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ABSTRACT

Strict emissions standards have led to widespread research in the field of diesel fuel 
reformulation. The objectives of this research project were to determine the emissions 
effects of oxygenate addition to diesel fuel and to investigate the relationship between 
emissions reduction and oxygenate boiling point. This report provides emissions data from 
engine testing of four oxygenated compounds. Oxygenates were chosen which had boiling 
points corresponding with different parts of the diesel fuel distillation curve. Octanol, 
decanoic acid, and methyl soy ester were selected as front, middle, and back end boiling 
additives respectively. For testing on the second engine, ethanol replaced decanoic acid in 
the fuel matrix. Fuels were tested in two heavy-duty diesel engines over the EPA transient 
test cycle. Emissions data from this testing were analyzed to determine the specific 
changes caused by the oxygenate addition. It was found that each oxygenate reduced CO 
and PM emissions significantly. These reductions did not seem to be related to oxygenate 
boiling point. Oxygenated fuel hydrocarbon emissions were generally unchanged. NOx 
emissions seemed to be related to the oxygenate boiling point. Octanol reduced NOx 
emissions in both engines while methyl soy ester increased NOx. In addition to the 
emissions results, much of value of this research project was derived from the 
identification of the inadequacies of laboratory operating procedures. Several procedures 
were modified which in the future will improve the overall accuracy, precision and value 
of results obtained by the CLFER laboratory.
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Chapter 1 

EXECUTIVE SUMMARY

Tightening of federal diesel engine emissions standards has spawned interest in 
diesel fuel reformulation. It has been shown that changes in diesel fuel properties can have 
a large effect on emissions. Reduction of sulfur levels was shown to affect particulate 
emissions and a maximum sulfur level specification of 0.05 wt% was implemented in 
October, 1993. Many researchers have studied other fuel properties to determine those 
having the greatest effect on emissions. Several emissions reducing additives have also 
been investigated.

Oxygenated compounds are one of the many classes of additives that have shown 
emissions reducing potential. Oxygenated fuels have additional value since many 
oxygenated compounds can be produced from renewable resources. Researchers have 
shown that oxygenated diesel fuel significantly reduces CO and particulate matter (PM) 
emissions. However, NOx emissions have been shown to increase slightly. This is an 
undesirable property for any potential additive since NOx reduction has become the most 
significant challenge facing engine manufacturers and fuel refiners. Current proposals 
under review by EPA for the purpose of defining substantially similar diesel fuels may also 
cap NOx emissions at levels expected from conventional fuels. A NOx increase using 
oxygenates would thus severely hinder the possibility of their use in any alternative diesel 
fuel.

This research was performed to investigate the emissions effects of oxygenate 
addition to diesel fuel. Specifically, it was desired to study the effect of oxygenate boiling 
point on emissions with special attention given to NOx. Three oxygenated compounds 
were chosen that had boiling points in the front, middle, and back ends of the diesel 
distillation curve (octanol, decanoic acid, and methyl soy ester). These compounds were 
blended with diesel fuel and tested in two heavy duty diesel engines. For the second series 
of testing, ethanol was added to the oxygenated matrix and decanoic acid was dropped. 
Emissions were measured over the federal transient test procedure. The emissions data
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was analyzed to determine the effects of the oxygenate addition.
In the Detroit Diesel 6V92 engine testing series, octanol, decanoic acid, and 

methyl soy ester were blended with diesel fuel to a 1 wt% oxygen level. The emissions 
results obtained with these blends were compared to that of the base diesel fuel to 
determine statistically significant changes. Generally emissions variability was small 
between replicate runs on a fuel and no gross measurement errors were apparent. 
Particulate reductions were significant for all oxygenated blends ranging from a 13% 
reduction with decanoic acid to a 17% reduction with octanol. CO reductions with 
oxygenates varied. Octanol and methyl soy ester each reduced CO emissions significantly 
(3% and 7% reductions respectively). Decanoic acid did not show a statistically significant 
decrease (0.6% reduction). NOx emissions seemed to be related to the oxygenate boiling 
point. Octanol reduced NOx by 1.1%, decanoic acid increased NOx 0.4%, and methyl soy 
ester increased NOx by 2.3%. The methyl soy ester NOx increase was the only statistically 
significant change at a 95% confidence level. At a 90% confidence level, the octanol 
reduction was shown to be significant. Hydrocarbon emissions were not affected greatly 
with any of the oxygenated compounds. Given the uncertainty in the measurement, the HC 
emissions were roughly equivalent. Statistical analysis showed only the 4% octanol 
increase to be significant.

The Series 60 engine work tested 2 wt% oxygen blends of ethanol, octanol, and 
methyl soy ester. Reference diesel fuel was tested before and after the oxygenated fuels. 
Analysis of the data yielded the following results. Emissions variability between replicate 
runs was, in general, small and within normal variation. Again, each oxygenate showed 
significant PM reductions over the base diesel fuel (38%, 12%, and 20% reductions for 
ethanol, octanol, and methyl soy ester respectively). CO emissions were reduced 
significantly for all oxygenates (16%, 3%, and 14% for ethanol, octanol, and methyl soy 
ester respectively). Within the boiling range of diesel, it again appeared that oxygenate 
boiling point had an effect on NOx emissions. Octanol and methyl soy ester showed the 
same NOx trend as on the Series 60. Octanol decreased NOx by 2.9% while methyl soy 
ester showed a 2.5% increase. Ethanol which boils well below the range of diesel fuel did 
not show NOx reducing properties (1.8% increase). HC emissions were extremely low for 
all fuels. The percent changes relative to the base fuel were large but this was due to the 
extremely low base fuel emission level. Ethanol and octanol were found to significantly
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increase HC emissions. Oxygenate boiling point may have affected HC emissions with 
emissions increasing as the boiling point decreased.

Another goal of this research project was to identify shortcomings in the 
laboratory systems which limited the value of results. The objective was to mature from a 
lab capable of making good quality relative emissions measurements to a facility qualified 
to make certification caliber measurements. To do this, it was necessary to perform 
numerous tests to determine critical parameters that affected engine emissions. In cases 
where crucial control systems had operational shortcomings that may have had emissions 
effects, modifications were designed to improve overall measurement accuracy. This 
evolution is an ongoing process where much remains to be learned.

Several improvements to laboratory procedures that would improve the quality of 
emissions data were identified. Establishing a baseline reference fuel emission is invaluable. 
Determining if the oxygenated additives were responsible for small emissions changes was 
difficult when only a few reference fuel runs were made. Confidence in results was also 
diminished when reference fuel emissions changed significantly between the start and the 
end of the testing. A consistent baseline emission adds a necessary degree of certainty 
when reporting changes as small as those experienced in engine testing. Fuel changeout 
procedures also need to be performed carefully to ensure that a new test fuel is not 
contaminated by the previous one. Humidity measurement and control systems need to be 
perfected so that an accurate and constant humidity level can be maintained at all times. 
Temperatures of intake fluids like fuel and air need to be precisely controlled so that actual 
driving conditions are better approximated. These changes would improve the accuracy, 
precision, and statistical value of the results.
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Chapter 2 

INTRODUCTION

Diesel Engine Emissions

Four constituents of diesel engine exhaust are currently regulated by the 
Environmental Protection Agency: hydrocarbons (HC), carbon monoxide (CO), oxides of 
nitrogen (NOx), and particulate matter (PM). Each of these pollutants poses a 
combination of serious heath and air quality hazards.

Hydrocarbon emissions result from unburned fuel and unburned fuel products that 
escape with engine exhaust. Some exhaust hydrocarbons have been shown to be 
carcinogenic and mutagenic (Doric et a l,  1987). Hydrocarbons are also known to react 
photochemically with other atmospheric pollutants to form ozone and photochemical 
smog (Sloss, 1991). Obviously there is incentive to reduce their overall emission levels.

Carbon monoxide emissions are a product of incomplete fuel combustion. Nearly 
all diesel CO is produced at acceleration points. During acceleration the engine runs rich 
because the inlet air delivered by the turbocharger lags the amount required according to 
fuel delivery. Thus, there is not enough air available to fully combust the fuel and this 
results in the formation of incomplete combustion products. CO interferes with the body's 
ability to utilize oxygen by strongly binding to hemoglobin molecules normally used to 
transport oxygen to needy cells. At elevated concentrations, high CO levels can cause 
lightheadedness, slowed reaction, and headaches. The elderly and people with respiratory 
ailments are the most likely victims of the potentially harmful health effects of CO.

Many consider NOx to be the most important mobile source pollutant to control 
due to its wide ranging health and air quality effects. A significant amount of nitrogen 
oxide emissions is attributed to combustion of fossil fuels (Bowman, 1992). Nitrogen 
oxides result from the high temperature oxidation of nitrogen. In the atmosphere, nitrogen 
oxides undergo a variety of reactions which contribute to photochemical smog (Sloss, 
1991). Smog, the gray haze commonly seen over urban areas, is primarily due to the 
buildup of NOx, ozone, and hydrocarbons. Reactions of nitrogen oxides in the lower
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atmosphere are known to produce both ozone and polynuclear aromatics. NOx also forms 
fine nitrate particles by reaction with other atmospheric pollutants including ammonia and 
water vapor (Bowman, 1992). These particles contribute to smog and are potential health 
hazards. Some of the these particles may also be deposited as acid rain. One source 
reports that nitrogen oxides may be responsible for up to 30% of the acidity of rain (Sloss, 
1991). Elevated concentrations of NOx are known to cause increased respiratory ailments 
and respiratory congestion. Low level exposure to NOx has also been related to 
alterations in the function of the liver, kidneys, and immune system in humans (Sloss, 
1991).

Particulates are conglomerate particles formed during combustion. Major 
components of particulates include: large carbonaceous soot particles, unbumed fuel and 
lube oil, and sulfates and bound water. Diesel engine particulates have been shown to be 
carcinogenic and mutagenic (Gomes and Yates, 1992). Particulates have and average 
diameter of 0.1 pm which make them easily respirable and, thus, a potentially dangerous 
health hazard (Bandy, 1992). Particulates also contribute to reduced visibility and catalyze 
smog forming reactions.

Diesel engines are a main source of NOx and PM emissions. Heavy-duty vehicles 
produce nearly 50% of all vehicular NOx while representing only 10% of the fleet 
(Graboski, 1994). Mobile sources contribute at least 20 percent of the total NOx 
emissions from human sources (Bowman, 1992). The percentage is likely greater in urban 
areas where the concentration of vehicles is greatest. On average, diesel vehicles also emit 
100 times more PM than cars on a per mile basis. For these reasons, the standard emission 
levels for these constituents have decreased steadily. Any method which reduces diesel 
NOx or PM emissions would provide a considerable improvement in air quality. In high 
altitude environments, diesels may also be an important source of CO emissions since 
altitude is known to cause significant increases.

History of Emissions Standards

Exhaust emissions of diesel engines have been regulated since 1970, when smoke 
standards were first introduced (Merrion, 1994). The Environmental Protection Agency 
has been primarily responsible for regulating exhaust emissions in the United States. In
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1973, EPA introduced engine certification emission standards for hydrocarbons (HC), 
carbon monoxide (CO), and oxides of nitrogen (NOx). These standards were set initially 
for a 13 mode steady state operating cycle. In 1985, this was replaced by the transient test 
cycle which simulates actual city and freeway driving conditions. Particulate matter (PM) 
standards were adopted in 1988. Tables 1 and 2 show the evolution of exhaust emission 
certification standards for heavy-duty truck engines and urban bus engines from 1988 to 
1998. More stringent standards exist for urban buses since they have a greater impact on 
urban air quality than trucks which mainly operate intercity.

Table 1 - Heaw-dutv Truck Engine Certification Standards (g/BHP-hr)

Year HC NOx CO PM

1988 1.3 10.7 15.5 0.60
1990 1.3 6.0 15.5 0.60
1991 1.3 5.0 15.5 0.25
1994 1.3 5.0 15.5 0.10
1998 1.3 4.0 15.5 0.10

Table 2 - Urban Bus Engine Certification Standards (g/BHP-hr)

Year HC NOx CO PM

1991 1.3 5.0 15.5 0.25
1993 1.3 5.0 15.5 0.10
1994 1.3 5.0 15.5 0.07
1996 1.3 5.0 15.5 0.05
1998 1.3 4.0 15.5 0.05

These standards are certification standards that an engine must meet prior to being 
produced and sold by a manufacturer. Certification emission values are composite 
numbers based on the weighted average of cold start and hot start emissions. The cold and 
hot starts account for one-seventh and six-sevenths respectively of the certification 
emission. The certification procedure and testing methodology is defined in the Code of 
Federal Regulations (CFR) Part 86 subpart N. Fuel specifications define the certification
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fuel that must be used for this procedure.
In addition to these standards, in 1998 all operators of covered diesel vehicle fleets 

will be required to meet Clean Fleet Vehicle standards. The definition of covered fleet 
operators would include but not be limited to diesel transportation companies and 
municipal transit bus programs. The regulation requires that 50% of all new heavy-duty 
vehicles purchased by fleet operators be powered by engines meeting more severe 
certification standards. The total of HC and NOx emissions must not exceed 3.0 g/BHP-hr 
and the PM standard of 0.1 g/BHP-hr (or 0.05 g/BHP-hr for buses) must also be met. This 
may force fleet operators to purchase vehicles powered by reformulated diesel fuel or 
alternative fuels like natural gas and methanol.

HC and CO standards, which have remained the same since 1988, are easily met by 
all modem engine designs. The PM standard effectively limits both HC and CO emissions 
to a level well below the standard since their emissions are highly correlated. CO 
emissions from diesel engines are substantially increased at altitude, however, and may 
have a serious impact in high altitude cities. Thus, it is important to quantify CO emission 
increases at altitude to determine their relative importance and to identify potential for 
reduction.

NOx and PM standards have created the most significant challenge. Nearly all 
recent emissions reduction efforts have focused on these two constituents. The main 
problem is that nearly all technologies which decrease one of the pollutants increases the 
other. Control strategies for NOx generally have detrimental effects on both PM emissions 
and fuel economy. NOx is formed by the high temperature oxidation of nitrogen during 
combustion. Temperature reduction is the simplest method for reducing NOx. However, 
decreases in cylinder temperature are associated with less efficient combustion and 
increased particulate emissions. This NOx/particulate trade-off will make it difficult to 
decrease NOx and PM by the respective 20% and 60% that is mandated between 1991 
and 1998.

Figure 1 shows a graphical representation of the problem. The dashed lines 
represent the changing NOx and PM standards that must be met. The bold curves show 
the emissions characteristic of an engine. Adjustments in injection timing can decrease the 
NOx along the emissions characteristic curve but this in turn increases PM and vice versa. 
Advancing the injection timing causes fuel to be injected earlier which leads to higher
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Figure 1. Emissions Standards and the NOx/PM Tradeoff
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combustion temperatures, higher NOx, and lower PM. Retarded injection corresponds to 
later fuel injection and the opposite emissions effects. 1994 standards have been met 
through engine development and mandating lower fuel sulfur in diesel fuel. To meet future 
standard levels, new methods must be developed to shift the emission characteristic curve 
toward the bottom left corner.

Several options are available to shift the emissions characteristic curve. Engine 
manufacturers could continue to make design changes. Fuel refiners could be forced to 
improve diesel fuel quality by refining to meet new fuel property specifications or by 
blending emissions reducing additives. Engine manufacturers feel they may be nearing 
design limits in terms of reducing emissions without using exhaust aftertreatment which, 
up to this point, has proven to be unreliable. Refiners contend that improving fuel quality 
requires large capital investments and may restrict refinery operations to the point where 
diesel fuel markets are upset. Clearly this is a sensitive issue that will need the continuing 
partnership of both industries.

Diesel Engine Combustion and Emissions

After injection into hot combustion air, diesel engine combustion consists of an 
ignition delay and an initial premixed stage followed by the main diffusion combustion 
stage. The different stages and their apparent heat release rates are plotted versus crank 
angle in Figure 2. The crank angles over which fuel is injected are also shown. Air, 
brought into the cylinder in the intake stroke, is compressed and heated in the compression 
stroke. Fuel is injected prior to the top of the compression stroke. The ignition delay is 
defined as the period from the beginning of injection to the start of premixed combustion. 
The fuel initially injected into the hot air vaporizes quickly forming a well mixed 
combustible gas mixture. Premixed combustion, an explosive period of high heat release 
rate and rapid pressure rise, begins when the vaporized fuel ignites. The remainder of the 
fuel is burned by diffusion combustion as it is injected into the flame. Diesel fuel droplets 
are burned as the fuel evaporates and diffuses in to the reaction zone surrounding the 
particle. Diffusion combustion is a controlled combustion period with lower rates of heat 
release and constant pressure rise.
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Figure 2. Heat Release During Diesel Combustion 
(taken from Kamimoto and Kobavashi, 1991)

Nitrogen oxides are produced from the endothermie combustion reaction of 
nitrogen and oxygen. Increasing temperature increases the equilibrium yield of NOx. Most 
NOx is formed under high engine load conditions when cylinder temperatures are highest 
Ignition delay and injection timing also have large effects on nitrogen oxide emissions.

Particulate matter is a combination of soot, unbumed fuel, sulfates and water, and 
lube oil. The sulfate fraction is determined by the fuel sulfur content. Lube oil emissions 
are influenced by mechanical design of the cylinder wall and rings. The soot and unburned 
fuel portions are affected by combustion parameters. Soot formation is an endothermie 
process which occurs at high temperatures and pressures and is enhanced by the absence 
of oxygen. Soot oxidation is an exothermic reaction whose rate is increased at high 
temperatures.. Increasing cylinder temperatures increases soot oxidation and also reduces 
particulate emissions. Increasing the air to fuel ratio increases the oxygen available which 
limits soot formation and reduces PM emissions. Increases in the air to fuel ratio also 
reduces NOx emissions since leaner operation reduces temperatures

Given the conditions under which they are formed, NOx and PM emissions should 
logically show a trade-off (Figure 1). Technologies which increase cylinder temperatures 
promote the formation of nitrogen oxides and increase the oxidation rate of soot particles.
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Thus, increased temperatures increase N 0 X and decrease PM while reduced temperatures 
have the opposite effect. There is a characteristic emissions curve that most technologies 
follow with changes increasing NOx and reducing PM or vice versa along the curve.

Injection timing is an engine parameter that is known to follow the NOx/PM 
tradeoff. Advancing the timing injects fuel in to the engine at an earlier crank angle. This 
allows a greater amount of fuel to accumulate before ignition since the air temperatures 
are lower. Thus, the mass of fuel which combusts in the premixed combustion period is 
greater which leads to increased cylinder temperatures and pressures. Increased cylinder 
temperatures and pressures increase NOx and decrease PM according to the tradeoff. 
Retarded timing has the opposite emissions effects since fuel is injected at a later crank 
angle, ignition delay is shorter since air temperatures are hotter, less fuel combusts in the 
premixed stage and cylinder temperatures and pressures are reduced. With retarded timing 
some fuel may also bum in the expansion stroke.

Humidity of the intake air is also known to affect NOx emissions. Increased 
amounts of water vapor in air increases the heat capacity. An increase in heat capacity of 
the combustion air results in lower cylinder temperatures. This accounts for part of the 
NOx effect. Cylinder temperatures are also reduced since extra energy is used to 
dissociate the increased amounts of water in the air during combustion. Lower overall 
cylinder temperatures produce lower NOx emissions. The Code of Federal Regulations 
(CFR) defines a NOx correction factor for humidity (Ky) which corrects all emissions 
back to a standard humidity condition of 75 grains per pound dry air. Lower cylinder 
temperatures should also result in increased PM emissions but the CFR does not contain a 
PM humidity correction factor. A correction factor has been proposed, however, and the 
effect of humidity on all regulated emissions is investigated in this work.

Cetane number and aromatics are fuel parameters known to affect both NOx and 
PM emissions. Cetane number is a measure of the ignition quality of the fuel. High cetane 
numbers are associated with short ignition delay times. Short ignition delay times reduce 
the amount of fuel in the cylinder available for premixed combustion. Less premixed 
combustion results in lower cylinder temperatures and lower NOx. Low cetane numbers 
have the opposite effect. Engine testing has shown that cetane number does affect NOx 
but PM emissions are generally unchanged. It is not clear why cetane number does not 
follow the NOx/PM tradeoff. Since cetane number increases provide a NOx reduction
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with no PM change the characteristic curve is shifted slightly with cetane improved fuels. 
The issue is complicated by the fact that enhancing the cetane number chemically has not 
shown the same emissions effect as differences in the natural cetane number. Aromatic 
compounds are generally low cetane compounds. Increases in aromatic content are 
associated with cetane number reductions and NOx increases. Aromatics are also known 
to undergo ring forming reactions during combustion and these rings are the main 
components of soot. Thus increased aromatic content increases PM emissions.

Oxygenated compounds have been shown to generally decrease both CO and PM 
emissions while increasing NOx. Most CO and PM from diesel engines are produced 
during accelerations where the engine runs rich because the turbocharger time lag limits 
the amount of air available to the engine. The amount of oxygen is limited which promotes 
soot and CO formation and hinders soot oxidation. The fuel oxygen provided by 
oxygenated compounds helps to lean the engine operation during accelerations which 
accounts for the reduced CO and PM emissions using oxygenated diesel.

The effect of oxygenated fuels on NOx emissions is more complex. Most 
oxygenated compounds have cetane numbers similar to that of diesel fuel so the NOx 
increase cannot be attributed to a cetane depression. From a tradeoff standpoint, 
oxygenated fuels should be expected to increase NOx emissions since PM emissions are 
reduced. However, PM reduction from the increased oxygen available at during 
accelerations does not affect the cylinder temperature greatly and thus, it is unlikely that a 
temperature increase is responsible for the NOx increase. It is not clear whether any NOx 
increases are due to tradeoff properties in which case all oxygenated compounds would 
increase NOx or whether properties of the oxygenate itself are responsible for the NOx 
changes in which case some oxygenates may not affect the NOx emissions.

Diesel Fuel Reformulation

Diesel fuel has traditionally been a residual fuel with broad specifications to allow 
high availability and low price. The intention was to specify diesel fuel as loosely as 
possible to allow refiners maximum flexibility in its production. Over the years, however, 
refiners have allowed diesel fuel quality to decline which has led to the adoption of fuel 
quality specifications. The two fuel parameters commonly used to characterize diesel fuel
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quality are aromatic content and cetane number. Diesel fuel aromatic content has steadily 
increased from 17 vol% in 1960 to 27 vol% in 1986 (Unzelman, 1987). A parallel decline 
in natural cetane number has also occurred. Escalating demand for gasoline has focused 
refiners attention on greater conversion to gasoline and processing of heavier feeds in 
catalytic cracking units. This shift has created greater quantities of highly aromatic residual 
streams from the cat cracker. Diesel fuel and number 2 fuel oil have been the main outlet 
for this low quality material. Thus, the quality of diesel fuel has been allowed to decline in 
response to greater gasoline demand.

This decline in quality has led to the adoption of diesel fuel standards. These 
standards were the first indication that diesel fuel formulation would be regulated. Current 
diesel fuel quality specifications as set by EPA are listed in Table 3. The aromatic and 
cetane restrictions were designed to halt the decline in quality. Cetane index is an 
estimation of cetane number based on fuel properties such as density and 90% boiling 
point temperature. The sulfur specification was adopted to help manufacturers meet PM 
certification standards.

Table 3 - 1993 Diesel Fuel Quality Specifications

Sulfur, max wt% 0.05
One o f the following must be met:
Aromatics, max vol% 35
Cetane Index, min 40

In the past, most of the responsibility and cost of meeting certification emission 
standards has been left to engine manufacturers but the burden is also being shifted to fuel 
refiners. Engine developments alone were able to reduce emission characteristic lines to 
meet 1991 levels. However, it became clear that engine developments by themselves 
would not be capable of meeting the 60% PM decrease in 1994. It had long been known 
that changes in fuel formulation could significantly affect engine emissions. Research had 
shown that reduction in fuel sulfur could significantly reduce particulate emissions. In the 
1990 Clean Air Act, Congress mandated that diesel fuel contain less than 0.05% sulfur by



T-4641 14

October 1, 1993. The specification was also applied to certification fuel which helped 
manufacturers reach the 1994 PM certification standard. Thus, diesel fuel refiners bore 
some of the responsibility for reducing emissions by improving the quality of diesel fuel. A 
continuing trend of fuel reformulation could be necessary to meet future emissions 
standards.

Recent trends indicate that fuel reformulation is a cost effective method of 
emission reduction. Fuel reformulation may have a greater overall effect on emissions 
reduction because fuel changes reduce emissions of the whole vehicle fleet while engine 
modifications affect only those vehicles using that engine. Reductions in fuel sulfur levels 
were shown to be an effective method of emissions reduction and this success has sparked 
interest in the identification of other fuel parameters affecting emissions. Diesel fuel 
additives have also shown emissions reducing potential and are also being widely 
investigated. The questions then become which fuel parameters or fuel additives have the 
greatest effect on emissions and which changes may be economically feasible.

Studies of the effects of several fuel parameters on emissions has identified cetane 
number and aromatics as the two parameters (other than sulfur content) having the 
greatest effect on diesel emissions (Ullman, 1989). Cetane number is a measurement of the 
ignition quality of the fuel. Fuel with a high cetane number will have a short delay time 
before ignition. Short delay times insure that most of the fuel will be burned in a controlled 
manner as it is injected. Fuels with longer delay times allow more fuel to accumulate 
before ignition. This results in a greater amount of premixed combustion, an explosive 
uncontrolled period of combustion which results in higher peak temperatures and 
pressures. Cetane number and aromatics are highly correlated fuel parameters because 
aromatics naturally exhibit lower cetane. A fuel that is 20% aromatic generally has a 
higher cetane number than a 30% aromatic fuel since 10% of the fuel is no longer 
aromatic.

Cetane number was shown to have a statistically significant effect on all regulated 
emissions while aromatics were found to affect particulate and NOx emissions. Increasing 
the cetane number decreased all emissions while increasing aromatics increased NOx and 
particulate. However the emissions effect of increasing cetane number is related to the 
natural cetane number of the fuel. Simply chemically treating a fuel with a high natural 
cetane number does not have as great of an effect as raising the cetane of a low natural
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cetane fuel. The cetane number/aromatics relationship has a complex effect that is 
currently under investigation to determine how the lowest emissions may be generated.

Numerous emissions reducing fuel additives are being investigated. Cetane 
improving additives are being studied since increased cetane has been shown to reduce 
emissions. Peroxides and alkyl nitrates are examples of cetane improvers currently under 
evaluation. Oxygenated compounds have also been found to reduce emissions.

California, a historical testing ground for new environmental regulations, currently 
provides an example of the complex issues surrounding fuel reformulation. A mandate 
designed to reduce NOx and PM emissions has been passed by the state legislature which 
limits the aromatic content of diesel fuels. Refiners must either build new hydrotreating 
units to reduce aromatic levels to the new specification or find additives which reduce 
emissions of a treated fuel to a level equivalent to a California Air Resources Board 
(CARB) reference fuel prepared to the aromatics specification. Most of the refiners are 
currently researching fuel additives before investing the millions of dollars necessary for 
new high severity hydrotreating equipment. This mandate assumes that fuel aromatic 
content is the most cost effective emissions reducing parameter which research has not 
conclusively proven at this point. The success or failure of this mandate will likely shape 
future federal legislation on fuel reformulation.

Oxygenated Diesel Fuels

Oxygenated fuels have a history of reducing exhaust emissions from motor 
vehicles. Additions of methyl tertiary-butyl ether (MTBE) and ethanol have shown success 
in reducing emissions from gasoline engines. In high polluting automobiles, which are by 
far the most significant polluters, oxygenated gasoline can decrease CO up to 50%. 
Colorado was the first state to implement an oxygenated gasoline mandate in 1987. Early 
results from the program published by the Colorado Department of Health report ambient 
CO reductions of 15%. Oxygenates are now mandated under the Clean Air Act for use in 
reformulated and CO control gasolines.

This success of oxygenated gasoline has sparked interest in the use of oxygenated 
compounds as emissions reducing additives in diesel fuel. Oxygenated compounds used as 
diesel additives are structurally similar to diesel fuel but have one or more oxygen atoms
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bonded to the hydrocarbon chain. Numerous oxygenated compounds have been 
investigated as either diesel fuel additives or replacements and have shown emission 
reducing properties. Low molecular weight alcohols blended with diesel have been 
reported to reduce emissions (Ecklund et a l, 1984). Carbonate additions have shown 
reductions in particulate emissions (Windsor, 1993). Diglyme and various glycol ethers 
have been shown to reduce CO and PM emissions (Bennethum and Windsor, 1991; Liotta 
and Montalvo, 1993; Nikanjam, 1993). Vegetable oil esters have been used as a diesel 
substitute and diesel additive with reported emissions decreases (Reed et a l,  1992). 
Oxygenated fuels are of special interest since they are a potential renewable source of 
energy.

Oxygenated diesel fuels may have a difficult time finding the marketplace, 
however. It is generally agreed that oxygenated additives, while reducing PM and CO, 
slightly increase NOx. Since the NOx standard decreases by 20% in 1998, a NOx increase 
would be very unfavorable for any potential fuel additive. Oxygenated fuels may also fail 
to be accepted in a "Substantially Similar Fuel". In defining substantially similar fuels, EPA 
has capped NOx emissions at a level equal to those from conventional diesel fuels. Thus, 
any fuel blend which caused a NOx increase could not be deemed substantially similar and 
could not be used commercially or as a special fuel for covered fleets.

However, there is still interest in oxygenated diesel fuel since it may provide an 
overall emissions advantage despite any NOx increase. PM reductions are so large in 
comparison to the NOx increase that the emissions characteristic curve as seen on a 
NOx/PM tradeoff plot is shifted. Additions of a NOx reducing chemical such as 2- 
ethylhexyl nitrate or adjustments in engine timing could then be done to provide an 
optimal NOx/PM level which would be below that of conventional fuels. Ideally, a NOx 
neutral or NOx reducing oxygenate can be found which provides the same PM and CO 
advantages. Although several oxygenated compounds have been studied such a compound 
has not been previously identified.

Lab Startup and Confirmation

The Colorado School of Mines was designated as the National High Altitude 
Heavy Duty Research and Technology Assessment Center by EPA under the Clean Air



T-4641 17

Act Amendments of 1990. As part of that designation, CSM and the Colorado Institute 
for Fuels and High Altitude Engine Research (CIFER) designed and constructed an EPA 
certification quality heavy duty engine laboratory. The facility is equipped to determine 
diesel, gasoline, and alternative fuel emissions from heavy duty engines according to 
Federal Test Procedures.

A major objective of the CIFER laboratory is to determine the high altitude 
emissions of heavy duty engines. Heavy-duty diesel engines are believed to be significant 
contributors to ambient air pollution at high altitude locations. Certain components of 
diesel engine emissions are known to increase at altitude. Research projects have 
attempted to characterize high altitude emissions by constructing reduced pressure testing 
systems with moderate success. The CIFER lab is the first high altitude EPA certification 
quality heavy duty engine testing facility in the world and should provide the best data for 
quantification of altitude effects on emissions.

A major task of this research project was to start-up, confirm, and refine the 
operation of all systems in the laboratory. Part of the research objective was to determine 
the critical factors affecting emissions and to refine systems to the point where the 
laboratory was able to obtain certification quality measurements.
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Chapter 3 

HYPOTHESIS

Recent studies have indicated that oxygenated compounds may significantly reduce 
diesel engine CO and PM emissions. For oxygenate potential to be fully realized the 
tendency to increase NOx emissions must be mitigated. Additives which increase NOx are 
undesirable since NOx reduction is the most significant challenge facing engine 
certification.

Mechanisms for reduction of CO and PM using oxygenates are not well 
understood but theories exist. At acceleration points, where most CO and PM are made, 
the turbocharger air delivery rate typically lags the amount required to maintain the lean 
air to fuel ratio desired in diesel engines. This results in richer operation and formation of 
incomplete combustion products like CO and PM. Oxygenated fuels provide an extra 
source of oxygen which may help to lean the air to fuel ratio. During the combustion 
process, the oxygen contained in the oxygenate additive may form radicals that become 
available for further combustion. Additionally, clean burning oxygenates dilute other fuel 
components like aromatics which are known to increase emissions.

The mechanisms by which oxygenated compounds affect NOx emissions are also 
not well understood. Previous work has shown that oxygenated compounds may work 
against the tradeoff to shift the emissions characteristic curve since any NOx increases are 
not large enough to offset the PM reductions.

Petroleum fuels consist of a complex mixture of components from various refinery 
operations and have a boiling point range. Figure 3 shows a typical distillation curve for 
#2 diesel. The boiling point range for #2 diesel is commonly 350-650 °F. The "front end" 
is a term used to describe the lower boiling point temperature portion of the distillation 
curve. The "back end" refers to the higher boiling portion of the curve. Additives usually 
fall within the same boiling point range as diesel fuel. A low boiling point additive would 
boil at in the front end of the distillation curve (350-450 °F). A high boiling point additive 
would boil between 550-650 °F in the back end of the curve. Some consideration of
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boiling point is usually made when considering an diesel fuel additive but no major study 
has determined the emissions effect of similar additives with different boiling points.

Current studies of oxygenated fuels have not looked at the effect of oxygenate 
boiling point on engine emissions. Oxygenate studies in gasoline have focused on the 
addition of oxygenates which boil in the front end. In previous oxygenated diesel fuel 
work, most oxygenates studied were either in the front end (glycol ethers, carbonates, 
short chain alcohols) or the back end of the distillation curve (vegetable oil methyl esters). 
No attempt to quantify the effect of the oxygenate boiling point on diesel engine emissions 
has been conducted.

The boiling point of the oxygenate added may have an effect on diesel engine 
emissions. Determining the effect of oxygenate boiling point on emissions may provide 
insight into the mechanisms by which oxygenates impact emissions. If the effects are 
purely related to dilution, the boiling point of the oxygenate will have little effect and 
emissions results will be similar for each oxygenate. However, if kinetic effects are 
important, one oxygenate may show an advantage over another due to the volatilization 
characteristics.

Testing the hypothesis that the boiling point of the oxygenate has as effect on 
diesel engine emissions was the focus of this research project. The methodology used was 
to initially identify three oxygenated compounds which had boiling points in the front, 
middle, and back end of the diesel distillation curve. No consideration was given to the 
chemical form of oxygenate used. Alcohols, ethers, esters, and acids were all assumed to 
have the same emissions effect. Selection was made solely on boiling point, chemical cost, 
and availability. The oxygenates were blended with diesel fuel to give a determined weight 
percent oxygen in the fuel. Volume percent additions of the oxygenates were attempted to 
be kept small and fairly constant to assure that all other fuel properties would be held 
constant. The blended fuels along with untreated reference fuels were then tested over the 
federal transient test procedure in two modem heavy-duty diesel engines. The test matrix 
proposed was to bracket the oxygenated fuel tests with reference fuel tests to establish 
solid baseline reference fuel emissions. Results were then analyzed to determine if 
statistically significant emissions differences occurred between the oxygenated fuels and 
the reference fuels and between the oxygenated fuels themselves.

Primary goals were to quantify the emissions effects of several oxygenates with
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special attention to NOx emissions, to investigate the effect of oxygenate boiling point on 
emissions, and to identify improvements in laboratory procedures which would improve 
accuracy of results. Secondary research goals were to establish confidence levels for data 
collection, study the effect of inlet humidity on emissions, and to investigate the effect of 
altitude on emissions.
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Chapter 4 

LITERATURE REVIEW

Fuel Property Emissions Effects

Ullman (1989) performed an investigation to study the effects of three primary fuel 
properties on emissions: aromatics, sulfur, and 90% boiling point temperature. The goal 
was to quantify the effect of each fuel parameter and develop emissions models relating 
diesel fuel properties to emissions. Several test fuels were developed with designed 
variation in the three parameters. Three engines of varying design were used for testing. It 
was determined that, in general, reductions in aromatic and sulfur levels and increases in 
the 90% boiling point temperature were associated with reductions in regulated emissions. 
Aromatics and the 90% boiling point temperature were significant for HC, CO, and NOx 
emissions while aromatics and sulfur were significant for PM. Results from the three 
engines were sufficiently different that no universal models were developed but, for each 
engine, models were developed for regulated emissions that contained each significant fuel 
parameter. Statistical analysis of fuel properties showed that aromatics were highly 
correlated with cetane number. However, the different effects of cetane number and 
aromatics remained unclear. This led to several investigations into the complex 
relationship between cetane number, aromatics, and emissions.

Ullman et a l  (1990) performed a follow-up investigation to separate the effects of 
aromatics and cetane number. A fuel set with controlled variation in aromatics and cetane 
number was developed. A cetane boosting chemical additive was used to increase the 
cetane number of several fuels. Results showed that cetane number was a key parameter 
affecting HC and CO emissions. Cetane number was also a contributor to PM emissions 
but aromatics also showed a significant effect. NOx emissions were affected by both 
aromatics and cetane number. Emissions models were developed for each regulated 
emission that predicted emission levels as a function of the aromatic content and cetane 
number. Substantial variation in emission levels was noted over the testing time and test 
time was included as a variable in the regression equations. It was also noted that
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observed differences in emission responses to either total cetane number resulting from the 
base fuel composition or total cetane number derived from chemical treatment of the base 
fuel may be significant. It was shown that the emissions of a 45 natural cetane fuel may be 
different than that of a 40 natural cetane fuel that had been treated to 45 cetane by an 
improver. Therefore, the emission models must contain a natural cetane parameter as well 
as a cetane improvement parameter.

Sienicki et al. (1990) studied the effects of cetane number and aromatics on 
emissions. Several test fuels from the same stock were prepared to various aromatic and 
cetane number levels by changing the level of hydrotreating to vary aromatics and by 
cetane treating to alter cetane number. They found that both aromatics and cetane number 
affected HC and NOx emissions. CO emissions were not studied. PM emissions depended 
on the aromatic and sulfur content with cetane number having no effect. This is a different 
PM result than reported by Ullman et a l (1990) which may be due to the type of engine 
tested. Also, closer inspection data from Ullman et al. (1990) shows that the correlation 
between cetane number and PM emissions is weak. Emission models were generated 
which related relevant fuel properties to actual emissions. It was also found that the cetane 
number increases experienced by hydrotreating (natural cetane number) had the same 
emissions effect as increases caused by the chemical cetane treating. Generally this work 
confirms the cetane and aromatic effects previously reported.

Cunningham et al. (1990) studied the effect of cetane improvers on heavy-duty 
diesel engine emissions. Two chemically different cetane improving chemicals, an organic 
nitrate and an experimental organic additive, were used to raise the natural cetane numbers 
of four commercially available diesel fuels. The amount of cetane improver added was 
varied with each fuel. All fuels showed statistically significant HC and CO reductions with 
both cetane enhancers. NOx emissions were not significantly affected except in the very 
low natural cetane fuel where up to 6% reductions were shown. In no case were the NOx 
emissions increased with the cetane enhancers. The same effect was seen for PM 
emissions: significant reductions (between 10-25%) in the low natural cetane fuel and in 
no case was there a significant increase with the cetane improver. There appeared to be a 
limit in the HC and CO reductions as cetane number was raised above about 52. The 
effect of other fuel parameters was also investigated by treating each fuel to a similar 
cetane level. Results of this work showed that aromatics appeared to affect NOx and PM
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emissions. Lowering the 10% boiling point temperature appeared to reduce NOx while 
lowering the 90% boiling point temperature seemed to reduce PM.

Oxygenated Diesel

Ecklund et al. (1985) studied the use of alcohols as diesel fuel additives or 
alternatives to diesel fuel. Several different methods of using alcohols in diesel engines 
were investigated including solutions, emulsions, fumigation, dual injection, spark ignition, 
and ignition improvers. The reported exhaust emissions changes varied depending on the 
technique used. Solutions of alcohols in diesel fuel are of particular interest since they 
represent a possible oxygenated diesel fuel reformulation. These solutions were reported 
to increase hydrocarbons and decrease PM emissions, while CO and NOx emissions were 
generally unchanged.

Bennethum and Winsor (1991) examined the effect of oxygenated compounds as 
potential low emission diesel fuel additives. They first tested a low sulfur, low aromatic, 
synthetic diesel fuel which contained a significant amount of various oxygenated 
compounds. The emissions reductions realized were much larger than expected given the 
sulfur and aromatics reductions. They speculated that the oxygenated compounds were 
responsible for some of the large reductions experienced. Next, they experimented with 
the oxygenated compound diglyme (diethylene glycol dimethyl ether). Diglyme was added 
to diesel fuel at 0.5 vol% and tested in a heavy-duty diesel engine. Emissions results with 
the treated fuel showed a 6% CO and PM reduction compared to the base fuel along with 
a 1% NOx increase. This led to further testing at a 5% diglyme addition. These results 
showed drastic CO and PM (13% and 20% respectively) reductions while HC and NOx 
remained unchanged. These encouraging results have led other researchers to more fully 
investigate the effect of oxygenated compounds.

Winsor (1993) reported further work on oxygenated diesel fuels. Dimethyl 
carbonate was added to diesel at a 3.5 wt% level and tested in a heavy-duty diesel engine. 
PM and CO reductions were approximately 15%. NOx emissions showed a 1.8% increase 
while HC emissions were unchanged. The neat methyl esters of rapeseed oil and soybean 
oil were also tested. HC, CO, and PM were decreased by approximately 75%, 50% and 
30% respectively for both methyl esters. NOx emissions increased by approximately 18%
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for the pure esters.
Reed et a l (1992) reported on the use of methyl soy ester testing in diesel engines. 

Methyl soy ester is the methyl ester of soybean oil formed by reaction of the oil with 
methanol. The properties of methyl soy ester are very similar to that of diesel fuel. The 
density, viscosity, and cetane number of methyl soy ester are nearly identical to diesel and 
the heating value is approximately 95% of diesel. They report that several durability tests 
using methyl soy ester have generated positive results in heavy-duty diesel engines. Methyl 
soy ester was reported to reduce smoke emissions from buses. A methyl ester fuel made 
from waste cooking oils was tested in buses at the CIFER laboratory. Exhaust smoke 
opacity was shown to decrease as the amount of ester was increased from 0-100%. No 
performance or durability problems were noted.

Liotta and Montalvo (1993) investigated the emissions effects of several different 
oxygenated compounds used as diesel fuel additives. Oxygenates were selected on the 
basis of economic viability as an additive, toxicity, and fuel blending properties. Important 
fuel blending properties included: solubility, flash point, viscosity, water solubility, and 
water partitioning of the oxygenate. Three glycol ethers, an aromatic alcohol, a aliphatic 
alcohol, and polyether polyol were selected for evaluation. Methyl soy ester and diglyme 
were also included for comparison to previous results. Most of these oxygenates were 
cetane neutral (cetane number similar to diesel) so the fuel cetane number was considered 
to be constant. HC results were varied, CO was generally reduced, and NOx showed an 
increase. The PM reduction experienced seems to be related to the amount of oxygen in 
the fuel but the functionality of the oxygen may also play a role. Unregulated emissions of 
aldehydes and ketones were also reported to decrease. This research shows that 
oxygenated compounds may be useful in an additive package designed to meet the new 
aromatics specification mandated in California. When added to a 31% aromatic base fuel, 
glycol ether C plus a cetane boosting compound were found to produce equivalent 
emissions to that of a low aromatic (15%) reference fuel.

Nikanjam (1993) also looked at the possibility of producing an additive treated 
diesel fuel that generates emissions equivalent to a CARB 10% aromatic reference fuel. 
Oxygenated compounds were considered as an option to reduce emissions. Ethylene 
glycol monobutyl ether acetate was selected for testing based on cost, fuel blending 
properties, and toxicity concerns. Emissions results showed CO and PM reductions of
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approximately 18% and a NOx increase of 3%. Since the NOx reduction was the most 
difficult obstacle in showing equivalence between the test fuel and the 10% aromatics 
reference fuel, no further testing was done on oxygenates.

Previous results for oxygenated fuel studies are compiled in Table 4. The table 
shows the research group, oxygenate studied, boiling point, fuel oxygen, and percent 
reductions or increases shown with each oxygenated additive compared to the reference 
diesel fuel. Conclusions from these results are that HC emissions vary, CO and PM 
emissions are reduced, and NOx is slightly increased with oxygenated fuels.
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Table 4 - Results of Previous Oxygenated Diesel Testing

Researcher Additive Boiling 
Point T

Oxygen 
content, wt%

HC CO NOx PM
—  % Change to Base Fuel —

Liotta and 1-phenyl ethanol — 0.78 11 1 4.1 -3.5
Montalvo Cyclohexyl ethanol 354 0.68 21 3 2.2 -1.7

Polyether polyol — 0.34 -21 -13 0.9 -4.4
Diglyme 320 2.05 -27 -16 2.6 -16
Methyl Soy Ester 630 0 59 -18 -8 0.7 -4.5
Glycol Ether A — 129 -13 -10 2.6 -12
Glycol Ether A — 0.52 -13 -5 -0.9 -6.1
Glycol Ether B — 1.40 -2 -4 2.8 -14
Glycol Ether C — 1.82 -24 -16 1.8 -16
Glycol Ether C — 0.74 -6 -4 0.2 -13
Glycol Ether C — 037 -6 -4 0.0 -6.7

Winsor and Diglyme 320 1.85 0 -13 0.0 -20
Bennethum Dimethyl carbonate 194 1.85 25 -13 1.9 -15

Methyl Soy Ester 630 11 -75 -42 19 0 -33
Methyl Rape Ester 580 11 -79 -46 16.0 -28

Nikanjam Ethylene glycol 
monobutyl ether 
acetate

473 3.0 20 -18 3.3 18

CONCLUSIONS 0.5-2 varied ~ -10 0-4 ~ -15
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Chapter 5

LAB DESCRIPTION AND VERIFICATION

The CIFER/CSM laboratory is located at the Denver RTD Maintenance Facility in 
downtown Denver. CSM was designated as the National High Altitude Heavy Duty 
Research and Technology and Assessment Center as part of the 1990 Clean Air Act 
Amendments. At 5280 feet above sea level, the facility is the world's first high altitude 
EPA certification quality heavy-duty engine laboratory. The laboratory contains engine 
and chassis dynamometer equipment and the emissions measurement instrumentation 
necessary to measure regulated emissions from heavy-duty vehicles and engines. The 
engine stand is equipped to perform the EPA heavy-duty transient test cycle in full 
accordance with 40 CFR part 86 subpart N. The chassis system was not used in this 
research and will not be described.

The lab contains many subsystems, which after being introduced, will be described 
in greater detail. Figure 4 shows a block diagram of the engine test cell system. The engine 
control system is responsible for commanding the engine through the transient test while 
collecting all pertinent data. The dilution air system provides the engine with temperature 
and humidity conditioned air, dilutes the engine exhaust to maintain a nearly constant 
tunnel flowrate, delivers the emissions equipment a diluted exhaust sample, and discharges 
the diluted exhaust. The cooling system is designed to provide the engine with cooling 
water of the appropriate temperature in order to simulate the operation of an in use 
radiator. The fuel system delivers a metered amount of temperature controlled fuel to the 
engine. The Pierburg emissions sampling equipment measures all regulated emissions from 
the diluted exhaust stream. The fully integrated operation of all these systems is necessary 
to perform an EPA transient cycle run which meets criteria specified in the Code of 
Federal Regulations (CFR).

The EPA heavy-duty transient cycle is the standard used to measure emissions 
from heavy-duty diesel engines. This 20 minute cycle is defined by a series of 1200 torque 
and speed setpoints that is designed to simulate driving conditions of on-road heavy-duty
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vehicles. The engine control system commands the engine through this cycle while the 
emissions bench continuously measures emissions. The air, cooling, and fuel systems 
insure controlled engine operation. Relevant data including emissions concentrations, 
actual speed and torque, dilution tunnel flow, fuel flow, and engine temperatures and 
pressures are recorded by the control system. In order for the cycle to be valid, actual 
torques and speeds must match the command values within certain tolerances defined in 
the CFR. Relevant engine parameters like fuel temperature and inlet air temperature are 
examined to determine if all systems were operating correctly. Carbon balances are also 
performed to confirm the run. If all specifications are met, emissions are calculated on a 
brake specific basis and may be reported as actual emissions for that engine.

Engine Control System

The engine control system consists of the following components: Digalog 
"Cellmate" computer, DC dynamometer, slave controllers, torque meter, test stand and 
engine, and associated measuring instruments.

Power Tek Inc. was provided a subcontract to supply equipment and controls for 
the engine test cell. Power Tek markets Digalog Inc. software which is the only EPA 
approved software, data acquisition, and control package for CFR subpart N testing. The 
Digalog "Cellmate" computer serves four main functions. First, it runs the test cycle by 
outputting appropriate speed and control set points to slave controllers. Second, it 
displays and logs all appropriate data including emissions. Third, it performs required data 
analysis according to CFR specifications. The Cellmate calculates both transient cycle 
regression statistics and emissions for the test. Finally, it manages the system through a 
series of safety interlocks designed to protect the equipment during operation. Figure 5 
shows a photo of the Digalog control center with the Cellmate on the left and controller 
bank along the right.

The General Electric DC dynamometer is sized to perform tests on engines with 
the following continuous maximum ratings: 1400 ft-lbs, 5000 RPM, and 400 hp absorbing 
and 300 hp motoring. Current limits are set at 150% of the continuous ratings for transient 
operation. The dynamometer is connected to the main three phase 480 VAC power grid 
through a thyristor controller which is responsible for the AC/DC conversion. The



Figure 5. Digalog Control Center
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thyristor directs power either to or from the main grid depending on whether the engine is 
generating torque or being motored by the dynamometer (coasting).

For transient testing, the dynamometer is generally operated in speed control 
mode. The Cellmate and the slave dynamometer controller adjust the excitation of the 
dynamometer to operate the engine at the set point speed. In a transient test, the Cellmate 
sends speed setpoints to the dynamometer controller which in turn drives the thyristor 
controller to set the excitation. This excitation adjusts the dynamometer speed to the set 
point and the response of the system is essentially immediate.

For mechanical throttle engines, load is controlled through a throttle positioner. In 
electronic engines load is controlled via a voltage conditioner which receives a throttle 
position signal from the Cellmate and throttle controller. The control parameter for both 
engine types is the feedback torque signal measured by the inline torque meter. The 
Cellmate computer measures the difference between the command and feedback torques 
and subsequently issues a command signal to the throttle controller. In mechanical engines 
the throttle controller sends a signal to a throttle positioner which mechanically adjust the 
throttle position. In electronic engines the throttle controller via the voltage conditioner 
sends a signal to the engine control module which adjusts the throttle to meet the 
command torque. In this way, the load feedback is maintained very close to the command 
torque.

The torque is measured with a NIST traceable Himmelstein model MCRT 8-02TA 
torque meter located in the driveline connecting the dynamometer to the engine. The 
meter consists of a sensor which is mounted to a shaft on both ends. The shafts out of the 
meter are coupled directly to the driveline. Torque is sensed by strain gauges attached to 
two perpendicular plates that are mounted to the shaft. When torque is applied, the 
intersecting plates twist slightly which is sensed by the strain gauges. Torque is calculated 
from this strain and transmitted to the Cellmate.

The test stand is designed to permit easy changeout of engines. Engine mounts are 
used to attach the engine firmly to a frame which is bolted to the test cell floor. The 
dynamometer is fixed mounted such that realignment of the engine driveline is simple 
within acceptable tolerances. The complete driveline consists of torque meter and flexible 
double diaphragm coupling, center carrier bearing, and universal driveline which connects 
to the engine flywheel.
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The test cell is equipped with several temperature and pressure sensors to monitor 
various engine parameters. Several banks of type J and K thermocouples are available for 
measurement of engine temperatures. Pressure transducers are also available for 
measurement of relevant engine pressures. All sensors are connected to the Cellmate 
analog input boards and may be displayed on the monitor.

Dilution Air System

The dilution air system provides conditioned air that is used by the engine and used 
to dilute engine exhaust before sampling. This system has the following components: 
process air conditioning system, dilution tunnels, venturi meter, and exhaust blower. The 
process units will be described sequentially so that the air flow may be easily followed.

The dilution tunnel system provides a good overview of the laboratory 
arrangement. The laboratory has three levels: ground floor, second floor, and roof. The 
ground floor contains the dynamometer, engine, and control system. The second floor has 
the emissions sampling equipment. The air conditioning system and the exhaust blower are 
located on the roof. The dilution tunnel system runs from the air conditioning system on 
the roof through the engine cell on the first floor, back to the second floor sampling 
equipment and finally exits through the exhaust blower on the roof.

The process air conditioning system is designed to provide 77 °F, approximately 
45% relative humidity air to the inlet dilution tunnel. Figure 6 shows a process and 
instrumentation diagram (PID) of the air conditioning system. Ambient air is drawn 
through a high efficiency inlet air filtering system, 180 kW of electric heaters, a 
humidification section, and an air delivery blower before entering the inlet dilution tunnel. 
The filter bank consists of a coarse prefilter followed by a final filter capable of removing 
all dust above 1 micron. The furnaces are capable of heating -20 °F air to 77 °F and 50% 
relative humidity at a design air delivery rate of 3500 SCFM. The air flow delivery rate is 
set by a variable speed controller coupled to the air delivery blower.

The furnace is divided into five heating banks. Each bank is capable of providing a 
32 °F increase (120,000 BTU/hr) at the design flow rate. Heater banks 1 through 4 are 
either on or off. Heater bank 5 is controlled using a pulsed output temperature controller. 
The controller senses the temperature of the air exiting the system and a pulse frequency is
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sent to the heater bank corresponding to the amount of heat needed to reach the set point 
temperature. The actual operation of the heating system depends on the ambient 
conditions. For winter operation, one or more of the on/off banks are turned on and the 
controller is used to provide additional heat. In summer operation, only the controlling 
bank is needed.

Humidity control is accomplished by injecting the required amount of 
demineralized water into packing downstream of the heaters. Water is evaporated into the 
hot air to achieve the desired humidity. A pump delivers demineralized water to the pad at 
a flowrate that is controlled by a pneumatic control valve. The humidity can be 
manipulated by adjusting a pressure regulator for the control valve. Humidity is sensed in 
the inlet air stream by two independently calibrated instruments. A continuous 
psychrometer constructed from two matched resistance thermometers reads the wet and 
dry bulb temperature of the inlet air. The wet bulb thermometer is fitted with a cotton 
wick which is submerged in a water reservoir. A Rotronic polymer membrane sensor 
measures the inlet air relative humidity. Both of these measurements are used to calculate 
separate absolute humidities and NOx correction factors. The CFR defines the NOx 
correction factor (KH) as follows

KH = l/[l-0.0026*(H-75)] (5.1)

where H is the absolute humidity of the intake air in grains per pound dry air.
The dilution tunnel system consists of the ductwork necessary to transport air and 

diluted exhaust. Figure 7 shows the FED for the dilution tunnel system. Figure 8 shows a 
photo of the Series 60 engine in the test cell. The three 18 inch diameter dilution tunnels, 
one for inlet air (right) and two exhaust tunnels, can be seen behind the engine. One 
exhaust tunnel is used exclusively for diesel exhaust (middle) while the other is used for 
'clean' methanol and natural gas exhaust (left). The exhaust tunnel not being used is 
blanked. Conditioned air is delivered to the inlet dilution tunnel and delivered to the test 
cell where the air is split. Part of the inlet air is ducted to the engine intake line. In the 
photo, this light colored line can be seen intersecting with the inlet tunnel. The line 
contains an adjustable damper used to simulate air cleaner pressure drop. The light colored 
line is connected to the dark colored flexible line that delivers air to the engine. The
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Figure 8. Detroit Diesel Series 60 Engine in Test Cell
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remaining air from the inlet dilution tunnel is delivered via the tunnel box to the 
appropriate exhaust dilution tunnel to dilute the engine exhaust.

The exhaust dilution tunnel delivers a mixture of engine exhaust and conditioned 
air to the sampling system. Conditioned air and the engine exhaust are mixed at the inlet of 
the exhaust tunnel. In the photo, the engine exhaust line can be seen entering on the left 
side of the tunnel box. The exhaust is delivered in a six inch diameter stainless steel line 
while the excess conditioned air flows from the inlet tunnel through to the exhaust tunnel 
around the exhaust line. A 12 inch diameter mixing orifice is installed just above the 
exhaust entry point to assist in mixing of the dilution air and exhaust. The sampling probes 
are located ten diameters upstream to assure that the diluted exhaust stream is well mixed.

A critical flow venturi (CFV) meter is located in the exhaust tunnel downstream of 
the sample point. Critical flow through the meter is established by centrifugal fan (exhaust 
blower) capable of pulling 60 inches of water vacuum. The velocity through the meter is 
the velocity of sound when critical flow is achieved. This CFV acts as a flow control 
element with the flow proportional to throat area since the velocity is constant. Therefore, 
even though the engine exhaust flowrate changes drastically during a transient test, the 
total diluted air flowrate through the tunnel is essentially constant. This facilitates the 
calculation of mass emissions. Equations describing the exact calculation method will be 
presented in later chapters.

Because the dilution tunnel flowrate changes slightly with tunnel temperature and 
pressure, the emissions need to be measured using flow compensation. Simply taking a 
constant volume emissions sample will not give a correct result since the tunnel flowrate 
was changing. Two methods exist for calculating emissions results for flow compensated 
systems. One method is to collect a bag sample where the sample collection rate is 
changed exactly in proportion to the tunnel flowrate. This can be accomplished via a 
critical orifice or a mass flow controller. Another method is to sample continuously and 
multiply the instantaneous concentrations by the instantaneous flowrates and calculate 
total mass by summing the products. In this laboratory the latter flow compensation 
method is used. A constant volume bag sample is used for confirmation purposes only.
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Cooling System

The engine cooling loop is designed to reject 875,000 BTU/hr of engine heat to 
cooling water. The system is designed to handle either glycol or water coolant. Hot engine 
coolant is heat exchanged with a constant temperature water supply. Cooling system 
operation is intended to simulate as closely as possible the operation of an actual radiator. 
Figure 9 shows a PID of the system.

The engine draws water from a 50 gallon supply tank using its coolant pump as 
determined by the action of the thermostats. Tank water is maintained at a temperature of 
approximately 170 °F by pumping through a temperature control valve which splits the 
pump flow between the exchanger system and a recycle line. Thus, during hot operation of 
the engine a constant supply of approximately 170 °F water is supplied. During cold 
startup, the initial tank temperature is ambient and gradually rises as in an actual radiator.

Cooling water used to exchange with engine coolant is stored in a 150 gallon 
standpipe. Water from the standpipe is pumped to a heat exchanger at a constant rate of 
approximately 60 GPM to cool hot engine coolant. Hot engine coolant flow to the 
exchanger is variable and determined by a temperature control valve. The cooled engine 
coolant is returned to the engine supply tank while spent cooling water is sent to an 
evaporative tower before returning to the standpipe.

Intercooler System One of the engines tested had an intercooler to cool the 
engine intake air exiting the turbocharger prior to the intake manifold. Engine intake air 
passed through the turbocharger where it was compressed and heated. The heated air was 
then passed through the intercooler which cooled and further compressed prior to the 
intake manifold. The purpose of an intercooler is to further compress the air and to force 
greater masses of air into the cylinder. Also, cool intake air lowers cylinder temperatures 
and reduces NOx emissions.

When used in a vehicle the intercooler is air-to-air, but for test cell applications 
water is used as the cooling medium. Ideally, a test cell application should respond 
identically to an in-use cooler. Manufacturer’s specifications call only for an intake 
manifold air temperature of 115 °F at rated conditions (maximum power). No temperature 
responses are specified. The test cell application was designed to supply facility water of
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approximately 60 °F to the intercooler when the intake manifold temperature reached 
approximately 110 °F. When the temperature reached 110 °F, a temperature switch 
activated a solenoid valve which supplied the water. As the temperature dropped under 
110 °F the temperature switch turned the solenoid valve off This design effectively met 
the manufacturer’s specification and gave reproducible temperature profiles during a 
transient test but may not have approximated in use operation of an air-to-air cooler.

The operation of the intercooler became a concern during the course of this work. 
After this research program the intercooler operation was modified to satisfy SAE 
recommended practice J1937 for the operation of charge air coolers. Another objective 
was to better approximate the operation of an on-road air-to-air intercooler. It was 
decided to provide the intercooler with a steady stream of constant temperature water (75 
°F) instead of intermittent flow of 60 °F water. A small heat exchanger and temperature 
controller were installed in the intercooler water supply line to heat the facility water to 75 
°F nominally. Water from the engine coolant supply tank was used to heat the facility 
water. The fiowrate was set so that at rated conditions a temperature of 115 °F could be 
maintained. This dampened out manifold temperature fluctuations at rated conditions and 
gave more accurate response. This method of operation was found to better approximate 
an air-to-air cooler. Possible emissions effects of intercooler operation will be fully 
discussed in following chapters.

Fuel System

The fuel system is designed to provide a metered amount of fuel between 68 °F 
and 110 °F to the engine. Ideally, the system should provide the fuel within a temperature 
range that is repeatable over several transient tests to negate fuel temperature emissions 
effects. The system consists of a 15 gallon (100 pound fuel capacity) stainless steel supply 
tank, heat exchanger, mass flow meter, load cell, and piping mounted to a mobile stand. 
The system PID is shown in Figure 10 and Figure 11 shows a photo of the fuel stand. A 
slight positive pressure nitrogen atmosphere assists in priming and prevents explosive 
mixtures in the tank. Valve and piping arrangements allow easy operation, fuel changeout, 
and cleaning. Fuel temperatures are measured at the inlet and outlet of the heat exchanger.

The system is capable of determining mass by two separate measuring devices. A
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Figure 11. Fuel Supply System
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MicroMotion model DP25 mass flowmeter measures mass fiowrate, fuel density, and 
temperature. This device contains a totalizer which integrates the instantaneous flows to 
obtain total mass. An Interface model SM-250 load cell measures the total mass in the 
tank.

In normal operation, the engine fuel pump draws fuel from the supply tank. Return 
fuel not injected into engine cylinders is directed to a water cooled heat exchanger before 
being recycled to the engine. The exchanger is sized so that the fuel supply temperature 
meets CFR specifications (68-110 °F). The fuel supply stream is, therefore, a mixture of 
fuel from the supply tank and cooled return fuel. The temperature of the fuel supply 
stream is intermediate between supply tank temperature and exchanger out temperature.

Several changes in the fuel system were made after this research program was 
completed. The effect of fuel temperature on emissions became a concern. Fuel density 
depends upon temperature and the power output of the engine is directly related to the 
fuel density. It was determined that fuel temperature may affect the engine power output 
and thus emissions, especially when reported on a horsepower specific basis. In this work, 
all return fuel from the engine was sent to the heat exchanger where it exited at 
approximately 65 °F. This exit temperature depended on the cooling water temperature 
which was known to fluctuate. Since the fuel from the tank was at ambient temperature of 
around 75 °F, the engine fuel supply was at an uncontrolled intermediate temperature. 
The potential effects of this problem will be discussed further. A temperature controller 
and solenoid valve were installed in an attempt to simulate a fuel temperature profile of an 
actual vehicle over a transient test.

Emissions Measurement

The emissions system for the engine dynamometer stand conforms to the CFR part 
86 subpart N for heavy duty Otto and diesel engines operating on petroleum and methanol 
fuels. The emissions measurement system consists of a Pierburg emissions bench, heated 
sampling lines, bag sampler, Pierburg particulate sampler and weighing room, calibration 
gases, and all associated gas transport lines. The bag bench, emissions bench, and 
particulate sampler (left to right) are shown in Figure 12. Figure 13 shows the sampling 
point for the emissions system. All samples are being taken from the diesel (middle)
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Figure 12. Bag Sampler. Emissions Bench, and Particulate Sampler



Figure 13. Emissions Sampling Point
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exhaust tunnel. The emissions bench pulls sample from the two lines coming off the right 
and left side of the tunnel. The particulate sampler pulls its sample through the secondary 
tunnel located directly in front of the exhaust tunnel and through one of the two filter 
heads above the secondary tunnel.

The Pierburg emissions bench is designed to provide instantaneous emissions 
results from several analyzers (HC, NOx, CO, CO2 , and O2 ) All instruments meet or 
exceed CFR specifications for response and accuracy. Three modes of sampling are 
available. Mode 1 samples HC from the hot (375 +/- 20 °F) sample line and all other 
emissions from a second (>130 °F) heated line. Mode 2 samples from the bag bench. 
Mode 3 samples all emissions from the 130 °F sample line.

HC is measured using a heated flame ionization detector (FID). Sample gas is 
passed through a flame where hydrocarbon atoms are ionized. This ionization allows a 
small current to flow between electrodes mounted in the detector. This current which is 
proportional to the number of hydrocarbon atoms is amplified and displayed as a 
concentration.

NOx is measured using a chemiluminescence detector (CLD). The CLD detector 
only senses NO yet exhaust emissions contain both NO and NO2  Therefore, for both NO 
and NO2  to be measured, NO2  needs to be reduced to NO prior to entering the detector. 
This reduction is accomplished in a converter located upstream of the detector which 
contains a special reducing catalyst.

The CLD has two modes of operation. In the NOx mode, sample gas passes 
through the converter where NO2  is reduced to NO and the total NOx concentration is 
measured. In the NO mode, the converter is bypassed and only the NO concentration is 
measured. For testing purposes the NOx mode was always used.

In the CLD detector, sample gas is reacted with ozone which converts the NO to 
an excited state NO2  The stimulated NO2  molecule emits electromagnetic radiation as it 
luminesces to ground state NO2  This chemiluminescence is proportional to the NOx (or 
NO) concentration and is detected and amplified by a photomultiplier. The reaction 
chamber is kept under high vacuum to prevent excited state NO2  molecules from being 
quenched back to ground state by collisions with other gas species.

CO and CO2  are measured using infrared detectors (NDIR). Both CO and CO2  

absorb a characteristic wavelength range of infrared radiation. Each meter has a detector
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through which is passed IR radiation at the specific wavelength range. A certain amount of 
this radiation is absorbed in the detector depending on the concentration of the gas 
component. The detector measures the amount of absorption and converts it into a 
concentration. The infrared measurements are made on a dry basis to avoid the 
interference of water vapor. Water vapor in the sample is removed in a condenser that is 
located just upstream of the NDIR analyzers. The condenser is maintained at 
approximately 5 °C and the water removed is discharged by two peristaltic pumps. A 
correction factor (Kw) that is defined in the CFR is used to convert the measurements 
back to a wet basis for calculation of emissions mass.

There are two CO analyzers in the emissions bench. The CO low analyzer 
measures concentrations of carbon monoxide between 0-3200 ppm. The CO high analyzer 
measures CO concentrations in the range of 0-10%. The concentrations of CO emitted in 
this work were much better suited for the CO low analyzer. The CO high analyzer was not 
used in this study.

The oxygen meter measures oxygen concentration based on the principle of 
paramagnetic alternating pressure. This measurement was not recorded or used and thus, 
will not be discussed further.

Each of the meters is equipped with four ranges. Range limits for each meter are 
shown in Table 5. The meters may be set up so that as the gas concentration changes the 
range changes automatically. This feature is dubbed autoranging. However, the NDIR 
meters need to be calibrated in each range for the range to operate correctly. The FID and 
CLD need only to be calibrated in one range with one span gas for all ranges to operate 
correctly. For testing purposes, all meters were allowed to autorange but the CO and CO% 
meters were set up so that an uncalibrated range was never used. Table 6 shows the span 
gases used for calibration, the range calibrated, and the allowed ranges for each meter.

The emissions bench is equipped with a computer (PSE) which is used to control 
the operation of all meters. The PSE is responsible for communication with all meters, 
management and control of solenoid valves and pumps, detection and display of errors, 
and communication with the Digalog host. When a specific function is requested at the 
PSE, the correct solenoid valves and pumps are activated so that the individual analyzers 
perform the function correctly. The interface with the Digalog computer allows the 
emissions bench to be fully controlled by the Cellmate.
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Table 5 - Analyzer Range Limits

Range Limits
Meter 1 2 3 4

HC, ppm 25 120 5000 20,000
NOx, ppm 10 400 2000 10,000
CO, ppm 100 3200 3200 3200
C 02,% 1.2 5 00 16.0 16.0

Table 6 - Range Setup and Calibration Gases

Range Ranges
Meter Span Value Calibrated allowed

HC 12.05 ppm 1 Auto
NOx 56.36 ppm 2 Auto
CO 93.16 ppm 1,2 1,2

C02 1.00% 1,2 1,2

The bag sampler consists of two pairs of sample bags. For each test, one bag 
collects a diluted exhaust sample while the other collects a background air sample. The 
bag sampler has an independent sample line located upstream from the emissions bench 
sample lines. The bag sampler may be controlled manually or by the Cellmate via a PLC 
controller. There are four available functions: fill, remove, purge, and evacuate. Fill 
activates the sample pump and fills the background and sample bags at a constant 
fiowrate. Thus, the bag bench does not collect a flow compensated proportional sample. 
Remove allows sample to be drawn from the bag and measured by the Pierburg emissions 
bench. The purge and evacuate functions are used to empty the bags when a test has been 
completed.

Two heated sample lines are available for the Pierburg emissions bench and 
another separate sample line is used for the bag sampler. In accordance with CFR 
specifications for emissions sampling of petroleum fueled diesel engines, hydrocarbons are 
measured through a 375 °F sample line while the other gases are sampled through a
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second heated 130 °F sample line. Bag samples are collected via the bag sample line and 
measured after completion of the test. The heated lines are made of 1/4" stainless steel 
tubing which is heat traced and insulated. Both heated lines contain a filter which removes 
any particulate prior to entering the emissions bench. Three temperature controllers are 
used to maintain the hydrocarbon probe, filter, and sample line at the correct temperature. 
The second heated line is continuously heated by heat tracing. The 1/4" stainless bag 
bench sample line is located just before the venturi inlet and is not heated or insulated.

Particulate is sampled using a Pierburg collection system. The system consists of a 
PSE controller, mass flow controllers, secondary dilution tunnel, and associated piping. 
The PSE control module is used to set the desired sample and dilution air flowrates, 
display the instantaneous flowrates and total sample flow, and detect and display errors. 
Mass flow controllers are used to set and measure gas flows. In normal operation, air from 
the intake dilution tunnel is mixed with diluted exhaust in a secondary dilution tunnel. This 
mixture is then passed through filter head containing two Pallflex 70 mm fiberglass filters 
where particulate matter is deposited. The PSE measures the fiowrate of the dilution air as 
well as the total mixture fiowrate. The sample fiowrate is then calculated by difference. A 
totalizer calculates the total sample flow over a test.

The current particulate sampler software does not allow the sample fiowrate to be 
changed as the dilution tunnel fiowrate changes. Therefore, the sample collected is not in 
proportion to the tunnel flow. This is analogous to the non-flow compensated sample 
taken by the bag sampler. This problem may create small errors in the absolute accuracy of 
the particulate emission measurement but should not affect the comparative value of the 
results since the sampling method was consistent. Pierburg will supply a software 
modification which allows proportional sampling.

The particulate weighing was conducted in a temperature and humidity controlled 
room meeting CFR specifications. The temperature was kept between 68-86 °F and 
relative humidity maintained between 30-70%. Weighing was accomplished on a Sartorius 
R200D semimicro balance meeting CFR specifications for readability of 10 micrograms 
and reproducibility of 20 micrograms. The balance was periodically checked via a Class 1 
100 milligram weight to confirm its accuracy. Recently the weigh room temperature and 
humidity control have been improved to meet proposed changes in CFR specifications.

A full range of calibration gases and other necessary gas components is held. For
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each reported emission, at least one EPA Protocol gas is held for that analyzer. Protocol 
gases are blended and tested according to procedures developed by the EPA. For some 
analyzers, the protocol gas was used to establish the concentration of a working gas which 
was then used to calibrate the instrument. Other instruments used the actual Protocol gas 
for calibration purposes. Calibration gases meet all CFR criteria. Table 7 lists the gas 
standards that were used in the Series 60 tests. In addition to these calibration gases; 
oxygen, synthetic air, and hydrogen/helium gases are held for CLD and FED operation.

Table 7 - Calibration Gas Standards

Gas Concentration Type

HC 12.05 ppm Working
HC 20.18 ppm EPA Protocol
HC 98.0 ppm Working

NOx 56.36 ppm NOx Working
NO 317.6 ppm NO EPA Protocol
CO 93.16 ppm Working
CO 249.3 ppm EPA Protocol
CO 1491 ppm Working

CO2 100 94 Working

Verification Procedures

As part of the initial startup all secondary systems were verified. This process 
included calibration of individual sensors and meters as well as confirmation of entire 
systems. Several of these procedures are described in the CFR 86 subpart N. This section 
contains a summary of the verification results. Appendix A contains detailed procedures 
and pertinent verification data.

The purpose of engine control verification was to insure that the engine performed 
the transient cycle correctly and that computer calculations were accurate. Engine torque 
and speed measurements were calibrated and verified. Practice transient tests were done to 
see that CFR criteria for an acceptable cycle run were met. Cycle statistic calculations and 
emissions calculations as performed by the Cellmate were also confirmed. This was done
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by transferring the data used for the Cellmate calculations to disk and performing the 
calculations on a spreadsheet.

To confirm the air and dilution system several calibrations and confirmations were 
performed. Initially, tunnel temperature and pressure measuring systems were calibrated. 
The 2000 and 3000 SCFM venturi meters were calibrated to determine calibration 
coefficients (Kv). Table 8 shows the calculated calibration coefficients and standard 
deviations. CFR requirements that the standard deviations be less that 0.3% of the 
calibration coefficient are met in both cases. After the tunnel temperature (T), venturi inlet 
pressure (P), and venturi meters were calibrated, the tunnel fiowrate could be measured 
from the following equation

Qs = Kv*P/TW2 (5.2)

The intake air heating and humidification systems were then confirmed. After emissions 
bench startup, the entire air and emissions system was confirmed by propane tests.

Table 8 - Venturi Meter Calibration Coefficients

Meter Kv Std Dev %

2000 SCFM 4560 0.21
3000 SCFM 6820 0.17

To confirm the operation of the air conditioning system, both temperature and 
humidity control were shown. This system has shown the ability to consistently deliver 77 
+/- 9 °F air under any ambient conditions as required per CFR criteria. Ideally, the air 
temperature should be stable at 77 +/- 1 °F and the NOx humidity correction factor 
should be 1.00 +/- 0.03. System improvements have tightened temperature control to +/- 1 
°F. The humidity measuring system was installed just prior to the Series 60 round of 
testing. It has shown the capability to maintain a NOx correction factor between 0.97-1.03 
under all ambient conditions and to vary the correction factor from 0.90-1.10 for humidity 
correction factor studies.
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To verify the cooling system, the 6V92 engine was operated at rated conditions for 
five minutes. No change in cooling parameters was observed confirming the adequacy of 
the system. The coolant system was further tested during warmup procedures on the 
Series 60 engine. This engine produced significantly more horsepower and required 
additional cooling than the 6V92. In every instance no change in cooling parameters was 
observed.

The operation of the intercooler water supply system was also verified. The 
solenoid valve was checked to insure that it opened when the manifold temperature 
reached 110 °F. Rated conditions were also checked to show manifold temperatures of no 
greater than 120 °F.

In normal operation, a MicroMotion Model D25 mass flowmeter and 250 pound 
Interface Inc. Model SM-250 weigh cell are used to measure fuel consumed by the engine. 
To confirm that these devices recorded the same total fuel flow a confirmation test was 
performed. The total fuel mass from both devices was compared to a scale weight. Results 
are shown in Appendix A. The results from both devices agree with the scale results and 
thus confirm the system. Carbon balance calculations which typically close to within 2% 
further confirm the operation of the fuel supply system. Appendix A shows carbon balance 
calculations for several runs.

The verification procedures necessary to confirm the operation of the emissions 
bench system are described in the CFR. The first task was to manually start-up the 
emissions bench and to confirm that the functions requested by the PSE were being 
performed correctly. After tracing lines and determining correct operation of each 
solenoid valve and pump, the emissions bench functions were verified and the PID 
confirmed. Verification procedures performed were the following: leak checks, 
linearization checks, quench checks, response time measurement, NOx converter check, 
and propane (and CO) mass balances. Descriptions of and results from these procedures 
are detailed in Appendix A.

The particulate sampling system and weigh room were also confirmed. Verification 
procedures included: weigh room stability check, primary and secondary mass flow 
controller calibrations, and sample flow checks. Confirmation procedures and all data are 
located in Appendix A.
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Chapter 6 

TEST PROCEDURES

Oxygenate Selection

Testing was performed with two different modern heavy-duty diesel engines. The 
first series of tests was done on a Detroit Diesel 6V92 engine, a two stroke, 280 
horsepower diesel engine. The second series was done on a Detroit Diesel Series 60 
engine, a four stroke, 340 horsepower diesel engine.

The oxygenates used in the 6V92 series of tests were selected on the basis of 
boiling point and cost. Oxygenates were selected to span the distillation range of diesel 
fuel, one in the front, middle and back ends of the curve. Suitable oxygenates were then 
chosen on the basis of cost. Octanol, a straight chain eight carbon alcohol, and decanoic 
acid, a straight chain ten carbon acid, were ordered from Aldrich Chemical Co. The 
purities were 99% and 96% respectively. Originally, hexadecanoic acid was selected as the 
back end oxygenate but it was rejected when the blend melting point was raised 
significantly resulting in solidification at room temperature. Methyl soy ester was 
subsequently selected since the laboratory already had a 55 gallon drum of the material. 
Proctor and Gamble manufactured the ester but it was sent to CIFER by Interchem. The 
material contained greater than 97% ester. Ethanol was added as an oxygenated additive 
in the Series 60 runs to investigate lower boiling point range oxygenates after octanol had 
shown encouraging results. It was also thought that the high latent heat of vaporization of 
ethanol (380 BTU/lb versus 160 BTU/lb for diesel) may lower cylinder temperatures and 
reduce NOx Ethanol (99.9% pure) was also obtained from Aldrich. The oxygenates 
selected and relevant properties are presented in Table 9. Lower heating values were 
calculated from the listed heats of formation for each oxygenate and their combustion 
products.

Methyl soy ester is a product of the reaction between methanol and soybean oil. 
Soybean oil is a triglyceride with three fatty acid groups attached to a glycerol backbone. 
In the course of reaction, the fatty acid groups are cleaved from the triglyceride forming
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Table 9 - Properties of Oxygenates Tested

Oxygenate Boiling Cetane Oxygen Density Flash LHV1
Point (F) Number wt % (g/cc) Point (F) (BTU/lb)

n-Octanol 385 39.1 12.3 0 826 178 16,180
Decanoic Acid 516 -4 5 18 6 0 893 287 14,350
Methyl Soy Ester 630 -4 5 10.9 0 885 352 16,380
Ethanol 173 5-15 34.7 0 789 55 11,550

1 Lower Heating Value (LHV)

methyl esters and glycerol. The fatty acid groups from the soybean oil triglyceride are not 
identical. They vary in terms of carbon number (14-18) and degree of unsaturation (0-3). 
Therefore, the composition of the soybean oil methyl ester is not uniform but rather a 
mixture of different methyl esters. Table 10 shows the relative percentages of each fatty 
acid in soybean oil (Morrison and Boyd, 1959).

Table 10 - Composition of Soybean Oil Fatty Acid Groups

C number Degree of 
unsaturation

Percent

14 0 0.3
16 0 5-9
18 0 2-5

>18 0 1-3
16 1 0-1
18 1 22-34
18 2 50-60
18 3 2-10

Volume percent additions of the oxygenates were attempted to be kept small to 
limit the emission effects of fuel property changes. The intention was isolate the effects of 
oxygenate addition so that emissions changes could be fully attributed to the oxygenates.
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Since the oxygenates selected were totally non-aromatic, aromatic levels in the 
oxygenated blends were reduced slightly due to dilution. Since the volume percent 
additions were relatively small and constant between fuels, differences in aromatic levels 
should have been small and emissions effects negligible.

Oxygenate addition should not have affected the cetane number significantly and 
emissions effects should have been small. Freedman and Bagby (1990) reported the cetane 
numbers of several alcohols and methyl esters. In general, it was found that cetane number 
increased with increasing carbon number and decreased as the degree of unsaturation 
increased. The cetane number of n-octanol was listed as 39. Methyl soy ester cetane 
number was estimated to be 47 from its individual components. Reed et a l reported a 
methyl soy ester cetane number of 45. The cetane number of decanoic acid should be 
approximately 45 given that it is saturated with a carbon number of ten. Ethanol is known 
to have a cetane number much less than diesel fuel, in the range of 5-15 (Ecklund et a l, 
1984). Thus, with the exception of ethanol, oxygenate addition should have had a small 
effect on the cetane number of the blended fuels. Emissions changes between the fuels 
should be completely due to the oxygenate addition and not due to fuel property effects.

Several other parameters have been identified which may be important to 
oxygenate use in diesel fuel. Key selection criteria include: toxicity, environmental impact, 
overall cost, fuel blending properties, and engine performance. The oxygenate must be 
soluble in diesel fuel in the range of 1-5% to achieve maximum emissions reduction. Safety 
precautions require that the blend flash point must not be decreased below 126 °F. Water 
solubility properties must also be acceptable. A high degree of water solubility in the fuel 
and high degree of extractability of the oxygenate are unacceptable. Of these criteria, only 
fuel solubility effects were examined in this work. Sample bottles were mixed with 
appropriate amounts of oxygenate and fuel to determine if they were completely miscible 
and did not cause the fuel to cloud. All fuels mixed were satisfactory. Only the ethanol 
blend flash point could have been adversely affected. Water solubility properties were not 
believed to be a problem, since with the exception of ethanol, the additives had long 
hydrocarbon chains which are known to be hydrophobic.
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General Test Procedure

This section will describe the testing method used for all tests. It was important 
that a specific testing procedure was followed to limit any variability arising from testing 
method. Prior to a series of testing, all necessary calibrations and verification procedures 
were done. These included propane mass balance, NOx converter check, linearization 
checks, particulate sampler flow meter check, and humidity calibration. The exhaust 
backpressure, inlet pressure, manifold temperature, and other manufacturer specified 
engine parameters were then set.

The fuel tank was then filled with the first fuel and any air accumulation bled from 
the system. The engine was operated at rated conditions (maximum power) to confirm the 
manufacturers specifications. Rated operation effectively warms the engine frilly so that 
the map is performed when the engine is hot. After engine temperatures had stabilized, the 
engine was mapped. The Cellmate software is equipped with a multi-stage mapping 
routine. One may manually advance to the next stage at any time. The stages are the 
following: an idle of approximately 5 minutes, a 50 percent of maximum power stage of 
4-5 minutes, a rated condition stage that ends upon command, a mapping stage and a 
short cool down. Upon completion of the routine, the computer software analyzes the 
map to determine if CFR specifications are met. Upon validation of the map, the speed and 
torque setpoints are stored in Cellmate files.

After the map, a 20 minute soak timer was started. This is the time period required 
between transient cycle tests. In this 20 minutes, the emissions bench and test cell were 
prepared. Testing requires two operators, one to run the emissions bench and another to 
run the Cellmate. Each has tasks to perform between tests which coincidentally take 
approximately 20 minutes.

During the initial 20 minute soak, the emissions system was prepared for testing. 
Each meter was calibrated until the zero was stable and the span concentration was within 
2% of the actual value. This was usually attainable with one calibration. The bags were 
evacuated. Weighed particulate filters were loaded into a filter head which was installed in 
the sampling line. The Cellmate operator was then informed that the bench was prepared 
for testing.

When the soak timer expired, a transient test was begun. All commands were
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issued from the Cellmate. The Cellmate first ran the emissions bench through a pre-test 
routine which tested the zero and span measurements of each instrument and sampled the 
inlet air to get background air concentrations. During the pre-emissions routine the 
Cellmate logged 15 second averages of the zero, span, and background measurements. 
These averages were reported in the Cellmate emissions report along with the calculated 
emissions.

After the pre-test emissions routine was completed, the engine was cranked. The 
particulate sampler, bag sampler, and the emissions bench integrator were started 
simultaneously at the instant of crank. The transient test lasts 20 minutes. The Cellmate 
operator checked engine parameters to see that test conditions were normal. The 
emissions bench operator confirmed that all instruments had started and periodically 
checked for errors.

The engine was shut down at the end of the test. The soak timer was started. The 
particulate sampler was shut down the instant the engine stops. The emissions bench 
continued to sample for 15 seconds to account for the response time of the meters. The 
post-test emissions routine was then started. This checked to see if any meter has drifted 
and sampled the background and sample bags. CFR criteria require that zero and span 
drift be less than 2% of the full scale range.

During the 20 minute soak, the Cellmate operator was responsible for report 
generation. The reporting package and appropriate run were loaded. The test statistic and 
emissions report was printed while the run summary data was stored on disk. Appendix B 
shows an example test statistic and emissions report. Transient cycle test statistic 
calculations are performed to determine if the run meets CFR specifications. The 
emissions report displayed the total tunnel fiowrate, mass emitted for each component, the 
humidity correction factor, bag concentrations, and some analyzer zero and span data. 
Test data on disk was used to confirm the reported test statistic and emission values and 
check to see if engine parameters were consistent between runs.

After the reports were collected, the emissions bench prepared, and the soak timer 
expired, another run was made. For each fuel tested four hot runs were completed. The 
only exception was that one cold run and two hot runs were made on the reference fuel in 
the 6V92 work. When four runs had been completed, the fuel was changed and the 
procedure repeated.
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Fuel Blending

Specific steps were followed in the process of fuel blending. First, the total amount 
of fuel needed was estimated. The amount of oxygenate needed to get the appropriate 
weight percent oxygen was then calculated. An amount of oxygenate approximating the 
amount needed was weighed out and transferred to a clean 55 gallon drum. The correct 
amount of fuel was then weighed and added to the drum. The 55 gallon drum was then 
mixed before addition to the fuel tank.

Transient Cycle Generation

The torque and speed setpoints issued by the Cellmate which define the transient 
test were generated during the mapping procedure. It was very important that the map be 
performed correctly so that a valid transient cycle was generated. In this work, where 
maps were run on each fuel, it was especially important to run the maps with a consistent 
procedure to generate transient cycles that weren't dependent upon the engine conditions 
during mapping. It was desired that any differences in transient cycles were solely due to 
fuel effects. The CFR defines all criteria for a successful mapping procedure.

Mapping Before entering the mapping routine, several parameters were entered 
during a questioning session. Minimum speed, manufacturers rated speed, curb idle 
transmission torque (CITT), and maximum torque values were entered. The maximum 
torque value was used as the torque setpoint during the entire mapping routine and, thus, 
was well above the actual maximum torque to insure that the throttle was wide open 
during the mapping.

The mapping procedure was then begun by the Cellmate. The engine was idled, 
run at 50% of maximum power, run at rated conditions until temperatures stabilized, and 
finally mapped. In this work, the engine was run at rated conditions until the engine was 
fully warm which was demonstrated by an oil temperature of between 205-210 °F. Oil 
temperature was always the last to stabilize and, if this parameter was allowed to reach the 
same temperature consistently, the engine should have been at the same approximate 
condition for each mapping procedure.

The only relevant parameter which was known to change was fuel temperature.
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The fuel temperature depended on the temperature of the cooling water sent to the fuel 
cooler. The cooling water was facility water and ranged in temperature from 55-70 °F. 
This variation caused relatively small changes in fuel temperature between mapping 
procedures. This difference could have caused some change in the power output during 
mapping which would have affected the total power of the generated transient cycle. 
Emissions effects of fuel temperature inconsistencies will be discussed in later chapters.

After the engine was properly warmed, the engine mapping was started. The 
engine was returned to the minimum speed. The maximum torque value was issued as the 
command torque. This jammed the throttle wide open and gave the maximum torque at 
that speed. The engine speed was slowly increased (approximately 8 rpm/min) with the 
throttle held wide open until the electronic governor cut off fuel to the engine. The 
procedure ended when the engine torque had fallen off to zero. The engine was then 
returned to idle and subsequently shut down. At this point, the computer analyzed the data 
to determine if CFR criteria were met. Map data was stored in files from which a transient 
cycle was generated if the map passed.

The purpose of an engine map was to determine the maximum torque output at 
each point across a defined speed range. The transient test for heavy-duty diesel engines as 
defined by the CFR 86 Appendix I (f) (2) contains second by second values of percent 
normalized speed and percent normalized torque. Speed is normalized as a percentage of 
the difference between minimum and rated speed. Torque is normalized as a percentage of 
the difference between the maximum torque at the specified speed and the CITT. 
Therefore, since the map determines the maximum power at each speed, all information 
necessary for generating a transient cycle is provided.

Cycle Generation The actual cycle setpoints are generated using the mapping 
data. The normalized percentage speed and torques are stored in the Cellmate software. 
Setpoints are calculated by unnormalizing according to the following equations

>RPM = RPMmin + %RPM * (RPMrated-RPMmin)/100 (6.1)

>TQ = CITT + %TQ * (TQmax-CITT)/l 00 (6 .2)
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After an acceptable map is performed, these setpoints are calculated and stored in the 
Cellmate. Each time a transient cycle is run on this map the same setpoints are issued. 
When a new mapping procedure is run the old setpoints are written over with new 
transient cycle setpoints.

The transient cycles run by each engine were slightly dissimilar because of the 
differences in engine parameters such as idle speed, CITT, rated speed, and rated torque. 
Figures 14 and 15 show the speed, torque, and power output over the transient cycle for 
the 6V92 and the Series 60 respectively. The 6V92 speed ranges from the idle speed of 
600 rpm to its maximum speed of approximately 2000 rpm. The Series 60 speed trace 
ranges from 650 rpm to approximately 1800 rpm. Both speed traces have the same shape. 
The 6V92 torque ranges from approximately -200 ft-lbs to 800 ft-lbs. The idle torque is 
equal to the CITT of 130 ft-lbs. The Series 60 torque ranges from -100 ft-lbs to 
approximately 1100 ft-lbs. The idle torque is 0 ft-lbs. The shapes of the two torque traces 
is slightly different because of the differences in CITT. Power traces have nearly identical 
shapes to the torque traces for both engines. The 6V92 power ranges from -80 hp to 260 
hp while the Series 60 power ranges from -40 hp to 330 hp.

These figures also provide a description of the transient cycle. The speed trace 
shows that there are long periods of idle during the transient cycle. Torque and power 
traces show that most of the cycle power is generated between 600-900 seconds. Many of 
the accelerations are very abrupt with torques rising as much as 1000 ft-lbs in 5 seconds. 
The periods of negative torque are those where the dynamometer is motoring the engine.

Weigh Room Procedures

The weighing procedure used is consistent with CFR criteria. Two reference filters 
were kept in petri dishes throughout the series of tests. Filters to be used were placed in 
numbered plastic petri dishes and allowed to equilibrate in the room for at least one hour. 
The scale was turned on at least 2 hours prior to weighing. The scale has an internal 
calibration procedure which is done 10-15 minutes before weighing.

The first item to be weighed was a NIST traceable 100 gram weight. This was 
weighed before the reference filters to confirm correct operation of the scale. The scale 
zero was also confirmed. Reference filters were then weighed and recorded. Filters were
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Figure 14. Feedback Sneed, Torque and Horsepower for 6V92 Cycle
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removed from the petri dishes with tweezers and placed on the scale. Several seconds 
passed before a stable reading appeared. The measurements were compared to previous 
weights to confirm that no significant changes occurred. Several filters were subsequently 
weighed using the same procedure and measurements recorded. After the weighing was 
completed the zero and 100 gram responses were recorded to insure correct operation.

Two filters were loaded into a filter head and installed into the sampling line just 
prior to a test. The primary filter collected the majority of particulate while the other filter 
was used mainly for safety purposes. After the test, filters were removed from the head 
and returned to their petri dish. Final filter weights were recorded after a stabilization 
period of between 1 and 80 hours using an identical procedure. The total weight of 
particulate was calculated by subtracting the total initial weights of the two filters from the 
total final weight.

Calculations

Since the dilution system is not a constant volume system, the flow compensated 
calculation method must be employed. The venturi meter is used as a critical flow element 
and, therefore, temperature and pressure changes must be accounted for when determining 
mass flow. To properly flow compensate, time shifted concentrations must be multiplied 
by instantaneous flowrates. These products are then multiplied by component densities and 
time intervals before being summed to give total mass.

The CFR defines the following equations for calculating the mass emissions from 
flow compensated sample systems.

HC = E  (HCj * Vmixi * PHC * At ) - HCb * (1-1/DF) * Vmix * PHC (6.3)

N O x -  Kh * [Z(NO xi* Vmixj * PNOx*At ) - NO xb* (1-1/D F) * Vmix* PNOx] (6.4)

CO = £  ( C O i  * Vmixj * Pco  * At * Kw) - COb * (1-1/DF) * Vmix * Pco  (6.5)

C02 = £  (00% * Vmix * Peck * ^  * Kw) - (:();%, * (1-1/DF) * V ^  * PcOz (6 6)
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Vmix is the flowrate in the system. HC, NOx, CO, and CO2  are the measured 
concentrations in the appropriate units. The i subscript refers to instantaneous 
measurements and the b subscript refers to the background concentration. The component 
densities (P) convert from cubic feet to grams and are given in the CFR as 16.27, 54.16, 
32.97, and 51.81 g/SCF for HC, NOx, CO and CO2  respectively. However, a slight 
correction to these values has been made since the standard conditions for our system are 
70 °F and 1 atm and CFR standard conditions are 68 °F and 1 atm. At is the time interval 
between measurements. DF is the dilution factor calculated as 13.4 divided by the average 
CO2  concentration and is equivalent to the average ratio of the total flow in the tunnel to 
the engine exhaust.

The summation portion of the equations adds up the total emissions mass 
measured. The second half of each equation subtracts the emissions mass as a result of the 
background air. Ky is the NOx correction factor and is multiplied times the difference of 
total and background mass. Kw is a factor which accounts for the water removed from the 
sample prior to the infrared analyzers. The equations for both factors are defined in the 
CFR and have been derived independently for confirmation purposes.

This calculation was performed by the Cellmate when an emissions and test 
statistic report was printed. The Cellmate performed the calculation exactly as listed. The 
history file contains data collected every 0.1 second (10 Hz) so the total mass was the 
summation of 12,000 data points. The Cellmate software first shifted the data recorded 
from each emissions meter to correct for the response time. Instantaneous concentrations 
were then multiplied by instantaneous flowrates, densities, and time intervals as specified. 
The first calculation point was the first instant of engine crank and the final calculation 
point was the last transient record. The background concentration values were taken as 
the background bag values which were calculated as 15 second averages. Dilution factor 
was calculated using the bag sample carbon dioxide concentration.

The emissions part of the report shows the results of the Cellmate calculations. An 
example report is shown in Appendix B. The total mass, background mass, and mass 
emitted for each component is reported. The average NOx humidity correction factor 
from both measuring systems is also reported. The bag sample and background 
concentrations as 15 second averages are listed. The zero and span 15 second average 
results from the pre-test and post-test emissions routine are also shown. The total brake
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horsepower hour is listed in the test statistic portion of the report.
Reported emissions were calculated from the Cellmate emissions report in the 

following way. The emissions mass, the difference of the total and background masses, 
was divided by the total brake horsepower hour. A correction was then made to this value 
to account for the slight drift of the zero and span. This correction was in all cases small 
but should be a valid correction. This value was then the reported HC, CO and CO2  

emission. The raw NOx emission calculation was then multiplied by the correction factor 
to get the reported NOx emission.

PM emission was calculated in the following way. The total sample volume in liters 
was converted from the particulate standard conditions of 273 K and 1 atm to dilution 
system standard conditions of 70 F and 1 atm. Total sample liters at the correct standard 
condition were then converted to cubic feet. PM emission was then calculated from the 
following equation

PM = Fwt*Vmix/(V sample * BHP -hr) (6.7)

where is the filter weight gain, Vmix is the total volume through the dilution system, 
Vsample is the sample volume and BHP-hr is the brake horsepower hour. Several 
background particulate samples were collected with no appreciable change in filter weight 
noted so no background correction was made for PM.

Test statistics were also computed by the Cellmate. Appendix B shows an example 
test statistic report. The feedback speed, torque, and horsepower were compared to their 
setpoint values. The data were regressed to determine standard errors, slope, intercept, 
and r2 for each parameter. Some data points were omitted as specified in the CFR. 
Calculations were done for specific sections of the test (1, 2, 3, 4) as well as the entire 
test. A time shift of the feedback speeds and torques is allowed prior to regression and for 
the Series 60 engine optimum statistics occurred at a 0.8 sec time shift. For a correctly 
tuned engine, CFR specifications were met easily.
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Statistical Analysis

In this work, the emissions values measured were each random samples collected 
from an approximately normal population. For example, if the octanol NOx measurement 
was made an infinite number of times, a bell-shaped density function similar to a normal 
distribution could be expected. However, only a small number of observations were made 
for each fuel. A method was needed to determine if the emissions differences between 
fuels were statistically significant.

To show a statistical difference between random samples of data, two hypotheses, 
a null and an alternative hypothesis, must be made. A statistical hypothesis is an 
assumption or statement which may or may not be true about one or more populations. 
The truth or falsity of a hypothesis cannot be known with absolute certainty unless an 
entire population is examined but statistical information from a random sample may 
provide evidence leading to acceptance or rejection of the hypothesis. A hypothesis may 
never be proven true, it may only accepted on the basis that not enough evidence exists to 
reject it. Therefore to gain useful information, a null hypothesis should be constructed so 
that it may be proven false and the alternative hypothesis accepted. When comparing 
means, the first assumption made, the null hypothesis, assumes the two means are 
identical. Evidence is then provided which leads to rejection of the null hypothesis and 
acceptance of an alternative hypothesis stating that one of the means is larger.

A two sample t-test assuming equal variances was chosen to determine if the mean 
emissions values for one fuel were significantly different from another. The test checks to 
see if the two emissions means were likely to have arisen from the same distribution at a 
certain confidence level. An assumption of equal variances is valid since in each case the 
testing methods were identical for the two parameters being compared. A t-distribution is 
used to describe a random sample with a small number of observations where the true 
variance is not known. This distribution is shaped similarly to that of a normal distribution, 
bell shaped and symmetrical around the mean. T-values are symmetric about the mean 
value of zero. The area under the distribution is equal to unity.

In order to show a difference between the two means, a null hypothesis assuming 
the means are equal and an alternative hypothesis assuming one mean is greater than the 
other are made. To provide evidence to reject the null hypothesis, the test computes a t-
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statistic and compares it to a critical t-value. T-statistics are calculated from the difference 
in the sample means (X1-X2), the pooled variance (Sp), and the number of observations 
for each sample (n1,n2). The equations are the following:

t = (X1-X2)/Sp(l/n1+ l/n2)1/2 (6.8)

Sp = (nr l)S ,2-  (n2-l)S22/(n|-n2-2) (6.9)

Critical t-values are tabulated and are related to the number of observations and 
confidence level. T-statistics which are higher than the critical t-values indicate that one of 
the means lies in the tail portion of the distribution and is not likely part of the distribution 
at that confidence level. Since it is likely that the means originated from different 
distributions, the null hypothesis is rejected and the alternative hypothesis accepted.

Confidence limits determine the level of certainty with which one may either accept 
or reject the null hypothesis. As the confidence level is increased the critical t-value 
increases and thus, the calculated t-statistic must lie further and further out in the tail of 
the distribution.

A spreadsheet program was used to perform the test. An example test of octanol 
NOx versus reference diesel fuel NOx on the 6V92 yielded the following results as shown 
in Table 11. The octanol mean for 4 observations was 4.80 g/BHP-hr and the diesel fuel 
mean was 4.85 g/BHP-hr for 2 observations. Variances for each sample and a pooled 
variance were calculated. At a 95% confidence level, the absolute value of the calculated 
t-statistic was 1.86 which was less than the critical t-value of 2.77. This says that the null 
hypothesis cannot be rejected which is equivalent to accepting that there is no statistically 
significant difference between the two true means at a 95% confidence level. However, at 
a 90% confidence level, the critical t-value is 1.533 which is less than the absolute value of 
the calculated t-statistic. This says that the null hypothesis can be rejected and the 
alternative hypothesis that the octanol NOx is statistically different from the diesel NOx 
may be accepted. The essential knowledge gained from these tests is that the octanol NOx, 
while having a smaller average, is only significantly less than the diesel NOx at a 90% 
confidence level. At a 95% confidence level, the most commonly accepted confidence 
level in this type of analysis, one cannot assume that the two emissions are different.
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Identical tests were done for each emissions component which compared the 
means of each fuel pairwise. This determined whether statistical differences had occurred 
between test fuels and reference fuels as well as between the test fuels themselves. The 
results of all statistical tests performed are included in Appendix C. Series 60 statistical 
results are presented first followed by the 6V92 tests.

There are possibilities of making errors in this test by incorrectly accepting or 
rejecting a hypothesis. A type I error is said to occur when the null hypothesis is rejected 
when it is actually true. The probability of a type I error is related to the confidence level. 
The greater the confidence level the smaller the possibility of a type I error. Type II errors 
are committed when the null hypothesis is accepted when it is actually false. Increasing 
sample size reduces the probability of type II errors. In this work the probability of type I 
errors was small (5%) but type II errors may have been significant due to the small sample 
sizes. A type II error would have resulted in conclusion that an emissions difference that 
was actually statistically significant was deemed not statistically significant. Consequences 
of type II errors will be discussed further.
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Table 11 - Statistical Test Results for Octanol NOx

0.05 SIGNIFICANCE LEVEL

OCTMVOl DIESEL
Mean 4.800 4.855
Variance 0.00151 0.00005
Observations 4 2
Pooled Variance 0.0011
Hypothesized Mean 
Difference

0

df 4
t -1.856
P(T<=t) one-tail 0.069
t Critical one-tail 2.132

0.10 SIGNIFICANCE LEVEL

DIESEL
Mean 4.800 4.855
Variance 0.00151 0.00005
Observations 4 2
Pooled Variance 0.0011
Hypothesized Mean 
Difference

0

df 4
t -1.856
P(T<=t) one-tail 0.069
t Critical one-tail 1.533
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Chapter 7 

RESULTS AND DISCUSSION

Engine Descriptions

This work was done on two different modern heavy-duty diesel engines in order to 
gain a greater database. In the first phase of the investigation, a Detroit Diesel 6V92 
model number 6VF-183607-807-3B21 was tested. Engine parameters as reported by 
Detroit Diesel are listed in Table 12. The 6V92 is a six cylinder, 9.0 liter, two-stroke, 
electronically controlled (DDEC II), direct injected, and turbocharged engine. This engine 
is widely used in urban bus applications. Reported low altitude emissions for this engine 
were established at the Detroit Diesel emissions laboratory. Curb idle transmission torque 
(CITT) is defined as the torque normally present at idle due to an automatic transmission 
and is specified by the manufacturer.

Table 12 - 6V92 Engine Data

Idle Speed 600 RPM
Max Speed 2205 RPM
Max Torque 833.4 ft-lbs @ 1200 RPM
Rated Power 277 hp
Intake pressure -16.1" wc @ rated
Exhaust backpressure -36.5" wc @ rated
CITT 130 ft-lbs
Certified Emissions (g/BHP-hr)

HC 0.514
CO 1.54
NOx 4.81
PM 0.198

A Detroit Diesel Series 60 model number 6R-544 engine was used in phase two of 
the investigation. Reported parameters for this engine are listed in Table 13. The Series 60 
is a six-cylinder, 11.1 liter, four-stroke, electronically controlled (DDEC II), direct
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injected, turbocharged, and intercooled engine. The main application is in the truck market 
which consists of heavy-duty diesel transportation vehicles. Model number 6R-544 was 
used in previous studies (Ullman, 1989) and was identified as 1988 model experimental 
engine. CITT is zero since manual transmissions are used with these engines.

The Series 60 engine was supposed to be the same engine with the same engine 
control software as used in altitude simulation studies done by Southwest Research 
Institute (SWRI). SWRI studied the effect of altitude on diesel emissions by simulating 
Denver and Mexico City altitudes using a special dilution system capable of running 
reduced pressure (Chaffin, 1993). With identical engine hardware and software, direct 
comparisons would have been possible between SWRI Denver results and CIFER results, 
thus identifying potential problems in either laboratory. However, the engine received by 
CIFER was model 6R-544 while the engine tested by SWRI was identified as 6R-434.

Differences in engine hardware of similar model year engines is not known to 
cause large emission changes, but the DDEC engine control program which governs 
injection timing can cause wide emissions variation especially for NOx. Since neither the 
engine control program used in the SWRI altitude study nor the program for the engine 
received by CIFER were known and the engine model numbers were different, direct 
comparisons between emissions results were not possible.

The engine we received had serious misfire problems when an idle speed below 
650 rpm was used. Unstable torque feedback signals and elevated hydrocarbon emissions 
were experienced during this misfiring. To establish a reasonable low idle speed, the 
engine was mapped and tested using low idle speeds of 650 rpm, 630 rpm, 600 rpm. The

Table 13 - Series 60 Engine Data

Idle Speed 
Maximum Speed 
Maximum Power 
Peak Torque 
Intake Pressure 
Exhaust Backpressure

600 RPM*
1940 RPM
343 h p @  1800 RPM  
1335 ft-lbs @ 1800 RPM 
-16" wc @ rated 
-32.6" wc @ rated 
0 ft-lbsCITT

* - Idle speed for this work was 650 rpm
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results of these tests are shown in Table 14. The 600 rpm condition showed elevated HC 
and PM levels which indicated misfire problems. At 630 rpm HC emissions were slightly 
above the 650 rpm conditions. Therefore, a low idle speed of 650 rpm not the specified 
low idle of 600 rpm was selected to be used for the Series 60 testing.

Table 14 - Idle Speed Emissions Effect

(g/BHP-hr)
; Speed HC CO NOx PM

600 2.89 4.75 5.53 0.64
630 0.19 4.55 5.08 0.26
650 0.15 4.51 5.19 0.27

Repeatability Study

Prior to any oxygenated fuels testing, ten consecutive transient tests were 
performed on the 6V92 to gauge the normal variability of emissions measurements. These 
runs were performed during one day to limit effects of engine drift, barometric pressure, 
and testing procedures. Several run statistics were calculated to determine how closely the 
transient cycle was performed: speed error, slope, intercept and r^; torque error, slope, 
intercept and r%; and power error, slope, intercept and r^. These values are generated from 
a regression of the actual feedback versus the parameter setpoints. Table 15 presents a test 
statistics summary of the runs followed by CFR specifications for an acceptable run. 
Criteria for speed, torque, and horsepower are easily met. Speed statistics were nearly 
perfect while there was a small degree of error in the torque and power. Slight torque and 
power errors are expected since engines are unable to respond quickly enough to match 
torque setpoints exactly. The statistics are also consistent from run to run which shows 
that the cycles are repeatable and there should be no cycle dependent emissions effects.

The emissions results of eight successful runs presented in Table 16 show, in 
general, good repeatability. Actual brake horsepower-hour showed excellent repeatability 
which indicated that the cycle was being run consistently. HC emissions agree within a 
standard deviation of 5%. CO emissions had a standard deviation of 1%. Both raw and
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humidity corrected NOx emissions had standard deviations of 1%. The particulate 
emissions had a standard deviation of 3%. Carbon dioxide emissions and fuel 
measurements were used to confirm operation of the emissions bench by a carbon mass 
balance. Carbon balances were closed within 2% which is very acceptable since the fuel 
carbon calculation used an approximate C/H ratio and the CO2  span gas was accurate to 
only +/- 2%. Fuel consumption was also consistent. These tests provided typical emission 
ranges that were useful in determining whether variation in future testing was within 
normal limits or if an operational problem existed.

Hydrocarbon emissions showed the greatest degree of variability. This was likely 
due to the sampling method. The engines tested in this work were low HC emitters and 
nearly 50% of the total measured mass was a result of background air. This inherently 
introduced some degree of error that may have been responsible for the increased 
variability. In the future, this problem will be solved by removing all inlet air hydrocarbons 
with an activated carbon filter.

The NOx humidity correction factor remained constant at approximately 0.86 
throughout the day. These tests were performed before the humidity control system was 
operational so the intake air humidity was equal to ambient conditions. The humidity 
measuring system was also not operational and humidity correction factor was calculated 
from humidity readings reported by the KCNC weather center.

Error Analysis

An error analysis was performed to determine the maximum absolute error for 
each of the emission measurements. The root mean square errors, the statistically 
determined likelihood of the error, were also calculated. The results of the analysis are 
presented in Appendix D. Generally the emissions were calculated by the product of the 
emissions mass and a correction factor divided by the power output of the engine. Mass 
was calculated from the product of concentration and dilution tunnel flow. Flow was 
calculated from temperature and pressure sensors and the calculated calibration 
coefficient. Correction factors for the air humidities were calculated using the relative 
humidity and air temperature. Power errors were calculated from the speed and torque 
measurement errors. Errors for each of the individual measurements as well as for the
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calculated parameters are shown in Appendix D. The HC measurement showed the 
highest absolute error which was primarily due to error in the accuracy of the background 
concentration measurement.

The errors measured represented the accuracy of the final emissions numbers. Run 
to run differences between the emissions which were greater than the maximum absolute 
error do not suggest that the analysis was done incorrectly, rather that there was an actual 
change in the emission level for that run.

Since the data in this study were used for relative purposes only, the absolute error 
analysis did not provide much value. Many of the errors noted were in the same direction 
for all runs and, thus, contributed identical errors for each emission number. For relative 
purposes, these type of errors did not propagate. One example would be the errors in the 
span gas concentrations. If a span value was 1.5% high, it would cause the final emission 
number to be 1.5% high for all the runs. The absolute accuracy would be off by 1.5% but 
for relative purposes no error should be introduced. For relative purposes more 
information about the error is gained by examination of the standard deviations.

Fuel Blending

The three oxygenates selected for the 6V92 testing were octanol, decanoic acid, 
and methyl soy ester. Fuels were blended to achieve 1.0 wt% oxygen in each of the 
oxygenated blends A Sartorius model 6000 scale with 0.01 gram readability was used to 
weigh the amounts of fuel and oxygenate used. The fuel and oxygenate were then mixed 
vigorously before being tested. Blending results are shown in Table 17. The volume 
percent addition was low and relatively constant for each oxygenate in order to maintain 
constant fuel properties. Lower heating values were calculated knowing the weight 
percent addition and the lower heating values of the oxygenate and diesel fuel 
(approximately 18,200 BTU/lb).

The fuels in this table are identified by the oxygenate added. This convention will 
be used throughout this text. When referring to octanol, it is actually the octanol treated 
fuel being cited. The reference fuel runs will be identified as the diesel or reference fuel 
runs.



T-4641 78

Table 17 - 6V92 Fuel Mixing Results

Oxygenate Fuel, g Oxygenate, g wt% vol% wt% O LHV*

Octanol 36,820 3263 8.1 8.5 1.00 18,040
Dec. Acid 53,210 3026 5.4 5.2 1.00 17,990
MeSoy ester 49,910 5088 9.2 8.9 1.01 18,030

* Lower Heating Value (LHV) in BTU/lb

The reference diesel fuel used was a commercial low sulfur #2 diesel purchased 
from Colorado Petroleum in 55 gallon barrels. No fuel analysis was conducted for the 
6V92 run series. Experience with this fuel has shown that the approximate aromatic 
content and cetane number are 30% and 45 respectively.

Ethanol, octanol, and methyl soy ester were the oxygenates selected for the Series 
60 testing. Decanoic acid was not included in the Series 60 fuel matrix. Ethanol was added 
to the matrix to investigate whether lower boiling oxygenates had better emissions 
characteristics as indicated by encouraging results using octanol treated fuel on the 6V92. 
Also, the weight percent oxygen in the fuel mixtures was increased to 2.0% to determine if 
the amount of oxygen added affected emissions changes. The fuel mixing and weighing 
procedures were identical to the 6V92 fuels. Table 18 shows the mixing results.

Table 18 - Series 60 Fuel Mixing Results

Oxygenate Fuel, g Oxygenate, g wt% vol% wt% O LHV*

Ethanol 42,485 2618 5.8 6.5 2.00 17,630
Octanol 33,890 6595 16.3 16.6 2.00 17,870
MeSoy ester 36,620 8244 18.4 17.7 2.0 17,870

* Lower Heating Value (LHV) in BTU/lb

Addition levels were higher in this series of tests and the dilution provided by the 
oxygenates may have changed the aromatic content of the oxygenated fuels relative to the 
base fuel. Assuming a 30% aromatic base fuel, oxygenate addition levels near 20% would
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result in a blend aromatic level of approximately 24%. Work with fuel parameter models 
has shown that this difference is large enough that dilution effects alone can be expected 
to give oxygenated fuels an emissions advantage. When interpreting the emissions results 
from these fuels it is important to recognize that some of the emissions advantage of 
oxygenated fuels is due to the dilution effect.

The addition of ethanol may have changed fuel properties slightly relative to the 
other fuels. Ethanol has a very low cetane number and the blend cetane was likely 
depressed 5-10 numbers. This cetane reduction could affect the ethanol NOx emission 
significantly. Also, the addition level was substantially different. Assuming the reference 
fuel was 30% aromatic, the difference in addition level between ethanol and soy ester 
accounts for a 3% aromatic difference in the blends. This difference should cause only 
slight emissions changes between ethanol and the other oxygenated fuels.

The reference fuel for the Series 60 testing was a commercial low sulfur #2 diesel 
fuel obtained from Colorado Petroleum. A fuel analysis was performed by Hauser 
Chemical Research Inc. and results are shown in Table 19. These results indicate that fuel 
is representative of an average 1994 commercial diesel fuel. Cetane number was not 
determined but cetane index, which has been proven to be a good indicator of cetane 
number, was calculated. The reference diesel fuel runs will be referred to as base #1 and 
base #2.

6V92 Emissions Results

The proposed order of fuel testing for the Detroit Diesel 6V92 engine was the 
following: reference diesel fuel, octanol treated fuel, decanoic acid treated fuel, methyl soy 
ester treated fuel, and reference fuel. Because some additional testing was done on the 
oxygenates, there was insufficient reference fuel available to complete the second series of 
reference fuel runs. The test procedure was the following. The fuel tank was filled with the 
test fuel. The engine was then mapped on the test fuel. Three replicate hot cycle runs were 
performed and emissions measured. The only variation to this procedure occurred on the 
reference fuel where one cold run and two hot runs were performed. This was done to 
determine high altitude certification emission numbers which could be compared to the 
low altitude certification emissions measured by Detroit Diesel.
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Table 19 - Base Fuel Analysis

Elemental Analysis, wt. %
Carbon 86.4
Hydrogen 13.3
Oxygen 0.11
Nitrogen 0.02

Sulfur, wt. % D2622-92 0.029
API Gravity @ 60 <>F D1298-85 36.3
FIA, wt. % D1319-89

Aromatics 33.1
Olefins 1.6
Saturates 65.3

Distillation, °F @ 1 atm D86-90
10% 416
50% 493
90% 603

Calculated Cetane Index D4737-90 47.3
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Average engine conditions for each run are presented in Table 20. Table 21 shows 
the run statistics from the 6V92 run series. Table 22 shows the emissions results from each 
run on all fuels. Hot test averages and standard deviations are also shown for each fuel. 
Table 23 shows the average emissions for each fuel and the percent change between each 
oxygenated fuel and the reference fuel. Figure 16 graphically displays these percent 
changes. The PM percent changes are divided by ten so that all emissions changes are of 
approximately the same magnitude.

Discussion

In order to compare emissions results from one transient test to another, it is 
important that all test conditions and transient cycle statistics remain as constant as 
possible. For example, no large variations in fuel temperature should occur between tests 
and the speed, torque, and power statistics should be similar. This eliminates emissions 
variation as a result of changing engine conditions and running the test cycle differently 
from run to run.

The test conditions presented in Table 20 are average parameters over the course 
of a transient run. Critical engine temperatures and pressures remained relatively constant 
between runs and the small variations were within control capabilities. Exhaust 
temperatures remained constant which suggests that the cylinder temperatures were 
similar for all runs. The measured fuel temperature was actually the fuel temperature out 
of the cooler. Actual fuel supply temperature would have been between ambient 
temperature and the listed temperature and may have met CFR specifications (68-110 °F). 
Temperature fluctuations between runs were small and mainly due to variations in the 
facility water temperature used to cool the return fuel. The inlet air temperatures were 
uniform and well within CFR specifications. Barometric pressure was nearly constant for 
all runs. Fuel pressures also remained uniform. One exception was run 740, the cold start 
run, which showed lower exhaust and oil temperatures due to the starting conditions. 
Generally, emissions effects due to changing engine conditions should have been small.
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Table 20 - Average 6V92 Engine Parameters for a Transient Test

RUN # FUEL Exhaust T Fuel T Oil T CYST A irT P Baro Fuel P
F F F F F mm Hg psig

740 Diesel 376 60 161 116 75 621.6 46.1
742 Diesel 393 61 194 118 79 621.6 45.8
743 Diesel 394 66 195 118 81 621.8 49.7
748 Dec. Acid 397 75 197 118 80 620.8 51.6
749 Dec. Acid 389 73 196 118 81 620.8 51.5
751 Dec. Acid 390 66 196 118 82 620.5 51.8
752 Dec. Acid 392 61 197 118 82 620.0 52.0
754 Octanol 394 63 197 117 79 618.6 52.4
755 Octanol 388 62 196 115 78 618.8 52.2
756 Octanol 388 62 195 115 76 618.8 52.2
757 Octanol 387 62 195 117 76 619.2 52.0
761 MeSoy 387 69 196 115 81 621.9 49.2
762 MeSoy 387 67 196 114 82 622.6 49.2
763 MeSoy 388 66 196 117 75 623.0 49.1
764 MeSoy 388 66 196 117 78 623.0 49.1
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Table 22 - 6V92 Test Results

Fuel Run Type BHP-HR HC CO NOx
- - s/B H P-hr

PM C 0 2 BSFC C balance  
% err 1

B ase #1 7 4 0 COLD 2 0 .1 8 0 .5 4 4 2 .8 7 7 4 .7 4 1 0 .351 n /a n /a n /a
7 4 2 HOT 2 0 .0 4 0 .5 2 8 2 .4 8 3 4 .8 5 0 0 .3 3 4 n /a n /a n /a
74 3 HOT 2 0 .0 4 0 .5 2 5 2 .5 1 5 4 .8 6 0 0 .3 4 1 6 5 9 0 .4 7 0 2 .2 6 %

A verage 2 0 .0 4 0 .5 2 6 2 .4 9 9 4 .8 5 5 0 .3 3 8
S ta n d ard  Dev. 0 .0 0 2 0 .0 0 2 0 .0 2 2 0 .0 0 7 0 .0 0 5

Fuel T ype BHP-HR HC CO NOx PM C 0 2 BSFC C balance
- - g/BHP-hr Ib/BHP-hr % err

n-O ctanol 7 5 4 HOT 1 9 .5 3 0 .5 4 5 2 .4 5 7 4 .7 9 6 0 .2 7 9 67 4 0 .4 7 2 -0 .4 8 %
75 5 HOT 1 9 .5 5 0 .5 4 9 2 .4 3 5 4 .8 5 1 0 .2 7 0 673 0 .4 7 4 0 .0 1 %
7 5 6 HOT 1 9 .5 3 0 .551 2 .4 0 0 4 .7 9 7 0 .2 8 7 6 7 3 0 .4 7 2 -0 .4 1 %
757 HOT 1 9 .5 3 0 .5 4 7 2 .4 2 2 4 .7 5 7 0 .2 8 3 6 7 4 0 .4 7 4 -0 .0 3 %

A verage 1 9 .5 3 0 .5 4 8 2 .4 2 9 4 .8 0 0 0 .2 8 0 6 7 3 0 .4 7 3 -0 .2 3 %
S ta n d ard  Dev. 0 .0 1 0 0 .0 0 3 0 .0 2 4 0 .0 3 9 0 .0 0 7 0 .3 0 .001 0 .2 5 %

Fuel Run T ype BHP-HR HC CO NOx PM C 0 2 BSFC C b alance
- - Ji/B H P-hr Ib/BHP-hr %  err

D ec Acid 7 4 8 HOT 1 9 .5 3 0 .4 9 4 2 .341 4 .8 9 3 0 .2 7 4 67 6 0 .4 6 6 -2 .1 8 %
74 9 HOT 1 9 .5 6 0 .5 3 3 2 .4 6 3 4 .8 6 4 0 .2 9 8 6 7 3 0 .4 7 5 0 .1 4 %
751 HOT 1 9 .5 2 0 .5 2 3 2 .4 9 0 4 .8 6 9 0 .3 0 3 6 7 3 0 .4 7 3 -0 .0 7 %
75 2 HOT 1 9 .5 9 0 .5 2 8 2 .6 3 9 4 .8 6 3 0 .3 0 5 6 7 2 0 .4 6 8 -1 .2 3 %

A verage 1 9 .5 5 0 .5 2 0 2 .4 8 3 4 .8 7 7 0 .2 9 5 6 7 3 0 .4 7 0 -0 .8 3 %
S ta n d ard  Dev. 0 .0 2 8 0 .0 1 7 0 .1 2 3 0 .0 1 4 0 .0 1 4 1.9 0 .0 0 4 1 .0 8 %

Fuel T ype BHP-HR HC CO NOx PM C 0 2 BSFC C b alan ce
- - g/BHP-hr Ib/BHP-hr %  err

M ethyl 761 HOT 1 9 .3 0 0 .5 1 9 2 .3 0 2 5 .0 0 8 0 .2 7 3 6 6 2 0 .4 7 1 0 .9 9 %
S oy Ester 76 2 HOT 1 9 .3 3 0 .5 3 5 2 .3 1 4 4 .9 8 0 0 .2 8 7 6 5 9 0 .4 6 5 0 .1 8 %

76 3 HOT 19.31 0 .5 3 5 2 .3 2 6 4 .9 6 1 0 .2 8 7 6 6 6 0 .4 7 0 0 .2 2 %
7 6 4 HOT 1 9 .2 9 0 .5 3 1 2 .3 6 2 4 .9 1 5 0 .2 9 5 675 0 .4 6 7 -1 .7 0 %

A verage 19.31 0 .5 3 0 2 .3 2 6 4 .9 6 6 0 .2 8 6 6 6 6 0 .4 6 8 -0 .0 8 %
S ta n d ard  Dev. 0 .0 1 8 0 .0 0 7 0 .0 2 6 0 .0 3 9 0 .0 0 9 6 .7 0 .0 0 3 1 .1 4 %

1 C arb o n  b a la n c e s  defin ed  a s :  (C in-Cout)/C in
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Table 23 - Average Emissions and Change Relative to Diesel - 6V92

Hot Averages 
g/BHP-hr

Fuel HC CO NO* PM

Diesel 0.526 2.499 4.855 0.338
Octanol 0.548 2.429 4.800 0.280
Dec Acid 0.520 2.483 4.877 0.295
Soy Ester 0.530 2.326 4.966 0.286

% Change to Base #1

Fuel HC CO NO* PM

Octanol 4.15% -1.12% «17 13%
Dec Acid -1 24% -0 63% 0 36% -12.53%
Soy Ester 0.76% -6.92% 2,29% «15,39%

- statistically significant change
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The test statistics shown in Table 21 are nearly consistent for each run and nearly 
identical to those in the repeatability study. This shows that the cycle was being run 
consistently and well within CFR specifications on each fuel. Any emissions effect caused 
by inconsistent running of the transient cycle should be insignificant. Time traces of the 
power were similar for all fuels and no error in torque measurement was evident.

Reference power, the power calculated from speed and torque setpoints, is an 
important cycle parameter since the actual power output depends directly upon it. The 
percent differences between the reference and actual power were essentially constant 
between runs and between fuels. Reference powers are different since each fuel was 
separately mapped and different transient cycles with different speed and torque setpoints 
were generated for each fuel. Reference power should depend upon the heating value of 
the fuel because the power output during the mapping routine should be a function of the 
heating value. The oxygenated fuel reference powers are indeed less than the untreated 
diesel fuel and differences do seem to be proportional to the heating value. The octanol 
and decanoic acid reference powers are approximately 2% less than the base fuel and the 
two heating values are approximately 1% less. The methyl soy ester treated fuel had a 
reference power of 3% less than the diesel while having heating value of 1% less. 
However, there may be other conditions which affect the power output during mapping 
that are unrelated to the fuel heating value. Care was taken to insure that variables known 
to affect power output like barometric pressure, fuel temperature, and exhaust 
backpressure were similar for each map. Since the reference powers and, thus, the cycle 
powers are very close to expected values, power errors are not an explanation for any of 
the emissions changes noted.

Table 22 shows the run summary for all runs. The emissions variability between 
runs was generally small on each fuel. The standard deviations for each emissions 
component were equivalent to or less than those calculated from the repeatability study. 
The only exception was the decanoic acid CO emission. The CO emissions generally 
increased from the first run to the last but the last run (#752) CO emission was especially 
high. No explanation was found for this discrepancy and the data point was used since all 
other emissions for that run seemed normal and insufficient runs existed to reject the point 
as a statistical outlier. In general the variations were within normal limits and not a sign of 
faulty testing. Carbon balances closed within 2% for each run which confirms the
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operation of the emissions bench and fuel metering systems. The percent difference in the 
carbon balances was defined as carbon out (emissions bench) minus carbon in (fuel) 
divided by the carbon in.

Brake specific fuel consumption (BSFC) was also consistent for this series of runs. 
This indicates that as the reduced power output using the oxygenated fuels was offset by 
reduced fuel usage. The overall fuel economy for the fuels is listed in Table 24. Fuel 
economy was calculated by taking the inverse of the product of the BSFC and the heating 
value. Results show that the oxygenated fuels give a fuel economy advantage. The results 
are certainly not conclusive since the fuel consumption was only measured for one diesel 
fuel run. Another complicating factor is that the errors in the carbon balance are not all of 
the same magnitude or in the same direction. If the fuel carbon is adjusted so that the 
balance for the reference diesel run has no error, the brake specific fuel consumption 
would decrease to 0.464 Ib/BHP-hr and the fuel economy would rise to 0.0001184 BHP- 
hr/BTU. This brings the diesel fuel economy in line with the oxygenated fuels. The 
conclusion is that within the measuring limits of the system, it appears that the oxygenated 
fuels do not negatively affect fuel economy.

Table 24 - Fuel Economy Comparison - 6V92

Fuel
Fuel Economy* 104

(BHP-hr/BTU)

Diesel 1.169
Octanol 1.172
Dec. Acid 1.183
MeSoy 1.185

The following discussion will refer to Table 23 and Figure 16 which summarize the 
emissions results. They should be consulted along with this discussion.

Currently HC emissions are not strictly regulated (1.3 g/BHP-hr standard) but, to 
gain acceptance, an additive must not cause substantial increases. The 6V92 hydrocarbon 
emission levels were well below current and future standards. The reference fuel HC 
emission was 0.526 g/BHP-hr and the oxygenated fuels ranged from 0.52-0.55 g/BHP-hr.
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Emission differences between the reference and oxygenated fuels were small. The octanol 
treated fuel had the highest HC emission of 0.548 g/BHP-hr which is roughly 4.2% larger 
than the reference fuel. The decanoic acid treated fuel had a HC emission of 1.2% less 
than the reference while the soy ester showed a 0.8% increase. These changes were small 
and only the octanol fuel was found statistically different than the reference fuel using the 
statistical method described previously. Overall, the oxygenated fuels had an minor effect 
on hydrocarbon emissions.

Since octanol showed a statistically significant increase, oxygenate boiling point 
may have an effect on HC emissions. Lower boiling point additives may be more volatile 
and more likely to flash into combustion chamber crevices where they are not burned. 
These unbumed components would then be emitted as hydrocarbons.

Figure 17 shows a plot of the HC emission concentration as a function of transient 
test time with the engine speed trace plotted above it. The traces are from run 742, the 
first hot diesel fuel run. Most of the hydrocarbon emissions were generated at start-up 
which can be seen as a large spike in the HC concentration up to 85 ppm at approximately 
5 seconds. For the remainder of the test emissions were in the range of 2-12 ppm.

Emission traces were initially plotted with speed, torque, and power feedback to 
determine if any engine condition seemed to coincide with the emission. It appears that 
during the test, the HC emissions spikes corresponded to high speed conditions which is 
the reason for the inclusion of the speed trace. The shape of the emissions traces were 
very similar for all runs. In these time traces, differences in HC emissions between fuels 
were only visible as slight differences in the height of the emissions peaks and, thus 
comparisons between fuels are not shown.

Carbon monoxide emissions are also not tightly regulated but increased emissions 
at altitude as well as reductions caused by oxygenated additives make their quantification 
important. CO emission levels were far below EPA standards. The reference fuel had a 
CO emission level of 2.499 g/BHP-hr, well below the 15.5 g/BHP-hr standard. 
Oxygenated fuels ranged from 2.33-2.48 g/BHP-hr.

The oxygenated fuels appeared to affect the CO emission differently and the 
magnitude of CO reductions does not seem to be related to the oxygenate boiling point. 
Octanol and soy ester decreased CO significantly (-2.8% and -6.9% respectively) while 
decanoic acid had no statistically significant effect (-0.6%). However, if the anomalous
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decanoic acid CO emission is omitted, a statistically significant reduction of nearly 3% is 
shown. Decanoic acid may have caused a statistically significant CO reduction that was 
masked by one abnormally high CO run. The differences in CO reduction between the 
oxygenates may be due to another factor such as functionality of the oxygen group.

Figure 18 shows the CO emission concentrations and torque feedback plotted as a 
function of time. This plot is for the first diesel fuel hot run, run 742. Like the HC trace, 
CO showed a large initial spike (1700 ppm) corresponding to startup. The remainder of 
the CO was emitted in sharp spikes with magnitudes between 300-500 ppm. The duration 
of these spikes was extremely short and the spikes seemed to correspond to points where 
the torque was increased rapidly from idle to rated conditions. This shows that CO is 
emitted mainly during acceleration where the engine runs rich due to turbocharger lag.

The shape of the CO emissions traces was similar for all fuels. Fuels showing 
reduced CO on a brake specific basis showed peaks of only slightly smaller concentration 
which were barely visible. Comparisons of the traces for different fuels are not presented.

Strict certification standards and the uncertain NOx effect of oxygenated 
compounds make nitrogen oxides the most critical emission measurement. NOx emissions 
from this engine did meet the 5.0 gram 1994 standards but were well above the 1998 
certification level of 4.0 g/BHP-hr. The reference fuel NOx emission was 4.855 g/BHP-hr. 
Oxygenated fuel emissions ranged from 4.80-4.97 g/BHP-hr. Looking at Figure 16, the 
oxygenated fuels seemed to show an interesting trend. It appears that as the boiling point 
of the oxygenate is decreased, the NOx emission decreases. In fact, the octanol treated 
fuel showed a 1.2% NOx decrease. Using statistical analysis, the octanol reduction was 
not found to be statistically significant at the 95% confidence level, but at a 90% 
confidence level the difference was significant. As previously reported, methyl soy ester 
increased the NOx (2.3%) which was a statistically significant difference. Decanoic acid 
had a statistically insignificant NOx effect (0.4% increase).

It was felt that this was an interesting result and further testing should be done to 
confirm a relationship between oxygenate boiling point and NOx emissions. If low boiling 
oxygenates can be shown to reduce NOx while providing similar CO and PM reductions, 
it would represent a significant shift in the emissions characteristic curve and front end 
oxygenates would become prime candidates for inclusion in a reformulated diesel.

Figure 19 shows the NOx emissions trace plotted with engine power (top) and
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engine torque (bottom). These plots were made from run 742, the first diesel hot run. 
NOx emissions show no initial burst like HC or CO. NOx concentration follows the 
torque and power traces almost perfectly with concentrations ranging from 0-200 ppm. It 
is unclear whether the shape of the NOx concentration trace most closely resembles the 
shape of the torque or the power trace. Regressions of the NOx concentration versus 
torque and power show almost identical correlation with r2 equal to 0.89 and 0.88 
respectively. Logically, NOx emissions should correlate well with torque and power since 
all are directly related to cylinder temperatures.

The PM emissions obtained on the 6V92 were above both the 1991 and 1994 
emission standard levels. The reference fuel PM emission was 0.338 g/BHP-hr which is 
above the 0.25 g/BHP-hr 1991 limit and well above the 0.10 g/BHP-hr limits of 1994 and 
1998. The oxygenate fuels ranged from 0.28- 0.295 g/BHP-hr. Part of the reason for the 
elevated PM is the high altitude which is known to increase PM.

The oxygenated fuels each showed statistically significant PM reductions 
compared to the diesel fuel. The reduction magnitude was similar for all fuels ranging from 
a 12.5% reduction for decanoic acid to a 17.1% reduction using octanol. These reductions 
are substantial and are similar to reported PM reductions using other oxygenates. For 
example Liotta and Montalvo (1993) reported PM reductions generally between 6-16% 
for a series of oxygenates tested at low altitude. It does not appear that the oxygenate 
boiling point has an effect on PM emissions since there is no trend evident between PM 
reduction magnitude and oxygenate boiling point.

To assess the effect of oxygenate boiling point on each regulated emission, 
statistical tests were performed to determine if statistically significant changes occurred 
between the oxygenated fuels themselves. Table 25 shows the results of these tests. The 
percent changes are shown relative to each fuel with statistically significant changes 
highlighted. For example in the first part of the table, percent changes are calculated and 
the results of statistical tests are shown relative to diesel fuel. In the second part of the 
table, the same is done relative to octanol. The remainder of the table shows results 
relative to decanoic acid and soy ester respectively.

Several conclusions may be drawn from the statistical results shown. It can be seen 
that octanol had a statistically higher HC emission level than all other fuels. Decanoic acid 
and methyl soy ester showed no HC effect. This evidence suggests that HC emissions are
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Table 25 - Statistical Significance of Emissions Changes Relative to Each Fuel - 6V92

Difference from Diesel

Fuel HC CO n o y PM

Octanol 
Dec Acid 
MeSoy

4 15% 
-1.24% 
0 76%

-2,81%
-0.63%

-1.12% 
0 36% 
2 29%

-17.33%
-12.53%
-35.39%

Difference from n-Octanol

Fuel HC CO NO, PM

Diesel 
Dec Acid 
MeSoy

-3.99%
*5,17%
-3.26%

2.89%
2.24%
*4.23%

1.13% 
1.49% 
3 45%

5.55%
2.10%

Difference from Decanoic acid

Fuel HC CO NO , PM

Diesel
Octanol
MeSoy

1.25%
SÆ %
2.02%

0.63%
-2 19% 
-633%

-0.36%
-1.47%
1.92%

-5.26%
-3.27%

Difference from Methyl soy ester

Fuel HC CO NO, PM

Diesel 
Octanol 
Dec Acid

-0.75%
3 37% 
-1.98% :

7,43%
4,42%
6.76%

-2,24%
-3.33%
-3.89%

# 2 9 %  
-2.05% 

* 3.38%

- statistically significant change
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affected by the oxygenate boiling point. Oxygenate boiling point may have an effect on 
NOx emissions. It appears that increasing oxygenate boiling point increases NOx. It can 
also be seen that the type of oxygenate used did not significantly affect the PM emission. 
Each oxygenated fuel PM emission was statistically less than the reference but statistically 
the same as other oxygenates. Boiling point does not seem to be linearly related to CO 
emissions since the octanol and soy ester show reductions while the middle boiling 
decanoic acid had no statistically significant effect. Another factor may be responsible for 
CO emission reductions. An interesting trend was shown with the methyl soy ester where 
it had lower CO and higher NOx than all other fuels.

The value of these results would have been improved substantially had another 
series of reference diesel fuel tests been performed following the oxygenated fuels. Engine 
emissions are known to drift over the course of time and another reference fuel series 
would have allowed the drift to be quantified. For example, small NOx changes of 2% 
could be within the drift of an engine over the course of several days. Without a well 
established baseline, it is difficult to attribute the small NOx change to fuel effects since it 
may be within random drift. Another series of reference fuel would have helped to 
determine if changes were real. The large CO and PM reductions were too large to 
attribute to random drift over time and, thus, fuel related.

Small sample sizes led to high probability of type II errors in the statistical analysis. 
Emissions changes like the 1% octanol NOx decrease that were deemed not significant 
could actually have been significant if a type II error occurred. Walpole and Myers (1978) 
provided a table from which the probability of type II errors from a t-test may be 
estimated given the difference in the means, standard deviation, confidence level, and 
sample size. A rough estimate of the probability of type II errors for this situation was 
made. Given a 1% difference in mean NOx emission, a standard deviation of 0.001, and 
sample sizes of 4, the probability of a type II error was approximately 50%. Thus, there is 
a 50% chance that the 1% NOx difference is actually statistically significant but the small 
number of observations may have led to an incorrect conclusion. It was practically 
impossible to eliminate the possibility of type II errors since the emission changes were 
small and the number of possible runs was limited.

The NOx measurements would have been made more valuable had the 
humidification system been operational. In this series of runs, the humidity of the inlet air
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was ambient. The humidity correction factor was calculated using humidity measurements 
taken at the KCNC weather center located approximately 3 miles from the CLFER 
laboratory. A single humidity correction factor was calculated for a series of fuel runs. 
This factor was then used to correct the NOx emissions for each run on that fuel. For most 
runs the correction factor was near 0.86 which is much less than the optimum range of 
0.97-1.00. In terms of absolute accuracy, a low correction factor may have introduced 
error because the correction factor correlation was developed at factors near unity. 
However, since the correction factor was constant, any error introduced should have been 
similar for each fuel and no comparative value lost. One problem that may have affected 
comparative value was the location of the humidity measurements. Humidity differences 
between the KCNC weather center and CIFER laboratory are unknown and may not have 
been consistent. Another possible problem would have occurred if the humidity changed 
drastically while one fuel was being tested. This was not believed to be a problem since 
this testing was performed on fair winter days where the humidity was consistently very 
low.

Table 26 shows a comparison of the raw and corrected NOx emissions. It is 
important to note that the correction factors do not account for any of the fuel related 
changes since the raw NOx emissions show exactly the same trends as the corrected 
emissions. The magnitude of the octanol and methyl soy ester changes differ slightly 
between the raw and corrected emissions but the trends are not changed. This shows that 
the correction factors did not introduce errors in the NOx measurements which created 
false emissions trends.

Table 26 - Comparison of Raw and Corrected NOx

Fuel Raw NOx k h Corr. NOx
% Change 

Raw
% Change 

Corr.

Diesel 5.641 0.861 4.855 —— ——

Octanol 5 538 0.867 4.800 -1.8 -1.1
Dec. Acid 5.671 0 860 4 877 0.5 0.4
MeSoy Ester 5.720 0.869 4.966 1.4 2.3
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Overall the most beneficial additive was octanol. PM, CO, and NOx emissions 
were all reduced. A simultaneous NOx and PM reduction is especially valuable because it 
represents a significant shift in the engine emissions characteristic curve. Both decanoic 
acid and methyl soy ester also showed positive emissions characteristics. NOx increases 
were not overwhelming and both additives may provide an overall NOx/PM reduction. 
Oxygenates may become valuable additives in terms of meeting future emissions 
standards.

Series 60 Results

The test matrix for the Series 60 testing was similar to the 6V92. The oxygenated 
fuel tests were bracketed by reference fuel tests, base #1 and base #2. Decanoic acid was 
dropped from the test matrix. Ethanol was added to investigate whether lower boiling 
oxygenates had better emissions characteristics as indicated by encouraging results using 
octanol treated fuel on the 6V92. It was also decided to boost the weight percent oxygen 
to 2% to see any effect of increased oxygen level on emissions. The test procedure was 
identical to the 6V92. Each fuel was run on a cycle generated from a map on that fuel. The 
second set of base fuel runs, base #2, was completed but emissions results showed 
statistically significant differences from base #1. Since statistical comparisons between the 
oxygenated fuels and the base fuels were generally unaffected, base #2 results were 
included in statistical analysis.

Operational Improvements Several operational improvements were made 
between the end of the 6V92 testing and the beginning of the Series 60 work. Humidity 
control of the inlet air was improved so that the NOx humidity correction factors were 
closer to unity. This increased confidence in the NOx measurements since this correlation 
was developed at correction factors near unity. The humidity measuring system was also 
confirmed. A wet bulb/dry bulb psychrometer was installed to confirm the relative 
humidity meter. These two instruments consistently gave humidity correction factors 
within 2%.

A moisture correction factor (Kw) was added to the Digalog software calculation 
which accounts for the water removed in the emissions bench condenser located in front
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of the CO and CO2  analyzers. The infrared analyzers are dry gas analyzers so the sample 
must be chilled to remove water prior to sampling. Removal of the water results in a dry 
basis measurement which has a concentration greater than the actual wet sample. The 
measured dry concentration is scaled down by the moisture correction factor for CO and 
CO2  as specified in the CFR.

Transport delays for each emissions analyzer were re-measured and correctly 
entered. In the 6V92 work, the FID transport delay was incorrectly measured which may 
have created slight errors in the accuracy of the measurement but since the errors were 
consistent throughout the program, relative value was not affected.

There was also an additional control system to be managed on the Series 60 
engine. The engine had an intercooler which cooled the inlet air after the turbocharger and 
prior to the intake manifold. This allowed a greater mass of air into the cylinders making 
the engine run leaner. Leaner operation decreases incomplete combustion emissions like 
CO and PM while lower intake manifold temperatures and increased air to fuel ratio help 
to reduce NOx emissions. An intercooler is one of the rare emissions reducing 
technologies that works against the NOx/PM tradeoff to reduce both emissions. 
Intercooler operation was described previously. Problems with this system and emissions 
effects will be further discussed.

Emissions Results Table 27 shows the run statistics for all runs. Table 28 shows 
the average value of several relevant engine parameters for each run. Table 29 shows the 
emissions results for all oxygenated fuel runs on the Series 60. HC, NOx, CO, and PM 
emissions are shown along with the test run number, brake horsepower, CO2  emission, 
brake specific fuel consumption, and carbon balance results. Averages and standard 
deviations are calculated for each parameter. Table 30 lists the average emissions for each 
fuel and the percent changes relative to a composite of the base fuel runs. Figure 20 
graphically displays the percent changes from Table 30.
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Table 28 - Average Series 60 Engine Parameters for a Transient Test

Run # Fuel Exhst T Fuel T Oil T CYST A irT P baro k h
F F F F F mm Hg

806 Base 1 494 70.0 190.5 114.4 70.7 618.8 0.926
807 Base 1 478 67.9 186 0 113.2 71.7 619.2 0.936
808 Base 1 476 66.4 185.5 113.9 72.5 619 2 0.942
809 Base 1 476 64.7 185.5 113.6 71.8 619.0 0 943
811 Oct 491 69 8 182.2 116.1 72.7 620.8 0.925
812 Oct 473 67.4 185.3 114.7 73.1 621.2 0.929
813 Oct 474 68.0 186 9 115.6 73.4 621.3 0.931
814 Oct 473 66.8 186.9 115.7 73.5 621.6 0.932
816 EtOH 488 79.9 186.9 115.7 73.8 619.5 0.926
817 EtOH 473 61.2 186.2 114.1 73.5 619.1 0.944
818 EtOH 472 61.7 186.1 113.9 73.5 618.6 0.946
819 EtOH 472 62.7 186.3 113.8 73.5 618 3 0.948
825 MeSoy 473 67.1 182.2 111.7 71.7 624.6 0.894
826 MeSoy 468 64.1 185.6 111.5 71.8 625 0 0.936
827 MeSoy 468 63.7 185.9 111.4 71.6 625.3 0.928
828 MeSoy 468 63 6 185.7 111.9 71.9 625.8 0 922
829 MeSoy 464 63.1 184.5 111.8 72.5 625.5 0.931
831 Base 2 480 64.4 184.4 114.5 72.8 624.5 0.953
832 Base 2 475 63 9 185.9 114.1 72.5 624.3 0.958
833 Base 2 474 64.2 186.6 114.0 71.9 623 6 0.959
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Table 29 - Series 60 Testing Results

Fuel Run Type BHP-HR HC CO NOx 
- g/BHP-hr

PM C 0 2 BSFC
Ib/BHP-hr

C balance 
% err

Base #1 806 HOT 2 2 .3 4 0 .1 3 2 3 .9 9 7 5.111 0 .2 4 3 5 4 4 0 .3 8 2 -0 .1 2 %
80 7 HOT 2 2 .3 5 0 .1 6 3 4 .0 9 9 5 .1 1 3 0 .2 5 8 5 44 0.381 -0 .25%
80 8 HOT 2 2 .3 7 0 .1 5 6 3 .9 1 5 5 .136 0 .2 5 5 5 48 0.381 -0 .8 6 %
809 HOT 2 2 .3 7 0 .1 6 7 4.021 5 .1 5 3 0 .2 5 3 551 0 .3 8 3 -1 .01%

A verage 2 2 .3 6 0 .1 5 4 4 .0 0 8 5 .1 2 8 0 .2 5 2 547 0 .3 8 2 -0 .56%
S tandard  Dev. 0 .0 1 9 0 .0 1 6 0 .0 7 6 0 .0 2 0 0 .0 0 6 3 .3 8 0 .001 0 .4 4 %

Fuel Run Type BHP-HR HC CO NOx 
- g/BHP-hr

PM C 0 2 BSFC C b alan ce  11 
% err ||

n -O ctanol 811 HOT 2 2 .3 4 0 .1 3 7 3 .8 8 9 4 .9 7 0 0 .2 1 7 5 49 0 .3 9 5 0 .2 7 %
8 12 HOT 2 2 .3 0 0.201 3 .7 5 3 4 .9 7 2 0 .1 9 7 5 46 0 .3 9 4 0 .6 7 %
813 HOT 2 2 .3 0 0 .1 9 2 3 .8 5 9 5 .0 0 0 0 .2 1 8 546 0 .3 8 8 -0 .86%
81 4 HOT 2 2 .2 9 0 .2 3 0 3 .4 8 3 5 .075 0.211 551 0 .3 9 8 0 .6 0 %

A verage 22.31 0 .1 9 0 3 .7 4 6 5 .0 0 4 0 .211 5 4 8 0 .3 9 4 0 .1 7 %
S tandard  Dev. 0 .0 2 4 0 .0 3 9 0 .1 8 5 0 .0 4 9 0 .0 1 0 2 .5 7 0 .0 0 4 0 .7 1 %

1 Run Type BHP-HR HC CO NOx 
- g/BHP-hr

PM CD2 BSFC
Ib/BHP-hr

C balance  
% err

Ethanol 8 16 HOT 2 1 .5 0 0 .1 9 9 3 .2 5 7 5 .2 1 5 0 .1 4 5 5 57 0 .4 2 0 5 .0 7 %
8 17 HOT 2 1 .5 7 0 .2 5 7 3 .2 5 6 5 .2 6 2 0 .1 5 2 5 5 4 0 .4 1 3 4 .1 6 %
8 1 8 HOT 2 1 .5 0 0 .2 4 9 3 .2 1 0 5 .2 7 4 0 .1 4 8 5 7 0 0 .4 1 8 2 .5 9 %
8 1 9 HOT 2 1 .41 0 .2 4 4 3 .1 7 7 5 .2 3 0 0.151 5 68 0 .4 1 7 2 .5 1 %

A verage 2 1 .4 9 0 .2 3 7 3 .2 2 5 5 .245 0 .1 4 9 562 0 .4 1 7 3 .5 9 %
S ta n d ard  Dev. 0 .0 6 7 0 .0 2 6 0 .0 3 9 0 .0 2 7 0 .0 0 3 7 .9 6 0 .0 0 3 1 .25%

|  Fuel Run Type BHP-HR HC CO NOx PM C 0 2 BSFC C balance
Ib/BHP-hr % err

Methyl 8 25 HOT 2 1 .5 3 0 .1 2 3 3 .2 2 3 5 .256 0 .1 9 6 5 55 0 .3 9 7 -0 .2 0 %
Soy Ester 8 2 6 HOT 2 1 .5 6 0 .1 3 7 3 .2 4 2 5 .2 4 4 0 .1 6 7 5 5 8 0 .3 8 9 -2 .6 3 %

8 2 7 HOT 2 1 .5 7 0 .1 3 8 3 .3 6 4 5 .2 8 8 0 .2 0 4 561 0 .3 9 3 -2 .15%
8 2 8 HOT 2 1 .5 6 0 .1 4 2 3.401 5 .3 1 5 0 .2 0 7 5 6 4 0 .3 9 5 -2 .1 8 %
8 2 9 HOT 2 1 .5 7 0 .1 4 3 3 .2 4 5 5 .3 1 6 0 .1 7 7 5 5 8 0 .3 9 7 -0 .6 8 %

A verage 2 1 .5 6 0 .1 3 6 3 .2 9 5 5 .2 8 4 0 .1 9 0 5 59 0 .3 9 4 -1 .57%
S ta n d ard  Dev. 0 .0 1 5 0 .0 0 8 0 .081 0 .0 3 3 0 .0 1 7 3 .2 6 0 .0 0 3 1 .06%

Fuel Run Type BHP-HR HC CO NOx PM CQ2 BSFC C b alan ce
- g/BHP-hr Ib/BHP-hr % err

B ase #2 831 HOT 2 2 .0 0 0 .1 5 0 3 .6 5 0 5 .1 8 8 0 .1 9 7 561 0 .3 9 4 0 .1 0 %
8 32 HOT 2 2 .0 4 0 .1 4 0 3.661 5 .1 7 0 0 .2 3 4 5 58 0 .3 9 3 0 .3 5 %
8 3 3 HOT 2 1 .9 7 0 .1 5 7 3 .6 1 6 5 .2 0 4 0 .2 3 0 559 0 .3 9 2 -0 .2 1 %

A verage 2 2 .0 0 0 .1 4 9 3 .6 4 2 5 .1 8 7 0 .2 2 0 5 59 0 .3 9 3 0 .0 8 %
S ta n d ard  Dev. 0 .0 3 8 0 .0 0 9 0 .0 2 4 0 .0 1 7 0 .0 2 0 1.2 8 0.001 0 .2 8 %

1 Carbon balances defined a s : (Cin-Cout)/Cin
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Table 30 -Average Emissions and Change Relative to Base Composite - Series 60

Hot Averages 
g/BHP-hr

Fuel HC CO NOy PM

Base #1 0.154 4 008 5.128 0.252
Base #2 0.149 3.642 5.187 0.220
Ethanol 0.237 3.225 5.245 0 149
Octanol 0 190 3 746 5.004 0.211
Soy Ester 0 136 3.295 5 284 0.190
Composite 0 152 3.851 5.153 0.238

% Change to Composite

Fuel HC CO NO? PM

Ethanol 55 89% 4& 26%  1 78% -37 59%
Octanol 24,89% -2 73% -2,90% -11,61%
Soy Ester -10,32% -14,43% 2 53% *20 19%

- statistically significant change
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Discussion

The run statistics table shows that all CFR criteria are easily met. The speed 
statistics are nearly perfect while the torque and power show greater regression errors. 
Statistics are also consistent between runs and between fuels. This indicates that the cycle 
was run consistently throughout the testing. These statistics are not comparable to those in 
the repeatability study since the engines and thus the speed and torque setpoints were 
different. Since the statistics are consistent, emissions effects of performing the transient 
cycle differently should be minor.

In this table it is also interesting to note the differences in reference power between 
each fuel. The percent difference between the actual power and reference power is nearly 
constant for all fuels (-5%). This shows that the actual power for a transient cycle is 
directly related to reference power which is determined at the time of mapping. 
Theoretically, the reference power for the base fuel runs should be higher than the 
oxygenated fuels since the diesel fuel has a higher heating value than the oxygenated 
blends. However, the octanol reference power is higher than both the base #1 and base #2 
reference power.

One possible explanation for this anomaly is that the power was being measured 
incorrectly for the octanol fuel due to errors in torque measurements. However, the torque 
meter calibration was the same for each fuel and torque time traces showed that there was 
no zero drift. The BSFC calculations also provide evidence that the torque meter was 
operating correctly. BSFC for the oxygenated fuels should be approximately 2% higher 
than the base fuel due to the oxygen content. Both the methyl soy ester and octanol show 
a BSFC approximately 2% higher than base #1. It can be concluded that power was 
correctly measured.

Another explanation may be that an error in the mapping procedure caused the 
power output to be overstated for the octanol fuel. Possible procedural errors which 
would could cause increased power include low fuel temperatures or incorrect 
backpressure restrictions. Exhaust restrictions were known to be similar for all maps but 
the fuel temperature could have varied by +/- 15 °F. A change in fuel temperature of this 
magnitude could cause a 1% change in power. The exact cause of the octanol reference 
power increase is not known.
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It should also be noted that there was a 1.5% difference between the reference 
power on the two base fuel series. Theoretically, the reference power should be the same 
since the fuels were identical. This again points to possible errors in mapping procedures 
which caused power differences. Since we have limited experience with repeating maps on 
a fuel, there is also the possibility that a 1.5% reference power difference is within normal 
limits of variation. Mapping procedures have been refined to insure that the engine 
conditions are consistent with previous maps and to allow sufficient time to "burn-in" a 
new fuel before a new map is performed.

Both ethanol and methyl soy ester have reference powers less than diesel fuel 
which decrease roughly in proportion to their heating values. The ethanol reference power 
was approximately 2% less than the base fuel reference power which roughly corresponds 
to the blend heating value reduction of 3%. The methyl soy ester reference power was 3% 
less than the base fuels while its heating value was 2% less.

The average engine parameters listed in Table 28 show that the engine conditions 
were relatively consistent throughout the testing. Exhaust temperatures are all very 
similar. Runs 811 and 816 have an average exhaust temperature of almost 15 °F higher 
than other runs in their fuel series but no emissions effect is apparent. The average fuel 
temperatures are all consistent with the exception of run 816 which appears to be high. 
The run was made early in the morning when the facility water used to cool the fuel was at 
room temperature instead of the normal 55-60 °F. No effect was seen on the emission as a 
result of the high average fuel temperature. Oil, CVS, and intake air temperatures all 
remained constant. Barometric pressure was within normal ranges and variation should 
not have affected emissions. Humidity correction factors were held between 0.92-0.96 
throughout the testing. This remained below the target levels of 0.97-1.00 because only 
part of the humidification pad was being wetted. Since the correction factors were very 
consistent between runs and between fuels, comparative value of the results is maintained.

It can be seen in Table 29 that the emissions were very repeatable for each fuel. 
Standard deviations are generally less than or equivalent to those developed in the 
repeatability study. Exceptions were the octanol CO, methyl soy ester PM, and base #2 
PM. The high standard deviations were usually caused by one anomalous measurement 
which had no effect on the other emissions. The data was thus accepted since insufficient 
data existed to reject them as outliers. Carbon balances closed to within 2% for all fuels
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except the ethanol. Brake specific fuel consumption (BSFC) were very similar for each 
fuel except for the ethanol. BSFC for octanol and soy ester are increased approximately in 
proportion to their oxygen content.

The cause of the carbon balance and BSFC discrepancies with ethanol are not 
known but could be due to incorrect fuel metering. The fact that CO2  emissions (and thus 
carbon out) were similar to other fuels but the fuel input (carbon in) was well above other 
fuels suggests that fuel metering was a problem. In the past, fuel metering problems have 
been caused by air entrainment in the system. It is possible that with the ethanol fuel the 
air was not properly bled from the fuel system prior to testing resulting in high fuel 
measurements. Operational problems experienced with the ethanol treated fuel will be 
discussed further.

Table 31 shows the calculated fuel economy of each fuel. The oxygenated fuels 
have a slightly lower fuel economy than base #1. However, when compared to the average 
of base #1 and base #2 octanol and soy ester show equivalent fuel economy. The ethanol 
treated fuel shows reduced fuel economy in comparison to all fuels. The ethanol carbon 
balances are also off by an average of 3.6% which indicates more carbon in than out. If the 
carbon input is adjusted so that the balance has no error, the ethanol fuel economy 
becomes 0.000141 BHP-hr/BTU which is similar to the other fuels. This provides further 
evidence of a fuel metering error on the ethanol fuel. The main conclusion that can be 
drawn from this is that within the measurement capabilities the oxygenated fuels do not 
seem to hinder fuel economy.

Table 31 - Fuel Economy Comparison - Series 60

Fuel
Fuel 

Economy* 104 
(BHP-hr/BTU)

Base #1 
Octanol 
Ethanol

1.438
1.420 
1.361
1.421 
1.398

MeSoy Ester 
Base #2
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Emissions Components The following discussion will concentrate on the 
individual emissions components. Table 30 and Figure 20 should be consulted along with 
this discussion.

HC emission levels were well below the standard of 1.3 g/BHP-hr but the changes 
with oxygenated fuels were not insignificant in all cases. Clearly, ethanol addition had a 
detrimental effect on the hydrocarbon emission (56% increase) and octanol also showed a 
large increase (25%). Methyl soy ester was found to significantly reduce the HC emissions 
(10% decrease). No significant difference was shown between base #1 and base #2.

For both the base #1 and octanol fuels, the first run of the series had an unusually 
low HC emission. Again, part of the reason for this wide variation in HC emissions is the 
fact that a large portion of the hydrocarbon measured is not emitted from the engine but 
rather present in the inlet air. This is especially true for the Series 60 engine because it 
emits such low levels of HC.

Figure 21 shows the HC emissions as a function of time. This trace is done for run 
808, the third base #1 run. Nearly all of the HC emitted was emitted in a burst (190 ppm) 
at engine startup. For this fuel, there were no large spikes and the concentration remained 
below 5 ppm. Since concentrations were so low, HC emissions could not be related to 
engine speed, torque, or power. At the point of engine shutdown, 1200 seconds, the start 
of a second spike appears. Most of these emissions do not count towards the emissions 
calculation, since the emissions measuring period is from the instant of startup to the 
instant of shutdown.

Differences in the shapes of the time traces is evident between the fuels. Figure 22 
shows the startup bursts and a portion of the time trace for each fuel. The runs chosen for 
this figure are those with an emission level closest to the average for that fuel. With the 
exception of ethanol, each fuel showed a large burst upon startup. It appears that the 
magnitude of the burst is directly related to the HC emission level (octanol > base > soy 
ester). The ethanol fuel showed no initial burst. An explanation for this will be discussed 
further. For base #1 and methyl soy ester, the remainder of the time trace was flat with 
concentrations less than 3 ppm. Octanol and ethanol, however, showed HC bursts 
throughout the test with concentrations up to 5 ppm and 12 ppm respectively which 
accounts for their increased HC emissions.

The oxygenate boiling point may have an effect on the HC emission. As the



HC
, 

pp
m

T-4641 109

200 

180 

160 

140 

120 

100 

80 

60 

40 

20 

0
0 200 400 600 800 1000 1200

Time, sec

Figure 21. HC Emissions Trace for Series 60



HC
, p

pm
 

HC
, p

pm

T-4641 110

20

18

16

14

10

8

6

4

2

0
300 320 360 380280 340 400

Test Time, sec

— — Ethanol

-  -  -  -  Octanol 

----------------- Base #1

MeSoy Ester

200
180 -

160 -

140 -

120 -

80 -

60 -

40 -

150 5 10 20
Test Time, sec

----------------Octanol

  -  — Base #1

-  -  -  -  MeSoy Ester

—  —  Ethanol

Figure 21. HC Emissions Traces on Startup and During Cycle



T-4641 111

boiling point of the oxygenate is decreased the HC emission increases. The lower boiling 
additives showed HC bursts during the test while the base fuel and high boiling additive 
had no bursts. This seems to make sense because additives in the front end of the 
distillation curve are more volatile, thus, more likely to be emitted as gaseous HC. In the 
combustion chamber, volatile components may flash in the ignition delay period and enter 
crevices where they are not burned. This could account for the increased HC emission 
levels with octanol and ethanol.

The CO emissions from the Series 60 engine were well below the standard level of 
15.5 g/BHP-hr. The base #1 CO emission was 4.01 g/BHP-hr while base #2 was 3.64 
g/BHP-hr. This difference was statistically significant and reasons for this inconsistency 
will be discussed. Oxygenated fuel CO emissions were in the range of 3.2-3.7 g/BHP-hr.

The oxygenated diesel fuels showed large reductions in CO emissions compared to 
the base fuel. The octanol showed the smallest reduction (2.7%) while the ethanol showed 
the largest reduction (16%). The changes were found to be statistically significant for 
ethanol and methyl soy ester but not octanol. Although the reductions are different for 
each additive, the CO reductions do not seem to be related to the oxygenate boiling point. 
Another factor must be responsible for the differences in oxygenated fuel CO emission.

Figure 23 shows a plot of CO emissions concentration as a function of time with 
engine torque plotted above it. The plots are for the third base #1 run, run 808. As with 
HC, much of the CO emitted originated from the initial burst (2500 ppm) at startup. The 
rest of the CO emissions came in sharp spikes ranging from 700-1200 ppm. The spike 
duration was short and they seemed to coincide with sharp torque spikes from idle to near 
rated conditions. Thus, CO was emitted at acceleration points which was likely due to rich 
engine operation. At acceleration points the air delivery rate from the turbocharger 
momentarily lags the fuel delivery resulting in rich operation and increased incomplete 
combustion products like CO. After 1-2 seconds the turbocharger gets fully wound up, air 
delivery increases and leans engine operation, and CO emissions fall. This may account for 
the position and the duration of the CO spikes.

Differences in emission levels on a g/BHP-hr basis that occurred between fuels 
were barely visible on these time traces. The only obvious differences were slight changes 
in initial peak heights. Figure 24 shows the initial peaks for each fuel. The differences in 
peak height do not seem to be related to the overall CO emission level, however, since the
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octanol peak is less than the methyl soy ester peak (1900 ppm to 2300 ppm) while the 
octanol emission is greater (3.75 g/BHP-hr to 3.30 g/BHP-hr). The ethanol did not show 
an initial CO burst and possible explanations for this will be discussed. After the initial 
burst, the remainder of the CO time traces were similar for all fuels with only small 
differences in peak height which were not obvious on these time traces.

Series 60 nitrogen oxide emission levels were slightly above even the 1991 
standard level of 5.0 g/BHP hour. The composite emission was 5.15 g/BHP-hr and the 
oxygenated fuels ranged from 5.00-5.28 g/BHP-hr. It was felt that this emission level was 
high for this engine since in previous studies (Ullman, 1989) the same engine had NOx 
emissions of 4.8 g/BHP-hr on a fuel similar to our base fuel. However, in Ullman's study 
the engine control program was experimentally modified to reduce NOx levels below the 
1991 5.0 g/BHP-hr standard. The NOx emission level was, therefore, accepted.

The standard deviations for the NOx measurements on each fuel were small, 
generally less than 1% of the absolute measurement. Repeatability was excellent for all 
fuels and there were no data which seemed anomalous.

Results show that octanol was the only oxygenate which showed NOx reducing 
characteristics. The octanol reduced NOx 2.9% when compared to the base fuel 
composite. Statistical analysis shows that this is indeed a significant difference at the 95% 
confidence level. Ethanol and methyl soy ester both increased the NOx emission 
significantly (1.8% and 2.5% respectively). Based on the 6V92 work, it was thought that 
an even lower boiling oxygenate may further reduce NOx emissions, but it appears that at 
the boiling point of ethanol NOx reducing qualities are no longer present. The high latent 
heat of vaporization also did not reduce NOx as expected. Cetane number depression may 
have been the controlling factor in the ethanol NOx increase.

One possible flaw in the octanol fuel emissions measurements is the fact that the 
cycle power was similar to that of the base fuel. According to fuel heating value, it was 
expected that the octanol power would be less than the reference fuel and similar to the 
other oxygenated fuels. It is certainly possible that the power being overstated did not 
proportionally increase the NOx mass emissions. Even if the octanol power was measured 
incorrectly and should have been 21.5 BHP-hr, the NOx emissions would not show an 
increase relative to the base fuel. To escape reference power issues completely many 
researchers use only one map, so that the transient cycle generated is the same for each
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fuel. Cycle power effects will be further discussed.
Figure 25 shows the NOx emission concentrations as a function of time plotted 

with engine torque (top) and power (bottom). There is no initial NOx burst as with HC 
and CO. Rather, the concentration tracks both engine torque and power. Closer inspection 
of the peak tips shows that NOx concentration may more closely follow engine power. 
Regressions of NOx concentration versus torque and power feedback show excellent 
correlation for both parameters with r2 equal to 0.93 and 0.95 respectively. Differences 
between the time traces of different fuels were small and not informative.

The Series 60 particulate matter emissions are within the 1991 standard level of 
0.25g/BHP-hr but well above the 1994 and 1998 standard levels of 0.10 g/BHP-hr. The 
base composite PM was 0.24 g/BHP-hr while the oxygenated fuels ranged between 0.15- 
0.22 g/BHP-hr. This engine may have approached the 1994 and 1998 standard levels at 
low altitude where PM emissions are known to decrease by a factor of almost 2.

PM reductions are significant for all oxygenated fuels. Ethanol has the largest 
reduction of 38% while octanol showed the smallest reduction of 12%. All reductions 
were shown to be statistically significant. These reductions are well above what fuel 
parameter emissions models would predict for the lower aromatic content of oxygenated 
fuels as a result of dilution. This indicates that the oxygenates reduce emissions by a 
mechanism other than dilution. The large reductions are likely due to the leaning effect of 
oxygenates at acceleration points.

The PM reduction does not seem to be related to oxygenate boiling point. Ethanol 
had by far the greatest reduction which may have been due to the absence of an initial 
emissions burst upon startup. Methyl soy ester showed an intermediate reduction of 20%. 
The octanol reduction was significantly less than the other oxygenates. This could have 
been influenced by the NOx/PM tradeoff. Octanol showed a NOx reduction which may 
have limited its PM reducing capabilities according to the tradeoff. However, a 
contradiction to this theory is found in the 6V92 results where octanol caused both a NOx 
decrease the largest PM decrease.

Oxygenate to oxygenate statistical comparisons in Table 32 differed considerably 
than those developed from the 6V92 results. The 6V92 analysis concluded that all 
oxygenates affected PM similarly, HC and CO effects varied, and NOx depended on the 
oxygenate boiling point. Series 60 results showed that the PM effect was different for each
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Table 32 - Statistical Significance of Emissions Differences Between Fuels - Series 60

% Change to Composite

Oxygenate HC CO NOx PM

Ethanol 
Octanol 
Me Soy Ester

55,89% < 
24.89% 
-10 32%

*16.26% 
-2 73% 
-14,43%

1.78% 
-290%  
2 53%

-37.59%
-11.61%
-20.19%

% Change to Ethanol

Oxygenate HC CO n o t PM

Composite 
Octanol 
Me Soy Ester

19,41% 
16.15% 
2 17%

-1.75%
-4.60%
0.73%

60.23%
41.64%
27.89%

% Change to Octanol

Oxygenate HC CO NO* PM

Composite 
Ethanol 
MeSoy Ester

-19*93% 
24.82% 
-28 19%

2 81% 
43,91% 
-12,93%

2.98%
4.82%
5.59%

13.13%
-29.40%
-9,71%

%  Change to MeSoy Ester

Oxygenate HC CO NO* PM

Composite
Ethanol
Octanol

11 51% 
73,83% 
39.26%

16,87%
-2.13%
13,68%

-2.47% 
-0 73% 
-5.29%

25.29%
-21.81%
10.75%

- statistically significant change
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oxygenate used and reductions were not related to boiling point. CO and NOx effects 
were varied. NOx still increased with boiling point between octanol and soy ester but the 
low boiling ethanol increased the emission. Ethanol and soy ester showed significant CO 
reductions while octanol did not show a significant change. HC emissions appeared to be 
related to oxygenate boiling point with increased boiling point temperature corresponding 
to decreased emissions.

Overall, the oxygenates showed many favorable emissions characteristics. Octanol 
showed CO and PM reductions in conjunction with a significant NOx decrease. The 
increase in HC was of fairly large magnitude but was not statistically significant given the 
large variability experienced. Methyl soy ester showed drastic reductions in CO and PM 
with only small increases in NOx. Oxygenated diesel fuels clearly do not follow the 
NOx/PM tradeoff; they provide a valuable shift in the emissions characteristic curve.

Ethanol Inconsistencies Generally, the ethanol treated fuel made the engine run 
poorly especially during startup. The engine would crank for several seconds before firing 
whereas the other fuels caused almost immediate firing. This firing delay appeared to have 
a drastic emissions effect. There were no initial bursts of HC or CO for the ethanol treated 
fuels. Data analysis showed that around 15% of the CO emitted came in this initial burst. 
This accounts for the abnormally large CO reduction experienced using ethanol and could 
possibly be responsible for the huge PM reduction. The lack of an initial startup HC burst 
was more than offset by several bursts during the test which caused the overall increase in 
HC emissions. Ethanol is known to reduce the cetane number of blended fuels significantly 
at addition levels similar to those used in this work. Ecklund et al. (1985) reported that 
the blend cetane number of ethanol treated diesel was decreased by approximately 8 with a 
8 vol% addition. Along with the low boiling point of ethanol, this may have accounted for 
some of the startup problems. Fuel metering problems may have been responsible for the 
fuel consumption and carbon balance abnormalities.

Comparison to 6V92 Table 33 presents the results for the base fuels and common 
oxygenated fuels from testing on both engines. Emission results were expected to be 
different since engine design is known to effect emissions greatly and the level of 
oxygenate addition was doubled for the Series 60.



T-4641 119

Table 33 - 6V92 and Series 60 Emissions Results

6V92
Fuel HC CO NOx PM
Diesel 0.526 2.499 4.855 0 338

Octanol 0 548 (+44%) 2 429 (-2 8%) 4.800 (-1 1%) 0 280 (-17.1%)
MeSoy Ester 0.530 (+0.8%) 2,326 (-6,9%) 4 966 (+2,3%) 0,286 (-13.4%)

Series 60
Fuel HC CO NOx PM
Composite 0.152 3.851 5.153 0.238

Octanol 3 746 (-2.7%) 5,004 (-19%) 0,211 (-J 1,6%)
MeSoy Ester 0,136 (-10,3%) 3,295 (-14.4%) 5,284 (42,5%) 0,190 (-20,2%)

- statistically significant change
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The 6V92 emitted a much higher level of hydrocarbons than the Series 60. This 
was also evident in the HC time traces for the two engines. The percent changes for the 
oxygenated fuels appear to be much higher on the Series 60. This may be due to differing 
engine design, different oxygenate level or the fact that the lower HC level combined with 
the inherent measurement variability contributed to greater percent changes. Octanol 
increased HC emissions on both engines while methyl soy ester had a different effect for 
each. Oxygenate boiling point seems to have an effect on HC emissions since octanol 
increased HC emissions significantly on both engines while methyl soy ester showed no 
significant increases. No definite conclusions can be drawn, however, since the variability 
was too large.

CO emissions from the Series 60 engine were roughly 1.5 times the 6V92 level. 
Emissions reductions seemed to be larger on the Series 60 which may have been due to 
the increased oxygenate addition. For the methyl soy ester it appears that doubling the 
oxygenate level doubled the reduction but the octanol showed constant reduction at the 
two oxygenate levels. Methyl soy ester was a more effective CO reducer than octanol 
since the percent reductions were significantly greater on both engines.

The NOx emission level was slightly higher on the Series 60 engine. The percent 
changes were also higher on the Series 60 which may have been due to the increased 
oxygenate level. The octanol NOx reduction increased with increased oxygenate level 
which indicates that reduction could be related to the oxygenate addition level. The methyl 
soy ester did not show an increased NOx emission with increased fuel oxygen. Since it is 
desired to maximize NOx reduction and limit increases, these are both positive results. 
Both engines show that oxygenate boiling point may be an important factor in determining 
NOx emissions.

The 6V92 emitted nearly 1.5 times the Series 60 particulate level. Emissions 
reductions were similar for each engine which indicates that increased oxygenate addition 
did not further reduce PM. It is possible that there is a limited PM reduction from 
additional oxygenate and that above a certain level no further reduction is realized. The 
result may also be related to an engine hardware difference.

Base Fuel Emissions Variation Table 34 shows the Series 60 base fuel emissions 
results. The most drastic changes between base #1 and base #2 were in CO and PM. The
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Table 34 - Base Fuel Emissions Comparison

HC CO NOx PM

Base #1 0.154 4.008 5.128 0.252

Base #2 0.149 3.642 5.187 0.220

Composite 0.152 3.851 5.153 0.238

%  Change Relative to Base #1:

HC CO NO* PM

Ethanol 53.59% -19,53% 2.29% 4098%

Octanol 23.05% -6,53% -142% -16,40%

Soy Ester »§K4% 3,04% *24,52%

Base #2 -3.43% 116% -1167%

%  Change Relative to Composite:

HC CO NO* PM

Ethanol 55.89% -16.26% 1.78% -37,59%

Octanol -2.73% -2,90% -11,61%

Soy Ester »m a% 44,43% 2,53%

- statistically significant change
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percent change between base #1 and base #2 for CO and PM were -9% and -13% 
respectively. These are significant changes that are beyond normal engine drift and what is 
normally seen for repeat testing of the same fuel. The fact that the base #2 emissions were 
lower could indicate that the oxygenates had a cleansing effect on the engine which caused 
emissions to be reduced. There is no evidence to support a cleansing effect since the 
engine was not examined at any time during the testing. Fuel changeout procedures may 
also have been flawed. It was possible that some oxygenated fuel remained in the system 
and contaminated base #2 fuel causing reduced emissions. However, the volume of any 
remaining oxygenated fuel should have been small and the emissions effects negligible. No 
reasonable explanation for the emissions drift was found

HC and NOx differences were both small and not considered to be abnormal. The 
3% HC decrease shown between base #1 and base #2 was well within expected variation 
given the inherent sampling errors. Base #2 showed a NOx increase of approximately 1% 
compared to base #2. Although this change was found to be statistically significant, the 
difference is similar to what is normally seen between two series of base fuel runs.

The composite emission, an average of all seven base fuel runs, reflected the 
changes between the two base fuel emission. The composite CO and PM were 
significantly lower than base #1 while the NOx was slightly higher. The percent changes 
were affected accordingly.

Statistical results, however, were not greatly affected by the inclusion of base #2. 
Composite statistical analysis gave nearly identical results to a statistical analysis using just 
base #1. The only differences were the octanol HC and CO. The increased number of 
observations in the composite analysis caused the octanol HC increase to be deemed 
statistically significant. Reduced composite CO caused the octanol decrease to no longer 
be statistically significant. All of the other statistical conclusions remained the same. This 
was fortunate since a large number of changes in the statistical conclusions caused by an 
additional base fuel series would have raised doubt about the validity of entire data set.

Procedural Questions During the testing process several procedural issues were 
discovered which may have had an effect on results. Engine conditions remained 
reasonably constant throughout the series of runs and the test cycle was performed nearly 
identically from run to run. However, it was decided that several of our systems needed to
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be modified to better simulate on-road conditions. This would improve the overall 
accuracy of laboratory measurements. For this study, where comparative work not 
absolute accuracy was the primary goal, the results are generally valid.

One procedural error that may have affected the validity of results was the fuel 
changeout procedure. After testing was completed on a fuel, the fuel tank was emptied, 
the heat exchanger drained, and the fuel lines flushed. The fuel tank, heat exchanger and 
fuel lines were then filled with the next test fuel. The engine was started up and any air 
accumulation was bled from the system. This was done for approximately 5 minutes at an 
intermediate speed and load. When all air had been removed, the engine was run at rated 
conditions until warm and the mapping procedure performed. Upon completion of the 
map, the engine was allowed to soak for 20 minutes prior to transient testing.

It was felt that this procedure would effectively remove all residual fuel from the 
system so that a new fuel would not be contaminated. However, some amount of fuel may 
have remained in the engine block since the block itself was not purged or some may have 
remained in the exchanger. This residual fuel would have been available to contaminate a 
new test fuel. The volume of residual fuel should have been small in comparison to the 
amount of new test fuel added and emissions effects from this contamination minimal. 
Also, most of the residual fuel should have been consumed in the warmup procedure so 
any contamination should not have affected emissions testing.

Emissions results, however seem to indicate that the fuel changeout procedures did 
have an effect. The first run oxygenated fuel for both engines (decanoic acid and octanol 
for the 6V92 and Series 60 respectively) showed lower CO and PM reductions than the 
other fuels which suggests that the oxygen content may have been reduced by dilution 
with reference fuel. Decanoic acid showed almost no CO reduction and 3-5% less PM 
reduction than the other oxygenates. On the Series 60, octanol showed a 10% less CO 
reduction and 8-20% less PM reduction than the other oxygenates. Also, when the 
reference fuel was returned to after all test fuels were run on the Series 60, the emissions 
of the test fuel (base #2) appeared to be characteristic of an oxygenated fuel. The CO and 
PM were significantly less than the first reference runs and the NOx was slightly higher.

The diesel fuel analysis shows that the base fuel sample, which was taken from the 
fuel tank after the base #2 runs, contained 0.11% oxygen. The oxygen level was 
determined by elemental analysis where the sample is burned and the elemental
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composition calculated from analysis of the combustion products. The detection limits of 
this procedure were approximately 0.01% so the oxygen level measured was well above 
these limits. Initially this may lead to the conclusion that the fuel had been contaminated 
with a significant amount of the oxygenated hi el. However, it was learned from 
conversations with Hauser Chemical that commercial diesel fuels normally contain this 
amount of oxygen from refining processes as sulfamates or carbonates. The diesel fuel 
analysis, therefore, leads to the conclusion that fuel changeout procedures did not 
significantly increase the oxygen content of the base fuel.

The conclusion is that fuel changeout procedures likely did not significantly affect 
emissions results. The volume of residual fuel that could have remained in the fuel system 
would not have been large enough to significantly affect emissions. If residual fuel did 
remain in the system, warmup and mapping procedures would have consumed nearly all of 
it. Diesel fuel analysis also shows that the base #2 fuel was not significantly contaminated. 
The emissions variations attributed to changeout procedures were likely due to other 
factors. Low PM reductions for octanol may be due to NOx/PM tradeoff limitations 
resulting from the NOx reduction. Low base #2 emissions may have been due to a 
cleansing effect of the oxygenates or engine drift.

To remove future doubts about changeout procedures, other laboratory's fuel 
changeout procedures were investigated to develop a standard procedure for this lab. It 
was found that after a fuel change, SWRI discarded the first three gallons of return fuel 
before mapping the engine. Only then were testing procedures initiated. Apparently, they 
had also experienced fuel changeout procedure problems which forced them to be 
extremely careful. It was decided that a procedure would be established whereby the first 
15 pounds of fuel would be burned before mapping procedures were initiated. This would 
assure that all remaining fuel from the previous test would be completely removed from 
the system prior to any testing.

The method used to control fuel temperature also could have been modified to 
better approximate on-road conditions. In the system used, the actual fuel intake 
temperature was not measured. Return fuel temperature and exchanger out temperature 
were monitored. The fuel supply stream to the engine was a combination of fuel removed 
from the tank at ambient temperature and return fuel that had been cooled in the heat 
exchanger. Facility water at 60 °F nominally was used to cool the return fuel. The heat
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exchanger was capable of cooling the return fuel from approximately 140 °F to 65 °F. At 
rated conditions most of the fuel sent to the engine was consumed so the intake fuel 
temperature was nearly that of the fuel in the tank. At idle conditions, the temperature of 
the intake fuel was essentially the exchanger out temperature since the supply stream was 
mostly cooled return fuel. Thus, during the course of a transient run, the intake fuel 
temperature varied between a maximum of room temperature and a minimum of 65 °F.

The average fuel temperature out of the heat exchanger for each run is shown in 
Table 28. Most of the runs were in the range of 62-68 °F. This temperature depended on 
the facility water temperature which fluctuated. Facility water temperature varied day to 
day and also between early morning and the rest of the day. In the morning the facility 
water temperature was much higher than the rest of the day which may be due to the 
water warming up in the building overnight. Therefore, the first run of a day may have a 
higher average fuel temperature than the rest of the day. This was especially apparent in 
the first ethanol run (816) where the average fuel temperature was 79 °F while the other 
runs averaged 62 °F. No emissions changes were seen as a result of the fuel temperature 
increase,

Fuel temperature variations could affect emissions in several ways. Since fuel 
density is a function of temperature, changing fuel density has an effect on engine power, 
fiiel consumption, and how the engine runs the transient cycle. Changes in any of these 
parameters could have an effect on emissions. Thirty degree (°F) increases in fuel 
temperature cause 1% reductions in density which cause a 1% loss of power. Changes in 
fuel temperature could, therefore, affect both the reference power which is determined 
during mapping and the actual power generated during the transient cycle. These power 
changes are known to cause changes in emissions. Fuel temperature also may have an 
effect on the cylinder temperature which is known to influence NOx. For these reasons, it 
was decided that a control system was needed to insure that fuel temperatures were 
repeatable and more representative of in-use vehicles.

To determine a better method of operation to simulate on road conditions, engine 
experts at Stewart and Stevenson, an engine distributor, were consulted. Normal operating 
fuel temperatures were found to be between 90-100 °F depending on ambient conditions, 
fuel storage design, and engine operating conditions. Our fuel system was modified to 
maintain a running fuel temperature of 90-100 °F. A control system was implemented
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whereby the heat exchanger is bypassed until the inlet fuel temperature reaches 80 °F. At 
this point, a solenoid valve opens allowing some fuel from the exchanger to be fed to the 
engine. This system has proven to give extremely accurate and repeatable fuel 
temperatures which are independent of ambient temperature and facility water 
temperature.

The operation of the intercooler also became a concern during the course of this 
work. Again, the intention was to better approximate the operation of an on-road air-to- 
air intercooler. The control system for the intercooler used in this work was described 
previously. However, there were problems with this system. At rated conditions the on 
and off control of the water flow caused intake manifold temperature swings of 10 °F. 
Also, between tests the manifold temperature thermocouple was located where it sensed 
the heat off the engine. This triggered the flow of 60 °F facility water to the intercooler 
throughout the 20 minute soak. Therefore, the initial manifold temperature at start-up was 
approximately 60 °F. The manifold temperature remained low during the first 10 minutes 
of the test because the intercooler was filled with reservoir of approximately 5 gallons of 
cold water. The manifold temperature would gradually rise until a temperature of 115 °F 
was exceeded and water flow resumed.

This method of operation did not simulate in-use application. An air-to-air cooler 
would not have large temperature swings at rated conditions. Upon startup an in-use 
cooler would provide approximately ambient temperature air to the manifold. The 
manifold temperature would then depend on the power output of the engine. As the power 
increased the manifold temperature would gradually rise and as power decreased the 
temperature would fall.

The Society of Automotive Engineers published a recommended practice (J1937) 
for intercooler operation in a test cell application. It describes methods to ensure that the 
manifold temperature closely simulates an in-use application. Manifold temperature is 
reported to affect both emissions and engine performance. Specific emissions effects of 
errors in maximum temperature, cooling medium temperature, and pressure drop are 
described in the recommended practice. Other general operational guidelines are given. 
The rated setpoint temperature should be within +/- 6 °F, the pressure drop set within +/- 
8 inches water column, and the cooling water temperature be between 68-86 °F.

Based on the SAE recommended practice, a new control system was devised to
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better approximate an air-to-air cooler. It was decided to provide the intercooler with a 
steady stream of constant temperature water (75 °F). The flowrate was set so that at rated 
conditions a temperature of 115 °F could be maintained. Since the water flow was 
constant the initial manifold temperature on start-up was 75 °F. This temperature would 
then follow the power output of the engine just like an air-to-air cooler. This operational 
system has proven to be consistent and SAE recommended practices are satisfied.

Manifold temperature was found to have a significant emissions effect. To test the 
relationship between intercooler operation on emissions, one day of testing was done with 
the full water flow to the intercooler. Full water flow caused the manifold temperature to 
be extremely low throughout the entire series of runs. Table 35 shows the run data and 
average emissions for runs 847-848 where the water flow to the intercooler remained on 
(tMAN fail) and from runs 854-856 with normal intercooler operation. With full water 
flow, the NOx emission was substantially reduced. CO and PM also showed significant 
reductions while HC was increased. A simultaneous NOx and PM reduction seems to 
violate the tradeoff but the effect of constantly cold charge air reduces both. A reduction 
in air temperature increases the mass of air and leans engine operation which decreases 
PM. Reduced air temperatures also cool the combustion temperatures which decreases 
NOx. The effect of manifold temperature is significant and great care must be exercised to 
ensure correct intercooler operation.

It is not believed that the improper intercooler operation adversely affected results. 
Although improper, the intercooler operation was consistent. The manifold temperature 
consistently started out cold and remained low for the first 10 minutes, and consistently 
water flow came on and off around the 115 °F setpoint. Therefore, the errors caused by 
the improper operation should have been the same for each run. For comparative 
purposes, the results remain valid.

Another factor which may affect emissions results is the power generated during a 
transient cycle. It is difficult to determine if changes in brake horsepower hour are 
accompanied by exactly proportional changes in emissions. It is certainly conceivable that 
changing BHP-hr from 22.77 to 23.29, the difference between the ethanol and base #1 
power respectively, would not cause a proportional change in all emissions. Researchers 
have also reported that differences in cycle power cause slight emissions changes (Ullman, 
Mason, and Montalvo 1990) but the effect is not quantified. For this reason many studies



T-4641 128

Table 35 - Results of Intercooler Operation Study

Operation Run Type BHP-HR HC CO NOx 

-------- g/BHP-hr - -

PM co2 BSFC

lb/BHP-hr

C balance 

% err

tMAN Fail 847 HOT 21.954 0.260 3.859 4.939 0.229 560 0.394 0.20%

848 HOT 21.956 0.266 3.626 4.925 0.214 554 0.394 1.31%

AVERAGES 21.955 0.263 3.743 4.932 0.222 557 0.394 0.76%

STD DEV 0.001 0.004 0.165 0.010 0.010 4.25 0.000 0.79%

Operation Run Type BHP-HR HC CO NOx 

--------g/BHP-hr - -

PM C 02 BSFC

lb/BHP-hr

C balance 

% err

Normal 854 HOT 21.932 0.159 4.441 5.289 0.287 559 0.394 0.22%

855 HOT 21.928 0.182 4.344 5.343 0.289 562 0.395 -0.10%

856 HOT 21.920 0.182 4.499 5.254 0.298 566 0.395 -0.70%

AVERAGES 21.927 0.174 4.428 5.296 0.291 563 0.395 -0.19%

STD DEV 0.006 0.013 0.079 0.045 0.006 3.53 0.001 0.47%

Emission Averages 

g/BHP-hr

Fuel HC CO NOx PM

tMAN fail 0.263 3.743 4.932 0.222

Normal 0.174 4.428 5.296 0.291

% change 51.2% 15.5% -6.9% -23.7%
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are performed using the same map on each fuel.
In this work, cycle effects are not believed to be significant. Run statistics are all 

consistent, with the exception of octanol, reference power varies according to changes in 
fuel heating value, and the differences between reference and actual power are similar for 
each fuel. There is some level of uncertainty, however, with the octanol results. According 
to heating value the cycle power was overstated by roughly 3.5% and the emissions effect 
is unknown. However, it is unlikely that the effect of overstated power is enough to 
reverse the octanol emissions trends. Since it was determined that the power was being 
measured correctly, it seems unlikely that a 3.5% increase in the power output would 
produce no extra NOx and be responsible for the 3% reduction.

Humidity control also introduced a degree of uncertainty in the results. For this 
series of runs the humidity control system was not perfected. Ideally, the humidity 
correction factor should remain constant between 0.97-1.03. Most of the Series 60 runs 
were performed at a correction factor near 0.93. The humidification system was not 
wetting the total surface area of the pad and the humidity could not be raised high enough 
to get into the best operating range.

Usually, the humidity correction factor remained consistent throughout a day of 
testing but there was day to day variation between 0.93-0.96 caused by changes in ambient 
conditions. This could have caused some error in the calculated NOx emission since the 
correction factor correlation was developed at correction factors near 1.0. However, the 
correction factor correlation has been confirmed by this laboratory over a wide factor 
range and results are presented in Chapter 8. We are currently devising a way to eliminate 
variability associated with humidity correction factors by designing a system to maintain a 
constant intake air absolute humidity.

Weigh room operation provided another source of error which may have affected 
results. The humidity control in the room did not operate properly. Water was not being 
supplied to the humidification system, so the humidity in the weigh room was the facility 
air supply humidity. However, this humidity was measured over a period of several days 
and found to be relatively constant. Also, the reference filters showed no weight changes 
which would have indicated large humidity swings or incorrect weighing. Therefore, for 
comparative purposes, the operation of the weigh room should not have created any error.

Improvements in weighing procedures would have resulted in more accurate PM
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measurements. For each run two filters, a primary and backup, were used to collect 
particulate. Each filter was weighed individually which allowed for more error than the 
current practice of weighing the two simultaneously. Also, it was found that the scale 
would occasionally give an incorrect zero reading. Once in approximately every ten 
weighings, the zero reading was off by 0.05 mg which, given our average weight gain of 
3.00 mg, was a 2% error. The weighing procedure used for these runs did not check the 
zero for drift before weighing each filter. This problem is believed to be caused by static or 
perhaps disturbance of the scale and no solution has been found. Procedures were changed 
so that filters are currently weighed in pairs with the zero checked in between each 
weighing.

Another reason for variation in emissions from run to run and between series of 
runs is engine drift. Several researchers have reported a variation in emissions over time 
that is attributed to engine drift. Ullman, Mason, and Montalvo (1990) included engine 
time as a parameter in their emissions models. In this work, engine drift is not readily 
apparent between runs or between fuels. The emissions variation between the two 
reference fuel series is more likely due to other factors than engine drift. The changes in 
CO and PM between base runs (9% an 13% respectively) are likely too large to be 
attributed to engine drift alone.

Overall Validity of Results

The major operational error which limits the value of these results is the fact that 
baseline reference fuel emissions were not well established. On the 6V92 series, only two 
runs were used to establish the reference fuel emission which was the basis of comparison 
for all oxygenated fuels. To establish the Series 60 baseline seven hot runs were completed 
but statistically significant emissions changes were found between the first base runs and 
the final base runs. It is very difficult to attribute small emissions changes to fuel additives 
when only two or three runs are used to establish a baseline. It would have been a better 
practice to run both the reference fuel and an oxygenated fuel each day, so that a good 
baseline could be established and variations in the baseline known. This would have 
provided more confidence in deriving conclusions and allowed more widely ranging 
conclusions to drawn.
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Most of the operational errors did not limit the relative value of the results. Since 
the results were used for comparative purposes, operational errors that were performed 
consistently should have the same effect on each run and be negated. Many of these type 
of errors affecting accuracy have been resolved.

Despite operational shortcomings, conclusions may still be drawn from the data. 
Oxygenates added in the 1-2 weight percent range reduce CO and PM significantly, up to 
15% and 20% respectively. HC emissions are not greatly affected by oxygenate addition 
but boiling point may have an effect. Octanol did reduce NOx in both engines and with 
certainty it may be concluded that octanol is a NOx neutral oxygenate. NOx emissions 
may depend on oxygenate boiling point but further work needs to be done to confirm this 
now that the quality of data has improved.

Oxygenate Potential

1998 EPA standards mandate a 20% NOx reduction while maintaining the current 
PM level. Oxygenates have the potential to provide some of this NOx reduction even 
though most oxygenates increase NOx. The PM reduction experienced using oxygenated 
fuel is large enough that the engine emissions characteristic curve is shifted down. 
Adjustments in engine timing could provide an overall NOx/PM reduction. Octanol could 
provide additional NOx reduction since it provides essentially the same PM reduction 
without a NOx increase.

As emissions reducing additives, it is clear that oxygenates show great promise. 
This work shows that oxygenates in the front end of the diesel distillation curve may have 
added value if NOx reductions are genuine. Further work will be necessary to identify cost 
effective front end oxygenates with NOx reducing properties. No attempt was made to 
quantify the cost of oxygenate addition in this study.

Oxygenated diesel fuels, if they become economically viable, will most likely reach 
the marketplace as a substantially similar diesel fuel. EPA is currently defining a 
substantially similar fuel and the definition will shape how oxygenates may be used.
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Chapter 8

HUMIDITY AND ALTITUDE EFFECTS

Humidity Corrections

The CFR defines a correction factor to be used in calculating NOx emissions. This 
correction factor is based on the intake air humidity. The engine manufacturers association 
(EMA) has requested that a correction factor for PM based on humidity should also be 
included in the CFR. The form of these correction factors is the following

Cf = l/[l+A*(H-75)] (8.1)

where H is the absolute humidity in grains per pound dry air and A is a constant. Mass 
emissions are then calculated by multiplying the raw mass by the correction factor to 
obtain the corrected mass. The correction factor may either increase or decrease the 
emission depending on the humidity. Essentially, these factors correct the emissions back 
to a standard humidity condition defined as 75 grains per pound dry air.

In experimental work, our air conditioning system was capable of varying the NOx 
correction factor from approximately 0.90 to 1.10. This has a very significant effect upon 
the reported emission and it was felt that such an important effect should be verified. Also, 
if NOx and PM emissions are affected so drastically, it is not unreasonable to believe that 
other regulated emissions are also affected by inlet air humidity.

To test this hypothesis, four hot transient tests were run on the Series 60 engine 
with varying inlet air humidities. The first two tests were run with a NOx correction factor 
(Kh ) of approximately 1.00. The other tests were run with KH approximately equal to 
0.90 and 1.10. These tests were all performed on the same day to limit the effect of engine 
drift. It took approximately 20 minutes for the humidity to change from the highest NOx 
correction factor condition to the lowest NOx correction factor condition. Coincidentally, 
this matched the 20 minute soak required between tests so the tests were done 
consecutively.
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The raw emissions values were then plotted versus the average absolute humidity 
and a best fit line calculated. Results from the two runs done at Ky equal to 1.00 were 
averaged so each humidity condition had equal weight in computing the best fit. These 
graphs are shown in Figure 26. It appears that the humidity does have a significant linear 
effect on PM, NOx, and CO. HC does not seem to show a linear effect. PM and CO 
increase with increasing humidity and the opposite effect is shown for NOx. This seems to 
make sense for several reasons. Increased water content in the intake air increases the 
overall heat capacity of the gases in the cylinder which should lower cylinder temperatures 
thus decreasing NOx and increasing PM. Both CO and PM are incomplete combustion 
products and a factor which affects one usually affects the other similarly. The NOx/PM 
tradeoff is also satisfied.

From the best fit line, the emissions at a standard condition of 75 grains per pound 
dry air were calculated. Correction factors were then calculated for each humidity 
condition which would make the raw emissions exactly equal the standard condition 
emissions. Then, to calculate a best fit constant (A), the inverse of the correction factors 
was plotted versus absolute humidity minus 75 grains per pound. This graph is shown in 
Figure 27. It is interesting to note that the correction factor lines for the PM and CO are 
nearly identical. HC is not included since no effect was found. The best fit statistics in 
Table 36 show that the effect is indeed linear for NOx, PM, and CO. The calculated 
correction factor constants from this investigation nearly match the ones suggested by the 
CFR for NOx and the EMA for PM. This is a good confirmation showing that these 
corrections are valid and that our laboratory results are comparable to others.

This is the first instance of a reported effect of humidity on CO emissions. This 
correction may be important in the development of high altitude emissions factors. It is felt 
that this is a real effect which is validated by the accuracy of the other correction factors. 
The possibility of a gross measurement error seems to be discounted by the fact that the 
other emissions match previous correlations. The effect is highly linear as shown by the 
regression statistics. Confidence in a CO correction factor is also enhanced by the fact that 
the effect is nearly the same as the PM effect. The changes in emissions seem to be to 
large to be attributed to engine drift. It is unlikely that the engine drift could be responsible 
for a drop in CO emissions 5.08 to 4.41 g/BHP-hr for tests performed within 20 minutes. 
The factor that corrects the dry CO and CO2  measurements to wet measurements (Kw)
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Table 36 - Humidity Correction Factor Statistics and Comparison

Emission r2 A Reported A

NOx 0 997 -0.0028 -0.0026
PM 0 994 0.0017 0.0017
CO 0 992 0 0019 —

HC 0 392 —— ——

also was not responsible for the changes. If the factor was causing changes in the CO, it 
would also have affected the CO2  measurements and the carbon balance. However, 
carbon balances were within 1% for all runs in the humidity study. Inlet air humidity, the 
only test parameter changed between the runs, must be responsible. Before implementing a 
CO correction factor, more data need to be accumulated to determine the exact constant.

This work effectively confirms that the effect of humidity on NOx and PM 
emissions is real and the form of correction factor is valid. The correction factor for PM as 
suggested by EMA should be implemented when the CFR is revised. To further appreciate 
the effect of humidity on emissions, Figures 28, 29, and 30 show NOx, CO, and HC 
emissions for the three different humidities as a function of time. The time period shown 
are peak emission points where the humidity affected the concentrations most. The NOx 
concentration is drastically affected by the humidity with concentrations increasing with 
decreasing Ky. CO concentrations are also affected by humidity with the concentrations 
increasing with increasing K^. HC emissions also change but the effect does not seem to 
be related to humidity since the intermediate humidity gave the highest concentrations.

Altitude Effect

Diesel engines are considered to be significant contributors to air pollution 
especially in high altitude locations like Denver. Previous altitude simulation studies have 
shown that HC, CO, and PM show drastic increases at altitude. Determining the exact 
altitude factors may become extremely important in developing emission inventories in 
high altitude cities. Inventories are used to predict the current emission levels and set the 
standards for emissions reductions that will be required in the future. Thus, the
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quantification of diesel engine emissions at altitude may become very critical.
It has long been desired to characterize emissions at high altitude but the cost of 

building a facility at altitude were prohibitive before CEFER was initiated. SWRI 
constructed a high altitude simulation dilution air system which has been used measure 
emissions at simulated altitude conditions. One study (Human et al. 1990) characterized 
low and high altitude emissions for a Cummins turbocharged engine. The study found that 
NOx emissions were reduced by 10% at altitude and HC, CO, and PM emissions 
increased by factors of 1.2, 1.9, and 1.5 respectively. Another more recent SWRI study 
(Chaffin 1993) investigated the effect of altitude on a Series 60 engine very similar to the 
one used by CEFER in the oxygenated fuels work. NOx emissions were found to remain 
constant while the HC, CO, and PM emissions were increased by factors of 1.7, 1.6, and 
1.4 respectively. The results of both studies qualitatively agree and may be compared to 
the results obtained by the CIFER laboratory.

6V92 Results A Detroit Diesel 6V92 engine with parameters as described 
previously was tested at the CEFER laboratory. One cold run and two hot runs were used 
to calculate the high altitude certification emissions as specified in the CFR. Detroit Diesel 
tested this engine at their facility and included low altitude certification parameters with 
the engine specifications

Table 37 shows the results obtained at Detroit Diesel, CEFER results, and the 
altitude emissions factor. The HC and NOx increased only slightly over the reported low 
altitude emissions. The CO and PM emissions increased significantly both by a factor of 
approximately 1.7.

Table 37 - Altitude Effect on 6V92 Emissions (g/BHP-hf)

DDiesel CIFER Factor

HC 0.514 0 529 103
CO 1.54 2.553 166

NOx 4.81 4 839 1.01
PM 0.198 0 339 1.71
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These results agree qualitatively with the reported altitude effects for other 
engines. However, the reported NOx decrease at altitude is not evident. Obviously the 
effect of altitude will have different effects for different engines. Also, fuel effects are not 
taken into account since fuel parameters were not specified in previous work and the 
6V92 reference fuel was not analyzed. However, it is encouraging to show that the 
pollutants most affected by altitude, CO and PM, agree quantitatively with reported 
changes.

Series 60 Results The Series 60 engine received by CIFER was supposed to 
be the same engine as used in the SWRI altitude simulation study (Chaffin, 1993). This 
would have enabled direct comparisons to be made between each laboratories results thus 
identifying potential procedural problems of either laboratory. However, both the engine 
model number and engine control program were different than the SWRI engine. Thus, no 
direct comparisons could be made between the Denver altitude simulation study and the 
work performed by CIFER. However, the altitude simulation HC, CO, and PM results 
were similar to those obtained by CIFER.

Table 38 shows the results obtained in the SWRI altitude simulation study at low 
altitude and Denver altitude compared to the CIFER results. Only hot run results are used. 
The HC measured by CIFER was 10% higher than that reported by SWRI which is a small 
difference considering the inherent sampling error. The NOx emissions were very different 
which is an indication that the engine control program used was different for each engine. 
There is no other explanation for the large discrepancy. CO emissions were essentially the 
same for both studies. PM emissions were 10% higher for the CIFER work.

Table 38 - Comparison of SWRI and CIFER Emissions Results (g/BHP-hf)

Lab SWRI SWRI CIFER
Altitude sea level Denver Denver

HC 0.08 0.14 0.154
CO 2 67 4.03 4.01
NOx 4.42 4.49 5.13
PM 0 16 0.23 0.252
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The altitude results obtained by CIFER were qualitatively the same as reported for 
a Series 60 engine. It is difficult to determine quantitative agreement since the engine 
control software was different but the emissions showing the greatest changes with 
altitude, PM and CO showed fair agreement. These results confirmed that the results of 
the altitude simulation studies were generally correct.

CIFER was not able to confirm any affect of altitude on NOx and would like to 
obtain an engine immediately after low altitude testing to investigate if any changes near 
the reported 10% decrease could be confirmed. Such a large NOx decrease would be an 
extremely relevant and interesting effect.
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Chapter 9

CONCLUSIONS AND RECOMMENDATIONS

Conclusions

Oxygenated diesel fuels reduce CO and PM significantly. In the 1-2 wt% oxygen 
range, oxygenates reduce CO 3-12% and PM 15-20%. CO and PM reductions were not 
related to the oxygenate boiling point. HC emissions increased as the additive boiling point 
decreased but absolute changes were small and emissions variability was large.

The effect of oxygenate addition on NOx emissions was varied. Since the NOx 
changes were small, the variability in the baseline emissions limits the certainty of the 
conclusions that may be drawn from the results. Soy ester clearly increased nitrogen oxide 
emissions in both engines. Octanol showed reductions in both engines; this shows that not 
all oxygenates cause NOx increases. The results were not of a quality such that it was 
possible to conclusively show that oxygenate boiling point has a direct effect on NOx 
emissions. The effect of boiling point on NOx emissions should be further investigated 
now that the quality of emissions data collected by the laboratory has improved.

The effect of oxygenates at high altitude as obtained in this investigation are not 
significantly different than what has been shown in previous work at low altitude. HC, CO 
and PM results were similar to those previously reported. NOx reductions, as seen with 
octanol, have been reported for some oxygenates.

Oxygenates provide emissions advantages that would provide refiners and engine 
manufacturers assistance in meeting future emissions standards. The large PM reductions 
experienced with oxygenates represent a shift in the characteristic emissions curve for an 
engine. The shift would allow engines to be retimed to emit a lower overall NOx/PM level. 
Some oxygenates like the low boiling point octanol provide a greater shift since NOx 
emissions are not increased.

When investigating fuel related emissions changes, the relative value, not the 
absolute accuracy, of the measurements is important. An error analysis showed that the 
absolute accuracy of the emissions measurements was within 3% for most emissions. Most
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of the absolute errors did not propogate and, thus, the precision of the results was better 
than the absolute accuracy.

Humidity corrections suggested by the CFR for NOx and EMA for PM were 
shown to be valid at high altitude. A CO humidity correction was noted and should be 
further investigated to determine the exact correction factor constant. The CO changes 
experienced were much too drastic to be explained by any other factor.

The altitude effect study confirms previous work stating that PM and CO are 
increased by factors of 1.2-2.0 at Denver altitude. No absolute comparisons were able to 
be made on the Series 60 engine since it was a different model number and had a different 
engine control program. No NOx effect was noted in this laboratory.

Recommendations

The value of the results was limited by laboratory testing methods. This is the first 
published work completed at the CIFER laboratory and several improvements necessary 
to improve the quality of results were recognized. Establishing a consistent baseline 
reference fuel emission is invaluable. It is difficult to compare results with such small 
changes when only a few reference runs are made. Comparisons are also made more 
complicated when there are significant differences between the baseline emissions. Much 
more confidence is gained when the reference fuel is run repeatedly and emissions return 
to the previously measured values. Establishing a consistent baseline adds a necessary 
degree of confidence when reporting such small changes as experienced in engine testing.

Several operational changes, some of which have already been implemented, 
would enhance the overall measurement accuracy. Fuel changeout procedures also need to 
be modified to insure that all of the previous fuel has been purged. This could be 
accomplished by a 10-20 minute burn in period on a new fuel. Control of engine 
parameters such as manifold and fuel temperatures could be modified to better 
approximate on road use. Humidity measurement and control systems need to be 
perfected so that an accurate and constant humidity level can be maintained at all times 
Engine testing is a learning experience and the slope of our learning curve remains very 
steep.
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LIST OF SYMBOLS

A humidity correction factor constant
Cf humidity correction factor
CITT curb idle transmission torque
COy background air CO concentration, ppm
COi instantaneous CO concentration, ppm

C 02b background air CO2  concentration, %

C02i instantaneous CO2  concentration, %
DF dilution factor ( 13.4/C0 2 i)
^wt particulate filter total weight gain, g
H absolute humidity, grains/lb dry air
HCb background air HC concentration, ppm
HCi instantaneous HC concentration, ppm

k h NOx humidity correction factor
Kw CO/CO2  moisture correction factor
Kv venturi meter calibration coefficient

n l number of observations for oxygenated fuel

n2 number of observations for reference fuel

NOxb background air NOx concentration, ppm

NOxi instantaneous NOx concentration, ppm
P venturi inlet pressure, psia
Qs tunnel flowrate, SCFM (70 °F, 1 atm)
r2 correlation coefficient for best fit lines
>RPM speed setpoint, rpm
%RPM normalized percent speed from CFR transient cycle

RPMmin idle speed, rpm

^^^rated rated speed, rpm
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Sp pooled standard deviation
Sj standard deviation of oxygenated fuel emission
S2 standard deviation of reference fuel emission
T absolute temperature, °R
>TQ torque setpoint, ft-lb
%TQ normalized percent torque from CFR transient cycle
TQmax maximum torque at a specified speed, ft-lb
Vmix total flow in tunnel during a transient test, SCF (70 °F, 1 atm)
Vmixj instantaneous tunnel flowrate, SCFM (70 °F, 1 atm)
Vsample total sample volume through particulate filters, SCF (70 °F, 1 atm)
X i  oxygenated fuel mean emission value
X2 reference fuel mean emission value
At time interval, sec
p component densities, g/SCF
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APPENDIX A 

Verification Procedures

Engine Control

The purpose of engine control verification was to insure that the engine performed 
the transient cycle correctly and that computer calculations were accurate. Engine torque 
and speed were calibrated and verified. Practice transient tests were done to confirm that 
CFR criteria for an acceptable cycle run were met. Cycle statistic calculations and 
emissions calculations as performed by the Cellmate were also confirmed.

Torque Meter Calibration To verify that the inline Himmelstein torque meter 
was measuring correctly, torque calibrations were performed prior to each run series. The 
driveline was disconnected from the engine and fixed at the back end of the dynamometer. 
The torque meter was calibrated using a certified torque arm and set of weights. 
Certification was performed by State of Colorado Weights and Measures.

The procedure used meets the specifications of CFR 86.1308. The torque arm was 
mounted on the drive shaft at the point where disconnected from the engine. A sliding 
weight was adjusted until the torque read zero on the Himmelstein readout. The low value 
of zero was entered into the Digalog calibration routine. Weights were added to the 
torque arm and the actual torque calculated from the torque arm length and weight. This 
torque was entered as the high value in Digalog calibration routine. Intermediate torques 
were checked to insure that the readings on the Himmelstein and Digalog computer were 
linear and in agreement.

The results of a typical calibration are shown in Table A-l. The calibration easily 
meets CFR criteria stating that the actual torque and the measured torque agree to within 
3%. Alternative CFR criteria requiring torque to be within +/- 10 ft-lbs is also easily met. 
The Himmelstein and the Cellmate displays also show excellent agreement. This result 
confirms the torque meter measurements.
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Table A-l - Torque Meter Calibration (ft-lb)

Actual Himmelstein Cellmate
0 1.0 0.7

261.4 261.8 262.0
518 8 518.9 519 4
789.7 790.3 789.1
1049.3 1048.5 1049.8
1301.9 1301.1 1302.2
1551.4 1550.7 1551.5

This calibration was performed for the Series 60 testing and thus covered the 
appropriate range of torques. Calibration procedures for the 6V92 engine used a 
calibration range that was appropriate for the torques expected from that engine.

Speed Confirmation The CFR defines a 60-tooth wheel in combination with a 
common mode rejection frequency counter as an absolute standard for speed 
measurement. The CIFER laboratory uses exactly such equipment for speed measurement. 
A frequency counter reads pulses from a Hall effect pickup and 60 tooth gear installed on 
the dynamometer shaft.

Since the measurement method is an absolute standard no calibration of the 
equipment is necessary. However, periodically the speed measurement is confirmed 
optically using a NIST traceable timed strobe. This strobe is only capable of detecting 
large errors in the speed measurement system but is nevertheless valuable. All tests 
performed confirmed the speed measurement system.

Cycle Statistics Confirmation The CFR requires that a transient test be followed 
within certain specifications. In order to meet these specifications, the feedback speed and 
torque must closely match their setpoints. With assistance from Power-Tek, the control 
tuning on the dynamometer was made satisfactory. Preliminary mapping and transient tests 
were done to confirm the controls. Table A-2 shows the CFR criteria to be met and test 
statistics for three preliminary transient tests. The tests each passed the criteria when time
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Table A-2 - Criteria and Preliminary Run Test Statistics

Run number Criteria 419 422 423
BHP-hr . —— 17.42 17.41 17.38
% Error — -4.1 -4.2 -4.3

Speed Slope .97-1.03 1.00 1.00 TOO
Intercept, rpm +/- 50 1.5 1.5 1.6
Error, rpm <100 21.1 21.0 20 8
R squared >0.97 1.00 1.00 100

Torque Slope .83-1.03 0.96 0 96 0 96
Intercept, ft-lbs +/- 15 -0.3 -0.4 -0.5
Error, %max <13 5.9 5.9 5.9
R squared >0.88 0.95 0 95 0.95

Power Slope .89-1.03 0.98 0.98 0 98
Intercept, hp +/- 5.0 -0.7 -0.7 -0.8
Error, %max <8 4.9 5.0 4.9
R squared >0.91 0.97 0.97 0 97

Result PASS PASS PASS
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shifted 0.6 seconds. This time shift moves the speed and torque feedback data in order to 
improve test statistics and is allowed by the CFR. These tests confirm that the calculated 
test statistics do indeed pass CFR criteria but the calculations themselves also must be 
confirmed.

To confirm that the statistics as reported from the Cellmate were calculated 
correctly, the test statistics were calculated by hand. During each test all engine 
parameters were logged to the history file. Reports may be set up to gather selective data 
from the history file and transfer via a floppy disk, printer, and other file transfer media. 
Our runs were stored on disk and the files loaded into a spreadsheet program. The first 
step was to manually eliminate speed, torque, and power points as allowed in the CFR. 
Using the spreadsheet, the test statistics were then calculated from regressions of the 
actual speed, torque, and horsepower versus their setpoints. Comparisons between the 
Cellmate report regression values and the hand calculated regressions are shown in Table 
A-3. The results were very similar. Slight changes may be due to the fact that the data 
being regressed has different time shifts or that the number of points regressed was slightly 
different. This effectively confirms that the test cycles were being run consistently with 
CFR criteria.

Table A-3 - Cycle Regression Statistic Calculation Verification

Speed
Method Shift Ref. Actual Points Error Slope Const r2

sec BHP-hr BHP-hr rpm rpm
Cellmate 0.8 23.34 22.34 1175 18 6 0.999 1.80 1.0
Spreadsheet 1.0 23.27 22.38 1177 21.2 0.999 1.78 1.0

Torque Power
Method Points Error Slope Const r2 Points Error Slope Const r2

% max ft-lb % max hp
Cellmate 950 5.6 0.927 4.78 0.95 950 5.0 0.960 -0.02 0.97
Spreadsheet 947 4.2 0.943 5.45 0.97 947 4.0 0.960 0.60 0.98

Emissions Calculation Verification The emissions calculation reported by the 
Cellmate were also verified by performing hand calculations on the 10 Hz raw data. 
Comparisons were then made between the two. Results are shown in Table A-4. The
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reported emissions are nearly identical to the hand calculated emissions which confirms the 
Cellmate report. The small variation may be due to differences in calculation method. The 
Cellmate uses integer math and some significant figures are clipped. Hand calculations 
were done on a spreadsheet with all figures included.

Table A-4 - Emissions Calculation Verification 

Run 724
Mass, g

Method HC CO NO% CO2
Cellmate 12.53 50.91 120.58 14680
Spreadsheet 12.32 49.60 121.27 14808
% Difference -1.6 -2.5 0.6 0.9

Dilution Air System

To confirm the air and dilution system several calibrations and confirmations were 
performed. Initially, tunnel temperature and pressure were calibrated. The venturi meters 
were calibrated to determine calibration coefficients. This allowed the tunnel flowrate to 
be measured. The air conditioning system was then confirmed. The entire air and 
emissions system was finally confirmed by propane tests.

Temperature and Pressure Sensors In order to calculate flowrate in the dilution 
system, the venturi inlet pressure depression and dilution tunnel temperature as well as the 
calibration coefficient need to be known accurately. The venturi inlet depression is 
measured by a pressure transducer and the tunnel temperature is measured via a resistance 
thermometer and transmitter.

The resistance thermometer and transmitter were calibrated using a variable 
resistance box. The resistances were measured using a multimeter checked against NIST 
traceable standard resistances. The resistance of the thermometer corresponds to a certain 
temperature according to the type of thermometer used. There are tables which show 
temperature as a function of resistance for these thermometers. Resistances were chosen 
which corresponded to low and high temperatures which bounded the expected range of
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temperatures. Then, using the calibration routine on the Cellmate, these high and low 
values were used to calibrate the readings on the computer. Intermediate resistances were 
then checked to determine if the calibration was linear. This procedure effectively 
calibrated the entire measurement system including the sensor, transmitter, and data 
acquisition system. The calibration results were very consistent with variations between 
the calibration table temperatures and actual temperatures of less than 1 °F for the 
temperature range of 32-240 °F.

The venturi inlet pressure depression transducer was calibrated using a Meriam 
model 30EB25 water manometer. Since the transducer measures negative pressure and the 
manometer measures positive pressure, the transducer was calibrated by applying pressure 
to the high side of the transducer which is analogous to applying negative pressure to the 
low side. First 20 inches water column was applied to the high side of the transducer and 
the low value of -20 entered into the Digalog calibration routine. Next both sides of the 
transducer were vented to atmosphere and the high value entered into the calibration 
routine. This effectively calibrated the measuring system from 0-20 inches water column 
vacuum. Intermediate values were checked to confirm linearity.

Venturi Meter Calibration The venturi meter calibration procedure is described 
in CFR 86.1319-90. Calibration of the CVS is conducted against a metering venturi or 
other NIST traceable flow nozzle. To calibrate the nominal 3000 and 2000 SCFM 
constant flow venturi devices (CFV), CEFER borrowed a standard venturi meter belonging 
to EPA. The calibration curve of the EPA meter accompanied the standard venturi.

The standard meter and restrictor valve were attached to the dilution tunnel box 
which connects the inlet and exhaust tunnels. The inlet air tunnel and the methanol exhaust 
tunnel were blanked so that all flow was through the EPA meter. The exhaust blower 
drew air through the standard meter followed by a restrictor valve, the tunnel box, up the 
open exhaust tunnel, and finally through the venturi to be calibrated.

The following measurements were taken: barometric pressure, inlet air 
temperature, inlet pressure depression on the standard meter, pressure drop across 
standard meter, and inlet pressure depression on the CFV. CFV throat pressure was also 
monitored to determine if choke flow conditions were present. Choke flow is established if 
the throat pressure is one-half the intake pressure. Air temperature was measured using a
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NIST traceable 0.1 °C thermometer. Pressures were measured with capsuhelic gauges 
calibrated with a 0.1 inch water column Meriam model 30EB25 water manometer. 
Barometric pressure was measured with a NIST traceable Nova mercury manometer.

The blower was started with the restrictor valve wide open. The restrictor valve 
position was then varied until the CFV was no longer in choke flow. This point was 
determined by a large jump in the CFV throat pressure. The restrictor valve was then 
varied across this range to give at least 8 data points. From these measurements a 
calibration coefficient (Kv) was calculated for each CFV according to the equation

Kv = Qs*T1/2/P (A.l)

The system flowrate (Qs) was calculated from the calibration curve of the standard venturi 
meter. Temperature (T) was taken to be the temperature of the air entering the standard 
meter. Pressure (P) was calculated by taking the difference of the measured barometric 
pressure and the measured inlet pressure depression.

Several attempts were made which indicated air leaks in the system. The standard 
deviation of the calibration coefficient (Kv) was much larger than the CFR specification. 
CFR criteria require that the standard deviation of at least 8 calculated calibration 
coefficients over an adequate pressure range be less than 0.3%. This result was obtained 
on both CFVs. An extensive leak search was conducted in which several leaks were 
discovered and corrected. The calibrations were then repeated.

Figure A-l shows the results of the 2000 SCFM and 3000 SCFM meter 
calibrations. The calculated calibration coefficient is plotted versus the absolute pressure at 
the venturi meter inlet. The calibration procedure was carried out until choke flow was no 
longer present which can be seen as a large drop-off of the calibration coefficient at low 
absolute pressures. A general trend of decreasing calibration coefficient with increasing 
vacuum is present. This indicates some possible leakage but the effect is small and all CFR 
criteria are met. Since operation will likely be in the range of 11.4 to 11.8 psi, the average 
calibration coefficient from the 8 points closest to this range were used to calculate the 
actual calibration coefficient. The calculated calibration coefficients were 6820 and 4560 
for the 3000 SCFM and 2000 SCFM meters respectively.

This calibration essentially allows the flowrate in the dilution tunnels to be
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Figure A-l. Results of 2000 and 3000 SCFM Venturi Meters
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calculated and referenced to a known standard. In future calculations, the dilution tunnel 
flowrate was calculated using the calibration coefficient (Kv), venturi inlet pressure 
depression (P), and tunnel temperature (T) using equation A. 1.

Air Conditioning In order to confirm the operation of the air conditioning 
system, both temperature and humidity control must be shown. Ideally, the air temperature 
should be stable at 77 +/- 1 °F and the NOx humidity correction factor should be 1 .0 0  +/- 
0.03. The system has shown the ability to consistently deliver 77 +/- 9 °F air under any 
ambient conditions as required per CFR criteria. System improvements have tightened 
control to +/- 1 °F.

Humidity control was implemented and verified prior to testing the second engine 
and was able to maintain KH between 0.97 and 1.03 for all ambient conditions. On the first 
engine no water was added to the intake air so the absolute humidity was ambient. The 
humidity correction factors used on the first engine series of testing were based on the 
ambient conditions as reported by the KCNC weather center.

After implementation of the humidification system, humidity was measured using 
two independent instruments. A continuous psychrometer constructed from two matched 
resistance thermometers read the wet and dry bulb temperature of the inlet air. The wet 
bulb thermometer was fitted with a cotton wick which was submerged in a water 
reservoir. A Rotronic polymer membrane sensor measured the inlet air relative humidity. 
Both of these measurements were used to calculate separate absolute humidities and NOx 
correction factors. Typically the absolute humidities agreed to within 5% and the 
correction factors to within 1% which is considered to be satisfactory.

The wet bulb and dry bulb resistance thermometers and their transmitters were 
calibrated using a 0.1 °C NIST traceable thermometer. The Cellmate calibration routine 
was used to enter low and high values corresponding to the thermometer temperature in 
an ice bath and room temperature respectively. This effectively calibrated the entire 
measuring system including sensor, transmitter, and display. The two RTDs agreed to 
within 0.1 °F and to within 0.5 °F of the standard thermometer. The operation of the wet 
bulb thermometer has been confirmed by comparing measurements to the NIST traceable 
thermometer with a moistened wick. The operation of the wick has also been confirmed 
by checking the moisture level periodically.
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The Rotronic relative humidity sensor was calibrated against standard salt 
solutions. These salt solutions are known to produce constant relative humidities over 
modest temperature ranges. The results of this calibration are presented in Table A-5. 
Very consistent results are obtained. These salt solutions effectively covered the range of 
relative humidities in which most tests will be run. Therefore, this calibration was 
considered to be satisfactory despite the fact the zero reading was off slightly.

Table A-5 - Relative Humidity Sensor Calibration

Salt Reported RH% Rotronic 1

KC2 H3 O2 23 23
NaCl 76 75
Mg(NO] ) 2 55 56
MgCl2 33 33
Drierite 0 -4

Engine Cooling System

To test the system, the 6V92 engine was operated at rated conditions for five 
minutes. No change in cooling parameters was observed between the start and end of the 
test confirming the adequacy of the system as shown in Table A-6 .

Fuel System

In normal operation, a Micromotion Model D25 mass flowmeter and 250 pound 
Interface Inc. Model SM-250 weigh cell are used to measure fuel removed from the tank. 
To confirm that these devices recorded the same total fuel flow a confirmation test was 
performed. Fuel was removed from the tank through the Micromotion and drained into a 
bucket on a Sartorius scale. The total fuel mass from both devices was compared to the 
scale weight. The results are shown in Table A-l. The results agree with the scale results 
and thus confirm the system.

Carbon balance calculations further confirmed the operation of the fuel supply 
system. Carbon into the engine was calculated knowing the fuel mass used and the carbon 
to hydrogen ratio of the fuel. Carbon out of the system was measured by the emissions
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Table A-6 - Coolant System Confirmation

Conditions: BHP 255
RPM 1800
Torque 750 ft-lb

Start End
Coolant in, F 161 159
Coolant out, F 181 181
Oil temp, F 2 1 1 229
Exhaust temp, F 535 603

Table A-7 - Fuel System Confirmation

Instrument Initial Final Total, lb % Error
Scale, g 397 0 5608.2 11.49 —

Load Cell, lb 194.6 183.2 11.39 0 .8
M'motion, lb 0 11.4 11.40 0.7

bench of which the vast majority is carbon dioxide. Table A- 8 shows carbon balance 
results for several replicate runs made to establish emissions variation. Average carbon 
balance error were less than 2%. Runs made during the Series 60 testing used a higher 
quality CO2  calibration gas and showed smaller carbon balance errors generally less than 
1%. This is an excellent result given the large possibility for error and effectively confirms 
the operation of the fuel supply system, engine air and dilution system, and emissions 
system.

Table A-8  - Carbon Balances

Run # 726 727 732 736
Fuel C, lb 8.27 8 16 8.03 8 0 2
Emissions C, lb 8.37 8.27 8 2 2 8 . 2 0
% Error - 1.1 - 1.1 -2.5 -2 .1
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Emissions System

The verification procedures necessary to confirm the operation of the emissions 
bench system are described in the CFR. The first task was to manually start-up the 
emissions bench and to confirm that the functions requested by the PSE were actually 
being performed correctly. A great deal of time and effort went into tracing lines and 
determining correct operation of each solenoid valve and pump. Eventually, the emissions 
bench functions were verified and the PID confirmed.

Leak Checks An extensive effort was made to insure that no leaks existed in the 
bench and sample system. Even though the system is equipped with a leak check function, 
only the vacuum side of the non-FID portion is checked. Many leaks were discovered and 
corrected and several fittings redesigned to correct the problems.

Linearization Checks Linearization checks were performed to determine if the 
ranges used were linear across the entire range. The PSE contains a linearization checking 
procedure which was used for all linearization checks. These checks were performed prior 
to each series of engine tests.

The procedure used was the following. The meter was calibrated using the span 
gas to be used in the linearization work. The zero and span gases for the specific meter 
were connected to the 10 point manual gas divider. This device uses a series of capillary 
tubes to mix 10 different blends of zero and span gas. By manually turning a dial, the 
divider mixes 0 %, 1 0%, 2 0  %, up to 1 0 0 % span gas mixtures with zero gas and sends the 
mixture to the meter. Initially, the linearization routine calls for the 100% span gas mixture 
to be measured. From this reading it calculates the setpoints for all positions of the manual 
gas divider. For example if the 100% span reading was 50 ppm, the linearization program 
would expect 5 ppm at the 10% position and 10 ppm at the 20% position and so on. The 
routine then calls for the 0 % span gas followed by the 1 0 % span gas and finally ends by 
rechecking the 100% span. At each divider point it calculates and displays the difference 
between the measured concentration and the setpoint. This procedure was done for each 
range that is used during transient testing of diesel engines.

The CFR requires that the setpoints not differ from a best fit concentration based
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on the measured values not differ by more than 2%. Table A-9 shows the linearization 
results performed prior to the oxygenated fuels testing. Each range tested met the CFR 
criteria.

Quench Check Quench checks are performed to determine if there are gas 
components present which are reacting with excited state NO2  molecules in the CLD 
detector thus returning the NO2  to ground state without chemiluminescing. This would 
result in reported NOx emissions that were less than the actual emission since the 
quenched NO2  would not be measured. This check should be performed upon startup of a 
new emissions bench and after major repairs.

The procedure is as follows. The NOx meter is calibrated in the lowest range used. 
The CO2  meter is calibrated in all ranges used. A mixture of CO2  and NOx gas is 
introduced into the sample line via the gas divider. The CO2  concentration should be as 
high as the highest value experienced during transient testing. The meters are commanded 
to sample and the blended NOx and CO2  values recorded. The divider was then set to 
deliver 100% NOx and 100% CO so the measured span through the sample line was 
recorded. The calculated NOx concentration is determined from the measured CO2  

concentration and compared to the measured NOx concentration. For example, if the CO 
and NOx spans were 1 0 0  ppm and 10  ppm respectively and the measured CO was 60 ppm 
the calculated NOx would be 4 ppm. The CFR states that the measured NOx 
concentration should not differ from the calculated NOx concentration by more than 3.0% 
of the range's full scale.

Due to restraints imposed by the manual gas divider and limited span gases, six 
trials were performed which differed in CO2  concentration and the range of the NOx 
meter. Case 1 was performed with the highest level of CO2  experienced in testing but in 
NOx range 2. Case 2 was performed at a lower CO2  level in NOx range 1. Case 3 was 
performed at an elevated CO2  concentration in NOx range 2 . Cases 4 through 6  

investigated high CO2  and NOx concentrations.
Table A-10 shows the results of the six cases. General conclusions are as follows. 

The only quenching effects shown are at very high CO2  levels and low NOx 
concentrations. Even under these extreme conditions the quenching effect only caused a 
6 % error. These conditions are never seen in transient testing. At the conditions defined in
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Table A-9 Linearization Check Results

CARBON MONOXIDE METER LINEARITY CHECK

Low Range
Gas Divider Actual Observed Difference Best Fit Error, %

Percent ppm ppm ppm ppm

0 % 0  00 0.55 -0.55 0.56
10% 9 98 990 0 08 994 -0.40%
2 0 % 19.36 19.42 -0 06 19.49 0.67%
30% 2934 29.00 0.34 29.10 -0.81%
40% 39 12 38.75 0.37 38.88 -0.61%
50% 48.81 48.45 0.36 48.61 -0.40%
60% 58 79 58.23 0 56 58.43 -0.62%
70% 68.57 68.23 0.34 68.46 -0.16%
80% 78.25 77.80 0.45 78 06 -0.24%
90% 88.23 88 .0 0 0.23 88.29 0.07%
100% 97 82 98.12 -0.3 98.44 0.64%

High Range
Gas Divider Actual Observed Difference Best Fit Error, %

Percent ppm ppm ppm ppm

0 % 0 .0 0 2 .10 -2 .10 0.54
10% 9 93 11.50 -1.57 10.19 2.58%
2 0 % 19.67 20.93 -1.26 19.87 1 .0 0 %
30% 29.80 29 96 -0.16 29.14 -2 .2 2 %
40% 39.74 39.61 0.13 39 04 -1.75%
50% 49.57 49 99 -0.42 49.70 0.26%
60% 59.70 59.61 0.09 59.58 -0 .2 1 %
70% 69.64 69 36 0 28 69.59 -0.08%
80% 79.48 78.74 0.74 79.22 -0.33%
90% 89.61 89.13 0.48 89.88 0.30%
100% 99.35 98.75 0.60 99.76 0.41%

(continued)
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Table 9. (continued!

NITROGEN OXIDE METER LINEARITY CHECK

Low Range
Gas Divider Actual Observed Difference Best Fit Error, %

Percent ppm ppm ppm ppm

0 % 0 .00 0 0 0 0 00 024
10% 5 70 5.60 0 .10 5.84 2.47%
2 0 % 11.40 11.20 0 20 11.44 0.37%
30% 17.10 16.80 0 30 17.04 -0.33%
40% 2 2  80 2 2 .2 0 0.60 22.44 -1.56%
50% 28 50 28.10 0.40 28.35 -0.54%
60% 34.20 33.80 0 40 34.05 -0.45%
70% 39.90 39.50 0 40 39.75 -0.38%
80% 45.60 45.60 0 .00 45.85 0.55%
90% 5130 51.00 0.30 51.25 -0 .10%
100% 57.00 57.00 0 .00 57.25 0.44%

High Range
Gas Divider Actual Observed Difference Best Fit Error, %

Percent ppm ppm ppm ppm

0 % 0 .00 0 .00 0 .00 1.22
10% 32.30 32.00 0 30 33.09 2.45%
2 0 % 64.50 62.90 1.60 63.87 -0.98%
30% 96.80 94 30 2.50 95.14 -1.72%
40% 129.00 126.90 2 .10 127.60 -1.08%
50% 161.30 160.70 0 60 161.26 -0 .0 2 %
60% 193.50 194.50 -1.00 194.92 0.74%
70% 225.80 225.00 0.80 225.30 -0 .2 2 %
80% 258.00 259.00 -1.00 259.16 0.45%
90% 290.30 290.00 0 30 290.03 -0.09%
100% 322.50 322 50 0.00 322.40 -0.03%

(continued)
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Table 9. (continued)

CARBON DIOXIDE METER LINEARITY CHECK

Gas Divider Actual Observed Difference Best Fit Error, %
Percent ppm ppm ppm ppm

0 % 0 00 0 0 0 0 .00 0.01
10% 0 30 0 30 0.00 030 1.14%
2 0 % 0 60 059 0.01 0 60 -0.29%
30% 0 90 0 89 0.01 090 -0.54%
40% 1.20 1.19 0.01 1.20 -0.33%
50% 1.50 149 0.01 1.50 -0.07%
60% 1.81 180 0.01 180 -0.34%
70% 2.11 2 .10 0 01 2.11 -0.06%
80% 2.41 240 0.01 2.41 0 11%
90% 2.70 2.70 0.01 2.71 0 .2 0 %
10 0% 3.02 3.01 0.01 3.02 0.04%

HYDROCARBON METER LINEARITY CHECK

Gas Divider Actual Observed Difference Best Fit Error, %
Percent ppm ppm ppm ppm

0 % 0 .00 0.24 -0.24 009
10% 2 05 2 2 0 -0.15 2.07 1 .0 2 %
2 0 % 4.10 4.12 -0 .02 4.01 -2.08%
30% 6.15 6.27 -0 .12 6.19 0 .6 8 %
40% 8 20 825 -0.05 8 20 -0.04%
50% 10.25 10.26 -0.01 10.23 -0.18%
60% 12.29 12.27 0 .02 12.27 -0.19%
70% 14.34 14.16 0.18 14.18 -1 .11%
80% 16.39 16.35 0.04 16.40 0.05%
90% 18.44 18.40 0.04 18.47 0 18%
100% 2049 20.49 0 .00 20.59 0.49%
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Table A-10 - Results of Quench Check

CASE 1 CASE 2

C02SPAN 14.44% € 0 2  SPAN 1.00%
NOx SPAN 56.36 NOx SPAN 56.36

NOx rg C02 rg NOx rg € 0 2 rg
span check 55.7 2 0.99, 0.98 1,2 span check 56.45 2 1.00, 1.00 1,2
100% span 55.51 2 0 1 100% span 55.73 2 0 1
80% span 44.12 2 2.7 2 10% span 5.6 1 0.88 1
0% span 0 1 11.39 4* 0% span 0 1 0.98 1
span check 56.4 2 0.99, 0.98 1,2 span check 56.85 2 0.99, 1.00 1,2

calc NOx = 45.13 calc NOx = 5.69
obs NOx = 44.12 obs NOx = 5.6
foil scale rg 400 foil scale rg 10
abs diff= 1.01 abs diff= 0.09
%diff = 2.24% % diff = 1.53%
% of foil scale = 0.25% % of foil scale = 0.87%

CASE 3 CASE 4

0 0 2  SPAN 14.44% € 0 2  SPAN 14.44%
NOx SPAN 56.36 NOx SPAN 318.9

NOx rg 0 0 2 rg NOx rg € 0 2 rg
span check 56.15 2 14.45 4 span check 329 2 14.47 4
100% span 55.65 2 0 1 100% span 327.24 2 0.01 4
10% span 5.73 1 12.84 4 90% span 297.29 2 1.41 4
0% span 0 1 14.42 4 0% span 0.06 1 14.45 4
span check 56.85 2 14.45 4 span check 329 2 14.49 4

calc NOx = 6.10 calc NOx = 295.29
obs NOx = 5.73 obs NOx = 297.29
foil scale rg 10 foil scale rg 400
abs diff= 0.37 abs diff= -2.00
% diff = 6.03% % diff = -0.68%
% of foil scale = 3.68% % of foil scale = -0.50%

CASES CASE 6

0 0 2  SPAN 14.44% € 0 2  SPAN 14.44%
NOX SPAN 318.9 NOX SPAN 318.9

NOx rg C02 rg NOx rg € 0 2 rg
span check 329 2 14.47 4 span check 329 2 14.47 4
100% span 327.24 2 0.01 4 100% span 327.24 2 0.01 4
80% span 262.32 1 2.84 4 70% span 230.9 2 4.24 4
0% span 0.06 1 14.45 4 0% span 0 1 14.45 4
span check 56.85 2 14.47 4 span check 56.85 2 14.47 4

calc NOx = 262.92 calc NOx - 231.22
obs NOx = 262.32 obs NOx = 230.9
foil scale rg 400 foil scale rg 400
abs diff= 0.60 abs diff= 0.32
%diff = 0.23% % diff = 0.14%
% of foil scale = 0.15% % of foil scale = 0.08%
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the CFR, quenching effects are below allowable limits.

Response Time In order to determine the lag time between when a concentration 
is emitted from the engine and when it is recorded by the instrument, transport delay times 
were measured for each instrument. In this way, the exact time that a pollutant was 
emitted could be matched with the flowrate at that specific time so that flow compensation 
could be done correctly. More importantly, it allowed the concentrations to be shifted 
correctly so that the timing of all instruments was the same. This insured that the engine 
startup and shutdown bursts were correctly measured and calculated for each instrument.

The procedure used was the following. All operating temperatures were allowed to 
stabilize. Span gas for a given meter was connected to the sample line just behind the 
filter. The meter was set to sample and a valve on the span gas line opened. A stopwatch 
was used to measure the time between the opening of the valve and the time for the meter 
to reach 95% of the span value. This time is defined as the response time of the meter. 
Results are shown in Table A-l 1.

The Digalog computer uses response time to shift the emissions so that the 
calculation begins with the emission at engine startup and ends right at engine shutdown. 
For example the first NOx concentration used in the emission calculation would occur at 
an engine time of 5.2 seconds.

Converter Check The NOx converter is responsible for reducing NO2  to NO in a 
gas sample. This is done so that all NOx is present as NO so that the chemiluminescence
reaction with ozone will take place. NO2  does not react with ozone to form a

Table A-l 1 - Analyzer Response Times

Meter HC NOx CO C 0 2

Response Time, sec 6.0 5.2 8.0 8.0

chemiluminescent species. A converter check is done to determine the efficiency of the 
converter in reducing NO2  to NO.
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CIFER has a converter checking device on loan from the Colorado Department of 
Health Motor Vehicle Division. The device consists of an ozonator, a variable voltage 
power source, control switches, needle valves and rotameters, and piping and connections 
necessary to adapt to an emissions bench. The device has connections on the back panel 
for NOx span input, oxygen input, and output. These are connected to the NOx span, 
oxygen, and converter check input quick connects on the gas divider. The device has two 
switches which control the oxygen flow control solenoid and the power to the ozonator. 
There are also two needle valves and rotameters that are used to control and measure the 
oxygen and span gas flows. The device contains a variable voltage generator which 
controls the voltage sent to the ozonator. The ozonator converts part of the NO in the 
NOx span gas to NO2  The result is that with the ozonator on and the meter in the NO 
mode, the concentration will be drastically reduced because the NO mode sample path 
bypasses the converter and the CLD detector only detects NO. However, with the meter 
in NOx mode, the concentration with the ozonator on should be the same as the 
concentration with the ozonator turned off if the converter is 1 0 0 % efficient.

The procedure for performing a converter check is outlined in CFR 8 6  subpart D. 
The CLD has a special converter check function that can be initiated manually. The 
converter check procedure is the following. Calibrate the NOx meter. Connect the 
checking device to the gas divider. Manually start the converter check routine. The first 
step measures the NOx span gas in the NO mode and after the reading stabilizes, the value 
is saved by pressing 1 on the CLD. The oxygen flow is turned on and adjusted until the 
concentration has reached 80-90% of the original value. When a steady value is reached a 
stable value is saved by pressing 2 . The ozonator is then powered and voltage adjusted 
until a value 1 0 -2 0 % of the original concentration is reached and 3 pressed when a stable 
number reached. The meter then automatically switches to the NOx mode and a stable 
value is saved by pressing 4. The ozonator is then turned off an a stable value saved by 
pressing 5. The meter then calculates the percent efficiency of the converter according to 
the formula

% efficiency = [l+(4-5)/(2-3)]*100 (A.2)

Results of the converter checks performed prior to the 6V92 work and before and
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after the Series 60 results are shown in Table A-12. CFR specifications require at least 
90% efficiency and CIFER QA/QC procedures require at least 95% efficiency. 
Requirements are met for all tests.

Mass Balances Propane (or CO) mass balances tests are used to confirm that 
there are no leaks in the dilution tunnel system or sampling system and that the HC (or 
CO) analyzer is functioning correctly. Since the HC sample may be drawn through either 
sample line depending on the sample mode selected, both sample lines may be confirmed. 
Bag samples may also be collected to confirm the bag sampling line. Propane mass 
balances were performed prior to each testing series.

The mass balance procedure was as follows. The exhaust line was removed from 
the turbocharger so that room air may be drawn through the exhaust line. A commercial 
propane bottle was connected to the exhaust line and placed on a Sartorius scale. A heater 
was placed next to the propane bottle to prevent any condensation that could form as the 
bottle cooled during propane release. Care was taken to shield the entire apparatus so that 
air drafts did not cause scale disturbances. The air dilution system was started up and 
adjusted to create a slight vacuum at the exhaust pipe inlet. This prevented propane from 
exiting at the exhaust pipe inlet. The HC analyzer was calibrated and the zero, span, and 
background measurements recorded. Propane was then introduced and flowrate adjusted 
until an appropriate concentration was measured. At this time the scale weight was 
decreasing as propane was released to the tunnel. When the scale reached a convenient 
whole number, the propane operator started a timer and signaled the emissions bench 
operator that the test had begun. The bench operator counted out the response time of the 
HC meter ( 6  seconds) and then simultaneously started the integrator and begun filling a 
background and sample bag. During the test the propane operator recorded the tunnel

Table A-12 - Converter Efficiency Checks

Date
12/93
02/94
04/94

Efficiency, % 
97.1 
98 3 
97.0
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temperature and pressure. The propane operator stopped the timer and signaled the bench 
operator when the weight had decreased by 2 0  grams. The bench operator counted out the 
response time and stopped the integrator and bags. The integrated value, bag background 
and sample measurements, zero and span values were recorded.

The data were used to calculate the difference between the propane weight as 
weighed by the scale and the weight measured by the emissions bench. The CFR states 
that good engineering practice requires agreement to less than 2 %.

Table A-13 shows the results of propane tests performed prior to 6V92 testing, 
prior to Series 60 testing, and after Series 60 testing respectively. The vast majority of the 
runs met the CFR specification. The more recent tests show differences less than 1%. The 
March 7, 1994 tests were done on the both sample lines and both lines were verified.

CO mass balances were also performed to confirm the sample line normally used 
for NOx, CO, and CO2  measurement. The procedure was essentially the same as the 
propane mass balance. A reftllable constant volume cylinder was used instead of a propane 
cylinder. The results of the tests are also shown in Table A-13 and met the CFR criteria. 
The sample system was thus confirmed through both sample lines and using two 
independent analyzers.

Weigh Room Stability Weighing was made in a constant humidity and constant 
temperature room meeting the CFR specifications. Reference filter weight is allowed to 
change by 0.05 mg between successive weighings without penalty. Table A-14 shows that 
the stability criteria are met.

Particulate Sampler In order to calculate PM mass emissions, three values must 
be known: total CVS flow, particulate mass, and sample volume filtered. CVS volume and 
weigh room measurement methods were discussed previously. The total sample volume 
filtered is measured as the difference between the total flow and secondary air flow 
integrated over the test time. Both of these mass flow controllers must be correctly 
calibrated to insure that a correct total sample volume is measured.

Both mass flow meters were calibrated using a dry test meter as the reference 
standard. This meter was purchased with a certified factory calibration and was 
subsequently sent to the Public Service Company of Colorado for comparison with a
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Table A-13 - Propane and CO Mass Balance Results

Propane Mass Balance

Date Mode Time
min

CVS flow 
SCFM

Integrated 
Value, ppm

Emissions 
Weight, g

Scale 
Weight, g

%
Error

12/13/93 1 5 87 2359 27.45 19.61 20 0 -1.95%
12/13/93 1 5 30 2354 31.46 20.27 20.0 1.35%
2/4/94 1 4.67 2349 35.14 19.88 20.0 -0.60%
2/4/94 1 4.02 2353 40 85 19.93 20 0 -0.35%
3/7/94 1 3 95 2352 42.43 20 33 20 0 1.65%
3/7/94 2 3 95 2352 41.32 19 80 20 0 -1.00%

3/7/94 3 5 56 2356 29 35 19.85 20.0 -0.75%

CO Mass Balance

Date Mode Time
min

CVS flow 
SCFM

Integrated 
Value, ppm

Emissions 
Weight, g

Scale 
Weight, g

%
Error

10/27/93 1 2 92 2399 91.58 21.08 21.0 0.38%
10/27/93 1 4.28 2395 69.42 23.37 23 0 1.83%
10/27/93 1 4.02 2387 64.55 20.34 20.0 1.70%
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Table A-14 - Reference Filter Stability Tests

Test Hours Filter #1 Filter #2 Filter #3
0 155.18 153.80 155.02
18 155.15 153.81 155.04
26 155.15 153.80 155.04
45 155.15 153.82 155.06
91 155.18 153.82 155.02
139 155.20 153.82 155.04
2 1 0 155 18 153.79 155.03

NIST traceable flow standard. This showed that the dry gas meter agreed with the NIST 
standard to within 0 .2 %.

The particulate sampler software contains calibration parameters. The total flow 
meter has 5 calibration points (20, 40, 60, 80, and 100 1/min) and the secondary air 
flowmeter has 3 calibration points (20, 40, and 60 1/min). Before the sampler was 
calibrated the flow meters were checked at several flowrates to determine the accuracy. 
Both flow meters showed errors in excess of 2.5% compared to the dry gas meter. The 
software calibration points were returned to the set values so that new calibration 
parameters could be determined.

The procedure for flow meter calibration was as follows. The dry gas meter was 
installed to check the total sample flow meter. The flowrate was set as closely as possible 
to the lowest calibration point. A timer was started and the initial cubic feet on the dry gas 
meter recorded simultaneously. The temperature of the air entering the dry gas meter was 
recorded periodically. The total flowrate as measured by the particulate sampler was 
recorded periodically. Barometric pressure was measured and recorded. After 5-7 
minutes, the timer was stopped and the final cubic feet recorded from the dry gas meter. 
From the dry gas meter measurements, a volumetric flowrate in 1/min at conditions of 
273.15 K and 1 atm was calculated. This was then repeated until three trials had been 
completed at each calibration point. A best fit line was then fit to the data. The calibration 
points were then set to the best fit flow values in the sampler software. This procedure 
was repeated for the secondary air flowmeter. Results are shown in Table A -l5.
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The sample was then checked to make sure that the value displayed on the 
particulate sampler did indeed match that measured by the dry gas meter. The procedure 
was similar to calibration. The dry gas meter was installed so that sample was drawn 
through the meter. The data collection procedure was identical to calibration. The 
calculated sample flowrate from the dry gas meter data was then compared to the flowrate 
displayed on the particulate sampler. CFR specifications state that the error should be less 
than 2%. A paper describing the flow calibration accuracy of several laboratories reported 
errors as low as 0.5% (Kittleson and Johnson, 1991).

Two calibration checks were performed on the particulate sampler, one prior to 
the 6V92 testing and another prior to the Series 60 testing. Both are presented in Table A- 
16 and show that errors are in general less than 0.5%. All checks are well below the 2% 
limit which confirms satisfactory operation.
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Table A -l5 - Best Fit Calibration Points for Particulate Mass Flow Controllers

Secondary Mass Flow Controller

Display 

Flow, Nl/min

Calculated 

Flow, Nl/min

Calibration 

Point, Nl/min

Best Fit 

Flow, NL/min

19.90 19.05 2 0  0 19 12
40.00 39.28 40 0 39 39
49.15 48.73 60.0 59.65

Total Mass Flow Controller

Display Calculated Calibration Best Fit

Flow, Nl/min Flow, Nl/min Point, Nl/min Flow, NL/min

29 95 27.89 2 0 . 0 19.01
50.05 46.97 40.0 38 03
70.05 65.58 60 0 57.39
80.05 74.91 80 0 76.05
92 20 85 8 6 1 0 0 .0 95 07

Table A-16 - Check of Particulate Sample Flow Measurement

Date Displayed Calculated 

Flow, Nl/min Flow, Nl/min

% Error

11/11/93 39.80 39.52 -0.70%
2/7/94 40.10 40.01 -0.24%
2/7/94 30.05 30.01 -0.13%

3/30/94 30 10 30 13 0  1 0 %
3/30/94 30.10 29.99 -0.36%
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APPENDIX B

Sample Report

Colorado School of Mines Run# 865 started 03/25/94 at 17:35 
Test No.: 3-25-94 HOT Engine#: SERIES 60 6R-544 Operator: JRM 
Project Number: DO SERIE 60 Test Cycle: DCS4 : Cold start: NO
Remark: 650 MAP KH .9 CYCLE - BASE FUEL 6

Transient Test Results
SHI Eli;___________a
COUNT OF VALID RECORDS 

SPEED
Segment 1 273
Segment 2 300
Segment 3 305
Segment 4 297
ALL 1175

TORQUE
Segment 1 236
Segment 2 207
Segment 3 243
Segment 4 260
ALL 946
BMP
Segment 1 236
Segment 2 207
Segment 3 243
Segment 4 260
ALL 946

Segment 1 Ref Pwr: 2.78419
Actual 2.52068 
% Dif -9.46458

Segment 2 Ref Pwr: 4.53992
Actual 4.11943 
% Dif -9.26216

Segment 3 Ref Pwr; 12.99469
Actual 12.78561 
% Dif -1.60897

Segment 4 Ref Pwr: 2.78419
Actual 2.55149 
% Dif -8.35795

ALL Ref Pwr: 23.10300
Actual 21.97721 
% Dif -4.87291

Page 2
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Colorado School of Mines Run# 865 started 03/25/94 at 17:35 
Test No.: 3-25-94 HOT Engine#: SERIES 60 6R-544 Operator: JRM
Project Number: 00 SERIE 60 Test Cycle: 0CS4 : Cold start: NO
Remark: 650 MAP KH .9 CYCLE - BASE FUEL 6

SHIEISi___________a
Speed

Slope

R Squ

All 29.59730

1 27.62245
2 42.70831
3 19.62142
4 22.58318

All 0.99672

1 0.99527
2 0.99046
3 0.99569
4 0.99691

All 4.43186

1 4.63330
2 11.22278
3 8.22130
4 3.29001

All 0.99560

1 0.99396
2 0.99042
3 0.99362
4 0.99576

Page 4
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Colorado School of Mines Run# 865 started 03/25/94 at 17:35 
Test No.: 3-25-94 HOT Engine#: SERIES 60 6R-544 Operator: JRM
Project Number: DO SERIE 60 Test Cycle: DCS4 : Cold start: NO
Remark: 650 MAP KH .9 CYCLE - BASE FUEL 6

SHIFTS,'___________fi

Torque
Std Err All 4.55078

1 4.14086
2 4.84028
3 4.08727
4 3.91844

Slope All 0.93449

1 0.85372
2 0.87713
3 0.98902
4 0.86804

Const All 2.72507

1 9.77261
2 1.93220
3 -8.24545
4 7.71060

R Squ All 0.96559

1 0.93831
2 0.95011
3 0.97389
4 0.94271

Page 5
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Colorado School of Mines Run# 865 started 03/25/94 at 17:35 
Test No.: 3-25-94 HOT Engine#: SERIES 60 6R-544 Operator: JRM
Project Number: DO SERIE 60 Test Cycle: DCS4 : Cold start: NO
Remark: 650 MAP KH .9 CYCLE - BASE FUEL 6

SHIFTS:__________ &

Brake Hp
Std Err All 4.26862

1 3.66176
2 4.89467
3 4.43073
4 3.23333

Slope All 0.96085

1 0.89030
2 0.91724
3 0.99910
4 0.90541

Const All -0.16655

1 1.46593
2 -0.06631
3 -3.26228
4 1.06769

R Squ All 0.97710

1 0.95205
2 0.96261
3 0.97767
4 0.96089

■ Page 6

PASS
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Colorado School of Mines Run# 865 started 03/25/94 at 17:35 
Test No.: 3-25-94 HOT Engine#: SERIES 60 6R-544 Operator: JRM 
Project Number: DO SERIE 60 Test Cycle: DCS4 : Cold start: NO
Remark: 650 MAP KH .9 CYCLE - BASE FUEL 6

TOTALS

TOTAL VMIX 45075.53333
HC Mass -g 5.75356

Background Mass -g 2.06245
Total Mass -g 3.69111
Raw Cone 2.62315
Bag Cone BG/SA 0.98400 2.75642

CO Mass -g 97.36089
Background Mass -g 0.62278
Total mass 96.73811
Raw Cone 65.73189
Bag BG/SA 0.44000 68.89277

NOX Mass -g 134.28486
Background Mass -g 0.05578
Hum. corr 0.89441 0.90100
Total Mass -g 134.22907
Raw Cone 55.20955
Bag BG/SA 0.02400 54.86636

C02 Mass -g 13472.82000
Background Mass -g 806.38288
Total Mass 12666.43712
Raw Cone 0.57903
Bag BG/SA 0.03627 0.57378

0.89580

ZERO/SPAN RANGES PRE/POST
ZERO SPAN

HC Z/Sp 0.04800 11.92867
NOX Z/Sp 0.01200 51.28667
CO Z/Sp 0.08000 92.76000
C02 Z/Sp -0.00127 1.00100

Fuel Mass - LC 8.81000
Fuel Mass - MM 8.20000

Page 7
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APPENDIX C 

Statistical Analysis Tests
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APPENDIX D 

Error Analysis

Equations
HC =( Mass - BackG Mass)/Power 
NOx = Kh*Mass/Power 
CO = Kw*Mass/Power 
PM = Wt*Flow/Sample Flow

Mass = Cone. * Flow 
Flow= Kv*P/sqrt(T)
P= Pbaro-Pintake 
Power= Speed * Torque 
Kh= f(T,Pbaro,%RH) 
Kw=f(Conc.,%RH,T,Pbaro)

Errors in measured parameters
Cone = +/- 1.5%
Kv = 4560 +/- 10

Pbaro = 620 +1-2 mm Hg
Pintake = 0.6 +/- 0.3 in. w.c.
T = 570 +/- 1.0 'R
Speed = 1 2 0 0 +/- 1 rpm
Torque = +/- 1 .0 %
%RH = 45 +/- 1.5%
Tdb= 77 +/- 1.0 'R
BG Cone = +/- 1 0%
PM Wt = 3.00 +/- 0.04 mg
PM Sample +/- 2 .0 %
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Calculated Errors

Flow =
Maximum
+/- 0.7%

Power = +/- 1 .1%
Kh = +/- 2.4%
Kw = +/- 1.2%

Maximum RMS
HC = 8.3% 5.4%
c o  = 4.5% 3.1%
NOx = 5.7% 2.3%
PM = 4.0% 2.5%


