noise and sensor response 
time. Ideally the air and fuel flows into the cylinders should 
be predicted based on movement of the throttle plate and 
commanded pulse width of the fuel injection. Further, 
these predicted air and fuel flows should be relatively 
noise-free, and available within a few milliseconds of a 
throttle movement. Such predictions are available using 
model-based control. 

For non drive-by-wire systems, the logical order is to 
predict airflow into the cylinders and then to predict the 
amount of fuel to be injected to arrive at the desired 
air-fuel ratio in-cylinder. Because of fuel wall wetting, the 
amount of fuel to be injected is, in general, different from 
the amount predicted to make it in-cylinder. The l iterature 
is rich with models developed to predict air and fuel flow 
into spark-ignition (SI) engines, and fairly lean with de-
tailed results of applying models to engines over a wide 
range of operating conditions including cold-start condi-
tions. Most engine applications are for warmed up en-
gines operating over one type of transient. Successful 
implementation of an engine control system requires 
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accurate control over the whole operating range, includ
ing cold-starts. 

Hendricks and Sorenson [1 5-17] discuss a mean
value engine model for both air and fuel flow and engine 
dynamics that can be used to simulate an engine for 
evaluating engine control algorithms. They also have 
shown application of the air and fuel flow models into 
engine controllers. Moskwa [ 18] provides a detailed 
analysis of the development and application of an airflow 
model to an engine. 

Aquino [19] developed a two-parameter model to de
scribe fuel flow into the engine, where the first parameter 
described the fraction of fuel that behaved like a vapor 
and entered the cylinder on the first intake event follow
ing injection, and the second parameter described the 
time constant for the remaining fuel. 

CONTROL OF MAP DURING DECELERATIONs
The fifth step in developing a low-emissions vehicle is 
avoiding misfires during engine decelerations. When the 

r�- vehicle motors the engine during decelerations with the 

. throttle plate closed, the manifold pressure can drop be
low 20 kPa. Under these conditions, the volumetric effi
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ciency becomes very low, the residual gases high, and 
the engine misfires. Hydrocarbon concentrations in the 
exhaust are very high under these conditions, although 
the mass flow is relatively low. The misfires can be elimi
nated by controlling the MAP with the idle air control 
(lAC) valve to avoid very low MAP values. 

CLOSED-LOOP CONTROL SWITCHING POINT
The sixth step in low emissions vehicle development is 
the selection of the A/F ratio switching point, amplitude, 
and frequency for the exhaust-gas A/F ratio closed-loop 
controller. Operating slightly (- 0.25 percent) lean of 
stoichiometric usually reduces CO at the expense of 
NOx, while operating rich of stoichiometric reduces NOx 
at the expense of CO. The impact of the switching point 
on hydrocarbons is slight, with lean operation usually 
reducing hydrocarbons. Using practical control systems, 
the A/F ratio fluctuations are larger than desired for best 
conversion efficiency, but with fluctuating A/F ratio 
across stoichiometric at a frequency of about 0.5 to 1 Hz, 
the band where the conversion efficiency is reasonably 
high (at least 80%) can be broadened to about 1 A/F 
ratio [14]. Efficiencies typically increase with a reduction 
in the amplitude of the AIF fluctuations, and with an in
crease in frequency [13]. 

EGA TRANSIENT CONTROL-The seventh step in 
low-emissions vehicle development is the development 
of algorithms to control EGR to reduce NOx, while main
taining driveability and limiting hydrocarbon emission that 
increase with increasing EGR. EGR limits are typically 
determined by transient response rather than steady
state performance. 

This paper is organized as follows. First the engine, 
vehicle, control system hardware, and fuel are briefly de
scribed. Then the specifics of the model-based engine 
control are described to show how the seven steps de
scribed above were accomplished. Preliminary emissions 
results are presented. These results are then discussed 
compared with other work described in the literature. 

3 

HARDWARE, SOFTWARE, AND FUEL 

The descriptions of the modified vehicle hardware, 
engine control hardware and software, and fuel are as 
follows. 

ENGINE AND VEHICLE-The demonstrator vehicle 
used for this project was a 1993 Ford Taurus flexible fuel 
vehicle with a 3.Q-Iiter V-6 "Vulcan" engine. This vehicle 
was designed to operate on gasoline, M85, or any blend 
of these two fuels. However, in this project, the vehicle 
was converted to be a dedicated Ed85-fueled vehicle. 
Six significant hardware modifications were made to the 
vehicle for the. conversion to Ed85 and to reduce exhaust 
emissions. 

First the compression ratio was increased from 9.25 
to 1 1 .0. This was estimated to increase thermal effi
ciency about 6%, and was possible due to the high oc
_tane number of Ed85 of about 1 02.1 [2]. This increase in 
the compression ratio is predicted to increase hydrocar
bons about 26% to 41% [2Q-22], and NOx about 1 1%. 

The second hardware modification was the use of 
internal-mix, air-assist injectors in place of the standard 
pintle injectors. The purpose of the air-assist injectors 
was to improve fuel atomization to reduce port wall-wet
ting to improve transient response and low-temperature 
cold-starting. These injectors were of a SwRI design, and 
required the use of two electrically operated air pumps · 

supplying about 70 kPagauge (1 0 psig) air pressure and 
a combined mass flow rate of about 1 .6 g/s. The power 
required to operate the air pumps offset some of the 
thermal efficiency gains associated with the increased 
compression ratio. 

Atomization quality for the air-assist injectors was 
measured using a Malvern Model 2600 laser-diffraction 
particle-sizing instrument. These measurements were 
cross-section averages of the spray at 75 mm from the 
spray tip, obtained by scanning the 9-mm diameter beam 
across the spray while recording the diffraction pattern. 
This sampling technique results in a number-density
weighted, cross-section average. Neat ethanol at 26°C 
rather than Ed85 was used for the spray tests, since the 
rapid evaporation of the gasoline results in measurement 
errors. Atomization quality with the conventional pintle 
injectors on ethanol is characterized by a Sauter mean 
diameter (SMD) of about 1 20 Jlm. The atomization qual
ity for the air-assist injectors is strongly dependent upon 
the air pressure. For the air-assist injectors operating at 
70 kPagauge and a pulse-width and duty-cycle equivalent 
to an idle condition, the SMD is about 16  Jlm, while at a 
higher speed wide-open throttle condition, the SMD is 
about 25 Jlm. 

The third modification was the addition of an optical
shaft encoder from a General Motors L T-1 engine to pro
vide rapid synchronization of the engine control sys
tem [23]. The shaft encoder was interfaced with a Silicon 
Systems 67-F687 engine controller chip, which was part 
of the SwRI RPECS engine controller. 

The fourth modification was the use of General Mo
tors EGR valves with pintle position feedback in place of 
the OEM Ford lAC and EGR valves. The pintle position 



information makes these valves much easier to control 
than the standard OEM valves. 

The fifth hardware modification was the addition of 
the rapid exhaust port oxidation (REPO) system [12]. 
REPO provides catalyst heating through exothermic re
actions with rich exhaust and secondary air introduced in 
the exhaust stream. REPO does not require any addi
tional ignition source. Ignition occurs spontaneously in 
this system. Secondary air is provided by an appropri
ately sized air pump [24] and metered with a General 
Motors EGA electronically-controlled valve with pintle po
sition feedback. 

Because of these modifications, making a sixth 
change to the vehicle hardware was necessary, the re
placement of the Ford EEC controller with a SwRI 
RPECS controller. The details of the RPECS are given 
in the next section. 

ENGINE CONTROLLER HARDWARE-RPECS is a 
commercially available PG-based vehicle controller for 
full-authority control of spark, fueling, EGA, idle-air, and 
aftertreatment [25]. The RPECS hardware components 
are shown in Figure 1 .  The base system consists of three 
main parts: (1) a Pentium PC, (2) a SwRI-designed cus
tom engine controller ISA card and separate power elec
tronics driver boards, and (3) an analog 110 PC board. 
The Pentium PC.is responsible for all high-level compu
tations and decisions. At this level the desired ignition 
timing, fuel control, and other high-level functions are 
determined. The PC determines this information with in
puts from both the analog 110 and the engine controller 
boards. The PC then sends information to the engine 
controller and analog 110 boards, which are responsible 
for carrying out the desired actions at the proper timing. 

The benefit of this system is that it provided good 
engine control, while offering the maximum flexibility in 
implementing and testing new control strategies and algo
rithms. The high-level computations and data-logging 
tasks performed by RPECS are implemented on the PC, 
running under QNX, a real-time UNIX operating system. 
The vehicle real-time, interrupt-based application code is 
written in the high-level C language. For this vehicle, the 
real-time vehicle application-specific code (approximately 
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Figure 1 .  RPECS hardware. 
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2500 lines of vehicle-specific code) was run every 5 msec. 
The time-intensive job of actually achieving the desired 
ignition and fueling events was carried out by the engine 
controller board. 

Interaction with the vehicle real-time control code is 
accomplished through two SwRI custom X-windows 
based programs. One program allows for displaying all 
desired application variables, constants, inputs, outputs, 
calibration tables, and modes. This program allows the 
user to both monitor and change calibration variables or 
tables at any time. A second program allows the user to 
log and plot in real-time all variables, inputs, and outputs 
in the application code. The plotting can sample at rates 
up to 500 Hz, or as slowly as one 1 Hz. Both programs 
can be run locally or across a network to a separate PC 
with X-Windows display capabilities. Therefore, RPECS 
provided a very flexible control system that allowed the 
user to perform rapid algorithm development, calibration, 
and testing online. 

Sensor inputs were hardware (analog) filtered before 
being read by the analog-to-digital convertor board. A 
simple first-order low-pass R-C filter circuit was utilized 
for most of the sensors, except the MAF sensor. In addi
tion to the hardware filter, a software filter was used with 
all inputs. The software filter can be either time or crank
angle based. The amount of software filtering depended 
upon the input signal. For instance, the MAP sensor had 
a break frequency of 1 cycle per engine revolution. 

FUEL-The fuel used for these tests was Ed85, 
made from 85 vol.% denatured ethanol and 15  vol.% 
winter-grade gasoline. About 5 vol.% gasoline was used 
as a denaturant, so the blend was actually made from 80 
vol.% ethanol and 20 vol.% gasoline. This ethanol content 
was within the range specified for a Class 1 fuel (Ed85) in 
a recent draft ASTM standard for fuel ethanol (Ed85-
Ed75) [26]. Some of the fuel specifications are given in 
Table 1 ,  and compared with the draft ASTM standard. 
Also included in Table 1 are the vapor pressures of the 
blending components used to make the Ed85. 

ALGORITHM DEVELOPMENT 

The main purpose of this paper is to describe the 
development and use of cylinder-event-based logic and 
model-based control algorithms in a demonstrator low
emissions vehicle. As stated previously, it is well known 
that the vehicle emissions during the cold- and hot-start, 

Table 1 .  Fuel Specifications for Ed85 and ASTM 
draft (2128/95) Standards [26] 

Vapor Pressure 
Fuel @ 37.7°C {1 00°F) 

kPa (psi) 
ASTM Spec. 

38-59 (5.5-8.5) 
Ed85 

Ed85 50.8 (7.38) 
E1 00 16.6 (2.41 ) 
Unleaded 89.8 (1 3.0) 
gasoline 

Ethanol 
Content 

vol.% 

79 (min) 

80 
1 00 

0 

Octane 
Number 

[(R+M)/2] -
102.1 
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and emissions during throttle transients remain as the 
largest contributors to tailpipe emissions during the U.S. 
light-duty FTP cycle. Therefore, the focus of this work 
was in those areas. Cylinder-event-based logic was used 
to improve cranking and start-up performance. Model
based control logic was used during engine transients to 
improve A/F ratio control for improved catalyst efficiency. 
Descriptions of the vehicle control algorithms are pro
vided below. 

CYLINDER-EVENT-BASED START-UP CONTROL
Special algorithms were implemented into RPECS to re
duce the number of cylinder misfires during engine 
start-up. As a part of these algorithms, an advanced 
crank encoder (General Motors LT-1 optical crank en
coder I distributor) was employed to reduce the time re
quired for engine and controller synchronization. This 
optical encoder provides four distinct top-dead-center 
(TDC) pulses per cycle rather than the traditional one per 
cycle. Therefore, the controller can synchronize with the 
engine sooner and begin synchronized fueling rather 
than the initial random fueling more typical of today's 
production vehicles. 

Once the engine and controller are synchronized, the 
specialized cylinder-event-based algorithms are acti
vated. The fuel injection timing, fuel enrichment (com
pared with stoichiometric), and spark timing are all 
controlled on a cylinder by cylinder basis, and each of 
these three values are a function of engine coolant tem
perature (ECT) at the time of start and cylinder: event 
number since start. SwRI has determined that in the first 
few engine cycles, all three variables influence the start
up hydrocarbon emissions. This approach was used for 
about the first 1200 engine cylinder events (200 cycles). 
This corresponds to about 1 8  sec. of operation. 

MODEL-BASED TRANSIENT CONTROL-Warmed
up vehicle tail-pipe emissions are strongly dependent 
upon the catalyst efficiency. For high catalyst efficiency, 
the engine-out AIF ratio needs to remain relatively close 
to stoichiometric and to switch across stoichiometric con
tinually (see the closed-loop fueling algorithms covered 
later). As described in the background section, the Ed85 
fuel film, and resultant fuel hang up in the intake system, 
result in poor A/F ratio control during throttle transients if 
no compensation is included in the fuel control. Wrthout 
compensation, the A/F ratio swings lean of stoichiometric 
on accelerations (tip-ins) since some of the increased 
fuel required for the higher engine power does not make 
it in-cylinder, but hangs up on the walls of the intake 
system. On decelerations (tip-outs) without compensa
tion, the AIF ratio swings rich of stoichiometric since the 
reduced fuel requirement is augmented by a wall film 
established at the higher power level. Both transients, if 
uncompensated, will result in reduced catalyst efficiency. 
For fast throttle tip-ins, the engine may have lean misfire, 
resulting in high engine-out hydrocarbons. 

To control the engine-out A/F ratio during transients 
accurately, the engine controller needs precise predic
tions or measurements of the amount of intake air, the 
amount of fuel injected that will go directly in-cylinder, 
and the amount of fuel from the wall film in the intake 
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system that will go in-cylinder during the current cylinder 
event. The air intake process is modeled through the 
MAP observer model. The fuel hang up in the intake port 
is predicted with the transient fuel compensator model. 

Airflow and MAP Observer Model-The fuel controi 
used was a speed-density calculation that depends on 
the intake manifold absolute pressure (MAP). This MAP 
could be determined from a MAP sensor in the intake 
manifold. However, this MAP sensor suffers from both 
periodic noise associated with the filling events for each 
cylinder, and random noise from vibration and electrical 
noise. Adding analog or digital filtering to smooth out the 
noise is possible, but the response time is slowed, and 
fueling errors are then introduced. Ideally, the MAP sig
nal should be relatively noise-free with no time delays, 
and preferably estimated into the future. The MAP ob
server, as described here, is a good approximation to 
such an ideal MAP signal. 

The MAP observer model was based upon the 
mean-value manifold model [18,27]. A flowchart of this 
model is shown in Figure 2. All sources of mass flow into 
the intake manifold were summed based on the calibra
tion of the effective areas of the throttle, the air-assist 
injectors, the lAC valve, the EGR valve, and the PCV 
valve, and the pressure differential across each element. 
For example, the mass flow through the throttle plate was 
computed from the throttle area determined from the throt
tle angle, given by the throttle position sensor (TPS), the 
upstream air density determined by a barometric pressure 
sensor and thermistor, and the pressure difference across 
the throttle plate given by a differential pressure gauge on 
this engine. Each of these flow elements was calibrated 
on the engine to determine their effective discharge coef
ficients, except the air-assist injectors that were calibrated 
in separate experiments. The thesis by Moskwa [1 8] gives 
details and examples for these calculations. 

CALCULATE MAP FROM DIFFERENCE OF AIRFLOW INTO AND OUT OF INTAKE MANIFOLD VOLUME 

MAP OBSERVER: 
ADJUST FlOW COEFF. USE MAP SENSOR TO MINIMIZE ERRORS 1-----1 TO ADJUST CALCULATED IN COMIJTED MAP MAP TOWARD MEASURED MAP 

t TO FUEL FlOW MODEL 
Figure 2. Flowchart representation of airflow model 
MAP observer model. 



The mass flow out of the manifold was computed 
from the traditional speed-density calculation [e.g., 1 8]. 
This computation is based on engine speed, displace
ment, volumetric efficiency, and manifold gas density. To 
estimate the airflow out of the manifold, the EGR flow out 
of the manifold must be known. EGR flow out of the 
manifold is based upon a first order delay of the EGR 
flow into the manifold. 

The difference between the mass flow into and out 
of the manifold, along with the manifold volume, was used 
to compute the MAP. This computed MAP was trimmed 
with the MAP sensor. This method of computing MAP with 
a sensor feedback term is known as a MAP observer. The 
question might be raised, "if the computed MAP is 
trimmed with the MAP sensor, why bother with the com
puted MAP and all the complexity involved?" The answer 
is that the computed MAP is available almost instantane
ously from the TPS, lAC, etc. positions in the 5 ms compu
tational loop, and is noise-free enough that the computed 
MAP may be extrapolated into the future to estimate the 
MAP near intake valve closing. The computed MAP alone 
is not accurate enough to use for precise fuel control. For 
that reason, it was trimmed by the MAP sensor, but this 
trimming is slow enough that the fast time response of the 
computed MAP is not degraded. 

The computations to estimate the MAP are not accu
rate as the MAP approaches atmospheric pressure. The 
computed mass flows into the manifold under these con
ditions are not accurate due to the small pressure differ
ential across the throttle plate, lAC, etc. Under these 
conditions the estimated MAP was replaced in a smooth 
fashion with the MAP sensor signal. 

The estimated MAP is dependent on the calibrations 
for both intake manifold-in flows and manifold-out flows. 
At high loads the contribution of the throttle flow is quite 
large, but at light loads and idle the air-assist flow and the 
lAC valve flow may dominate. Inaccuracies in the flow 
calibrations for the air-assist injectors, lAC, and throttle 
can result in steady-state errors in the estimated MAP. 
The steady-state error was eliminated through integral 
feedback on the difference between the computed MAP 
and the MAP sensor, and the error was transferred to the 
integrator. Since the relative contribution from the air-as
sist injectors, lAC, and the throttle changes depending 
upon the engine operating condition, and the steady-state 
error varies depending upon the operating conditions, the 
value of the integrator changed as well. If the integral gain 
is high then the system response to changes in the 
steady-state error will be fast, but a high integral gain will 
result in a strong dependence between the estimated and 
measured MAP. Recall, that the goal of the MAP observer 
was to reduce dependence upon the slow response MAP 
sensor. To reduce this dependence two additions to the 
observer model were included: (1)  trimming with the 
measured MAP was eliminated during fast transients, and 
(2) the integral term was adaptively learned. 

For estimating the manifold-out flows, the instantane
ous volumetric efficiency should be known precisely. For 
a fixed engine configuration, the volumetric efficiency is 
a function of at least engine speed, MAP, intake wall 

6 

temperature, intake valve temperature and manifold air 
temperature. All these dependencies need to be included 
to predict the volumetric efficiency during the engine war
mup accurately and throughout the engine's operating 
range. A base volumetric efficiency calibration (a function 
of engine speed, MAP, and manifold air temperature) 
can predict the value during steady-state engine opera
tion at fully warmed up conditions. Adaptive feedback, 
from the dual EGO sensors, for this base calibration was 
included and improved the prediction. 

To account for the effect that the engine warmup 
process has on the volumetric efficiency, a simple func
tion that accounts for time-from-start will not resolve the 
intake system heat up. Instead, the volumetric efficiency 
is considered a function of engine coolant temperature 
(ECT) at start-up and the amount of fuel burned since 
start, in addition to the base calibration. Thus, the volu
metric efficiency during warmups was computed from the 
base calibration multiplied by a correction factor that de
pends on the amount of fuel burned since start, with that 
function being determined empirically. 

It was determined that the volumetric efficiency dur-

L 

r L 
\. 

l 

ing and immediately following a transient, at any engine . ! 
temperature, was not equal to the steady-state value. I 
The transient volumetric efficiency was found to be as 
large as 1 0  percent different from the steady-state value. 
The volumetric efficiency is dependent upon instantane
ous cylinder wall and valve temperatures. At light loads 
the intake wall and valve temperatures are less than 
those at high loads. The heat-up of the intake walls and 
valve is not instantaneous. During a fast throttle tip-in, 
initially the cooler cylinder walls result in a higher volu
metric efficiency than that obtained once the cylinder wall 
temperatures equilibrate at the higher load. On tip-outs, 

' 
l 
r 1 I· l 

r the reverse trends are evident. 
The details of the transient volumetric efficiency 

model are beyond the scope of this paper. Basically, the 
model predicts an instantaneous in-cylinder air tempera
ture and a steady-state in-cylinder air temperature based 
upon engine experiments and cycle simulation results. 
The ratio of the instantaneous temperature to the steady
state temperature was then related to the ratio of the 
instantaneous volumetric efficiency and the steady-state 
volumetric efficiency. 

The calculation for fuel injection quantity, ideally, 
would be based upon the air mass intake. Due to com
putation delays, sensor delays, and (mostly) advanced 
injection timing, the estimated air mass intake at the time 
of fuel injection is based upon parameters well before the 
end of the intake event. To improve the estimate of the 
intake flow at the intake event, the MAP estimated by the 
observer model was extrapolated into the future based 
upon the last two computed values. The amount of ex
trapolation depends upon the fuel injection timing and 
varies from 200 crank angle degrees (CAD) for open 
valve injection to 500 CAD for closed valve injection. 

Transient Fuel Compensator Model-Accurate A/F 
ratio control requires that the fuel hang up in the intake 
system be accounted for. To model the fuel wall-wetting, 
a 't-£ model was used [19]. A pictorial description of the 
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Figure 3. Pictorial representation of fuel wall-wetting. 

wall-wetting is shown in Figure 3. The variable e is the 
fraction of fuel injected that behaves like a vapor and 
goes directly in-cylinder. The value of e could potentially 
range from 1 (all fuel injected goes directly in-cylinder) to 
approaching zero (all fuel injected hangs up in the intake 
system). The variable 1: is the time-constant for the fuel 
in the intake fuel puddle to be transported in-cylinder. 

The amount of fuel hang up is dependent upon the 
intake port wall temperature, the intake valve tempera
ture, the fuel volatility, the fuel atomization quality, and 
the fuel injection timing. When the engine is cold, the 
requirements for fuel compensation are much greater 
than for the warmed-up engine. Ethanol's volatility is 
much less than gasoline's, and therefore, the require
ments for fuel compensation are increased compared 
with those for gasoline. The use of internal-mix, air-assist 
injectors improved fuel atomization and reduced the re
quirements for fuel compensation. Depending upon the 
intake valve temperature, closed-valve injection may in
crease or decrease required fueling compensation. 

A flowchart of the fuel compensation model is shown 
in Figure 4. To provide fueling compensation during the 
engine warmup process adequately, two parallel 1:-e 
models were required. One model was active at all times, 
and was a short-time-based model. The other model was 
included only during the initial engine warmup period, 
and was a long-time-based model. The short-time-based 
model was a function of engine speed, MAP, ECT at 
engine start, and fuel burned since start. The long-time
based model was a function only of ECT at engine start 
and fuel burned since start. Although the 1: and e values 
depended on speed and load, typical values for the 
short-time-based model at an i ntermediate-load, 
warmed-up condition were 0.10 s, and 0.65, respectively. 
The long-time-based model started with 1: values of about 
7 s at a 25°C start, with shorter times as the engine 
warmed up. These values would be different if air-assist 
injectors were not used (smaller e and larger 1: for con
ventional injectors), or if gasoline were used in place of 
Ed85 (larger e and smaller 1: for gasoline). 
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Figure 4. Flowchart representation of the 
fuel compensator model. 

CLOSED-LOOP FUEL CONTROL-Beyond accurate 
fuel control during throttle transients, the low 'emissions 
vehicle controller must provide the catalyst an exhaust 
feed gas that alternates rich and lean in a switching fash
ion. The catalyst efficiency for a particular species is de
pendent upon the AIF ratio switching point, amplitude, 
and frequency for the closed-loop controller. Dual heated 
switching exhaust gas oxygen (HEGO) sensors installed 
upstream of the catalysts provide the exhaust gas feed
back. A model of the air and fuel transport was used to 
estimate transit times from the fuel injectors to the HEGO 
sensors to obtain the fastest switching frequency possi
ble while maintaining control stability. The algorithm in
cludes jump-back logic. Jump-back increases the 
frequency of the switching rate. The rate of fuel ramp-up 
or ramp-down following the jump-back is computed 
based upon the desired biasing, switching amplitude, 
and computed transit time for fuel. Biasing of the switch
ing point was obtained by using different fueling ramp-up 
and ramp-down rates [28]. Biasing can be up to 1 per
cent or more rich or lean of stoichiometric. Desired bias
ing is a function of engine speed and MAP. The 
calibration of the biasing was based on steady-state and 
FTP results, and is not discussed further in this paper. 
Desired switching amplitude is a function of engine 
speed, and ranged from ±2 percent at low engine speeds 
to ±3 percent at higher engine speeds. 

Adaptive feedback was used to improve the estimate 
of steady-state fueling requirements. The adaptive feed
back is a function of engine speed and MAP. The adap
tive update was driven by a standard steepest decent 
adaptive update algorithm [29]. 



BASE VEHICLE ALGORITHMs-In addition to the 
model-based control algorithms described earlier, sev
eral basic control algorithms required for engine control 
were included in the RPECS control code. These algo
rithms include: 

• Spark timing and fuel injector timing and pulse-
width control 

• EGR system control 

• Idle control 

• Transmission control 
• Other vehicle systems control (engine cooling 

fan, etc.} 

The details of these base algorithms are not included 
here, and are considered outside the scope of this paper. 

CALIBRATION PROCEDURES AND PRELIMINARY 
TEST RESULTS 

The calibration procedures and test results are de
scribed as follows: first, the cylinder-event-based start-up 
algorithms are investigated; second, the advanced after
treatment technology is studied; and finally, the transient 
control algorithms are discussed. 

CYLINDER EVENT BASED START-UP CALIBRA
TION-Typical FTP cold-start engine-out hydrocarbons 
from an OEM vehicle and controller are shown in Fig
ure 5, as measured by a flame ionization detector (FlO). 
The engine-out hydrocarbons go off scale, above 1 0,000 
ppmC, due to engine misfire during the first few cylinder 
events. One goal of this work was to reduce significantly 
or eliminate these initial cylinder misfires. 

Engine cold-start tests were performed repeatedly to 
determine the proper calibration for the cylinder-event
based spark timing, fuel injection timing, and fuel enrich
ment. The engine coolant and engine oil temperatures 
for all tests were held between 25°C and 28°C. The cyl
inder head temperature was also monitored and was 
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Figure 5. Pre-catalyst hydrocarbons (from one bank 
of cylinders) and engine speed measured from un
modified OEM vehicle during the cold-start of the 
U.S. FTP cycle. HC emissions are off-scale here, but 
typically are greater than 20,000 ppmC. 

8 

kept below 30°C. To eliminate the uncertainty of the en
gine shutdown position with respect to trapped unburned 
fuel, the engine was purged of fuel in the intake system 
and all the cylinders by motoring the engine between 
starts. Fueling was initiated only after the engine and 
controller were synchronized. 

Cold-start measurement tools included a Cam
bustion HFR 400 fast flame ionization detector (fast FlO), 
cylinder pressure transducers, and dual wide-range ex
haust gas oxygen (UEGO) sensors. The fast FlO, with a 
response time of a few milliseconds, provided engine-out 
hydrocarbon measurements, and can resolve and indi
cate individual cylinder misfires that a traditional FlO can 
not. In addition, spark-plug mounted cylinder pressure 
transducers coupled to a DSP Inc. Redline high speed 
data acquisition system measured five of six cylinder 
pressures throughout the test. Dual UEGO sensors in the 
exhaust manifold measured the engine-out A/F ratio. 

After significant calibration effort, a calibration was 
adopted that significantly reduced the engine-out hydro
carbons from misfires compared with the OEM vehicle 
and controller. It was determined that the engine requires 
about 5 times calculated stoichiometric mixture injected 
into the intake port on the first cycle to achieve an ap
proximately stoichiometric mixture in-cylinder at about 
25°C. This enrichment leaves a considerable fuel puddle 
in the intake system since the MAP for the first engine 
cycle is atmospheric and the effective volumetric effi
ciency is very high. This fuel puddle is transported into 
the cylinders in subsequent engine cycles to the point 
that commanded engine fueling is reduced below com
puted stoichiometric for several engine cycles. 

The results from a typical start test are shown in 
Figure 6. The top graph shows the IMEP measured for 
five cylinders for the first 70 engine cycles. Initially, the 
IMEP is below zero (motoring) for all cylinders because 
fueling was not provided yet. However, once fueling was 
provided to the cylinder, it fires on the first cylinder event 
and all subsequent events. The second graph shows the 
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Figure 6. Results for first 70 engine cycles (-6 sec) 
from a cold-start (ECT of 25-28 °C) with calibrated 
cylinder-event-based algorithms. Top graph shows cyl
inder IMEPs; second graph, MAP; third graph, engine 
speed; fourth graph, exhaust HCs. 
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L MAP sensor signal and the third the engine speed. On 
these very rapid starts the MAP goes so low that avoid
ing misfires during the speed run-up is difficult. The 
fourth graph shows the very low hydrocarbons achieved 
with this starting approach, with a maximum value of 
about 6000 ppmC (or 2000 ppm propane). 

ADVANCED AFTERTREATMENT CONTROL 
CALl BRA TION-The rapid exhaust port oxidation (REPO) 
system is used to both heat the exhaust catalysts and lr reduce the unburned hydrocarbons and CO going into 

. . the catalysts during the cold and hot-starts of the U.S. 
FTP. The engine was started using the cylinder-event-! .· � based logic as described above, but soon after starting 
the fuel-air equivalence ratio in the engine was increased 

' 
to about 1 .45. Secondary air was added to the exhaust 
so that the equivalence ratio in the exhaust was about 

l 

r 
l . 

r I 

.... -..., 

stoichiometric (1 .0). Spontaneous ignition was observed 
in the exhaust port and manifold [12]. 

The REPO system reduces HC and CO emissions in 
two ways, first by oxidizing some of gases before the 
catalyst, and secondly, by rapidly heating the catalyst to 
increase its chemical reactivity. This is illustrated in Fig
ure 7 that compares a start without REPO maintaining an 
engine equivalence ratio of about 1 .0 with a start where 
REPO is active. These starts were performed before a 
precise calibration of the cranking process was com
pleted (as described above), and without purging the in
take system of fuel, so the HC spike associated with 
cranking is quite high compared with Figure 6. However, 
following the startup, the before-catalyst HC emissions 
are reduced by a factor of about 4 for the REPO com
pared with the standard start. Also, the catalyst lights off 
more quickly . with REPO, although these extended idle 
tests are not representative of the U.S. FTP. 

TRANSIENT CONTROL-The calibration and testing 
of the MAP observer and the transient fueling compen
sation involve a several step process. First the airflow 
and MAP observer algorithms are fully calibrated and 
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Figure 7. Exhaust hydrocarbon measurements for two 
cold-starts, one with the rapid exhaust port oxidation 
(REPO) system active, and the other a standard start. 
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then the transient fueling compensation algorithms are 
calibrated. 

Airflow and MAP Observer Calibration-The algo
rithms that compute manifold inflows (throttle, lAC, air-as
sist, PCV, and EGR) are calibrated independently as a 
function of valve position (if applicable) and pressure dif
ferential. The manifold outflow to the engine is computed 
based upon the volumetric efficiency. The engine volu
metric efficiency is calibrated as a function of engine 
speed, MAP, manifold air temperature, engine coolant 
temperature at start, fuel burned since start, and manifold 
thermal dynamics (for the transient volumetric efficiency). 

The result is a model that accurately predicts the 
engine MAP with much less signal noise or lag than the 
MAP sensor. A comparison of the estimated MAP and 
that measured by the software-unfiltered MAP sensor for 
a throttle tip-in and tip-out is shown in Figure 8. The MAP 
observer tracks the measured MAP well, but removes 
the cyclic noise. 

To demonstrate the fast response of the MAP ob
server, a comparison of the MAP observer against sev
eral engine sensors for a throttle tip-in is shown in 
Figure 9. As expected, the software-unfiltered throttle po
sition sensor (TPS) is the first signal to respond. The 
extrapolated MAP observer and the software-unfiltered 
MAP sensor respond next, nearly simultaneously. The 
software-filtered MAP sensor responds last. 

The software-unfiltered MAP sensor includes unac
ceptable cyclic noise during steady-state operation, and 
therefore engine fueling cannot be based upon this sig
nal. The software-filtered MAP signal significantly lags 
the actual transient and, when utilized for fueling, would 
result in additional transient fueling errors. 

A comparison of the exhaust A/F ratio was per
formed during a series of repeat throttle tip-ins and tip
outs, with the engine fully warmed-up (ECT - 90 °C). The 
fuel control was operated open-loop, with no feedback 
from the HEGO sensors. The test was repeated three 
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Figure 8. Comparison of the estimated MAP from the 
observer and the measured MAP from the software
unfiltered sensor signal during a throttle tip-in and tip
out. Engine speed varied from 1 700 rpm at light load 
to 2300 rpm at high load. 
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Figure 9. Comparison of the relative response of 
various signals (computed and measured) during 
the initial period of a throttle tip-in. Engine speed 
varied from 1 700 rpm at light load to 2300 rpm at 
high load. 

times with !!Q. transient fueling compensation for fueling 
based upon the extrapolated MAP observer, software-fil
tered MAP sensor, and the software-filtered MAF. The 
results are shown in Figures 1 0 and 1 1 .  As expected 
without fueling compensation, all three modes of airflow 
measurement or calculation result in the exhaust A/F ratio 
going lean during the throttle tip-in and rich during the 
tip-out. In both the throttle tip-in and tip-out, the exhaust 
A/F ratio excursion during the transient is least with the 
MAP observer. The MAP observer best represents the 
throttle flow at the intake port with the least amount of 
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Figure 1 0. Measured exhaust F/A equivalence ratio 
during three repeated throttle tip-in transients for 
open-loop fueling without transient fueling compensa
tion based upon the speed-density algorithm using 
the extrapolated MAP Observer value, speed-density 
algorithm using the software-filtered MAP sensor sig
nal, and the airflow measurement obtained from the 
MAF sensor. Engine speed varied from 1700 rpm at 
light load to 2300 rpm at high load. Engine was fully 
warmed-up. 
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Figure 1 1 . Measured exhaust F/ A equivalence ratio 
during three repeated throttle tip-out transients for 
open-loop fueling without transient fueling compensa
tion based upon the speed-density algorithm using 
the extrapolated MAP Observer value, speed-density 
algorithm using the software-filtered MAP sensor sig
nal, and the airflow measurement obtained from the 
MAF sensor. Engine speed varied from 2300 rpm at 
high load to 1700 rpm at light load. Engine was fully 
warmed-up. 

signal lag. In all three cases, when the engine is fully 
warmed-up, the vehicle drives acceptably at most condi
tions, even with no transient fueling compensation. Under 
all but the most severe throttle tip-ins, the engine never 
stumbles. (This may be partly due to the air-assist injec
tors that provide excellent fuel transport into the cylinder, 
even for the relatively non-volatile Ed85.) The fueling 
compensation is, therefore, most important for driveability 
at cold engine conditions, and for improved exhaust AIF 
ratio control for catalyst efficiency at both cold and warm 
engine conditions. 

Transient Fuel Compensator Calibration-The first 
step in calibrating the transient fuel compensator was to 
determine the required parameters at warmed up engine 
conditions. Initially, a series of fast and slow throttle tran
sients at various fixed engine speeds were run while the 
calibration parameters were varied for 't and £. Once 
general calibrations were obtained, then the engine 
speed was allowed to vary as well. All this tuning was 
performed without closed-loop fuel control. Usually the 
compensators could be tuned so that the A/F ratio excur
sions for tip-ins were small enough, e.g., Rgure 12, that 
they would essentially be lost in the noise when the 
closed-loop control was turned on. However, it was de
termined from these tests that the same values for 't and 
£ could not compensate for both throttle tip-ins and tip
outs. Example test results are shown in Figures 12 and 
1 3. During the throttle tip-in, Figure 12, if there is no 
fueling compensation the exhaust A/F ratio swings lean. 
With fueling compensation, the exhaust A/F ratio stays 
much closer to stoichiometric. Using the same 't and £ 
parameters on the tip-out provides the results shown in 
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Rgure 12. Measured exhaust F/A equivalence ratio 
during two repeated throttle tip-in transients for open
loop fueling based upon the extrapolated MAP 
Observer algorithms with and without the 't-£ fueling 
compensation. Engine speed varied from 1 700 rpm 
at light load to 2300 rpm at high load. Engine was 
fully warmed-up. 
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Figure 1 3. Measured exhaust F/A equivalence ratio 
during two repeated throttle tip-out transients for open
loop fueling based upon the extrapolated MAP Ob
server algorithms with and without the 't-e fueling 
compensation. Engine speed varied from 2300 rpm 
at high load to 1700 rpm at light load. Engine was 
fully warmed-up. 

Figure 1 3. On the throttle tip-out, the exhaust A/F ratio 
swings rich even with fueling compensation. It is appar
ent that on throttle tip-outs additional fueling compensa
tion is required to control the A/F ratio accurately. 
Modifications to the 't-£ model to accommodate for dif
ferent parameters on throttle tip-in and tip-out are being 
investigated. 

The next step in calibrating the transient fuel com
pensator is to determine the calibration necessary to de
scribe the fueling compensation required throughout the 
engine warmup process. Under cold engine conditions, if 

1 1  

the engine is run without any fueling compensation, then 
the vehicle drives unacceptably and has poor AIF ratio 
control. As shown in Rgure 1 4  with no transient fueling 
compensation, the exhaust A/F ratio swings excessively 
lean during throttle tip-ins. On throttle tip-outs the engine 
exhaust A/F ratio swings excessively rich. 

To calibrate the fuel compensators, repeated tests 
were run where the engine was started cold (ECT and oil 
temperature - 28°C), and run through a series of throttle 
transients while the engine warms-up. These tests were 
performed without the rapid exhaust port oxidation 
(REPO) system. Therefore, during the entire warmup, 
the desired engine exhaust equivalence ratio was 
stoichiometric (1 .0). The values of 't and e were adjusted 
based on the temperature of the engine compared with 
warmed-up operating conditions. This was accomplished 
by setting up two-dimensional tables for both 't and e that 
were a function of the coolant temperature at the time of 
start, and the amount of fuel burned per cylinder since 
start. The engine was assumed to warm up in proportion 
to the amount of fuel burned per cylinder. The values in 
these tables were adjustment factors used to multiply the 
values in the warmed-up tables for 't and e. These adjust
ment factors were less than 1 .0 for e, since in the cold 
engine the fraction of fuel behaving like a vapor is less 
than for a warmed-up engine. As the engine warmed up, 
these values eventually reached 1 .0. The adjustment fac
tors for 't were greater than 1 .0 for the cold engine, and 
became smaller as the engine warmed up. 

Using this approach, the rapid enleanment at tip-in 
and enrichment at tip-out could be eliminated. However, 
these tests also showed that in the cold engine there 
were some longer time constant excursions, of seconds 
rather than tenth's of a second, that could not be elimi
nated with the same approach. This is illustrated in Fig
ure 1 5  that shows that even after the fast-time-response 
transient model has been calibrated to remove the rapid 
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Figure 14. Measurements acquired from a series of 
throttle transient-performed for open-loop fueling 
based upon the extrapolated MAP Observer algo
rithms without the 't-£ fueling compensation. The tran
sients started approximately 25 s after the engine 
was started. Initially the engine coolant and oil tem
peratures were approximately 28 °C. 
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Figure 1 5. Measurements acquired from a series of 
throttle transients performed for open-loop fueling 
based upon the extrapolated MAP Observer algo
rithms with only the short time-constant 't-£ fueling 
compensation model. The transients started approxi
mately 25 s after the engine was started. Initially the 
engine coolant and oil temperatures were approxi
mately 28 °C. 

A/F excursions, there remain some longer time constant 
excursions. The short time constant (-0.2 sec) excursion 
is much higher in magnitude than the long time constant 
(-3 sec) excursion. As the engine warmed up, the mag
nitude of the long-time-constant excursion was reduced 
and eliminated at fully warmed-up conditions. The short
time-constant excursion was also reduced in magnitude 
as the engine warmed up, but it was still observed under 
all operating conditions. To address these long-time
based excursions, a second 't-£ model in parallel with 
the first model was necessary. The second 't-£ model 
was only a function of ECT at start and fuel burned per 
cylinder since start. After calibrating both 't-£ models, 
test results as shown in Rgure 1 6  were obtained. 

During the engine warmup, the heat-up of the intake 
valve, and the heat-up of the rest of the intake port area 
leads to faster evaporation and therefore less fuel hang 
up. As expected, the e value increases with engine war
mup and 't decreases. However, the physical reason for 
the requirement of two 't-e models can only be hypothe
sized. The slow-time-constant 't-£ may be related to the 
vaporization of the fuel off the intake valves. At cold tem
peratures the fuel sprayed onto the valves cannot evapo
rate in one engine cycle, while at fully warmed-up 
conditions, nearly all the fuel sprayed on the intake valve 
is evaporated [30]. 

Figure 1 6  represents the combination of all the mod
els and factors described previously and applied under 
the worst and most important of the conditions encoun
tered in the U.S. FTP test cycle. Transients immediately 
following cold-start cannot rely on any feedback from the 
dual H EGO sensors, since the sensors are not hot 
enough to operate for approximately 30 s following the 
cold start. Transient fueling compensation is most critical 
for driveability during this time to avoid lean misfires on 
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Time After Start (sec) 
Figure 1 6. Measurements acquired from a series of 
throttle transient performed for open-loop fueling 
based upon the extrapolated MAP Observer algo
rithms with both the short and long time-constant 't-£ 
fueling compensation models. The transients started 
approximately 25 s after the engine was started. In
itially the engine coolant and oil temperatures were 
approximately 28 °C. 

tip-ins. The air-fuel ratio must be controlled accurately to 
minimize engine-out emissions and to provide the de
sired air-fuel ratio to the catalyst to both heat the catalyst 
to operating temperature, and then to maintain a 
stoichiometric mixture for maximum catalyst efficiency. 

EMISSIONS RESULTS FOR U.S. LIGHT-DUTY FTP 

Emissions testing of this vehicle using the U.S. light
duty FTP has not been completed. Preliminary results 
indicate CO and NOx levels about 1f2 of ULEV standards, 
and HC emissions slightly below ULEV standards. How
ever, these results are for catalysts with about 4,000 
miles (6436 km) of usage, and have not been adjusted 
for 50,000 miles (80,450 km) or 1 00,000 miles (160,900 
km) of vehicle and catalyst degradation. Further work is 
ongoing to improve these emissions results. 

DISCUSSION 

f 

I L 

r 
J L 

r I 

Various approaches are being used to meet ULEV 
emissions standards with gasoline-fueled vehicles. Ed85 
is a cleaner fuel than gasoline in many ways, having a J lower reactivity factor than gasoline, about 0.67 com- ,_ 

pared with 1 .0 for standard gasoline [31 ]. However, be
cause of its low volatility, Ed85 presents some special f 
challenges for developing transient fueling compensation 1 L 
to maintain stoichiometric mixtures during cold tran-
sients. The air-assist injectors used on this vehicle , 
helped to offset some of the low volatility effects on fuel 1 
transport in the intake manifold. L 

Low-temperature cold-starting is another limitation in 
the use of ethanol fuels. The combination of air-assist 1 
injectors and rapid synchronization of the engine control- j 
ler and customized amounts of fuel injection on a cylin
der-event basis provided very strong starts at the lowest .� 

1 



l temperatures tested (-21 °C or -6°F), with few engine mis
fires. However, these results are beyond the scope of 
this paper. 

Most of the algorithms discussed in this paper have 
been applied to Sl engines previously. A possible excep
tion is the combination of the cylinder-event-based logic 
and fuel injection hardware used for start-up. However, 
those algorithms have usually been presented as single 
algorithms applied to one type of transient for a fully 

l, warmed-up engine. This paper has demonstrated that for 
. the algorithms chosen here, they can be integrated into a 

single package that covers the operation of a vehicle over 

\. 
the complete U.S. FTP cycle, including the cold-start and 

I warmup period. Further, it has been demonstrated that 
the start-up techniques can be used to provide rapid start
ups with few misfires and low HC emissions. 

I . The airflow model discussed does an excellent job of l predicting air mass flow rates through the engine. The 
adaptive features for airflow into the manifold based on 
comparing the MAP observer with the MAP sensor, and 
on airflow out of the manifold based on feedback from 
the EGO sensor allow for the airflow model to tune itself 
to account for changes in calibration of the hardware. 11 The transient fuel flow model is simplified compared with 
the complex processes involved, and could be improved 
upon. Adaptive transient compensation [32] and cylinder-r , to-cylinder balancing should be added to the transient 
fueling model. However, it should be noted that these 
algorithms are usually demonstrated on fully warmed-up 
engines operating over one type of step transient In [ practice, the most important part of the emissions cycle 

. is the time when the engine and catalyst are not warmed 
up. Under these conditions, transient compensation is 
more difficult to make self-tuning since the critical com
ponent temperatures are more difficult to identify and 
model. 

Further U.S. light-duty FTP tests will be conducted [ with this vehicle to help demonstrate the ability of these 
control algorithms and this system to better meet ULEV 
emissions standards. However, the performance of the 

I ·
· 

control system to maintain tight fuel-air ratio control was 
demonstrated in this paper. The ability to obtain fast 
catalyst light-offs and low feed-gas HC has been demon-
strated with the REPO system and controls described in 
this and previous work at SwRI [12]. 

As pointed out by Weeks and Moskwa [17], the use 
of a MAP observer as described here offers a number of 
opportunities for both on-board diagnostics (OBD) of 
problems in the engine, and correcting for problems such 
as air leaks in the intake manifold. 

Considering the REPO system operating on Ed85 as 
compared with gasoline, some differences were ob
served. The engine misfires if it is run richer than a F/A 
equivalence ratio of about 1 .45 on Ed85. Previous re
searchers have run cold engines on gasoline as rich as 
1 .7 to obtain suitable chemical energy in the exhaust 
stream [1 1 ]. Ethanol's rich flammability limit (while still 
producing a pressure rise} is 14.3 vol.% [33], while n
heptane's, representing gasoline's, is 6.7 vol.% [34]. 
Therefore, it appears curious that the richest practical 
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equivalence ratio in  the engine is  lower for Ed85 than for 
gasoline. However, the 1 .45 equivalence ratio for Ed85 
corresponds to a fuel concentration by volume of about 
8.3 vol.%, or 58% of the rich limit. The 1 .7 equivalence 
ratio for gasoline corresponds to about 3.1 vol. %, or 46% 
of the rich limit. Therefore, the observed limits in the 
engine for Ed85 compared with gasoline are in corre
spondence with the rich limits observed in laboratory ex
periments for these fuels. Ed85 has an advantage 
compared with gasoline when the engine is operated rich 
in that it is less likely to form soot. 

CONCLUSIONS 

The following conclusions were reached as a part of 
this vehicle development effort: 

1 .  Cylinder-event-based logic combined with an en
coder that has four distinct "TDC" indicators per 
revolution was shown to provide very rapid syn
chronization of the engine controller to the en
gine hardware, and rapid, clean, relatively 
misfire-free starts. 

2. The model-based airflow model that includes 
both transient volumetric efficiency corrections 
and the manifold air pressure observer provides 
an accurate way of estimating airflow into the 
cylinders. The MAP observer provides a signal 
that is sufficiently noise-free that it can be ex
trapolated into the future to offset some of the 
errors associated with fuel injection before intake 
valve closure and computational and sensor de
lays. 

3. The airflow model can be extended for use at 
cold engine temperatures and during the war
mup process from a cold start by modifying the 
volumetric efficiency to include a dependence on 
cylinder wall temperatures, which are correlated 
with initial coolant temperature at start and the 
amount of fuel burned since starting. 

4. At warmed up engine conditions, a single 't-e 
transient fueling compensation model provided 
adequate air-fuel ratio control, but on this engine 
the compensation required for accelerations was 
different from decelerations. 

5. Under cold engine conditions, a single 't-£-model 
for transient fueling compensation was not ade
quate for air-fuel ratio control. It was necessary 
to add a second 't-£ model with a time constant 
('t) on the order of seconds, rather than the time 
constant on the order of tenths of seconds ob
served at warmed up conditions. It was also nec
essary to modify the values used in the fast
time-constant 't-£ model at cold conditions, with 
smaller e and larger 't values. 

6. The REPO system relies on control of both the 
engine air-fuel ratio and the air-fuel ratio in the 
exhaust after air addition. This system appears 
to both reduce feed-gas HC and CO, and adds 
significant heat to the catalysts for more rapid 
light-off. 
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EXECUTIVE SUMMARY 

Under SwRI Project 08-6068, "Determination of Alternative Fuels Combustion 
Products," the effectiveness of NREL's Vacuum Insulated Catalytic Converter (TA-CC4) in 
reducing cold-start FTP exhaust emissions after extended soak periods was evaluated. 
Regulated exhaust emissions and estimated NMOG emissions from a light-duty vehicle 
(operating on a blend of 85% denatured ethanol and 15% gasoline and equipped with the TA
CC4 test article) were determined utilizing the chassis dynamometer portion of the FTP. Five 
different combinations of vehicle preconditioning type and soak period duration were 
evaluated. Some ofthe findings are summarized below. 

• Compared to a similar but uninsulated catalyst, reductions of more than 90% 
were observed for HC and CO emissions, and 75% for NOx emissions for tests 
conducted following extended vehicle preconditioning and soak sequences (18-
and 24-hour soak periods). 

• Results following an extended vehicle preconditioning sequence and a 36-hour 
soak showed reductions of more 70% from baseline levels for HC, CO, and NOx 
exhaust emissions. 

• 

• 

• 

After conducting a standard vehicle prep and a 36-hour soak, exhaust emissions 
were found to be approximately 30%, 20%, and 55% lower for the HC, CO, and 
NOx emissions, respectively, compared to baseline levels. In addition, THC and 
CO levels were approximately 20% less than those from testing with a similar, 
but uninsulated, catalyst configuration while NOx levels were similar. 

As expected, most of the emission reductions were achieved in the first few 
minutes of the cold-start phase ofthe FTP. 

Compared with an uninsulated catalyst of similar configuration, baseline tests 
(no stored energy) with TA-CC4 show slightly higher THC and NOx exhaust 
emissions, with similar CO levels. These slightly higher exhaust emissions are 
likely due to heat being conducted away from the catalyst brick into the PCM. 

The NREL technical monitors for this program were Mr. Brent Bailey and Mr. Chris 
Colucci of NREL's Center for Transportation Technologies and Systems in Golden, Colorado. 
The SwRI project manager was Dr. Lawrence R. Smith, and the project leader was Mr. Kevin 
A. Whitney. Individual task leader was Mr. Patrick M. Merritt. Mr. Danny Terrazas, 
laboratory supervisor, was responsible for emissions testing. 
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I. BACKGROUND 

Currently, 70% to 90% of the HC and CO emissions from the EPA certification test for 
light-duty vehicles are produced in the first few minutes of the vehicle cold-start. During this 
period, the engine is operating very rich to maintain driveability. However, during this period, 
the catalyst is not at its operating temperature and can not effectively control exhaust 
emissions. To achieve future emission standards, the catalytic converter must be immediately 
effective after the engine is started. When operating a vehicle on E85, catalyst light-off is a 
further problem because the heat of combustion for ethanol is much lower than that of 
gasoline. This leads to lower exhaust temperatures, which lengthens the time required for the 
catalyst to reach light-off temperature. Further, the lower volatility of E85 may dictate 
additional enrichment during the initial cold start. 

Cold-start emissions can be reduced by several methods. One method is to electrically 
preheat the catalytic converter. This approach has been developed to the point where 
suppliers are introducing systems to the automotive industry. Great strides have also been 
made with other technologies, such as HC traps, gas-fired catalyst pre-heaters, and Close
coupled catalysts, in reducing cold-start emissions. Of these, close-coupled catalysts are 
favored because they are not as mechanically complex as the other approaches. Yet, it is likely 
that even these catalysts will need a temperature boost to perform adequately in low ambient 
temperature conditions. 

Beginning with 1996 production, 100% ofOEM production vehicles must comply with 
the EPA cold (20°F) CO emissions standards. That standard requires all light-duty vehicles 
and light-duty trucks weighing less than 3750 lb to emit less than 10.0 g/mile CO at 20°F.<n 

In addition, California has specified 100% compliance for all 1996 model year light-duty 
vehicles for standards issued for CO, NOx, NMOG, and formaldehyde measured at 50°�2>. 

The EPA has shown in the "Baltimore Study"<3> that average trip patterns in urban 
areas are quite short, 2.5 to 4.9 miles. Forty percent of all soak periods were between 10 min 
and 2 h. In addition, the study indicated that only 30% of all in-use starts occur with the 
catalyst hot enough for prompt light-off. Thus, technology to effectively combat emissions from 
in-use vehicles should accommodate both short trips and frequent re-starts after soak periods 
longer than 10 min. 

The approach followed by researchers at NREL to answer these challenges was to store 
waste exhaust energy, and to use that energy to maintain the vehicle catalytic converter at 
elevated temperatures for future cold-engine starting. Of the various approaches to reducing 
cold-start emissions, storage of energy that would be otherwise wasted holds the most appeal. 
No additional energy input is required for such a system, and its operation is passive. To this 
end, NREL fabricated a Vacuum Insulated Catalytic Converter (TA-CC4) for evaluations over 
the chassis dynamometer portion of the FTP for light-duty vehicles. The testing of TA-CC4 
complemented other work performed at SwRI under NREL Subcontract No. YAW-3-12243-01, 
"Development of a Dedicated Ethanol illtra-Low Emission Vehicle (ULEV)." 

Energy storage in TA-CC4 is accomplished with PCM and vacuum insulation. During 
the FTP vehicle emissions test, the catalyst bed temperature of the typical vehicle often 

1 



exceeds 600°C, well above the 350°C range required for catalyst light-off. This thermal energy 
can be stored and later used to provide nearly instantaneous catalyst light-off. PCMs absorb 
substantial amounts of thermal energy by virtue of their heat of fusion during the transition 
from a solid phase to a liquid phase. This stored energy is later released isothermally as the 
material solidifies. Harnessing this latent heat characteristic allows much greater energy 
storage density. Coupling this high-density heat storage medium with the efficiency of 
vacuum insulation yields a device that can maintain the catalyst bed at elevated temperatures 
for more than 36 h. 

Vacuum insulation coupled with PCM has been successfully demonstrated in an 
automotive application by Schatz, in a system to store heat that is subsequently dumped to 
the engine coolant. c4> The system is currently being offered by Volkswagen in Germany as a 
dealer-installed option. Furthermore, Ivanov and co-workers reported using PCM heat storage 
for comfort heating in electric vehicles. cs> Both of these applications operate at much lower 
temperatures than those found in automotive exhaust systems, however. 
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IT. OBJECTIVE 

The objective of this task was to evaluate the effectiveness of NREL's Vacuum 
Insulated Catalytic Converter TA-CC4 in reducing cold-start exhaust emissions after extended 
soak periods when using ethanol-based fuel. In particular, evaluation of the effects of the test 
article in overcoming the inherently lower exhaust temperatures from ethanol was desired. 
TA-CC4 was evaluated over five FTPs with varying vehicle preconditioning sequences and 
soak periods. 
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ill. APPROACH 

As received, the insulated catalyst had not been exposed to vehicle exhaust. Before 
emissions evaluations, it was installed in an engine dynamometer test cell for break-in. 
Following break-in, the catalyst was installed on a Ford FFV Taurus. To establish a baseline, 
an FTP was conducted with the catalyst at room temperature prior to testing. Complete 
melting of the internal PCM in TA-CC4 was desired, so an extended vehicle preconditioning 
sequence was devised. After the extended preconditioning sequence, the insulated catalyst 
was evaluated over the FTP following either an 18-, 24-, or 36-h soak period. An additional 
test was conducted following a standard vehicle preconditioning sequence and a 36-h soak. 

A. Vehicle Description 

The vehicle used in this evaluation was a 1993 Ford FFV Taurus. This vehicle is 
designed to operate satisfactorily on gasoline and gasoline-methanol blends. A description of 
the vehicle is given in Table 1. 

TABLE 1 .  VEHICLE DESCRIPTION 

Item Configuration of Ford Taurus FFV 

Model year 1 993 

Body style 4-door sedan 

Transmission Automatic-4 

VIN 1 FALP5218P6281 001 

Tires P205/65 R1 5 

Accessories Power locks, windows, steering, brakes, 
air conditioning 

Engine family PFM3.0V5FFFC3 

Engine displacement 3.0L 

Number of cylinders 6 

Fuel system SFI 

Ignition system Electronic 

Emission control system Insulated underbody three-way catalyst, 
TA-CC4, heated oxygen sensor, EGA 

Chassis Dynamometer: 
Inertia Setting 3500 1b 
Road Load @ 50 mph 6.8 hp 
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The test vehicle was fitted with an exhaust system modified to accommodate the 
insulated catalyst. Because of space constraints under the vehicle and the large diameter of 
the catalyst, it was installed much further downstream in the exhaust system than the OEM 
catalysts. Figure 1 shows the OEM and experimental exhaust system configurations. The 
twin OEM catalysts both reside approximately 14 in. downstream of the exhaust manifold 
flange. In the case of the experimental exhaust system, blank pipes were installed where the 
OEM catalysts were removed, and the insulated catalyst was installed at the termination of 
the Y-pipe. This placed the face of the insulated catalyst approximately 37 in. from the 
exhaust manifold flange on one side of the exhaust system, and 58 in. downstream of the 
manifold flange ori. the other side. In an effort to compensate for the heat loss, the exhaust 
system was wrapped with insulated fiber tape from the exhaust manifold flange to the 
termination of the Y -pipe. 

B. Test Fuels 

For these evaluations, the vehicle was operated on E85. A summary of properties for 
this fuel is given in Table 2. 

TABLE 2. SUMMARY OF E85 FUEL PROPERTIES 

I Fuel Property I E85 I 
RVP, psi 6.76 

Specific gravity 0.7795 

Carbon, wt. % 61 .20 
Hydrogen, wt. % 1 3.21 
Oxygen, wt. % 25.59 

c. Emission Test Procedures 

The insulated catalyst was evaluated using the chassis dynamometer portion of the 
FTP for light-duty vehicles. Complete melting of the internal PCM in TA-CC4 was desired, 
so an extended vehicle prep sequence was devised. This sequence consisted of the standard 
UDDS, followed by three highway fuel economy test schedules CHFETs). This extended prep 
sequence was used for each test except the baseline test and one of the 36-h soak tests, which 
used a standard preconditioning sequence. THC, methane, CO, NOx, and C02 emissions were 
collected as dilute exhaust in Tedlar gas sample bags. Aldehydes and ketones, and ethanol 
were sampled using wet adsorption techniques . · All sampling was conducted in a manner 
consistent with EPA protocols for light-duty emissions testing. NMOG was estimated using 
NMHC from the gasoline portion of the fuel as measured by an FID rather than by HC 
speciation. Gasoline-derived NMHC was determined by measuring HC with a FID calibrated 
on propane, then correcting the results for the removal of methane and ethanol. 
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1. Driving Cycle 

All exhaust emissions were evaluated using the chassis dynamometer portion 
of the FTP for light-duty vehicles as specified in the Code of Federal Regulations, Title 40, Part 
86, Subpart B. The FTP utilizes the UDDS, which is 1372 seconds in duration. The UDDS 
is divided into a 505-second segment and an 867-second segment. An FTP is composed of a 
505 cold-start transient portion (Bag 1) and an 867 cold stabilized portion (Bag 2), followed by 
a 10-min soak and then a 505 hot-start transient portion (Bag 3). A summary of the cycle 
duration, driving distance, and average speed is given in Table 3. The FTP driving schedule 
with the cold and hot test segments identified is given in Figure 2. 

TABLE 3. SUMMARY OF FTP DRIVING SCHEDULE 

Duration, Distance, 
Segment seconds miles 

Transient phase 505 3.60 

Stabilized phase 867 3.90 

UDDS 1372 7.50 

Average Speed, 
mileslhr 

25.7 

1 6.2 

19.7 

HOT .... -- l1WISIENT --� 
PHASE 

1o.MIN. 
SOAK 

0 200 
TIME.-

FIGURE 2. FTP DRIVING CYCLE 

2. Chassis Dynamometer and CVS 

A Clayton Model ECE-50 passenger car dynamometer with a direct drive 
variable inertia flywheel system was used for all testing. The inertia weight simulates 
equivalent weights of vehicles from 1,000 lb to 4,875 lb in 125-lb increments. A nominal lO
inch .diameter by 16-ft long full-flow exhaust dilution tunnel was used in conjunction with a 
CVS and a positive displacement pump. This unit has a nominal capacity of 325 scfm. The 
filter box at the entrance of the dilution tunnel was equipped with an MSA illtra ™ filter to 
remove small particles, a charcoal filter to absorb background HC, and a MSA Dustfoe™ Space 
Filter as a backup filter to collect any particles that pass through the first two filters. The 
average temperature in the dilution tunnel at the particulate sampling zone was ll0 °F, and 
did not exceed 125 °F during testing. The vehicle hood was maintained fully open during all 
cycles and was closed during the soak periods. A cooling fan of 5,000 cfm. capacity was used 
in front of the test vehicle to provide air flow during all tests. During soak periods, the fan was 
turned off. 
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D. Emissions Sampling and Analysis Procedures 

Regulated Gaseous Emissions 

Total hydrocarbons (THC), or OMHCE, CO, NOx, and C02 emissions were 
quantified in a manner consistent with EPA protocols for light-duty emissions testing as given 
in the Code of Federal Regulations, Title 40, Part 86, Subpart B. Total hydrocarbons, CO, NOx, 
and C02 were sampled using proportional exhaust gas samples collected in Tedlar bags. Total 
hydrocarbons were measured using an FID. Carbon monoxide and C02 were determined using 
NDIR instruments. Oxides of nitrogen were measured using a chemiluminescent instrument. 
Wet absorption techniques were employed to collect methanol, ethanol, and aldehydes for the 
determination of OMHCE. These techniques are discussed in more detail below. 

Methane levels were determined using proportional exhaust gas samples 
collected in Tedlar bags. A GC equipped with an FID was utilized in accordance with the SAE 
J1151 procedure to analyze the samples. The GC system was equipped with a packed column 
to resolve methane from other hydrocarbons in the sample. Samples were introduced into a 
5-mL sample loop via a diaphragm pump. For analysis, the valve was switched to the inject 
position and the helium carrier gas swept the sample from the loop toward the detector 
through a 61 em x 0.3 em Porapak N column in series with a 122 em x 0.3 em molecular sieve 
13X column. As soon as the methane peak passed into the molecular sieve column, the helium 
flow was reversed through the Porapak N column to vent. Peak areas were compared to an 
external calibration standard. 

2. Particulate Emissions 

{ L 
r l 

r l 
f t 
r l 

r l 

[ 
Total particulate mass was measured using a 47-mm fluorocarbon-coated glass fl 

fiber filter, which collected a proportional exhaust sample from the dilution tunnel. Filters 
were conditioned and weighed in accordance with the appropriate sections of the CFR for light-
duty vehicles. <G> Particle size distribution measurements were performed with a Sierra Series f 220 In-Stack Cascade Impactor using a 0.375-in. internal-diameter isokinetic sampling , 
nozzle. <7> Stages 3 through 8 were used to collect particulate mass in equivalent aerodynamic 
diameter cut-off ranges from about 0.2 pm to greater than 3 pm. The particles were collected 
on stainless steel substrates. This system uses a patented radial-slot impactor design with 
four radial rectangular slots 90 o apart. The slots between adjacent stages were 45 o apart. 
The last stage was followed by a fluorocarbon-coated glass fiber filter to collect particles below 
0.2 pm. 

3. Aldehydes and Ketones 

An HPLC procedure was utilized for the analysis of aldehydes and ketones. 

f l 
Samples were collected by bubbling dilute exhaust at a nominal flowrate of 4 I.Jmin through f 
chilled glass impingers containing an acetonitrile solution of 2,4-DNPH and perchloric acid. l 
For analysis, a portion of the acetonitrile solution was injected into a liquid chromatograph 
equipped with a UV detector. External standards of the aldehyde and ketone DNPH [ derivatives were used to quantify the results. The aldehydes and ketones measured were: 
formaldehyde, acetaldehyde, acrolein, acetone, propionaldehyde, crotonaldehyde, 
isobutyraldehyde/methylethylketone (not resolved from each other during normal operating [ 
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conditions, and so reported together), benzaldehyde, and hexanaldehyde. Detection limits for 
this procedure were on the order of 0.005 ppm aldehyde or ketone in dilute exhaust. 

4. Alcohols 

The collection of methanol and ethanol in exhaust was accomplished by bubbling 
exhaust through glass impingers. Each impinger contained 25 mL of deionized water 
maintained at ice-bath temperature. Exhaust samples were collected continuously during test 
cycles at a nominal flow rate of 4 Umin through a Teflon sample line held at 102°C (215°F). 
For analysis, a 1-pL portion of the sample was injected into the GC equipped with an FID and 
an analytical column. The analytical column was a 0.53-mm x 30-m capillary column with a 
1-J.lDl film of DB-WAX as the stationary phase. The GC carrier gas was helium at a column 
head pressure of approximately 4 psi. The column oven temperature was maintained at 70°C 
for 1 min, then ramped to l10°C at 10°/min, and held at 110°C for 5 min. External standards 
in deionized water were used to quantify the results. Detection limits for this procedure were 
on the order of 0.06 ppm in dilute exhaust. 
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IV. TEST RESULTS AND DISCUSSION 

A. Catalyst Break-In and Cool-Down 

Before emissions evaluations were conducted, TA-CC4 was installed in an engine 
dynamometer test cell for catalyst break-in. The catalyst was broken in for 24 h using a Ford 
460 in.3 V-8 engine running on gasoline. Engine parameters were set to achieve 500 ° ± 50°C 
at the thermocouple located between the intumescent mat and the steel wall which are 
positioned between the catalyst brick and the container for the PCM. As shown in Figure 3, 
temperature measurements recorded during the cool-down period after break-in correspond 
very closely to those temperatures observed by NREL during bench-testing at its facilities. 

B. Exhaust Emissions Testing 

Weighted exhaust emissions results from the five FTPs are given in Table 4 and Figure 
4. Detailed computer printouts of these tests can be found in Appendix A. For these tests, 
supplemental air was injected into the exhaust system prior to the insulated catalyst during 
the first 100 s ofthe cold-start phase (Bag 1), and for 15 s at the beginning of hot-start phase 
(Bag 3). The nominal flow rate was 5 ft3/min. Supplemental air provided sufficient oxygen 
levels in the exhaust stream so unburned fuel and CO would be more effectively oxidized 
in the catalyst. Air injection is necessary because the catalyst is at operating temperatures 
when the engine is first started and is in open loop operation (running rich). Air injection is 
not effective in conventional vehicles because the catalyst has not reached light-off 
temperature while the engine is in open loop operation. 

For comparison purposes, results from a previous test conducted on this vehicle (E80-
CATA&INS) are also presented in Table 4. This test was conducted in September 1994, as 
part of Subcontract No. YAW-3-12243-01, "Development of a Dedicated Ethanol tntra-Low 
Emission Vehicle (ULEV)." The catalytic converter used during this test was the same size, 
and had the same formulation as TA-CC4 but was insulated. Similar break-in procedures 
were conducted on both catalysts, and both catalysts were located in the same position under 
the vehicle. 

Data from the baseline test with TA-CC4 (TA4-E85-BASE) show the performance of the 
system without the initial temperature assist from the vacuum insulation and heat storage 
via PCM. Following a standard vehicle preconditioning sequence and a soaking period of 
nearly 43 h, the catalyst had not cooled to ambient temperature. Therefore, dry filtered shop 
air was blown through the exhaust system until the PCM and catalyst reached ambient 
temperature. 

A comparison of exhaust emissions from the previously tested uninsulated catalyst 
(E80-CATA&INS) and the baseline test with TA-CC4 (TA4-E85-BASE) shows slightly higher 
T.HC and NOx exhaust emissions with the insulated catalyst. CO levels were similar between 
the two tests. These slightly higher exhaust emissions with TA-CC4 are likely due to heat 
being conducted away from the catalyst brick into the PCM, lengthening the time it takes for 
the catalyst to reach light-off temperature. Higher than normal emissions result from this 
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TABLE 4. FTP EXHAUST EMISSIONS FROM FORD FFV EQUIPPED WITH TA-CC4 

Uninsulated 
Catalyst 18-h 24-h 36-h 36-h 

Test Condition Baseline9 Baseline Soak Soak Soak Soak 
Vehicle Preconditioning UDDS + 3  UDDS + 3  UDDS + 3  

Sequence UDDS UDDs · HFETs HFETs HFETs UDDS 

Catalyst Temperature at 
Start of Test (°C) 22 25 290 234 175 1 1 8  

E·SD- TA4-E85· TA4-E85· TA4-E85· TA4-E85· TA4-E85· 
Test Number CATA&INS BASE 1 8HR 24HR 36HR 36HRC 

THea (g/mi) 0.31 3 0.393 0.040 0.034 0.088 0.258 

CO (g/mi) 1 .75 1 .71 0.1 25 0.124 0.465 1 .38 

NOx (g/mi) 0.068 0.177 0.044 0.044 0.049 0.078 

CH4 (g/mi) 0.043 0.080 0.032 0.026 0.029 0.031 

NMHCb (g/mi) 0.073 0.1 1 5  0.006 0.005 0.037 0.080 

Total Carbonyls0 (g/mi) 0.04 0.045 0.003 0.002 0.013 0.034 

Alcoholsd (g/mi) 0.1 56 0.1 53 NO NO 0.01 0 0.1 1 3  

Estimated NMOG8 (g/mi) 0.27 0.314 0.009 0.008 0.059 0.227 

Est NMOG x RAF' (g/mi) 0.181 0.210 0.006 0.005 0.040 0.1 52 

Formaldehyde (mg/mi) 8.67 6.29 2.28 1 .73 1 .64 3.31 

Acetaldehyde (mg/mi) 30.4 37.8 0.159 0.214 1 0.1 28.8 

a THC = NMOG + CH4 
b Gasoline derived NMHC = FIOHC - (CH4 x FIORCH4) - (Ethanol x FIORETH); 

FIOHC = HC measured with FlO calibrated on propane; 
FIORCH4 = FlO response factor for methane; FIORETH = FlO response factor for ethanol 

c Summation of all measured aldehydes and ketones including: formaldehyde, acetaldehyde, acrolein, acetone, 
propionaldehyde, cr�tonaldehyde, isobutyraldehyde + methyl ethyl ketone, and hexanaldehyde 

d Methanol and ethanol 
e NMOG = NMHC + Carbonyls + Alcohols 
' RAF = 0.67 as measured by Kroll at Volkswagen (SAE 932676) 
9 Represents testing with different catalyst system installed, using a similar catalyst formulation. 

IND • not • �hov� limit of m 
· · 

situation, which represents the case in which a vehicle would sit until all stored heat energy 
was depleted. This phenomenon is illustrated in Figure 5, which gives catalyst front brick 
temperature and exhaust outlet temperature for the uninsulated catalyst and the baseline test 
with the insulated catalyst (TA-CC4). Although the front face temperature of the catalyst is 
similar during both tests, the temperature of the exhaust exiting the insulated catalyst is 
substantially lower. However, EPA estimates that approximately 98% of all trips occur within 
36 h of the previous trip. <B> Therefore, most common driving patterns will result in the catalyst 
being at elevated temperatures at the next cold start, minimizing the heat sink effect. Careful 
analysis of both the effect that this cooling has on the exhaust emissions and the frequency 
with which this situation is likely to occur is necessary to determine whether use of such 
device will impart any net improvement in exhaust emissions from the vehicle under normal 
use. 
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Tests conducted after 18- and 24-h soak periods produced similar results, and 
demonstrated the effectiveness of the insulated catalyst in reducing exhaust emissions after 
an overnight soak. Reductions of more than 90% were observed for HC and CO emissions, 
while NOx emissions were reduced approximately 75%. Results following an extended vehicle 
preconditioning sequence and a 36-h soak show reductions of more than 80% from baseline 
levels for HC, CO, and NOx exhaust emissions. For emissions certification testing, a vehicle 
may soak up to 36 h following a single UDDS prep. Test TA4-E85-36IffiC was to demonstrate 
the system performance at the maximum soak period following a standard prep with the PCM 
initially at ambient temperature (i.e., no extended prep sequence to ensure full melt of the 
PCM). This test showed reductions of approximately 30%, 20%, and 55% in HC, CO, and NOx 
emissions, respectively, compared to baseline levels. In addition, THC and CO levels were 
approximately 20% less than those from testing with the uninsulated catalyst, while NOx 
levels were similar. 

Most of the emissions reductions were achieved in the first few minutes of the cold
start phase of the FTP. Figures 6 through 8 show continuous raw exhaust emissions 
concentrations measured after the insulated catalyst for the first 140 s of the FTP, for tests 
conducted following an extended vehicle preconditioning sequence and 24- and 36-h soaks, and 
for the test conducted following a standard prep and a 36-h soak. Exhaust emissions levels 
were similar for all tests following the first few minutes of operation. 

Figure 9 shows representative temperature profiles of the front of the catalyst during 
soak following standard and extended vehicle preps. Other tests conducted with extended or 
standard preconditioning sequences showed similar results. Figure 9 illustrates the differences 
between starting with the PCM melted and with it only partially melted. The tests in which 
the PCM was fully melted clearly show the isothermal period in which the PCM was fusing 
between the 5- and 10-h marks, thus prolonging the time at elevated temperature. Figure 9 
also shows the temperature gains made with the extended preconditioning sequence compared 
to the standard vehicle prep. Also note the rise in temperature during the first hour following 
a standard prep as heat from the catalyst brick is transferred to the PCM. 
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V. RECOMMENDATIONS 

Further design improvements to hasten the full melt of the PCM would likely improve 
the net utility of the device, although the effe�ts of the heat sink properties under certain 
circumstances can be detrimental. In its present state, a 38-mile extended prep sequence 
consisting of an UDDS followed by three HFETs was required to achieve full melt of the PCM. 
For the device to be fully effective, it would need to achieve full melt within the average in-use 
trip length, which was shown earlier to be on the order of 2.5 to 4.9 miles. 

Heat storage capacity does not come without a weight penalty. Along with alternate 
configurations to accommodate the constricted space allotted to exhaust aftertreatment 
systems, weight is a big concern for automakers. As the system is refined, it would be 
expected that each of these design criteria would be further addressed. 

Many studies of heat storage through PCM indicate that there is degradation of 
performance after a certain number of cycles, which varies with the particular PCM. 
Degradation of PCM performance can also be brought about by impurities, so not only will 
manufacturing practices need to be tightly controlled, but the PCM containment structure will 
have to exclude contamination as well as allow for expansion and contraction. Furthermore, 
material compatibility issues will have to be taken into account. Whether the PCM is a 
inorganic salt eutectic or a eutectic metal, interaction of the molten material with the 
container can be a daunting technical challenge. Failure of the PCM containment could lead 
to catastrophic results. Again, design for long-term durability will need to address these two 
concerns. 

In selecting a PCM, not only will the above performance criteria need to be addressed, 
but the life cycle environmental impact of the selected material must be carefully evaluated. 
As with any new technology, environmental consequences of manufacture, use, and re-use or 
disposal must be studied and factored into the material selection process. 
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APPENDIX A 

DETAILED COMPUTER PRINTOUTS OF THE FTP 
REGULATED EMISSION TEST RESULTS FROM TASK 2 

Test No. Soak Time, Vehicle Prep Page No. 
hours 

TA4-E85-BASE 0 Standard A-1 

TA4-E85-1 8HR 1 8  Extended A-3 

TA4-E85-24HR 24 Extended A-5 

TA4-E85-36HR 36 Extended A-7 

TA4-E85-36HRC 36 Standard A-9 
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SOUTB.WEST RESEARCH INSTITUTE - DEPARTMENT OF EMISSIONS RESEARCH 
COMPUTER PROGRAM LDT 1.5-R 4-BAG CARB FTP VEHICLE EMISSION RESULTS PROJECT NO. 08-6068-200 

VEHICLE NUMBER 
VEHICLE MODEL 
EHGIHE 
TRANSMISSION 
ODOMETER 

E85 TEST TA4-E85-BASE 
93 FORD TAURUS DATE 11/16/95 RUN 
3.0 L (183 CID)- V6 
A4 

DYNO 2 BAG CART 2 

4671 MILES ( 7515 KM) 
ACTUAL ROAD LOAD 6.80 HP ( 5.07 KW) 
TEST WEIGHT 3500 LBS ( 1587 KG) 

BAROMETER 29 .34 IN HG (745.2 MH HG) 
RELATIVE HUMIDITY 35.1 PCT. 

DRY BULB TEMPERATURE 72.0'F ( 22.2 'C) 

BAG NUMBER 
BAG DESCRIPTION 

ROB TIME SECONDS 
DRY/WET CORRECTION FACTOR, SAMP/BACK 
HEASURED DISTANCE HILES (KM) 
BLOWER FLOW RATE SCFH (SQOI) 
GAS METER FLOW RATE SCFH ( SCHK) 
TOTAL FLOW SCF (SCM) 

HC SAMPLE METER/RANGE/PPM (BAG) 
HC BCKGRD METER/RANGE/PPM 
00 SAJIPLE METER/RABGE/PPH 
00 BCKGRD IIE'l!R/RABGE/PPH 
002 S!IIPLE mER/RABGE/PCT 
C02 BCKGRD METERjRABGEjPCT 
HOI SAMPLE METER/RABGE/PPH (BAG) (D)  
HOI BCKGRD METER/RANGE/PPM 
CH4 SAMPLE PPM (1.150) 
CH4 BCKGRD PPM 

DILUTION FACTOR 
HC COHCENTRATION PPM 
CO CONCENTRATION PPM 
C02 CONCENTRATION PCT 
BOX CONCENTRATION PPM 
CH4 CONCENTRATION PPM 
NMHC CONCENTRATION PPM 

THC MASS GRAMS 
CO MASS GRAMS 
C02 MASS GRAMS 
NOI MASS GRAMS 
CH4 MASS GRAMS 
NMHC MASS GRAMS ( FID) 
FUEL MASS KG 
FUEL ECONOMY MPG (L/100KM) 

4-BAG COMPOSITE RESULTS 

1A 
COLD TRANSIENT 
( 0-140 SEC . )  

139.8 
.981/. 990 
. 68 ( 1.09)  

322.7 ( 9.14 ) 
.28 ( .01) 

752. ( 21. 3 )  

22.9/ 3 /  228. 49 
.8/ 3/ 7 .98 

88.8/ 1/ 914.16 
1.5/ 1/ 10.57 

83.9/ 14/ .7306 
11.4/ 14/ .0362 
33.9/ 2/ 34.02 

.Sf 2/ .50 
15.32 

2.18 

15.09 
221.04 
878.62 

.6968 
33 .55 
13.29 

114.38 

4. 479 
21.798 
271.87 

1.183 
. 189 

1.406 
.144 

13.83 ( 17.01) 

THC G/MI . 393 
CO G/MI 1.  706 
NOX G/MI .117 

FUEL ECONOMY MPG ( L/100KM) 16.65 ( 14 .13 } 

A-1 

1B 
COLD TRANSIENT 
( 14Q- 505 SEC. ) 

365.6 
.976/. 990 

2.96 ( 4.76} 
322.5 ( 9 .13 )  

.29 ( .01) 
1967. ( 55. 7 )  

34.1/ 2 /  34.08 
7.6/ 2/ 7.60 

59.4/ 12/ 58.54 
1.5/ 12/ 1.45 

97.9/ 14/ 1.0918 
13.5/ 14/ .0441 
10.3/ 1/ 2.66 

1.1/ 1/ .29 
10.31 
2.12 

11.50 
27.15 
55.09 

1.0516 
2.40 
8.37 

13.04 

1.248 
3.573 

1072. 45 
. 221 
.311 
. 419 
. 492 

17.67 ( 13 .31)  

CH4 G/MI 
NKHC G/MI 
CARBONYL G /MI 
ALCOHOL G/KI 

NMOG G/MI 

ETHANOL 85% EH-2154-F 
FUEL DENSITY 6. 480 LB/GAL 
H .132 C .600 0 .268 X .000 

NOX HUMIDITY C.F. .865 

2 
STABILIZED 

( 505-1372 SEC. ) 
866.7 

.981/.990 
3 . 84 ( 6.18) 
326.8 ( 9.25) 

.28 ( .01) 
4724. ( 133.8)  

10.8/ 2/ 10.79 
7.3/ 2/ 7.30 

10.0/ 12/ 9 .66 
1.2/ 12/ 1.16 

81.9/ 14/ .6909 
13.3/ 14/ .0433 

3.8/ 1/ .99 
.8/ 1/ .21 

4.87 
2.12 

18.26 
3.90 
8.31 

.6500 
.79 

2.86 
.60 

.313 
1 .295 

1592.12 
.175 
.255 
.047 
.726 

15.56 ( 15.12)  

.080 

.us 

.045 

. 153 
.314 (RAF=l.OO ) 

3 
HOT TRANSIENT 

( 
· o- 505 SEC. ) 

506.0 
.979/.990 

3.64 ( 5 . 86 )  
325.6 ( 9 .22) 

.28 ( .01) 
2748. ( 77. 8 )  

12.6/ 2/ 12.59 
7.1/ 2/ 7.10 

12.3/ 12/ 11.89 
1.1/ 12/ 1.06 

91.7/ 14/ .9104 
13.4/_ 14/ .0437 

5.7/ 1/ 1.48 
.7/ 1/ . 18 

6.29 
2.13 

13 .86 
6.01 

10.53 
.8699 

1.31 
4 .31 
1.06 

.290 

.954 
1239.59 

.169 

.223 

.047 

.565 
18.94 ( 12. 42)  



SOUTHWEST RESEARCH INSTITUTE - DEPARTMENT OF EMISSIONS . RESEARCH 
COMPUTER PROGRAM LDT 1.5-R 4-BAG CARB FTP VEHICLE EMISSION RESULTS PROJECT NO. 08-6068-200 

VEHICLE NUMBER 
VEHICLE MODEL 
ENGINE 
TRANSMISSION 
OOOMETER 

E85 
93 FORD TAURUS 
3 .0 L (183 CID) - V6 
M 

TEST TA4-E85-BASE 
DATE 11/16/95 RUN 
DYNO 2 BAG CART 2 

ETBAHOL 85% EM-2154-F 
FUEL DENSITY 6. 480 LB/GAL l! H .132 C .600 0 .268 X .000 

4671 MILES ( 7515 KM) 

BAROMETER 29.34 IN HG ( 745.2 MM HG) 
RELATIVE HUMIDITY 35.1 PCT. 

BAG NUMBER 
BAG DESCRIPTION 

FORMALDEHYDE 
PPH 
MASS MG 

ACETALDEHYDE 
PPH 
MASS MG 

ACROLEIN 
PPH 
MASS MG 

ACETOHE 
PPM 
MASS MG 

PROPIONALDEHYDE 
PPM 
MASS MG 

CROTONALDEHYDE 
PPM 
MASS HG 

ISOBUTYR+MEK 
PPM 
MASS MG 

BENZALDEHYDE 
PPM 
MASS MG 

HEXANALDEHYDE 
PPM 
MASS HG 

METHANOL 
PPM 
MASS MG 

ETHANOL 
PPM 
MASS HG 

lA 
COLD TRANSIENT 
( 0-140 SEC. ) 

2 . 053 
53. 46 

12.404 
473 . 95 

. 049 
2 . 40 

.100 
4 .43 

. 034 
1.63 

. 007 

. 45 

. 022 
1.18 

.028 
2 . 58 

. 023 
2 . 01 

. 405 
10. 94 

58. 219 
2331. 81 

4-BAG COMPOSITE RESULTS 
FORMALDEHYDE MG/MI 
ACETALDEHYDE MG /MI 
ACROLEIN MG/MI 
ACETONE MG/MI 
PROPIONALD. MG/MI 

ACTUAL ROAD LOAD 6.80 HP ( 5.07 KW) 
TEST WEIGHT 3500 LBS ( 1587 KG) 

DRY BULB TEMPERATURE 72 .0'F ( 22.2.C)  

lB 
COLD TRANSIENT 
( 140- 505 SEC. ) 

. 547 
36 .79 

1 . 723 
168. 82 

.000 

. 00 

.021 
1.08 

.005 

. 43 

.000 

.00 

.010 
1.00 

.ooo 

. 00 

.000 

. 00 

.174 
11 .71 

2. 863 
298 .31 

6 . 288 
37. 835 

.138 

. 484 

.122 

A-2 

2 
STABILIZED 

(505-1372 SEC. ) 

.041 
5.88 

. 045 
3.96 

.000 

.oo 

.015 

.71 

.002 

.03 

.000 

.00 

.005 

. 62 

. 000 

.00 

.000 

.00 

.000 

.00 

.000 
.oo 

CROTONALD. MG/MI 
ISOBUTYR+MEK MG/MI 
BENZALDEHYDE MG/MI 
HEXANALDEHYDE MG/MI 
METHANOL HG /MI 
ETHANOL MG/MI 

NOX H!JHIDITY C.F. .865 

3 
HOT TRANSIENT 

( 0- 505 SEC. ) 

.048 
4 .06 

. 059 
4. 28 

.000 

. 00  

.018 

.94 

.000 

.00 

.000 

.oo 

.008 
1.14 

.000 

.00 

.000 

.00 

.097 
8 .53 

.000 

.00 

.026 

. 295 

.148 

. 116 
1.953 

151 . 315 

BACKGROUND 

.006 

. 030 

.000 

.013 

.002 

.000 

.004 

.000 

.000 

.013 

.000 
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SOUTHWEST RESEARCH INSTITUTE - DEP!RTMEHT OF EMISSIONS RESEARCH 
COMPUTER PROGRAM LDT 1.5-R 4-BAG CARB FTP VEHICLE EMISSION RESULTS PROJECT NO. 08-6068-200 

VEHICLE NUMBER 
VEHICLE MODEL 
ENGINE 
TRAHSMISSION 
ODOMETER 

E85 TEST TA4-E85-18HR 
93 FORD TAURUS DATE 11/17/95 ROD 
3 .0  L (183 CID)- V6 
A4 

DYNO 2 BAG CART 2 

4711 HILES ( 7579 KM) 
ACTUAL ROAD LOAD 6.80 HP ( 5.07 KW) 
TEST WEIGHT 3500 LBS ( 1587 KG) 

BAROMETER 29.18 IN HG (741.2 MM HG) 
RELATIVE HUMIDITY 53. 8 PCT. 

DRY BULB TEMPERATURE 73 .o·r ( 22.8 .C) 

BAG NUMBER 
BAG DESCRIPTION 

ROH TIME SECONDS 
DRY/WET CORRECTION FACIDR, SAMP/BACK 
MEASURED DISTABCE HILES (KH) 
BLOWER FLOW RATE SCFH (SOIH) 
GAS METER FLOW RATE SCFH ( SCHM) 
TOTAL FLOW SCF (SCM) 

1! 
COLD TRANSIENT 
( 0-140 SEC . )  

141.2 
.972/.985 
.68 ( 1 .09) 

324.8 ( 9.20) 
.28 ( .01) 

765. ( 21.7)  

HC SAMPLE METER/RANGE/PPM (BAG) 
HC BCKGRD METER/RANGE/PPM 
CO SAMPLE MEm/RAIGE/PPM 

20.6/ 2/ 20.59 
4.5/ 2/ 4 .50 
9.7/ 12/ 9.37 

co BCmD IIE!ER/RDGE/PPM .8/ 12/ .77 
<m SAMPLE ME!ERJR!IGE/PC1' 
C02 BCKGRD METER/RAHGE/PCT 
NOI SAMPLE METER/RANGE/PPM (BAG) (D) 
KOI BCKGRD METER/RANGE/PPM 

93.3/ 14/ .9534 
12.8/ 14/ .0414 
63.6/ 1/ 16.09 

CH4 SAMPLE PPM (1.160) 
CH4 BCKGRD PPM 

DILUTION FACTOR 
HC CONCENTRATION PPM 
CO CONCENTRATION PPM 
C02 CONCENTRATION PCT 
NOX CONCENTRATION PPM 
CH4 CONCENTRATION PPM 
lOOIC CONCENTRATION PPM 

THC MASS GRAMS 
CO MASS GRAMS 
C02 MASS GRAMS 
NOX MASS GRAMS 
CH4 MASS GRAMS 
lOOIC MASS GRAMS (FID) 
FUEL MASS KG 
FUEL ECONOMY MPG (L/100KH) 

4-BAG COMPOSITE RESULTS 

THC G/MI .040 
CO G/MI . 125 
NOX G /HI • 044 

.3/ 1/ .08 
14 .47 
2.26 

13.23 
16.43 

8.30 
.9151 
16.02 
12.38 

2.07 

.212 

.209 
363.04 

.640 

.179 

.026 

.166 
12.01 ( 19.58) 

FUEL ECONOMY MPG (L/100KM) 16.76 (14 .03 )  

A-3 

1B 
COLD TRANSIENT 
(140- 505 SEC. ) 

364. 4  
.971/. 985 

2.95 ( 4. 74 ) 
325.9 ( 9.23) 

.28 ( . 01) 
1981. ( 56.1)  

92.0/ 1/  9.26 
42.6/ 1/ 4 .29 
12.2/ 12/ 11.79 

.7/ 12/ .68 
58.8/ 1/ 1.0816 
2.6/ 1/ .0482 

.5/ 1/ .13 

. 4/ 1/ .10 
5.39 
2.21 

11.68 
5.34 

10.68 
1.0375 

.04 
3.37 
1.43 

.182 

.698 
1065.53 

.004 

.126 

.046 

.485 
17.84 ( 13. 19)  

CH4 G/MI 
IOOIC G/MI 
CARBONYL G /MI 
ALCOHOL G/MI 

NMOG G/MI 

GASOLINE 85% EM-2154-F 
FUEL DENSITY 6.480 LB/GAL 
H .132 C . 600 0 .268 X .000 

NOX HUMIDITY C.F. • 964 

2 
STABILIZED 

(505-1372 SEC. ) 
867.0 

.976/.985 
3.84 ( 6.18) 
326.2 ( 9 .24 ) 

.28 ( .01) 
4717. ( 133.6)  

51.2/ 1/ 5.15 
43.5/ 1/ 4.38 
3.4/ 12/ 3.28 

.8/ 12/ .77 
81.4/ 14/ .6813 
13.1/ 14/ .0425 

.3/ 1/ .08 

.3f 1/ .08 
2.95 
2.25 

18.55 
1.01 
2.45 

.6411 
.00 
.82 
.OS 

.089 

.382 
1567.97 

.001 

.073 
. •  004 

.714 
15.81 ( 14 .88 )  

.032 

.006 

.003 

.000 
.009 (RAF=l.OO) 

3 
HOT TRANSIENT 

( o- 505 SEC . )  
505.1 

.973/.985 
3 .63 ( 5.85) 
323.7 ( 9.17) 

.28 ( .01) 
2727. ( 77.2) 

55.0/ 1/ 5.54 
43.5/ 1/ 4 .38 
4.5/ 12/ 4.34 
1.2/ 12/ 1.16 

91.-5/ 14/ .9052 
13.3/ 14/ .0433 
2.5/ 1/ .65 

.3/ 1/ .08 
3.15 
2.25 

13.96 
1 .47 
3.12 

.8651 
.58 

1.06 
.25 

.072 

.281 
1223. 13 

.082 

.054 

.011 

.557 
19.18 ( 12.27) 



SOUTHWEST RESEARCH INSTITUTE - DEPARTMENT OF EMISSIONS RESEARCH 
COMPUTER PROGRAM LDT 1.5-R 

VEHICLE NUMBER E85 
VEHICLE MODEL 93 FORD TAURUS 
EHGOO 3 .0  L (183 CID)- V6 
TRAHSMISSION A4 

4-BAG CARB FTP VEHICLE EMISSION RESULTS 

TEST TA4-E85-18HR 
DATE 11/17/95 RUN 
DYHO 2 BAG CART 2 
ACTUAL ROAD LOAD 6.80 HP ( 5.07 KW) 

ODOMETER 4711 MILES ( 7579 KM) TEST WEIGHT 3500 LBS ( 1587 KG) 

BAROMETER 29.18 IN HG (741.2 MM HG) DRY BULB TEMPERATURE 73.0
'
F ( 22. 8

'
C)  

RELATIVE HDMIDITY 53 .8 PCT. 
BAG NUMBER lA lB 2 
BAG DESCRIPTION COLD TRANSIENT COLD TRANSIENT STABILIZED 

( 0-140 SEC. ) ( 14Q- 505 SEC. ) (505-1372 SEC. ) 
FORMALDEHYDE 

PPM .192 .088 .056 
MASS HG 5.05 6.01 9.08 

ACETALDEHYDE 
PPH .020 .012 .007 
MASS HG .55 .62 . 41 

ACROLEIN 
PPM .000 .000 .000 
MASS MG .00 .00 .00 

!CETOBE 
PPM .023 .014 .003 
IDSS HG .97 1.33 .oo 

PllOPIOBALDEHYDE 
PPM .000 .000 .002 
MASS HG .00 .00 .22 

CROTOHALDEHYDE 
PPH .000 .000 .000 
MASS MG .00 .00 . 00 

ISOBUTYR+MEK 
PPM .000 .000 .000 
MASS MG .oo .02 .00 

BENZALDEHYDE 
PPM .000 .000 .000 
MASS MG .00 .00 .00 

HEXANALDEHYDE 
PPM .000 .000 .000 
MASS MG .00 .00 .00 

METHANOL 
PPM .000 .000 .026 
MASS MG .00 .00 .90 

ETHAHOL 
PPM .040 .034 .021 
MASS MG .81 1.47 .28 

4-BAG COMPOSITE RESULTS 
FORMALDEHYDE MG/MI 2.279 CROTONALD. HG/MI 
ACETALDEHYDE MG/MI .159 ISOBUTYR+HEK MG/HI 
ACROLEIN MG/HI .000 BENZALDEHYDE MG/HI 
ACETONE MG/MI . 160 HEXAN!LDEHYDE MG /MI 
PROPIONALD. MG/MI .058 METHANOL MG/HI 

ETHANOL MG/MI 

A-4 

PROJECT NO. 08-6068-200 

GASOLINE 85% EM-2154-F 
FUEL DENSITY 6 . 480 LB/GAL 
H .132 C .600 0 .268 X .000 

NOX HUMIDITY C .F .  . 964 

3 
HOT TRAHSIEHT BACKGROUND 

( 0- 505 SEC. ) 

.059 .000 
5.58 

.009 .006 

. 48 

.000 .000 

.oo 

.005 .004 

.36 

.003 .001 
.38 

.000 .000 

.00 

.000 .000 

.00 

.000 . 000 

.00 

.000 .000 

.00 

.000 .022 

.00 

.014 .021 

.00 

.000 

.001 

.000 

.ooo 

.120 

.169 
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SOtlTHWEST RESEARCH INSTITUTE - DEPARTMENT OF EMISSIONS RESEARCH 
COMPOTER PROGRAM LDT 1.5-R 4-BAG CARB FTP VEHICLE EMISSION RESULTS PROJECT NO. 08-6068-200 

VEHICLE NUMBER 
VEHICLE MODEL 
ENGINE 
TRANSMISSION 
ODOMETER 

E85 
93 FORD TAURUS 
3 .0  L (183 CID)- V6 
A4 

4767 MILES ( 7670 KM) 

BAROMETER 29.35 IN HG (745.5 MM HG) 
RELATIVE HUMIDITY 50.7 PCT. 

BAG NUMBER 
BAG DESCRIPTION 

RON TIME SECONDS 
DRY/WET CORRECTION FACTOR, SAHP/BACK 
MEASURED DISTANCE HILES (KH) 
BLOWER FLOW RATE SCFH ( SCMH) 
GAS METER FLOW RATE SCFM (SCMH) 
TOTAL FLOW SCF ( SCH) 
HC SAMPLE HETER/RAHGE/PPM (BAG) 
HC BCKGRD KETER/RAHGE/PPM 
00 SAIIPLE II!TER/RAIGE/PPH 
00 BCKGRD METER/RAIGB/PPH 
C02 SAIIPLE mER/R!IGB/PCl' 
002 BCKGRD METER/RAIGE/PCI' 
HOI SAIIPLE METER/RAHGE/PPH (BAG) (D) 
HOI BCKGRD METER/RAHGE/PPM 
CH4 SAMPLE PPM (1.160) 
CH4 BCKGRD PPM 

DILUTION FACTOR 
HC CONCENTRATION PPM 
CO CONCENTRATION PPM · 

C02 CONCENTRATION PCT 
NOX CONCENTRATION PPM 
CH4 CONCENTRATION PPM 
NMHC CONCENTRATION PPM 

THC MASS GRAMS 
CO MASS GRAMS 
C02 MASS GRAMS 

NOX MASS GRAMS 
CH4 MASS GRAMS 
NMHC MASS GRAMS (FID) 
FUEL MASS KG 
FUEL ECONOMY MPG (L/100KM} 

TEST TA4-E85-24BR 
DATE 11/20/95 RON 
DYBO 2 BAG CART 2 
ACTUAL ROAD LOAD 6 .80 HP ( 5.07 KW) 
TEST WEIGHT 3500 LBS ( 1587 KG) 

DRY BULB TEMPERATURE 74 .0
'
F ( 23.3

.
C) 

1! 
COLD TRANSIENT 
( 0-140 SEC. ) 

140.0 
.972/.985 
.68 ( 1 .09) 

321.6 ( 9.ll) 
.28 ( .01 )  

751. ( 21.3)  

24.5/ 2/ 24.49 
6.4/ 2/ 6.40 

27.2/ 12/ 26.41 
2.2/ 12/ 2.12 

54.4/ 1/ .9992 
2.8/ 1/ .0519 

63.7/ 1/ 16.12 
.6/ 1/ .16 

14 .83 
2.43 

12.60 
18.60 
23. 44 
.9514 
15.97 
12.59 
4 .02 

.233 

.581 
370.48 

.620 

.179 

.049 

.169 
11.74 ( 20.04 ) 

lB 
COLD TRANSIENT 
(140- 505 SEC. ) 

365.0 
.971/.985 

2.96 ( 4 .75) 
321.6 ( 9.ll) 

.29 ( .01) 
1958. ( 55.5)  

9 .9/  2/  9.89 
6.0/ 2/ 6.00 
6.5/ 12/ 6.28 
1.4/ 12/ 1.35 

60.1/ 1/ 1.1060 
2.7/ 1/ .0500 

.7/ 1/ .18 
.5/ 1/ .13 

5 .10 
2.36 

11.42 
4 .42 
4 .80 

1 .0603 
.06 

2.95 
.99 

.148 

. 310 
1076.61 

.006 

.109 

.032 

. 490 
17.72 ( 13.28 )  

ETB!KOL 85% EM-2154-F 
FUEL DENSITY 6.480 LB/GAL 
H .132 C .600 0 .268 X .000 

NOX HUMIDITY C.F. .954 

2 
STABILIZED 

(505-1372 SEC. ) 
867 .4  

.976/.985 
3.86 ( 6.22 )  
324. 9  ( 9 .20) 

.28 ( . 01) 
4701. ( 133.1) 

58.0/ 1/ 5.84 
56.7/ 1/ 5.71 
4 .0/ 12/ 3.86 
1.3/ 12/ 1.25 

81.9/ 14/ .6909 
13.5/ 14/ .0441 

.4/ 1/ .10 

.4/ 1/ .10 
2 .57 
2.35 

18.29 
. 44 

2.57 
.6492 

.01 

. 35 

.04 

. 042 

.398 
1582. 44 

.001 

.031 

.003 

.720 
15.76 ( 14 .92) 

3 
HOT TRANSIENT 

( 0- 505 SEC. ) 
505.1 

.973/.985 
3.62 ( 5.83) 
324. 4  ( 9 .19) 

.28 ( .01) 
2733. ( n. 4 )  

69.4/ 1/ 6.99 
55.7/ 1/ 5.61 
4 .4/ 12/ 4.25 
1.3/ 12/ 1.25 

91.6/ 14/· .9078 
13.6/ 14/ .0444 
3.1/ 1/ .81 

.4/ 1/ .10 
3 .57 
2.28 

13.92 
1.78 
2.94 

.8666 
. 71 

1.45 
. 08 

.087 

.265 
1228.13 

.100 

.075 

.003 

.559 
19.04 ( 12. 36 )  

I 4-BAG COMPOSITE RESULTS l . . .  

I l. 

THC G/HI .034 
CO G/HI .124 
NOX G/HI .044 

FUEL ECONOMY MPG ( L/100KM) 16.67 (14.12)  

A-5 

CH4 G/HI 
mmc G/HI 
CARBONYL G/MI 
ALCOHOL G/HI 

NMOG G/HI 

.026 

.005 

.002 

.000 
.008 (RAF=l .OO)  



SOtlTRWEST RESEARCH INSTITUTE - DEPARTMERT OF EMISSIONS RESEARCH I COMPUTER PROGRAM LDT 1.5-R 4-BAG CARB FTP VEHICLE EMISSION RESULTS PROJECT NO. 08-6068-200 t L 
VEHICLE NUMBER E85 TEST TA4-E85-24BR ETHANOL 85% EH-2154-F 
VEHICLE MODEL 93 FORD TAURUS DATE 11/20/95 RUB FUEL DENSITY 6.  480 LB/GAL l EN GOO 3 .0  L (183 CID)- V6 DYHO 2 BAG CART 2 H .132 C .600 0 .268 X .000 
TRANSMISSION A4 ACTUAL ROAD LOAD 6.80 HP ( 5.07 KW) 
ODOMETER 4767 MILES ( 7670 KM) TEST WEIGHT 3500 LBS ( 1587 KG) [ 
BAROMETER 29.35 IN HG (745.5 MM HG) DRY BULB TEMPERATURE 74. o

·
F ( 23. 3

.
C)  HOI HUMIDITY C.F. .954 

RELATIVE HUMIDITY 50.7 PCT. 
BAG NUMBER lA lB 2 3 f 
BAG DESCRIPTION COLD TRANSIENT COLD TRANSIENT STABILIZED HOT TRANSIENT BACKGROUND l 

( Q-140 SEC . )  (140- 505 SEC . ) (505-1372 SEC. ) ( 0- 505 SEC. ) 
FORMALDEHYDE r PPM .157 .062 .050 .052 .006 

MASS HG 3 .91 3 .79 7.13 4 .37 
ACETALDEHYDE { PPM .034 .023 .008 .009 .007 

MASS MG 1.02 1.58 .31 . 32 
ACROLEIN 

PPM .000 .003 .000 .000 .000 � MASS MG .00 .42 .00 .00 i 
ACE'l'OBE 

PHI .000 .007 .002 .002 .003 l IDSS MG .00 .67 .03 .00 
PROPIOB!LDEHYDE 

PPM .000 .000 .001 .000 .000 
MASS MG .00 .00 .17 .00 [ CRO'l'ONALDEHYDE 
PPM .000 . 000 .000 .000 . 000 

MASS MG .00 .00 .00 .00 [ ISOBUTYR+MEK 
PPM .000 .002 .000 .000 . 000 

MASS MG .00 . 22  .00 .06 r BENZALDEHYDE 
PPM .000 .000 .000 .000 .000 
MASS MG .00 . 00 .00 .00 

HEXANALDEHYDE r 
PPM .000 .000 .000 .000 .000 l 
MASS HG .00 .00 .oo .00 

METHANOL 
PPM .000 .000 .000 .037 .018 

MASS MG .00 .00 .00 1.96 

ETHANOL 
PPM . 000 .025 .015 . 032 . 018 

MASS MG .00 .85 .00 2.08 

4-BAG COMPOSITE RESULTS r FORMALDEHYDE MG/HI 1.727 CRO'l'ONALD. MG/MI .000 
ACETALDEHYDE MG/MI . 214 ISOBUTYR+MEK MG/MI . 017 

ACROLEIN MG/MI .024 BENZALDEHYDE MG/MI .000 f ACETONE MG/HI . 042 HEXANALDEHYDE MG/MI .000 

PROPIONALD. MG/MI .023 METHANOL MG/MI . 149 

ETHANOL MG/MI .207 

[ 
A-6 r I 
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SOUTHWEST RESEARCH INSTITUTE - DEPARTMENT OF EMISSIONS RESEARCH 
COMPUTER PROGRAM LDT 1.5-R 4-BAG CARB FTP VEHICLE EMISSION RESULTS PROJECT NO. 08-6068-200 

VEHICLE NUMBER 
VEHICLE MODEL 
ENGINE 
TRANSMISSION 
ODOMETER 

E85 TEST TA4-E85-36HR 
93 FORD TAURUS DATE 11/22/95 RUN 
3 .0  L ( 183 CID)- V6 
A4 

DYNO 2 BAG CART 2 

4817 MILES ( n5o KM) 
ACTUAL ROAD LOAD 6.80 HP ( 5.07 KW) 
TEST WEIGHT 3500 LBS ( 1587 KG) 

BAROMETER 29.30 IN HG (744 .2 MM HG) 
RELATIVE HUMIDITY 53.2 PCT. 

DRY BULB TEMPERATURE 72.0•F ( 22.2.C) 

BAG NUMBER 
BAG DESCRIPTION 

RUN TIME SECONDS 
DRY/WET CORRECTION FACTOR, SAMP/BACK 
MEASURED DISTANCE MILES (KM) 
BWWER FLOW RATE SCFH (SCMH) 
GAS METER FLOW RATE SCFH ( SCMM) 
TOTAL FLOW SCF (SCM) 
HC SAMPLE METER/RAHGE/PPM (BAG) 
HC BCKGRD HETER/RAHGE/PPM 
00 SAMPLE mER/RAHGE/PPH 
00 BCXGRD mER/RAIGE/PPH 
em SAMPLE Mr.r!R/RDGE/PCf 
C02 BCKGRD METER/RAHGE/PCT 
HOI SAMPLE METER/RAHGE/PPM (BAG) (D) . 
HOI BCKGRD METER/RAHGE/PPM 
CH4 SAMPLE PPM ( 1 .150) 
CH4 BCKGRD PPM 

DILUTION FACTOR 
HC CONCENTRATION PPM 
CO CONCENTRATION PPM 
C02 CONCENTRATION PCT 
NOX CONCENTRATION PPM 
CH4 CONCENTRATION PPM 
HMHC CONCENTRATION PPM 

THC MASS GRAMS 
CO MASS GRAMS 
C02 MASS GRAMS 
HOI MASS GRAMS 
CH4 MASS GRAMS 
IOOIC MASS GRAMS ( FID) 
FUEL MASS KG 
FUEL ECONOMY MPG ( L/100KM) 

4-BAG COHPOSITE RESULTS 

lA 
COLD TRANSIENT 
( 0-140 SEC. ) 

139.8  
.973/.986 
.67 ( 1.08 )  

321.3 ( 9.10) 
.28 ( .01 )  

749. ( 21.2)  

55.5/ 2/  55. 47 
5.7/ 2/ 5.70 

51.8/ 14/ 231.27 
.Sf 14/ 2.02 

93.8/ 14/ .9673 
13.9/ 14/ .0456 
64. 5/ 1/ 16. 32 
1.1/ 1/ . 29 

15.88 
2.71 

12. 72 
50.22 

220.29 
.9253 
16.05 
13.37 
29. 88 

.813 
5. 442 

359. 48 
.618 
. 189 
.366 
. 168 

11.74 ( 20. 03 ) 

THC G/MI .088 
CO G/MI . 465 
NOX G/MI .049 

FUEL ECONOMY MPG (L/100KM) 16 .74 (14.05 )  

A- 7  

1B 
COLD TRANSIENT 
(140- 505 SEC. ) 

365.6 
. 971/.986 

2.94 ( 4 .74 )  
325.3 ( 9 .21)  

.29 ( . 01 ) 
1984. ( 56.2)  

17.0/ 2/  16. 99 
5.5/ 2/ 5.50 

24.4/ U/ 23.67 
1.5/ U/ 1.45 

97.7/ 14/ 1.0852 
14.1/ 14/ .0464 
2.4/ 1/ .63 
.9/ 1/ .24 

6.81 
2.66 

11.62 
11.97 
21.37 

1.0428 
.41 

4 .37 
6.33 

. 468 
1.398 

1072.76 
.042 
.164 
.205 
. 490 

17. 67 ( 13.31) 

CH4 G/MI 
NMHC G/MI 
CARBONYL G /MI 
ALCOHOL G/MI 

NMOG G/MI 

ETHANOL 85% EM-2154-F 
FUEL DENSITY 6. 480 LB/GAL 
H .132 C .600 0 .268 X .000 

NOX HUMIDITY C.F. .949 

2 
STABILIZED 

(505-1372 SEC. ) 
866.9 

.9nf.986 
3.84 ( 6.17) 
326.3 ( 9.24 )  
.28 ( .01 )  

4718. ( 133.6)  

52.0/ 1/ 5.23 
49.9/ 1/ 5.02 
3.6/ Uj 3.47 
1.3/ Uj 1.25 

81.7/ 14/ .6871 
14.2/ 14/ .0468 
1.4/ 1/ .37 
.8/ 1/ .21 

2.63 
2.59 

18.39 
.48 

2.19 
.6428 

.17 

.18 

.31 

.051 

.341 
1572.50 

.041 

.016 

.024 

.716 
15.75 ( 14 .93 )  

.029 

.037 

.013 

.010 
.059 (RAF=l.OO )  

3 
HOT TRANSIENT 

( o- 505 SEC. ) 
505.4 

.974/.986 
3.63 ( 5.85) 
325.6 ( 9.22) 
.28 ( .01) 

2745. ( n.7) 

64.6/ 1/ 6 .50 
47.8/ 1/  4.81 
S.Oj Uj 4.83 
1.3/ U/ 1.25 

91.0/ 14/ .8924 
14.1/ 14/ .0464 
2.8/ 1/ .73 

.8j 1/ .21 
3.85 
2.46 

14.16 
2.03 
3.50 

.8493 
.54 

1.56 
.28 

.097 

.317 
1208.59 

.076 

.081 

.ou 

.550 
19.42 ( 12.12) 



SOUTHWEST RESEARCH INSTITUTE - DEPARTMENT OF EMISSIONS RESEARCH 1: COMPUTER PROGRAM LDT 1 .  5-R 4-BAG CARB FTP VEHICLE EMISSION RESULTS PROJECT NO. 08-6068-200 t 
VEHICLE NUMBER E85 TEST TA4-E85-36BR ETHANOL 85% EM-2154-F 
VEHICLE MODEL 93 FORD TAURUS DATE 11/22/95 RON FUEL DENSITY 6 . 480 LB/GAL ! 
ENGINE 3.0  L (183 CID)- V6 DYNO 2 BAG CART 2 H .132 C .600 0 .268 X . 000 l 
TRANSMISSION A4 ACTUAL ROAD LOAD 6.80 BP ( 5.07 KW) 
OOOHETER 4817 MILES ( 7750 KM) TEST WEIGHT 3500 LBS ( 1587 KG) l 
BAROMETER 29.30 IN HG (744.2 MM HG) DRY BULB TEMPERATURE 72.0 'F  ( 22.2.C) NOX HUMIDITY C.F.  . 949 
RELATIVE HUMIDITY 53.2 PCT. f BAG NUMBER lA lB 2 3 

BAG DESCRIPTION COLD TRANSIENT COLD TRANSIENT STABILIZED HOT TRANSIENT BACKGROUND l 
( 0-140 SEC. ) ( 140- 505 SEC. ) (505-1372 SEC. ) ( 0- 505 SEC. ) 

FORMALDEHYDE f PPM .220 .079 .038 .030 . 001 
MASS MG 5.64 5.27 5.94 2.75 

ACETALDEHYDE 
PPM 3.146 .536 .009 .009 .005 
MASS MG 118.80 53.12 1.02 .52 

ACROLEIN 
PPM .000 .000 .000 .000 . 000 [ MASS MG .00 .00 .00 .00 

lCETOBE 
PPI .030 .000 .013 .002 .002 l lllSS JIG 1.39 .00 3.36 .03 

PROPIONALDEHYDE 
PPM .000 .000 .000 .000 .000 f MASS MG .00 .00 .00 .00 

CROTONALDEHYDE l 
PPM .000 .000 .000 .000 .000 
MASS MG .00 .00 .00 .00 t ISOBUTYR+MEK 
PPM .000 .000 .000 .000 .000 
MASS MG .00 .00 .00 .00 l BENZALDEHYDE 
PPM .073 .000 .000 .000 . 000 
MASS MG 6.64 .00 .00 .00 

HEXANALDEHYDE 
PPM .000 .000 .000 .000 .000 
MASS MG .00 .00 .00 .00 

METHANOL 
PPM .000 .000 .000 .000 .014 
MASS MG .00 .00 .00 .00 

ETHANOL r, PPM 3.208 . 416 .000 .000 .027 l MASS MG 125.92 40. 94 .00 .00 

4-BAG COMPOSITE RESULTS [ FORMALDEHYDE MG/MI 1.635 CROTONALD. MG/MI .000 
ACETALDEHYDE MG /MI 10.096 ISOBUTYR+MEK MG/MI .000 
ACROLEIN MG/MI .000 BENZALDEHYDE MG/MI . 383 [ ACETONE MG/MI .533 HEXANALDEHYDE MG/MI .000 
PROPIONALD. MG/MI .000 METHANOL MG/MI .000 

ETHANOL MG/MI 9 . 629 r I L 
A- 8 r ! 
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SOUTHWEST RESEARCH INSTITUTE - DEPARTMENT OF EMISSIONS RESEARCH 
COMPUTER PROGRAM LDT 1.5-R 4-BAG CARB FTP VEHICLE EMISSION RESULTS PROJECT NO. 08-6068-200 

E85 TEST TA4-E85-36HRC 
93 FORD TAURUS DATE 12/ 1/95 RUN 

DYNO 2 BAG CART 2 

ETHANOL 85% EM-2154-F 
FUEL DENSITY 6 . 480 LB/G!L 
H .132 C .600 0 .268 X .000 

VEHICLE NOMBER 
VEHICLE MODEL 
ENGINE 
TRANSMISSION 
ODOMETER 

3 . 0  L ( 183 CID ) - V6 
!4 

4874 MILES ( 7842 KM) 
ACTUAL ROAD LOAD 6. 80 HP ( 5.07 KW) 
TEST WEIGHT 3500 LBS ( 1587 KG) 

BAROMETER 29.17 IN HG (740.9 MM HG) 
RELATIVE HUMIDITY 53 . 8 PCT. 

DRY BULB TEMPERATURE 73. 0 ' F  ( 22. 8 'C)  

BAG NOMBER 
BAG DESCRIPTION 

RUN TIME SECONDS 
DRY /WET CORRECTION FACTOR, SAMP /BACK 
MEASURED DISTANCE MILES (KH) 

BLOWER FLOW RATE SCFH ( SCMM) 
GAS METER FLOW RATE SCFM (SCHM) 
TOTAL FLOW SCF (SCH) 
HC SAMPLE METER/RANGE/PPM (BAG) 
HC BCKGRD METER/RAHGE/PPM 
CO SAliPLE METER/RABGE/PPH 
CO BClGRD mER/RliGE/PPH 
C02 S1IIPLE IIE'lER/RAIGE/PCT 
C02 BCKGRD METER/R!HGE/PCT 
BOX SAMPLE METER/RAHGE/PPM ( BAG) (D) 
BOX BCKGRD METER/RAHGE/PPM 
CH4 SAMPLE PPM ( 1 . 150) 
CH4 BCKGRD PPM 

DILUTION FACTOR 
HC CONCENTRATION PPM 
CO CONCENTRATION PPM 
C02 CONCENTRATION PCT 
NOX CONCENTRATION PPM 
CH4 CONCENTRATION P?M 
NHHC CONCENTRATION PPM 

THC MASS GRAMS 
CO MASS GRAMS 
C02 MASS GRAMS 

NOX MASS GRAMS 
CH4 MASS GRAMS 
HMliC MASS GRAMS ( FID) 
FUEL MASS KG 
FUEL ECONOMY MPG ( L/100KM) 

4-BAG COMPOSm RESULTS 

lA 
COLD TRANSIENT 
( 0-140 SEC. ) 

140.2 
. 973/.985 
.68 ( 1.09) 

319.1 ( 9.04) 
.27 ( .01) 

746. ( 21.1 ) 

19.9/ 3/ 198.56 
.8/ 3/ 7.98 

89.1/ 1/ 918.32 
.3/ 1/ 2.10 

91.2/ 14/ .8975 
13.7/ 14/ . 0448 
29.5/ 2/ 29.60 

. 4/ 2/ . 40 
17.58 

2.85 

12.62 
191.21 
881.41 

.8562 
29.23 
14.96 
99 .80 

3.820 
21.685 
331.28 

1.139 
.211 

1.216 
.170 

11.73 ( 20.05) 

THC G/MI .258 
CO G/HI 1.380 
NOX G/MI . 078 

FUEL ECONOMY MPG ( L/100KM) 16 .88 ( 13 . 9 4 )  

A-9 

lB 
COLD TRANSIENT 
(14D- 505 SEC. ) 

365 . 4  
. 970/. 985 

2.95 ( 4 .75) 
322.2 ( 9.13 )  

.29 ( .01) 
1964. ( 55. 6 )  

18.0/ 2 /  17.99 
7.2/ 2/ 7.20 

19.8/ 12/ 19.18 
1.4/ 12/ 1.35 

59.4/ 1/ 1.0928 
2.7/ 1/ . 0500 
3.4/ 1/ .89 
1.1/ 1/ .29 

7.07 
2.83 

11.54 
11.42 
17 . 15 

1 .0471 
. 62 

4 . 49 
5. 31 

. 456 
1. 110 

1066 . 38 
.064 
. 166 
. 170 
. 486 

17.85 ( 13 . 18 )  

CH4 G/MI 
NMIIC G/MI 
CARBONYL G/MI 
ALCOHOL G/HI 

NMOG G/HI 

NOX HUMIDITY C.F. .964 

2 
STABILIZED 

( 505-1372 SEC. ) 
866.8 

.976/ .985 
3.85 ( 6.20) 
323.9 ( 9.17 )  

.28 ( . 01) 
4684 . ( 132.6)  

59.0/ 1/ 5.94 
58.2/ 1/ 5.86 
3.4/ 12/ 3.28 
1.1/ 12/ 1.06 

81.6/ 14/ .6851 
14.0/ 14/ .0460 

.9/ 1/ .24 

. 9/ 1/ .24 
2.92 
2.71 

18 .44 
. 40 

2.19 
.6416 

.01 

. 35 
-.01 

.049 

.338 
1558.15 

.003 

.031 

.000 

.709 
15.97 ( 14 .73 )  

. 031 

.080 

.034 

.113 
. 227 (RAF=l.OO) 

3 
HOT TRANSIENT 

( 0- 505 SEC. ) 
505.3 

.973/.985 
3 .64 ( 5 .86 )  
322.3 ( 9.13 ) 

.27 ( .01) 
2716 . ( 76.9) 

67.9/ 1/ 6 . 84 
55.2/ 1/ 5.56 
5.2/ 12/ 5.02 
1.2/ 12/ 1.16 

91.5/ 14/ .9052 
14.1/ 14/ .0464 

3.7/ 1/ .96 
.8/ 1/ . 21 

4.05 
2.81 

13.96 
1.68 
3.77 

.8622 
.n 

1 . 44 
- . 01 

. 080 

. 338 
1214.25 

.109 

.074 

.000 

. 553 
19.36 ( 12. 15)  
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E85 ETHANOL 85% EM-2154-F VEHICLE NUMBER 
VEHICLE MODEL 
ENGINE 
TRANSMISSION 
ODOMETER 

93 FORD TAURUS 
3.0 L (183 CID)- V6 
A4 

TEST TA4-E85-36HRC 
DATE 12/ 1/95 RUN 
DYNO 2 BAG CART 2 

FUEL DENSITY 6 .480 LB/GAL lr 
H .132 C .600 0 .268 X .000 

4874 MILES ( 7842 KM) 

BAROMETER 29.17 m HG (740.9 MM HG) 
RELATIVE HllMIDITY 53 . 8 PCT. 

BAG NUMBER 
BAG DESCRIPTION 

FORMALDEHYDE 
PPM 
MASS MG 

ACETALDEHYDE 
PPM 
MASS MG 

ACROLEm 
PPM 
MASS MG 

1CE'l'OBE 
PPII 
II1SS MG 

PROPIONALDEHYDE 
PPM 
MASS MG 

CROTONALDEHYDE 
PPM 
MASS MG 

ISOBUTYR+MEK 
PPM 
MASS MG 

BENZALDEHYDE 
PPM 
MASS MG 

HEXANALDEHYDE 
PPM 
MASS MG 

METHANOL 
PPM 
MASS MG 

ETHANOL 
PPM 
MASS MG 

lA 
COLD TRANSIENT 

( 0-140 SEC. ) 

1.367 
34.97 

12.043 
453.40 

.085 
4.08 

.107 
5.20 

.062 
3.10 

.000 

.00 

.000 

.00 

.000 

.oo 

.000 

.00 

.526 
14.07 

47.692 
1877.87 

4-BAG COMPOSITE RESULTS 
FORMALDEHYDE MG /MI 
ACETALDEHYDE MGJMI 
ACROLEm MG/MI 

ACETONE MG/MI 
PROPIONALD. HG/MI 

ACTUAL ROAD LOAD 6 .80 HP ( 5 .07 KW) 
TEST WEIGHT 3500 LBS ( 1587 KG) 

DRY BULB TEMPERATURE 73 .0'F ( 22.8
'
C) 

lB 
COLD TRANSIENT 
( 14Q- 505 SEC. ) 

. 1U 
7 .21 

. 481 
46.86 

.000 

.00 

.006 

.48 

.000 
.00 

.000 

.oo 

.000 

.00 

.000 

.00 

.000 

.00 

.035 
1.66 

.636 
63.09 

3 . 311 
28.842 

.235 
1 .863 

. 178 

A-ld 

2 

STABILIZED 
(505-1372 SEC. ) 

.039 
5.46 

.009 

.50 

.000 

.00 

.040 
11.51 

.000 

.00 

.000 

.00 

.000 

.00 

.000 

.00 

.000 

.00 

.011 

.00 

.032 
1.10 

CROTONALD. KG /HI 

ISOBUTYR+MEK MG /HI 

BENZALDEHYDE MG /HI 
HEXANALDEHYDE HG /HI 
METHANOL MG/MI 
ETHANOL KG /HI 

NOX HUMIDITY C. F .  • 964 

3 

[ 
r 

HOT TRANSIENT BACKGROUND ll 
( 0- 505 SEC. ) 

.028 
2.09 

.Oll 

.52 

.000 

.00 

.ooo 

.oo 

.000 

.00 

.ooo 

.00 

.000 

.00 

.000 

.00 

.000 

.00 

.023 
1.09 

.046 
2.77 

.000 

.000 

.000 

.000 

. 987 
111.852 

.006 

.007 

.000 

.003 

.000 

.000 

.000 

.000 

.000 

. 013 

. 028 

l 
f 
t 

( 
r 
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r 
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